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Preface

Since the first edition was published in 1951,
The Stevens’ Handbook of Experimental Psy-
chology has been recognized as the standard
reference in the experimental psychology
field. The most recent (third) edition of the
handbook was published in 2004, and it was
a success by any measure. But the field of
experimental psychology has changed in dra-
matic ways since then. Throughout the first
three editions of the handbook, the changes in
the field were mainly quantitative in nature.
That is, the size and scope of the field grew
steadily from 1951 to 2004, a trend that was
reflected in the growing size of the handbook
itself: the one-volume first edition (1951) was
succeeded by a two-volume second edition
(1988) and then by a four-volume third edi-
tion (2004). Since 2004, however, this still-
growing field has also changed qualitatively
in the sense that, in virtually every subdomain
of experimental psychology, theories of the
mind have evolved to include theories of
the brain. Research methods in experimen-
tal psychology have changed accordingly
and now include not only venerable EEG
recordings (long a staple of research in psy-
cholinguistics) but also MEG, fMRI, TMS,
and single-unit recording. The trend toward
neuroscience is an absolutely dramatic,
worldwide phenomenon that is unlikely ever
to be reversed. Thus, the era of purely behav-
ioral experimental psychology is already long
gone, even though not everyone has noticed.

Experimental psychology and cognitive
neuroscience (an umbrella term that, as
used here, includes behavioral neuroscience,
social neuroscience, and developmental neu-
roscience) are now inextricably intertwined.
Nearly every major psychology department
in the country has added cognitive neurosci-
entists to its ranks in recent years, and that
trend is still growing. A viable handbook of
experimental psychology should reflect the
new reality on the ground.

There is no handbook in existence today
that combines basic experimental psychol-
ogy and cognitive neuroscience, despite the
fact that the two fields are interrelated—and
even interdependent—because they are con-
cerned with the same issues (e.g., memory,
perception, language, development, etc.).
Almost all neuroscience-oriented research
takes as its starting point what has been
learned using behavioral methods in exper-
imental psychology. In addition, nowadays,
psychological theories increasingly take into
account what has been learned about the
brain (e.g., psychological models increas-
ingly need to be neurologically plausible).
These considerations explain why I chose
a new title for the handbook: The Stevens’
Handbook of Experimental Psychology and
Cognitive Neuroscience. This title serves as
a reminder that the two fields go together
and as an announcement that the Stevens’
Handbook now covers it all.



x Preface

The fourth edition of the Stevens’ Hand-
book is a five-volume set structured as
follows:

1. Learning & Memory: Elizabeth A.
Phelps and Lila Davachi (volume editors)
Topics include fear learning, time per-
ception, working memory, visual object
recognition, memory and future imag-
ining, sleep and memory, emotion and
memory, attention and memory, motiva-
tion and memory, inhibition in memory,
education and memory, aging and mem-
ory, autobiographical memory, eyewitness
memory, and category learning.
2. Sensation, Perception, & Attention:
John T. Serences (volume editor)

Topics include attention; vision; color
vision; visual search; depth perception;
taste; touch; olfaction; motor control; per-
ceptual learning; audition; music percep-
tion; multisensory integration; vestibular,
proprioceptive, and haptic contributions
to spatial orientation; motion perception;
perceptual rhythms; the interface theory
of perception; perceptual organization;
perception and interactive technology;
and perception for action.

3. Language & Thought: Sharon L.
Thompson-Schill (volume editor)

Topics include reading, discourse and
dialogue, speech production, sentence
processing, bilingualism, concepts and
categorization, culture and cognition,
embodied cognition, creativity, reasoning,
speech perception, spatial cognition, word
processing, semantic memory, and moral
reasoning.

4. Developmental & Social Psychology:
Simona Ghetti (volume editor)

Topics include development of visual

attention, self-evaluation, moral devel-

opment, emotion-cognition interactions,
person perception, memory, implicit
social cognition, motivation group pro-
cesses, development of scientific thinking,
language acquisition, category and con-
ceptual development, development of
mathematical reasoning, emotion regula-
tion, emotional development, development
of theory of mind, attitudes, and executive
function.

5. Methodology: Eric-Jan Wagenmakers
(volume editor)

Topics include hypothesis testing and
statistical inference, model comparison
in psychology, mathematical modeling
in cognition and cognitive neuroscience,
methods and models in categorization,
serial versus parallel processing, theories
for discriminating signal from noise,
Bayesian cognitive modeling, response
time modeling, neural networks and
neurocomputational modeling, methods
in psychophysics analyzing neural time
series data, convergent methods of
memory research, models and methods
for reinforcement learning,
consensus theory, network models for
clinical psychology, the stop-signal
paradigm, fMRI, neural recordings, and
open science.

cultural

How the field of experimental psychology
will evolve in the years to come is anyone’s
guess, but the Stevens’ Handbook provides
a comprehensive overview of where it
stands today. For anyone in search of
interesting and important topics to pursue
in future research, this is the place to start.
After all, you have to figure out the direc-
tion in which the river of knowledge is
currently flowing to have any hope of ever
changing it.
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CHAPTER 1

Development of Visual Attention

LISA OAKES AND DIMA AMSO

INTRODUCTION

Consider a child searching a crowded room
for her parent. Perhaps there are several
people in the room as well as furniture, toys,
and other objects. In addition, there may
be decorations on the wall, light fixtures
hanging from the ceiling, windows, curtains,
and so on. Visual attention is the set of
processes that allows the child to filter the
overly cluttered visual world, selecting some
available information to process—in this
case the people—and inhibiting other avail-
able information—in this case the furniture,
light fixtures, and curtains. These attentional
processes are governed by a complex set of
interacting neural systems that develop over
infancy and childhood.

In what follows, we provide formal def-
initions of those visual attention processes
that are most relevant to infants and children.
Next, we describe influential models and
tasks of visual attention. Then we discuss
what is known about the development of
attentional processes during infancy, early
childhood, and later childhood and beyond.
We describe historical
looking behavior as a measure of visual
attention, which provides a foundation for
our understanding of the development of
visual attention across childhood. We also
discuss more contemporary work using more

work examining

standard visual attention tasks, often adapted
from work with adults. Throughout, we
discuss the paradigms that have been used
to assess visual attention in infancy and
childhood, including a discussion of what
specific computations or processes of visual
attention each assesses. Finally, we examine
how visual attention processes (and their
development) interact with other cognitive
and perceptual systems such as memory
and learning, how novel neuroimaging tools
add insight into neural systems develop-
ment underlying visual attention, and future
directions in visual attention research.

BACKGROUND ISSUES
Defining Visual Attention

Defining attention is not trivial. In part, this
is because many meanings of the term “at-
tention” are intuitive—we know that children
who are paying attention are quiet, looking at
the thing they are paying attention to, and not
doing something else. We know that children
who have problems with attention have diffi-
culty staying on task and are easily distracted
by thoughts, tasks, or stimuli in their environ-
ment. We command others to “pay attention,”
and we talk informally about the inability to
maintain attention (e.g., “spacing out”).
However, the scientific study of the devel-
opment of attention requires a more formal
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and precise definition. As the example just
described illustrates, attention is necessary
in contexts of information overload. Without
attention, it would be impossible to bind
features of visual objects (such as color and
shape) (Treisman, 1998), overcome limited
visual working memory capacity (Awh,
Vogel, & Oh, 2006), or process a signal
effectively in a noisy context (Carrasco,
2014). Luck and Vecera (2002) offer a
process-oriented definition of attention that
states that (1) attention is the selection of
information among alternatives, and (2) this
selection improves the effectiveness of men-
tal processes. Visual attention, therefore,
allows us to select information from the
visual environment for further processing
while simultaneously ignoring or inhibiting
competing information that is not selected.
The point is that when defining the term
“attention,” we can focus on the function
of attention. By engaging in selection and
inhibition, visual attention turns up the gain
on some items and locations for subsequent
goal-relevant action, perception, and memory
(Carrasco, 2011, 2014; Markant, Worden, &
Amso, 2015; Zhang et al., 2011).

Note, however, that this definition of
attention does not restrict attention to a single
modality or level of processing. Our task
here, however, is to describe the development
of visual attention. It is important to recog-
nize that even behavior that we would clearly
consider visual attention—for example,
directing fixation or processing resources to
an aspect of the visual environment—is a
function of many processes, only some of
which are solely visual. General level of
arousal, for example, may influence the
depth of one’s attentional engagement. Vol-
untary control over head and eye movements
will contribute to overt direction of visual
attention. And high-level processes, such
as establishing goals, prioritizing events
and stimuli in terms of their relevance, and

applying existing knowledge to a current
situation, will influence visual attention. As
such, visual attention does not operate in
isolation. Recognizing these connections and
evaluating the literature with an understand-
ing of the possible roles of multiple factors
and processes on visual attention can enable
us to attain deep understanding of visual
attention and its development.

It is also important to recognize that
visual attention is a set of computations
or processes rather than a skill or content
domain. A formal and precise definition
of attention requires consideration of the
structures and mechanisms that support
these processes and functions. An important
framework for understanding visual atten-
tion is Posner and Petersen’s (Petersen &
Posner, 2012; Posner & Petersen, 1990)
classic model. This model describes three
aspects of attention—alerting, orienting, and
executive attention—that are supported by
different neural networks (Fan, McCand-
liss, Fossella, Flombaum, & Posner, 2005;
Fan, McCandliss, Sommer, Raz, & Posner,
2002; Posner & Petersen, 1990). Each of
these aspects of attention applies to specific
aspects of visual attention. The alerting
response, supported by thalamic involve-
ment, is a phasic attentional readiness and
is a prepared response to a warning (a tone
prepares runners for the official start of a
race) stimulus. A related sustained attention
mechanism involves a more continuous focus
on a particular task or stimulus. The orienting
mechanism involves shifting attention to an
item or a location either with an overt eye
movement or covertly, without a physical
eye movement. Visual attention orienting
recruits a parietal network. The executive
attention mechanism is involved in switching,
inhibiting, and general top-down control of
visual attention, and it involves frontoparietal
cortices and the anterior cingulate cortex.
Clearly, each of these attention functions



also is influenced by and relies on other
processes.

For example, motor development and
oculomotor development are extremely rel-
evant to the development of visual attention
processes. Overt attention, which in some
ways is the most straightforward and obvious
example of visual attention, involves turning
one’s head and eyes to bring a stimulus,
object, or feature of the environment into
focus. Overt attention thus relies on the phys-
ical abilities involved in holding one’s head
upright, making effortful and voluntary head
turns, and voluntarily controlling eye move-
ments. Motor control over the head and eyes
undergoes significant developmental change
in infancy (Bertenthal & Von Hofsten, 1998;
Canfield & Kirkham, 2001; von Hofsten,
2004), which opens up novel exploratory
and attentional strategies for young infants
(Gibson, 1988).

Moreover, there are many similarities
between visual attention and related general
attention processes as well as attention that
operates over other sensory modalities, such
as auditory attention. For example, regardless
of the modality, attention involves selection
of relevant stimuli and inhibition of distrac-
tors. In addition, attention as used in one
modality may in fact influence attention in
other modalities. Amso et al. (2014) argued
that the development of visual attention
may depend on the development of visual
processing (see also Amso & Scerif, 2015).
Smith and Trainor (2011) made a similar
argument with respect to auditory selective
attention: specifically that auditory selec-
tive attention in infants depends on infants’
ability to perceptually process target and
nontarget sounds. Direct data comparing the
developmental trajectories of these processes
is sparse. One recent study (Giinther et al.,
2014) compared visual and auditory selective
attention processes in a group of participants
7 to 77 years on a focused-attention task. The
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authors found that participants were better
in the visual than in the auditory conditions,
but the modality effect diminished with
age. These data suggest different develop-
mental trajectories for visual and auditory
attention. We highlight these similarities
and differences to point out that although
understanding visual attention is relevant
to the study of auditory attention, the two
processes have distinct and nontransferable
developmental trajectories.

Influential Models and Common Tasks

Most views of attention derive from the
influential model of Posner and Petersen
(Petersen & Posner, 2012; Posner & Petersen,
1990). As described in the previous section,
this model describes alerting, orienting, and
executive attention, all subserved by differ-
ent neural structures and all of which have
different functions related to the selection
and filtering of relevant information and the
inhibition of irrelevant or distracting infor-
mation. These attentional processes have
been widely studied and have been examined
over a wide age range. Thus, many other
models of attention have focused on similar
processes.

As an example, consider the four func-
tions of attention Colombo (2001) described
in infancy. These four functions are closely
related to Posner and Petersen’s attention net-
works (Petersen & Posner, 2012; Posner &
Petersen, 1990). Specifically, Colombo
describes alertness, spatial orienting, atten-
tion to object features, and endogenous
control. Here, the term “alertness” refers to
Posner and Petersen’s alerting network. It
reflects the ability to both attain as well as
maintain an alert state. The terms “spatial
orienting” and “attention to object fea-
tures” correspond to Posner and Petersen’s
orienting mechanism. Colombo separated
this network into two functions—one for
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selecting and shifting attention to particular
locations (spatial orienting) and another for
selecting and shifting attention to particu-
lar types of objects features (perhaps their
shape or color). This differentiation roughly
corresponds to the “what” and ‘“where”
visual systems (Ungerleider & Pessosa,
2008). Finally, Colombo (2001) described
endogenous attention, which corresponds to
Posner and Petersen’s executive attention.
For Colombo, this is the ability to volun-
tarily direct attention to particular features
or aspects of the environment as well as the
ability to inhibit attending to some features or
aspects of the environment. These functions
correspond to top-down control over the
other visual attention functions. Therefore,
Colombo’s model is specifically directed
at explaining attention in infancy, but the
components and functions of attention are
clearly closely tied to the classic Posner and
Petersen conception of attention networks.
The tasks commonly used to assess visual
attention are designed to index the visual
attention processes and networks described
in the Posner and Petersen model (Petersen &
Posner, 2012; Posner & Petersen, 1990). A
standard procedure used to study visual
attention across populations is the spatial
cuing procedure (Posner, 1980). In this gen-
eral class of tasks, attention processes are
invoked with a cue. The cue may indicate that
a target is about to occur, or it may indicate
a potential location of the impending target.
For example, Posner and colleagues devel-
oped the Attention Network Test (ANT) (Fan
et al., 2002), which includes several types
of trials that use cuing to access alerting,
orienting, and executive attention networks.
Participants are instructed to respond to an
identified target item. To assess alerting, a
cue warns the participant to prepare for the
coming target but gives no information about
the location that the target will occur (e.g., in
Figure 1.1a, there are asterisks—or cues—in

(@) CUE TARGET
* —
+ +
(b)
* —
+ +

Figure 1.1 A schematic depiction of the Atten-
tion Network Task (ANT) (e.g., Fanetal., 2002). In
each figure, the cross represents the fixation point,
the asterisk is a cue, and the arrow is the target.
The figures in (a) illustrate an alerting trial in which
the asterisks act as a cue and alert the participant
to prepare to respond to a target stimulus but pro-
vide no information to the location of that target.
The figures in (b) illustrate a valid trial in which
the cue indicates both that a target stimulus will
occur and also the location in which it will occur,
offering the participant the opportunity to covertly
orient to that location and prepare a response.

both possible target locations). Thus, the
presence of the cue invokes a phasic alert-
ing response in preparation for the target
stimulus but does not provide any useful
information about how to selectively direct
or control attention. To assess orienting,
the cue also contains information about the
location where the target stimulus will occur
(e.g., in Figure 1.1b, there is only a single
asterisk in the location where the target will
later appear). This type of cue allows the
participant to prepare for a target in a specific
location, perhaps “covertly,” or without an
eye movement, shifting attention to the cued
location in anticipation of the emergence of
the target at that location.

Cuing is not the only way in which
researchers have examined orienting atten-
tion. A common task used to understanding
orienting is visual search (e.g., Treisman &
Gelade, 1980). In such tasks, a target item
is cast in the midst of varying numbers of



Figure 1.2 Examples of visual search arrays. In
(a) the target is defined by a single feature (color),
whereas in (b) the target is defined by the combi-
nation of two features (color and shape).

SouRrce: Reprinted from Gerhardstein &
Rovee-Collier (2002). Copyright (2002) with
permission from Elsevier.

distractors. If the target and distractor vary
along only one feature dimension, as in
Figure 1.2a, the target pops out and is consid-
ered preattentive (e.g., Treisman & Gelade,
1980); that is, the target can be detected and
located even without the use of attention.
One key characteristic of pop-out search is
that increasing the number of distractors in
the display does not result in longer search
times to the target. When the target and
distractors share a conjunction of features
(Figure 1.2b), in contrast, visual search is
effortful and requires attention. In this case,
target identification is made progressively
more effortful, as indexed by increasing tar-
get search times, by increasing the similarity
(or competition) between the distractors and
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the target, or by increasing the number of
distractors in the scene (e.g., Treisman &
Gelade, 1980), suggesting that participants
take longer to detect the target when they
have to shift their attention to larger num-
bers of items. Variants of visual search have
become widely used to understand atten-
tional processes in infants (Adler, 2005),
toddlers (Gerhardstein & Rovee-Collier,
2002; Scerif, Cornish, Wilding, Driver, &
Karmiloff-Smith, 2004), and children (Don-
nelly et al., 2007). Indeed, some work has
explored changes in attention across the life
span by examining performance in visual
search over a wide age range (Trick &
Enns, 1998).

Assessment of executive attention requires
that some perceptual conflict be resolved, and
such tasks engage midline frontal areas and
the lateral prefrontal cortex (Fan et al., 2002).
In the ANT, for example, executive attention
is assessed using a version of the Eriksen
Flanker task (Eriksen & Eriksen, 1974). In
this task, a target is an arrow presented in the
center of a display. In the simple version of
this task, the subject simply has to determine
whether the arrow points to the right or the
left. However, to assess executive attention,
trials are presented in which the central arrow
is “flanked” by distracting arrows. Figure 1.3
illustrates child-friendly versions of this task.
In the “Fish” adaptation, for example, the
trials presented on the left do not require
executive attention because all the fish point
in the same direction and thus no conflict
needs to be resolved. On the trials presented
on the left of the figure, in contrast, the flank-
ing fish point one direction and the central
fish points in the opposite direction. In this
case, the central target and the flanker are con-
flicting. Because the child’s task is to report
the direction the central fish (or arrow) is
pointing, accurately responding in the flanker
tasks requires inhibiting responding to the
flanker fish (arrows) and focusing attention
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Figure 1.3 Examples of flanker tasks for

children.

SOURCE: Reprinted from McDermott, Perez-
Edger, & Fox 2007. Copyright 2007 Psychonomic
Society, Inc., with permission of Springer.

on the central fish (arrow). Fan et al. (2005)
confirmed that the executive attention portion
of the ANT engage different brain regions
from the other portions of the ANT and that
this flanker task engages frontoparietal and
anterior cingulate regions generally thought
to be involved when dealing with conflict. To

better assess young children’s performance
on this task, McDermott, Perez-Edgar, and
Fox (2007) used the variations presented
in Figure 1.3 (see also Rueda et al., 2004)
and demonstrated behavioral effects of the
flankers on the performance of children
between 4 and 6 years of age.

In sum, there is a large body of research
presenting tasks to assess the development
of attention. These tasks have been strongly
influenced by the traditional model of atten-
tional networks, originally proposed by
Posner and Petersen (Petersen & Posner,
2012; Posner & Petersen, 1990). These
visual attention tasks have proven to be pow-
erful for studying visual attention beginning
in infancy and extending to adulthood, as
described next.

Development of Attention

Attention in Infancy

Different visual attention processes emerge
beginning in infancy. However, our descrip-
tion of the ANT task and spatial cuing
more generally should make it clear that
many aspects or processes of attention are
extremely difficult to measure and study in
infancy. As a result, historically, the study
of attention in infancy conflated attentional
processes with measures used to index them,
including looking times and oculomotor
control, making the early study of visual
attention in infancy actually the study of
visual behavior in infancy. Indeed, a large
number of studies were published in the
1960s and 1970s examining models of infant
attention, the effect of stimulus properties
on infant attention, and the relation between
infant attention and memory.

In the first postnatal weeks, infants have
difficulty initiating and maintaining an
alert, attentive state, which Colombo (2001)
argued is related to the alertness function
of attention. Changes in this function are



related to the amount of time infants are in
an awake alert state and reflect noncortical
developmental changes (see Colombo, 2001,
for a review). It is plausible that changes
in infants” regulation of their state (e.g.,
awake and alert, drowsy, asleep) contribute
to alerting as defined by Posner and Petersen
(1990). Indeed, Posner and Rothbart and
their colleagues have argued that behavioral
regulation—and executive attention—are
related developmentally to the alerting and
orienting network (Posner & Rothbart, 2009;
Sheese, Rothbart, Posner, White, & Fraun-
dorf, 2008). But it is difficult to determine
how visual attention versus other more gen-
eral aspects of nervous system regulation
determines how much of the time young
infants spend fixating a stimulus.

Moreover, studies in the 1960s and
1970s on infants’ visual attention focused
on stimulus properties that elicit sustained
attention (Fantz & Nevis, 1967). Indeed,
this emphasis and body of literature led to
theories such as Cohen’s (1973) highly influ-
ential two-process theory of infants’ visual
attention. Cohen argued that how quickly
young infants orient (attention-getting) to a
stimulus is related to the physical proper-
ties of the stimulus (e.g., its size) whereas
how long infants continued to look at a
stimulus (attention-holding) is related to
its complexity or how difficult it was for
infants to process, form a memory, and the
like. The relation between visual attention
and aspects of processing or one’s ongo-
ing cognitive goals has for decades been a
focus of research on visual attention across
the life span (Desimone & Duncan, 1995;
Folk, Remington, & Johnson, 1992; Lavie,
Hirst, de Fockert, & Viding, 2004). These
questions remain at the forefront of the study
of visual attention. However, as we discuss
later, the developmental science community
now recognizes that they reflect interactions
between attention and other psychological
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processes rather than solely visual attentional
processes.

It is also important to note that the terms
“attention” and “looking” historically were
used interchangeably. Although the confla-
tion of these constructs is intuitive, looking
time is not the same as attention. Looking
is a very gross metric of attention per se
and likely reflects a conglomeration of other
processes, for example, processing or learn-
ing rates, memory, and visual preference.
Disentangling visual attention and look-
ing has been difficult because of a lack of
measurement tools. Historically, researchers
could measure only coarse aspects of infants’
looking behavior—evaluating the direction
of the eyes (and head) to determine whether
infants looked at a particular image, object,
or person, and how long infants continued to
look at an item once fixated. Developments
in eye tracking (Gredebick, Johnson, & von
Hofsten, 2010) and event-related potential
(ERP) methods (Reynolds, Guy, & Zhang,
2010; Richards, 2001) have opened new
possibilities for examining infants’ attention.
In particular, such methods provide insight
into infants’ covert attention shifting. For
example, it is now possible to determine
whether infants more quickly fixate a validly
cued location than an invalidly cued loca-
tion (Markant & Amso, 2015; Ross-Sheehy,
Schneegans, & Spencer, 2015). By measur-
ing where and how quickly infants orient
to an object or location, we can establish
whether infants look more quickly at a target
appearing at a cued location than at a
target appearing at an uncued location, for
example. If this pattern emerges, we con-
clude that infants must have shifted their
attention to the cued location before making
an eye movement; thus, such effects provide
evidence of covert attentional shifts. Other
work has examined the neural circuitry sup-
porting covert attentional shifts using ERP
methods (Richards, 2000, 2005).
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Richards and colleagues (Richards &
Casey, 1992; Richards, 1989) measured
heart rate variability in young infants as a
physiological index of attentional engage-
ment during periods of looking. Specifically,
Richards and Casey (1992) described heart
rate defined phases of attention during peri-
ods of sustained looking at dynamic, complex
video clips (e.g., moving shapes, clips from
Sesame Street). Infants’ heart rates undergo a
predictable and systematic pattern of changes
during looks to visual stimuli, indicating
changes in the infants’ level of attention
engagement. Specifically, soon after initiat-
ing a fixation of a stimulus, infants’ heart
rates begin to decline, indicating that they are
entering a state of sustained attention, where
infants are found to be more resistant to dis-
traction. After a period of sustained low heart
rate, infants’ heart rates increase and return
to the prestimulus level, indicating sustained
attention termination. These data suggest that
at least by 8 weeks of age, infants’ sustained
fixations actually reflect several phases and
that only some proportion of individual looks
reflects the kinds of attentional processes
discussed in the context of other procedures,
at other ages, and so on. Because the stimuli
used in this research are complex and often
multimodal (e.g., several studies used clips
from Sesame Street), we must be cautious
about concluding that the observed patterns
reflect only visual attentional processes; as
with much infant work, the findings may
reflect a combination of visual attentional
processes in conjunction with other percep-
tual and cognitive processes, such as visual
perceptual skill control over eye movements,
learning, and memory.

A larger literature has been devoted to
developmental changes in aspects of looking
behavior that reflect spatial orienting
processes. A primary focus has been to
understand changes in voluntary control

over visual attention in the first 12 postnatal
months (see Ruff & Rothbart, 1996, for a
review). Specifically, several researchers
have concluded that attention in very young
infants is stimulus bound, or externally
controlled (Colombo, 2001); it has even
been stated that their attention is obligatory
(Stechler & Latz, 1966). These conclusions
are based on the observation that in the first
postnatal weeks, infants seem to be unable to
disengage attention from a fixated stimulus
in order to fixate another stimulus. In the
gap-overlap task—in which a peripheral
stimulus is presented when the infant is
fixating a central stimulus— fixations of very
young infants’ appear to be sticky. In this
task, infants look at a central stimulus, which
then disappears and is followed by a periph-
eral stimulus to either the left or the right
of center. (See Figure 1.4.) Reaction times
to orient to the peripheral stimulus indicate
infants’ ability to flexibly shift orienting.
In overlap trials, the central stimulus—the
target the infant is fixating—remains visible
when the peripheral stimulus is presented.
Under these conditions, young infants have
significant difficulty disengaging from that
central stimulus and shifting their fixation
to the peripheral target (Hood & Atkinson,
1993). Because, as described earlier, looking
behavior is thought to reflect attention,
the conclusion has been that this apparent
stickiness arises from infants’ inability
to voluntarily shift the direction of their
attention.

At about 4 months, there appears to be a
shift in this “stickiness” in infants’ looking
behavior. Smooth pursuit rapidly develops
from birth to 4 months, and at 4 months
smooth pursuit dominates visual tracking
(Rosander, 2007). In the overlap task just
described, infants more easily shift attention
by 4 months (M. H. Johnson, 1995). Recall,
however, that our understanding of visual
attention in infancy reflects our evaluation of
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Figure 1.4 A schematic depiction of a gap-overlap task. There are two trial types: Each trial begins
with a central target presented at fixation (the duck here); after some period of time the central target
disappears and a peripheral target (the black and white bars here) appears. The difference between the
two types of trials is whether the two targets are presented at the same time (in overlap trials) or separated
by a brief blank screen (in gap trials). Color version of this figure is available at http://onlinelibrary.wiley

.com/book/10.1002/9781119170174.

visual behavior. Between birth and 4 months
of age, there are significant changes in ocu-
lomotor control, and as a consequence, at 4
months, infants have sufficient control over
eye movements such that they are reliable
research participants. Although there have
been discussions about the role of attention in
oculomotor control (e.g., Theeuwes, Kramer,
Hahn, Irwin, & Zelinsky, 1999) and saccadic
eye movements (Canfield & Kirkham, 2001;
Hoffman & Subramaniam, 1995), there is
evidence that even in adults, performance
on some attention tasks requiring eye move-
ments involves multiple neural systems and
does not reflect solely attentional processes.
(See, e.g., Csibra, Johnson, & Tucker, 1997.)
We therefore must be cautious when draw-
ing conclusions about infants’
from behavior that taxes oculomotor control
(Nakagawa & Sukigara, 2007).

The change at 4 months in infants’ ability
to shift their attention in the overlap task
does not mean that this aspect of visual

attention

attention is fully developed. In the second
half of the first postnatal year, infants’ ability
to shift attention in this context varies as a
function of the content of the central, fixated
stimulus (Peltola, Leppinen, Palokangas, &
Hietanen, 2008). This variation in the second
half of the first year perhaps reflects the
fact that infants’ processing of the mean-
ing or significance of the central stimulus
influences their ability to detect or respond
to a peripheral or distracting stimulus. In a
very different context, Oakes and colleagues
(2002) observed that when playing with
toys, 10-month-old infants are less easily
distracted by an external stimulus when they
are engaged in deeper processing of those
toys than when they are less engaged. At
6 months, infants show similar levels of
distraction in different states of engagement,
suggesting that infants’ ability to control
their attentional focus—and resist distrac-
tion during information processing—shows
developmental change during this time.
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The literature just described suggests
important development in the spatial orient-
ing of attention during the first postnatal year.
More precise understanding of this develop-
ment derives from work using tasks that are
more closely related to the tasks developed
for older populations. Specifically, a number
of studies have used tasks that allow more
sensitive measures of spatial orienting that
are not conflated with measures of looking.
These studies use a task like that illustrated
in Figure 1.5. In this task, infants first are
induced to fixate a central location (e.g.,
an interesting stimulus is presented in this
location). Next, as infants fixate this centrally
presented item, a peripheral cue is briefly
presented to the left or right of fixation.
Finally, a visual target is presented either in
the validly cued location (i.e., where the cue
appeared when the infant was fixating the
central stimulus) or in an uncued or invalid
location (i.e., on the side opposite to where
the cue appeared).

Studies using this procedure have doc-
umented that visual attention orienting is
facilitated to the cued location relative to
the uncued location if the interval between
cue and target is short. That is, the sub-
ject will detect, perceive, and process the

target faster or better if it is presented in a
validly cued location than if it is presented
in a location that is not cued (Carrasco,
2014). Adapting this procedure for use
with infants, Johnson, Posner, and Rothbart
(1994) observed adult-like responses in
such a task by 4-month-old infants. Infants,
like adults, responded more quickly to a
target that appeared in a cued location.
Ross-Sheehy and colleagues (2015) recently
introduced an adaptation of this method in
which infants are exposed to a variety of
cue conditions (e.g., validly cued targets,
invalidly cued targets, and neutrally cued tar-
gets). Ross-Sheehy et al. observed that older
infants showed more effective use of the cues
than did younger infants, experiencing less
competition between irrelevant cues.
However, spatial cuing does not always
result in facilitated or faster response to the
cued location. Critically, when the delay
between the cue and the target is long (e.g.,
>200 ms), people are actually worse at
responding to a target that appears in the
cued location relative to a target that appears
in the uncued location. This effect, termed
“inhibition of return” (IOR), presumably
reflects the system inhibiting returning atten-
tion to a previously attended location. That is,

Validly Cued Target

Fixation Cue (100 ms)

Delay Interval

Invalidly Cued Target

Figure 1.5 An illustration of spatial cueing attention task. When the infant is fixating the central target
(the fixation cross), a cue is briefly presented in the periphery. Following a brief delay, in validly cued
trials (the top frame), the target is presented in the same location as the cue. In invalidly cued trials (the
bottom frame), the target is presented in the opposite location from the cue. Color version of this figure
is available at http://onlinelibrary.wiley.com/book/10.1002/9781119170174.
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IOR has been described as an adaptation of
attentional mechanisms such that once a
location is attended and no target occurs,
the system inhibits that location in order to
encourage orienting to new locations (Klein,
2000). As a result of inhibiting the cued
location during the delay, any target that is
presented in the cued location is also inhib-
ited, resulting in slower eye movements to
that item. There is evidence of IOR in new-
borns (Simion, Valenza, Umilta, & Barba,
1995; Valenza, Simion, & Umilta, 1994)
when they are allowed to make overt shifts
of attention to the cue. However, when the
cue is too rapid and only a covert attention
shift can be made, IOR appears to emerge at
5 to 6 months of age (Richards, 2000) and
is stable by 9 months (Markant & Amso,
2013, 2015). Richards (2000) paired this
task with presaccadic ERPs to show more
cortical involvement of parietal and frontal
sites with behavioral developmental change
from infants 3 to 7 months old. This task,
therefore, is a critically important addition to
the available tools to assess visual attention.
It offers insight into inhibitory process-
ing, an important component of distractor
suppression during target selection.

Another task that also provides insight
into these inhibitory processes is the negative
priming task. In this task, a target and a
distractor initially are presented together,
presumably eliciting attention to the target
and inhibition to the location of the distractor.
(Maintaining attention to the target presum-
ably requires inhibiting the distractor.) Then,
during a second or probe display, the target is
presented alone, either in a novel (previously
empty) location or in location previously
occupied by the distractor. Because the loca-
tion previously occupied by the distractor
was ignored or inhibited, the reasoning is
that infants will have more difficulty ori-
enting to a target presented in that location.
Indeed, consistent with the data from studies
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using IOR tasks, infants’ responses to targets
appearing in previously inhibited locations is
slowed compared to their responses to targets
appearing in previously empty locations.
Thus, performance on these tasks can be used
to draw conclusions about infants’ ability
to inhibit attention to a particular location.
Moreover, the developmental changes in this
task converge with those obtained when using
IOR; infants show developmental change in
inhibitory processing across the first post-
natal year, with 3-month-olds showing no
sign of inhibition but rather facilitation and
with inhibitory processing being robust by
9 months (Amso & Johnson, 2005, 2008;
Nakagawa & Sukigara, 2007).

Other work has attempted to evaluate
infants’ visual selective attention orienting
more broadly by assessing their performance
on visual search tasks. For example, visual
search requires shifting attention to a target
and inhibiting attending to distractors. A hall-
mark of effortful visual search is that target
identification takes longer with increasing
numbers of distractors—because the viewer
must attend to individual items or regions
of space that contain items, the more items
there are, the longer (on average) it will
take to find the target. (See discussion in the
previous section, “Influential Models and
Common Tasks.”)

Variations of visual search tasks have been
used to study visual attention processes in
infants. Very early in infancy, we can ask
what stimulus features automatically capture
attention by examining visual pop-out. For
example, Dannemiller (2005) observed
2-month-old and 4.5-month-old infants’
orienting to a singleton oscillating target
in a field of static bars. The moving target
should capture infants’ attention, and their
ability to fixate the target and inhibit look-
ing at the nonmoving distractors provides
insight into the nature of their visual attention
processing. Dannemiller found the pop-out
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effect in 4.5- but not yet in 2-month-old
infants.

Using eye tracking, Amso and Johnson
(2006) observed that 3-month-old infants
effectively selected both a moving target
in a field of nonmoving targets and an ori-
ented bar in a field of vertical bars more
often than would be expected by chance.
Performance on the moving target search was
significantly better than on the more diffi-
cult orientation-based search. Frank, Amso,
and Johnson (2014) showed developmental
improvement in both search tasks from 3 to
10 months of age.

Adler and Orprecio (2006) provided addi-
tional evidence that at least some aspects
of visual search in infancy are similar to
those in adults. They presented 3-month-old
infants with two types of visual search arrays:
one that should elicit a preattentive target
detection for adults (detecting a + in an
array of Ls, or target-present arrays) and
another that should be elicit more effortful
attention (an array of all Ls, or target-absent
arrays). Indeed, Adler and Orprecio observed
that both 3-month-old infants and adults
had similar latencies to find the + in the
target-present trials regardless of the number
of distractors, but their performance var-
ied considerably by the number of items
in the target-absent trials. Similar results
were reported by Adler and Gallego (2014).
Thus, although we must be cautious about
concluding that similar patterns of behavior
in infants and adults necessarily reflect the
same underlying processing (particularly as
adults are given instructions in this task and
infants are not), these findings show some
similarities in how infants and adults search
for targets in cluttered visual arrays.

Work using computational modeling
provides insight into the developmental
mechanisms behind this development, in
particular the neural development that
may support developmental changes in

orienting during visual search early in
infancy. Specifically, work using computa-
tional modeling has identified increases in
the size of horizontal connections in primary
visual cortex and the duration of recurrent
posterior parietal activity as critical to effec-
tive visual attention orienting performance
in infant visual search data (Schlesinger,
Amso, & Johnson, 2007, 2012).

In a different type of visual search exper-
iment, Kwon et al. (2016) presented 4- to
8-month-old infants with an array of 6 dif-
ferent photographs of familiar items (shoe,
flower, vehicle). One item in each array was
a human face. Whereas 4-month-old infants
were drawn to the most physically salient
item in the array (as defined by brightness
and orientation), 6- and 8-month-old infants
looked at the human faces. Studies like these
uncover spontaneous behavior by infants
when presented with visual search arrays and
begin to reveal how infants’ looking behavior
(and visual attention) is controlled by exter-
nal stimulus factors (such as movement or
physical salience) versus other, nonphysical
features (such as familiarity or meaning).
Consistent with other work examining visual
attention in infancy, the results of Kwon
et al. showed that by 6 months, infants could
use top-down content, such as familiarity
or meaning inherent in a human face, to
endogenously guide visual attention orient-
ing in the presence of distraction. Data like
these are consistent with the general con-
clusion that processes engaged in voluntary
control of attention increase during the first
postnatal year.

Recall that Colombo (2001) described two
orienting functions of attention, one based
on location and the other based on object
features. As just described, most of the work
on visual attention in infancy has focused on
the spatial orienting function of attention.
But there is a small emerging literature on
object-based attention in infancy. The term



“object-based visual attention” refers to
attention to one of many features or objects
at a particular location at the expense of
others. Using cuing methods, adults have
been shown to have object-based attention.
For example, Egly, Driver, and Rafal (1994)
presented a cue on a part of an object; this cue
helped adults attend to the object, facilitating
their detection of a target that subsequently
is presented on that object compared to an
equally distant target presented on a different
object.

Bulf et al. (2013) used a variation of this
task to examine object-based attention in
infants. (See Figure 1.6.) In this variation,
infants first saw two identical bars for a brief
period of time. Then, a cue appeared on one of
the two bars. After a delay (200 ms interstim-
ulus interval [ISI] in Figure 1.6), infants then
saw a target presented in the cued location or
in one of two uncued locations—both equally
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Figure 1.6
attention in 8-month-old infants.
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distant from the cue. However, one kind of
the uncued items (the “Invalid same-object”
array in the figure) was presented on the
cued object, whereas the other kind of
uncued item (the “Invalid different-objects”
array in the figure) was presented on the
other object. Eight-month-old infants also
showed object-based attention cuing ben-
efit; they were faster to detect targets in
the same-object displays relative to targets
in the between-objects displays. (See also
Valenza, Franchin, & Bulf, 2014.) In general,
researchers agree that object-based attention
effects depend heavily on the strength of
object representation and recognition as well
as object characteristics, such as goodness
(Chen, 2012). Although object-based atten-
tion is not yet well studied in developmental
science, the study of object perception and
recognition enjoys a long history of devel-
opmental research beginning with Piaget.

Time

ISI =200 ms

TARGET

Invalid different-objects

Ilustrates the procedure used by Bulf & Valenza (2013) to examine object-based visual

SOURCE: Bulf & Valenza (2013), published by APA. Reprinted with permission.
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Thus, future research may build on this
foundational work on infants’ object-based
attention and work on object perception and
recognition to provide deeper insight into the
development of attention more broadly.

Attention in Early Childhood

The transition from infancy to early child-
hood comes with continued development of
visual attention processes. Notably, the rele-
vant changes are not solely in visual attention
processes. These processes in childhood
operate in a different body than they had in
infancy. Young children are mobile, willful,
and have strong emerging language skills.
Thus, visual attention processes become inte-
grated into a larger set space of competing
exploratory skills. It follows that while both
alerting and orienting show some measurable
developmental change into childhood, it is
the executive processes that become a crit-
ical component of managing or regulating
the now-dynamic opportunities facing the
growing child.

Although not explicitly focused on under-
standing visual attention per se, early studies
of toddlers’ and preschool children’s sus-
tained attention during television watching
provide some insight into attentional abil-
ities, at least in the context of watching a
complex, dynamic, multimodal stimulus. The
findings suggest developmental changes in
the alerting network during this period. For
example, children’s attention to television
programming increased between age 1 and
4 years (Anderson & Levin, 1976), and chil-
dren’s sustained attention during television
viewing was related to their comprehension
of the content (Lorch, Anderson, & Levin,
1979). Such findings provide a foundation
for understanding how children’s sustained
attention develops during early childhood and
suggests that, as with infants (e.g., Cohen,
1991), the duration of periods of sustained
attention is related to children’s processing

of the stimulus content. Moreover, 5-year-old
children are less distractible—and presum-
ably more engaged—when the content being
viewed is comprehensible than when it is not
(Lorch & Castle, 1997). During the preschool
years, there continue to be developmental
changes in children’s ability to maintain
an alert and engaged attentional state, and
this ability is enhanced by their ability to
understand the content of the stimulus being
visually attended.

In addition, the study of children’s gen-
eral attention processes
television—and to some extent during toy
play—led to conclusions about the devel-
opment of attentional inertia, or the process
by which attention becomes more engaged
over time (Richards & Anderson, 2004).
The notion is that sustained attention builds
and engagement with the stimulus deepens
over the period of sustained attention. This
conclusion is supported by the fact that
children become less easily distracted as
a period of sustained attention continues
(Anderson, Choi, & Lorch, 1987; Oakes,
Ross-Sheehy, & Kannass, 2004) and by
physiological changes, including reductions
in heart rate, that occur over prolonged
periods of sustained attention (Richards &
Cronise, 2000; Richards & Gibson, 1997).
This characteristic of increasing engagement
over periods of sustained attention is not spe-
cific to the preschool years; there is evidence
of this process in infancy (Oakes et al., 2004)
through the preschool period (Richards &
Cronise, 2000). Of course, developmental
changes in attention occur during this time
period. Given the same stimulus, periods of
sustained attention increase over age, and
comprehension appears to have an increasing
influence on children’s sustained attention
during the preschool period (Richards &
Anderson, 2004).

Other work examined developmental
changes in sustained attention in other

while viewing



contexts. For example, in a longitudinal
study, Ruff et al. (1998) showed increases in
children’s duration of looking and focused
attention between 2.5 and 4.5 years of age
during free play and watching a puppet show,
suggesting changes in children’s ability to
sustain an engaged attentional state. More-
over, the context—particularly the number
of toys present—may influence whether sus-
tained attention increases or decreased from
infancy through the preschool years (Ruff &
Capozzoli, 2003). Such effects underscore
the close connection between attention and
other cognitive processes and how attention is
differentially engaged depending on the cog-
nitive load imposed by the task. During the
preschool period, there appear to be changes
in the level of engagement during attention,
with older children being more resistant to
distraction than younger children are during
periods of sustained attention during toy play
(Ruff & Capozzoli, 2003). Taken together,
this research has revealed changes during
early childhood in the duration and the level
of engagement during periods of sustained
attention. Because sustained attention is
related to information processing—and the
comprehensibility and complexity of the
stimulus content—developmental changes
must be evaluated taking into consideration
the nature of the stimuli, task, context, and
other factors.

The work during early childhood also
reveals changes in orienting. For example,
Gerhardstein and Rovee-Collier (2002) used
a visual search task (their stimuli are illus-
trated in Figure 1.2) to examine orienting in
children between 1 and 3 years of age. In
this task, children were taught to touch the
target. Recall that in Figure 1.2a, the target is
different from the distractors only by a single
feature, and therefore the feature task should
be easy and not require attention. Recall
that the target in Figure 1.2b is defined by
a conjunction of features—it is the instance
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that is defined by a specific color/shape
combination—and search for this target
should require attention and should be effort-
ful. Indeed, Gerhardstein and Rovee-Collier
found the number of items in the arrays
in the feature task had no effect; the only
significant effect was that younger children
were slower to find the target. Thus, detecting
the target did not appear to require effortful
attentional orienting. In contrast, children’s
performance in the conjunction task varied
with the number of distractors—children had
more difficulty identifying the target when
there were more distractors. In both tasks,
younger children were generally less efficient
and less accurate than older children, but the
effect of attention seemed to be the same
across this age range, suggesting that the
only developmental effects observed here
were those that reflect developmental change
in young children’s
abilities, or something related to making
a response. Scerif and colleagues (2004)
observed similar results in a touch-screen
visual search task with children in this same
age range. However, because Scerif et al.
also included some of the displays without
targets, they could examine not only search
times but also other variables, such as search
paths and perseverative errors to nontargets.
The inclusion of such variables may have
yielded more sensitivity to developmental
differences in this age range. Other work
using more traditional visual search tasks
(pressing a key when a target is found within
an array) revealed developmental differences
in somewhat older children (6-10 versus
adults) in conjunction searches (Trick &
Enns, 1998). Future work comparing differ-
ent types of visual search tasks may reveal
the source of such discrepancies.

Finally, the increased awareness that
developmental changes in attention dur-
ing early childhood reflect, at least in part,
changes in executive attention or cognitive

general attentional
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control has led to the development of new
tasks to tap those developing systems. As
described earlier, variations of the flanker
task have been developed for use with chil-
dren as young as 4 (McDermott et al., 2007).
This task, which is depicted in Figure 1.3,
simplifies the traditional flanker task by
reducing the perceptual demands of the stim-
uli and increases the child’s ability to apply
existing knowledge to their processing of
the stimuli. The Track-It task developed by
Fisher et al. (2013) is also argued to examine
executive attention.

By manipulating features of the distrac-
tors (e.g., whether they are all the same or
vary), Fisher et al. (2013) argued that this
task allows assessment of endogenous and
exogenous factors on children’s sustained
selective attention.

In summary, during the toddler and
preschool years, there continue to be signif-
icant changes in attentional processes, with
evidence that children are becoming increas-
ingly more efficient in their visual attention
orienting and more capable of sustained
attention.

Attention in Later Childhood
and Adolescence

The transition into later childhood brings
modest developmental change in visual
attention alerting and orienting but more
robust change in executive attention. Indeed,
much of the work in later childhood and
early adolescence has focused on cognitive
control, which is closely related—and may
overlap with—executive attention.

Work with older children and adolescence
suggests that there is little change in orienting
attention in late childhood. Enns and Brodeur
(1989) showed that 5- to 9-year-old children
are more influenced by an orienting cue than
are adults—both in terms of the benefit of
a valid cue on their attention performance
and the interference from an invalid cue.

(See also Konrad et al., 2005.) However,
several studies have shown that by 8 to
10 years, children’s orienting is adult-like.
Rueda et al. (2004) showed that in the ANT
by age 10, children receive the same benefit
as adults from an alerting cue. Other work
has shown that visual attention orienting
is adult-like by 8 to 10 years (Goldberg,
Maurer, & Lewis, 2001; Rueda, Rothbart,
McCandliss, Saccomanno, & Posner, 2005;
Waszak, Li, & Hommel, 2010). Using a spa-
tial cuing task, Markant and Amso (2014) did
not observe developmental change in visual
attention orienting, with either facilitation- or
IOR-inducing timing, in children 7 to 17
years of age, which suggests stable visual
attention orienting in this age range. Thus,
any changes in these attention networks
beyond early childhood are subtle and much
less dramatic than the development that
occurs in infancy and early childhood.

In contrast to alerting and orienting, the
development of executive attention processes
is more protracted, with changes into ado-
lescence Executive attention processes are
involved when contexts or tasks require inhi-
bition of conflicting or interfering sources
of information in the visual environment.
Resolving such conflict requires some over-
arching rule to guide visual attention. For
example, executive attention is engaged when
a target is flanked by distractors that present
a conflict (see Figure 1.3)—such as when
the direction of flanking arrows is different
from the direction of a central arrow target.
Research using tasks that require attention
in the context of such conflict has revealed
that executive attention is not yet adult-like
in childhood (Goldberg et al., 2001) and con-
tinues to develop into adolescence (Konrad
et al., 2005; Waszak et al., 2010).

Additional insight into the development of
executive attention comes from work using
the anti-saccade task (Guitton, Buchtel, &
Douglas, 1985). In this task, children are
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taught a rule: When a cue appears on a screen,
inhibit attending to it and instead orient to
the opposite side of the screen. Evidence of
some competence on anti-saccade tasks is
available in infants (Johnson, 1995) as well as
in toddlers and young children (Scerif et al.,
2005). Despite these developmental changes
early in childhood, as is true for other aspects
of executive attention, anti-saccade develop-
ment has a prolonged developmental time
course, becoming adult-like by roughly 14
years of age (Luna, Garver, Urban, Lazar, &
Sweeney, 2004).

Moreover, neuroimaging data have
exposed the neural networks underlying
these visual attention processes; these find-
ings confirm and provide additional insight
into the behavioral changes described. For
example, Konrad et al. (2005) showed that
8- to 12-year-old children had less activation
than did adults in frontal-midbrain regions
during alerting, less activation in the tem-
poroparietal junction during orienting, and
less activation in the dorsolateral prefrontal
cortex during executive attention tasks. Using
anti-saccade, Luna and colleagues (2004)
have shown that developmental change in
top-down executive control of visual atten-
tion involves frontoparietal engagement and
emerging long-range connections between
these regions and develops into adoles-
cence (Crone, 2009; Hwang, Velanova, &
Luna, 2010).

EMERGING TRENDS AND FUTURE
DIRECTIONS IN THE STUDY

OF THE DEVELOPMENT

OF VISUAL ATTENTION

As illustrated by the preceding discussion,
much work in the study of the develop-
ment of visual attention has focused on
demonstrating the state of the system at dif-
ferent developmental points. This has been a

fruitful approach and has yielded significant
understanding of both the limitations and
the capabilities of visual attention across
development.

With this work as a foundation, two trends
have emerged in the literature that have and
will continue to shape our understanding
of the development of visual attention. The
first emerging trend derives from the fact
that the process-oriented focus in the study
of attention has highlighted the connections
between attentional processes and other
processes, in particular learning and mem-
ory. Second, there has been an explosion of
new tools available for studying attention.
Many of these tools are further refinements
of older tools or involve the application of
tools used with adults or in neuropsycho-
logical contexts. However, the availability
of new imaging techniques—as well as
methods for analyzing the data from those
techniques—has yielded significant insight
into how developing neural structures influ-
ence attentional processes. We discuss each
of these trends in the following paragraphs.

Attention and Its Interactions
with Learning and Memory

Attention as a process interacts with learn-
ing and memory processes in intimate and
complex ways. Historically, researchers have
asked how cognitive processes influence
attention—for example, how children are
more engaged and less distractible when
attending to content they understand than
when attending to content that is more dif-
ficult to understand (Lorch et al., 1979).
However, it is important to keep in mind that
one part of the definition of attention is that,
because it functions to filter distraction, it
increases the efficiency of other cognitive
processes. An emerging trend in the literature
is a deep recognition of this connection. For
example, attentional processes may differ
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depending on the content of information in
particular location. Also, and relatedly, visual
attention dynamics—such as the facilitation
of processing of some information or such
facilitation in combination with inhibition
of competing distractors—can impact how
attended items are learned and remembered.
One way attention is related to learning
and memory is that how perceivers distribute
their attention to a stimulus can deter-
mine what they learn about that stimulus. For
example, using eye tracking, researchers have
asked how people distribute their attention
to specific parts of a visual scene (ignoring
other parts of the scene) and how that pattern
of attention relates to their learning about
the objects in those scenes. These relations
have been demonstrated even in infancy.
Johnson, Slemmer, and Amso (2004) found
a relation between where infants oriented on
a visually ambiguous display (a rod divided
by a central box) and whether infants per-
ceived the central rod object in the display
as complete or broken. Infants who oriented
to (looked at) the object parts and their
movement perceived the rod and box in an
adult-like manner, whereas those who ori-
ented randomly did not. This and other work
has collectively identified a role for efficient
attention-guided orienting in bootstrapping
both object and face perception (Amso,
Fitzgerald, Davidow, Gilhooly, & Tottenham,
2010; Amso & Johnson, 2006; Emberson &
Amso, 2012; Johnson et al., 2004).
Moreover, at least in infancy, previous
learning can shape how viewers orient to
a stimulus, presumably influencing what
they learn about those stimuli. For example,
4-month-old infants who live with a pet
distribute their looking differently to images
of dogs and cats than do infants who do
not live with pets (Hurley & Oakes, 2015;
Kovack-Lesh, McMurray, & Oakes, 2014;
Markant & Amso, 2015). Similarly, infants

looking at faces distribute their visual

attention differently when viewing relatively
familiar, own-race faces than when view-
ing relatively unfamiliar, other-race faces
(Xiao, Quinn, Pascalis, & Lee, 2014; Xiao,
Xiao, Quinn, Anzures, & Lee, 2013). Thus,
not only does orienting influencing learning
in the moment, but the strategies that infants
use to guide their attention to a stimulus
reflects their past experience.

In addition, visual attention can bias
what infants learn about available content.
As noted, IOR emerges by the time infants
are 5 to 6 months of age. Recent work has
identified a novel role for IOR, during visual
attention orientating, in learning and memory
(Markant & Amso, 2013, 2014; Markant,
Oakes, & Amso, 2015; Markant, Worden,
et al., 2015). Using spatial cuing tasks, these
studies showed a benefit for objects that
were attended to and encoded in the IOR
condition. Recall that IOR is elicited when
subjects are cued to a location, but there is
a relatively long delay between the offset of
the cue and the onset of the target. On these
trials, participants simultaneously suppress
or inhibit the cued location—that is, the
distractor location—and increase attention
to the noncued location—that is, the target
location. Studies with infants show that when
the timing elicits IOR, infants more effec-
tively learn objects presented in the noncued
(target) location than objects in the cued
(distractor) location, illustrating suppression
of the object in the distractor condition and
facilitation of attention and learning to the
object in the target location.

Moreover, functional magnetic resonance
imaging (fMRI) data in adults showed that
this memory benefit was linked to atten-
tional modulation of visual cortex activity:
Recognition accuracy for objects encoded
in the context of IOR was predicted by cor-
tical activity associated with target location
enhancement and by the extent to which
competing distractor locations were inhibited
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during initial encoding (Markant, Worden,
et al., 2015). These data suggest that, in
filtering distraction, visual attention provides
a less noisy representation of the attended
item for learning and memory.

Markant, Oakes, and Amso (2015) pro-
vided a powerful demonstration of this effect.
They observed that they could influence how
infants processed items within a category of
objects by biasing infants to attend to that cat-
egory. A number of studies have shown that
infants orient attention differently to infor-
mative parts of own-race versus other-race
faces, in particular the eyes (Wheeler et al.,
2011; Xiao et al., 2013). Markant, Oakes,
and Amso (2015) asked a different question;
they asked how biasing infants to attend to
some types of stimuli (but not to other types
of stimuli) could influence asymmetries in
processing faces based on race. They used
a spatial cuing procedure to bias Caucasian
9-month-old infants to attend to either own-
or other-race faces. (All infants were exposed
to the same own- and other-race faces; some
infants were biased to attend to the own-race
faces, and other infants were biased to attend
to the other-race faces.) Infants showed
stronger discrimination of and memory for
faces from the race that was the focus of the
attention bias, regardless of whether those
faces were from their own-familiar race or
a different, unfamiliar race. Thus, the extent
of attention engagement, and distractor sup-
pression, at initial stimulus encoding—not
the familiarity of the race—determined the
asymmetry in processing in this case. These
results extend other attentional explanations
of the other-race effect in both adult (Hills,
Cooper, & Pake, 2013) and infant literatures
(Wheeler et al., 2011; Xiao et al., 2013) on
how attention (as measured by eye move-
ments) is distributed to different facial areas
influences the other-race effect.

Finally, research using very different
methods and procedures has also shown

that attention can contribute to what infants
learn in cluttered visual scenes. Specifically,
when presented with an array of multiple
objects, learning about any individual object
requires selecting that objects, attending to
it, and inhibiting distracting objects. This
may be especially difficult for young infants.
Ross-Sheehy and colleagues (2011) observed
that facilitating young infants’ attention to
an individual item in a multiple item array
allowed them to encode that individual item
into visual short-term memory (VSTM) and
detect when it changed. Importantly, this
effect was observed at a point in develop-
ment when infants appear to be unable to
encode or store in VSTM individual items
in multiple-item arrays (Oakes, Baumgart-
ner, Barrett, Messenger, & Luck, 2013;
Ross-Sheehy, Oakes, & Luck, 2003). These
relations appear to continue across develop-
ment. For example, Astle, Nobre, and Scerif
(2012) observed that individual differences in
attentional control were related to VSTM in
7- to 10-year-old children, providing support
for the idea that developmental changes in
attentional control contribute to develop-
mental changes in VSTM. In sum, attention
and memory are reciprocally interactive, and
a great deal is gained by examining their
development as such.

New Tools to Study Visual Attention

Behavioral Tools

Many new behavioral tools have been devel-
oped to study attentional processes in infancy
and childhood. The availability of eye track-
ers with adaptations for calibrating and track-
ing younger children’s eye gaze have opened
the door for the introduction of new tools as
well as the refinement of existing tools.
Consider the visual search tasks described
throughout this chapter. Examining visual
search with young children was extremely
difficult until new technical tools were
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developed. For example, Dannemiller (2000)
drew conclusions about the role of external
stimulus factors on young infants’ attention
by examining gaze shifts to displays con-
taining a number of static shapes and one
moving shape. Using classic forced-choice
preferential looking (FPL) procedure (Teller,
1979), observers watched infant behavior and
made a judgment (based on head movement,
eye direction, facial expression, and other
idiosyncratic behaviors) about the side of the
moving bar. Because the observers have no
information about where the moving bar is,
the observer will be accurate (i.e., be able
to judge correctly the side of the display
containing the moving bar) only if the infant
has a strong tendency to look at that bar. This
procedure has been extremely successful at
evaluating many aspects of young infants’
visual behavior (Dannemiller, 2000; Pow-
ers, Schneck, & Teller, 1981; Wattam-Bell,
2001), but it allows only a crude measure-
ment of where infants are looking. Thus, it is
less useful for assessing complex attentional
processes in visual search.

Others have attempted to understand how
attention is deployed and used in visual
search with habituation or familiarization
tasks (Quinn & Bhatt, 1998) or conditioning
tasks (Rovee-Collier, Hankins, & Bhatt,
1992). However, these tasks also do not allow
evaluation of attentional processes on the
same timescale as in traditional visual search
(i.e., on a single brief exposure to a stimulus
array), and they also do not allow precise
measurement of where subjects look.

The availability and accessibility of eye
tracking systems that can be used with young
children and infants has allowed researchers
to ask more sophisticated questions about
visual search in these age groups. Specif-
ically, researchers can now measure, with
extreme precision, exactly where infants
look, how many targets they orient to prior
to landing on the target, their scan paths

when distractors are nearby, and the latency
in milliseconds to target identification.
The development of eye tracking methods
has given scientists the ability to uncon-
found visual attention processes from other
variables involved in looking behavior.

As discussed throughout this chapter, the
development of new tasks also has advanced
visual attention research. Tasks have been
developed that are explicitly linked to Posner
and Petersen’s separable networks and the
ANT. Of course, the most influential task is
the ANT itself (Rueda et al., 2004), which
has been used to assess attentional pro-
cesses in children. Results from this task
have shown how attentional abilities are
related to executive control and emerging
self-regulation (Rueda, Posner, & Rothbart,
2005). Many tasks, such as the NIH Toolbox
for the Assessment of Neurological and
Behavioral Function (Zelazo et al., 2013)
and the Early Childhood Attention Battery
(ECAB), developed by Breckenridge, Atkin-
son, and Braddick (Atkinson & Braddick,
2012; Breckenridge, Braddick, & Atkin-
son, 2013), have examined these types of
relations to assess different aspects of atten-
tion in early childhood—particularly those
related to executive attention and cogni-
tive control—that are predictive of atypical
developmental trajectories. For example, the
ECAB has revealed deficits in attentional
processes of children with Down syndrome
and Williams syndrome (Breckenridge,
Braddick, Anker, Woodhouse, & Atkinson,
2013) and may help both understanding
and early identification of such disorders
(Atkinson & Braddick, 2012).

In addition to these broad tasks, other
tasks have been developed to assess specific
aspects of visual attention. Ross-Sheehy and
colleagues (2015) developed an attentional
cuing task for use with infants and young
children that takes advantage of infants’
and young children’s interest in moving,
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dynamic stimuli and presents young children
with several types of cuing. In each trial,
an attractive central stimulus (a looming
smiley face) is presented. As infants fixate
that stimulus, a cue is presented—a single
cue in one of two peripheral locations, a
neutral cue, or a tone—then, after a brief
delay, a target is presented in one of the
peripheral locations. By comparing how
quickly infants fixate the target in different
cuing conditions, Ross-Sheehy et al. have
identified different attentional profiles in
infancy and have examined developmental
changes in how effective infants are in con-
trolling their attention. Similarly, Markant
and Amso (2013, 2015) have adapted a
spatial cuing paradigm to examine IOR in
infancy. Although IOR has been studied in
infants—in particular, to document whether
IOR exists in infancy (Butcher, Kalverboer, &
Geuze, 1999; Valenza et al., 1994; Varga,
Frick, Kapa, & Dengler, 2010)—Markant
and Amso’s work reflects a change in focus.
As described earlier, this newer work exam-
ines the attentional processes engaged in
different types of cuing and the effect of
those differences on learning.

Finally, it has recently been recognized
that attentional processes—particularly in
infancy—can be understood through training
procedures. By manipulating features of
tasks and the presence or absence of reward,
researchers have developed contexts in which
infants and young children can be trained to
use their attention in particular ways. Indi-
vidual and developmental differences in how
easily and effectively children can learn the
contingencies and/or specific behaviors can
provide insight into the systems that underlie
visual attention and may help identify chil-
dren at risk for developmental disorders. One
such task is the Freeze Frame task developed
by Holmboe and colleagues (Holmboe, Pasco
Fearon, Csibra, Tucker, & Johnson, 2008;
Holmboe et al., 2010b) in which children are

trained to inhibit responding to a peripheral
distractor. When children fixate an attrac-
tive, animated centrally presented stimulus,
a peripheral stimulus is presented; when
children shift their gaze to that peripheral
stimulus, the central stimulus freezes. This
task presumably reflects infants’ emerging
frontal control over visual attention, and per-
formance at 9 months predicted performance
at 24 months. Moreover, performance on
this task is related to risk of later developing
autism spectrum disorder (ASD; Holmboe
et al., 2010a).

Similarly, Wass, Porayska-Pomsta, and
Johnson (2011) found that they could use
tasks like this, as well as tasks that reinforced
some types of shifts of attention, to train
infants’ attentional control. Training had an
effect on other aspects of visual attention.
Specifically, training children to inhibit dis-
tractors and to follow targets increased the
ability of 11-month-old infants to sustain and
shift attention relative to control participants
who did not receive the training.

Neuroimaging Tools

As the introduction of eye tracking tech-
nology helped bring precision the study of
visual attention in infancy, so now has the
introduction of novel neuroimaging tools
and statistical methods provided some pre-
cision to the study of the neural architecture
underlying visual attention development.
Electroencephalogram (EEG) methods his-
torically have been powerful tools for the
study of the temporal dynamics of neural
signals relevant to visual attention orienting
(Astle, Scerif, Kuo, & Nobre, 2009; Hopf
et al., 2000; Richards, 2001). One significant
limitation of the EEG method is that although
it has good temporal resolution, it has limited
spatial resolution. Some methods have been
developed to localize the source of specific
ERP and EEG signals (e.g., Reynolds &
Richards, 2009), but source localization
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of such signals is extremely coarse and
subject to inaccuracies (Luck, 2014). Thus,
these techniques can provide only gross
indications of differences—and age-related
differences—in the involvement of different
neural networks during attentional processes.

The introduction of near-infrared spec-
troscopy (NIRS) allows better spatial
precision (Aslin, 2012; Aslin, Shukla, &
Emberson, 2015; Ferreri, Bigand, Perrey, &
Bugaiska, 2014) and may be an essential tool
for better understanding the development
of cortical attention networks. NIRS uses
infrared light to measure cortical activity
precisely beneath the locus of the measuring
optodes and emittors. The variable offered is
effectively a blood-oxygen-level-dependent
(BOLD) signal, which is a measurement
of relative oxygenated to deoxygenated
hemoglobin in response to a stimulus or
event. In this way, and for the first time, the
scientific community can document func-
tional brain activations while infants are
awake and performing tasks. NIRS can also
be combined with tools like eye tracking to
provide even more precision. Using NIRS
in concert with eye tracking, for example, a
recent study showed that infants engaged the
dorsomedial prefrontal cortex more during
a social interaction, peek-a-boo, when their
partner looked directly at them rather than
when the partner averted the gaze (Urakawa,
Takamoto, Ishikawa, Ono, & Nishijo, 2015)
Clearly, therefore, the use of NIRS is an
important emerging trend in the study of
visual attention, and even deeper understand-
ing will be gained as new tasks are developed
for use with NIRS. This technique also has
significant limitations, however. Because
the technique involves measuring how light
moves through the brain, it is limited to mea-
suring only the outermost few millimeters of
the cortex.

For this reason, NIRS is unlikely to replace
fMRI in child and adult participants who can

perform tasks comfortably in a scanner.
FMRI and diffusion tensor imaging (DTI;
used to measure white matter microstructure)
have long been used to study the neural
underpinnings of cognitive processes in chil-
dren (Amso & Casey, 2006; Qiu, Mori, &
Miller, 2015). Several emerging advances
mean that these techniques will be even more
useful for understanding the development of
visual attention networks.

Anatomical data and functional resting
state data are gathered while infants and tod-
dlers are naturally asleep. These data often
can be coupled with separate behavioral data
collections on tasks such as those described
earlier. With respect to visual attention, for
example, Elison et al. (2013) used this strat-
egy to show that visual attention orienting
as well as white matter microstructure at 7
months of age predicted later emergence of
autism in an at-risk cohort. Using a similar
approach, Stjerna et al. (2015) examined the
relationship between visual fixations and
gaze behavior and white matter microstruc-
ture at birth. Not only were better visual
fixations at birth related to indices of bet-
ter white matter microstructure (fractional
anisotropy), visual fixation behavior related
to visuocognitive task performance at 2 and 5
years of age. Thus, by combining behavioral
and MRI techniques, we gain understanding
into how those systems and measures are
related across development.

In concert with resting-state data collec-
tion in infants and young children, advances
in data analysis and modeling allow insight
into the development of the neural structures
that support visual attention. For example,
one novel approach to fMRI research, con-
nectomics (Di Martino et al., 2014; Sporns,
2013), has added important insight into
developmental processes in particular. One
view of brain development, namely interac-
tive specialization (Johnson, 2000), holds that
neural development is not the growth of any
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particular region but rather changes in con-
nectivity among regions and pathways. With
respect to the networks that support visual
attention, connectomics data have shown that
dorsal attention and frontoparietal network
connectivity shows measurable strengthening
even as early as 6 to 12 months (Pruett et al.,
2015). Similarly, developmental improve-
ments in executive attention are shown to
be supported by strengthening of long-range
connectivity from parietal to frontal regions
and decreases in short-range connectivity
within parietal and frontal regions (Hwang
et al., 2010). These data have led many
to argue that brain development is consis-
tent with interactive specialization and that
brain development involves a shift from
local to long-range connections supporting
increasingly mature cognition.

Semi-Naturalistic Measurement in the
Study of Visual Attention

Most of the findings described here reflect
results from tightly controlled, well-designed
experimental procedures. The findings from
such studies are invaluable for understanding
cognitive processes such as those of visual
attention. As evident from the preceding
pages, we have gained significant under-
standing of visual attention across the life
span using this approach. However, this
approach is limited because it can provide
little understanding into the ways in which
visual attention operates in complex contexts,
such as those encountered everyday. That is,
children do not simply use visual attention
to find a black circle in an array of gray
squares—they use it to process the informa-
tion being written on the chalkboard in a busy
classroom where other children are talking,
wiggling, and chewing gum, and the chalk-
board is surrounded by posters, student work,
and important announcements. How can
we understand how the kinds of attentional

processes described in this chapter translate
to children’s behavior in such environments?

One solution is to use semi-naturalistic
measurement of visual attention, and increas-
ingly in developmental science, methods and
procedures are being developed to conduct
semi-naturalistic assessments of visual atten-
tion. Technological advances allow us to take
the large body of findings from tightly con-
trolled, but relatively sparse, experimental
procedures and further examine the processes
using semi-naturalistic data collection tech-
niques. One approach to semi-naturalistic
data collection is to develop a laboratory
space that is designed to look and function
like a school classroom or room in a home.
This encourages play, exploration, oculomo-
tor engagement, locomotor action, and social
interaction with others. In this way, visual
attention data collection proceeds as children
engage in naturalistic behaviors.

A second approach is to use high-tech
solutions to systematically evaluate chil-
dren’s visual attention in these contexts or
“in the wild,” such as at home or school. For
example, a number of studies have provided
significant insight into attention in real-world
contexts simply by recording the visual world
from the infants’ perspective. These studies
have explored what visual information infants
actually can attend to by simply asking what
visual information is there. Answering this
question is possible with the availability of
lightweight, remote (and wireless) video
recording devices that can be mounted on an
infant’s’ forehead. Sugden, Mohamed-Alj,
and Mouleson (2014), for example, placed a
small camera inside an infant-size headband
and asked parents of 1- and 3-month-old
infants to place the headband on their infant’s
head whenever the infant was awake during
a 2-week period. This procedure yielded
hundreds of hours of recordings of what
information was available to these infants,
and conclusions could be drawn about how
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often infants could actually attend to faces in
their daily lives. Such information is invalu-
able in understanding the real-world contexts
in which infants actually use their attentional
processes.

In an extension of this method, Aslin
(2009) presented infants with recordings
obtained from a different infant’s forehead.
Because the head-mounted cameras pro-
vide information only about the information
infants might look at, Aslin used eye-tracking
methods to record infants’ eye gaze when
watching the video recordings. This work
shows how infants direct their gaze at scenes
recorded from an infant’s’ viewpoint.

Such work is important for understanding
how infants look at more naturalistic stimuli,
but it still does not allow conclusions about
how infants direct their attention during
more naturalistic interactions with objects
and others. That is, a key question is how
infants and children deploy attention, control,
inhibit, and select as they reach for objects,
navigate environments, interact with others,
learn the names of objects, and other activi-
ties. The development of head-mounted eye
trackers has made possible the evaluation
of visual attention under a range of natural-
istic contexts. For example, Franchak and
Adolph (2010; Franchak, Kretch, Soska, &
Adolph, 2011) used head-mounted eye track-
ers to understand developmental changes
in visual attention during developmental
changes in motor abilities. Franchak and
Adolph (2010) found that children and adults
attended differently to obstacles as they
walked around a space. Kretch et al. (2014)
found that crawling and walking infants
directed their gaze differently at caregivers
as they approached them (e.g., crawled or
walked toward them). These semi-naturalistic
observations allowed researchers to under-
stand how changes in locomotor ability—
as well as age—corresponded to changes
Similarly, Yu and

in visual attention.

Smith (2011, 2013) have used head-mounted
eye trackers to examine how children’s atten-
tional processes constrain, shape, and interact
with their learning of new object labels.

CONCLUSION

Visual attention is one of many attention
processes that operate over sensory modal-
ities. As is clear from the work reviewed
here, a great deal of research effort has been
aimed at understanding the development of
visual attention beginning in infancy and
at uncovering the neural mechanisms that
support these processes and their devel-
opment. both
excitatory and inhibitory mechanisms, and
its development has functional significance
for other cognitive and social domains in
the developing child. Indeed, visual atten-
tion processes give us a window into the
developing brain, are of the earliest emerg-
ing processes that are measurable in young
infants, and are critical in determining what
information enters the system for subsequent
perception and learning. As such, visual
attention processes are building block pro-
cesses for perception and cognition, and
their impairment has cascading effects on
brain and cognitive development. The work
reviewed in this chapter collectively serves
an additional purpose of informing the com-
munity of scholars engaged in improving
the lives of children with neurodevelop-
mental disorders. Visual attention processes
are impaired in a variety of neurodevelop-
mental disorders including ASD, fragile X,
and attention-deficit/hyperactivity  disor-
der (ADHD) (see Amso & Scerif, 2015,
for review).

A recent trend in the study of disorders
with known impairments in visual atten-
tion is to use the described developmental
trajectories of visual attention processes

Visual attention involves



to predict whether an infant at familial
risk for disorders will deviate from typical
trajectories (Gliga, Bedford, Charman, &
Johnson, 2015; Jones & Klin, 2013). For
example, Elsabbagh et al. (2009) observed
that infant siblings of children with ASD
showed reduced attentional disengagement
in comparison to siblings of children without
ASD. Similarly, infants at risk for ADHD
have been shown to have some differences in
sensory processing as measured by ERP that
later related to ADHD symptomology (exter-
nalizing behavior, attentional problems;
Hutchinson, De Luca, Doyle, Roberts, &
Anderson, 2013). These data provide evi-
dence of a broader endophenotype associated
with differences in visual attention modula-
tion in infants and children at familial risk for
both neurodevelopmental disorders. Thus,
visual attention processes are starting to serve
as biomarkers of need for early intervention.
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CHAPTER 2

Category Learning and Conceptual

Development

VLADIMIR M. SLOUTSKY

INTRODUCTION

Many abilities reflect the remarkable intelli-
gence of humans: People make inferences,
develop and use scientific theories, make
laws, preserve knowledge and pass it onto
new generations, write fiction, reason about
past and future, and form counterfactual
arguments. These abilities require sophisti-
cated conceptual knowledge, much of which
has to be acquired. Therefore, one of the
most interesting and exciting challenges in
the study of human cognition is to under-
stand how people acquire this knowledge
in the course of development and learning.
In this chapter, I address this challenge and
review research on conceptual development
that contributes to our understanding of
these issues.

What Are Concepts?

In the simplest possible way, the term
“concepts” can be defined as lexicalized

Writing of this chapter is supported by IES Grant
R305A140214 and NIH grants ROIHDO078545 and
POIHDO080679 to Vladimir Sloutsky. I thank members of
the Cognitive Development Lab for helpful comments.

37

equivalence classes. What is an equivalence
class? In his chapter focusing on concepts
(Chapter XII), William James (1890/1983)
wrote: “Our principle only lays it down that
the mind makes continual use of the notion
of sameness, and if deprived of it, would
have a different structure from what it has”
In other words, the mind can treat different
things as if they were equivalent in some way.
If the mind is capable of detecting sameness
in a diverse set of objects, then a concept
is an output of this process. Concepts are
lexicalized equivalence classes that (a) can
be communicated and (b) shared by a group
of individuals. Examples vary from chairs
(obviously, chairs are nonidentical but merely
equivalent in some way) to odd numbers to
extremely abstract concepts, such as cause
or effect.

Given the importance of concepts to
human intellectual life, it is necessary to ask:
Where does the ability to use concepts start,
and how does it develop? It is also important
to ask about the role of words in this process.
Do words help us to carve up the world and
form general categories? Do we apply words
to already formed general categories? Or do
both processes coexist? This chapter attempts
to answer some of these questions.
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Principles of Conceptual Development

I begin by providing five principles that guide
my review of conceptual development.

1. There is diversity of conceptual behav-
iors that range from relatively simple
and universal to complex and uniquely
human. Because this chapter is based on
the assumption that simpler forms are
a foundation for more complex forms,
I review multiple forms of conceptual
behavior.

2. Simpler forms (such as generalization)
are more universal than more complex
forms, and they exhibit early onset in
the course of individual development.
More complex forms (such as conceptual
hierarchies of lexicalized categories) are
unique to humans. They exhibit late onset
in the course of ontogenesis and are likely
to depend on other aspects of cognitive
development, including the development
of attention and memory.

3. The development of more complex forms
of conceptual behavior is more likely to be
affected by language and instruction than
is the development of simpler forms.

4. The structure of input matters: Learning
of statistically denser categories exhibits
early onset, is present in a broad variety of
species, and does not require instruction.
In contrast, learning of more statistically
sparse categories exhibits later onset, may
be limited to organisms with function-
ing prefrontal cortices, and may require
instruction.

5. Conceptual development progresses from
less structured representations of concepts
(i.e., similarity-based representation of
concepts that have few links to other con-
cepts) to more structured representations
of concepts (i.e., these may involve hier-
archies, taxonomies, and other complex
structures).

Structure and Organization of This
Chapter

Having laid out the theoretical principles that
guide this chapter, I turn now to a brief pre-
view of the chapter. I begin with an overview
of theoretical approaches to concepts. I then
turn to a discussion of multiplicity of concep-
tual behavior and to conceptual development
during infancy and postinfancy childhood.
When reviewing conceptual development, I
consider the role of language in conceptual
development, in the acquisition of semantic
knowledge and of conceptual hierarchies,
and in the use of concepts in reasoning.

THEORETICAL APPROACHES
TO CONCEPTS AND THEIR
DEVELOPMENT

The study of concepts and their development
has a long history (see Goldstone, Kersten,
and Carvalho, 2017 for the most recent
review). Similar to many other fields of study,
the study of concepts originated in philoso-
phy, and for a long time it remained a purely
philosophical endeavor. Therefore, early
theories of conceptual development were
strongly influenced by ideas that originated
in philosophy.

Early Psychological Theories
Classical Approach: Piaget and Vygotsky

The main philosophical idea that influenced
early theories of conceptual development
is the logic of classes, a foundation of syl-
logistic reasoning. According to the logic
of classes, classes of progressively increas-
ing generality can be created by means of
abstraction. For example, a boy (defined as
a young human male) can be included in a
more general class of human males, which in
turn can be included in a more general class
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of humans, and so forth. Therefore, member-
ship in a more specific class is defined by a
combination of a superordinate class (e.g.,
being a human male in the case of a boy) and
a distinctive feature (e.g., being young). Each
is necessary, and the two are jointly sufficient
to determine membership in a class. These
necessary and sufficient features form a
definition of a concept. If concepts are based
on definition, then the goal of conceptual
development is to discover these definitions.
The logic of classes presumes at least three
additional organizing principles. The first is
class inclusion: Subordinate classes can be
properly included in superordinate classes
(e.g., all children are people). Second, any
more general (or superordinate) class consists
of a finite number of more specific (or sub-
ordinate) classes that are exhaustive of this
general class. For example, the superordinate
class of humans can be broken down into
women and men that fully exhaust the class
of humans. And finally, the subclasses of
a larger class are mutually exclusive—they
do not have common members. It is easy to
notice that common quantifiers, such as all,
some, and none, express all these relations.
For example, the term “all” expresses the
relation of a subordinate class to a superor-
dinate class (e.g., “All men are humans”),
“some” expresses the relation of a super-
ordinate class to a subordinate class (e.g.,
“Some humans are women”), and “none”
expresses the relation between the two mutu-
ally exclusive classes (e.g., “None of the men
are women”). If the concepts are classes and
mature conceptual organization is governed
by the logic of classes, then a theory of
conceptual development must explain how
individuals acquire the logic of classes.

Two of the most influential early theories
are those of Piaget and Vygotsky. Both Piaget
(e.g., Inhelder & Piaget, 1964) and Vygotsky
(1934/1986) attempted to link conceptual
development to acquisition of the logic of

classes and to the discovery of definitions.
Therefore, there is little surprise that both
authors believed that development progresses
from less organized to more organized logi-
cal thought, from failing to understand class
inclusion and mutually exclusive relations
among subsets to appreciation of these
relations.

Although the idea that mature concepts
are based on definitions and the logic of
classes advanced the study of concepts and
their development, by the mid-1970s, this
“classical” approach started running into
difficulties. These difficulties and ideas that
eventually replaced the classical approach
are reviewed in the next sections.

Subsequent Theoretical Development

Prototypes, Exemplars, and Theories

In their book, Categories and Concepts,
Smith and Medin (1981) reviewed the status
of the classical view as a theory of conceptual
structure. They concluded that given a large
number of problems that the classical view
runs into, it cannot contend for being a theory
of concepts. Although I do not fully review
these difficulties here (for such a review,
see Medin, 1989), I offer a quick reminder
of them. First, for most everyday concepts,
it was impossible to come up with a set of
necessary and sufficient features shared by
all examples of the concept. Second, contrary
to the classical view that all examples would
be equally good instantiations of a concept
(because all possess the defining features
of the concept), observations showed that
people treat examples differently: They may
consider an apple to be a better example of
fruit than a kiwi. And third, there are unclear
cases (e.g., is floor lamp furniture or appli-
ance?), which should not exist if concepts are
organized in accord with the classical view.
For example, should a rug be considered fur-
niture? Is a rotten egg still food? These and
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other problems led researchers to consider
alternatives to the classical view. Two are the
probabilistic and the theory positions, each
considered next in turn.

Probabilistic Approach: Prototypes
and Exemplars

As summarized by Medin (1989), the prob-
abilistic view holds that many categories
are ill-defined, which means that there is no
clear-cut category-inclusion rule but rather
features are probabilistically distributed
within and across categories (hence the name
“probabilistic”). In the absence of a defining
feature (i.e., a feature shared by all members
of the category but by none of the nonmem-
bers), categories are organized according to
family resemblance, which means that each
shared feature is common to many but not to
all members of the category.

If there are no defining features, how
are categories learned? According to this
view, categories are clusters of correlated
attributes, and people are capable of detect-
ing these clusters (Rosch & Mervis, 1975).
Although researchers working within the
probabilistic approach generally adhere to
these ideas, they vary in their proposals about
how category representations are formed.
Some believe that people form a summary
representation of a category, which has been
referred to as the prototype. The prototype
can be the central tendency among the cat-
egory members, the single best example, or
the ideal instance that possesses all of the
characteristic features of a category. The
prototype plays a critical role in categoriza-
tion decisions: If a candidate item is similar
enough to the prototype, it is classified as the
member of a category (J. D. Smith & Minda,
1998, 2000).

Another way of conceptualizing proba-
bilistic categories is the exemplar view (e.g.,
Medin & Schaffer, 1978; Nosofsky, 1986).

According to this view, no summary repre-
sentation is formed and participants keep a
memory record of all encountered members
of a category, or category exemplars. If a
new item is seen to be more similar to stored
exemplars of the category than to stored
nonexemplars, the item is judged to be a
member of a category.

These two approaches have complemen-
tary strengths and weaknesses, and there is
considerable literature comparing the pro-
totype and the exemplar approaches. (See
Wills & Pothos, 2012, for a recent review.)
Given that the differences between the two
approaches are rather small (especially when
both are compared to the other approaches),
I will not focus on these differences here. At
the same time, it is worth mentioning that
some researchers (Murphy & Medin, 1985)
have criticized the very principle that gives
rise to both approaches. They offered instead
an alternative known as the knowledge-based
approach to concepts.

Knowledge-Based Approach: Concepts
Are Organized by Theories

Medin (1989) expressed what is perhaps the
most central idea of this approach: “Clas-
sification is not simply based on a direct
matching of properties of the concept with
those in the example, but rather requires
that the example have the right ‘explana-
tory relationship’ to the theory organizing
the concept” (p. 1474). Therefore, people
may pay attention to clusters of correlated
features not because features are correlated
but because correlations suggest that there
is an underlying cause responsible for these
correlations, and people may believe that it
is this cause that is the central (or essential)
feature that determines the membership in a
category. For example, wings, hollow bones,
and the ability to fly correlate, as do fins,
gills, and the ability to swim. These corre-
lations may suggest that there is something
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(although they may not know what it is) that
gives rise to these correlations. In addition,
because people have knowledge or intuition
about how different kinds of categories (e.g.,
natural kinds or artifacts) are organized, they
may assume that radically different kinds
of features are central for different kinds of
categories.

Based on these ideas, some (e.g., Gelman,
2003, 2004) suggested that even young chil-
dren hold “theoretical assumptions” that drive
their learning of categories. These assump-
tions are likely to be a priori in that they
are preconditions rather than consequences
of learning.

This approach to concepts presumes
that both acquisition and use of even sim-
ple categories requires much background
knowledge. Although this knowledge-based
approach is highly appealing and has left
a large footprint in the study of conceptual
development, it is not uncontroversial. One
frequent criticism is that it uses complex
conceptual knowledge (i.e., the mentioned
“theoretical assumptions”) that itself needs
an explanation as an explanatory primitive.
(See Sloutsky, 2010; L. B. Smith & Heise,
1992; Spencer et al., 2009.)

Summary

The early theories of concepts assumed that
concepts are based on the logic of classes and
have necessary and sufficient features. These
features were believed to define a concept
and distinguish it from the other concepts.
Conceptual development was considered a
process of acquisition of the logic of classes
and of organizing the concepts according to
this logic. However, additional work sug-
gested that concepts may not be organized
this way: People have many concepts that do
not have defining features (or at least experts
fail to find them). The demise of the “classi-
cal view” of concepts led to two alternative

arguments. Some argued that concepts are
clusters of correlated features and that they
are organized probabilistically. Others have
argued that people interpret feature clus-
ters as caused by deeper features, and they
believe that these deeper causal features
determine category membership. However,
whatever position is taken, it remains nec-
essary to explain conceptual development.
When do concepts emerge? How do they
change? What is it that develops? These
are topics of subsequent sections. The next
section reviews the multiple manifestations
of conceptual behavior.

MULTIPLE MANIFESTATIONS
OF CONCEPTUAL BEHAVIOR

Conceptual behaviors come in various forms:
They range from more simple, universal,
and early-emerging forms (i.e., establishing
equivalence between nonidentical percepts)
to rather complex, uniquely human, and
late-emerging forms (i.e., forming a con-
ceptual network in a knowledge domain).
Although the multiplicity of conceptual
behaviors is widely accepted, the relation-
ships between simpler and more complex
forms are not well understood. Do more
complex forms emerge from simpler forms,
or are these forms independent? The goal of
this section is to capture this broad range of
conceptual behaviors and to consider answers
to the question of relationships between sim-
pler and more complex forms of conceptual
behavior.

Category Learning and Category
Knowledge

Is there any commonality between perceptual
groupings that are based on luminance (e.g.,
Figure 2.1A) and young children’s intuitions
about whether animals and plants are alive?
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Figure 2.1 A. Example of luminance-based categories used in Quinn and Bhatt’s (2006) study. Partic-
ipants were familiarized with either column-based or row-based organization of squares and then tested
on new stimuli that preserve the trained luminance-based organization. B. Creature-like categories used
by Younger (1990). Participants were trained on a set of stimuli on the left and tested with stimuli on

the right.

I suggest that studies investigating learning of
perceptual groupings and those investigating
naive beliefs deal with different aspects of
the same problem. The former studies try
to understand how people acquire new cat-
egories, whereas the latter try to understand
how people use and deploy existing concepts
and conceptual networks in their thinking
about the world.

Therefore, an important distinction to
consider is between learning new categories
and using existing categories. For example,
a person may learn de novo that eagles and
hawks are two different categories of birds or
participants may come to a study equipped
with this distinction and merely deploy their
knowledge when categorizing large birds.
Category knowledge is informative with
respect to what people know, whereas cate-
gory learning is informative with respect to
what can be learned, how, and when. These

types of conceptual behavior prompt different
developmental questions. Category learning
prompts questions of how people acquire,
store, and use categories across development
and whether the mechanisms of category
learning change with development or remain
the same. Category knowledge prompts
questions of what children of different ages
know in different knowledge domains, how
this knowledge is organized, and what the
sources of this knowledge are. Therefore,
studies of how people use categories versus
studies of how people learn categories stem
from somewhat different research traditions.
Although both issues are important, the
latter issue is a more basic one: Even if one
studies existing knowledge in a particular
knowledge-rich domain such as naive biol-
ogy or naive physics, the question of how
people acquired that knowledge in the first
place needs to be answered.
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Perceptual Groupings, Categories,
Concepts, and Conceptual Networks

It is important to note that conceptual behav-
iors vary in levels of complexity ranging
from simple perceptual groupings to arbi-
trary categories, to full-blown lexicalized
concepts that are linked to other concepts that
thereby form conceptual networks. The study
of each type of conceptual behavior requires
somewhat different research paradigms.

First, people can learn perceptual group-
ings or equivalence classes that are based on
purely perceptual properties. Such groupings
may include imposing categorical boundaries
on sensory continua (known as categorical
perception, e.g., Eimas, 1994), learning dot
patterns coming from a single prototype and
generalizing learning to distortions from the
studied prototype, or forming a category
based on image properties. (See Bhatt &
Quinn, 2010, for a review.) Such groupings
typically are studied using the generalization
paradigm, which is perhaps the simplest
conceptual task. In this task, a participant
first learns a single grouping (i.e., category
A) and then decides whether a new stimulus
is a member of A or not. Therefore, such
paradigm is sometimes referred to as A
versus non-A task. For example, a participant
can be familiarized with cats and tested on
cats versus dogs. As I discuss later, most
infant studies examining category learning
use this kind of task. This is the simplest
form of categorization because it is possible
to extend category membership on the basis
of global familiarity. At the same time, it
is difficult to know within this paradigm
how many features control categorization
responses and what these features are.

A more complicated variant of conceptual
behavior requires one to learn two or more
mutually exclusive categories (e.g., cats ver-
sus dogs) at the same time. This task often
is referred to as A versus B categorization.

The categories are mutually exclusive
because there are no members common to A
and B (i.e., A N B = @). This task is more
difficult than A versus non-A because a deci-
sion of whether a novel item belongs to A or
to B cannot be made on the basis of global
familiarity (i.e., both A and of B are equally
familiar). The studied categories can be based
on multiple correlated features (birds have
wings, feathers, and beaks, and fish have
scales, fins, and gills), few features (e.g.,
squirrels have a long, fluffy tail, and hamsters
have a small tail), or relations among features
(e.g., rectangles can be grouped into tall if
the aspect ratio is less than 1 and wide if the
aspect ratio is more than 1). The categories
also may be deterministic (such that there
is a subset of features that is sufficient to
predict category membership with a 100%
accuracy) or probabilistic (such that any
feature or a combination of features predicts
category membership only with a degree
of probability). Therefore, to make a cate-
gorization decision, at the very minimum,
some processing of two category structures
is required. This task has been used in some
studies with infants and animals and in
many category-learning studies with children
and adults.

An even more complicated variant of
conceptual behavior is the ability to lexical-
ize categories and use them in reasoning,
inference, prediction, or judgment. Such lexi-
calized categories can be defined as concepts
proper. Lexicalization is critical as it enables
acquiring knowledge that may not be directly
observable in a given situation (e.g., dogs are
friendly pets, they like meat, and they are
taken to a vet for a physical exam). In other
words, having a word for a category allows
accumulation of knowledge from sources
that are not based on direct observation of
category members. These sources include
conversations with others, reading, and for-
mal education. Such concepts proper can
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be studied in a variety of tasks, including
grouping of items, property listing, picture
naming, and many others. A grouping task
may require participants to put together items
of the same kind (e.g., toys versus animals),
whereas an attribute listing task may require
a participant to list properties of categories
(e.g., of cats, birds, or animals).

Finally, a conceptual network involves
not only knowledge of concepts but also of
relations among these concepts. Take, for
example, Newton’s second law (F = ma)
that acceleration of a body is directly pro-
portional to the net force acting on the body
and inversely proportional to the mass of
the body. Here the concepts of mass, force,
and acceleration are linked together in a
conceptual network. Such networks can be
organized in a variety of ways; for example,
networks of naturally occurring categories
often have hierarchical, or taxonomical,
organization (e.g., greyhound — dog —
mammal — animal — living thing). One way
of detecting such hierarchies is a classifi-
cation task in which a diverse set of items
is partitioned into n mutually exclusive and
exhaustive subsets. These subsets can then
be further partitioned into smaller groups or
combined into larger groups.

A conceptual hierarchy is a variant of
an advanced conceptual organization, and it
depends critically on mastering the relation
of class inclusion. The term “class inclusion”
refers to a situation when a subset of items
(s;) is properly included in a larger set (S)
so that (s; < S), as in German shepherds
are dogs, and the mastery of class inclu-
sion is examined in class inclusion tasks.
Conceptual hierarchies are related to rea-
soning with quantifiers (i.e., All members
of s, are members of S, but some members
of S are not members of s;). However,
it is not known whether the mastering of
class-inclusion relations is necessary for
understanding of the meaning of quantifiers

some, all, none, and at least one—something
that Piaget believed (Inhelder & Piaget,
1964)—or, alternatively, whether acquisition
of quantifiers bootstraps the development
of class-inclusion relations necessary for
forming conceptual hierarchies. It also has
been argued that classification tasks may
underestimate children’s concepts: The fact
that a child may put together a dog and a bone
does not mean that the child considers the
two to be the same thing (e.g., Fodor, 1972).
However, classification tasks are useful in
that they may reveal a limit on the kinds of
concepts children may form.

Although it is tempting to consider per-
ceptual groupings, categories, concepts, and
conceptual networks as qualitatively different
conceptual behaviors, this chapter argues that
this is not the case and that there is continuity
among these instantiations of conceptual
behavior. According to this view, human
concepts develop from perceptual groupings
(something that also can be achieved by
certain nonmammalian species) to concep-
tual networks that are likely to be unique to
humans. One important goal of this chapter
is to elucidate such development.

Different Kinds of Categories

Are all categories the same? The stan-
dard answer to this question is yes. Here
is an example of this point expressed by
Shipley (1993): “Three psychological prop-
erties appear to characterize categories:
(1) they have labels that are used to iden-
tify objects, (2) they serve as the range of
inductive inferences, and (3) their members
are believed to share a ‘deep’ resemblance”
(p. 266). However, nonhuman animals and
prelinguistic infants can form perceptual
categories (Lazareva & Wasserman, 2008;
Quinn, 2002a). This fact suggests that labels
are not a necessary component of categories.
In addition, people (as well as nonhuman
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animals) can learn arbitrary memory-based
categories (e.g., items in their living rooms),
suggesting that deep resemblance is not
necessary either. Therefore, the kinds of cat-
egories that people can and do learn is quite
broad, and it may include different kinds.

Although there is little doubt that cate-
gories differ in content, the most interesting
distinctions pertain to category
ture. Structural differences identified by
researchers include syntactic differences
(nouns versus verbs; e.g., Gentner, 1981),
ontological differences (natural kinds versus
nominal kinds; e.g., Kripke, 1972), taxo-
nomic differences (i.e., basic level versus
superordinate level; e.g., Rosch & Mervis,
1975), differences in organizational principle
(entity categories versus relational categories;
e.g., Gentner & Kurtz, 2005), differences in
concreteness (concrete versus abstract cat-
egories; e.g., Barsalou, 1999), differences
in category coherence and confusability
(e.g., Homa, Rhoades, & Chambliss, 1979;
Rouder & Ratcliff, 2004; Smith & Minda,
2000), and some other distinctions.

Kloos and Sloutsky (2008) proposed
another structural distinction, one that could
form the basis for many of the preceding
distinctions. They proposed the idea of sta-
tistical density, that is, a measure of category
structure that (a) can (in principle) be mea-
sured independently rather than be inferred
from participants’ patterns of response and
(b) provides a continuous measure rather
than a dichotomous one (which makes it
well suited for capturing the graded nature of
differences between categories).

Conceptually, statistical density is a ratio
of variance relevant for category member-
ship to the total variance across members
and nonmembers of the category. Intu-
itively, statistical density is a measure of
how members of a category are separated
from nonmembers.
statistical density ways of calculating it is

struc-

A brief overview of

presented next; a more detailed discussion
is presented elsewhere (Kloos & Sloutsky,
2008). Three aspects of stimuli are important
for calculating statistical density: variation
in stimulus dimensions, variation in relations
among dimensions, and attentional weights
of stimulus dimensions.

First, a stimulus dimension may vary
either within a category (e.g., members of
a target category are either black or white)
or between categories (e.g., all members of
a target category are black, and all mem-
bers of a contrasting category are white).
Within-category variance decreases density;
between-category variance increases density.

Second, dimensions of variation may be
related (e.g., all items are black circles),
or they may vary independently of each
other (e.g., items can be black circles, black
squares, white circles, or white squares).
Covarying dimensions result in smaller vari-
ability (and thus in greater density) than
dimensions that vary independently.

The third aspect is the attentional-weight
parameter. Without this parameter, it would
be impossible to account for learning of some
categories. In particular, when a category is
dense (i.e., when multiple dimensions are
correlated within a category), even rela-
tively small attentional weights of individual
dimensions add up across many dimensions.
This makes it possible to learn the category
without supervision and without attention to
a particular dimension. Conversely, when a
category is sparse, only a few dimensions
are relevant (i.e., members of a category
are all red but vary on multiple dimensions,
such as shape, color, texture, and size). If
attentional weights of each dimension are too
small, some guidance (or supervision) could
be needed to direct attention to the relevant
dimensions.

The idea of statistical density has impor-
tant implications for the development of
category learning. One possibility is that
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category learning progresses from sponta-
neous learning of highly dense categories to
less spontaneous (and more guided or super-
vised) learning of more sparse categories.

Spontaneous versus Supervised
Category Learning

Theoretically, category learning is considered
supervised when (a) categories are marked or
labeled and (b) participants are given feed-
back when they assign items to categories.
In contrast, category learning is considered
unsupervised when participants are only
presented with items, without classes being
labeled or feedback being provided.

The idea (supported by evidence) that
dense categories can be learned without
supervision has an important implication:
Prelinguistic infants should be able to implic-
itly learn many categories by interacting with
the world surrounding them. Incidentally, the
very first nouns that infants learn denote these
dense categories (see Dale & Fenson, 1996;
Nelson, 1974). Therefore, it is quite possible
that some early word learning consists of
learning lexical entries for already known
dense categories.

At the same time, many other concepts that
are based on sparse categories (these include
multiple legal, ethical, mathematical, and
scientific concepts) are unlikely to be learned
spontaneously. Learning of these concepts
requires various degrees of supervision,
and it is likely that many of these concepts
are learned in the course of formal school-
ing. An interesting case is a set of naive
scientific concepts (e.g., naive biology),
which are naive conceptual networks in
domains studied by science (e.g., Hatano &
Inagaki, 1994). Although there is little doubt
that even preschoolers have some of these
naive concepts (e.g., the concept of a living
thing), the origin of these concepts is not
well understood. Are these concepts acquired

spontaneously through experience with vari-
ous kinds of plants and animals? Or are these
concepts learned in a supervised manner,
with supervision being offered by parents,
children’s books, television, and perhaps
some other sources? Currently we do not
have definitive answers to these questions,
but it seems highly unlikely that categories of
such low statistical density are acquired spon-
taneously, without supervision (cf. Opfer &
Siegler, 2004).

Summary

This section reviewed the multiplicity of con-
ceptual behaviors. It considered distinctions
(1) between category learning and category
use, (2) among different types of concep-
tual behaviors (e.g., perceptual groupings,
categories and concepts), and (3) among
different kinds of category structures as
well as the ways these structures can be
learned. In the sections to follow, I review
neural mechanisms of categorization, basic
categorization abilities in nonhuman species,
category learning in infancy, and lexical and
semantic development.

CONCEPTUAL DEVELOPMENT
IN INFANCY

If forced to reduce conceptual behaviors in
infancy to two primary findings, I would list
the ability of preverbal infants to learn cate-
gories at all and their ability to learn many of
these categories without a teaching (or super-
visory) signal. These and other issues are
discussed in the next sections.

Preverbal Infants Exhibit Evidence
of Category Learning

How do we examine conceptual behaviors
in a nonlinguistic organism that cooperates
for only a short period of time? This is



not an easy task. Category learning in
human infants typically is examined using
a wide range of stimuli and a wide range
of research paradigms. Stimuli used with
infants typically make use of sensory-defined
categories, pictures of animal-like creatures
(e.g., see Figure 2.1B), and real objects.
Research methods include visual attention,
object examination, sequential touching, and
operant conditioning paradigms. In visual
attention paradigms, infants are first famil-
iarized with (or habituated to) members
of a to-be-learned category. They are then
presented with either a novel item from the
studied category or an item from a non-
studied category. Learning is inferred if the
infant displays (a) longer looking to an item
from a nonstudied category coupled with
(b) the ability to discriminate familiar from
novel members of the studied category. (See
Chapter 1 in this volume for a broad overview
of visual attention.) Object examination and
sequential touching paradigms (Rakison &
Butterworth, 1998; see Cohen & Cashon,
20006, for a review) are based on a similar
logic, but participants are presented with toy
replicas of objects and given an opportunity
to examine these replicas. “Examining” often
is defined as focused looking in the pres-
ence or absence of manipulation (Cohen &
Cashon, 2006).

In the sequential touching paradigm, the
infant is presented with replicas of objects
from two categories (e.g., horses and cows)
and is given an opportunity to examine
these objects. The sequential order in which
the infant examines the objects serves as
the dependent variable. Any deviation from
randomness (i.e., greater probability of exam-
ining objects within a category than across
categories) is taken as evidence that the infant
is responding on the basis of the category.

Two important findings stem from re-
search using these paradigms. First, pioneer-
ing studies using visual attention paradigms
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by Eimas, Cohen, and their colleagues have
shown that, at least by about 10 months of age
(and often as early as by 3 months of age),
infants can learn various animal categories
(Eimas & Quinn, 1994; Quinn, Eimas, &
Rosenkrantz, 1993; Oakes, Coppage, &
Dingle., 1997) as well as more artificial
categories of patterns of luminance (Bhatt &
Quinn, 2010, for a review), geometric
shapes (Bomba & Siqueland, 1983; Quinn,
1987), schematic animals (Younger, 1990;
Younger & Cohen, 1985), and schematic
faces (Strauss, 1979).

And second, what babies learn depends on
the input. For example, Quinn and colleagues
(e.g., Quinn et al., 1993) found important
asymmetries in category learning. (Perhaps
the most striking one is that babies often learn
categories of cats that exclude dogs but not of
dogs that exclude cats.) This finding is impor-
tant because it clearly indicates that infants
are sensitive to category structure. Although
making a significant step of demonstrating
infants’ sensitivity to structure, the study
did not reveal which aspects of the structure
infants are sensitive to. Subsequent work
(French, Mareschal, Mermillod, & Quinn,
2004) provided answers to this question.
French et al. (2004) found that what infants
learn is affected by variability in the input:
Greater featural variability in the input is
accompanied by learning of a broader cate-
gory. In particular, cats’ features tend to vary
less than those of dogs. As a result, when
presented with cats, babies tended to learn a
narrow category of cats; when presented with
dogs, babies tended to learn a broader cate-
gory of cats-and-dogs. These findings were
corroborated by subsequent experimental and
computational work in which researchers cre-
ated artificial sets of broadly varying cats and
narrowly varying dogs, resulting in a reversal
of the asymmetry (French et al., 2004).

Infants’ sensitivity to input variability
also was seen in an object examination task.
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For example, Oakes, Coppage, and Dingel
(1997) found that 10-month-olds were more
likely to dishabituate to a novel out-of-
category item if the set of items used in the
study was uniform than when it was variable.
However, it was not clear from this study
whether the more variable input resulted in
a failure to learn the target category or in
learning a broader, more inclusive category.

Although variability of input is important,
it is not the only factor that affects infant
category learning. For example, Gliozzi,
Mayor, Hu, and Plunkett (2009) and Mather
and Plunkett (2011) demonstrated both com-
putationally and experimentally that even
with the same set of items, the order in which
items are presented affects what infants learn
about a category.

In sum, infants are highly sensitive to the
structure of input. In addition, as argued by
Quinn (2002b), infants can do more than
just detect and discriminate; they also can
group, organize, relate, and generalize stim-
uli in their environment and form perceptual
categories. Is this evidence of conceptual
behavior? I believe that yes, perceptual cat-
egories are the starting point of conceptual
development. However, as I discuss later,
this conclusion is not uncontroversial: Some
researchers believe that perceptual category
learning has little, if anything, to do with
conceptual development.

Preverbal Infants Can Learn Categories
Without Teaching or Supervisory Signal

As discussed, one of the central findings of
infancy research of the past 20 years is that
infants can learn categories without a teach-
ing (or supervisory) signal. Supervised and
unsupervised learning may result in different
representations of a category in neural net-
works (e.g., Japkowicz, 2001) and in human
learners (e.g., Kloos & Sloutsky, 2008). Most
infancy studies use unsupervised learning:

Infants generally are familiarized with cat-
egory exemplars and then tested either on a
new member of the studied category or on a
novel item. The fact that infants exhibit pref-
erence for a novel item indicates that they
can learn a category without supervision.
It should be noted, however, that most studies
demonstrating the ability of infants to learn
categories familiarized infants with only a
single category. Despite its many advantages,
this paradigm has a number of limitations.
Most important, category learning is inferred
from a preference for a novel item, and,
therefore, much depends on the choice of the
novel item. In many situations, it is difficult
to interpret what exactly was learned. For
example, consider an experiment in which
10-month-olds are familiarized with balls
varying in color and size and tested on balls
versus flowers. Further suppose that partic-
ipants exhibit reliable novelty preference,
looking longer at a flower than at a new ball.
Although it is clear that participants learned
something, what exactly they learned is less
clear. Is it the category of balls, round things,
things without parts, or things with uniform
texture? Similar problems arise when infants
learn natural kind categories.

One way of addressing this problem is
to present infants with the task of learning
two categories simultaneously. Although this
approach has challenges and still is rarely
used in the study of infant categorization,
the few existing studies using this method
have been encouraging. In one study, Plun-
kett, Hu, and Cohen (2008, Experiment 2)
presented 10-month-olds with a stimulus set
consisting of two categories. (See Figure 2.2
for an example: The four items on the left are
members of Category A, and the four items
on the right are members of Category B.)
Because items had continuous dimensions
(e.g., neck length or ear separation), a test
item could be either an extreme case of Cate-
gory A (and thus far from Category B) or fall
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Figure 2.2 Stimuli used in Plunkett et al. (2008).

between categories A and B. When presented
with these item types, infants exhibited a
preference for the in-between category items,
thus suggesting that they had learned two
categories.

The second example comes from a study
by Sloutsky and Robinson (2013), who used
a variant of “switch” task (Werker, Cohen,
Lloyd, Casasola, & Stager, 1998). These
researchers presented 14-month-olds with
two categories, one defined by the same color
and another defined by the same shape. Here
the two categories were presented in differ-
ent contexts: Items from Category A were
presented on one background, in a certain
location on the screen and with a particular
kind of ornamentation (border) around them;
items from Category B were presented on a
different background, in a different location
on the screen and with a different ornamen-
tation. At test, participants were presented
with (a) the same trials (new members of
studied categories), (b) new trials (entirely
new items), and (c) switch trials (new mem-
bers of a studied category presented in the
context of the other category). Learning was
inferred when participants exhibited novelty
preference on switch and new trials but not
on same trials. Participants indeed exhibited
this pattern, indicating that they succeeded at
learning both categories.

The third example comes from a study by
McMurray and Aslin (2004), who introduced
a two-alternative anticipatory eye-movement
paradigm. In this paradigm, one category

is associated with one outcome (e.g., an
engaging object appearing on one side of
the screen), and another category is asso-
ciated with another outcome (i.e., another
engaging object appearing on another side
of the screen). Category learning is inferred
from anticipatory looking to the correct side
of the screen when a member of one of the
two categories is presented. McMurray and
Aslin reported successful learning of two
categories by 5- and 7-month-old infants.
Note that in none of these paradigms
were participants explicitly given a teaching
signal or explicitly reinforced for a cor-
rect response. Therefore, taken together,
these findings present strong evidence that
a teaching signal is not necessary for cat-
egory learning in infancy. These findings
raise another important question: To what
extent can infants benefit from supervision?
I address this question in the section on the
role of language in infant category learning.

Controversial Issues in Infant Category
Learning

Although the question of whether infants
can learn categories is relatively uncon-
troversial—they do!-—questions pertaining
to how infants learn categories and how
these categories relate to later conceptual
development have generated considerable
disagreement. These points of disagreement
pertain to (1) the way infants learn and
represent global categories, (2) whether cat-
egory learning in infancy is a continuous or
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a discontinuous process, and (3) the role of
language in infant category learning. Only
some of these issues have been resolved
to date.

Nature of Global Categories in Infancy

There exists a large body of evidence that
young infants can form basic-level categories,
such as cats or dogs, and more global-level
superordinate categories, such as animals
or vehicles. According to one view (Rosch,
Mervis, Gray, Johnson, & Boyes-Braem,
1976), there is a developmental progres-
sion from mastering basic-level categories
(e.g., cat or truck) to superordinate categories
(e.g., animal or vehicle).

According to another view, the progres-
sion is in the opposite direction: More global
superordinate categories are acquired prior
to basic-level ones (Mandler & Bauer, 1988).
Although this idea is reasonable, there is
evidence that much younger infants (some-
times as young as 3 months of age) can
learn basic-level categories drawn from the
same superordinate category, such as cats
versus dogs (Quinn et al., 1993). However,
notice that Mandler and Bauer used man-
ual exploration procedures, whereas Quinn
et al. (1993) used visual attention proce-
dures. It is possible therefore that basic-level
categories can be learned perceptually
while superordinate-level categories cannot
(because the latter have too much perceptual
variability to be picked up by the perceptual
system). Hence, depending on the learning
procedure, infants may learn different types
of categories— ‘perceptual” categories in
the course of visual exploration and “con-
ceptual” categories in the course of manual
exploration. Although this possibility is not
unreasonable, currently it cannot account for
a number of important findings.

Perhaps the most critical findings are that
very young infants can, in fact, learn global-
level categories by means of perception.

For example, Behl-Chadha (1996) presented
3- to 4-month olds with a variant of the visual
familiarization task and found that infants
successfully formed a global category of
mammals that included novel mammals but
excluded other nonmammalian animals, such
as birds and fish. Quinn and Johnson (2000)
reported similar findings for 2-month-old
infants. Critically, not only were young
infants able to learn these global categories,
but their ability to learn these categories
appeared to come online before the ability
to learn constituent basic-level categories.
When Quinn and Johnson (2000) modeled
these data using an auto-associator network
(a simple network that learns to output the
input or its part), the network also learned
global categories before learning basic-level
categories. (See also Rogers & McClelland,
2004.) These findings are important because
the network had only perceptual input and
yet was capable of learning global-level
categories before learning basic-level cate-
gories. Taken together, results reviewed in
this section strongly suggest that percep-
tual information in global-level categories
is sufficient to allow very young infants
and networks to learn these categories by
perceptual means.

Continuity versus Discontinuity (or
Monism versus Dualism) in Infant
Category Learning

The fact that infants can learn both basic-level
and global-level categories generated another
controversy. Some researchers (e.g., Mandler,
1992) suggested that categories learned by
very young infants are perceptual in nature,
and categories of older infants, children, and
adults are conceptual in nature (i.e., are based
on more abstract, nonperceptual features).
According to this account, the latter cate-
gories have very little in common with the
former categories. Other researchers (e.g.,
Eimas, 1994; see also Quinn, 2011) rejected



such dualism, suggesting instead that con-
ceptual categories develop out of perceptual
categories. As to be discussed, substantial
evidence is generated by each account.

For example, Mandler (1992, 1999)
offered her account of category learning. (But
see Miiller & Overton, 1998, for a review
and critique of this approach.) The central
idea of this proposal is that true concepts
cannot emerge from perceptual categories
and must have conceptual primitives as their
starting point. These conceptual primitives
are a result of perceptual analysis, which is “a
process in which a given perceptual array is
attentively analyzed, and a new kind of infor-
mation is abstracted. The information is new
in the sense that a piece of perceptual infor-
mation is recoded into a non-perceptual form
that represents a meaning” (Mandler, 1992,
p- 589). Representations that result from per-
ceptual analysis are called “image schemas.”
These image schemas (e.g., SELF-MOTION,
ANIMATE-MOTION, CAUSED-MOTION)
can be derived from perceptual structure but
cannot be reduced to it. In turn, concepts,
such as animacy, inanimacy, or agency, are
built from these conceptual primitives. Evi-
dence supporting these ideas comes from
a set of studies conducted by Mandler and
her colleagues (Mandler & McDonough,
1996; 1998; McDonough & Mandler, 1998)
in which 11- to 14-month-old infants gen-
eralized properties (e.g., drinking) to a
broad category, such as animals. Under the
assumption that there is very little percep-
tual commonality among members of these
global categories, it was concluded that these
generalizations could be made only on the
basis of conceptual information.

In opposition to this approach, Eimas
(1994) offered a view according to which
conceptual knowledge has its origins in
perception. First, as discussed, very young
infants can acquire both basic-level and
more global categories of natural kinds
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by perceptual means, and it is possible
that development consists of quantitative
enrichment, not a qualitative transformation
of these early categorical representations.
Second, in principle, perceptual and asso-
ciative processes can result in more abstract
representations. For example, biological
motion (which is clearly a perceptual cate-
gory) may form the basis for a representation
for animate beings. In other words, per-
ceptual categories acquired very early in
development may give rise to more abstract
categories acquired later in development.
In sum, according to this view, conceptual
knowledge may evolve from perceptual ori-
gins if development is considered a sequence
of events rather than a two-step process.
Although the controversy remains unre-
solved, each side of the debate has generated
interesting research in support of its position.

Role of Language in Infant Category
Learning

The third controversial issue is the role of
language in early category learning. The issue
is of critical importance because it has impli-
cations for understanding the role of language
in cognitive development, the nature of early
category learning, and the extent to which
supervision may affect early category learn-
ing. Given that this controversy is not unique
for conceptual development in infancy,
I return to it again later when reviewing
conceptual development after infancy.

Some researchers suggest that from
early in development, words are ‘“names”
of objects and categories (Balaban & Wax-
man, 1997; Waxman & Booth, 2003; Xu,
2002). At the computational level (Marr,
1982), this approach assumes that words
function as supervisory signals directing and
guiding learning. Thus, if two discriminable
items share the same count noun (e.g., both
are called “a dax”), the name serves as a
top-down signal that the items are equivalent
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in some way (cf. Gliga, Volein, & Csibra,
2010). Similarly, if two items are labeled
differently (e.g., “a dax” versus “a fep”), the
names serve as a top-down signal that the
items are different.

Another possibility is that early in devel-
opment, words, just like any other perceptual
feature, are first and foremost part of the
input, and they influence categorization in
a bottom-up, nonsupervisory fashion (Col-
unga & Smith, 2005; Plunkett et al., 2008;
Sloutsky & Fisher, 2004a). Under some
conditions, linguistic input may facilitate
learning (Colunga & Smith, 2005; Plunkett
et al.,, 2008; Samuelson & Smith, 1998,
1999), but under other conditions, it may hin-
der learning (Robinson & Sloutsky, 2007a,
2007b; Plunkett et al., 2008; Sloutsky &
Robinson, 2008). According to this view,
even if words start out as part of the stim-
ulus input, they eventually may become
supervisory signals (Casasola & Bhagwat,
2007; Casasola, Bhagwat, & Burke, 2009;
Gliozzi et al., 2009; Mayor & Plunkett, 2010;
Sloutsky, 2010; L. B. Smith & Yu, 2008).

Each of these possibilities presumes a
distinct mechanism and neural architecture
and, most likely, a different trajectory of
development. Distinguishing among these
possibilities and understanding the mech-
anisms underlying the effect of words on
category learning is of critical importance for
understanding cognitive development.

Words Are Supervisory Signals Facili-
tating Category Learning. One hypothesis
is that words are invitations to form cate-
gories; that is, words function as top-down
supervisory signals facilitating category
learning. Evidence for this hypothesis comes
from studies that use a variety of visual
attention and object examination paradigms.
Waxman and Markow’s (1995) study was
one of the first demonstrations of these
effects. In their study, 9- to 20-month-olds

were presented with a task that combined
object examination and novelty preference.
First participants were presented with four
familiarization trials. On each familiarization
trial, they were given one object to play with.
During familiarization, the category struc-
ture (i.e., basic level versus superordinate)
was fully crossed with labeling condition
(Noun versus No Word), thus resulting in
four between-subjects conditions. In one
condition, all familiarization objects were
drawn from a single basic-level category,
such as cars, whereas in the other condition,
all objects were drawn from a superordinate
category that included cars and airplanes.
In addition, in one condition, a label in
the form of the count noun accompanied
the familiarization objects (e.g., “Look, a
car); in the other condition, no labels were
introduced (e.g., “Look!”). Then participants
were presented with a single test trial that
included a new member of the familiarized
category and a new member of a contrasting
category (e.g., car versus airplane in the
basic-level condition or truck versus lion in
the superordinate condition). Results indi-
cated that participants were above chance
in all conditions, except for the Superordi-
nate Category—No Word condition. These
results led researchers to conclude that words
facilitate infants’ attention to superordinate
categories.

Although these effects of words on cat-
egory learning in infancy appear tenuous,
there are two other potential sources of
evidence. One of these sources has to do
with putatively different effects of nouns and
adjectives on categorization. In one study
(Booth & Waxman, 2009), 14-month-olds
and 18-month-olds were familiarized with
items of the same color that were drawn
either from the same basic-level category
(e.g., purple horses) or from the same super-
ordinate category (e.g., purple animals). In
one condition, members of a category were



referred to by a count noun (e.g., this one is a
blicket), and in the other condition they were
referred to by an adjective (e.g., this one is
blickish). At test, participants were presented
with a member of a familiar category (e.g.,
green horse) and a member of a novel cate-
gory (e.g., purple chair). Item presentation
at test was split into four time windows (i.e.,
01 sec, 1-2 sec, 2-3 sec, and 3—4 sec). The
analyses revealed greater novelty preference
in the noun condition compared to the other
two conditions, but only for the time window
3 (i.e., 2-3 sec after the stimulus onset). Is
time window 3 special, or do the results stem
from multiple comparisons?

Words Start Out as Features but
Become Supervisory Signals in the Course
of Development. The second hypothesis is
that words start out as perceptual features
affecting processing of visual input but that
the effects of words may change over the
course of development. Early in develop-
ment, words may hinder category learning by
attenuating processing of visual input; later
in development, words may contribute to cat-
egory learning by increasing within-category
featural overlap. Critically, in both cases,
words function as perceptual features. For
example, Sloutsky and colleagues have pre-
sented evidence that novel labels and other
sounds overshadow (i.e., attenuate) the pro-
cessing of visual stimuli in young infants
(Robinson & Sloutsky, 2004, 2007b, 2010;
Sloutsky & Robinson, 2008). As a result,
auditory stimuli (including novel words)
interfere with category learning (Robinson &
Sloutsky, 2007a; Sloutsky & Robinson,
2008). The overshadowing hypothesis is
based on a series of familiarization and
habituation studies in which infants were
familiarized with compound auditory-visual
stimuli (e.g., pairing a picture of a cat with a
word or with a nonlinguistic sound) and were
then exposed to a dishabituation stimulus
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that changed either the auditory or the
visual component of the compound stimulus.
At test, infants noticed the change in the
auditory component but not the change in the
visual component. Failure to dishabituate to
a change in the visual stimulus when it was
accompanied by a sound (but not when it was
presented in silence) suggested that the audi-
tory stimulus interfered with processing of
the visual information (i.e., overshadowed it)
during familiarization. It should be noted that
familiar auditory stimuli, such as well-known
names, do not produce such dramatic over-
shadowing effects in infants. Furthermore,
novel words interfere with visual processing
at younger ages (i.e., 10 months of age and
younger), but the effect is reduced in older
infants (i.e., 16 month of age and older)
(Sloutsky & Robinson, 2008). Because of the
increased efficiency of cross-modal process-
ing, overshadowing weakens in the course of
development (Robinson & Sloutsky, 2004;
Sloutsky & Napolitano, 2003). For older
infants and young children, overshadowing
has an impact on processing of infrequent
features (e.g., individual idiosyncratic visual
features of category members) and not on
processing of frequently recurring features
(e.g., features shared by most category mem-
bers). As aresult, for these older participants,
words may facilitate detection of what is
common among category members, but
they may undermine detection of individual
features, thereby hindering the recognition
of the distinction between familiar and new
category members.

Although words may begin as features
that affect the processing of visual input, they
eventually may become supervisory signals.
For example, Plunkett and colleagues (2008)
presented experimental evidence suggesting
that for preverbal infants, effects of words
on category learning are not straightforward:
Under some conditions, words may facilitate
category learning; under other conditions,
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they may hinder category learning; and yet
under other conditions, they do not affect
category learning at all. To better under-
stand this pattern of findings, Plunkett and
colleagues (Gliozzi et al., 2009) developed
a computational model to simulate these
patterns of infants’ responses. The model
handled visual and acoustic information in
an identical fashion, with no direct connec-
tions between objects and labels. In other
words, the learning process was unsuper-
vised. The pattern of novelty preferences
in the simulations mimicked closely the
infants’ preferences. This finding suggested
that an unsupervised learning device, which
performs statistical computations on com-
pound visual and acoustic stimuli, offers a
viable solution to the problem of how labels
influence category formation in the infant
experiments. Although Gliozzi et al. (2009)
provided support for the idea that words
start as features, other research suggested
that words do not have to remain features.
As children develop, they may learn that
words have high predictive power in deter-
mining a category, and, as a result, words
may become supervisory signals. Although
there is little disagreement among theorists
that words eventually become invitations to
form categories (cf. Casasola & Bhagwat,
2007; Lupyan, Rakison, & McClelland,
2007; Mayor & Plunkett, 2010; Sloutsky,
2010; Yamauchi & Markman, 1998), the
precise developmental time course of this
transformation remains unclear.

More recently, Deng and Sloutsky (2015b)
presented evidence that the very idea that
infants learn categories by extracting com-
monalities could be wrong. Infants were
familiarized with exemplars from one cat-
egory in a label-defined or motion-defined
condition and then tested with prototypes
from the studied category and from a novel
contrast category. Eye-tracking results indi-
cated that infants exhibited better category

learning in the motion-defined condition
than in the label-defined condition, and their
attention was more distributed among differ-
ent features when there was a dynamic visual
feature compared with the label-defined
condition. Furthermore, there were more
gaze shifts in the motion-defined condi-
tion than in the label-defined condition.
These results indicated that infants were
successful in learning categories under the
condition that favored more distributed (as
opposed to focused) attention. This research
raises important questions about the role of
attention in infant category learning. These
questions remain unanswered and will have
to be answered in future research.

Summary

In sum, infant category learning is the first
critical step in conceptual development.
Category learning emerges early in life,
and infants are proficient category learners.
Although researchers generally agree that
infants learn progressively more complex
categories, many issues in the development
of categorization remain a matter of debate.
Among the most controversial issues are
whether concepts emerge from perceptual
categories learned by infants and the role of
language in infant category learning.

Despite these controversies, most re-
searchers agree that infants learn a vari-
ety of categories, some of which come to
acquire conceptual significance for children
and adults. Perhaps the most critical step
in acquiring conceptual significance is lexi-
calization, or learning names for categories.
These names eventually become part of cat-
egory representation and ‘“knowledge hubs”
that help connect what is known about a
given category. Words are also important
for forming conceptual hierarchies, such
as DOG - MAMMAL — ANIMAL —
LIVING THINGS — OBIJECTS. These
conceptual hierarchies support propagation



of knowledge through inductive, deductive,
and transitive inference. For example, upon
learning that all objects are made out of
atoms, one may conclude (by deduction) that
dogs are made out of atoms too. Similarly,
upon learning that dogs are mammals and
mammals are animals, one may conclude (by
transitive inference) that dogs are animals.
And finally, upon learning that dogs have
white blood cells, one may infer (by induc-
tion, and thus with only a degree of certainty)
that mammals have white blood cells too.
It is not clear if these hierarchical relations
can be expressed without language, at least
without quantifiers such as all, some, and
some are not, and 1 contend that language
plays a critical role in conceptual develop-
ment following infancy. The next section
focuses on these issues.

CONCEPTUAL DEVELOPMENT
AFTER INFANCY

A great deal of conceptual development
takes place in postinfancy years. Obviously,
there are multiple candidate sources of this
development. Children continue acquiring
language. They receive increasing input
from multiple informal sources, including
parents and other family members, peers, and
books and media, to name a few. Children
continue expanding their knowledge base
that provides a foundation for acquisition
and organization of additional knowledge.
Their processing capacity (including work-
ing memory and selective attention) also
undergoes substantial development. And
they receive systematic input from formal
educational sources, such as classroom
materials and textbooks. It is likely that
all these factors contribute to postinfancy
conceptual development, albeit in different
ways and to different degrees. In what fol-
lows, I consider the role of cognitive and
linguistic factors in conceptual development,
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followed by a discussion of some of the spe-
cific achievements of semantic development,
including the development and organization
of semantic knowledge, the development of
conceptual hierarchies, and the development
of inductive inference.

Role of Cognitive and Linguistic
Factors in Conceptual Development

One of the most striking changes in postin-
fancy development is a dramatic expansion of
processing capacities coupled with dramatic
growth of lexical and grammatical aspects of
language. As was argued elsewhere (Slout-
sky, 2010), these developments are likely to
significantly affect conceptual development.

Role of Cognitive Factors in Conceptual
Development

Young children undergo dramatic cognitive
development during the postinfancy years,
including the development of long-term
memory (Ghetti & Lee, 2010; Newcombe,
Lloyd, & Ratliff, 2007), working memory
and other aspects of executive function
(Carlson, 2005; Cowan, 1997), and selective
attention (Hanania & Smith, 2009; Plude,
Enns, & Brodeur, 1994; see also Chapter 1
in this volume). A growing body of work
considers the role of selective attention and
working memory in conceptual development.

Selective Attention. Given the role of
selective attention in adult category learning
and categorization (Nosofsky, 1986, 1988), it
is likely that these developments are impor-
tant contributors to conceptual development.
For example, work suggests that the devel-
opment of selective attention is a primary
reason for differences in classification per-
formance between 2- and 5-year-olds (Smith,
1989). This study, however, did not examine
learning: Participants were presented with
sets of three two-dimensional items (i.e., the
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items could vary on color and shape) and
were asked to group together “the ones that
go together.” Does selective attention matter
when the task is to learn categories?

In a more recent study, Kloos and Sloutsky
(2008) addressed this problem by exam-
ining the ability to learn categories of
different statistical structures across develop-
ment. Some of the categories had multiple
overlapping features (i.e., these were statis-
tically dense categories), and others had few
category-defining features (i.e., these were
statistically sparse categories). Although the
researchers did not find differences between
4- to 5-year-olds and adults in learning the
former categories, they did find evidence
of profound differences in learning the lat-
ter categories. (See Figure 2.3.) Given that
learning of sparser categories puts demands
on selective attention, these findings indi-
rectly implicate selective attention in the
development of categorization. Other
researchers (e.g., Hammer, Diesendruck,
Weinshall, & Hochstein, 2009) reported
related findings using different categories
and category structures.

Another study implicating selective
attention in the development of catego-
rization (albeit with younger participants)
was reported by Son, Smith, and Goldstone
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(2008). In this study, toddlers learned shape-
based categories in one of two conditions,
either through perceptually impoverished
examples that communicated primarily
shape information or through perceptually
rich, realistic items. Participants’ category
learning was then tested with either impov-
erished or rich
that regardless of the testing stimuli, partic-
ipants exhibited more robust learning when
trained with impoverished stimuli. Given
that perceptually rich stimuli carry much
information that is not relevant for category
learning, these stimuli are likely to put greater
demands on selective attention than impover-
ished stimuli, and young participants cannot
meet these demands due to immaturity of
selective attention.

However, these studies present indirect
evidence for the role of attention in cate-
gory learning and generalization and for
developmental differences in attention. More
direct evidence stems from recent work (e.g.,
Deng & Sloutsky, 2015a; see also Deng &
Sloutsky, 2016; Rabi & Minda, 2014; Slout-
sky, Deng, Fisher, & Kloos, 2015). For
example, Deng and Sloutsky (2016) pre-
sented 4-year-olds, 6-year-olds, and adults
with a category-learning task, in which par-
ticipants learned two categories derived from

stimuli. Results indicated
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Figure 2.3 Unsupervised category learning by density and age group.

Sourcek: After Kloos & Sloutsky (2008).



two prototypes. Both categories had multiple
probabilistic features (which provided only
approximate information about the category)
and a single deterministic feature (which
provided a perfect cue to the category).
Therefore, participants could learn either a
probabilistic, similarity-based category that
included all or many of the features or a
deterministic, rule-based category that was
based primarily on the deterministic feature.
Category learning was probed in multiple
ways, two of which are important. First, par-
ticipants were tested on which category they
learned. To answer this question, participants
presented with switch items (those that have
the deterministic feature of one category and
probabilistic features of another). If partic-
ipants learned similarity-based categories,
they should respond in accordance with
probabilistic features; if they learned rule-
based categories, they should respond in
accordance with rule-based features.

And second, participants’ memory for
deterministic and probabilistic features was
tested. If they attended selectively to the
deterministic features, their memory for
these features should be better than their
memory for any probabilistic feature. How-
ever, if they distributed attention across
all the features, they should have compa-
rable memory for all the features. Results
(see Figure 2.4) indicate that 6-year-olds
and adults learned deterministic categories
while 4-year-olds learned probabilistic cate-
gories. Perhaps more important, adults and
6-year-olds remembered deterministic fea-
tures better than probabilistic features, while
4-year-olds remembered all features equally
well. These results present further evi-
dence that adults (and perhaps 6-year-olds)
attend selectively to deterministic features,
and 4-year-olds distribute attention across
multiple features.

Taken together, these results indicate
that the development of attention could
be a strong contributor to conceptual
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development. These studies have also laid
groundwork for directly measuring attention
across development (by using eye tracking
or other related measures) and linking these
measures with category learning.

Working Memory. Whereas selective
attention may be important for learning
visual categories, working memory could
be important for (a) learning more abstract
categories that are based on features that
are not directly observable and (b) using
these categories for inductive inference
(e.g., Halford, Andrews, & Jensen, 2002;
Halford, Cowan, & Andrews, 2007). For
example, Halford and colleagues (2002,
2007) argued that understanding of class
inclusion relations (which is necessary for
both the formation of conceptual hierarchies
and property induction tasks) depends on
working memory capacity. Recall that class
inclusion refers to a situation when a subset
of items (s;) is properly included in a larger
set (S), and understanding of class inclusion
requires understanding that s; < S (i.e., there
cannot be more German shepherds than
dogs). According to this argument, property
induction (If X has property P, does Y have
property P?) also depends on working mem-
ory capacity, especially if “X” and “Y” are
different level categories (e.g., X are dogs
and Y are mammals).

The importance of working memory in
induction with familiar categories also was
seen in recent research by Fisher and col-
leagues (Fisher, Godwin, Matlen, & Unger,
2015). These researchers examined induction
when familiar semantically related labels
(e.g., crocodile and alligator) were provided,
but appearance information was not. The
primary focus was on variables that predict
developmental change in this ability within
individuals. The results indicated that work-
ing memory was an important predictor of the
developmental change in the ability to rely
on semantic information when performing
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Figure 2.4 Categorization performance and memory for features across development (after Deng &
Sloutsky, 2015a). A. Categorization performance: Proportion of rule-based categorization responses by
trial type and age. B. Recognition performance: Memory accuracy by feature type and age.

induction. Although this evidence is indirect,
it nevertheless suggests that working mem-
ory could be an important factor contributing
to the ability to learn and use abstract
categories.

Role of Language in Conceptual
Development

Although there is little disagreement that
language plays a critical role in conceptual
development, what exactly this role is, how
it changes in the course of development,

and how it differs for different kinds of
concepts are matters of debate. In particular,
sometimes words denote already existing
perceptual categories that are likely to be
acquired in infancy (e.g., DOG, BALL, or
CUP). Sometimes words are a starting point
for forming nonperceptual categories (e.g.,
LOVE, FAIRNESS, or MEMORY). And
sometimes language interacts with other
aspects of experience to help form important
ontological distinctions that are necessary for
the development of conceptual hierarchies.



Learning Words for As-Yet-Unknown
Categories. As discussed, there are many
situations in which categories have enough
statistical structure to enable them to be
learned perceptually. Typically, these are sta-
tistically dense categories of objects, many
of which are present in the environment
surrounding the infant. In these situations,
words are likely to follow category learning
and thus are mapped onto these preexisting
categories (Merriman, Schuster, & Hager,
1991; Mervis, 1987). What do words do
if a child acquires a lexical entry for an
already-known category (e.g., a word “dog”
for a perceptual category DOG)? One pos-
sibility is that, at least initially, in these
situations words function as features, thus
simply contributing to the featural overlap
among category members. Although I am
not aware of any direct evidence supporting
this contention, there is a growing body of
indirect evidence.

First, there is evidence that shared labels
contribute to similarity of the items (Slout-
sky & Fisher, 2004a; Sloutsky & Lo, 1999;
Sloutsky, Lo, & Fisher, 2001). In a number
of studies, 4- to 5-year-olds were presented
with a target and two test items and asked
which of the test items looked more like the
target. In one condition, there were no labels;
in another condition, labels were introduced,
such that one test item shared the label with
the target (e.g., both were called “a dax™)
and another had a different label. The results
indicated that items that shared the label
were perceived as looking more similar than
the same items introduced without labels.
There is also more recent evidence (Slout-
sky & Fisher, 2012) indicating that young
children were more likely to infer that two
items have similar properties when the items
were accompanied by phonologically similar
labels than when the items were accompa-
nied by different labels. These effects should
not have been observed if young children
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construed linguistic labels as symbols rather
than as a feature of items.

Second, Deng and Sloutsky (2012) pro-
vided evidence that salient visual features
have greater effects on category learning
than do words. These researchers adopted a
paradigm introduced by Yamauchi and Mark-
man (1998, 2000) to distinguish between
whether labels function as features or cat-
egory markers. The paradigm is based on
the following idea. Imagine two categories,
A (labeled “A”) and B (labeled “B”), each
having five binary dimensions (e.g., Size:
large versus small; Color: black versus white;
etc.). Because the dimensions are binary,
one value on each dimension can be denoted
by “0” and another by “1” (e.g., white = 0,
black = 1). Further, imagine the prototype
of Category A has the value of “1” for all
dimensions (i.e., “A,” 1, 1, 1, 1, 1), and the
prototype of Category B has the value of
“0” for all dimensions (i.e., “B,” 0, 0, O,
0, 0). Items derived from these prototypes
can be used in two interrelated general-
ization tasks—classification and projective
induction. The goal of classification is to
infer category membership (and hence the
label) on the basis of presented features. For
example, participants are first presented with
all the values for an item, such that all the
values except one come from Category A.
Participants are then asked to predict the label
(e.g., 2,0, 1,1, 1, 1). In contrast, the goal of
induction is to infer a feature on the basis of
category label and other presented features.
For example, participants are given an item A
with features 1, ?, 1, 0, 1 and asked to predict
the value of the missing feature. A critical
manipulation that could illuminate the role
of labels is the “low-match” condition. For
low-match induction, participants were pre-
sented with an item A as ?, 0, 1, 0, O (thus
more similar to the prototype of Category B)
and asked to infer the missing feature. For
low-match classification, participants were
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presented with an item ?, 1, 0, 1, 0, O (which
again was more similar to the prototype of
Category B) and asked to infer the missing
category label.

In both cases, items are more similar to
prototype B, and, if labels are category mark-
ers, participants should be more likely to infer
the missing feature as belonging to A (i.e.,
the induction task) than to infer label “A”
(i.e., the classification task). In contrast, if the
label is just another feature, then a different
pattern should emerge: Relative performance
on classification and induction tasks should
depend on attentional weights of labels com-
pared to those of other features. Specifically,
if there are features with a higher attentional
weight than the label, then a classification
task (when a highly salient feature could be
used to predict the label) should yield more
A responses than an induction task (when
the label is used to predict the highly salient
feature). Deng and Sloutsky (2012) found
that when all features were of comparable
salience, 4- to 5-year-olds (in contrast to
adults) tended to rely on the overall similarity
rather than on category label. Furthermore,
when the label was pitted against a highly
salient visual feature (i.e., pattern of motion),
4- to 5-year-olds relied on the single most
salient feature. Therefore, labels may func-
tion as features early in development, and
they become category markers as a result
of development.

Learning Words for Already-Known
Categories. Even if words are features
early in development, they do not have to
remain features throughout development.
First, there is evidence from the studies
just cited indicating that adults are more
likely to treat words as symbols rather than
as features. Second, many concepts are
learned in the order opposite to the one just
described. That is, in contrast to the order of
acquisition described (i.e., from prelinguistic

categories to words), many concepts start
with words. For example, around 4 years
of age, a child may know words such
as “love,” “number,” or “history” (MRC
Psycholinguistic Database, http://websites
.psychology.uwa.edu.au/school/MRCData
base/uwa_mrc.htm), but it is quite unlikely
that the child knows the underlying concepts.
Although I am unaware of any research
examining this issue, it is hard to see how
words can be features in these situations.
It is more likely that, in these circumstances,
words denote a category that is yet to
be acquired.

Interaction Between Language and
Other Aspects of the Experience. There
is evidence that, as early as at 24 months,
children exhibit an understanding of broad
ontological distinctions, such as the distinc-
tion between objects and substances (e.g.,
Soja, 1992; Soja, Carey, & Spelke, 1991).
How do children develop such understand-
ing? Some have suggested that language
(in the form of count/mass noun syntax) is
instrumental in the acquisition of the onto-
logical categories of object and substance
(Quine, 1960); others have proposed that
these broad ontological distinctions precede
language and are thus independent of it (Soja
et al., 1991; Soja, 1992). In contrast to these
single-cause accounts, Smith and colleagues
(e.g., Samuelson & Smith, 1999) proposed
that perceptual cues (e.g., solidity) and lin-
guistic cues (e.g., mass versus count noun
syntax) jointly contribute to the acquisition of
broad ontological distinctions. To test these
ideas, they asked two interrelated questions.
They asked whether solidity is correlated
with syntax: Are solid things more likely
to me labeled with count nouns and are
substances more likely to be labeled by mass
nouns? They also asked whether solidity is
correlated with category organization: Are
solid things more likely to be organized by
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shape and are nonsolid things more likely to
be organized by material? To answer these
questions, they selected a corpus of 312
nouns taken from the toddler form of the
MacArthur Communicative Development
Inventory (Fenson et al., 1994). They then
asked adult participants to describe the solid-
ity versus nonsolidity of items named by each
noun and to describe the similarities in shape,
material, and color of the instances named
by each noun. Their findings are graphically
presented in Figure 2.5. These results indicate
that although syntax, solidity, and category
structure do not overlap completely, there
is a high level of correspondence among
the three: Solids, unlike nonsolids, are more
likely to be referred to by count nouns and to
be organized by shape.

Development of Semantic Knowledge
and Its Role in Conceptual Development

Although language is not a necessary aspect
of category learning (nonhuman animals and
prelinguistic infants can learn categories),
lexicalization of categories is a critical step
in acquiring and integrating knowledge about
the world. First, language allows one to
efficiently encode, store, and retrieve infor-
mation about the category. Second, language
allows one to acquire information that goes
beyond one’s own experience (e.g., owls are
awake at night) or not observable directly
(e.g., vegetables have vitamins). And third,
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language allows the establishment and com-
munication of nontrivial commonalities (e.g.,
plants and animals are alike in that they need
water to survive). Therefore, language allows
the development of a conceptual network
(also referred to as sematic knowledge)
that represents one’s knowledge about the
world. Semantic memory is the system that
semantic  knowledge—information
about concepts, facts related to these con-
cepts, and words denoting them (cf. Tulving,
1972). Various tasks can be used to examine
semantic memory, including picture naming,
word-to-picture matching, sorting, category
verification (e.g., Is a cat an animal?), and
property verification (e.g., Do cats have
wings?). The idea of semantic memory raises
questions, such as these: How is knowledge
represented in semantic memory? And how
do these representations change in the course
of development? Several proposals have been
advanced to answer these questions.

One idea is that concepts are stored
as nodes in a hierarchically organized
network (Collins & Quillian, 1969; Quil-
lian, 1967). Each node is linked to facts
(or propositions) that are true of all (and
only of) members of a given category and
its constituent subcategories. Therefore,
for example, facts stored about canary
should be specific to canaries (but not
necessarily to all birds) whereas facts stored
about the bird should be specific to all birds.

stores

Nonsolid

Material

Figure 2.5 Codependency of solidity, shape, and syntax in early vocabulary.

SOURCE: After Samuelson & Smith (1999).
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To test these ideas, Collins and Quillian
(1969) presented adult participants with
property verification sentences (e.g., “robins
can fly”) and category verification sentences
(e.g., “a robin is a bird”). The authors pre-
dicted that people have faster access to
information stored in a given node than to
information stored in a superordinate node.
As aresult, participants should respond faster
to category verification questions, such as
“Is a canary a bird?” than to “Is a canary an
animal?” They should also respond faster
to property verification questions related
to a particular level (e.g., “Can a canary
sing?”’) than to those related to a super-
ordinate level (e.g., “Does a canary have
skin?”). All these predictions were confirmed
empirically, thus suggesting that this model
captures important properties of the human
conceptual system.

Despite the early success of the model,
subsequent researchers presented evidence
that was difficult to reconcile with the
model’s predictions. (See Rogers & McClel-
land, 2004, for an extensive review.) First,
contrary to the model predictions, reaction
times in property-verification tasks were
influenced by factors that had little to do
with the position of the property in the taxo-
nomic hierarchy (e.g., feature typicality and
frequency). In addition, for many categories,
the time it took to verify category member-
ship differed from the model’s predictions.
Although closer higher-level categories
should be identified faster than remote ones
(e.g., the judgment that “X is a bird” should
be faster than “X is an animal”), people
are in fact faster to judge that a chicken
is an animal than that it is a bird (Rips,
Shoben, & Smith, 1973). And finally, multi-
ple researchers (e.g., McClelland & Rogers,
2003; Rogers & McClelland, 2004; Rogers
et al., 2004) noted that the model is incon-
sistent with neuropsychological literature on
semantic disintegration (e.g., Warrington,

1975) as well as with literature on semantic
development.

The second idea is that abstract seman-
tic representations emerge as a product
of domain-general statistical learning:
Modality-specific perceptual representations
provide the input to semantics, and modality-
specific response systems permit the expres-
sion of semantic knowledge. For example,
Rogers and McClelland (2004) examined
semantic development using a variant of a
connectionist network developed by Rumel-
hart and Todd (1993). The network learns
propositions about the concepts. Input con-
sists of a concept—relation pair (e.g., the input
“Rose HAS”), and the network is trained to
turn on all those output units that represent
correct completions of the input pattern.
Although the details of learning in the model
are outside of the scope of this review, it is
important to note that the network itself is
feed-forward in that activation propagates
forward but the error propagates backward
using a variant of supervised learning known
as the back propagation algorithm (Rumel-
hart, Hinton, & Williams 1986). In many
variants of supervised learning, the system
responds to a query and then receives feed-
back as to whether the response is correct or
not. Learning is construed as the process of
error reduction, and back propagation is a
formal way of reducing the error.

A critical component of the model is
the idea of coherent covariation, that is,
co-occurrence of a set of properties across
different category members. Coherent covari-
ation is distinct from simple correlation in
that it generally refers to the co-occurrence
of multiple rather than just two properties.
For example, having wings, having feathers,
having beaks, living in nests, and having hol-
low bones all consistently co-occur in birds.
The model accounts for a variety of develop-
mental data, most important, for progressive
differentiation of concepts in the course of



development. Progressive differentiation is
the idea that broader categorical distinctions
(e.g., the distinction between animates and
artifacts) is acquired prior to more specific
categorical distinctions (e.g., the distinction
between cats and dogs).

The Rogers and McClelland model offers
a mechanistic account of semantic develop-
ment, makes clear theoretical predictions,
and explains some of the best known develop-
mental findings. However, many theoretical
ideas advanced by Rogers and McClelland
are yet to be tested in empirical studies. In
particular, it will be important to systemati-
cally measure developmental changes in the
structure of semantic memory and to examine
whether the model captures these changes.
It is also worth mentioning that progres-
sive differentiation is the only mechanism
of semantic development captured by the
model. It is not clear whether this mechanism
is capable of learning abstract concepts (e.g.,
legal, scientific, or mathematical) that com-
bine items that have few commonalities (and
thus require the learner to ignore differences
between instances of a concept).

The third idea is that a semantic network
can be described as a graph that consists of
a set of nodes and a set of edges that con-
nect individual nodes (e.g., Hills, Maouene,
Maouene, Sheya, & Smith, 2009; Steyvers &
Tenenbaum, 2005). An extensive treatment
of the graph-theoretical approach is pre-
sented elsewhere (Steyvers & Tenenbaum,
2005), and I consider here only the basic
concepts of the approach and the ways it
captures development. According to this
idea, two connected nodes are considered to
be neighbors, and a node and all its neigh-
bors are considered a neighborhood. The
approach allows for a number of quantitative
measures, including the size of the network
(i.e., the number of nodes) and the clustering
coefficient. The latter is determined by cal-
culating the number of connections between
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the nearest neighbors of a given node and the
total number of possible connections. Hills
et al. (2009) used this approach to examine
the network of nouns that were learned early
by 2.5-year-olds.

The goal of the network analysis was to
answer two questions: how well toddlers’
basic-level concepts are organized into super-
ordinate categories and how perceptual and
conceptual (i.e., functional) features con-
tribute to that organization. To answer the
first question, the resulting networks were
analyzed by calculating the clustering coeffi-
cient, which was then compared to a control
random network with an equivalent number
of nodes. It was found that when concepts
shared few features, there was only one
densely connected network: Everything was
connected to everything else, and no structure
emerged. In contrast, when concepts shared
multiple features, structure was more appar-
ent: The resulting network had clusters of
nouns representing animals, vehicles, foods,
clothes, and household objects. Therefore,
structure may emerge in the course of devel-
opment as children learn multiple properties
shared by related nouns. This approach also
offers an interesting possibility for studying
the development of knowledge domains. As
conceptual neighborhoods become increas-
ingly more coherent and increasingly distinct
from other neighborhoods, they may evolve
into what is known as knowledge domains.

Network analyses conducted to answer
the second question indicated that perceptual
features are more redundant and provide
robust information about category inclusion
whereas conceptual features are rarer and
provide a better discrimination between
categories. “A single conceptual relation is
sufficient to define all category members that
are, for example, used for transportation.
No single perceptual feature contains that
information” (Hills et al., 2009, p. 389).
Therefore, both perceptual and conceptual
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features were found play important and per-
haps complementary roles in early conceptual
organization.

Origins of Semantic Knowledge

Although the accounts just reviewed sug-
gest that semantic knowledge emerges from
the learner’s interactions with the world,
no comprehensive account has yet been
offered about how the abstract predicates
(e.g., “ISA,” which reflects a relation of class
inclusion in Rogers & McClelland, 2004,
or functional features, such as “used for
transportation” in Hills et al., 2009) emerge
from nonconceptual primitives.

Although a complete account is lacking,
there are a number of partial accounts. As
will be discussed, some have argued that
semantic knowledge emerges from experi-
ence; others have argued that components
of semantic knowledge exhibit early onset
and are unlikely to stem from individual
experiences. One attempt to explain the
development of semantic relatedness by link-
ing it to experience was offered by Fisher and
colleagues (Fisher, 2010; Fisher, Matlen, &
Godwin, 2011). These researchers examined
the development of semantic relatedness by
presenting participants with verbal inductive
arguments. For example, upon being told
that dogs have property X, will participants
generalize this property to semantically
related items, such as puppies? The inves-
tigators selected semantically related (SR)
items that were highly familiar to even the
youngest participants (verifying this famil-
iarity in a separate experiment). In addition,
they also established through the analysis
of Child Language Data Exchange System
(CHILDES) corpus that some of the SR items
tended to co-occur in the same sentence (e.g.,
bunny-rabbit) while others were unlikely
to co-occur (e.g., crocodile-alligator). The
results indicated that 4-year-olds generalized
properties only when the SR items were

co-occurring (e.g., from bunny to rabbit but
not from crocodile to alligator). In contrast,
5- and 6-year-olds generalized even when
SR items were not co-occurring. Therefore,
between 4 and 6 years of age, children
undergo semantic development, and this
development affects their pattern of induc-
tive inference. So, what develops between
4 and 6 years of age? Perhaps children
develop a more coherent taxonomy of their
concepts and a better mapping of words on
this taxonomy (cf. Nelson, 1974, for related
arguments). Or perhaps some other changes
are at the heart of semantic development.
A detailed developmental account of these
findings is yet to be provided.

There is also an argument that some
components of semantic knowledge are
unlikely to stem from individual experience.
For example, some argue that even young
children attach special significance to infor-
mation presented in the “generic” format
(Cimpian & Erickson, 2012; Cimpian &
Park, 2014). The generic format (e.g., Dogs
bark) involves a statement that has an omit-
ted existential quantifier “some” and thus
should be equivalent to the statement Some
dogs bark. However, research indicates
that this format may be doing something
different quantification.
In particular, it has been argued that even
young children place special value on generic
information, often inferring that it provides
important insights about the world. For
example, Cimpian and Scott (2012) pre-
sented 4- to 7-year-olds novel facts that were
in either generic format (e.g., Hedgehogs eat
hexapods) or nongeneric format (e.g., This
hedgehog eats hexapods). Children were
then asked whether other people (e.g., their
parents or grown-ups in general) knew these
facts. It was found that children were more
likely to expect adults to know facts that
had been presented in the generic format.
Cimpian and Markman (2009) also reported

from existential



that features presented in the generic format
were more likely to be construed as causal.
Although the mechanisms of the effect of
generic format is not known, it is possible that
people (including young children) interpret
it as a universally quantified statement (e.g.,
All X are Y), suggesting that the statement
describes the entire class. (See Cimpian &
Erikson, 2012.) However, the effect is so
far construed as reflecting “a generic bias,”
which appears to be closer to describing
rather than explaining the effect.

Development of Conceptual Hierarchies

One hallmark of conceptual organization
is that it has a structure, and taxonomic
organization of categories is an example of
such structure. Although taxonomies are
not the only possible structure (see Kemp,
Shafto, & Tenenbaum, 2012, for discussion
of other possibilities), it is perhaps the most
general and well-studied one. An example of
such taxonomic hierarchy is Fido — Dog —
Mammal — Animal — Living Thing —
Bounded Thing — Thing. It is clear that
such hierarchies are based on class-inclusion
relations—they require including a set of
mutually exclusive lower-level categories
A; into a higher-level category B. For a
system to be a hierarchy, it has to satisfy
two important constraints. First, lower-level
categories should be exhaustive with respect
to a higher-level category, such that A; +
A, +...+ A, = B. In practice, if not all
subcategories are known, the exhaustiveness
can be achieved by dividing B into A and its
complement A’, such that A + A’ = B (e.g.,
animals consist of cats and non-cat animals).
The second constraint is that subclasses of
B should be mutually exclusive, that is, they
should have no common members (i.e., the
intersection of the two sets should be equal
to 0: AN A’ = @). It seems that a number
of abilities should be in place in order for a
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taxonomic organization of concepts to be pos-
sible. First, there should be an appreciation
of the logical constraints (e.g., understanding
of the fact that the subclasses have to be
mutually exclusive and that they are properly
included in a larger class). Understanding
of class inclusion relations manifests itself
in understanding of quantifiers, such as All,
Some, Some are not, and None. Second, there
should be knowledge of words denoting
higher classes: Although a lower-level class
can be derived from a higher-level class by
using an adjective (dog + adj (small) = small
dog), a higher-order class for a dog cannot be
derived and requires knowledge. And third
(somewhat related to the second point), there
should be knowledge of a domain in which
a taxonomy is to be built. In the absence of
such knowledge, it may not be clear which
entities form categories and which categories
are bound with class-inclusion relations and
which are not. Of course, these abilities do
not have to emerge all at the same time.
Therefore, each of these abilities may rep-
resent a starting point for the development
of conceptual hierarchies. Historically, a
variety of candidate starting points have
been considered. Some have argued that the
development of conceptual hierarchies starts
with logic, some argued that it starts with
language, and some argued that it starts with
domain knowledge.

Logic of Classes as a Starting Point

In their classic book on the development of
classification, Inhelder and Piaget (1964)
considered the development of conceptual
hierarchies as a function of the development
of the logic of classes. The idea of the logic
of classes is that multidimensional sets of
stimuli can be divided into proper subsets
focusing on one dimension at a time, espe-
cially when dimensions are fully crossed.
Therefore, as shown in Figure 2.6, set S can
be divided according to dimension 1 into two
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mutually exclusive classes (e.g., Red objects
A and Non-Red objects A’). A can further
divided into subsets B (e.g., angular objects)
and B’ (nonangular objects), which in turn
can be further divided in C (squares) and C’
(nonsquared angular objects). Fundamental
changes occur with respect to understand-
ing of class inclusion relations, and once
these relations are mastered, a classification
scheme based on these relations can be
applied to any domain of knowledge. How-
ever, it easy to notice that logic alone may
not be sufficient for building such hierar-
chies. In addition to logic, one needs to know
dimensions that distinguish subcategories,
which may be a nontrivial task. For example,
a division of objects into black and white
ones is trivial, but a division of animals into
feline and canine animals may be not as triv-
ial. Therefore, most contemporary theories
consider domain knowledge as a necessary
component of the development of conceptual
hierarchies.

Domain Knowledge Approach

As noted by Chi, Hutchinson, and Robin
(1989), “[I]n many instances, having knowl-
edge in a specific domain can overcome any
limitations that could have been imposed
by the lack of global operators. Yet lacking
knowledge in a specific domain also can

prevent adults from reasoning logically,
even though they are presumed to have the
logical operators” (p. 28). Obviously, the
same logical structure (i.e., class inclusion)
may be based on different properties, and
these properties may differ in their support of
category coherence and inductive inference.
For example, the property “has small parts”
provides much weaker support for inductive
inference than the property “has gills.” In
addition, lower-level categories may share
few attributes with higher-level categories,
or they may share many attributes. (The
same is true for individuals with respect to
categories.) The latter structure will result
in greater coherence than will the former.
A number of researchers (Carey, 1985; Chi
et al., 1989; Inagaki & Hatano, 2002; Keil,
1981) subscribe to the view that a hierar-
chical organization of concepts may result
from knowledge of a domain. In this case,
class inclusion relations simply follow from
a structural representation of a domain,
without necessarily reflecting a more general
ability to honor class inclusion. For example,
mere knowledge of dinosaurs may help the
child understand that all brontosauri are
dinosaurs, but not all dinosaurs are bron-
tosauri, without necessarily enabling the
child to apply class-inclusion relations to
unknown domains.

More recently, the assumption of hierar-
chical knowledge preceding the development
of logic was used in a model of word learning
proposed by Xu and Tenenbaum (2007). The
model construes word learning as a variant of
Bayesian inference and attempts to explain
how young word learners select a referent
for a newly learned word. For example, if
a child is shown a terrier and it is called
the child, according to Xu and
Tennenbaum, needs to decide whether the
word refers to terriers, dogs, or all animals.
However, in contrast to other domain knowl-
edge approaches, this model presumes a very
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early emergence of a conceptual hierarchy,
which raises the question of where this
hierarchy itself came from.

Role of Language and Parental Input
in the Development of Taxonomic
Hierarchies

Is it possible that language cues help chil-
dren form hierarchies? A number of studies
addressing this issue have provided limited
support for this idea. For example, Callanan
(1985, 1989) examined whether the ways
categories are labeled may affect children’s
interpretation of the referent class. It turned
out that, when introducing new words refer-
ring to the superordinate level, parents are
likely to anchor these at the basic level.
In particular, when introducing the word
“animal” (i.e., a superordinate category), a
parent may point to a dog (i.e., a basic-level
category) and say: “Here is a dog; it is a kind
of animal.” However, despite these strate-
gies, 3- to 4-year-old children are highly
unlikely to interpret new words as referring
to superordinate categories (Callanan, 1989).
Overall, evidence suggests that, at least for
preschoolers, (a) spontaneous categoriza-
tion at the superordinate level is rather rare
and (b) parents rarely name items at the
superordinate level.

Unresolved Issues

Although it is likely that people eventually
form conceptual hierarchies, the process of
development is not well understood. Some
(e.g., Piaget; see Inhelder & Piaget, 1964)
argued for protracted (yet spontaneous)
development, which is not fully completed
until the stage of concrete operations or per-
haps even later. Others argued that this ability
transpires significantly earlier, with many
preschoolers exhibiting evidence of concep-
tual hierarchies. However, evidence for the
early onset of conceptual hierarchies is lim-
ited. Most important, even if a child exhibits
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the ability to classify items at a superordinate
level or draws inductive inferences on the
basis of a superordinate class, this ability
does not necessarily indicate the presence
of a conceptual hierarchy (cf. Halford et al.,
2002). This is because these classifications
or inferences may be driven by similarity
(i.e., members of the same superordinate
category are more similar to each other than
to nonmembers) rather than by their place
in a conceptual hierarchy. It seems that a
critical prerequisite of a conceptual hierarchy
is the understanding of class inclusion, and
this understanding may be missing early in
development (e.g., Greene, 1994; Siegler &
Svetina, 2006; Winer, 1980).

The
affecting the development of conceptual
hierarchies. Although there is a widely
shared expectation that the development
of conceptual hierarchies is spontaneous,
there is little evidence that (at least early
in development) parents label items at the
superordinate level or attract children’s
attention to superordinate classes (Blewitt,
1983; Callanan, 1985, 1989). Therefore, it
is possible that conceptual hierarchies are a
consequence of formal education (Scribner &
Cole, 1973). Although both issues remain
unresolved, it seems fairly clear that the
development of conceptual hierarchies in a
given domain is based on at least two prereq-
uisites: (1) understanding of class-inclusion
relations and the logic of quantification and
(2) knowledge of how these relations can be
applied in a particular domain.

second issue concerns factors

Role of Categories in Inductive
Inference

There is general agreement that one of the
central functions of categories is to subserve
prediction (e.g., Anderson, 1991). Therefore,
it is hardly surprising that the ability to draw
inductive inferences has been used to probe
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conceptual development. Although several
researchers have presented evidence for the
ability of infants to perform induction, the
majority of research on inductive inference
focuses on verbal children. Several questions
appear to be critical: What is the mechanism
of early induction and how does it change in
the course of development? To what extent
does prior knowledge constrain inference?
How flexible is the inference? And what is
the role of words in inductive inference?

Mechanism of Early Induction

Although it is well established that induction
appears early in development (Gelman &
Markman, 1986; Mandler & McDonough,
1996; Sloutsky & Fisher, 2004a; Welder &
Graham, 2001), the mechanism of early
induction remains unclear. In an attempt
to understand early induction, two theo-
retical proposals have been formulated:
the knowledge-based approach and the
similarity-based approach.

According to the first approach, early
induction is a two-step process: First, peo-
ple (including young children) identify the
category of an entity and then generalize
properties of the entity to other members
of the category. Therefore, if told that a
dog has a certain biological property (e.g.,
a particular type of heart) and then asked
to generalize this property (e.g., “Who is
more likely to have the same heart, another
dog or a cat?”), people generalize the prop-
erty to another dog because the two dogs
belong to the same category. Therefore, even
early in development, induction is said to
be category-based. The ability to perform
category-based induction hinges on a number
of assumptions attributed to young children.
Most important, young children are expected
to hold the category assumption—a belief
that individuals belong to general categories,
with members of the same natural kind cat-
egory sharing many important properties.

In addition, young children are expected to
hold the linguistic assumption—a belief that
count nouns denote categories. Although it is
not claimed that these assumptions are part of
children’s explicit knowledge, it is generally
argued that early induction is based on them.
Support for the idea that early induction is
category-based comes from several sources.
First, in a series of experiments, Gelman and
Markman (1986) presented young children
with a triad task, in which stimuli consisted
of one target and two test items. The triad task
was designed to pit appearance similarity
against category membership: One test item
belonged to the same category as the target
but looked dissimilar from the target; the
other test item looked similar to the target
while belonging to a different category. Par-
ticipants were presented with a triad and were
informed that one test item had a particular
hidden property (e.g., “hollow bones”) while
the other test item had a different hidden
property (e.g., “solid bones”). The task was
to generalize a hidden property to the target.
Category membership was communicated
by using the same label for the target and
the dissimilar test item. In general, children
were more likely to generalize the prop-
erty of the test item that shared the target’s
label than the property of the test item that
shared the target’s appearance. (But see
Sloutsky & Fisher, 2004a, Experiment 4, for
diverging evidence and counterarguments.)
This finding was interpreted as evidence that
children’s induction is based on common
category information.
According to the
approach, induction starts out as similarity-
based and becomes category-based as a
result of development. Although it is not
known precisely when induction becomes
category-based, proponents of this approach
argue that early induction is the same process
as early categorization, with both being based
on computing similarity between a presented

similarity-based



item (or an item stored in memory) and a
to-be-judged item.

Although proponents of both positions
expect linguistic labels to affect induction,
the mechanisms assumed to drive these
effects differ radically between these posi-
tions. According to the knowledge-based
approach, labels affect induction because
they denote category membership, with
category information driving induction.
According to the similarity-based approach,
labels affect induction because they con-
tribute to the perceived similarity of items,
with similarity driving induction. Therefore,
evidence that children rely on a category
label in a triad induction task is not sufficient
for distinguishing between the two positions.

One way of deciding whether induction
is category-based or similarity-based is to
examine memory traces formed during an
induction task (Sloutsky & Fisher, 2004a,
2004b; see also Hayes & Heit, 2004, for
a review). The idea is based on the fol-
lowing reasoning. There is a well-known
“level-of-processing effect” in which deeper
semantic processing facilitates memory so
that there is better recognition of presented
items (i.e., a higher proportion of ‘“hits”;
see Craik & Lockhart, 1972; Craik & Tulv-
ing, 1975). Several recent studies, however,
indicate that deeper processing results not
only in higher hit rates but also in more
memory intrusions (i.e., false recognitions of
nonpresented items that are “critical lures,”
or items that are semantically associated to
the original items; e.g., Rhodes & Anas-
tasi, 2000; Thapar & McDermott, 2001).
It also has been demonstrated that when
to-be-remembered items are related cate-
gorically, participants often produce false
alarms by falsely recognizing critical lures
that are nonpresented members of studied
categories (Koutstaal & Schacter, 1997).
And it is known that focusing on perceptual
details of pictorially presented information
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leads to more accurate recognition (Marks,
1991). Although hits in this case might be
slightly lower, false alarms are significantly
lower than when participants are engaged in
deep semantic processing. Collectively, these
findings suggest that categorization (which
is a variant of deeper semantic processing)
would result in a higher level of memory
intrusions and thus in lower recognition
accuracy than shallow perceptual processing.
(See also Brainerd, Reyna, & Forrest, 2002,
for related arguments.)

Thus, a memory test administered after
an induction task may reveal differential
encoding of information during induc-
tion: if participants perform category-based
induction, they should be engaged in deep
semantic processing and therefore exhibit
low discrimination of studied items from crit-
ical lures during a memory test (compared to
a no-induction baseline condition). If, how-
ever, participants perform similarity-based
induction, they should be engaged in shal-
low perceptual processing, and, as a result,
their memory accuracy should not decrease
compared to the baseline. Because young
children, unlike adults, were expected to
perform similarity-based induction, this rea-
soning led to a nontrivial prediction that after
performing induction, young children may
exhibit greater memory accuracy (i.e., have
fewer false alarms) than adults.

These predictions have received empirical
support: The pattern of results reported by
Sloutsky and Fisher (2004a, 2004b) indicates
that while adults perform category-based
induction, young children perform similarity-
based induction. In particular, after perform-
ing inductive generalizations about members
of familiar animal categories (i.e., cats,
bears, and birds), adults’ memory accuracy
attenuated markedly compared to the no-
induction baseline. At the same time, young
children were accurate in both the base-
line and induction conditions, exhibiting
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greater accuracy in the induction condi-
tion than adults. However, after providing
short training on category-based induction
(participants were taught that things that
have the same name belong to the same
kind and have much in common), memory
accuracy of 5-year-olds decreased to the
level of adults in the induction condition.
At the same time, training did not attenuate
children’s accuracy in the baseline condi-
tion. That is, even after training, 5-year-olds
exhibited high accuracy on recognition mem-
ory tasks. These findings suggest that the
decrease in memory accuracy observed in
the induction condition is attributable to
the specific effects of training to perform
category-based induction rather than to gen-
eral factors such as fatigue. These results
demonstrate that young children (unlike
adults) spontaneously perform induction in a
similarity-based rather than category-based
manner and that they can learn to perform
category-based induction via simple training.
In a subsequent study, Fisher and Sloutsky
(2005) demonstrated that category-based
induction undergoes protracted development,
with recognition memory accuracy dropping
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to the level of adults only by 11 years of
age (see Figure 2.7). The development of
category-based induction is inferred from
the semantic interference effect, that is, from
lower memory in the induction condition
than in the baseline condition.

Another way of examining the mecha-
nism of inductive inference was suggested
by Sloutsky, Koos, and Fisher (2007), who
gave participants direct access to category
information by teaching them a new natural-
kind category that had a clear category-
identification rule. Once participants had
learned the category, they were presented
with an induction task, in which category
membership was pitted against appearance.
If, for natural kinds, category-based induc-
tion is the default, then young children
(who successfully learn the category) should
assume that members of the same kind
have much in common. As a result, when
performing induction, they should rely on
category membership and ignore appearance
information. Conversely, if similarity-based
induction is the default, then young chil-
dren (even when they successfully learn
the category) should rely on appearance

O Baseline
| Induction

5year-olds 7 year-olds

11 year-olds

Adults

Figure 2.7 Development of category-based induction.

Source: After Fisher & Sloutsky (2005).



information while disregarding category
membership information.

In the experiments reported by Sloutsky
et al. (2007), 4- to 5-year-olds were first pre-
sented with a category learning task during
which they learned that artificial animal-like
creatures belong to two natural kinds: nice,
friendly pets or wild, dangerous animals. The
membership in a category could be detected
by a rule; appearances were not predictive
of category membership. Children were then
given a categorization task with items that
differed from those used during training.
Participants readily acquired these categories
and accurately sorted the items according
to their kind information. Then participants
were presented with a triad induction task.
Each triad consisted of a target and two
test items, with one test item sharing the
target’s category membership but not its
appearance and the other test item sharing
the target’s appearance but not its category
membership. Participants were familiarized
with a quasi-biological property of the target
and asked to generalize this property to one
of the test items. Finally, participants were
given a final (i.e., postinduction) catego-
rization task using the same items as in the
induction task. The results provided little
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support for category-based induction early in
development: 4- to 5-year-olds successfully
learned the categories but generalized prop-
erties on the basis of common appearance.
(See Figure 2.8.)

One potential criticism of this research is
that the researchers failed to communicate
conceptual information to young children.
As a result, children might have interpreted
these categories as artificial groupings rather
than natural kinds that support inductive
inference.
believe that this criticism is wrong. First,
Sloutsky et al. (2007) communicated the
biological relevance of the category-defining
information and consistently referred to
the studied categories as “kinds of ani-
mals.” More important, unpublished data
by Sloutsky et al. and recent published data
by Gelman and Davidson (2013) suggest
that adults interpreted these categories as
natural kinds and based their induction on
these categories. Therefore, nothing in the
description suggests that the categories are
not natural kinds. However, it is also possi-
ble that although information provided by
the researchers was sufficient for adults to
infer that the studied categories were natural
kinds, it was not sufficient for young children.

There are several reasons to

Final
Categorization

Induction

Task

Figure 2.8 Proportions of category-based responses by task in Sloutsky et al. (2007). The dashed line

indicates chance responding.
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Recently, Gelman and Davidson addressed
this possibility by making every effort to
communicate to young children that the cate-
gories were indeed natural kinds. They found
that under these conditions, 4- to 5-year-olds
did perform category-based induction with
the newly learned categories. However, as
argued by Sloutsky et al. (2015), Gelman
and Davidson (2013) changed many other
aspects of the original study as well (e.g.,
they made the category-defining information
highly salient and used a training regime that
could have attracted attention to this highly
salient information). Sloutsky et al. (2015)
went on to demonstrate that these atten-
tional manipulations rather than conceptual
information directed children’s attention to
category-defining information such that they
subsequently used this information in their
induction. Once these attentional factors were
eliminated, effects of conceptual information
were negligible. However, although 4- to
5-year-olds did not rely on conceptual infor-
mation, 6- to 7-year-olds were more likely
to do so, although significantly below the
levels of adults. Therefore, category-based
induction seems to be a product of develop-
ment, and understanding this development in
greater detail is a task of future research.

Development of Inductive Inference

Many models of inductive inference view
generalization as the result of computing
the overlap or similarity between the fea-
tures of the premise (or inductive base)
and the conclusion (e.g., Osherson, Smith,
Wilkie, Lépez, & Shafir, 1990; Sloman,
1993; Sloutsky & Fisher, 2004a). Therefore,
whether the items are presented as pictures
or as verbal arguments, people are generally
more likely to generalize a property from a
robin to a blue jay than from a robin to a
monkey. Although most researchers agree
that premise-conclusion similarity is impor-
tant, some argue that category information

is important as well. For example, Osherson
et al. (1990) in their influential Similarity-
Coverage model of induction focused on two
components that potentially guide induction:
the similarity component (which reflected
the premise-conclusion similarity) and the
coverage component. The coverage com-
ponent focuses on how well the premise
category covers the conclusion category. For
example, in the argument “Mice and bears
have an ulnary artery, therefore mammals
have an ulnary artery,” premise categories
(i.e., mice and bears) provide broad coverage
of the conclusion category (i.e., mammal). In
contrast, in the argument “Mice and rats have
an ulnary artery, therefore mammals have an
ulnary artery,” premise categories provide
narrow coverage of the conclusion category.

Several phenomena are diagnostic of
the coverage component, with monotonic-
ity and diversity being most extensively
studied in developmental literature. Mono-
tonicity reflects the effect of sample size
on induction. For example, the inference
from robins, eagles, and sparrows to birds
is stronger than the inference from robins to
birds. Diversity reflects the effect of sample
variability on induction. For example, the
inference from robins, falcons, and chicken
to birds is stronger than the inference from
eagles, hawks, and falcons to birds. The
coverage component seems to reflect the
extent to which induction is category-based.
What is the developmental time course of
category-based induction as reflected in the
development of the coverage component?

A number of studies (e.g., Gutheil &
Gelman, 1997; Lépez. Gelman, Gutheil, &
Smith, 1992; Rhodes, Gelman, and Brick-
man, 2010) focused on monotonicity and
diversity in an attempt to examine the devel-
opment of category-based induction. The
results indicate that although adults make use
of information concerning sample size (larger
samples are a stronger basis of inference



than are smaller samples) and sample diver-
sity (more diverse samples are better than
more homogeneous samples) when making
category-based inductive judgments, children
do not do so until age 8 or 9 and even then to
only a limited degree. These results converge
with findings (e.g., Fisher & Sloutsky, 2005;
Sloutsky & Fisher, 2004a, 2004b) suggesting
a protracted development of category-based
induction.

However, a number of more recent studies
suggest that the development of the coverage
component may occur earlier than previously
believed. In one study, Rhodes et al. (2010)
compared sensitivity to sample diversity in
5-year-olds and adults under two conditions.
In the Expert condition, properties of the
premise animals were communicated by
an expert (a character who was introduced
as knowing a lot about animals); in the
Novice condition, these properties were
communicated by a novice character who
was introduced as having recently discovered
these properties. In addition, in contrast
to the previous research, both premise and
conclusion categories were instantiated with
pictures. Therefore, a nondiverse premise set
included pictures of three Dalmatians and
the conclusion was a picture of a collie. In
contrast, a diverse premise set included a
Dalmatian, a golden retriever, and a basset
hound, and the conclusion was again the
collie. Surprisingly, in the expert condition,
5-year-olds were very similar to adults in that
they were much more likely to generalize
on the basis of a diverse sample. However,
in the novice condition, 5-year-olds exhib-
ited an unexpected pattern (see Figure 2.9):
Although 5-year-olds’ reliance on diverse
arguments did not decrease, their reliance
on nondiverse arguments increased dramat-
ically. These are provocative findings, and
they raise several questions. First, given
relatively strong reliance on diverse premises
in both expertise conditions and given that
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Figure 2.9 Proportions of property generaliza-
tions to basic-level matches, by condition and
sample in 5-year-olds. The dashed line indicates
chance responding.

Sourcek: After Rhodes et al. (2010).

the premises were instantiated with pictures,
is it possible that many premise pictures
merely increase premise conclusion similar-
ity compared to the previous studies? And
second, why did the novice condition result in
increased reliance on nondiverse premises?
In another study, Hayes and Thompson
(2007) examined the development of sensi-
tivity to potentially causal relations between
a premise feature and conclusion feature
(e.g., has large eyes — can see in the dark).
Obviously, reliance on a causal connection
between the premise and conclusion cate-
gory is a more advanced form of inductive
inference than reliance on similarity. Chil-
dren (aged 5, 8, and 9 years) and college
undergraduates were presented with two
new categories, Waddo and Xoxney, and a
description of each category. The description
included three features including two that had
a potential causal connection (e.g., “has large
eyes” and “can see in the dark™); the third
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feature was unrelated to the other two (e.g.,
“has white wings”). Then participants were
presented with an induction test in which
the target was described as having a causal
feature of Waddo (e.g., “has large eyes”) and
a noncausal feature of Xoxney (e.g., “has a
long beak”). Participants were then asked if
the target could see in the dark like Waddo
or jump high like Xoxney. It was reasoned
that if participants understand the causal
connection, they should systematically select
Waddo; otherwise, their responding would
be at chance. The result indicated that when
causal information was made explicit, even
5-year-olds were above chance in relying on
it. However, when it was not made explicit,
even 8- to-9-year-olds were at chance. There-
fore, it is not clear what drives the effects: Is it
causal relatedness, or is it any link between
or among features? Fortunately, the authors
addressed this question in a separate exper-
iment in which they first explicated causal
relations (e.g., “they have large eyes to better
see in the dark’) as well as noncausal tempo-
ral relations (e.g., “they touch the bark when
they eat leaves from trees”). They then pitted
a causal feature (“has large eyes”) and a non-
causal feature (“touch the bark™) and asked to
predict whether it sees in the dark like Waddo
or eat leaves from trees like Xoxney. In this
condition, 5-year-olds were at chance, but
older children and adults tended to rely on
causal features. This research suggests that
5-year-olds rely on any correlated features,
and 8- to-9-year-olds rely on causally related
features. Therefore, reliance on deeper prop-
erties and theoretically important relations
in the course of induction is a result of pro-
tracted development. Although the factors
contributing to these changes are not known,
given how protracted the development is, it is
likely that formal education is a contributing
factor. However, this is merely a conjecture,
and extensive research is needed to evaluate
this hypothesis.

Summary

Concepts undergo dramatic development
after infancy. First, there are developments
that are likely to be attributed to more gen-
eral cognitive development, including the
development of attention and memory. In
particular, children develop the ability to
acquire increasingly sparse categories, thus
becoming less dependent on similarity and
within-category featural overlap. Second,
language becomes an important source of
conceptual development, with many concepts
(e.g., LOVE, MATTER, or NUMBER) origi-
nating in language. Furthermore, acquisition
of quantifiers may contribute to the develop-
ment of mastery of class-inclusion relations.
Third, there is evidence of a semantic devel-
opment, with concepts forming conceptual
networks of increasing within-network
coherence and between-network differen-
tiation. These networks may give rise to
knowledge domains, reflecting the structure
(taxonomical or otherwise) of these domains.
And fourth, conceptual networks give rise to
category-based inference, supplementing the
earlier-emerging ability to perform inductive
generalization on the basis of similarity. Each
of these developments is likely to involve
different processes and mechanisms, and the
goal of future research is to uncover these
processes and mechanisms.

CONCLUSION

This chapter provided an overview of con-
ceptual development from infancy onward.
The chapter formulated several principles of
conceptual development, including (1) the
diversity of conceptual behaviors; (2) the
greater universality and earlier onset of sim-
pler forms of conceptual behavior; (3) the
development of more complex forms of con-
ceptual behavior on the foundation of the



simpler forms and the dependence of these
more complex forms on other aspects of
cognitive and language development; (4) the
importance of the structure of input for
learning; and (5) the developmental progres-
sion from less structured representations of
concepts to more structured representations.
The subsequent review attempted to present
evidence for these principles.

The vast literature on conceptual develop-
ment does not mean that our understanding
of conceptual development is complete. As
discussed in this chapter, many aspects per-
taining to the origins of the ability to acquire
categories, factors driving its development,
and the underlying neurobiology are not
well understood. Meeting the challenge of
understanding developmental, cognitive, and
brain mechanisms of conceptual behaviors
will result in deeper, more complete under-
standing of the ability so central for our
intelligence.
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CHAPTER 3
Language Acquisition

JEFFREY LIDZ AND LAUREL PERKINS

INTRODUCTION

Language is about as close to magic as we can
get. We push air through our lungs, vibrate
our vocal cords, and move our mouths, and as
a result, we can make the people around us
become aware of past events, understand
our thoughts or plans, perform actions, or
come to have new beliefs. This magic is
made possible by the shared cognitive sys-
tems, or grammars, of speakers and listeners.
This shared grammar represents the sounds
that make up the morphemes and words that
bear meaning, and the rules of syntax that
combine words into phrases and sentences
that convey meaning. The study of language
acquisition aims to uncover how this shared
cognitive system arises within the mind of a
human child. How does a child exposed to
the vibrations of air caused by our utterances
come to build a cognitive system for produc-
ing and understanding an unlimited number
of sentences?

Answering this question requires a broad
understanding of the kinds of tools that
children use to solve the language learning
problem. These tools include resources com-
ing from extralinguistic cognition and from
domain-specific biases that define grammat-
ical knowledge for any language. Because
language learners by necessity learn the
language of their environment, a major con-
tributor to language acquisition is likely to
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be the ability to track statistical information
in the environment and to make use of pat-
terns that are revealed in this information.
This ability may be aided by other kinds of
extralinguistic cognition, such as the per-
ceptual capacities that shape how sounds
are perceived as language or the conceptual
capacities that undergird the meanings of
words and sentences. Children must also use
linguistic information in acquiring the gram-
mar of their language. Partial knowledge in
one domain of language may make available
new resources for representing and identify-
ing aspects of grammar in another domain of
language. Similarly, architectural constraints
on possible grammatical structures may
also play a key role in shaping how children
map their experience with language onto
a grammatical system, essentially guiding
them to look for certain kinds of information
in their experience. Finally, because language
is used predominantly as a tool for commu-
nication, understanding other people’s goals
and intentions will play a significant role in
helping children to identify why people say
the things they do, which in turn may con-
tribute to their ability to identify the meanings
of sentences.

In what follows, we consider how children
identify the grammatical system that supports
the ability to produce and understand new
sentences, considering phonology, lexicon,
syntax and semantics. In each case, we try
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to identify the independent contributions
of experience, domain-specific biases, prior
knowledge and extralinguistic cognition in
shaping how a grammar grows inside the
mind of a child.

PHONOLOGY

Perhaps the first task that learners must solve
in acquiring a language is to identify its
phonology, that is, the sound system of the
language. Children must learn which acous-
tic variations in the speech they hear convey
differences in meaning—that is, which ones
come from the set of sound categories in
their language, or phonemes, that speakers
can combine into different words. Children
must also learn the allophonic rules in their
language that produce systematic variation
within a sound category, so that a particular
phoneme is pronounced differently depend-
ing on where it appears in a word. Learning
phonology takes place together with word
segmentation, the task of identifying word
boundaries in a continuous speech stream.
Children’s abilities to track the statistical
distributions of sounds and syllables in
their input, combined with their developing
knowledge of the rules in their language that
govern those distributions, allow them to
solve these two problems in tandem.

Phonemes and Rules

A phonology consists of two parts: a phone-
mic inventory, the set of sounds that are
contrastive in the language, and a rule sys-
tem, the system determining the linguistic
environments in which particular sounds can
and cannot occur.

A phonology is importantly different from
the phonetics, which encompasses the articu-
latory processes involved in producing speech
sounds and the acoustic properties that these
sounds have. A phonology instead defines

the distinctions that lead to meaningful
differences in words and those that do not.
For example, the [p] that occurs in the word
[prt] is articulated differently from the one
in the word [spit]. There is a longer delay
between the release of the lip closure and
onset of voicing associated with the vowel in
the first word than in the second. The first [p]
is aspirated, and the second is not. And this
articulatory difference is reflected in the
acoustics. But no words in English differ
minimally in terms of this delay. This pho-
netic distinction is not contrastive and hence
is not represented as a difference in phonolog-
ical inventory of English speakers. The two
distinct sounds are categorized as the same
from the perspective of the phonology, just
like a dachshund and a Great Dane are both
categorized as dogs, despite their physical
differences. Sounds that are both physically
and psychologically distinct, such as [p] and
[b], are contrastive, in that words that differ
in these sounds also differ in meaning, as
in [bit] versus [pit]. Importantly, not every
phonetic distinction has a corresponding
phonemic distinction. And languages differ
with respect to which phonetic distinctions
are treated as the basis for phonological
categories and which are not.

The second component of a phonology
concerns the rules governing the distributions
of sounds in the language. Keeping to our
example, the two [p]s just described are
in complementary distribution—they cannot
occur in the same word environments. The
aspirated [p] occurs only when it is the first
segment in a stressed syllable. The unaspi-
rated [p] occurs in all other environments.
So, we can say that these two sounds are
related by rule to a single underlying cate-
gory. The single phonemic category /p/ has
two phonetic realizations, or allophones,
determined by the phonological context.

The phonemic inventory and distribu-
tional rules vary from language to language



and so must be learned. This learning pro-
cess consists in identifying the underlying
categories and determining the rules that
govern the choice of allophones in different
contexts.

Learning Phonemic Categories

In order to assess how children acquire the
underlying categories, it is important to
first understand how they perceive speech
prior to acquiring these categories and then
to ask how they use their experience to
identify them.

Adult listeners demonstrate categorical
perception: Although they can discriminate
small differences within a category, percep-
tual discrimination is enhanced at category
boundaries (Liberman, 1957; McMurray,
Tanenhaus, & Aslin, 2002). When presented
with computer-generated stimuli that either
fall within a single category or cross a cat-
egory boundary, adults discriminate better
when the pair of sounds crosses a bound-
ary than when it falls within a boundary,
even if the size of the acoustic differ-
ence is identical. Infants, like adults, show
enhanced discrimination of acoustic-phonetic
differences that cross category boundaries
(Dehaene-Lambertz & Dehaene, 1994,
Eimas, Siqueland, Jusczyk, & Vigorito, 1971;
Werker & Lalonde, 1988). This is true even
for categories that are not represented in the
language in the child’s environment (Eimas
et al., 1971; Werker, Gilbert, Humphrey, &
Tees, 1981; Werker & Tees, 1984). These
sensitivities are also shared across species,
suggesting that they reflect basic perceptual
processes and are not strictly linguistic in
nature (Kuhl & Miller, 1975; Mesgarani,
David, Fritz, & Shamma, 2008; Ramus,
Hauser, Miller, Morris, & Mehler, 2000).

Because phonological categories vary
across languages, infants must learn which
distinctions are meaningful in their language.
For example, Hindi contains a contrast
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between an alveolar [d] and a retroflex [D]
that is not represented in English (although
the natural variability in English /d/ some-
times includes retroflex pronunciations, as
in sequences like our doll). Infants at 6 to
8 months of age are able to discriminate
these sounds, unlike English speaking adults,
though this ability declines by around the first
birthday (Werker & Tees, 1984). This widely
replicated pattern of broad sensitivity in
young infants followed by language-specific
discrimination in older infants and adults
indicates that the development of phono-
logical categories involves maintenance of
initial auditory sensitivities rather than the
creation of new categories from a percep-
tually neutral acoustic space (Kuhl et al.,
2006; Narayan, Werker, & Beddor, 2010;
Polka & Werker, 1994). The initial percep-
tual sensitivities of infants are maintained
or sharpened as a function of experience
(Kuhl et al., 2006; Maye, Weiss, & Aslin,
2008; Narayan et al., 2010), but there is
no evidence that brand new phoneme cate-
gories can be induced solely from language
listening experience.

The loss of the “universal listener” abili-
ties involved in the identification of phoneme
categories does not involve pruning percep-
tual abilities, however. The auditory system
retains its categorical perception for non-
native speech sounds if the stimuli are
not presented as speech (Werker & Tees,
1984). Instead, learning phoneme categories
involves a functional reorganization, whereby
initial perceptual distinctions get recoded as
linguistic distinctions (Nazzi, Bertoncini, &
Mehler, 1998; Werker, 1995). These linguis-
tic distinctions may be identified from the
distributional characteristics of the speech
in the environment. Phonemic distinctions
will be expressed through distributions that
highlight the existence of two categories
(e.g., many instances of [d] and [D] with
fewer tokens falling in the space between



86 Language Acquisition

these extremes), whereas variation of tokens
within a category will be expressed through
a more uniform distribution.

Maye, Werker, and Gerken (2002) showed
that infants can track such frequency infor-
mation and use it to change their phonetic
category boundaries. Six- to 8-month-old
infants were presented with stimuli from
an 8-step voicing continuum from [da] to
[ta]. In one condition, many of the items fell
along the extreme ends of the continuum,
with few in the middle, yielding a bimodal
distribution of tokens. In the other condition,
the most frequent items fell in the middle
of the continuum, yielding a unimodal dis-
tribution of tokens. After 2 to 3 minutes of
familiarization, infants were tested on their
ability to discriminate the endpoints of the
continuum. Those infants who were famil-
iarized to the bimodal distribution showed
better discrimination than those familiarized
to the unimodal distribution.

Another source of information for
building phonetic categories comes from
their phonological environments. Feldman,
Myers, White, Griffiths, and Morgan (2013)
exposed 6- to 8-month-old infants to a
uniform distribution of vowels from a contin-
uum between [a] (‘ah’) and [2] (‘aw’). Half
of the babies heard each of the sounds in
distinct word forms (i.e., gutah versus litaw).
The other half of the babies heard both vow-
els in both word forms (i.e., gutah, gutaw,
litah, litaw). After being familiarized to these
words, infants were then tested to see if they
could distinguish between alternating pairs
of syllables (tah versus taw) with vowels
drawn from the ends of the continuum versus
repetitions of a single syllable with a vowel
drawn from the center of the continuum.
Only those infants who were familiarized to
distinct word forms were able to discriminate
the alternating syllables from the nonalternat-
ing ones. Thus, the occurrence of sounds in
distinct phonological environments provides

evidence for learners about the identity of
the sounds.

Learning Allophonic Rules

The categories that are built for linguistic
representation feed forward into the learning
of allophonic rules, the rules that govern
alternations of sounds from within a sin-
gle category. Seidl, Cristia, Bernard, and
Onishi (2009) familiarized English- and
French-learning infants with a pattern that
linked the choice of a stop [t] versus a frica-
tive [s] to the quality of the preceding vowel.
Specifically, infants heard syllables in which
nasal vowels (produced with airflow through
the nasal cavity) were followed only by frica-
tives, and oral vowels (produced with airflow
only through the oral cavity) were followed
only by stops. English-learning 4-month-olds
were able to learn this dependency. In French,
nasal vowels contrast with oral vowels, so
French-learning 11-month-olds were also
able to learn this rule. However, English-
learning 11-month-olds, who are acquiring a
language in which the oral-nasal difference
is allophonic, were not able to learn the rule.
Because the English-speaking infants had
acquired a single category containing both
oral and nasal vowels, they were unable to
learn a rule that depended on nasality. The
very same sounds function differently in the
mental representation of speech by the end of
the first year of life, and these representations
feed forward for subsequent learning.
Similarly, Onishi, Chambers, and col-
leagues (Chambers, Onishi, & Fisher, 2003;
Onishi, Chambers, & Fisher, 2002) taught
16-month-old infants two kinds of phonotac-
tic constraints, which are language-specific
restrictions on which sequences of sounds
are possible and where in a syllable certain
sounds can occur. Infants learned a sim-
ple positional regularity in which /b/ was
allowed only as the first sound in a sylla-
ble, and a context-dependent regularity in



which /b/ occurred after /ae/ but not after
/i/. Infants were able to learn both kinds of
regularity. Importantly, conditioning dis-
tributions of consonants on the speaker’s
voice or identity in a third study did not
induce learning. That is, children were able
to learn rules conditioning sound distribu-
tions on linguistic information like word
environments, but not on speaker iden-
tity, a language-external factor. Thus, these
experiments not only demonstrate infants’
rich abilities to learn novel distributional
constraints on allophones, but they also
indicate that such learning is restricted to
the kinds of regularities that languages
regularly encode.

Word Segmentation

Acquisition of the phonological inventory of
a language takes place concurrently with the
acquisition of word-segmentation abilities.
(See Nazzi et al., 2016, for review.) Segmen-
tation of word forms from the speech stream
also plays a critical role in the acquisition
of words as pairings of form and meaning.
Word segmentation abilities at earlier ages
are predictive of vocabulary size at later ages
(Newman, Ratner, Jusczyk, Jusczyk, & Dow,
2006), and newly segmented words are easier
for 17-month-old infants to link to a meaning
than are wholly novel words (Graf Estes,
Evans, Alibali, & Saffran, 2007).

Jusczyk and Aslin (1995) showed that
word segmentation abilities first develop
between 6 and 8 months of age. They
familiarized 7.5-month-old English-learning
infants to two monosyllabic words (cup and
dog or bike and feet). Infants then heard four
passages, each containing six repetitions
of one of the four words. Infants showed a
preference for the passages containing the
familiarized words, indicating that they had
recognized those words. This recognition
implies that they were able to segment the
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familiarized words from the passages. This
result failed to extend to 6-month-old infants.

Six-month-olds can segment words
under some circumstances, however. Unlike
Jusczyk and Aslin (1995), Bortfeld, Morgan,
Golinkoff, and Rathbun (2005) showed that
6-month-old infants could segment unfamil-
iar words from a passage if these words were
preceded by highly familiar words, such as
the infant’s name or the word “mommy.”
(See Brent & Cartwright, 1996, for a compu-
tational model of word segmentation based
on familiar words.)

Infants as young as 7.5 months of age
can use the rhythmic units of their language
to segment words. In English, a majority
of words are stressed on the first syllable
(Cassidy & Kelly, 1991; Cutler & Carter,
1987). Correspondingly, English-learning
infants between 6 and 9 months of age
show a preference for stress-initial words
over stress-final words (Jusczyk, Cutler &
Redanz 1993). This result does not derive
from a general perceptual preference
for stress-initial words; French-learning
infants between 4 and 6 months of age
show the opposite preference (Friederici,
Friedrich, & Christophe, 2007). These pref-
erences also contribute to segmentation.
Jusczyk, Houston, and Newsome (1999)
showed that English-learning 7.5-month-olds
successfully segment trochaic (strong-weak)
words such as “doctor” from a passage, but
that they missegment iambic (weak-strong)
words such as “guitar.” By 10.5 months,
infants are able to successfully segment the
iambic words as well.

By 8 months of age, infants may also
be able to use order of syllables within
words as a cue to the location of word
boundaries. Saffran, Aslin, and Newport
(1996) showed that 8-month-old infants
use the transitional probability between
two syllables (i.e., the probability of two
syllables occurring together) as a cue to word
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boundaries, based on the assumption that
two syllables that frequently co-occur are
part of the same word (Brent & Cartwright,
1996). These authors familiarized infants
to 2 minutes of continuous speech made
up of randomly concatenated sequences of
four trisyllabic “words,” such as “pabiku,
todabu.” They then tested infants’ listening
preferences to these words as compared to
sequences of syllables that had occurred in
the familiarization, but were taken from
different words, so that they exhibited
a lower transitional probability.
listened longer to the “words,” suggesting
that they use the transitional probabilities
as evidence for where the word bound-
aries occur in this artificial language.
Eight-month-olds are unable to use tran-
sitional probabilities to segment words of
varying length (E. K. Johnson & Tyler, 2010;
Mersad & Nazzi, 2012); however, they could
do so if one of the words was a highly famil-
iar word. This finding suggests that infants
can combine multiple sources of information
in word segmentation.

Infants

By 9 months, infants can use phonotactic
properties of their language to help segment
words from the speech stream. By 6 months,
infants show a preference for sequences of
sounds that are possible in their language
over sequences that are impossible (Jusczyk,
Luce, & Charles-Luce, 1994). And by 9
months, they demonstrate better segmen-
tation of words with high between-word
phonotactic probabilities at their edges (e.g.,
[zt]) than words with high within-word
probabilities (Mattys & Jusczyk, 2001).

Between 10 and 12 months of age, infants
can use the prosody of their language, or its
stress and intonation patterns, as a cue to
word segmentation. Children are sensitive to
breaks between prosodic units at extremely

early ages. Newborns can tell the differ-
ence between stimuli with and without
prosodic  breaks (Christophe, Dupoux,
Bertoncini, & Mehler, 1994; Christophe,
Mehler, & Sebastian-Gallés, 2001). By the
age of 9 months, infants have developed
knowledge about prosodic phrases in their
language: They react when a prosodic phrase
is disrupted by the insertion of a break
(Gerken, Jusczyk, & Mandel, 1994; Jusczyk
et al.,, 1992). And 10- and 12-month-olds
can use those prosodic breaks to constrain
word identification (Christophe, Millotte,
Bernal, & Lidz, 2008; Gout, Christophe, &
Morgan, 2004; Millotte et al., 2010). Gout
et al. (2004) conditioned infants to turn their
heads when they heard the word “paper.”
Then, they exposed the infants to sentences
in which that same sequence of syllables
occurred within a phonological phrase (e.g.,
[the scandalous paper] [sways him] [to
tell the truth]), or across a phonological
phrase boundary (e.g., [the outstanding pay]
[persuades him] [to go to France]). They
found that these infants turned their heads
more often when the syllables occurred
within a phonological phrase than when it
spanned a phonological phrase boundary,
indicating that the presence of a phrase
boundary disrupted their ability to recognize
the word “paper.” These results suggest that
children use phonological phrasing as a cue
for word segmentation.

In sum, infants’ ability to segment words
from the speech stream undergoes significant
development between 6 and 12 months of
age. At first, they can segment only highly
frequent words. Over time, infants develop
word segmentation strategies based in the
rhythmic properties of words, the statis-
tical properties of the syllable transitions,
and the phonotactic and prosodic features of
their language.



Summary

In acquiring the phonology of their language,
children organize the acoustic information
in the speech signal into phonemic cate-
gories and infer the allophonic rules that
specify how sounds from one category
systematically vary depending on surround-
ing sounds or their position in a word.
Properties of children’s extralinguistic audi-
tory system allows them to perceive all sound
contrasts that languages might make use of,
but based on the statistical distribution of
the sounds they hear, children eventually
form language-specific representations that
encode only the meaningful contrasts in their
language. Simultaneously, children learn
to segment the continuous speech stream
into words, aided by their statistical sen-
sitivity to syllable distributions as well as
their knowledge of the rhythmic properties,
prosody, and phonotactics of their language.
Next we look in more depth at how chil-
dren learn what those words mean and how
to use them.

LEXICON

Consider what you, as a proficient adult
speaker of a language, know about your
lexicon, or the set of words in your language.
You know their phonological forms; you can
pronounce words like a native speaker and
identify them in the speech of others around
you. In the previous section, we discussed
how children learn the phonology of their
language and solve the problem of word
segmentation. You also know what words
mean; you can map from those phonological
forms to the specific concepts they pick out.
These mappings from sound to meaning are
arbitrary and language-specific. If you speak
English, the phonological form /fi/ means
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a cost or a charge (fee), but if you speak
French that same phonological form means a
girl or daughter (fille).

But before we consider how children learn
the mappings from sounds to meanings in
their language, we consider another part of
your knowledge about words: how to use
them in sentences. As an adult speaker of
English, you know that the word “arrive” can
be used after a helping verb like “will”: You
can say Elliott will arrive. You also know
that the word “arrival” can be used after an
article like “the”: You can say The arrival
of Elliott was unexpected. Furthermore,
you know which environments these words
cannot occur in: You cannot say *Elliott
will arrival or *The arrive of Elliott was
unexpected. (The asterisk indicates that a
string of words is unacceptable in a par-
ticular language.) Part of your knowledge
about words includes features that we call
grammatical categories, which determine
their distributions in sentences. Even though
“arrive” and “arrival” have similar meanings,
their different grammatical categories (verb
versus noun) lead to different sentence dis-
tributions. Learning which words belong to
which grammatical categories is yet another
problem that children need to solve when
learning their lexicon.

Grammatical Categories

Grammatical categories—such as noun, verb,
and adjective—are names for the features
that determine which syntactic environments
lexical items can appear in. When we say
arrival is a noun, we mean that the “noun”
feature allows arrival to occur after articles
but not after helping verbs, for example.
When we say arrive is a verb, we mean
the “verb” feature allows arrive to occur
after helping verbs but not after articles.
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These grammatical categories sometimes
correlate with semantic categories, but there
are many exceptions: we’re often told that a
noun is a “person, place, or thing” and that
verbs describe actions, but the verb believe
does not really describe an action, whereas
the noun destruction does.

Grammatical categories come in two
flavors: lexical and functional. Lexical cat-
egories include the familiar categories of
noun, verb, and adjective—these are what
we might call “content words,” and they
are also open class, meaning that we can
easily coin new words that fall into these
categories. Functional categories are closed
class, meaning that it is hard or impossible
to coin new words in these categories, and
they contain less referential content. Some
functional categories include determiners,
such as the, a, some, most; pronouns, such
as I, you, he, she, it; modals and auxiliaries
(“helping verbs™), such as have, be, may, will,
can; and morphemes (pieces of words) that
signal tense and agreement, such as past tense
-ed, present progressive -ing, and plural -s.
Functional categories frequently signal when
specific lexical categories are upcoming; for
example, determiners are signals for nouns.
These signals might be useful information in
children’s learning processes.

Using Distributional Information
to Categorize Words

Because a word’s grammatical category
determines its distribution in sentences, chil-
dren may be able to use that distributional
information as a signal for the grammatical
categories of new words. Computational
simulations have probed the extent to which
distributional regularities in speech to chil-
dren can support word categorization. Many
of these simulations have achieved fairly
high success in categorizing words into
grammatical categories based solely on these
patterns in how words cluster together and

which words tend to occur next to each
other (Cartwright & Brent, 1997; Mintz,
2003; Mintz, Newport, & Bever, 1995,
2002; Redington & Chater, 1998; Redington,
Chater, & Finch, 1998). For example, Mintz
(2003) used an algorithm that clustered
words based on similarities in their imme-
diately preceding and following sentence
environments (“frames”). This algorithm
was reliably able to separate nouns from
verbs based only on the information in these
frames. These types of models show that
there is a distributional signal for the gram-
matical categories of words in speech to
children. Furthermore, many experimental
studies have found that children are skilled at
detecting and using that signal.

From extremely early ages, children
appear sensitive to the differences between
function words and content words, which
tend to have different acoustic and phonologi-
cal properties cross-linguistically. Across lan-
guages, function words are often unstressed,
shorter than content words, have reduced
vowels, and appear at prosodic boundaries
(e.g., Monaghan, Chater, & Christiansen,
2005; Shi, Morgan, & Allopenna, 1998).
Even newborns demonstrate sensitivity to
these differences. In a study by Shi, Werker,
and Morgan (1999), newborns heard repeti-
tions of English words selected from an audio
recording of natural maternal speech. Infants’
attention to these audio stimuli was tested
using a procedure called high-amplitude
sucking, which measures infants’ sucking
strength and rate on pressure-sensitive paci-
fier. Infants learn that they can control the
presentation of an audio stimulus by sucking
harder, and the researchers measure how the
rate of these high-amplitude sucks declines
over time as infants lose attention. Once this
rate declines to a certain threshold, infants are
considered to be “habituated” to the stimulus,
and a new test stimulus is played. If infants
consider this new stimulus different from the



previous one, they should recover attention
(“dishabituate”) and therefore increase their
rate of high-amplitude sucks. Shi et al. habit-
uated infants to a list of either content words
or function words and then tested them on
new words from the same category or the
opposite category. Infants who were habit-
uated to content words recovered attention
and increased their sucking rate when they
heard function words, and vice versa, but
did not recover attention when they heard
new content words. It therefore appears
that newborns are able to discriminate the
phonological differences between function
and content words. This ability may enable
infants to begin categorizing words into
functional and lexical categories from the
earliest stages of language acquisition.

Learning the specific phonological forms
of function words in the infant’s target
language takes place over the first year of
life. Infants are able to segment function
words in their own language by the age of
6 months (Hohle & Weissenborn, 2003; Shi,
Marquis, et al., 2006), and differentiate real
function words from phonologically similar
nonsense function words between the ages
of 8 and 11 months (Hallé, Durand, & de
Boysson-Bardies, 2008; Shafer, Shucard,
Shucard, & Gerken, 1998; Shi, Cutler,
Werker, & Cruickshank, 2006; Shi & Lepage,
2008; Shi, Werker, & Cutler, 2006). Children
at early stages of sentence production fre-
quently omit function words in their own
speech, but repeat sentence prompts with
real and nonsense function words at different
rates, indicating that they know the difference
(Gerken, Landau, & Remez, 1990).

Once the forms of function words are
learned, they become useful in learning
other new words. Early on, they can serve as
anchors in the speech stream: 8-month-olds
can use known function words to segment
new content words (Shi & Lepage, 2008).
Older infants can use function words as
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a signal for specific lexical categories.
For example, 14- to 16-month-olds who
are familiarized with a nonsense word pre-
ceded by a determiner (e.g., my kets) react
with surprise when the same nonsense word
occurs in an environment in which nouns
cannot occur, such as after an auxiliary (will
kets) (Hicks, Maye, & Lidz, 2007; Hohle,
Weissenborn, Kiefer, Schulz, & Schmitz,
2004; Shi & Melangon, 2010). Infants also
react with surprise when a nonsense word
preceded by a modal (will dak) is later pre-
ceded by a determiner (my dak) (Hicks et al.,
2007). This finding suggests that children
use the determiner and auxiliary functional
categories to identify the lexical category of
an unknown word: Hearing a determiner tells
them that this word is a noun and therefore
should occur only in places where nouns can
occur, and hearing an auxiliary tells them
that this word is a verb and should occur only
in places where verbs can occur.

Children deploy their knowledge of
function words during online language com-
prehension to help identify known words.
A study by Cauvet et al. (2014) trained
18-month-old French-learning children to
respond to a target noun preceded by a
determiner (e.g., la balle, “the ball”) or a
target verb preceded by a pronoun (je mange,
“I eat”). At test, children recognized the
target words more frequently when they were
preceded by another word from the correct
functional category—when the target noun
was preceded by a determiner or when the
target verb was preceded by a pronoun. Other
studies have found that 2-year-olds show bet-
ter and faster sentence comprehension when
singular nouns are preceded by determiners
than by ungrammatical or missing function
words (Gerken & Mclntosh, 1993; Kedar,
Casasola, & Lust, 2006; Shipley, Smith, &
Gleitman, 1969).

Furthermore, children can use functional
categories to infer aspects of a content
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word’s meaning. Even though grammatical
categories do not correlate perfectly with
semantic categories, some imperfect corre-
lations do exist: For example, nouns tend to
label object kinds, adjectives tend to label
object properties, and verbs tend to label
events. Children as young as 1 year old can
use known function words to infer whether a
novel word labels an object kind or property
(Hall, Waxman, & Hurwitz, 1993; Mintz &
Gleitman, 2002; Smith, Jones, & Landau,
1992; Taylor & Gelman, 1988; Waxman,
1999; Waxman & Booth, 2001; Waxman &
Markow, 1998). Twelve-month-olds who
hear an object labeled as a blicket will select
another object of the same kind when asked
for another blicket (Waxman & Markow,
1998). Thirteen-month-olds who hear a
purple horse labeled as a daxish one will
prefer to select a novel purple object over
a different-colored horse (Waxman, 1999).
This behavior suggests that 1-year-old infants
can distinguish the distribution of nouns and
adjectives based on co-occurring functional
categories and use that knowledge to infer
that a novel word in a noun context labels
an object kind whereas a novel word in an
adjective context labels an object property.
Slightly older infants are also able to use
the presence of functional verbal morphology
to identify that a novel word labels an event
rather than an object. He and Lidz (2017)
habituated 18-month-olds to a scene of a
penguin spinning, labeled either by a novel
word in a noun context (e.g., It’s a doke) or
in a verb context (It’s praching). At test, chil-
dren saw a scene of the penguin performing
a different action, labeled by the same audio.
Children dishabituated when they heard It’s
praching labeled that new scene but not when
they heard It’s a doke. These infants appear
to have used the co-occuring functional cate-
gories to identify whether the novel word was
a noun or verb and therefore what concept
it should label. Infants who heard the novel

word after a determiner identified the word
as a noun and therefore an object name and
were not surprised to hear this word label the
same object performing a different action.
By contrast, infants who heard the novel word
with verbal morphology (-ing) identified the
word as a verb and therefore an event name
and were surprised to hear this word label a
different action. Identifying the signals of a
new word’s grammatical category—its dis-
tributional context and co-occurring function
words—allows children to both categorize
and make inferences about the meaning of
that word.

Bootstrapping from Prosody

In addition to distributional information,
children’s knowledge of the prosodic fea-
tures of their language may feed their
categorization of words. Recall that children
are sensitive to prosodic breaks in their lan-
guage from a very young age. If these breaks
typically fall at the edges of phrases centered
around certain grammatical categories, then
children might be able to use them to identify
those phrase boundaries and differentiate
words of different grammatical categories.
This process of using prosodic information
to infer something about the syntactic prop-
erties of a phrase or clause is called prosodic
bootstrapping (Christophe et al., 2008; de
Carvalho, Dautriche, & Christophe, 2016;
Gleitman, Gleitman, Landau, & Wanner,
1988; Gout et al., 2004; Gutman, Dautriche,
Crabbé, & Christophe, 2015; Morgan, 1986;
Morgan & Demuth, 1996; Morgan, Meier, &
Newport, 1987; Morgan & Newport, 1981;
Wanner & Gleitman, 1982).

A study by de Carvalho et al. (2016)
found that French-speaking preschoolers
can use the position of a prosodic break to
identify the category of an ambiguous word.
Four-year-olds were asked to complete a
sentence fragment that contained a noun/verb
homophone, such as ferme, which can either



mean “farm” (a noun) or “close” (a verb).
The category of the word was disambiguated
by prosody. In the sentence [la petite ferme]
[est tres jolie] (“the little farm is very nice”),
the prosodic break after ferme indicates that
it is a noun; by contrast, in the sentence
[la petite] [ ferme la fenétre] (“the little girl
closes the window”), the prosodic break
before ferme indicates that it is a verb.
After hearing la petite ferme, 4-year-olds
who heard a prosodic break before ferme
provided completions indicating that they
interpreted ferme as a verb, whereas children
who heard no prosodic break interpreted the
word as a noun. A similar result was found
for 3-year-olds in a looking time experi-
ment. These results suggest that preschoolers
can exploit prosodic information in quite
sophisticated ways: The prosodic breaks
in a sentence allow them to identify which
prosodic phrase contains an ambiguous word,
and therefore to determine whether the word
should be analyzed as a verb or a noun during
online sentence comprehension.

Why would identifying the prosodic
phrase containing a word be useful in iden-
tifying the category of that word? On one
hypothesis, children’s prosodic knowledge
interacts with their knowledge about function
words in their language. If function words
tend to occur at the edges of prosodic phrases,
then these words might help children cate-
gorize the co-occurring content words that
the phrases are built around (Gutman et al.,
2015; Morgan, 1986; Morgan & Demuth,
1996). For example, children might perceive
that a string of words, such as The cute
little girl will dance, contains two prosodic
phrases, one starting with a determiner and
one with a modal: [The cute little girl] [will
dance]. If children know to pay attention to
these function words at the edges of prosodic
phrases and know that determiners signal
nouns and modals signal verbs, then they
might be able to label these phrases: The first
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is a noun phrase, and the second is a verb
phrase. A computational model by Gutman
et al. (2015) was able to differentiate noun
phrases from verb phrases in child-directed
speech with fairly high reliability by tracking
the distribution of function words at the
edges of prosodic phrases and by building
off of a small “seed” of known object and
action words.

Properties of Grammatical Categories

We have seen that statistical sensitivity to
the distribution of words in the input, in con-
junction with prosodic knowledge, can help
children categorize words in their language.
But children also use category information to
infer properties of new words: for example,
that words used in noun contexts label object
kinds, words used in adjective contexts
label object properties, and words used in
verb contexts label events. This knowledge
does not emerge straightforwardly from
the distribution of these words in the input
but rather from some knowledge about the
types of meanings these categories can have.
Where does this knowledge about the rela-
tion between grammatical categories and
meanings come from?

It is possible that some knowledge about
the properties of linguistic categories may be
intrinsic to the language learning mechanism.
Pinker (1984, 1989) was an early proponent
of the hypothesis that the language learning
mechanism contains knowledge of innate
linking rules between meanings and the syn-
tactic forms that can express those meanings.
Therefore, understanding properties of the
meaning of an utterance can help the learner
infer syntactic properties of that utterance: a
strategy called semantic bootstrapping. If the
learner has innate knowledge that nouns
label object kinds and verbs label events,
then words that speakers seem to use to label
object kinds must be nouns, and words that
speakers use to label events must be verbs.
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Conversely, if a group of words appear in
a distribution that would indicate they are
nouns, those words are likely to label object
kinds; if a group of words appear in a distri-
bution that would indicate that they are verbs,
then those words are likely to label events.

We have already seen that children by
the age of 18 months appear to know these
linking rules. The 18-month-olds tested by
He and Lidz (2017) understood that a con-
sequence of being a noun meant that doke
referred to an object, whereas a consequence
of being a verb meant that praching referred
to an event. However, this behavior does not
necessarily prove that these linking rules are
innate; it is possible that children could have
learned the relations between grammatical
categories and meanings by the time they are
18 months. Gutman et al.’s (2015) computa-
tional model was able to learn more general
categories of nouns and verbs by tracking
prosodic breaks and function words, when
seeded with knowledge of words for a few
common objects and actions. The authors
proposed that children might learn the seman-
tic properties of noun and verb categories
by noticing that a few common words map
onto perceptually salient categories such as
concrete objects and causal actions. That is,
if children are already likely to perceive their
world in categories such as “object” and
“action” and can learn that some words are
used to label these categories, they might
conclude that words having similar distribu-
tions are likely to label similar categories.
Words that distribute like known words
for objects are also going to label objects,
and words that distribute like known words
for actions are also going to label actions.
If this hypothesis is correct, then the link-
ing rules that children know by 18 months
would be a consequence of the way they
perceive the world in certain categories
and the way they expect language to reflect
those categories.

Further work is needed to determine
whether the semantic properties of nouns,
verbs, and adjectives are innately specified or
learned through experience. However, there
are other syntactic properties that follow
as consequences of a word’s grammatical
category, many of which would be difficult
or impossible to learn by observation. Pinker
(1984) highlighted one important syntactic
consequence of being a noun or a verb that
may fall into the impossible-to-observe cat-
egory. Both nouns and verbs can take full
clauses as complements: You can say Aaron
claimed [that Bill saw Eva] or Aaron believed
the claim [that Bill saw Eva]. Furthermore, in
the first sentence, you can question part of the
embedded clause: Who did Aaron claim [that
Bill saw]? However, you cannot question
the exact same part of the embedded clause
in the second sentence: *Who did Aaron
believe the claim [that Bill saw]? is not a
possible question about the person Bill saw.
English speakers can question parts of the
clausal complements of verbs, but not nouns.
This is a constraint that would be very diffi-
cult to learn by observation, because children
are not able to observe which sentences in
their language are not possible, only the ones
that are possible. Furthermore, this constraint
seems to hold cross-linguistically. For these
reasons, Pinker and many others hypothe-
sized that the constraint on questioning parts
of the clausal complements of nouns comes
from innately specified linguistic knowl-
edge. If children have knowledge about the
constraints on question formation that are
obeyed by all human languages, all they will
need to learn is whether a word is a noun
or a verb, and they will know whether it is
possible to question the clausal complements
of that word.

The question of whether domain-specific
knowledge or learning through experience
is responsible for children’s awareness of
word properties also has been hotly debated



for functional categories like determiners.
Children display very early sensitivity to the
presence of determiners in their input, but
their early speech tends to omit determin-
ers, leading some to wonder when children
know that these words are part of the same
grammatical category ‘“determiner.” Valian
(1986) studied the speech of six 2-year-olds
and found that when these children did use
determiners, they used them in appropriate
sentence environments and differentiated
them from other prenominal categories,
such as adjectives. Valian, Solt, and Stewart
(2009) and Yang (2013) found that children
use the category “determiner” productively
from the earliest ages at which they start
combining words: Once they begin produc-
ing multiple different determiners, they use
these determiners interchangeably before
nouns, indicating that they consider them
members of the same category and know the
distribution of this category. These results
are in contrast to a claim that children at the
relevant age lack the determiner category
(Pine & Lieven, 1997; Pine & Martindale,
1996; Tomasello, 2000, 2003).

Valian and colleagues (2009) hypothe-
sized that children are innately aware of the
range of categories that languages can make
use of, “determiner”” being one of these cate-
gories, and therefore determiner acquisition
involves mapping words in their language
to this category. In order to provide strong
support for the innateness hypothesis, it
would be necessary to show that very young
children have not only grouped determiners
together based on their distribution in the
input but are aware of what it means to be a
determiner—that determiners have specific
properties, which lead to specific constraints
on their behavior.

Studies with older children have shown
that they are sensitive to some interpre-
tive consequences of being a determiner.
In a study by Wellwood, Gagliardi, and
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Lidz (2016), 4-year-olds heard a novel
word in a determiner context (e.g. gleebest
of the cows), in an adjective context (the
gleebest cows), or in a context where either
a superlative determiner or adjective could
occur (the gleebest of the cows). Children
were asked to choose from a set of cards
that showed multiple spotted cows. On some
cards, most of the cows were by the barn
but the spottiest cows were not; on other
cards, the spottiest cows were by the barn but
most of the cows were not. When children
heard gleebest in a determiner context, such
as Gleebest of the cows are by the barn,
they preferred the cards where most cows
were by the barn but the spottiest cows were
not. When children heard gleebest in other
contexts, they preferred the opposite cards.
It appears that children assigned the novel
word a quantity-based meaning only when
it occurred in the determiner context; they
assigned the word a quality-based meaning
otherwise. These children were able to use
the context in which the novel word occurred
to categorize it as a determiner or adjective.
Furthermore, they knew that only determin-
ers, not adjectives, are restricted to having
quantity-based interpretations.

In summary, children’s knowledge about
grammatical categories in their language
goes beyond the distribution of these cate-
gories and includes information about other
syntactic or interpretive properties of these
categories. Children know that nouns label
objects, adjectives label object properties, and
verbs label events; they also know that deter-
miners but not adjectives can have quantity
interpretations. Furthermore, a word’s gram-
matical category will have consequences on
other dependents of that word in a sentence:
It is possible to question part of a clause
introduced by a verb but not by a noun. Some
of these properties might be learned through
observation—for instance, by observing
that certain categories of words map onto
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perceptual categories such as “object” and
“action.” But many of these properties are
difficult or impossible to observe, and yet
seem to hold true cross-linguistically—such
as constraints on question formation. In order
for children to learn these constraints con-
sistently in the face of very scarce evidence,
it is likely that their learning process is
guided in part by domain-specific linguistic
knowledge, intrinsic to the language-learning
mechanism.

Lexical Meanings

So far we have discussed how children learn
the grammatical categories of words in their
language as well as some semantic and
syntactic properties associated with those
categories. Now we consider how children
learn the meanings of specific words in
their language. Recall that a word’s sound
does not signal its meaning. The meaning
“a black-and-white farm animal that produces
milk” is encoded by the sequence of sounds
[kas] (cow) in English and [va[] (vache) in
French. The sound sequence [fi] means a
cost or charge in English (fee) and a girl or
daughter in French (fille). How do children
learn these arbitrary, language-specific map-
pings between form and meaning? There are
two possible signals: the situations in which
the word is used and the word’s syntactic
properties. Here, we’ discuss how statistical
sensitivity, extralinguistic cognition,
prior linguistic knowledge may help children
detect these signals and use them to draw
inferences about word meanings.

and

Learning by Observation

One very old hypothesis about word learning,
dating back to the philosopher John Locke
(1690/1998), proposes that children can learn
the meanings of words by observing what
they are being used to label in the world.
For example, English-speaking children hear

the sequence of sounds [kaw] frequently in
contexts where cows are present and learn
that those sounds are used to label cows.
This strategy has been called word-to-world
mapping (Gleitman, 1990): A child learns
the meaning of a word by observing the
real-world contingencies of its use, or what
possible referents for the word are present in
the world when the word is being uttered.

Extralinguistic cognition could be very
helpful in using this word-to-world mapping
strategy, particularly if a child can figure out
what in the world a speaker is referring to
when using a particular word. Young children
are adept at detecting some nonverbal cues
that indicate what adults are referring to
when they speak. Infants as young as 9 to
12 months old can follow a pointing finger
and a speaker’s eye gaze to locate what a
speaker is attending to (see, e.g., Baldwin &
Moses, 1996), and slightly older children use
the speaker’s eye gaze as a cue to the referent
of a novel word (Baldwin, 1991, 1993).
For example, the 18- and 19-month-olds in
Baldwin’s (1991, 1993) experiments checked
what a speaker was attending to when they
heard a novel word spoken and interpreted
the object that the speaker was looking at as
the referent of that word, even when another
object was more salient.

But it is possible that cues such as eye
gaze and the physical presence of the referent
when the word is being uttered will be more
reliable for learning certain types of words
than others. Gillette, Gleitman, Gleitman,
and Lederer (1999) conducted a simulation
of word learning with adults in order to
investigate this question: Does the extralin-
guistic context in which a noun or a verb is
uttered provide enough information to infer
its meaning, or is it more helpful for some
words than for others? The experimenters
presented adult participants with videos of
mother—child interactions, in which the most
common nouns and verbs uttered by the



mother were indicated by a beep, and asked
participants to guess what word the beep
stood for. These adults were able to identify
the correct noun 45% of the time based on the
visual information alone but could identify
the correct verb only 15% of the time. Later
simulation studies, such as by Medina et al.
(2011), found a similar result: In general,
visual contexts seem to be more informative
for identifying nouns than verbs. This asym-
metry parallels the acquisition trajectories of
nouns and verbs in many different languages:
When children begin talking, they produce
nouns almost exclusively, and verbs come
later (Bates, Dale, & Thal, 1995; Caselli
et al.,, 1995; Gentner, 1982). Perhaps this
order of acquisition is related to how strongly
extralinguistic information supports learning
nouns, as opposed to verbs, by observation.
Statistical sensitivity may also help a
learner infer the meaning of a word through
observation. Many studies have found
that children can also be quite good at
fast mapping: learning the meaning of a
word from a single presentation (Baldwin,
1993; Carey, 1978; Carey & Bartlett, 1978;
Dollaghan, 1985; Gleitman, Cassidy, Nappa,
Papafragou, & Trueswell, 2005; Heibeck &
Markman, 1987). But if the context is not
informative about a word’s meaning the
first time a child hears it, the child may be
able to track information about what the
word is being used to label across many
different exposures. This strategy is called
cross-situational learning (e.g., Blythe,
Smith, & Smith, 2010; Smith & Yu, 2008;
Vouloumanos, 2008; Xu & Tenenbaum,
2007; Yu & Smith, 2007). For example,
Smith & Yu (2008) presented 12-month-olds
with pictures of geometric shapes paired with
novel words. During each trial, two words
were presented in the context of two shapes,
such that the pairing of each word with its
referent was ambiguous. However, each
word—shape pairing was disambiguated over

Lexicon 97

the course of 12 trials. Averaging across all of
the trials, the authors found that these infants
preferred to look at the correct referent for the
majority of the novel words. It appears that
these infants were able to map multiple labels
to multiple objects by tracking how these
labels were used across different trials, even
though each single presentation of a word
was ambiguous with regard to its referent.

Thus, although learning by observation
can be difficult for certain word categories
and in ambiguous contexts, it might be easier
if learners can track statistical evidence for a
word’s meaning across many different con-
texts. But a more fundamental issue remains.
The particular word that a speaker uses to
refer to something in the world depends on
how the speaker conceptualizes that stretch
of the world. Word learning is not actually
word-to-world mapping but word-to-concept
mapping: The task of the child is not to map
a word to a particular object or event in the
world but to the concept under which the
speaker has represented that object or event.
Quine (1960/2013) illustrated this issue with
the following thought experiment: Suppose
that a stranger learning the language of a
foreign country heard a native say “gavagai”
while pointing to a running rabbit. What
does “gavagai” refer to: the rabbit, the rab-
bit’s ears, the act of running, a potentially
delicious meal? The language learner must
identify how the speaker conceptualized
the scene in order to learn the meaning of
this word.

Even in the realm of concrete nouns, the
task of word-to-concept mapping can be
quite difficult. When a speaker says “dog”
in the presence of a furry domestic canine,
how do children know that this word refers
to the whole animal and not the dog’s tail
or whiskers? How do children know this
label is not restricted to a particular breed
of dog but could be extended to other dogs,
although not to other types of pets or animals?
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One theory proposes that children operate
under learning biases that constrain the mean-
ings they will hypothesize for a new noun.
Markman (1994) posited three such biases:
that a word will likely refer to an object kind
rather than part of an object (the whole-object
bias); that a word will likely refer to a
basic-level category like “dog” rather than
a subordinate category like “Dalmatian”
or a superordinate category “animal” (the
taxonomic bias); and that a word is not likely
to label the same object that another known
word already labels (the mutual exclusivity
bias). All three of these biases have some
degree of experimental support. Children
generalize novel words presented as nouns
to object kinds that share the same category,
identifying the novel word as a label for the
whole object rather than a part of the object
(Balaban & Waxman, 1997, Markman &
Hutchinson, 1984; Waxman & Markow,
1995; Woodward & Markman, 1998). They
also prefer to generalize novel nouns to
basic-level categories, such as “bird,” rather
than subordinate categories, such as “robin,”
or superordinate categories, such as “animal”
(Hall & Waxman, 1993), and assume that a
novel noun names an object for which they
do not already have a word (Markman &
Wachtel, 1988). Children’s biases in word
learning may therefore help them avoid the
“gavagai” problem by restricting the range
of concepts they think a new noun is likely
to label.

Constraints like the whole-object, taxo-
nomic, and mutual exclusivity biases might
help children tackle the word-to-concept
mapping problem for concrete nouns. But
this problem appears vastly more difficult for
verbs. These same biases do not immediately
apply to verbs because verbs label events
rather than objects (P. Bloom, 1994), and it
is unclear whether analogous biases would
apply to the way that verbs label events
(Gleitman, 1990). Verbs were more difficult

for the adults to identify than nouns in Gillette
et al.’s (1999) word learning simulation, and
several factors might conspire to create this
difficulty. First, verbs are not necessarily
uttered at the same time as the event they
are describing but frequently are used to talk
about past or future events instead. Beckwith,
Tinker, and Bloom (1989) surveyed a corpus
of maternal speech to children and found that
the verb open was used 37.5% of the time to
refer to something not in the present context.
Second, the same event can be described by
different verbs depending on the speaker’s
perspective: An event of a lion running after
a gazelle could be described as the lion
chasing the gazelle, or the gazelle fleeing the
lion (Gleitman, 1990). A child attempting
to learn whether a new verb means chase or
flee would have little help from the context,
because the contexts in which chase is used
are identical to those in which flee is used.
Finally, certain verbs describe events and
states that cannot be observed at all: Attitude
verbs, such as think, want, and hope, describe
an individual’s internal beliefs or desires,
but these do not have observable physical
correlates (Gleitman, 1990). Because obser-
vational learning appears insufficient in these
cases, children must use different tools to
overcome the challenges of verb learning.

Syntactic Bootstrapping

Children have another tool for acquiring verb
meanings: the types of syntactic structures
that verbs can occur in. If children know or
can figure out the syntactic properties of a
new verb, and they also know how those syn-
tactic properties are related to verb meanings,
then they might be able to infer aspects of the
new verb’s meaning. This strategy is called
syntactic bootstrapping (Gleitman, 1990;
Landau & Gleitman, 1985; Lasnik, 1989).
What relations between syntactic infor-
mation and meaning might a child be able to
exploitin verb learning? One type of syntactic



information that is potentially easy to observe
is the arguments in a sentence containing a
verb. For example, a verb like hif can occur
with a subject and an object in a sentence
like Sally hit her sister. These arguments
label participants in the event described by
the sentence: The subject labels the person
who did the hitting (the agent), and the object
labels the person who got hit (the patient).
Even if a child does not know the meaning
of the word “hit,” if that child is aware that
subjects tend to name agents and objects
tend to name patients, then she might infer
that this sentence describes an event where
Sally was the agent and Sally’s sister was
the patient.

Gertner, Fisher, and FEisengart (2006)
found that children are able to use infor-
mation about subjects and objects to infer
which event a new verb labels. They played
2-year-olds a sentence with a novel verb,
such as The duck is gorping the bunny, in
the context of two different events: a scene
with a duck pushing a bunny and a scene
with the bunny pulling the duck’s legs.
The researchers used a method called pref-
erential looking, which takes greater looking
time toward one visual stimulus over another
as evidence for how children understand a
sentence. Children who heard The duck is
gorping the bunny preferred to look at the
scene where the duck was pushing the bunny:
They interpreted gorping as pushing rather
than leg-pulling. By identifying that the duck
was the subject and the bunny was the object
of gorp, these children were able to conclude
that gorp named an event in which the duck
was the agent and the bunny was the patient.
Children were able to use the types of syn-
tactic arguments that occurred with the novel
verb to infer which event that verb labeled,
given two options.

Not all verbs are able to occur in transitive
sentences. Verbs such as sleep, arrive, and
fall are intransitive: They occur in sentences
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with a subject only. That is, you can say Doug
fell but not *Doug fell Andrew. It appears
that a verb’s ability to occur in a transitive or
intransitive sentence is related to the types of
events it labels. Verbs like hit, push, and bump
that occur in transitive sentences tend to label
causative events with one participant acting
on another. Verbs like sleep, arrive, and fall
that occur in intransitive sentences tend to
label noncausative events that have only one
participant, such as the individual who is
sleeping, arriving, or falling. Children might
therefore exploit this correlation between
clause type and event type in making an
inference about the event a verb labels. In
a preferential looking study, Naigles (1990)
found that children who heard a transitive
sentence, such as The duck is gorping the
bunny, were more likely to look at a scene in
which a duck pushed a bunny than at a scene
in which a duck and a bunny wheeled their
arms separately. By observing that the verb
occurred in a transitive sentence, children
inferred that it described a causative action:
a pushing event rather than an arm-wheeling
event. Naigles also found the reverse pat-
tern for children who heard an intransitive
sentence, such as The duck and the bunny
are gorping: These children preferred the
noncausative arm-wheeling event rather than
the pushing event.

It appears that children are sensitive to
the type of sentence containing a novel verb
and will use that information to infer which
event the verb labels, given two choices.
One influential hypothesis proposed that
children behave this way because they expect
the number of arguments of a sentence
to match one to one the number of par-
ticipants in the event the sentence’s verb
describes (Fisher, Gertner, Scott, & Yuan,
2010; Gleitman, 1990; Naigles, 1990; Yuan,
Fisher, & Snedeker, 2012). This hypothesis
has been tested extensively, and children’s
tendency to infer that transitive verbs name
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causative 2-participant events has been repli-
cated many times over, in children as young
as 22 months old. (See, e.g., Fisher et al.,
2010, for a review.) Lidz, Gleitman, and
Gleitman (2003) corroborated this tendency
in 3-year-old children learning Kannada, a
Dravidian language spoken in south India,
which has a verbal morpheme that signals
when a verb is causative. This morpheme is a
much more reliable cue to causative meaning
than transitivity, because a verb can occur
in a transitive sentence without necessarily
having a causative meaning. Nonetheless,
children acted out causative meanings for
transitive verbs, even without the causative
morpheme, and they acted out noncausative
meanings for intransitive verbs, even with the
causative morpheme. Even though these chil-
dren speak a language that provides a more
reliable morphological signal for causativity,
they preferred to rely on transitivity when
deciding whether to interpret a verb with a
causative meaning.

Children therefore appear to use transi-
tivity as evidence that verbs label causative
2-participant events. However, beyond
Naigles’s (1990) seminal experiment, later
studies have not found consistent behavior
with intransitive verbs: Children who hear
intransitive sentences with novel verbs do not
reliably prefer events with one participant,
beyond what would be expected by chance
(Arunachalam & Waxman, 2010; Noble,
Rowland, & Pine, 2011; Yuan et al., 2012).
These findings are puzzling under the hypoth-
esis that children expect one-to-one matching
between the arguments of a sentence and par-
ticipants in the event the sentence describes.
However, they are consistent with a weaker
learning strategy: Perhaps children merely
expect that each argument names a partici-
pant, but not necessarily vice versa (Williams,
2015). In this case, the sole argument of an
intransitive sentence could name one of the
participants in a 2-participant event, making

both the 1- and 2-participant events possible
referents for the novel verb. Further work is
needed to determine the source of children’s
behavior with intransitive sentences, and
what this reveals about the specific inference
that children make when using clause type as
evidence for verb meaning.

Children also may be able to draw infer-
ences about verb meanings from other types
of complements, or syntactic dependents that
follow a verb. In the sentence Sally hit her
sister, the complement of the verb hit is the
noun phrase her sister (the object). But in
the sentence Jim thought that Gina liked him,
the complement of the verb think is a whole
clause. If there are correlations between the
types of complements a verb can take and the
meanings a verb can express, then children
might be able to use a verb’s complement as
evidence for its meaning.

Some initial evidence that complements
might be useful sources of information
comes from Landau and Gleitman (1985),
who studied the language acquisition of
English-speaking blind children. They found
that these children acquire meanings for the
verb look relative to their own haptic explo-
ration rather than to sight: Blind children
respond to the request to “Look up!” by
reaching upward with their hands, whereas
sighted children wearing a blindfold turn their
heads upward. The meaning that the blind
children have assigned to look is supported
by the contexts in which this word is used:
Blind children hear look in situations when
a relevant object is nearby, and therefore
haptic exploration is possible. Yet somehow
these children manage to differentiate look
from other verbs, such as touch and hold,
which also are used when a relevant object
is nearby but are interpreted as contact terms
rather than perception terms. The researchers
hypothesized that the syntactic distribution
of look compared to fouch and hold drives
this difference in interpretation. Look takes



different complements from touch or hold:
You can say look at that picture but not
*touch/hold at that picture, and look down
but not *fouch/hold down. Perhaps the blind
children in this study used the differences
in complements among these verbs to infer
that they have different types of meanings,
even though they heard them in the same
physical contexts.

Further evidence that children use verb
complements to draw inferences about verb
meanings comes from the acquisition of
attitude verbs, such as think, want, and hope.
Recall that these verbs are particularly hard
to learn because they name internal states of
speakers’ minds (Gleitman, 1990; Gleitman
et al., 2005). A large body of literature also
has argued that young children may have
difficulty acquiring attitude verbs because
they lack the mental state concepts that
these verbs label; in particular, children fail
in certain tasks to demonstrate the ability
to represent others’ beliefs (the so-called
developing theory of mind, e.g., Astington &
Gopnik, 1991; Flavell, Green, & Flavell,
1990; Gopnik & Wellman, 1994; Perner,
1991). However, more recent work finds
that children’s failure on these tests may be
due to experimental and pragmatic factors
rather than immature belief representa-
tions (e.g., Hansen, 2010; Z. He, Bolz, &
Baillargeon, 2012; Helming, Strickland, &
Jacob, 2014; Lewis, Hacquard, & Lidz,
2017; Onishi & Baillargeon, 2005; Rubio-
Fernandez & Geurts, 2013).

Yet even if children have the ability to
represent speakers’ mental states, learning
which verbs label these mental states is not
a trivial matter. These mental states do not
have obvious physical correlates, and it is
difficult to tell when mental states rather than
actions are under discussion: If a speaker
uses a new verb, how does a child know
whether the verb labels what someone is
feeling or what someone is doing? In the
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human simulation study by Gillette et al.
(1999), adults were particularly bad at identi-
fying attitude verbs from the visual contexts
in which they were uttered; sometimes they
could identify action verbs, such as hit, but
they almost never identified attitude verbs,
such as think. However, attitude verbs do
have a reliable syntactic signal: their ability
to take full clauses as complements. We can
say Jim thought that Gina liked him, but not
*Jim danced that Gina liked him. Therefore,
even though children may have difficulty
identifying attitude verbs from the situational
contexts in which they are used, children
might be able to identify them through their
syntactic distribution—specifically, by pay-
ing attention to which verbs take clausal
complements (Fisher, Gleitman, & Gleitman,
1991; Gleitman et al., 2005).

Furthermore, differences in the clausal
complements of attitude verbs might help
children tell certain attitude verbs apart from
each other. Attitude verbs fall into two major
classes: Verbs like think and know convey
meaning about speakers’ beliefs, whereas
verbs like want and demand convey meaning
about speakers’ desires. Cross-linguistically,
these two classes of attitude verbs also differ
in the properties of their clausal comple-
ments. In English, this difference is reflected
in the tense (finiteness) of the complement.
Desire verbs, such as want, tend to occur with
nonfinite complements: We can say I want
John to be at home but not *I want that John
is at home. By contrast, belief verbs, such as
think, tend to occur with finite complements:
We can say [ think that John is at home but
not *I think John to be at home. The spe-
cific syntactic property that differentiates
the complements of desire verbs from those
of belief verbs varies across languages but
seems to obey the following generalization:
The complements of belief verbs look like
declarative main clauses in each language,
and the complements of desire verbs do
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not (Hacquard, 2014; White, Hacquard, &
Lidz, 2017). If children are aware of this
generalization, they might be able to use it
to infer whether an attitude verb expresses a
desire or a belief meaning.

A study by Harrigan, Hacquard, and
Lidz (2016) found that 4-year-olds draw
different inferences about the meaning of an
attitude verb depending on whether they hear
it with a finite or a nonfinite complement.
The researchers tested the verb hope, which
is special in its ability to take both types
of complements: We can say [ hope to win
the prize or I hope that I will win the prize.
This verb is also relatively rare in speech
to children and is therefore less familiar
than other attitude verbs, such as think or
want. Without much prior verb knowledge
to rely on, these preschoolers treated hope
more like think when they heard it with a
finite complement, and they treated it more
like want when they heard it with a nonfinite
complement. It seems that preschoolers can
use the syntactic properties of an attitude
verb’s complement to infer whether the verb
has a belief or a desire meaning.

With both action verbs and attitude verbs,
children use their syntactic knowledge to
overcome the challenges of word-to-concept
mapping. Despite the difficulties of learning
verb meanings by observation, children are
able to identify aspects of their meanings by
observing the syntactic structures that verbs
occur in. Children use the arguments in a
sentence to infer what type of event is labeled
by a verb in that sentence, and they use more
specific properties of a verb’s complement
to infer whether and how that verb labels
hard-to-observe events, such as mental states.
By identifying a verb’s syntactic properties,
and knowing something about how those
syntactic properties map onto aspects of the
verb’s meaning, children can draw sophis-
ticated inferences about the types of events
that a verb can describe.

Summary

Children use a variety of tools to learn
the lexicon of their language: both the
grammatical categories of words and their
meanings. Statistical sensitivities—tracking
the distribution of words in the input and the
extralinguistic contexts in which these words
are used—can help learners group words into
grammatical categories. Sensitivity to the
contexts in which words are used can also
help learners identify what some of these
words refer to, at least for concrete nouns.
But prior linguistic knowledge also intersects
with statistical sensitivity to solve the miss-
ing pieces of the lexicon puzzle. Knowledge
of the properties of grammatical categories
helps children identify properties of a word’s
meaning that may not be identifiable just
from the word’s distribution in the input.
Furthermore, knowledge of the syntactic
structures in which a word can occur, and the
ways in which syntactic structure maps onto
meaning, helps children infer the range of
concepts a new word can label, even if those
concepts do not have observable physical
correlates. Knowledge about the syntax of the
child’s language therefore plays an important
role in word learning. Next we discuss how
this syntactic knowledge is acquired.

SYNTAX

The system of rules in your language that
allow you to combine words and mor-
phemes into larger hierarchical structures is
called syntax. Languages vary in some of
their syntactic properties, such as the order
of words and phrases. For example, children
need to learn whether their language puts
the subject before the verb and the object
after the verb like English does, or whether
the subject and object appear in a different
order. However, languages do not seem
to vary across other syntactic properties,



such as organizing phrases into hierarchical
structure. For example, in all languages,
the subject of the sentence is structurally
separate from the unit formed from the verb
and the object (Baker, 2001). Furthermore,
languages vary in which relations hold
between specific elements of a sentence, but
all languages encode these relations across
hierarchical structures rather than linear
strings of words (Chomsky, 1957, 1975).
Children need to determine how their lan-
guage behaves with respect to the syntactic
properties that vary cross-linguistically but
might take for granted the properties that do
not vary, such as hierarchical structure and
structure-dependent relations.

Clause Structure

Within a sentence, grammatical categories
combine in specific ways into phrases, and
these phrases combine into clauses with
larger hierarchical structure. The order in
which these units combine determines differ-
ent hierarchical arrangements, with different
meanings. For example, in English the noun
boy can combine with a determiner the to
form a noun phrase the boy. This noun phrase
can be the object of a verb like bite, to pro-
duce a verb phrase: bite [the boy]. This verb
phrase can combine with tense and agreement
morphology as well as a subject noun phrase,
such as the cat, to produce a full clause:
The cat [bites [the boy]]. If these units were
combined in a different order, we would get
a different meaning: The boy [bites [the cat]].

In English, subjects generally precede
verbs, which precede objects: English has
“SVO” order. Knowing this word order
allows you, as an adult speaker of English,
to infer the structure of a sentence. In many
sentences, if the cat comes before the verb
bite, you can infer that the cat is the subject,
whereas if the boy comes before bite, you
can infer that the boy is the subject. However,
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this word order can vary across languages.
Japanese tends to have SOV order, where
the equivalent to The cat bites the boy would
have an order like The cat the boy bites. Irish
has VSO order: The Irish equivalent to this
sentence would have an order like Bites the
cat the boy. In order to assign a syntactic
structure to sentences they hear, children
must learn the property of their language that
determines whether the subject and object
precedes or follows the verb.

Children appear sensitive to their lan-
guage’s word order from a young age.
As soon as children begin combining words,
their utterances display the correct order of
words in their language (L. Bloom, 1970;
Brown, 1973). But even before they begin
combining many words, children are able to
infer properties of sentence structure from the
order of words in a sentence. Hirsh-Pasek and
Golinkoff (1996) played English-speaking
17-month-olds sentences in the context of
two scenes: one showing Big Bird wash-
ing Cookie Monster and the other showing
Cookie Monster washing Big Bird. Children
who heard Big Bird is washing Cookie
Monster looked more at the scene where Big
Bird was doing the washing, and children
who heard Cookie Monster is washing Big
Bird looked more at the opposite scene.
It appears that these children could identify
the subject of the sentence based on its word
order and inferred that the character labeled
by the subject was the agent of the action.
Recall that slightly older children could use
this word order information to arrive at the
correct interpretation of a novel verb: After
hearing a sentence like The duck is gorp-
ing the bunny, they inferred that gorp must
label an event where the duck was the agent
rather than the bunny (Gertner et al., 2006).
These children could identify where subjects
and objects occur in sentences and use this
information to make inferences about the
sentence’s meaning.
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How do children develop this early under-
standing of word order? In the last section
we discussed a strategy called semantic boot-
strapping that could help children learn the
grammatical categories of some words based
on the types of meanings those words have.
It also has been proposed that another form of
semantic bootstrapping helps children infer
the syntactic structure of sentences from the
meanings of those sentences (Grimshaw,
1981; Pinker, 1984, 1989). Suppose a child
hears a sentence like The cat bites the boy in
the context of a scene where a cat bites a boy.
If that child represents the scene as a biting
event where the cat is the agent and the boy is
the patient, and knows that the phrase the cat
refers to the cat and the boy refers to the boy,
she might be able to identify which phrases
in the sentence are labeling the agent and
which phrases are labeling the patient. If she
furthermore knows that the agent of the event
corresponds to the subject of a sentence and
the patient corresponds to the object, she will
be able to identify that the cat is the subject
and the boy is the object. This information,
combined with the knowledge that bifes is a
verb, will tell her that subjects come before
verbs and objects come after verbs. She
might then expect future English sentences
to have SVO word order.

This semantic bootstrapping strategy
relies on children being able to perceive
scenes in the world under the right type
of conceptual structure to align with the
structure of sentences they are hearing.
Prelinguistic infants appear to perceive events
under conceptual structures that distinguish
participant roles like “agent” from other
participant roles like “patient.” Children as
young as 6 months represent agents as special
participants in events, with intentions and
goals (Csibra, Gergely, Bir6, Koos, & Brock-
bank, 1999; Leslie, 1995; Luo, Kaufman, &
Baillargeon, 2009; Woodward, 1998). This
agent role of an event therefore may be

perceptually available for children to map
onto a particular linguistic structure, such
as the subject of a sentence. But in order to
use this strategy, children do not just need to
represent scenes with conceptual structure
that can map onto sentence structure; they
also need to represent those scenes in the
same way as the speaker of the sentence
did. Because a lion running after a gazelle
could be described as either a “chasing” or a
“fleeing” event (Gleitman, 1990), a child who
hears The gazelle fled the lion to describe this
scene would need to represent the scene as a
fleeing event with the gazelle as the agent in
order to infer that the gazelle is the subject
of the sentence. If she instead represented the
scene as a chasing event with the lion as the
agent, she might mistakenly conclude that the
lion is the subject in this sentence. Therefore,
not all sentences will be equally informative
about word order under this strategy.

This strategy also assumes that the child
knows how agents and patients of events
are represented linguistically in different
structural positions in a clause: namely, that
agents normally are represented as subjects
and patients as objects. This pattern happens
to be a very robust one cross-linguistically
for active, transitive clauses (Baker, 1988;
Dowty, 1991; Fillmore, 1968; Jackendoff,
1972). It is this “agents-are-subjects” expec-
tation that allows our hypothetical learner
to infer that the cat is the subject of The cat
bites the boy, based on her knowledge that
the cat labels the agent of the event being
described. The 17-month-olds in Hirsh-Pasek
and Golinkoff’s (1996) study demonstrated
knowledge of this generalization: They knew
that when Cookie Monster appeared as the
subject of the transitive sentence, the Cookie
Monster character had to be the agent and
not the patient of the action.

Further work has shown that children have
such a strong expectation that the subject of a
sentence will name the agent of the event that



they have difficulty overriding this expecta-
tion in cases where the generalization does
not hold. For example, children sometimes
misinterpret passive sentences as active sen-
tences, responding to a sentence like The boy
was bitten by the cat by acting out or pointing
to a situation where the boy bit the cat rather
than a situation where the cat bit the boy
(Bever, 1970; Turner & Rommetveit, 1967).
It has been proposed that this behavior is
due to children’s strong expectation that the
subject of the sentence names the agent of an
event, along with difficulty detecting the cues
that signal passive sentences or difficulty
using those cues to revise initial interpreta-
tions (Bever, 1970; Huang, Zheng, Meng, &
Snedeker, 2013; Li, Bates, & MacWhinney,
1993; Maratsos & Abramovitch, 1975;
Stromswold, Eisenband, Norland, & Ratzan,
2002; Turner & Rommetveit, 1967); but
see alternative interpretations in Borer
and Wexler (1987, 1992), Brooks and
Tomasello (1999), Demuth (1989), Gordon
and Chafetz (1990), and F. N. Harris and
Flora (1982). Children’s expectation that
agents are subjects may be such a useful prin-
ciple in guiding the interpretation of basic
clauses in their language that it sometimes
leads them to make errors in interpreting
nonbasic clauses.

Children therefore might be able to use
principles like “agents-are-subjects” to iden-
tify the order of subjects and objects in their
language, aligning their structured perception
of events in the world with the structure of
sentences describing those events. As long as
children hear some clear cases where the sen-
tences they hear align with their perception
of the events being described, this semantic
bootstrapping strategy might enable them to
identify whether their language places the
subject or object before or after the verb.
But simply identifying that subjects, verbs,
and objects occur in a particular order does
not by itself tell the child that those units
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are arranged in a structural hierarchy—that
verbs and objects form a unit and that sub-
jects are structurally separate from that unit
(e.g. Baker, 2001). How do children learn
that sentences are built with this type of
structure, with units built from smaller units?
Because hierarchical structure is a feature
of all human language, it is possible that
children take this for granted: The language
learning mechanism is constrained such that
children acquiring any language will hypoth-
esize only hierarchically structured syntactic
representations (Chomsky, 1975).

Evidence for hierarchical structure in
phrase representations has come from exper-
imental work with children as young as
18 months old. Lidz, Waxman, and Freedman
(2003) investigated whether these infants rep-
resented a noun phrase, such as the yellow
bottle, as one big unit with no internal struc-
ture or whether yellow bottle forms a smaller
unit inside the phrase: the [yellow bottle].
Adults have this nested representation, which
is revealed in sentences like I'll give Sarah
this yellow bottle and I'll give you that one.
In this sentence, the word one does not
refer just to a bottle—it refers to another
yellow bottle. Because one can refer back
to the string of words yellow bottle, those
words must be a unit in the sentence. Lidz
et al. showed 18-month-olds a picture of
a yellow bottle and named it with a noun
phrase that contained an adjective: Look! A
yellow bottle. Then the infants saw a picture
of another yellow bottle and a blue bottle,
and heard either a sentence with the word
one (Do you see another one?) or without
(What do you see now?). Infants looked more
at the yellow bottle than at the blue bottle,
but only when they heard the word one.
That is, they interpreted one to refer not to
any bottle but specifically to another yellow
bottle: They represented yellow bottle as a
unit inside the phrase a yellow bottle. Even at
very early stages of syntactic development,
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children’s syntactic representations contain
hierarchical structure.

Children can identify where subjects and
objects occur in a sentence in their language
and represent sentences with hierarchical
structure even before they are producing
many full sentences of their own. However,
once children do begin producing sentences,
two characteristics of their speech have led
researchers to question the completeness of
their sentence representations. One of these
phenomena is the so-called root infinitive
stage of early child speech, in which young
children use the infinitive form of a verb
instead of the tensed form. Because there are
links between the morphological form of a
verb and its position in a clause, a sizable
literature has investigated whether children’s
root infinitive productions reflect immature
knowledge about where verbs and other
functional elements occur in the hierarchical
structure of a clause (Bar-Shalom & Snyder,
1997; Guasti, 2002; Guilfoyle & Noonan,
1988; Haegeman, 1995; T. Harris & Wexler,
1996; Legate & Yang, 2007; Phillips,
1995; Platzack, 1990; Poeppel & Wexler,
1993; Radford, 1990; Rizzi, 1993, 1994,
Schaeffer & Ben Shalom, 2004; Weverink,
1989; Wexler, 1994, 1998). The cause of this
phenomenon remains a puzzle, but children
generally pass through the root infinitive
stage before they are 3 years old.

A second phenomenon is young children’s
omission of overt subjects in languages that
require them, such as English. A large body
of literature has investigated whether these
early subject omissions reflect immature
knowledge about the property of English
main clauses that makes overt subjects
obligatory or whether they reflect the inter-
action of other cognitive and linguistic
factors, such as immature working mem-
ory, pragmatics, and prosody (Allen, 2000;
P. Bloom, 1990; Gerken, 1991, 1994,
Guasti, 2002; Hyams, 1986, 1992, 2011;

Hyams & Wexler, 1993; Kim, 2000; Rizzi,
1993, 1994; Serratrice, 2005; Valian, 1991;
Valian & Aubry, 2005; Valian & Eisenberg,
1996; Valian, Hoeffner, & Aubry, 1996;
Wang, Lillo-Martin, Best, & Levitt, 1992).
The source of children’s early subject omis-
sions is still under debate, but by the age of
3 children produce overt subjects consistently
in languages that require them.

To summarize our discussion so far, chil-
dren’s acquisition of the clause structure of
their language is informed by domain-specific
constraints on their linguistic representations,
interacting with properties of their percep-
tual system. Alignment between children’s
conceptual representations of events around
them and the structure of at least some
sentences that describe those events may
help children identify which phrases label
agents or patients. If children then expect
that agents are subjects of transitive clauses,
they can identify how their language orders
subjects and objects with respect to the verb
in a sentence. Although the completeness
of children’s early sentence representations
has been debated, the structural hierarchy of
subjects, verbs, and objects within a sentence,
as well as the structural hierarchy of words
within a single phrase of a sentence, may be
something children take for granted. Hierar-
chical structure is common to all the world’s
languages, and children at the earliest stages
of syntactic development appear to have hier-
archically structured phrase representations.
The requirement that linguistic expressions
contain hierarchical structure therefore may
be an innate constraint imposed by children’s
language learning mechanism.

Syntactic Dependencies

Syntactic dependencies are relations between
elements in a clause or across clauses, deter-
mined by the syntactic properties of those
elements and the structures they occur in.



Here we consider how children acquire
two types of dependencies. The first type
occurs in the sentence Jane is playing the
piano. In this sentence there is a dependency
between the auxiliary verb is and the -ing
form of the verb, which work together to
tell you that the sentence is in the present
progressive, so Jane’s playing is ongoing.
This type of relation can hold across inter-
vening material, as in the sentences Jane is
softly playing the piano and Jane is softly and
beautifully playing the piano. Because this
dependency holds between two morphemes
in a certain syntactic relation, it is a type of
morphosyntactic dependency. A second type
of dependency occurs in questions like Which
sonata is Jane playing tonight? Here there is a
dependency between the “wh-phrase” which
sonata and the verb playing: We understand
this question as asking about the missing
object of that verb. We also find this type of
relation in a relative clause like I love the
sonata that Jane is playing in the concert,
and this relation can hold across a lot of inter-
vening material: I love the sonata that Tony
thought the program said that Jane is playing
in the concert. Because the object of the verb
appears to have moved to a different position
in these sentences, these dependencies are
called movement dependencies. They also
frequently are called filler-gap dependencies
because the moved element is a filler that
becomes associated with a gap later on in
the sentence.

An important feature of these relations
is the fact that they are defined over the
hierarchical structure of elements in a sen-
tence (Chomsky, 1975). In other words, the
relations that elements of a sentence can
enter into depend on their structural positions
with respect to each other. For instance, the
dependency between is and -ing does not hold
between is and any sequence of sounds pro-
nounced “ing” that occurs after it: We do not
get this dependency in sentences like Jake is
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a singer or The probability is vanishingly
small. We get this dependency only between
is and an -ing morpheme that occurs on the
main verb in the sentence. This dependency
is defined over a particular structural relation
between is and -ing, not the linear order of
these two sounds. And it is not the case that
any string of words can enter into a move-
ment dependency in a wh-question or relative
clause; only strings that are units within the
hierarchical structure of the sentence can
move. In the sentence Jane is playing which
sonata in the concert?, the string of words
which sonata is a unit, so it can move to the
front of the sentence, creating a movement
dependency: Which sonata is Jane playing in
the concert? However, which sonata in is not
a unit, so those words cannot move together:
We cannot say *Which sonata in is Jane play-
ing the concert? Movement dependencies
are constrained by the hierarchical structure
of the sentence and can hold only between
structural units in the sentence.

Morphosyntactic Dependencies

Children’s statistical sensitivities and extralin-
guistic cognition interact to help them
identify morphosyntactic dependencies in
their language. Experimental work with very
young children has found that they can track
the statistical signature of dependencies like
the is-ing relation, but this ability is mediated
by their memory resources. Santelmann
and Jusczyk (1998) played 18-month-olds
sentences with the sequence is Verb-ing,
a real English dependency, as well as sen-
tences containing the sequence can Verb-ing,
which is not an English dependency. For
example, some children heard sentences
like Everybody is baking bread, and other
children heard sentences like *Everybody
can baking bread. FEighteen-month-olds
preferred to listen to sentences with the is
Verb-ing sequence over sentences with the
can Verb-ing sequence, indicating that they
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knew that is and -ing signal a real morphosyn-
tactic dependency in English. These children
also preferred sentences with is Verb-ing
when a 2-syllable adverb came between is
and the verb, but not when a longer adverb
intervened: They still were able to detect this
dependency in sentences like Everybody is
often baking bread but not in Everybody is
effectively baking bread. It appears that these
infants’ limited memory resources interfered
with their ability to detect the signal of
this morphosyntactic dependency. That is,
children needed to be able to hold enough
linguistic material in memory in order to
detect the co-occurrence of is with -ing, and
longer intervening adverbs taxed their limited
memory resources enough to prevent them
from detecting this dependency.

Santelmann and Jusczyk’s (1998) results
indicate that English-speaking children are
aware of the morphosyntactic dependency
between is and -ing by the age of 18 months,
although their memory resources are not
always sufficient to detect this dependency in
their input. What allows children to become
aware of this dependency? Results from
artificial language learning studies suggest
that children can track co-occurrence pat-
terns in their input to learn nonadjacent
dependencies, such as the one between is
and -ing in English (Gémez, 2002; Gémez &
Maye, 2005). Recall that in our discussion of
word segmentation, young children could use
statistics to track the probability that certain
nonsense syllables would occur next to each
other (e.g., Saffran et al., 1996). Now the
question is whether children can track the
probability that certain strings will occur
together across intervening material—for
example, that is will co-occur with -ing with
different verbs in between. Gémez and Maye
(2005) tested 15-month-olds’
detect these types of nonadjacent dependen-
cies in an artificial language. These children
heard like

abilities to

“sentences” pel-vamey-rud,

pel-wadim-rud, and pel-tapsu-rud, in which
a dependency between the nonwords pel and
rud obtained across a variety of intervening
nonwords. After training, these infants were
able to recognize this pel-X-rud dependency
in new “sentences” that contained it, as long
as their training contained enough variety
in the nonwords that came between pel and
rud. This finding suggests that children as
young as 15 months old are able to detect the
statistical signature of nonadjacent depen-
dencies, provided they hear enough variety
in the intervening material.

Because morphosyntactic dependencies
like the one between is and -ing in English
are defined over hierarchical structures in a
sentence rather than over the linear order of
words, these relations can hold across large
amounts of intervening material. Children’s
ability to detect the statistical signatures of
nonadjacent dependencies is therefore crucial
for learning these morphosyntactic depen-
dencies in their language. But these statistical
sensitivities interact with their extralinguistic
cognition: Children need sufficient memory
resources to recognize these dependencies
over longer distances and may be unable to
keep both parts of the dependency in memory
if the amount of linguistic material between
them grows too large. Children’s ability
to detect morphosyntactic dependencies in
their language develops as their memory
resources mature.

Movement Dependencies

Learning movement dependencies simi-
larly involves interaction among children’s
statistical sensitivities, extralinguistic cog-
nition, and domain-specific biases. We have
seen that movement dependencies can hold
only between structural units in a sen-
tence. Because this structure dependence
is a universal property of human language,
it is something that children might take for
granted: It might be an intrinsic constraint



imposed by their language learning mech-
anism (Chomsky, 1975). This constraint
would provide useful guidance for learning
movement dependencies in their language:
Once children can identify the hierarchical
structure of a sentence, they will know that
only units within that structure can move,
and therefore they will know which instances
of movement are possible and impossible.

Takahashi and Lidz (2008) and Takahashi
(2009) used an artificial language learning
paradigm to test children’s knowledge of
structure dependence. Following a method
developed by Thompson and Newport
(2007), they constructed artificial gram-
mars in which some sequences of nonsense
word categories could be optional, repeated,
or substituted by other categories, which
affected the probabilities of certain word
categories occurring after others. After being
trained on this artificial language, adults and
18-month-olds were tested on sentences that
contained movement. Adults accepted sen-
tences when one of the optional, repeated, or
substituted category sequences was moved:
They used the differences in transitional
probabilities to group these sequences
into units and recognized that those units
could move. Eighteen-month-olds likewise
accepted sentences with moved units and
showed surprise when they heard sentences
with moved sequences that were not units.
In other words, these infants knew that only
strings of words that form a unit within a
structural hierarchy could take part in move-
ment relations, even though they had never
heard movement before in this task. Once
they were able to identify the hierarchical
structure of these sentences, they were able
to identify possible and impossible instances
of movement in this artificial language. Their
knowledge of structure dependence allowed
these learners to draw conclusions about
syntactic relations beyond what they were
exposed to in their input.
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But knowing which elements of a sen-
tence can and cannot move is only one step
in learning movement dependencies. Chil-
dren also need to be able to identify when
this movement happens in sentences they
hear. When adults hear a filler (a moved
word) in a sentence, they quickly iden-
tify that the sentence contains a movement
dependency and predict gaps where that
filler could be interpreted (Crain & Fodor,
1985; Frazier & Clifton, 1989; Frazier &
d’Arcais, 1989). Children are able to parse
certain wh-questions in this predictive man-
ner by the age of 5. Omaki et al. (2014)
asked 5-year-olds questions like Where did
Lizzie tell someone that she was gonna
catch butterflies? and found that children
interpreted the wh-word where as describing
the location of the first verb that it could be
associated with. English-speaking children
interpreted this sentence as a question about
the location of telling, and Japanese-speaking
children interpreted the Japanese analog as
a question about the location of catching,
because the verb for “catch” comes before
the verb for “tell” in Japanese word order.
These children did not wait to hear the full
structure of the sentence before resolving
the movement dependency: They predicted
that the wh-word could be interpreted with
the first verb they encountered. In order to
do this, children needed to detect cues in the
sentence that told them a filler was present,
predict upcoming structure, and keep the
filler in memory while hearing the rest of
the sentence, so they could access it and
integrate it into their sentence representation
as soon as possible. Children’s developing
extralinguistic cognition, in addition to their
developing linguistic knowledge, might
mediate their ability both to detect cues to
movement dependencies and to resolve these
dependencies accurately.

Some studies have found suggestive evi-
dence that English-learning children develop
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the ability to detect movement dependencies
in English sentences between the ages of 15
and 20 months (Gagliardi, Mease, & Lidz,
2016; Seidl, Hollich, & Jusczyk, 2003).
Gagliardi et al. (2016) used a preferential
looking method to test comprehension of
wh-questions like Which dog did the cat
bump? and relative clauses like Find the
dog that/who the cat bumped. They found
an interesting U-shaped learning pattern.
Fifteen-month-olds appeared to arrive at
the correct interpretation for both types of
sentences: They looked more at a dog that
got bumped than at a dog that was the agent
of bumping. But 20-month-olds appeared
to comprehend only wh-questions and rel-
ative clauses with who, not relative clauses
with that. Twenty-month-olds’ surprising
failure with certain relative clauses might
demonstrate the development of syntactic
knowledge: They have learned to represent
the full movement dependencies in these
sentences but have difficulty detecting when
relative clauses with rhat contain these
dependencies. The word that is ambiguous
in English—it occurs in many contexts other
than in relative clauses—so words like who
or which are much clearer cues to movement
dependencies. Fifteen-month-olds, in con-
trast, might be arriving at the right answer
through a heuristic that does not require
them to parse the full movement depen-
dency, thereby avoiding these difficulties
with relative clauses.

Relative clauses therefore might pose
challenges to the parsing mechanisms of
early learners. However, children’s difficulty
in comprehending relative clauses through-
out development has led many researchers to
question whether children’s linguistic repre-
sentations of these dependencies are at fault.
Children produce relative clauses as young
as 2 years of age (Corréa, 1995; Guasti,

Dubugnon, Hasan-Shlonsky, & Schneitter,
1996; Labelle, 1990; McKee, McDaniel, &
Snedeker, 1998), but even through their
preschool years, children have difficulty com-
prehending some types of relative clauses
when asked to act them out or point to
a matching picture (de Villiers, Flusberg,
Hakuta, & Cohen, 1979; Goodluck &
Tavakolian, 1982; Hamburger & Crain,
1982; Sheldon, 1974; Tavakolian, 1981).
Preschoolers have particular difficulty with
relative clauses in which the filler is inter-
preted as the object rather than the subject
of the verb. This is the difference between
relative clauses like the dog that the cat
bumped and the dog that bumped the cat:
In the first, the dog is interpreted as the object
of bump, and in the second, it is interpreted as
the subject. Some researchers have attributed
children’s difficulty with object relative
clauses to immature representations of these
sentences (Labelle, 1990; Tavakolian, 1981),
inability to represent certain object rela-
tives that children have not frequently heard
before (Arnon, 2009; Brandt, Kidd, Lieven, &
Tomasello, 2009; Kidd & Bavin, 2002; Kidd,
Brandt, Lieven, & Tomasello, 2007), or
non-adult-like constraints on when this type
of movement dependency can occur (Adani,
Forgiarini, Guasti, & Van der Lely, 2014;
Adani, Van der Lely, Forgiarini, & Guasti,
2010; Belletti, Friedmann, Brunato, &
Rizzi, 2012; Friedmann, Belletti, & Rizzi,
2009). However, the sentence process-
ing literature has found that adults also
have difficulty with object relatives, reading
them more slowly than subject relatives,
which has been attributed to constraints
on how memory is accessed in resolving
these dependencies. (See Wagers & Phillips,
2014, for a review.) It therefore is possible
that preschoolers’ difficulties in interpret-
ing these sentences might stem from the



same type of memory constraints (e.g.,
Arosio, Yatsushiro, Forgiarini, & Guasti,
2012; Haendler, Kliegl, & Adani, 2015).

In summary, in order to learn syntactic
dependencies, children must both detect
these dependencies in their input and arrive
at a structural representation for them.
Children’s extralinguistic cognition inter-
acts with their domain-specific linguistic
biases during both of these steps. Statistical
sensitivities help children detect which mor-
phemes are involved in a morphosyntactic
dependency and which types of words signal
that a movement dependency is present.
Memory resources also contribute to this
process, because children must be able to
maintain and access linguistic information
in memory in order to recognize and resolve
dependencies that hold across intervening
material. But domain-specific biases also
play an important role. If children take for
granted that dependencies are defined over
hierarchical structure, it may make it easier
to learn them: Once children have identified
the structure of a clause, they will have infor-
mation about what types of dependencies can
hold between elements in that structure.

Summary

Children use their extralinguistic perceptual
and memory systems, statistical sensitivi-
ties, and domain-specific knowledge about
the nature of linguistic representations to
learn the syntax of their language. Children
might be able to infer which phrases of their
language are subjects and objects by observ-
ing whether those phrases label agents or
patients in their representations of events in
the world. Children’s statistical sensitivities
and memory resources help them detect
and resolve syntactic dependencies between
elements of a sentence. But children may
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not need to learn that elements in a sentence
are arranged in a structural hierarchy or that
syntactic dependencies operate over this
hierarchical structure: These are syntactic
properties common to all of the world’s
languages, so children might take them
for granted. The nature of the language
learning mechanism constrains children’s
early linguistic representations to be hierar-
chically structured and constrains children to
posit syntactic dependencies only between
units in this structure. Knowledge about the
syntactic properties of human language in
general therefore allows children to draw
inferences about the syntactic structure of
their own language.

SEMANTICS

Semantics is the study of how linguistic
expressions convey meaning. The meaning
of a sentence is more than just a sum of
the meanings of the words but depends on
sentence structure as well. We have seen
that sentences like The dog chased the cat
and The cat chased the dog convey different
meanings despite having all the same words.
These sentences have different meanings
because the role that each of the noun phrases
plays is different in each sentence.

Sentence structure contributes to many
aspects of sentence meaning, not just role
assignment. For example, the way that pro-
nouns are interpreted depends on their syn-
tactic context. Pronouns make a contribution
to sentence meaning that is underspecified.
Assigning an interpretation to the pronoun
(and hence to the sentence) depends on the
context of use. In the sentence Allison thinks
that she will get the job, the pronoun can be
interpreted as referring either to Allison or to
some other salient individual in the context.
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When a pronoun gets its interpreta-
tion based on the interpretation of some
other phrase, the relation between the two
expressions is subject to syntactic condi-
tions. For example, the pronouns she or her
may get their reference from (corefer with)
Belinda in sentences like When she was in
the interview, Belinda spilled some water and
Belinda said that my brother interviewed her.
But the pronouns all must refer to someone
other than Belinda in sentences like She
was in the interview when Belinda spilled
some water and Belinda interviewed her.
Thus, while we can characterize pronouns
as those expressions whose reference can be
determined by other parts of the sentence,
the conditions under which such referential
dependencies hold are constrained by syntax
in ways that we discuss in the following
section “Interpreting Pronouns.”

Other kinds of semantic relations between
words and phrases also are dependent on
properties of sentence structure. For example,
the sentence Every student didn’t complain
about his grades is ambiguous. This sentence
can express the idea that no students com-
plained. It also can express the weaker idea
that some students complained and others
did not. This ambiguity arises because of the
relative scope of negation and the universal
quantifier every. Scope is the domain in
which a quantifier or other operator can influ-
ence how other expressions are interpreted.
In this sentence, every can be interpreted
either outside or inside the scope of negation.
If the sentence means “every student is such
that he didn’t complain about his grades,”
we get the stronger reading, whereas if it
means “not every student complained about
his grades,” we get the weaker meaning.

In the remainder of this section, we
consider the acquisition of constraints on
pronoun interpretation and on quantifier
scope. These issues have been a focus of
research in language acquisition because

they reveal the highly abstract nature of
the rules governing the interpretation of
sentences and thus highlight the potential
disconnect between the nature of experience
and acquired grammatical knowledge.

Interpreting Pronouns

Pronouns can fix their reference through
some other noun phrase, but there are con-
straints on the kinds of sentences in which
this can happen. These constraints are based
on two factors: structural hierarchy and
structural locality.

The role of hierarchy can be seen in the
contrast between When she was in the inter-
view, Belinda spilled some water and She
was in the interview when Belinda spilled
some water. In each of these sentences,
the pronoun precedes Belinda in the linear
order of words, but in the second sentence,
the pronoun is ‘“higher” in the structural
hierarchy. The notion of height in linguistic
structures is expressed though a relation
called c-command (Reinhart, 1981). One
expression c-commands another if the small-
est unit containing the first also contains the
second. In the first sentence provided, the
pronoun does not c-command Belinda, but
in the second sentence, it does. In addition,
one expression binds a second expression
if it c-commands the second expression and
corefers with that expression (Chomsky,
1981). But we cannot interpret the second
sentence above with the pronoun coreferring
with Belinda: It has to refer to someone else.
In other words, the pronoun cannot bind
Belinda. The relevant constraint on pronoun
interpretation, known as Principle C, is thus
that a pronoun cannot bind its antecedent
(Lasnik, 1976); stated slightly differently, a
referring expression like Belinda cannot be
bound (Chomsky, 1981).

The structural notion of locality, when
combined with c-command, explains the
contrast between Belinda said that my brother



interviewed her and Belinda interviewed
her. In both sentences, Belinda c-commands
the pronoun, but only the first allows coref-
erence. This is because of the locality
condition, known as Principle B (Chomsky,
1981), requiring that a pronoun not be bound
in the smallest clause containing it. In the
first sentence, the pronoun and Belinda are
in different clauses, so Belinda can bind the
pronoun and the two expressions can corefer.
But in the second sentence, the two expres-
sions are in the same clause, so Belinda
cannot bind the pronoun: The coreferential
interpretation is ungrammatical. Instead, the
pronoun must refer to someone else.

Early work on the acquisition of Princi-
ple B found that children as old as 5 were
sensitive to c-command but not to locality
(Chien & Wexler, 1990), and hence allowed
coreference in sentences like Belinda inter-
viewed her. (See also Grodzinsky & Reinhart,
1993; Thornton & Wexler, 1999, among
others.) However, Conroy, Takahashi, Lidz,
and Phillips (2009) found that children do
respect the locality portion of Principle B,
and they argued that earlier results derived
from methodological artifacts and biases
coming from online sentence processing.

Principle C has played a very prominent
role in arguments concerning the origins of
grammatical knowledge. Because children
are exposed only to sentence-meaning pairs
that are grammatical, it is a puzzle how they
acquire constraints like Principle C, which
bar certain sentences from expressing other-
wise sensible interpretations. How can one
acquire rules about the interpretations that
sentences cannot have?

Crain and McKee (1985) examined
English-learning preschoolers’ knowledge of
Principle C, asking whether children know
that a pronoun can precede its antecedent
but cannot c-command it. The experimenters
used a truth-value judgment task, in which
participants observe a story acted out by the
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experimenter with toys and props. At the
end of the story, a puppet makes a statement
about the story. The participant’s task is
to tell the puppet whether he was right or
wrong. Crain and McKee presented children
with sentences like While he was dancing,
the Ninja Turtle ate pizza and He ate pizza
while the Ninja Turtle was dancing follow-
ing stories with two crucial features. First,
the Ninja Turtle ate pizza while dancing.
This makes the interpretation in which the
pronoun (he) and the referring expression
(the Ninja Turtle) are coreferential true.
Second, there was an additional salient char-
acter who did not eat pizza while the Ninja
Turtle danced. This aspect of the story makes
the interpretation in which the pronoun refers
to a character not named in the test sentence
false. Thus, if children allow coreference
in these sentences, they should accept them
as true, but if children disallow corefer-
ence, then they should reject them as false.
The reasoning behind this manipulation is
as follows. If children reject the coreference
interpretation, then they must search for
an antecedent for the pronoun outside of
the sentence. Doing so, however, makes the
sentence false.

Crain and McKee found that children as
young as 3 years old accepted sentences like
While he was dancing, the Ninja Turtle ate
pizza in contexts that made the coreferen-
tial interpretation true but overwhelmingly
rejected sentences like He ate pizza while
the Ninja Turtle was dancing in identical
contexts. The fact that they treated the two
sentence types differently, rejecting coref-
erence only in those sentences that violate
Principle C, indicates that by 3 years of age,
English-learning children respect Principle C.

The observation that Principle C con-
strains children’s interpretations raises the
question of the origin of this constraint.
The fact that children as young as 3 years of
age behave at adult-like levels in rejecting
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sentences that violate Principle C often is
taken as strong evidence for the role of
c-command in children’s representations and
hence for the role of hierarchical structure
in shaping children’s interpretations. (See
Kazanina & Phillips, 2001, for supporting
evidence from Russian.)

This view may be further bolstered by
work demonstrating that children as young
as 30 months display knowledge of Principle
C. Lukyanenko, Conroy, and Lidz (2014)
conducted a preferential looking experiment
in which infants saw two videos side by
side. In one video, a girl (Katie) was patting
herself on the head. In the other video, a
second girl patted Katie on the head. Infants
were then asked to find the image in which
“She is patting Katie” or the one in which
“She is patting herself.” Infants in the for-
mer condition looked more at the video in
which Katie was getting patted by someone
else, whereas those in the latter condition
looked more at the video in which Katie was
patting herself.

To determine whether children’s inter-
pretations were driven by Principle C,
as opposed to an alternative nonstructural
heuristic, Sutton, Fetters, and Lidz (2012) and
Sutton (2015) tested children in a preferential
looking task like Lukyanenko et al. (2014)
and also in a task measuring sensitivity to
hierarchical structure. Children saw three
objects: a big red train, a medium-size yellow
train, and a small yellow train. They then
were asked to find “the big yellow train.”
Correct interpretation requires restricting
the adjective big to apply to the phrase
yellow train. Sutton et al. measured the
speed with which the children looked to the
correct object and used that to predict the
speed with which they arrived at the correct
interpretation of the Principle C sentences.
They found that these structural process-
ing measures were significantly correlated,
although measures of lexical processing

speed and vocabulary size were not predic-
tive of Principle C performance. Together
these findings suggest that the computation of
hierarchical structure is a critical component
of children’s understanding of sentences,
which are subject to Principle C from the
earliest stages of syntactic development.

Quantification and Scope

Some sentences with quantifiers permit
readings that do not follow directly from
simple mapping of surface form to semantic
interpretation (Biiring, 1997; Horn, 1989;
Jackendoff, 1972, among others). Consider
the sentence Every horse didn’t jump over the
fence. This sentence is scopally ambiguous.
On the interpretation that “every horse is
such that it didn’t jump over the fence,”
the sentence means that none of the horses
jumped over the fence. Here every takes
scope over negation. We call this an isomor-
phic interpretation because the scope relation
between every and negation coincides with
their surface positions. Another possible
interpretation is that “not every horse jumped
over the fence,” which means that some
horses jumped and some did not. In this case,
negation takes scope over every. We call this
a nonisomorphic interpretation because here
negation takes scope over the whole sentence
(i.e., in a position different from the one it
occupies in surface syntax).

Musolino, Crain, and Thornton (2000)
tested children’s comprehension of quantifi-
cationally ambiguous sentences. They found
that while adults can easily access the
nonisomorphic interpretations of such sen-
tences, 4-year-olds systematically assign
such sentences an isomorphic interpreta-
tion only. This was true also for sentences
like The Smurf didn’t buy every orange, in
which the isomorphic reading is the opposite
from that of Every horse didn’t jump over
the fence. In the first sentence, 4-year-olds



interpret negation as scoping over every,
taking the sentence to mean “it is not the
case that the Smurf bought every orange.”
In the second sentence, they interpret every
as scoping over negation, taking the sentence
to mean “every horse is such that it didn’t
jump over the fence.” The authors take the
finding that children systematically assign
these sentences isomorphic interpretations
to conclude that young children, unlike
adults, systematically interpret negation and
quantifiers on the basis of their position in
overt syntax.

Musolino et al.’s (2000) findings, however,
do not tell us the nature of the representations
underlying children’s resistance to noniso-
morphic interpretations. One possibility is
that children’s overly isomorphic interpreta-
tions reflect the linear arrangement between
quantifiers and negation. Alternatively, chil-
dren’s interpretations may be constrained
by the surface c-command relations holding
between these elements. These alternatives
arise because c-command and linear order are
systematically confounded in the materials
used by Musolino et al.

In order to tease these possibilities
apart, Lidz and Musolino (2002) compared
English-speaking children’s scope inter-
pretations with those of Kannada-speaking
children. The canonical word order in
Kannada is subject-object-verb (SOV), and
Kannada displays the same kind of scope
ambiguities as English with respect to nega-
tion and quantifiers (Lidz, 2006). These
properties are illustrated in sentences like
Naanu eraDu pustaka ood-al-illa (“I didn’t
read two books™), which has the word order
“I two books read not.” This can mean “it is
not the case that I read two books,
negation takes scope over the numeral, or
“there are two books that I did not read,”
where the numeral takes scope over negation.

The crucial difference between Kannada
and English is that in Kannada, linear order
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and c-command are not confounded. In both
languages, negation c-commands the direct
object in the structure of the sentence.
However, the linear order of the words is
different in the two languages: Negation
precedes the object in English but follows
the object in Kannada. Lidz and Musolino
(2002) found that children interpret sentences
like The Smurf didn’t catch two guys with
negation taking scope over the numeral,
independent of the language being acquired.
This finding illustrates that children’s scope
assignment preferences reflect the hierarchi-
cal relation of c-command and not merely
the linear order of words.

Subsequent work on children’s scope
assignment reveals that their limitations
likely derive from the pressures of online
sentence understanding. First, Musolino
and Lidz (2006) showed that children can
access nonisomorphic interpretations when
they are heavily supported by the discourse.
These authors found a significant increase in
nonisomorphic interpretations in contrastive
contexts like Every horse jumped over the
log but every horse didn’t jump over the

fence. Viau, Lidz, and Musolino (2010) went

on to show that experience with contrastive
contexts make children more readily accept
nonisomorphic interpretations even in non-
contrastive contexts. These results suggest
that children’s difficulties have more to do
with deploying their knowledge in real time
than with acquiring that knowledge in the
first place.

Origins of Quantifier Meanings

By the age of 4, children have acquired the
complex mapping between syntactic hierar-
chy and semantic interpretation in language.
But how are quantificational terms acquired
to begin with? Here we consider the cogni-
tive and linguistic resources that contribute to
quantifier acquisition.
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Humans have multiple ways of rep-
resenting information that is relevant for
quantification. First, we have an ability to
approximate the number of items in a
scene through the approximate number sys-
tem (ANS; Dehaene, 2009; Feigenson,
Dehaene, & Spelke, 2004; Whalen, Gallistel,
& Gelman, 1999). The ANS is a system
that provides nonexact representations of
cardinality, is present in infancy (Izard,
Sann, Spelke, & Streri, 2009; Xu & Spelke,
2000), and increases in acuity throughout
development (Halberda & Feigenson, 2008;
Halberda, Ly, Wilmer, Naiman, & Germine,
2012). Between the ages of 3 and 4, children
also acquire a system of precise cardinal-
ity, whereby they can represent the number
of items in a scene exactly and refer to
that quantity with number words (Carey,
2009; Gelman & Gallistel, 1978; Wynn,
1992). Finally, infants also can represent
sets (Feigenson & Carey, 2003) and can
keep track of multiple sets, allowing them
to increase the number of individuals they
can track in memory (Feigenson & Halberda,
2004, 2008).

Halberda, Taing, and Lidz (2008) asked
whether children required knowledge of
precise number in order to acquire the mean-
ing of most, whose meaning depends on
numerosity. They found that acquisition of
precise number concepts is not a prerequisite
for acquiring most. Many children acquire
most prior to learning precise cardinality.
Odic, Halberda, Pietroski, and Lidz (n.d.)
went on to show that many children who
have just acquired precise cardinality con-
cepts and who have just counted the items
in an array nonetheless will use the ANS to
answer questions like Are most of the animals
giraffes or lizards? This finding suggests that
early acquisition of most is grounded in the
ANS as a way of measuring cardinality.
Odic et al. (2013) extended these results to
more, showing that children acquire more at

around 3.5 years, prior to many children’s
acquisition of precise cardinality.

Properties of children’s cognitive systems
for representing number therefore affect their
early interpretations of quantifiers. But their
linguistic knowledge may help them identify
which words are quantifiers and therefore
should receive a quantity-based meaning.
Recall that the 4-year-olds in Wellwood
et al. (2016) assigned a novel word like
gleebest a quantity-based interpretation when
it occurred in the syntactic position of a deter-
miner or quantifier (e.g., gleebest of the cows)
but assigned it a quality-based interpretation
when it occurred in the syntactic position of
an adjective (the gleebest cows). Children
therefore can use their knowledge of the
distribution of quantificational elements to
infer that words that distribute like quantifiers
must express quantificational meanings.

Preschoolers also appear to be sensitive
to a subtler property of quantifier meanings
that holds true cross-linguistically. Think
about the sentence Every girl is on the beach.
In order to assess whether this sentence is
true, all you have to do is consider the set of
girls in the discourse and see whether they are
all on the beach. You do not have to consider
boys or anything else in the discourse that is
not a girl. This is due to a property of every
called conservativity, and it is a property
shared by all quantifiers in human language
(Barwise & Cooper, 1981; Higginbotham &
May, 1981; Keenan & Stavi, 1986).

Hunter and Lidz (2013) investigated 4-
and 5-year-olds’ knowledge of conservativ-
ity by seeing whether children could learn
a novel quantifier that did not have this
property. Children were trained to select
cards that corresponded to the meaning of
a novel quantifier (gleeb). In one case, the
intended meaning of gleeb was “not all”:
Children were shown that Gleeb girls are
on the beach only matched cards where not
all girls were on the beach. In this case,



gleeb is conservative because only the girls
need to be considered in order to verify the
sentence. In the other case, gleeb meant the
mirror image of “not all”: Gleeb girls are on
the beach only matched cards where not all
people on the beach were girls. This version
of gleeb is not conservative because all of
the beach-goers, not just the girls, need to be
considered in order to verify the sentence.
After training, children showed evidence of
learning the conservative gleeb but failed to
learn the nonconservative gleeb. This finding
suggests that preschoolers know that words
presented in quantifier contexts must have
conservative meanings as a consequence of
being quantifiers.

Thus, children’s acquisition of quantifier
meanings is influenced by both linguistic
and extralinguistic factors. Properties of
children’s developing cognitive systems for
representing number affect how they interpret
words whose meaning depends on numeros-
ity, but prior linguistic experience with the
distribution of quantifiers helps children infer
which words have number-based meanings to
begin with. Further domain-specific linguis-
tic constraints restrict the types of meanings
for quantifiers that children will consider.

Summary

When we examine children’s acquisition of
the constraints on sentence interpretation, we
see strikingly specific and early knowledge
of the ways sentence structures can map
to possible sentence meanings. The inter-
pretations that children assign to pronouns,
and the interpretations that children avoid,
reveal their knowledge of the cross-linguistic
constraints on when pronouns can corefer
with other noun phrases in certain structural
configurations. Children’s interpretations of
quantifiers reflect sensitivity to the structural
positions of quantifiers within a sentence
as well as the possible quantifier meanings
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that human languages allow. This linguistic
knowledge interacts with children’s extralin-
guistic cognitive systems, which influence
their ability to process complex sentence
structures online and represent the number
concepts that quantifiers express. But because
children’s early knowledge of the interpre-
tations that pronouns and quantifiers cannot
have cross-linguistically would be extremely
difficult to acquire by observing the inter-
pretations that are possible in their language,
this knowledge likely stems from constraints
inherent to their linguistic system. Children’s
early semantic knowledge is therefore par-
ticularly revealing about the rich structure
of the mechanism that guides their language
learning process.

CONCLUSION

Within the first 6 years of their lives, children
develop the ability to speak with and under-
stand those in their community by acquiring
a shared cognitive system—the grammar of
their language—that links speech sounds
with meanings. Just as our visual faculty is
exposed to light and interprets that signal
to infer the structure of the object that the
light is reflecting off of, our language faculty,
when exposed to speech sounds, interprets
those signals to infer the structure and mean-
ing of the sentence underlying those sounds.
In order to acquire the ability to map sounds
to meanings, the language faculty must do
this kind of inference at two levels. It must
infer both the structures of the sentences
produced by speakers and the grammars of
the speakers that produce those sentences.
Through our discussion, we have seen that
the cognitive structure underlying sentences
(i.e., the grammar of the language) is highly
complex. Our grammatical system includes
knowledge of the sounds our language
makes use of and the rules governing their
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distributions, the meanings of words and
how they can be combined into sentences,
the hierarchical structures of those sentences
and dependencies that can hold between
elements of that structure, and the ways those
structural arrangements give rise to specific
sentence interpretations. The architecture of
the human language faculty further constrains
which rules, structures, and interpretations
are possible in any human language. Because
children share this cognitive architecture with
the rest of the human species, their language
faculty is similarly constrained in the types
of grammars it can infer. Thus, children’s
language learning process is shaped not only
by their experience with the speech of their
community members but by the structure
of the language learning mechanism that
interprets that experience.

In some ways, our discussion of language
acquisition has been idealized: The language
learning process can differ for children who
are not monolingual, hearing, or typically
developing. But these differences are often
variations on the same theme. Bilingual
children acquire the phonology, lexicon,
syntax, and semantics of each language they
are exposed to, although they do so with
greater ease and proficiency if they hear
both languages consistently from an early
age. (See Hoff et al., 2012; J. S. Johnson &
Newport, 1989; Oyama, 1978; Pearson,
Fernandez, & Oller, 1993, among others.)
Deaf children exposed to signed languages
from an early age acquire a full grammatical
system with all of the same components as a
spoken language, but one that pairs meaning
with visual instead of auditory signals (e.g.,
Stokoe, 1960). However, in some severe
cases, the language learning process can be
disrupted by factors intrinsic or extrinsic to
the language learner. Cognitive or devel-
opmental disabilities can affect children’s
ability to produce language or process the
language they hear, resulting in expressive

or receptive language disorders that may
persist past childhood (Aram, Ekelman, &
Nation, 1984; Bishop, 1997; Clahsen, 1991,
Paul, 2007). Children who are deprived of
linguistic input until late in development may
display grammatical deficiencies into adult-
hood (Curtiss, 1976; Mayberry & Eichen,
1991; Newport, 1990; Senghas & Coppola,
2001). This finding suggests that the early
childhood years are a sensitive period for the
development of grammar.

Studying the development of language
reveals the complex interaction between
children’s experience and the tools they bring
to this challenging task. Only human chil-
dren develop language, because only human
children are equipped with the cognitive
capacities to do so: the capacity to represent
complex concepts and understand what other
humans mean, to detect patterns in the audi-
tory or visual signals used to convey those
meanings, and to interpret those patterns in
just the right way to infer the same complex
cognitive system as the other language users
in their community. They are able to succeed
in this task because they are not so different
from us. Like other members of the human
species, children are equipped with a cog-
nitive faculty specialized for language that
guides their process of inferring just the right
grammar from their experience. Language
acquisition provides us with a window into
the rich structure of this human language
faculty and how it develops in interaction
with its environment and the rest of human
cognition.
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CHAPTER 4

Development of Episodic Memory: Processes

and Implications

CHRISTINE COUGHLIN, SARAH LECKEY, AND SIMONA GHETTI

One of my favorite memories is when my
best friend and I had hiked to the very
top of a mountain in Colorado and we
sat there marveling at the beauty of it
all. She told me to look around and then
close my eyes to take a mental picture.
I did. I remember being so in tune to
myself and the world around me for one
of the first times in my young life. I was
19. I'll never forget this memory with my

lovely friend.
—Internet source sharing a favorite
memory

Episodic memory is the ability to remem-
ber specific moments in time in rich
contextual detail. The quote at the begin-
ning of this chapter from an anonymous
internet user illustrates the universality of
this human experience: Episodic memory
involves a mental picture of the event that
includes contextual details, such as what the
individual was seeing, feeling, and thinking
as the event unfolded (Tulving, 1984, 2005).
For this reason, it is sometimes referred to as
mental time travel, allowing us to travel back
in time to mentally relive something that
has already happened to us (Suddendorf &
Corballis, 2007).

The ability to remember past experiences
in detail serves several important func-
tions. For example, research has shown that

episodic memory contributes to learning,
benefiting reading comprehension (Miran-
dola, Del Prete, Ghetti, & Cornoldi, 2011),
novel inference making (Zeithamova,
Schlichting, & Preston, 2012), and the acqui-
sition of semantic knowledge (Gardiner,

Brandt, Baddeley, Vargha-Khadem, &
Mishkin, 2008; Martins, Guillery-Girard,
Jambaqué, Dulac, & Eustache, 2006).

Episodic memory also contributes to auto-
biographical memory and the formation
of self-concepts (Nelson & Fivush, 2004).
These contributions may extend to the
“future self”’: There is evidence that we rely
on content from episodic memories when
constructing possible personal future events
(Schacter, Addis, & Buckner, 2007). Thus,
episodic memory potentially allows individ-
uals to learn from their past and prepare for
their future.

Given the important role of episodic mem-
ory in our daily lives, and considering how
much time the average human spends remi-
niscing, it is not surprising that a large body
of research has been dedicated to elucidating
the cognitive and neural processes supporting
the development of this ability. In this chapter,
we provide an overview of this research, sum-
marizing what is known about the develop-
ment of this critical ability from infancy to
adolescence.
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ROLE OF BINDING AND CONTROL
PROCESSES

Episodic memory is a rich construct that
emerges from the contribution of a number of
processes. Despite differences among models
of episodic memory (Nadel & Moscovitch,
1997; Shing, Werkle-Bergner, Li, & Linden-
berger, 2008; Squire, 1992; Tulving, 1985),
there is some convergence on the fact that
at least two classes of processes contribute
to adult performance (Koriat & Goldsmith,
1996; Ranganath, 2010) and development
(Ghetti & Bunge, 2012), namely binding and
control processes. Binding processes (also
referred to as associative processes) inte-
grate the discrete features of an event (e.g.,
spatial and temporal information, sensory
input, cognitions, and emotions) to create a
“bound” mental representation of the event;
these processes are thought to be critically
supported by the hippocampus (HPC) and
surrounding medial temporal cortices (e.g.,
Eichenbaum, Yonelinas, & Ranganath, 2007,
Konkel & Cohen, 2009; Wixted & Squire,
2011). Control processes may promote
binding processes by allocating attention
and cognitive resources to the encoding of
events (Ghetti Lyons & DeMaster, 2012).
Or they may act on the bound representation
of an event during retrieval via monitoring
assessments of accuracy (e.g., How clear is
this memory? How confident am I that it
is accurate?) or effort (e.g., How difficult was
it to retrieve it?). Metacognitive acts change
remembering from being a reflexive act,
to being an intentional, goal-directed, and
reflective activity (Moscovitch, 1992). These
processes are thought to be largely supported
by cortical mechanisms in the prefrontal and
parietal lobes (Ranganath, 2010).

Traditionally, developmental
ments in episodic memory during young
childhood were attributed to improvements
in binding processes supported by maturation

improve-

of the HPC, whereas later improvements
were attributed to control processes sup-
ported largely by the prefrontal cortex (PFC)
(e.g., Shing et al., 2008). This view, based
on indirect evidence, makes intuitive sense.
Research examining memory strategies and
metacognition consistently showed diffi-
culties in early childhood and protracted
improvement into late childhood (Ghetti,
Castelli, & Lyons, 2010; Roebers, 2002;
Schneider & Lockl, 2002), implying that
early memory functioning likely does not
benefit from these processes to a great extent.
In contrast, evidence from nonhuman animals
indicated maturation of the HPC at times cor-
responding to infancy or early childhood
(e.g., Seress & Ribak, 1995), suggesting that
improvements in binding processes primar-
ily contribute to the emergence and early
development of memory.

However, research over the past decade
has challenged this view. This research
has begun to show evidence of continued
development of binding processes
beyond early childhood and into adolescence
(DeMaster & Ghetti, 2013; Ghetti et al.
2010; Sastre, Wendelken, Lee, Bunge, &
Ghetti, 2016; Schlichting, Guarino, Schapiro,
Turk-Browne, & Preston, 2016), as well
as evidence of control processes in early
childhood (Ghetti, Hembacher, & Coughlin,
2013). Together, this research suggests that
episodic memory development likely results
from an interaction and refinement of both
binding and control processes from infancy,
across childhood, and into adolescence.
Thus, in the following sections, we consider
both types of processes while providing of an
overview of episodic memory development
during these periods. We note that although
episodic memory is supported by numerous
cortical regions and subcortical structures
(Cabeza & St. Jacques, 2007; Hassabis,
Kumaran, & Maguire, 2007; Rugg, Otten, &
Henson, 2002; Wixted & Squire, 2011),

well



our discussion of neural underpinnings
focuses on the HPC and PFC given that
these areas have received the most attention
in developmental cognitive neuroscience
approaches to episodic memory.

DEVELOPMENT OF EPISODIC
MEMORY

Infancy

Infants demonstrate memory capabilities
from a very young age (e.g., for their mother’s
face, voice, and breast milk; Bushnell, Sai, &
Mullin, 1989; DeCasper & Fifer, 1980;
MacFarlane, 1975). The scientific demon-
stration of these skills has relied on a number
of experimental paradigms assessing mem-
ory independent of receptive or expressive
language ability, either of which is typically
relied on in tasks with verbal participants.
In these paradigms, infants are exposed to a
to-be-remembered stimulus and then, follow-
ing a delay, are placed in situations in which
they can behave in a manner that indicates
memory of the stimulus. Behavior indicative
of memory retention might include a visual
preference (visual paired comparison tasks;
Fantz, 1958), performing previously rein-
forced actions at an increased rate (conjugate
reinforcement; Rovee-Collier & Gekoski,
1979), or imitating an action series that
had been previously demonstrated (deferred
imitation; see Hayne, 2007, for a review).

Binding Processes

Although there is some disagreement on the
extent to which experimental paradigms used
in infancy can assess declarative forms of
memory requiring conscious thought (e.g.,
Bauer, Deboer, & Lukowski, 2007; Rovee-
Collier, 1997; Schacter & Moscovitch, 1984),
itis generally agreed that research using these
paradigms has provided important insight

Development of Episodic Memory 135

into the early development of the capacity to
form memory representations that combine
elements of unique experiences. From this
perspective, irrespective of how memory is
expressed (ranging from intentional actions
that could be available, to introspection, to
automatic actions without awareness), this
research can illuminate early binding capaci-
ties. For example, Richmond and colleagues
(Richmond & Nelson, 2009; Richmond &
Power, 2014) provided evidence of early
binding processes across two studies using
a visual paired comparison task. In these
studies, 6-, 9-, and 12-month-olds were
familiarized with face-scene pairs and then
later shown each scene overlaid with three
familiar faces (one of which was originally
paired with the scene). Results showed that
6- and 9-month-olds (but not 12-month-olds)
preferentially looked toward the face that
was originally paired with the scene, sug-
gesting that even 6-month-olds can encode
and retrieve item-item associations in some
circumstances, and that some reorganization
of memory representations may occur toward
the end of the first year of life. Experiments
utilizing deferred imitation paradigms also
suggest that rudimentary binding processes,
demonstrated by retention of object-action
relations or retention of the temporal order
of the actions, may be in place fairly early
on. For example, after being shown tar-
get actions on specific objects (six times
each), both 6- and 9-month-olds success-
fully reproduced the target actions on the
specific objects after a 24-hour delay (Barr,
Dowden, & Hayne, 1996). Other work has
highlighted developmental improvements
across infancy. In a study with 13-, 16-, and
20-month-olds, Bauer and Leventon (2013)
found that 16- and 20-month-olds could
demonstrate an action sequence that had
been demonstrated only once after a 1-month
delay, but that 13-month-olds required multi-
ple original exposures to do so. And, 16- and
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20-month-olds both required multiple origi-
nal exposures to demonstrate retrieval after
a 3-month delay, whereas 13-month-olds
could not do so regardless of the number of
original exposures. Interestingly, when sub-
samples of 13-, 16-, and 20-month-old infants
matched for their immediate imitation scores
(taken as evidence of comparable encoding
ability) were tested after a several-month
delay, younger infants demonstrated greater
forgetting (Bauer, 2005). This latter find-
ing aligns with other work suggesting that
post-encoding consolidation processes may
contribute to age differences in memory
retention in infancy (Bauer & Larkina, 2014;
Pathman & Bauer, 2013).

Overall, these varying effects of expo-
sure and delay on performance indicate that
developmental changes in encoding, storage,
and retrieval occur across the first 2 years
of life. Indeed, despite evidence of striking
memory skills in even young infants, some
of the most important signatures of binding
capacity are not reliably demonstrated until
the end of infancy—namely, the demonstra-
tion of memory for associations between
items and their location in space when no
cues are present (Newcombe, Balcomb,
Ferrara, Hansen, & Koski, 2014), as well
as the temporal order of actions that do not
have enabling or known relations (Bauer,
Hertsgaard, Dropik, & Daly, 1998).

Altogether, these and other behavioral
findings (for reviews, see Bauer, San Souci, &
Pathman, 2010; Hayne, 2007; Mullally &
Maguire, 2014; Richmond & Nelson, 2007)
suggest that improvements in binding pro-
cesses contribute to the development of
episodic memory across the first 2 years of
life. This notion aligns with what is known
about early maturational change in the HPC,
the neural structure that supports binding pro-
cesses (Konkel & Cohen, 2009). Although
substantial structural changes occur pre-
natally (Seress, Abrahém, Torn6czky, &

Kosztolanyi, 2001), hippocampal volume
nearly doubles during the first year of life
and continues to increase rapidly during the
second year as well (Gilmore et al., 2012).
Histological studies suggest that these volu-
metric changes are especially apparent in the
dentate gyrus and Cornu Ammonis subfield 3
(CA3; Insausti et al., 2010; Lavenex & Banta
Lavenex, 2013; Seress et al., 2001), hip-
pocampal subfields that may be particularly
important for developmental improvements
in the encoding and retrieval of complex asso-
ciations. (See Lee, Johnson, & Ghetti, 2017,
for a review.) Interestingly, one consequence
of this rapid hippocampal development may
be infantile amnesia (i.e., adults’ and older
children’s inability to remember events that
happened to them early in life; Bauer 2007;
Howe & Courage, 1993; Peterson, 2002;
Rubin, 2000). Indeed, Josselyn and Frank-
land (2012) have suggested that hippocampal
neurogenesis during this period may replace
existing synaptic connections and thus inter-
fere with the long-term memory storage of
early life events. Based on this proposal,
although hippocampal neurogenesis confers
new abilities to encode and retain complex
event information for newly encountered
events, it may also contribute to memory
loss for events that preceded the neuroge-
nesis. Although compelling evidence of a
relation between neurogenesis and memory
loss has been reported with rodent models
(Akers et al., 2014), evidence from humans is
currently lacking. The use of neuroimaging
techniques with increasingly younger pop-
ulations may enable researchers to connect
volumetric and functional changes in the
HPC with memory retention and loss during
infancy and early childhood.

Control Processes

Thus far our discussion of the building
blocks of episodic memory during infancy
has focused on binding processes without



any mention of control processes. Assessing
the presence or absence of control processes
in infants presents significant difficulties.
This is because the overt behaviors used to
assess infant memory do not provide insight
into infants’ cognitions about their memory
state (e.g., whether an infant is aware of
task difficulty or confident in the retrieved
memory). Despite this limitation, nascent
work suggests that precursors to memory
control processes may emerge during the
first 2 years of life. For example, Goupil,
Romand-Monnier, and Kouider (2016) have
shown that 20-month-olds selectively seek
help when faced with difficult memory
decisions in order to improve their perfor-
mance. Although this study cannot rule out
the possibility that infants’ bids for help,
signaled by turning their heads toward their
parents, reflect a learned association between
undesirable outcomes (e.g., goal thwarting as
in failure to find an object) and their parents’
intervention, it is possible that infants may
possess a rudimentary capacity to monitor
memory-based difficulties and act strategi-
cally to overcome such difficulties. Indeed,
this is consistent with early work showing that
infants of similar age look more frequently
toward a location where an object is hidden if
they are told that they are later responsible for
retrieving it compared to if they are told that
someone else is responsible for retrieving it,
or if the object is in plain view, suggesting
the presence of precursors of rehearsal-like
strategies (DeLoache, Cassidy, & Brown,
1985). These early behaviors may be limited
in scope, but they might lay the foundation
for later development. Other work has shown
that executive control relates positively to
15- and 20-month-olds’ performance on a
sequence imitation task with built-in inter-
ference (Wiebe, Lukowski, & Bauer, 2010),
and that infants use communicative gestures
to facilitate their learning (Begus, Gliga, &
Southgate, 2014). These data converge on

Development of Episodic Memory 137

the idea that self-regulation, an important
component of control processes, might tan-
gibly influence even infants’ memory-related
behavior. These findings also align with
work showing that the PFC is functionally
involved in numerous cognitions during
infancy (Grossmann, 2013), and that cortical
change in this region occurs during infancy
(Li et al., 2014).

Overall, the literature on infant devel-
opment has produced a wealth of evidence
on the early capacity to bind information
in representations that capture unique com-
binations of event-space-time information,
which is necessary for episodic memory.
In addition, the literature begins to provide
some insight on the early development of
processes that might guide the encoding and
retrieval of detailed memories in infancy.

Early Childhood

The rapid development of episodic memory
during infancy is followed by continued
developmental change during early child-
hood. Most children now possess sufficient
language skills (Owens, 1984) to allow
experimenters to assess their memory states
verbally, in addition to using paradigms in
which memory is reflected in behaviors. Stud-
ies using these methods have led researchers
to attribute continued developmental changes
to improvements in both binding and control
processes.

Binding Processes

Improvements in binding processes during
early childhood are evident from children’s
increasing ability to report contextual infor-
mation about particular events, such as
where the event occurred (item-space asso-
ciation), when the event occurred (item-
time association), and with what other
events it co-occurred (item-item association)
(Lee, Wendelken, Bunge, & Ghetti, 2016).
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Sluzenski and colleagues (Sluzenski, New-
combe, & Kovacs, 2006) have demonstrated
gradual developmental change in 4- to
6-year-olds’ ability to remember these
associations. In their study, children were
shown sets of pictures that included a picture
of an animal, a picture of a background,
and a picture of the animal superimposed
onto the background. During a subsequent
retrieval phase, memory for the individual
animals, individual backgrounds, and ani-
mal/background combinations was tested.
Results indicated significant age-related
improvements in memory for the ani-
mal/background combinations, the condition
that placed highest demands on binding
processes, but not memory for the individual
animals or backgrounds. Work by Lloyd,
Doydum, and Newcombe (2009) suggested
that these improvements may be particularly
due to improvements in children’s ability to
retrieve bound associations. In their study,
4- and 6-year-olds were tested on their abil-
ity to remember objects, backgrounds, and
object/background associations during either
an immediate working memory test or a
delayed memory test. Age-related improve-
ments in the object/background condition
were observed during the delayed memory
test but not during the working memory
test, pointing toward retrieval-related deficits
for younger children. Other work by Bauer
and colleagues (Bauer, Doydum, Pathman,
Larkina, Giiler, & Burch, 2012) lent further
support for the development of binding pro-
cesses during this period. In a study with 4-,
6-, and 8-year-olds, they observed age-related
improvement in memory for specific labo-
ratory events, but even greater improvement
in memory for events in conjunction with
their unique locations (i.e., memory of the
item-space association).

Neuroimaging work adds a layer of
complexity to these described behavioral
findings. Given that the HPC supports

binding processes, one might predict an
increase in overall hippocampal volume
during this period. Results from several
studies suggest that this may not be the case.
Although Uematsu et al. (2012) documented
increases in overall hippocampal volume
from infancy into childhood, Lee et al.
(2015) found no increases between the ages
of 2 and 4 years, and Gogtay et al. (2006)
found no increases between the ages of 4 to
25 years. Results from these studies may dif-
fer for a variety of reasons (e.g., differences
in developmental window, sample size, and
neuroimaging methods), but they do suggest
that potential increases in overall hippocam-
pal volume are likely to be modest at best and
that other indices of neural change should be
considered. Recent work by Riggins and col-
leagues (Riggins, Blankenship, & Mulligan,
2015) supported this view. Using structural
scans from 4- and 6-year-olds, they found
evidence of marginal increases in the volume
of the left hippocampal body and hippocam-
pal tail bilaterally. Of greater importance,
they found a positive association between the
volume of the hippocampal head and source
memory performance in 6-year-olds but not
in 4-year-olds. Given that no age differences
in hippocampal head volume were observed,
this finding indicates developmental change
in hippocampal function in the absence
of volumetric change. Additional work by
Riggins, Geng, Blankenship, and Redcay
(2016) examined differences in anterior and
posterior hippocampal resting-state func-
tional connectivity in 4- and 6-year-olds.
Results revealed age-related differences in
functional connectivity, as well as in the
relation between functional connectivity and
memory performance; increased connectivity
within an anterior/posterior hippocampal
network tended to relate to increased mem-
ory performance in 6-year-olds, whereas
functional connectivity between the HPC
and other regions (e.g., superior temporal



gyrus and middle temporal gyrus) tended
to relate to increased memory performance
in 4-year-olds. Altogether, these results
suggest that hippocampal change in early
childhood contributes to the development of
binding processes and highlight the impor-
tance of considering the differential roles of
hippocampal subregions and subfields.

Control Processes

Just as early childhood is a time for improve-
ments in binding processes, so too is it a
time for improvements in control processes.
Although research traditionally emphasized
children’s limitations in the capacity to exert
control over memory processes due to a
limited understanding of memory function-
ing (Kreutzer, Leonard, & Flavell, 1975;
Wellman, 1977) or the origin of mental
representations (e.g., Perner, Kloo & Stot-
tinger, 2007), these limitations may also have
reflected the use of experimental paradigms
that were inappropriate for testing young
children. Over the past decade, an increased
effort to adopt child-friendly procedures (e.g.,
paradigms that avoid heavy verbal demands,
are simple, and are based in familiar con-
texts; Wellman, 1988) has yielded impressive
evidence of control processes in children as
young as three. For example, Balcomb and
Gerken (2008) had 3.5-year-olds complete
two recognition memory tests examining
their memory for paired associates (animals
paired with objects). Children were allowed
to skip trials in the first test but were required
to answer all trials during the second test.
Results showed that children were more
likely to skip trials in the first test that they
subsequently got wrong in the second test
compared to items that they subsequently got
correct. Thus, when given the opportunity
to do so, children chose to skip trials for
which their memories were least accurate.
Later work by Hembacher and Ghetti (2014)
demonstrated that 3- to 5-year-olds not only
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withhold memory decisions that are less
accurate, but also report being less confident
in their withheld memory decisions. In their
study, children encoded pictures of objects
and were then asked to report which objects
they had seen before during a retrieval phase.
Critically, the children were also asked to
report how confident they were in each mem-
ory decision and to choose whether or not
they wanted each memory decision to be
evaluated for a possible reward. Although
there were no age-related differences in
the accuracy of memory judgments, older
children were more confident for correct
versus incorrect responses, and were also
more apt to exclude their least-confident
memories (Figure 4.1) which resulted in
greater accuracy for selected memories.

Thus, despite the comparable accuracy of
their actual memories, older children’s mem-
ory performance was better because they
were more apt to exclude their least-confident
and least-accurate responses to be evaluated
for a potential reward. Results therefore
demonstrate age-related improvements in
both memory monitoring and the strategic
regulation of memory responses during early
childhood.

Other work provides additional support
for improvements in strategy use during
this time, while also indicating that strategy
use does not necessarily translate to gains
in recall performance. In one study, 4- to
6-year-olds were given a set of items to play
with and then later tested on their mem-
ory for a subset of the items (Baker-Ward,
Ornstein, & Holden, 1984). Some of the chil-
dren were assigned to a memory condition
in which they were instructed to memorize a
subset of the items; others were assigned to
control conditions that did not include any
memorization instructions. Children’s inter-
action with the toys differed as a function of
whether they were assigned to the memory or
control conditions, and age-related increases
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Figure 4.1 This figure presents mean confidence ratings for 3- to 5-year-olds’ memory decisions as a
function of whether they chose to include (i.e., put in open-eyes box) or exclude (i.e., put in closed-eyes
box) their memory decision to be evaluated for a potential prize based on overall performance. Only
trials with accurate responses are shown, and error bars represent standard errors. Older children were

more apt to exclude their least confident memories.
Sourcek: Adapted from Hembacher & Ghetti (2014).

in the visual inspection and naming of the
objects were observed in the memory group.
Of importance, though, only 6-year-olds
demonstrated greater recall when assigned to
the memory versus control conditions. In a
related study, Newman (1990) found that
4- to 5-year-olds recalled more toys fol-
lowing a play condition in which they were
instructed “to play” versus a recall condition
in which they were instructed “to remember.”
Miller and Seier (1994) have labeled younger
children’s lack of recall improvement despite
having engaged in spontaneous strategy use
a “utilization deficiency.” These researchers
stressed that rudimentary strategy production
does not always translate to performance
gain or preclude further development of
that strategy. They also pointed out possi-
ble developmental differences in the level
of spontaneity and effort associated with
strategy use with age. These differences may
be due to developmental improvements in

working memory (Gathercole, 1998; 1999;
Luciana & Nelson, 1998) and inhibitory con-
trol (Diamond, 2002) during early childhood.
Thus, although young children demonstrate
and sometimes benefit from memory strate-
gies during early childhood, significant
development continues to occur with age.
Although the described age-related
improvements in control processes are likely
due to cortical changes within the PFC, very
few studies have examined this region during
early childhood. (See Tsujimoto, 2008, for
review.) This lack of research is primar-
ily due to difficulties using neuroimaging
methods with young children. Nonetheless,
there is some evidence of increases in the
gray matter of the PFC during early child-
hood, in addition to later developmental
change (Giedd et al., 1999). And postmortem
studies indicate substantial age-related
changes in the neuronal density, synaptic
density, and cellular morphology of the PFC



during early childhood (Huttenlocker, 1979;
Huttenlocker & Dabholkar, 1997; Mrzljak,
Uylings, van Eden, & Judas, 1990). It is
therefore likely that structural and functional
changes within this region contribute to
the observed age-related improvements in
control processes during early childhood.

Middle Childhood into Adolescence

Substantial development of episodic memory
has occurred by the beginning of middle
childhood, but protracted change continues
to take place. In this section, we summarize
some of these later developmental changes.

Binding Processes

It was originally thought that binding pro-
cesses matured fairly early in life, but more
recent findings indicate that the HPC, the
region known to support binding, exhibits
structural change into adolescence (Gogtay
et al., 2006). These findings have raised the
0.8
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question of whether additional changes in
binding processes occur later in develop-
ment. A growing body of work suggests
that this is the case. For example, Lee and
colleagues (2016) assessed the ability to
remember three different types of associa-
tions: item-item, item-time, and item-space
associations in 8- to 11-year-old children and
adults. The contribution of age differences
in controlled processes, such as encoding
or retrieval strategies, was minimized in
this paradigm by the use of novel objects
with unknown verbal labels and testing over
very short delays. As evident in Figure 4.2,
developmental differences were found that
depended on the nature of the relation, with
memory for item-space relations reaching
adult levels of performance before memory
for item-time relations, which in turn seemed
to approximate levels of adult performance
before memory for item-item relations.

The fact that these results were observed
despite participants engaging in a single

—— |tem-Space

—a— |tem-Time
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Figure 4.2 This figure presents age-related differences in memory for item-space, item-time, and
item-item associations in 8- to 11-year-olds and adults. Error bars represent standard errors. Color version
of this figure is available at http://onlinelibrary.wiley.com/book/10.1002/9781119170174.

SoURCE: Adapted from Lee et al. (2016).


http://onlinelibrary.wiley.com/book/10.1002/9781119170174

142 Development of Episodic Memory

encoding procedure further underscores that
binding relations may underlie these differ-
ences. It seems that not all binding is created
equal, a notion that is supported by other work
showing that binding of temporal information
appears to follow a more protracted develop-
mental trajectory (see Pathman & St. Jacques,
2014, for review) compared to binding of
other types of relations (e.g., Picard, Cousin,
Guillery-Girard, Eustache, & Piolino, 2012).
For example, Pathman and Ghetti (2014)
found developmental differences between
7-year-olds, 10-year-olds, and adults in the
extent to which early and obligatory eye
movements during retrieval tracked accurate
item-time relations. These eye movements
are thought to reflect initial binding oper-
ations allowing for the reinstatement of a
past experience before controlled processes
might further assess memory outcomes
(Hannula et al., 2010). Pathman and Ghetti
also found that individual differences in this
eye-movement component predicted overt
memory accuracy for temporal order inde-
pendent from the additional contribution of
individual differences in general knowledge
of temporal reconstruction processes, again
underscoring the role of binding processes in
memory improvement into adulthood. Relat-
edly, these findings open the possibility for
a reinterpretation of earlier results showing
developmental differences in item-context
associations (e.g., item-spatial position)
in long-term memory (e.g., Lorsbach &
Reimer, 2005) and working memory (e.g.,
Cowan, Naveh-Benjamin, Kilb, & Saults,
2006). Future work investigating how the
brain works to bind different features could
therefore provide important insight into the
development and basis of episodic memory.
Research showing protracted develop-
mental change in the HPC complements
these behavioral findings. This work shows
continued myelination within the HPC into
adulthood, neurogenesis within the dentate

gyrus across the life span (Altman & Das,
1965; Gould & Gross, 2002; Kempermann
et al, 2004), and potential increases in
entorhinal connectivity with the dentate
gyrus into late childhood and adolescence
(Abraham et al., 2010). And, neuroimaging
work shows an actual relation between hip-
pocampal change (in function and structure)
and developmental improvements in episodic
memory. For example, in a study testing
memory for item-context associations, both
14-year-olds and adults demonstrated hip-
pocampal activation associated with correct
retrieval, whereas 8- and 10- to 11-year-olds
failed to do so (Ghetti, DeMaster, Yoneli-
nas, & Bunge, 2010). Results from other
studies generally align with these findings,
showing increased hippocampal specificity
for correct retrieval with age (DeMaster &
Ghetti, 2013; Demaster, Pathman, & Ghetti,
2013). However, some studies have failed to
observe age-related differences in hippocam-
pal function (Giiler & Thomas, 2013; Ofen,
Chai, Schuil, Whitfield-Gabrieli, & Gabrieli,
2012). Although we cannot be certain as
to the source of these discrepancies, it is
possible that differences in methodologies
play a role (e.g., examining item recognition
versus the association between items and
some element of the context). We also note
recent work suggesting that developmental
differences in hippocampal function depend
on memory performance level (Sastre et al.,
2016). Furthermore, additional findings
suggest that age differences in hippocam-
pal activation depend on manipulations
that illuminate the nature of developmental
changes: Recent comparisons indicated that
8-year-olds fail to recruit the HPC for asso-
ciative recognition when there is a change
between the encoding and retrieval context,
but are more likely to recruit this structure
compared to adults when there is a match
between the encoding and retrieval contexts
(DeMaster, Coughlin, & Ghetti, 2016).



Other neuroimaging work suggests that
developmental differences in hippocampal
function within specific regions may con-
tribute to changes in binding processes. In
a study by Demaster and Ghetti (2013),
anterior hippocampal activation predicted
correct retrieval in adults, whereas posterior
hippocampal activation predicted correct
retrieval in 8- to 11-year-olds. These findings
align with work showing developmental dif-
ferences in hippocampal volume by region.
Specifically, Gogtay et al. (2006) have shown
reduced anterior hippocampal volume and
increased posterior hippocampal
with age. Interestingly, smaller hippocampal
head and tail volume, and larger hippocam-
pal body volume, relate to better memory
performance in adults (DeMaster, Pathman,
Lee, & Ghetti, 2014). It is therefore possible
that developmental differences in binding
processes reflect increasing specialization
of hippocampal subregions, perhaps due to
synaptic pruning in the anterior HPC and
neurogenesis in the posterior HPC (Ghetti &
Bunge, 2012; Gogtay et al., 2006). Indeed,
Lavenex and Banta Lavenex (2013) have sug-
gested that circuits of the human HPC may
develop at different rates, leading to differen-
tial development of distinct hippocampally-
dependent memory processes. Given that
children find flexible retrieval especially
difficult (Ackerman, 1982; DeMaster et al.,
2016; Paz-Alonso, Ghetti, Matlen, Ander-
son, & Bunge, 2009), it is possible that
a late refinement of hippocampal regions
supporting flexible binding may contribute
to later episodic memory development. This
refinement may also contribute to develop-
mental differences that vary by information
type (e.g., spatial versus temporal), given
evidence of functional segregation within the
HPC for processing of spatial versus tempo-
ral information (e.g., Ekstrom et al., 2011).
Future research should examine the extent to
which structural and functional hippocampal

volume
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development support the behavioral differ-
ences discussed in this section.

Control Processes

The continued development of binding pro-
cesses from middle childhood to adolescence
is paralleled by robust increases in control
processes. Indeed, a large body of work
has provided ample evidence of age-related
improvements in children’s ability to not
only monitor their memories (i.e., how con-
textually rich and subjectively compelling
the mental re-experience of the event is)
but also in their utilization of strategies that
support the improved regulation of memory
encoding and retrieval operations (Bjorklund
et al., 2009; Ghetti, 2008; Plude, Nelson, &
Scholnick, 1998; Ornstein et al., 2006;
Roebers, 2002; Roebers, von der Linden,
Schneider, & Howie, 2007; Schneider &
Lockl, 2002).

Developmental gains in memory mon-
itoring are thought to emerge from an
increased ability to remember past events in
a subjectively vivid and compelling man-
ner (a crucial feature of episodic memorys;
Tulving, 1985; Yonelinas, 1999), as well
as from an increased awareness of this
experiential feature. Although a basic ability
to monitor the strength of one’s memories
is in place by age 4 (Hembacher & Ghetti,
2014) or 5 (e.g., Ghetti, Qin, & Goodman,
2002; Roebers, Gelhaar, & Schneider, 2004),
improvements continue to be observed across
childhood. For example, in a study with
7- to 10-year-olds, participants were asked
to report whether a set of actions had been
enacted, imagined, or never encountered,
and to then provide confidence judgments
on their decisions (Ghetti, Lyons, Laz-
zarin, & Cornoldi, 2008). Results revealed
age-related improvements in children’s abil-
ity to calibrate their confidence ratings to
predicted differences in memory strength,
with 10-year-olds demonstrating greater
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sensitivity to subtle differences in predicted
memory strength compared to 7-year-olds.
These improvements in memory mon-
itoring overlap with improvements in the
ability to introspect on the significance of
memory states. Older children are not only
better at identifying strong versus weak
memories, but also at using these judgments
to make inferences about the events they
represent. Friedman (2007) has demon-
strated that sixth graders and adults are aware
that the subjective vividness of a remem-
bered event may relate to how long ago the
event took place, whereas kindergarteners
through fourth graders are not. Ghetti and
colleagues have shown similar age-related
improvements in children’s understanding
of memory functioning (Ghetti, Mirandola,
Angelini, Cornoldi, & Ciaramelli, 2011). In
a study with 6- to 18-year-olds, they asked
participants to classify 30 statements as
demonstrating either subjective recollection
(e.g., “T can tell I saw this picture before
because I saw it in green”) or subjective
familiarity (e.g., “There was definitely a cup
in the list, but I can’t tell why”). Although
all age groups performed well above chance,
significant age-related improvements in clas-
sification accuracy were observed across
the sample. Further, the ability to correctly
classify recollection versus familiarity state-
ments was associated with the tendency to
be more cautious to claim subjective recol-
lection, suggesting that a better awareness
and understanding of subjective memory
states reduces individuals’ propensity to
claim recollection, thereby supporting more
selective and accurate memory reports. Work
by Koriat and colleagues aligns with this
notion (Koriat, Goldsmith, Schneider, &
Nakash-Dura, 2001). In their study, children
were asked to report details about a story
under free-recall and forced-report condi-
tions. Results showed that 7- to 9-year-olds
volunteered less accurate information than

10- to 12-year-olds across the free-recall
conditions, even when incentivized to report
accurate information only. Thus, older chil-
dren seemed to use the free-recall condition
to their advantage, selectively reporting their
most accurate information. Together, these
and other findings demonstrate develop-
mental improvements in strategic retrieval
across childhood and combine with other
work (e.g., Sprondel, Kipp, & Mecklinger,
2012) to show gradual age-related change
into young adulthood.

Thus far, only control processes that
depend on the ability to introspect on one’s
subjective memory state have been discussed.
Other types of control processes, including
strategies, also contribute to developmen-
tal improvements in episodic memory. For
example, Schleepen and Jonkman (2014)
have shown significant age-related increases
in the ability of 6- to 12-year-olds to use
semantic grouping strategies to help with
retrieval. In their study, 6- to 7-year-olds did
not demonstrate semantic grouping strate-
gies, 8- to 9-year-olds did so only after
explicit instruction, and 10- to 12-year-olds
did so even without explicit instruction.
Similarly, Ghetti and Angelini (2008) have
observed age-related improvements in 6- to
10-year-olds’ retrieval of line drawings about
which they were required to made a semantic
judgment during encoding but not in their
retrieval of line drawings about which they
were required to make a perceptual judg-
ment during encoding. And Daugherty and
Ofen (2015) have shown a relation between
children’s and adults’ (ages 8-25 years)
belief in the efficacy of shallow versus deep
encoding strategies and differences in mem-
ory performance with age. In their study,
children were more apt to favor shallow
encoding strategies whereas adolescents and
adults preferred deep encoding strategies.
Of importance, developmental differences
in the perceived efficacy of deep encoding



strategies accounted for better memory
improvements with age. Other studies have
shown improvements in the selection and
utilization of strategies during adolescence.
(For review, see Bjorklund et al., 2009.)
Together, these findings support additional
work showing that increases in the size and
organization of one’s semantic knowledge
occur across childhood and into adolescence,
and contribute substantially to the protracted
development of episodic memory via control
processes (Bjorklund, 1987; Ornstein &
Naus, 1985).

The reviewed behavioral findings con-
verge with research showing late age-related
changes in the PFC. This region is shown
to mature later than other cortical regions
(Casey et al.,, 2005; Huttenlocker, 1990;
Kwon, Reiss, & Menon, 2002). At a cel-
lular level, developmental remodeling and
changes in the dendritic spine density of the
PFC pyramidal neurons have been observed
throughout the third decade of life before
stabilizing (Petanjek et al., 2011). And, sig-
nificant age-related increases in prefrontal
white matter occur between the ages of 5 and
17 years (Reiss, Abrams, Singer, Ross, &
Denckla, 1996). Cross-sectional and lon-
gitudinal neuroimaging studies have also
shown age-related decreases in the gray
matter volume of the PFC starting in early
adolescence and extending into the early
20s (Giedd et al., 1999; Mills, Goddings,
Clasen, Giedd, & Blakemore, 2014; Suzuki
et al., 2005), and activation differences in this
region have been associated with develop-
mental improvements in episodic memory for
which control processes are likely involved.
For example, Paz-Alonso, Ghetti, Donohue,
Goodman, and Bunge (2008) asked 8-year-
olds, 12-year-olds, and adults to identify
words they had studied from a long list of
words. Some of the listed words had not been
studied but were semantically related to stud-
ied words (critical lures). Adults correctly
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identified more of the studied words than
8-year-olds and recruited the anterior PFC
more to distinguish between studied items
and critical lures, suggesting that this region
contributes to age-related changes in memory
monitoring and decision-making processes.
In another study, Chiu, Schmithorst, Brown,
Holland, and Dunn (2006) examined encod-
ing activation related to subsequent memory
across two tasks in 7- to 8-year-olds and 10-
to 18-year-olds. One task involved elaborate
encoding (i.e., generating verbs related to
cue words), whereas the other did not (i.e.,
passively listening to short stories). Results
indicated that prefrontal activation predicted
subsequent memory in the verb generation
task for both age groups, but only for older
children in the story listening task, perhaps
due to older children’s use of encoding strate-
gies even when not explicitly instructed to
do so. Other work by Ofen and colleagues
(2007) adds to this developmental picture,
showing a positive association between age
and DLPFC activation during selective versus
passive encoding in 8- to 14-year-olds.
More recent efforts have begun to
elucidate prefrontal contributions to the
development of memory retrieval opera-
tions, including metacognitive operations
involved in determining failure to retrieve
episodic detail. Using a longitudinal design,
Fandakova et al. (2016) examined functional
magnetic resonance imaging data from 8- to
9-year-olds, 10- to 12-year-olds, and adults,
with two time-points about 1.5 years apart.
Participants encoded a series of objects paired
with one of three scenes and then performed
a retrieval task in which they could elect to
report either the target memory detail (i.e.,
which scene was originally paired with each
object) or uncertainty about it. Results indi-
cated that children who engaged the anterior
insula more strongly during inaccurate or
uncertain responses (compared to accurate
memories) exhibited greater longitudinal
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increases in anterior PFC activation for
decisions to report uncertainty (i.e., greater
activation for uncertain responses compared
to both accurate and inaccurate responses).
Interestingly, both of these neural variables
predicted improvements in memory accuracy.
These results were interpreted as indicating
that general neural responses to error might
promote the engagement of processes that
support metacognitive assessment. More
generally, these findings show that effective
cognitive control and decision making con-
tinue to develop in middle childhood and play
an important role in memory development.
Altogether, the reviewed work provides
strong empirical support for prefrontally-
mediated improvements in control processes
during middle childhood and beyond.

CONSIDERATIONS FOR FUTURE
RESEARCH AND IMPLICATIONS

The research reviewed in this chapter has
provided critical insight into the develop-
ment of episodic memory via binding and
control processes. However, there are still
many unknowns. This is especially apparent
when we try to define the specific features
of episodic memory that contribute to diffi-
culties within certain developmental periods.
For example, how do limitations in the
encoding versus storage versus retrieval of
bound representations contribute to norma-
tive developmental change? Some of the
reviewed work has been used to suggest that
limitations with each of these phases con-
tribute to developmental differences across
childhood (e.g., Bauer & Leventon, 2013;
DeMaster et al., 2016; Pathman & Bauer,
2013), but other work has proposed instead
that limitations in storage abilities are par-
ticularly consequential in infancy and early
childhood (Bauer, 2005), and that devel-
opmental differences in retrieval processes

might explain later development (e.g., Lloyd
et al., 2009). Virtually no study has examined
contributions from more than one phase
within the same developmental study, and
differences in experimental methods make it
difficult to make comparisons across stud-
ies. Furthermore, the relative contributions
of structural and functional changes in the
neural substrates of these different phases are
uncharted.

We also note that the contributions of
binding and control processes to episodic
memory development are typically studied in
isolation. Although this is understandable—
examining both processes within the
same study poses unique methodological
challenges—it is important that we make
continued strides toward examining these
processes alongside one another. Not only
do both types of processes develop concur-
rently, but their underlying neural substrates
interact with one another in ways that change
across development (Lebel & Beaulieu,
2011; Lebel, Walker, Leemans, Phillips, &
Beaulieu, 2008; Ofen et al., 2012). Future
research should thus attempt to examine the
interaction of these processes more closely.
Behaviorally, this question has begun to be
addressed by examining the effects of manip-
ulations geared toward binding processes on
control processes and vice versa (Brehmer,
Li, Muller, von Oertzen, & Lindenberger,
2007; Fandakova, Shing, & Lindenberger,
2013a, 2013b). Neuroscience approaches
may further contribute via the examination
of structural and functional connectivity
between hippocampal and cortical regions
(Mabbott, Rovet, Noseworthy, Smith, &
Rockel, 2009; Wu et al. 2010). It would also
be helpful to examine the contributions of
regions (e.g., in the posterior parietal cortex)
for which hippocampal representations may
be recapitulated from further processing by
more anterior prefrontal regions (Cabeza
et al., 2008; Shimamura, 2010).



Considerations for Future Research and Implications

More broadly, future research should
attempt to integrate extant knowledge of
developmental processes with the real-life
implications of the protracted trajectory of
episodic memory. Critically, it has been
posited that the most adaptive function of
episodic memory is to support individuals’
ability to envision and successfully anticipate
future events (i.e., episodic prospection;
Suddendorf & Corballis, 2007). From this
perspective, the protracted trajectory of
episodic memory may be directly related to
children’s capacity to act in the present in
order to prepare for their future.

According to the constructive episodic
simulation hypothesis (Schacter & Addis,
2007), the imagination of personal future
events is made possible by first accessing
details from multiple past memories, and then
by recombining those details to construct a
mental representation of a novel, plausible,
and personal future event. This hypothesis
has been supported by research showing that
autobiographical memory actually predicts
episodic prospection across development
(e.g., Busby & Suddendorf, 2005; Coughlin,
Lyons, & Ghetti, 2014; Coughlin, Robins, &
Ghetti, in press) and that the two abilities
are supported by similar neural substrates
(Addis, Wong, & Schacter, 2007; Benoit &
Schacter, 2015). It is therefore important to
consider how the development of binding
and control processes might contribute to the
development of episodic prospection.

Binding processes are in place early in
childhood, but the reviewed literature sug-
gests that these processes exhibit protracted
developmental change across childhood and
into adolescence (Lorsbach & Reimer, 2005;
Riggins, 2014). In addition, binding pro-
cesses that support flexible retrieval may be
particularly late to develop, given that this
type of retrieval is especially difficult for
children (Gee & Pipe, 1995; Paz-Alonso
et al., 2009) and may rely on relatively
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late developmental change in hippocampal
function (DeMaster et al., 2016). Thus, the
protracted development of binding processes
may contribute to improvements in the ability
to flexibly access and recombine multiple
memories in the service of episodic prospec-
tion. In addition, control processes may
help individuals mentally construct a per-
sonal future event that is both plausible and
coherent (an achievement that is particularly
difficult for young children; Coughlin et al.,
in press). Indeed, it would make sense that
the same processes that support individuals’
ability to introspect on and regulate their
past memories may also contribute to their
ability to execute similar mental actions in
the service of envisioning their future. To
our knowledge, no one has attempted to
directly examine the contribution of binding
and control processes to the development
of episodic prospection, nor to any other
high-order cognitive processes thought to
be supported by episodic memory. Future
research on this topic is important for a more
comprehensive characterization of episodic
memory development.

The capacity to prospect is only one of
the abilities that are supported by the human
capacity to remember with vivid detail.
It is becoming increasingly clear that the
processes supporting episodic memory play
important roles in learning across multiple
domains, including reading comprehension
(Mirandola et al., 2011), inferential reasoning
(Zeithamova et al. 2012), knowledge acqui-
sition (Martins et al., 2006), and arithmetic
(Menon, 2016). The profound changes in
episodic memory are apt to have tangible
effects on academic achievement, but little
is known about how this occurs and, on
the flip side, whether the development of
episodic memory can be broadly enhanced,
accelerated, or dampened through experi-
ences in the education setting. The time is
likely ripe to explore the reciprocal relations



148 Development of Episodic Memory

between episodic memory development and
elementary school education. These investi-
gations are particularly pressing when one
considers the staggering number of con-
ditions, ranging from medical diseases to
neurodevelopmental disorders, that appear
to alter children’s memory functioning
(Ghetti, Lee, Sims, DeMaster, & Glaser,
2010) and negatively impact their academic
achievement potential.

CONCLUSION

The reviewed literature provides an overview
of the development of episodic memory,
taking into consideration both binding and
control processes. We chose to focus on these
processes due to their significant contribu-
tions to the development of this ability, but
note that episodic memory likely emerges
from a complex interaction of these and
other processes. Research to date has yielded
important insight into the development
of episodic memory, providing substan-
tial behavioral and neural evidence of its
protracted developmental trajectory. The
implications of this protracted developmental
trajectory are far-reaching, suggesting that
many important cognitive abilities, including
the ability to envision the future and learn
in the classroom, are not fully in place until
adolescence or early adulthood. Additional
research is therefore needed to further elu-
cidate the neurocognitive development of
episodic memory as well as its widespread
functional consequences across typical and
atypical development.
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CHAPTER 5

Development of Cognitive Control Across
Childhood and Adolescence

KIKI ZANOLIE AND EVELINE A. CRONE

INTRODUCTION

One of the most salient changes during
school-age development is a pronounced
increase in the ability to control thought
and actions for the purpose of obtaining
future goals, also referred to as cognitive
control. School-age development encom-
passes the period of late childhood (6-10
years) and adolescence (10-20 years), and
adolescence is defined as a transitional phase
between childhood and adulthood. During
adolescence, there are significant changes
in physical, cognitive, emotional, and social
behavior (Blakemore, 2008). The onset of
adolescence is marked by the start of puberty,
during which time hormone levels rise,
triggering a cascade of physical and socioe-
motional changes, preparing adolescents for
independence (Shirtcliff, Dahl, & Pollak,
2009). Puberty starts approximately at the
age of 10 to 12 years (on average 1.5 years
earlier for girls than for boys), but there are
large individual differences between children
with respect to when they enter puberty. That
is to say, some children may already start
puberty at 8 years of age, whereas others do
not start puberty until 13 years of age. The
end of adolescence is less clearly defined
but is generally thought to be the time when

individuals obtain mature social goals, which
generally occurs around the age of 20 to
25 years (Crone & Dahl, 2012).

Of all cognitive processes, cognitive
control is probably the latest to reach adult
performance levels, with improvements that
are observed over the whole period of child
and adolescent development (Diamond,
2013; Huizinga, Dolan, & van der Molen,
2006). One reason for this protracted devel-
opment is most likely because cognitive
control relies on the combination of many
lower- and higher-level functions working
together. That is to say, the term “cognitive
control” refers to a set of cognitive abilities
that enable one to control and regulate one’s
behavior adaptively to meet current and
future goals. Cognitive control is comprised
of many different components, such as work-
ing memory, inhibition, and performance
monitoring (Huizinga et al., 2006; Miyake
et al., 2000). It is important for school-based
functions, such as reading and math, but also
for the ability to control impulses and for
social interactions. All these functions have
shown development improvements across
childhood and adolescence.

In the last two decades, much new insight
has been gained with respect to understand-
ing the development of cognitive control by
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relating it to changes in the structure and
function of the brain. Longitudinal research
on changes in brain structure over devel-
opment within individuals has shown that
regions within the frontal, temporal, and
parietal cortices show maturational changes
much longer than previously thought, with
massive changes occurring in gray matter
volume and white matter connections until
the early 20s (Gogtay et al., 2004; Mills,
Lalonde, Clasen, Giedd, & Blakemore,
2014). Moreover, these studies have shown
that different brain structures develop at
different rates. For example, several studies
have demonstrated that gray matter in corti-
cal areas, reflecting neuronal density and the
numbers of connections between neurons,
follows an inverted U-shape over develop-
ment, declining at different ages depending
on the region. For this reason, gray matter
loss is considered an index of the time course
of maturation per region (Casey, Tottenham,
Liston, & Durston, 2005). Intriguingly, the
most protracted development is observed
in the prefrontal cortex (PFC) and parietal
cortex, regions of the brain that are con-
sistently implicated in cognitive control
(Casey, 2015).

Although it is still debated what the under-
lying mechanisms associated with a reduction
in gray matter volume in cortical areas are
(see Paus, Keshavan, & Giedd, 2008), it is
thought that these reductions reflect synaptic
reorganization and/or increases in white
matter integrity (Paus et al., 2008). This idea
that cortices continue to undergo synaptic
pruning across adolescence is supported
by histological studies of the postmortem
human brain (Huttenlocher & Dabholkar,
1997; Petanjek et al., 2011).

More direct ways to investigate the
relation between brain development and
cognitive control is through examining brain
responses while individuals perform cog-
nitive tasks. Two methods have been most

useful to examine these relations: func-
tional magnetic resonance imaging (fMRI), a
method with good spatial resolution (Huettel,
Song, & McCarthy, 2004), and event-related
potentials (ERPs) derived from the electroen-
cephalogram (EEG), a method with good
temporal resolution (Segalowitz, Santesso, &
Jetha, 2010a).

In this chapter, we discuss new insights
on functional development of brain regions
supporting key aspects of cognitive control
and show that this functional development
has consequences not only for academic
achievement but also for affective and social
development, specifically social decision
making, which requires inhibiting selfish
impulses for the purpose of fairness and
reciprocity.

We describe the development of three key
aspects of cognitive control: working mem-
ory, inhibition, and performance monitoring.
Whereas working memory and inhibition
are important for keeping information in
and out of mind, performance monitoring
plays a central role in the development of
behavioral adjustment. Performance mon-
itoring is therefore particularly important
for rapid adaptation to a variety of changing
social environments, such as forming new
friendships, changing schools, and making
future-oriented choices.

DEVELOPMENTAL CHANGES
IN COGNITIVE CONTROL
AND THE ROLE OF THE
PREFRONTAL CORTEX

Cognitive Control and the Prefrontal
Cortex

It has been well conceptualized for over
a century that the PFC plays an important
role in cognitive control (Milner, 1963).
Early studies of patients with PFC lesions
showed that these patients have difficulties
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with cognitive flexibility. This was demon-
strated using the now-famous Wisconsin
Card Sorting Task (Milner, 1963). In this
task, individuals are asked to sort decks
of cards using a certain criterion that they
need to discover themselves, such as color,
shape, or number. Each sort is followed by
positive or negative feedback, and as such,
the participant needs to pay attention to
the outcomes of their behavior and use the
feedback to discover rules in the task. After
a certain number of correct sorts, however,
the sorting rule changes (e.g., unbeknownst
to the participants sorting to color, this sort
no longer results in positive feedback, but
the correct sorting dimension is now shape).
Participants need to respond flexibly to this
change and need to update behavior accord-
ingly. It was found that especially patients
with damage to the dorsolateral prefrontal
cortex (DLPFC) and medial prefrontal cortex
(mPFC) have difficulty with updating their
behavior (Barcelo & Knight, 2002). Interest-
ingly, young children show similar deficits
on this task (Crone, Ridderinkhof, Worm,
Somsen, & van der Molen, 2004), and over
the course of adolescence, children become
more successful in performing the Wisconsin
Card Sorting Task (Huizinga et al., 2006). It is

clear that this task requires many different
control processes, such as working memory
(keeping the sorting rule active), response
inhibition (inhibit responding according to
the old rule), and performance monitoring
(paying attention to the feedback).

Many studies in adults have used neu-
roimaging to unravel how different regions
in the PFC are involved in these separable
processes involved in performing complex
cognitive control tasks. These studies have
consistently indicated that both the ven-
trolateral cortex and the DLPFC, along
with the parietal cortex, are active dur-
ing working memory tasks (see Figure 5.1;
D’Esposito & Postle, 2015; Klingberg, 2010).
In contrast, response inhibition typically
engages the right ventrolateral (VL) PFC and
pre-supplementary motor area (pre-SMA;
Aron, Robbins, & Poldrack, 2014). Finally,
performance monitoring typically engages
both lateral and mPFC, although the lat-
eral PFC is more strongly engaged in rule
searching based on feedback, whereas the
mPFC is more strongly engaged in process-
ing rule-violating feedback (Zanolie, Van
Leijenhorst, Rombouts, & Crone, 2008a).

Recently, developmental neuroimaging
studies have examined how the regions within
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Figure 5.1 Brain regions implicated in cognitive control and social decision making. Color version
of this figure is available at http://onlinelibrary.wiley.com/book/10.1002/9781119170174
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the PFC are related to the development of
cognitive control. Next we describe these
studies in the domains of working memory,
inhibition, and performance monitoring.

Development of Working Memory

One of the most studied components of
cognitive control is working memory, which
refers to the ability to keep information
online while ignoring irrelevant information
(Baddeley & Logie, 1999). The ability to
keep information in mind is essential for a
wide variety of cognitive abilities, including
mathematical calculation, reading, problem-
solving, and reasoning (Bayliss, Jarrold,
Baddeley, & Gunn, 2005; Swanson, 2004).
In fact, working memory capacity predicts
school performance, such as reading and
arithmetic (Hitch, Towse, & Hutton, 2001).
Moreover, it has been demonstrated that
working memory shows a strong connection
to fluid intelligence (Engle, Tuholski, Laugh-
lin, & Conway, 1999). The ability to keep
information in working memory matures
slowly during childhood and is thought to be
the driving force behind cognitive develop-
ment (e.g., Casey, Giedd, & Thomas, 2000;
Diamond, 2002).

Many studies have used the model of
Baddeley and Hitch (1974) as a frame-
work for understanding working memory.
According to this model, working memory
comprises of a central executive and two slave
systems, the phonological loop and the visu-
ospatial sketchpad. The phonological loop
is specialized in processing language-based
information, whereas the visuospatial sketch-
pad is specialized in processing visuospatial
information. Assessment of these two sys-
tems usually is made by means of short-term
memory tasks in which small amounts of
information are to be held and reproduced,
with no additional cognitive demands (e.g.
digit span, word recall, Corsi blocks, and

visual-patterns tasks). The central executive
controls the allocation of resources between
the phonological loop and the visuospatial
sketchpad and is able to update and manip-
ulate the content of memory when new and
relevant information is processed.

Assessment of the central executive typi-
cally involves experimental tasks that require
participants to update or manipulate informa-
tion currently held in working memory. Such
tasks include the listening span, counting
span, backward digit span, and n-back task.
In fMRI paradigms, the n-back task is fre-
quently used to investigate working memory
capacity. (For a meta-analysis, see Owen,
McMillan, Laird, & Bullmore, 2005.) In the
n-back task, participants are presented with
a series of stimuli (e.g., letters or words).
Participants are required to maintain these
stimuli online and compare it with n stimuli
back. For example, in the 3-back letter ver-
sion, subjects are required to compare each
presented letter with the letter presented 3
before. Participants need to indicate whether
the letters are the same or different. In order
to perform well on this task, participants
need to maintain information in memory and,
at the same time, manipulate and update its
content.

In adult brain imaging studies, it has
been shown that maintenance and manipula-
tion of information in working memory are
associated with activation in the ventral and
dorsal parts of the PFC. Typically, VLPFC
is involved in maintenance of information
in working memory, while the DLPFC
also is recruited when manipulation of
information is needed (Crone, Wendelken,
Donahue, van Leijenhorst, & Bunge, 2006;
D’Esposito, Postle, Ballard & Lease, 1999;
Owen, Evans, & Petrides, 1996; Sakai &
Passingham, 2002; Smith & Jonides, 1999;
Wagner, Maril, Bjork, & Schacter, 2001).
Besides the DLPFC, the superior parietal
cortex also is implicated in tasks involving
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manipulation. (For a meta-analysis, see
Wager & Smith, 2003.)

To test the neurocognitive development
of working memory, studies have compared
neural activity in children, adolescents, and
adults when they performed a working mem-
ory task in the MRI scanner. One way of
measuring working memory is by varying
the amount of time between stimulus pre-
sentations and retrieving information, or by
varying the number of items that have to
be held in working memory. This type of
working memory is referred to as working
memory maintenance. Several researchers
have shown that activity in the lateral PFC
and parietal cortex during working mem-
ory maintenance increases from childhood
to adulthood (Klingberg, Forssberg, &
Westerberg, 2002; O’Hare, Lu, Houston,
Bookheimer, & Sowell, 2008). Others have
shown that, in children, activity is likely
to be diffuse across different brain regions,
whereas in adolescence, it tends to be more
restricted to the specific neural regions that
show task-relevant activation as in adults
(Ciesielski, Lesnik, Savoy, Grant, & Ahlfors,
2006; Geier, Garver, Terwilliger, & Luna,

2009; Libertus, Brannon, & Pelphrey, 2009;
Scherf, Sweeney, & Luna, 2006).

Age differences become even larger when
participants are asked to reorganize the
information in working memory. This type of
working memory is measured by the so-called
manipulation task. One brain imaging study
compared three age groups—children ages
8 to 12 years, adolescents ages 13 to 17 years,
and young adults—performing a working
memory task in which three pictures were
shown and needed to be remembered (Crone
et al., 2006). In the forward condition, the
participants were required to remember the
pictures in the presented order during a short
delay period. (See Figure 5.2.) In order to
perform this condition well, participants only
needed to maintain the presented information
in working memory. However, in the back-
ward condition, participants were required
to remember the pictures in reverse order;
therefore, they had to manipulate and main-
tain the information during the delay period.
Maintenance of information in working
memory (forward condition) was associated
with increased VLPFC activation showing
the same pattern for adults, adolescents,

Forward
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Figure 5.2 Working memory task in which participants were instructed to remember items in either
forward or backward order. Correct answers are shaded. This task measures maintenance and manipu-
lation abilities of working memory. Color version of this figure is available at http://onlinelibrary.wiley

.com/book/10.1002/9781119170174
SOURCE: Adapted from Crone et al. (2006).
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and children. However, in the backward
condition, when information needed to be
manipulated, adults and adolescents recruited
the DLPFC in addition to the VLPFC, but
the 8- to 12-year-old children did not. It is
important to note that increased brain activity
does not reflect a stronger activation overall
but a stronger brain activation for a specific
contrast. In this study, for instance, activation
during manipulating information was com-
pared to maintaining information (backward
condition > forward condition).

The number of correct responses in the
backward condition correlated with the acti-
vation in the DLPFC, strengthening the
hypothesis that the DLPFC is important for
improvements in performance on working
memory manipulation (Crone et al., 2006).
In a subsequent study, it was found that this
effect was independent of the number of
items that had to be held within working
memory, suggesting that the effects are spe-
cific for manipulation and not related to task
difficulty (Jolles, Kleibeuker, Rombouts, &
Crone, 2011). Similar results were obtained
when researchers presented this task in a
visuospatial n-back version. In this task,
it was found that both activity in the lateral
PFC and the parietal cortex increased linearly
across ages 7 to 22 years (Kwon, Reiss, &
Menon, 2002; Spencer-Smith et al., 2013),
possibly related to adults being better able to
activate these regions over a sustained period
of time (Brahmbhatt, White, & Barch, 2010).

Together these studies provide evidence
that the development of separable cognitive
control functions within working memory
are associated with differential maturational
patterns of subregions within the lateral PFC.
The differential engagement of subregions of
the lateral PFC is in accordance with struc-
tural changes across development within the
brain. Within the PFC, gray matter reduction
is observed earlier for the VLPFC compared
to the DLPFC, such that the VLPFC reaches

mature levels at adolescence, whereas the
DLPFC continues to have gray matter loss
until young adulthood (Gogtay et al., 2004).
More important, a study of 951 participants
between the ages of 8 and 22 years showed
that activity in the lateral PFC mediates the
relation between age and working memory
(Satterthwaite et al., 2013), suggesting that
children have more difficulty with working
memory due to the protracted development
of the PFC.

Apparent contradictory findings with
regard to developmental brain activity pat-
terns while maintaining information online
might be due to task-specific processing
requirements, such as visuospatial infor-
mation processing (Klingberg et al., 2002)
versus verbal information processing (Crone
et al.,, 2006; O’Hare et al., 2008). Also,
working memory load may account for dif-
ferences in brain activity patterns (O’Hare
et al., 2008).These task-specific processes
and differences in working memory load also
may contribute to differential developmen-
tal patterns in behavior. Although overall
behavioral findings suggest that children
and adolescents are capable of perform-
ing at adult levels, however, their ability
to stay focused on the task and to monitor
their behavior still improves until adulthood
(Luna, Padmanabhan, & O’Hearn, 2010).

Development of Response Inhibition

Inhibition has been abundantly researched in
development psychology. Researchers often
use computer tasks to measure very precisely
how children and adults succeed in stopping
their responses. In the go/no-go task (for a
review, see Hester, Fassbender, & Garavan,
2004), participants are asked to press a button
if a certain letter is shown, for example, the
letter X. This letter is shown in quick suc-
cession, but participants are instructed that
when the letter Y is presented, the button may
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not be pressed. This is especially hard for
preschoolers (Diamond, 2013), but children
up to the age of 12 or so also have more
trouble inhibiting their behavior than adults
do (Casey, 2015; Schel & Crone, 2013).

Another way of measuring inhibition
is with the stop-signal task (Rubia, Smith,
Taylor, & Brammer, 2007). In this task, par-
ticipants are instructed to respond to green
arrows pointing left or right by pressing a left
or right button with their index fingers. But
when the arrow turns red, participants are not
allowed to respond. This is relatively easy
when the arrow turns red right away, but it is
more difficult when the arrow remains green
for a while first and turns red only when
participants are about to press the button.
By varying the time between showing the
arrow and turning the arrow red, researchers
can determine how much time someone
needs in order to be able to stop successfully.
This time is called the stop signal reaction
time. Between the ages of 3 and 6, the stop-
signal reaction time is slow, meaning that
they need more time compared to adults to
be able to inhibit their initial response (Lee,
Lo, Li, Sung, & Juan, 2015). This reaction
time does not reach adult levels until the ages
of 12 to 14 at least (van den Wildenberg &
van der Molen, 2004). Until that age, chil-
dren and adolescents have more difficulty
stopping than adults (Schel, Scheres, &
Crone, 2014).

Damage to the right ventral area of the
lateral PFC leads to great difficulty with
stopping (Aron et al., 2004). Healthy adults
show activity in this area when performing
a go/no-go task or a stop-signal task (Aron
etal., 2004, 2014).

Researchers have investigated the devel-
opment of this inhibition area between the
ages of 8 and 12 and the ages of 18 and 25
using a go/no-go task or stop-signal tasks.
The most important finding was that when
8- to-12-year-olds perform a go/no-go task

during an fMRI scan, they show less activity
in the right ventral part of the lateral PFC than
do 18- to 25-year-olds (Bunge, Dudukovic,
Thomason, Vaidya, & Gabrieli, 2002;
Durston et al., 2006; Rubia et al., 2006;
Tamm, Menon, & Reiss, 2002). Interestingly,
the younger children often show additional
activity in a different area of the PFC, such
as the dorsal area of the PFC (Booth et al.,
2003; Durston et al., 2006). Similar results
have been obtained for the stop-signal task
(Rubia et al., 2007, 2013; Vink et al., 2014).
These findings suggest again a shift from
diffuse to localized activity.

Development of Performance
Monitoring

Performance monitoring is of pivotal impor-
tance to rapidly adapt to a changing (social)
environment. It is important not only to
be able to monitor performance in order
to adjust behavior after committing an error
but also when making future-oriented choices
and forming new friendships. A wide vari-
ety of tasks have been used to study the
neural processes involved in the develop-
ment of performance monitoring, ranging
from cognitive learning tasks (e.g., Hajcak,
Moser, Holroyd, & Simons, 2006; Holroyd &
Coles, 2002) to socioaffective feedback tasks
(e.g. Fareri & Delgado, 2014; Somerville,
Heatherton, & Kelley, 2006). In performance
monitoring studies, participants typically
have to make a single or binary choice
when presented with a stimulus. Upon this
choice, performance feedback is given,
which can have a positive valence when
the choice is correct or a negative valence
when the choice is incorrect. Studies in
adults have shown great involvement of
the dorsomedial PFC, more specifically the
pre-SMA and the dorsal anterior cingulate
cortex (dACC) (Ridderinkhof, Ullsperger,
Crone, & Nieuwenhuis, 2004).
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Performance monitoring can be subdi-
vided into internal and external feedback
processing or monitoring. The event-related
potential (ERP) technique has proven to be
very useful in investigating these types of
monitoring, especially internal monitoring.
ERP studies have shown that internal feed-
back processing, when errors are processed, is
associated with a negative ERP component,
the error-related negativity (ERN), which
peaks approximately between 50-100 ms
after an error is committed. This component
is visible even before external feedback may
be presented. Traditionally the ERN is exam-
ined by means of speeded response tasks in
which conflicting stimulus-response map-
pings are likely to occur equally, such as the
go/no-go and Flanker tasks. In the go/no-go
task, prepotent responses to target stimuli
need to be inhibited, while in the Flanker
task, stimuli need to be discriminated with
congruent or incongruent flanking stimuli.
The source of the ERN is estimated in the
dACC by using source localization meth-
ods (Carter & van Veen, 2007; Holroyd &
Coles, 2002).

Compared to the ERN, which reflects the
activation of an internal feedback processing
or monitoring system, feedback-related neg-
ativity (FRN) reflects activity associated with
external monitoring (Gentsch, Ullsperger, &
Ullsperger, 2009). External feedback pro-
cessing is associated with a negative ERP
component, the FRN (also referred to as
the medial frontal negativity, MFN). This
component peaks approximately 250-350 ms
after feedback is presented. The source of the
FRN has been estimated in both the dACC
(van Noordt & Segalowitz, 2012) and in
the basal ganglia (Foti, Weinberg, Dien, &
Hajcak, 2011). These sources are consistent
with the hypothesis that this component
reflects activity of phasic increases and
decreases in midbrain dopamine systems,
which signal to the dACC that outcomes are

better or worse than expected (Holroyd &
Coles, 2002). However, there is an ongoing
debate with respect to whether the FRN
reflects a response to negative feedback
(Segalowitz, Santesso, Murphy, Homan, &
Chantziantoniou, 2010b), reflects a reward-
related positivity that is absent on nega-
tive feedback (i.e., nonreward) trials (Foti
et al., 2011), or is a response to saliency of
feedback irrespective of valence (Santesso,
Dzyundzyak, & Segalowitz, 2011).

In fMRI paradigms, it was previously
found that processing negative feedback com-
pared to positive feedback is associated with
an increase in pre-SMA and dACC activity
(Holroyd et al., 2004; Zanolie, et al., 2008b),
where neural responses are larger when
negative feedback is unexpected (Zanolie
et al, 2008a). Typically, activity in the
pre-SMA and dACC during performance
monitoring tasks is accompanied by activa-
tion in lateral parts of the PFC, which together
have been interpreted as areas involved in
behavioral adjustment (Carter & van Veen,
2007; Kerns et al., 2004). These results sug-
gest that the dorsomedial prefrontal cortex
(DMPEFC) is involved in cognitive error and
negative feedback processing.

During adolescence, children and adoles-
cents improve in the ability to monitor their
own actions. Particularly, abilities to monitor,
evaluate, and adjust behavior according to
changing environmental and social demands
improve rapidly. Internal monitoring of
actions has been studied to a great extent
using ERPs, by focusing on the ERN. Typi-
cally internal signals are activated whenever
a person notices that an error has been com-
mitted (van Noordt & Segalowitz, 2012).
Studies that have investigated the ERN in a
developmental population have found that
the ERN is present, but small, in children
between ages 3 and 12 years (Grammer,
Carrasco, Gehring, & Morrison, 2014;
Richardson, Anderson, Reid, & Fox, 2011;
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Torpey, Hajcak, Kim, Kujawa, & Klein, 2012;
van Meel, Heslenfeld, Rommelse, Ooster-
laan, & Sergeant, 2012). Between late child-
hood (10-12 years) and early adulthood,
the ERN becomes larger after committing
an error (Santesso, Segalowitz, & Schmidt,
2006; van Meel et al., 2012). During late
adolescence and adulthood, there are con-
tinued changes in the manifestation of the
ERN (Ladouceur, Dahl, & Carter, 2007; for
a review, see Tamnes, Walhovd, Torstveit,
Sells, & Fjell, 2013).

The development of external feedback
monitoring has been studied by measuring
the FRN (e.g., Crowley et al., 2009; Holroyd,
Baker, Kerns, & Muller, 2008; van Meel,
Oosterlaan, Heslenfeld, & Sergeant, 2005;
Segalowitz et al., 2010b). Only few studies
have directly compared the FRN in healthy,
normally developing children with adults
(Eppinger, Mock, & Kray, 2009; Santesso
et al., 2011); other studies only included
an adolescent group of participants (Crow-
ley et al., 2013; Hammerer, Li, Miiller, &
Lindenberger, 2011; Zottoli & Grose-Fifer,
2012). Himmerer et al. (2011) found that the
FRN was largest in children and decreased
with age. Also, the differences between
FRN amplitudes after losses and gains were
smallest in the youngest age group. Last,
there seem to be latency differences in the
FRN between age groups, such that the FRN
peaks later in time for 10- to 12- and 13- to
14-year-olds compared to 15- to 17-year-olds
(Crowley et al., 2013). Also, Zottoli and
Grose-Fifer (2012) found a trend toward
latency differences, where the FRN was later
in time for 14- to 17-year-olds compared to
22- to 26-year-olds. These results seem to
suggest that, during childhood into adoles-
cence, the ability to use external feedback
more efficiently is still developing, such that
the neural processes underlying the FRN
are still developing from childhood to adult-
hood. A tentative idea is that there might be

age-related differences in the efficiency to
differentiate between positive and negative
feedback related to the developing dopamine
system (Zottoli & Grose-Fifer, 2012).
External feedback monitoring has also
been studied extensively using brain imaging
techniques. Children and early adolescents
(8-12 years) show remarkable improvements
in behavioral adjustment after receiving cues
or feedback signaling the need to change
their current behavior. For example, Crone,
Zanolie, Van Leijenhorst, Westenberg, and
Rombouts (2008) measured the neural
activity of three age groups (8-11 years,
14-15 years, and 18-25 years) while per-
forming a rule-learning task, which was
based on the principles of the Wisconsin
Card Sorting Task. In this rule-learning task,
participants were required to sort a stimulus
in one of four locations. After each sort, par-
ticipants received feedback whether the sort
was correct (positive feedback) or incorrect
(negative feedback). Participants had to use
this trial-and-error learning in order to find
the correct sorting rule. As soon as the rule
was applied for a variable number of trials,
the rule changed unexpectedly to a new rule.
This change signaled participants that they
needed to figure out the new rule by using the
given feedback. Developmental comparisons
showed that 8- to 1l-year-olds activated
the ACC/pre-SMA for all types of negative
feedback, whereas 14- to 15-year-olds and
18- to 25-year-olds activated this region
specifically after unexpected negative feed-
back signaling a rule shift and, therefore, a
need to adjust current behavior. These results
show that the pattern of activation changed
between early and midadolescence. Develop-
mental increases in neural activity following
negative feedback were also observed in
the DLPFC; however, this region showed a
more protracted development with continued
changes between midadolescence and adult-
hood (van den Bos, Giiroglu, van den Bulk,
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Rombouts, & Crone, 2009; van Duijven-
voorde, Zanolie, Rombouts, Raijmakers, &
Crone, 2008).

In a rule-learning paradigm, Peters,
Braams, Raijmakers, Koolschijn, and Crone
(2014) aimed to pinpoint the exact devel-
opmental time point at which the neural
response after negative performance feed-
back reaches adult levels. To this end, they
included 268 participants in the age of
8 to 25 years. The researchers found that
the developmental pattern in learning from
negative feedback, and associated activity
in dACC/pre-SMA and DLPFC following
negative feedback, increased until age 14,
after which it stabilized. Strong correlations
between brain responses and behavior on
the task showed that this dACC/pre-SMA
and DLPFC network was involved in per-
forming the task well, but there was also
unique activity associated with age-related
changes. These neural patterns of protracted
development in dACC/pre-SMA and DLPFC
have been observed in a variety of executive
control paradigms, such as studies examining
response inhibition and working memory,
and therefore are to be interpreted as the
maturation of a cognitive learning process.

In conclusion, several studies examining
performance monitoring based on inter-
nal monitoring (ERN) as well as external
monitoring (FRN and processing feedback)
have consistently shown a developmental
growth in abilities. Not only the ability to
monitor errors but also the ability to distin-
guish between different types of feedback
develops from childhood through adoles-
cence. More specifically, between childhood
and adolescence, the capacity for internal
performance monitoring increases. Addition-
ally, adolescents become more successful in
filtering the informative value of feedback
and, as a consequence, use feedback more
efficiently in order to learn. These behav-
ioral improvements are accompanied by

functional changes in the brain, such that
activity in the DMPFC (more specifically the
dACC/pre-SMA) and lateral PFC increases
across age. These developmental patterns
have been attributed to changes in executive
functions and protracted development of the
DMPFC and DLPFC.

DEVELOPMENTAL CHANGES
IN AFFECTIVE DECISION MAKING

Delay of Gratification

Many of the decisions we make in daily life
do not involve only simple deliberations.
Many times our decisions are the result
of a complex interplay between choosing
immediate benefits or long-term outcomes.
Specifically this weighing of short- ver-
sus long-term consequences of choices
seems to undergo pronounced developmental
changes in adolescence. For example, in a
card-playing task in which children, adoles-
cents, and adults can choose between cards
with an immediate high reward but high
long-term losses or immediate low reward
but small long-term losses, children prefer
immediate rewards whereas adults prefer
delayed rewards. This choice pattern changes
during adolescence, when teenagers are
learning to make long-term choices, but even
in 16- to-18-year-olds, the choice pattern is
not quite as targeted on the long term as it
is in adults aged 20 to 25 (Cauffman et al.,
2010; Crone & van der Molen, 2004; Hooper,
Luciana, Conklin, & Yarger, 2004).

The orbitofrontal cortex in particular plays
an important role in controlling responses
to reward stimuli (O’Doherty, 2011), as was
demonstrated earlier in neuropsychologi-
cal research, but which was confirmed in
white matter tract studies in healthy adults
(Peper et al., 2013; van den Bos, Rodriguez,
Schweitzer, & McClure, 2014). Whereas
function activation patterns inform us about
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activity in a specific region, white matter
tracts inform us about the structural con-
nections between regions. Other areas that
play roles in weighing choices are the lateral
frontal areas, which are of considerable
importance for keeping track of long-term
goals (Casey, 2015). For example, when a
choice has to be made between an imme-
diate, quick reward or a possible, larger
reward on the long term, the emotion-related
areas of the brain are active when the quick
reward is chosen, whereas the lateral frontal
cortex areas are active when the long-term
alternatives are chosen (McClure, Laibson,
Loewenstein, & Cohen, 2004).

A well-known task that measures these
types of decisions in the laboratory is the
delay of gratification task (also known as
temporal discounting task). This task asks
participants to choose between a smaller
immediate reward (e.g., 5 euros today) or
a larger delayed reward (e.g., 8 euros in
2 weeks). The more impulsive individuals
typically choose more for the immediate
reward. It is often found that children make
more impulsive choices and that the abil-
ity to delay gratification (or make long
term choices) increases over the course of
adolescence (Achterberg, Peper, Van Duijven-
voorde, Mandl, & Crone, 2016; Banich et al.,
2013; Steinbeis, Haushofer, Fehr, & Singer,
2016). Interestingly, when adolescents make
immediate choices, they show stronger activ-
ity in the ventral striatum/nucleus accumbens
than adults (Christakou, Brammer, & Rubia,
2011). Overcoming responses to immediate
reward is associated with strong functional
coupling between the regulating DLPFC
and the reward-valuing ventromedial PFC,
a connection that becomes stronger with
increasing age (Steinbeis et al., 2016).

Moreover, studies that have looked at
white matter tracts between the striatum and
the frontal cortex have shown that the stronger
these connections, the less impulsive people

are. White matter tracts become stronger
between childhood and adulthood, which
explains, at least in part, the developmental
changes in delay of gratification (Achterberg
et al., 2016; Olson et al., 2009; van den Bos
et al., 2015). Thus, the development of the
PFC, which is important for several aspects
of cognitive control, is most likely also of
crucial importance when making patient,
long-term beneficial decisions.

DEVELOPMENTAL CHANGES
IN COGNITIVE CONTROL
AND SOCIAL DECISION MAKING

Development of the Social Brain

Adolescence is seen as a very important
transition period for the development of
concern for others and social values, which is
strongly tied to the development of cognitive
and socioaffective abilities. Here we present
the argument that cognitive control is also
involved in social decision making. Before
describing this in more detail, it is important
to have a general overview of brain regions
that are involved in social reasoning, which
include mentalizing about thoughts of others
and mentalizing about own benefits.
Mentalizing, the ability to understand
the mental state of oneself and another, is
closely tied to cognitive and socioaffective
development. One of the most important
milestones of mentalizing capacities is the
development of social perspective-taking
abilities (Saxe & Kanwisher, 2003). The term
“perspective-taking” refers to the ability to
understand intentions, considerations, and
goals of others from the point of view of
the other person. The core components of
perspective-taking mature before a child
reaches the age of 5, leading to a “the-
ory of mind” (Wellman, Cross, & Watson,
2001). However, development
perspective-taking abilities does not stop

of these



170 Development of Cognitive Control Across Childhood and Adolescence

there. In experimental designs, it was shown
that the ability to understand and consider
intentions of others in social interactions
gradually develops during childhood and
adolescence. For example, Dumontheil,
Apperly, and Blakemore (2010) had partic-
ipants view a set of shelves with objects,
which they needed to move by instructing
another person. However, this other person
was not able to see all the objects. Therefore,
in order to move the objects correctly, partic-
ipants needed use the perspective of the other
person. These participants showed that the
ability to view a certain situation from the
point of view of another person continues to
develop in adolescence. In adults, perspective
taking is associated with activity in the tem-
poroparietal junction, superior temporal sul-
cus, and DMPFC (Denny, Kober, Wager, &
Ochsner, 2012; Van Overwalle, 2009).

The second important component of men-
talizing is self-referential processing, which
involves comparing consequences for oneself
to consequences for others (Rilling & Sanfey,
2011). In adults, self-referential processing is
associated with activity in the ventro-mPFC
(Amodio & Frith, 2006; Denny et al., 2012).
Activation patterns in the ventro-mPFC,
temporoparietal junction, superior temporal
sulcus, and DMPFC—areas that, together,
are referred to as the social brain—change
remarkably across adolescence and may
influence adolescents’ perspective-taking and
self-referential abilities in decision making
(Blakemore, 2008).

Interestingly, in this perspective, the
DLPFC is not only important for cognitive
control and affective control but has also been
identified as one of the key brain regions
associated with social decision making.
As such, the DLPFC may contribute to the
differential pattern observed in childhood
and adolescence regarding social decisions.

Next we provide evidence for a role of
cognitive control in one specific aspect

of social decision making, the considera-
tion of fairness.

Development of Self-Other Perspectives
in Consideration of Fairness

Cognitive control is a very important com-
ponent of social interactions. Several studies
have demonstrated the role of cognitive con-
trol by using social dilemma’s, or economic
games. During social decisions when goods
need to be divided between two individuals,
two motivational aspects are of importance:
interest in one’s own benefit and concern for
others (Van Dijk & Vermunt, 2000). Over the
past decades, many studies have investigated
the development of fairness in different types
of bargaining contexts. These paradigms
stem from social and economic psychology
and are particularly valuable in studying the
role of cognitive control in considerations
of fairness.

Trust Game

In the Trust Game, there are two players
with a certain sum of money, the stake (see
Figure 5.3; Berg, Dickhaut, & McCabe,
1995). The first player decides independently
either to divide the original stake or to trust
the second player with the money. If the first
player trusts the second player, the stake is
tripled. However, the second player now has
the power to divide all of the money (the
tripled stake) as he or she wishes. The second
player can either reciprocate the trust given
by the first player by dividing the money
relatively fairly between self and the first
player. Or the second player can defect and
keep the profit, therefore giving nothing or
only a small amount of the money back to
the first player. Although there are many
variations to the game, it usually involves a
single transaction with an unknown other to
avoid reputation effects.
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Figure 5.3 Three types of social bargaining games used to study the role of cognitive control in con-
siderations of fairness. In the Trust Game, player 1 can decide not to trust and the game ends. If player 1
decides to trust, player 2 ends the game by either defecting or reciprocating. The stakes are represented
by a number of coins in boxes next to the names of the players. In the Dictator Game, player 1 gets
an endowment which he or she can either share with player 2 or not. The second player does not have
the ability to reject the offer made by the first player. In the Ultimatum Game, player 1 proposes how to
divide the coins. Here an example of a fair offer and an unfair offer is depicted. In the fair and unfair offer
the top row of coins are for Player 1, while the bottom row are coins for Player 2. Player 2 can either
accept or reject the offer. When the offer is accepted both players get the number of coins as proposed,
however, when the offer is rejected both players receive no coins. Color version of this figure is available
at http://onlinelibrary.wiley.com/book/10.1002/9781119170174
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Adolescents typically repay the trust a
little less frequently than do adults, and
children are the least trustworthy. Children
may reciprocate in about 30% of cases and
adolescents in 40% of cases. The percent-
age stabilizes at around 50% during early
adulthood. This means that as adolescents
get older, they more often take the perspec-
tive of the person dividing the money, and
they become more prosocial—that is to say,
more concerned about others. Possibly, they
also get better at controlling the impulse to
choose selfishly (van den Bos, Westenberg,
Van Dijk, & Crone, 2010).

Dictator Game

In the Dictator Game, there also are two
players who receive a certain sum of money
(see Figure 5.3). The first player decides how
to split this amount of money. The second
player does not have the ability to reject the
offer made by the first player. In other words,
the proposed division is always divided as
the first player suggests. The Dictator Game
is thought to capture an objective indication
of the fairness orientation of the first player
because there are no strategies that play a
role in the decision how to divide the sum of
money (Van Dijk & Vermunt, 2000).

As it turns out, most people will give some
money to the other person. They do not give
necessarily half of their budget but usually
20% to 30% and keep the rest of the money
for themselves. Children aged 8 to 10 years
already do this. Children are inherently social
from a young age; they also care about what
other people get (Giiroglu, van den Bos, &
Crone, 2009).

Ultimatum Game

The Ultimatum Game is an economic
exchange game played by two players, a
proposer and a responder (see Figure 5.3;
Giith, Schmittberger, & Schwarze, 1982).

The proposer receives a given sum of money,
the stake, and is asked to share the stake by
offering a certain amount of the stake to the
responder. If the responder accepts the offer,
both players keep the amount allocated by the
proposer. However, if the responder rejects
the offer, both players go empty-handed.
Based on economic rationality hypothesis
(Von Neumann & Morgenstern, 1953), one
would expect that responders accept all offers
higher than nothing to maximize their per-
sonal gain. However, responders reject most
offers lower than 30% of the share and exhibit
a strong preference for fair offers hovering
around a 50-50 split (Van Dijk, & Vermunt,
2000). This, too, is seen in young children—it
seems that the sense of fairness is ingrained
very early on. However, the intentions of the
person making the offer make a difference.
Young children take intentions into account
less than adults do, and adolescents respond
to intentions more than children do but less
than adults do (Giiroglu et al., 2009).

Neuroscience findings have offered excit-
ing new perspectives on fairness considera-
tions, and the developmental changes across
childhood and adolescence. Again, we argue
that cognitive control is a very important com-
ponent in these processes.

Development of Fairness Perspectives

ERP studies have shown that receiving unfair
offers compared to fair offers in an Ultima-
tum Game is associated with larger FRN.
In these studies, the FRN was referred to as
the MFN, however, for reasons of clarity,
we continue to use the acronym “FRN”
(Alexopoulos, Pfabigan, Lamm, Bauer, &
Fishmeister, 2012; Boksem & De Cremer,
2010; Campanha, Minati, Fregni, & Boggio,
2011; Polezzi et al., 2008; Van der Veen &
Sahibdin, 2011; Wu, Zhou, van Dijk, Leliv-
eld, & Zhou, 2011). The FRN not only
differentiates between fair and unfair; the
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level of unfairness and individual differences
also modulate the FRN. More specifically,
the FRN is more pronounced for highly
unfair offers than for moderately unfair
offers (Hewig et al., 2011; Polezzi et al.,
2008; Van der Veen & Sahibdin, 2011). Indi-
vidual differences analysis has shown that, in
particular, participants with a high concern
for fairness show higher FRN responses
to receiving unfair offers (Boksem & De
Cremer, 2010).

Until recently, research has focused mainly
on what happens when someone receives an
unfair offer. However, in daily life, peo-
ple also encounter situations in which they
propose a fair deal but the other party does
not accept this deal. In an ERP experiment,
Zanolie, de Cremer, Giiroglu, and Crone
(2015) tested whether the rejection of a fair
offer would show a larger FRN compared
to the acceptance of a fair offer or rejection
of an unfair offer. Participants of two age
groups, midadolescents 14 to 17 years old
and early adults 19 to 24 years old, played
an adapted version of the Ultimatum Game
with another (computer-simulated) player.
The participant always was the proposer and
played multiple rounds with the same other
player, by making a choice between an unfair
distribution (7 coins for proposer and 3 for
responder; 7/3) and one of two alternatives:
a fair distribution (5/5) or a hyperfair distri-
bution (3/7). Zanolie et al. (2015) found that
the rejection of a fair offer (5/5; alternative
was 7/3) was associated with a larger FRN
compared to acceptance of a fair offer and
rejection of an unfair offer (7/3; alternative
was 3/7). The neural responses did not differ
for the two age groups, suggesting that the
FRN reacts as an alarm system to social
prediction errors, which is already in place
during midadolescence.

This developing preference for fair-
ness over self-interest across childhood is
thought to depend in part on the acquisition of

perspective-taking abilities, enabling children
to take another person’s view (Takagishi,
Kameshima, Schug, Koizumi, & Yamagishi,
2010). This progressing ability to take the
perspective of others, which is defined here as
the ability to understand thoughts and inten-
tions of others and willingness to act on this
understanding, subsequently can result in the
development of strategic behavior. In order
to examine strategic behavior, the Ultimatum
Game and Dictator Game have been used to
look at the behavior of the proposer.

An earlier neuroimaging study examined
the development of fairness considerations
from the proposer perspective (Steinbeis,
Bernhardt, & Singer, 2012). In this study,
children and adolescents between the ages
6 to 13 years played both the Dictator Game
and the Ultimatum Game as proposers. Given
that the Ultimatum Game requires partici-
pants to think about possible rejections by the
receiver (this is not the case for the Dictator
Game), the differences between offers in
the games were seen as indexes of strategic
behavior. The researchers reported that when
entering adolescence (between ages 6 and 13
years), participants more often made strategic
choices. Moreover, an increase in strategic
offers was associated with more activity in
the DLPFC. According to the researchers,
this finding indicates that the DLPFC is
important for the control of our impulse to be
self-centered.

Interestingly, when a comparison is made
between receiving an unfair offer and a fair
offer in a classic Ultimatum Game, adoles-
cents and adults showed stronger activity
in the lateral PFC when receiving unfair
offers. Possibly, the older participants were
better able to inhibit initial impulses to reject,
and they may have thought more about
why someone would make an unfair offer
(Steinmann et al., 2014).

Finally, an fMRI study that manipulated
the intentions for proposing unfair offers
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found that the lateral PFC was differentially
activated across adolescent development
when the other player had no option but
proposing an unfair split. The adults acti-
vated the lateral PFC and the temporoparietal
junction if the dividing player had no other
option; however, young adolescents did not
yet activate these brain areas. Adolescents are
taking the other person’s perspective more
and more during this game, which requires
players to consider what is good for them
and what is good for someone else. Also,
adolescents make more and more use of the
PFC, the area of the brain that is important in
directing behavior.

Taken together, research that made use of
social dilemma paradigms combined with
EEG or fMRI recordings provided evidence
that besides social brain regions, regions
that are typically associated with cognitive
control (such as the DMPFC and lateral PFC)
also were activated. More interestingly, these
regions in particular showed developmental
changes when making social decisions, sug-
gesting that cognitive control development
may explain at least part of the changes we
observe in making social decisions.

FUTURE DIRECTIONS

This chapter provided a review of neuro-
science methods to understand changes in the
development of cognitive control. Moreover,
we have summarized how these changes
are important for understanding cognitive
development and also affective and social
development.

Given that these results are based on
several different paradigms and methods,
future studies should examine the role of
cognitive control in a more detailed way,
for example, by specifically manipulating
cognitive control demands (e.g., by having
participants perform a working memory

task while making social decisions) or by
training cognitive control and test the effects
on socioaffective decision making (Steinbeis
etal., 2012).

Other directions for future studies will
be focusing more on the role of individual
differences. In the studies described in this
chapter, we did not take these into account,
but some studies have reported that, for
example, socioeconomic status has an effect
on the development of response inhibition
(Spielberg et al., 2015).

Finally, an important direction for future
studies will be to use longitudinal meth-
ods. This is commonly done in behavioral
research, but only recently researchers have
started to use these methods in neuroimaging
designs. This type of analyses will prove
especially useful for fitting growth trajecto-
ries (Ordaz, Foran, Velanova, & Luna, 2013)
and for prediction analyses (Dumontheil &
Klingberg, 2012).

CONCLUSION

The last two decades have resulted in tremen-
dous progress in understanding the neural
correlates of the development of cognitive
control. Studies have found that, across
late childhood and adolescence, individu-
als become better at keeping information
in working memory, inhibiting ongoing
behavior, and adjusting behavior according
to changing environmental demands. Inter-
estingly, these changes are accompanied by
differential recruitment of regions in the PFC
and parietal cortex. Many studies reported
that activation in task-relevant brain regions
in adults (brain regions that correlate with
successful performance) become increas-
ingly active when children develop into
adults. These studies also show that children
and adolescents often show activation in adja-
cent areas in the PFC and show a more diffuse



pattern of activation than adults do. One way
this can be explained is by interactive spe-
cialization. This theory suggests that the role
of certain cortical brain regions, and the way
they respond to stimuli in the environment,
is the result of interaction and competition
between these regions to acquire their roles.
Some brain regions may have broad function-
ality early on in development and are partially
activated in a wide range of functions. During
development, activity-dependent interac-
tions make cortical regions become more
specialized (Johnson, 2011).

However, besides these cognitive changes,
a key aspect of adolescence is social reori-
entation. Adolescents become increasingly
more independent from their parents and
orient themselves toward their peers. Adoles-
cence is a period in which friendships become
more important, and adolescents start form-
ing new complex networks of peers. In order
to navigate complex social environments,
adolescents need to develop their social com-
petencies. Furthermore, adolescents often
weigh short-term and long-term outcomes
differently from adults.

We have reviewed studies that have shown
that when adults make these complex affec-
tive (e.g., weighing short- and long-term
outcomes and social fairness considerations)
decisions, they recruit regions that are often
associated with cognitive control, such as the
PFC. Interestingly, these regions increasingly
contribute to socioaffective decision making
when children and adolescents grow up.
Obviously, many other brain regions play a
role in affective decision making (e.g., the
ventral striatum) and in social decision mak-
ing (e.g., regions in the social brain network).
Nonetheless, we have provided evidence that
cognitive control is also very important in
making socioaffective choices, and both EEG
and neuroimaging methods provide valuable
methods to understand these contributions in
more detail.
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CHAPTER 6

Development of Mathematical Reasoning

TERESA IUCULANO AND VINOD MENON

INTRODUCTION

The term “mathematics” derives from the
Greek word mdthema (i.e., “to learn”). The
etymology of the word captures a key aspect
of this discipline: Mathematical knowledge is
hierarchical in nature, and learning of skills
in a new domain builds on a lower-level prim-
itive. The hierarchical structure underlying
the most complex mathematical reasoning
abilities is built on a fundamental system for
representing numerosity (“number sense’)
(Dantzig, 1930; Dehaene, 1997): All forms
of mathematical reasoning require funda-
mental knowledge of the basic properties
of numbers, principles of cardinality and
numerosity as abstract representations of
sets, and the axiomatic rules by which
quantity is manipulated.

Knowledge of numerical magnitude and
manipulations of symbolic and nonsymbolic
quantity (number sense) are critical building
blocks from which all mathematical knowl-
edge is “constructed” in the brain. These
basic building blocks rely on visual and audi-
tory association cortices, which help decode
the visual form and phonological features of
numerical stimuli, and the parietal attention
system (Dehaene, Piazza, Pinel, & Cohen,
2003), which helps to build semantic repre-
sentations of quantity (Ansari, 2008) from
multiple low-level visuospatial primitives,
notably the ability to attend to and individuate

individual objects in space. These primitives
are anchored in the posterior parietal cortex
(PPC), particularly in its intraparietal sulcus
(IPS) subdivision, and are engaged early in
infancy many years before a child learns
to process culturally determined numerical
symbols and number words. As a child
begins to learn the use of orthographic or
phonological symbols, such as Arabic-Hindu
numerals or number words, new representa-
tions develop in the fusiform gyrus (FG) in
the ventral temporal occipital cortex (VTOC)
and are mapped onto appropriate quantity
representations (Allison, McCarthy, Nobre,
Puce, & Belger, 1994; Ansari, 2008; Dehaene
et al., 2004; Park, Hebrank, Polk, & Park,
2012; Shum et al., 2013). Next, procedural
and working memory systems anchored in
the basal ganglia and fronto-parietal circuits
help create short-term representations that
support the manipulation of multiple discrete
quantities over several seconds. Finally,
episodic and semantic memory systems play
an important role in long-term memory for-
mation and generalization beyond individual
problem attributes; and prefrontal control
processes guide and maintain attention in
the service of goal-directed decision making.
Hence, mathematical skills rely on distinct
yet interacting neurocognitive processing
systems. (See Figure 6.1.)

The way in which these neurocognitive
systems are engaged depends critically on
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Figure 6.1 Schematic circuit diagram of brain regions involved in mathematical reasoning. The
fusiform gyrus (FG) in the ventral occipital cortex (VTOC) decodes visual number form and together
with the intraparietal sulcus (IPS) in the posterior parietal cortex (PPC)—which helps build visuospatial
representations of numerical quantity (shown in green boxes and links)—form the building blocks of
mathematical reasoning. The superior temporal gyrus (STG) aids in decoding auditory number words.
Multiple parietal-frontal circuits link the IPS with working memory and cognitive control systems that
include the dorsolateral prefrontal cortex (DLPFC), premotor cortex (PMC), supplementary motor area
(SMA), and basal ganglia (BG). These circuits facilitate visuospatial working memory for objects in
space and create a hierarchy of short-term representations that allow manipulation of multiple discrete
quantities over short periods of time (i.e., several seconds). The declarative memory system anchored
in the medial temporal cortex (MTL)—and particularly the hippocampus—plays an important role in
long-term memory formation and generalization beyond individual problem attributes. Finally, prefrontal
control circuits (shown in red) anchored in the anterior insula (Al) and ventrolateral prefrontal cortex
(VLPFC) serve as flexible hubs for integrating information across attentional and memory systems,
thereby facilitating goal-directed problem solving and decision making during mathematical reason-
ing. Relative transparency for BG and MTL indicates subsurface cortical structure. Color version of this
figure is available at http://onlinelibrary.wiley.com/book/10.1002/9781119170174.

SOURCE: Adapted from Fias, Menon, & Szucs, 2013, © 2013 by Elsevier.

both problem complexity and stage of an
individual’s cognitive development. This
aspect is evident mostly in developmental
studies that show that children’s gains in
problem-solving  skills
by shifts in the mix of problem-solving
strategies, with inefficient procedural strate-
gies gradually being replaced with direct
retrieval of domain-relevant facts (Geary,
Bow-Thomas, & Yao, 1992; Geary, Hoard,
Byrd-Craven, & Desoto, 2004). Over time

are characterized

and with development, episodic and semantic
memory systems build representations in
long-term memory that allow for fast access
of learned arithmetic facts (Butterworth,
1999; Geary, 1994; Menon, 2014; Siegler,
1996).

This chapter synthesizes emerging find-
ings on the perceptual and cognitive building
blocks of numerical cognition, the func-
tional brain circuits associated with them,
and the multiple memory and cognitive
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control systems that play a critical role in
scaffolding children’s mathematics learning
and skill development. Consistent with the
view of hierarchical learning, we provide
evidence that the IPS and FG continue to
play an important role in the development
of more complex mathematical reasoning
skills and that, with increased proficiency,
they continue to anchor a “core” visuospatial
number system for mathematical reasoning.
We emphasize that these regions do not,
however, function in isolation. They receive
inputs from multiple brain regions from
both visual and auditory association cortices
involved in symbolic and number word pro-
cessing and send outputs to several others.
The development of core brain systems for
mathematical reasoning is thus supported
by multiple distributed neural processes
involved in number form, magnitude and
quantity representations, working memory,
as well as cognitive control and declara-
tive memory (see Figure 6.1) (Arsalidou &
Taylor, 2011; Fias, Menon, & Szucs, 2013;
Qin et al., 2014). We take a developmental
systems neuroscience approach to shed light
onto multiple functional circuits that mature
as a child learns to reason “mathematically.”

BUILDING BLOCKS
OF MATHEMATICAL COGNITION

Nonsymbolic “Number Sense”

There is general consensus that humans,
and other species, are endowed with a core
capacity to represent numerosity and that
this capacity may be innate (Butterworth,
1999; Carey, 2004; Dehaene, 1997). Infants
can discriminate displays with different
numerosity—they respond when the dis-
play changes from 2 objects to 3 or from
3 objects to 2 (Starkey & Cooper, 1980;
Starkey, Spelke, & Gelman, 1990; Van Loos-
broek & Smitsman, 1990). Furthermore,
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infants respond to changes in the numerosity
of a set, even when these changes take place
behind a screen, suggesting a sensitivity
to numerical transformations that underlies
basic arithmetic processes (Wynn, 1992,
1998). In addition, visual perception of quan-
tity is susceptible to adaptation (Burr & Ross,
2008), which suggests that numerosity can be
considered as a primary visual property of a
scene, much like color. An endowed capacity
for numerosity may have evolutionary origins
as numerical discrimination abilities have
been found in a number of species, including
orangutans (Shumaker, Palkovich, Beck,
Guagnano, & Morowitz, 2001), monkeys
(Brannon & Terrace, 1998), rats (Church,
1984; Mechner, 1958; Meck & Church,
1983), birds (Emmerton, Lohmann, & Nie-
mann, 1997; Koehler, 1951), and even bees
(Dacke & Srinivasan, 2008) and fish (Agrillo,
Dadda, & Bisazza, 2007; Agrillo, Dadda,
Serena, & Bisazza, 2008; Piffer, Agrillo, &
Hyde, 2012). This finding points to the
existence of a phylogenetically conserved
ability to represent and process numerical
magnitude. However, in humans, this core
ability has undergone tremendous evolution-
ary expansion as a result of the availability
of multiple functional brain circuits that chil-
dren can draw on to guide the development
of complex numerical cognitive abilities.
Theories of the development of numerical
cognition in humans posit two subsys-
tems of core knowledge: One dealing with
small quantities, referred to as an object
file or subitizing system (Cantlon, Platt, &
Brannon, 2009b; Carey, 2004; Feigenson,
Dehaene, & Spelke, 2004; Hyde, Boas,
Blair, & Carey, 2010; Le Corre & Carey,
2007) (see Figure 6.2A), while the other
represents larger quantities and is referred to
as the approximate number system (ANS)
(Dehaene, 2003; Gebuis, Cohen Kadosh, &
Gevers, 2016) (see Figure 6.2B). This lat-
ter system comes into play when there are
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Figure 6.2 Building blocks of mathematical reasoning. (A) The object file (or subitizing) system deals
with up to 4 items in the subitizing range, and it is not subject to the Weber-Fechner law, so that all items
are represented similarly. (B) The approximate number/analog system deals with quantities greater than
4 and creates analog representations of numerosity that are subject to the Weber-Fechner law similar to
any physical stimulus that varies along a continuum. (C) Schematic representation of numerosity on a
compressed logarithmic number line. Distance and ratio effects: Numerosity representations show less
prominent overlap with increasing distance (and ratio) between them. As a result, the discriminability
increases with numerical distance. Size effect: Numerosity representations show greater overlap with set
size. As a result, it becomes harder to compare larger number pairs, even when the distance between
them is kept constant. (D) The width of the Gaussian curves representing quantity becomes smaller
with increased proficiency, reflecting maturation of abstract symbolic representations. (E) Fine-tuning
of number representations from early years of schooling to adulthood. Color version of this figure is
available at http://onlinelibrary.wiley.com/book/10.1002/9781119170174.

SouRrcek: Panel E is adapted from Siegler & Opfer, 2003, © 2003 by SAGE.
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more than 5 items to be tracked by the
object-file/subitizing  system (Feigenson
et al.,, 2002). The object-file/subitizing sys-
tem creates exact representations of a small
set of items (i.e., fewer than 4) and is highly
limited in capacity (Figure 6.2A). In contrast,
the ANS can flexibly represent numbers
much greater than 5, albeit with increasingly
poor resolution along a logarithmically com-
pressed number line (Figure 6.2B—C). The
ANS has several key properties, including
sensitivity to size and distance between quan-
tities. It is harder to discriminate two sets
of items as set sizes increase in magnitude.
For example, it is more difficult to compare
8 versus 9 than it is to compare 3 versus
4 (size effect) (Figure 6.2C, right panel).
Performance, assessed by accuracy and reac-
tion time, drops dramatically when the quan-
tities to be compared are closer in magnitude,
so that it is more difficult to compare 3 versus
4 than it is to compare 3 versus 9 (distance
and ratio effects) (Figure 6.2C, left panel).
Consistent with the Weber-Fechner law
(Fechner, 1860), the more quantity repre-
sentations overlap, the more difficult it is
to discriminate them (Figure 6.2C-D left
panel). The acuity of the ANS is therefore
best described by the relative difference
(ratio) between the quantities to be compared
(Figure 6.2A-B). The Weber-Fechner law
holds true for any given stimuli that vary
along physical continua, such as luminance,
time, pitch tone, length, and others (Moyer &
Landauer, 1967). Within this account, it
has been proposed that numerosities are
encoded and represented holistically as ana-
log magnitudes (Figure 6.2B) (Feigenson,
Carey, & Spelke, 2002; Feigenson et al.,
2004; Leibovich, Katzin, Harel, &
Henik, 2016).

The discrete and analog dimensions are
correlated with one other and co-mature
over development, making it difficult to
disentangle their relative causal roles. Infants
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as young as 2 months do not respond to
numerosity per se but rather to changes in
continuous analog dimensions, such as sur-
face area and contour length (Clearfield &
Mix, 1999; Feigenson et al., 2002). Even chil-
dren as old as 3 years have been shown to rely
on nonnumerical visual cues in order to dis-
criminate between sets of objects (Rousselle,
Palmers, & Noel, 2004). With the acquisi-
tion and mastery of cultural symbols, such
as Arabic-Hindu digits and number words,
this system gains precision—the width of
the Gaussian curves becomes smaller and
“6-ness,” for example, can be represented
more exactly (Figure 6.2D, right panel).
Overall, numerical representations become
more linear and better tuned (Figure 6.2E)
(Halberda & Feigenson, 2008; Siegler &
Opfer, 2003), setting the stage for increased
precision in mapping nonsymbolic quantity
sets to their symbolic representations.

Symbolic Representations and Their
Mapping to Nonsymbolic
Representations

Mathematical skills are built upon under-
standing symbols and number words that
represent quantity and facilitate their manip-
ulation in ways that would be inefficient to
do with nonsymbolic quantity. Numerical
symbols facilitate the formation of precise
numerosity representations and engender
precise computational abilities that allow
children to develop numerical skills that
go far beyond those of any other primate.
The symbolic systems for numbers in both
the visual and auditory modalities share the
same distinguishing properties of the two
nonsymbolic systems for quantity knowledge
outlined in the last section. There is evidence
for a subitizing system that deals with small
quantities in symbolic form, which might be
due to the fact that the first number words
are acquired initially for small cardinalities,
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1 to 4 (Briars & Siegler, 1984; Carey, 2009),
and only after the discovery of the counting
principles are these number words extended
to larger numerosities (Wynn, 1992, 1998).
Thus, children’s accuracy during a non-
symbolic estimation task depends critically
on their counting abilities (Barth, Starr, &
Sullivan, 2009).

Although the object file/subitizing sys-
tem (Figure 6.2A) is unencumbered by the
distance and ratio effects (Figure 6.2C)
in children as well as adults, larger sets
(Figure 6.2B) show distance/ratio and
size effects similar to nonsymbolic sets
(Figure 6.2C) (Piazza et al., 2010). In their
seminal study, Moyer and Landauer (1967)
demonstrated that when adults are asked to
determine which of two numbers—presented
visually as Arabic-Hindu digits or number
words—is larger in magnitude, subjects were
faster and less error prone when the ratio was
high. Moreover, it has been demonstrated that
symbolic distance/ratio effects are prominent
in the context of priming, where the speed
of processing of a target number is influ-
enced directly by the numerical distance to
a numerical stimulus presented immediately
prior to the target (Reynvoet, Brysbaert, &
Fias, 2002; Van Opstal, Gevers, De Moor, &
Verguts, 2008). For example, when asked
to judge if the target number “9” is smaller
or larger than a standard number, such as
“5,” reaction times are faster if the preceding
number is “2,” which is 3 units from 5,
compared to “4,” which is 1 unit from 5.
Critically, these effects are already present in
children as young as 6 years (Reynvoet, De
Smedt, & Van den Bussche, 2009). Together,
this evidence suggests that an internal scale
for symbolic number processing inherits
some key properties of the nonsymbolic
numerosity scale that governs preexisting
and culturally independent representations of
approximate quantities. Indeed, most exist-
ing proposals for the acquisition of symbolic

numbers claim that the symbols for numbers
acquire meaning by being mapped onto the
preexisting, evolutionarily conserved, core
nonsymbolic quantity representation system.

DEVELOPMENT OF ARITHMETIC
PROBLEM-SOLVING SKILLS

Role of Foundational Symbolic
and Nonsymbolic Skills

The ability to manipulate numerosity forms
the basis of mathematical reasoning (Barth,
La Mont, Lipton, & Spelke, 2005; Barth et al.,
2006; Gilmore, McCarthy, & Spelke, 2007,
2010). Crucially, arithmetic problem-solving
skills build on a core number knowledge sys-
tem for representing numerical quantity using
abstract symbols that is typically in place by
the age of 5 (Barth et al., 2009; Lipton &
Spelke, 2005). In order to perform exact
manipulations, such as addition and sub-
traction, a child needs to develop fine-tuned
representations of numbers (Butterworth,
2010). Thus, a child needs to be able to
enumerate distinct items in a set and assess
whether a set of items represents a greater
or smaller quantity compared to another set:
A set of 3 items is less than a set of 4 items.
Next, it is essential to be able to manipulate
numbers: A set of 3 items together with a
set of 4 items forms a larger set of 7 items
(Giaquinto, 1995). Furthermore, the ability to
represent large quantities—and to manipulate
them efficiently—depends on the acquisition
of culture-specific numerical symbols, such
as Arabic-Hindu digits and number words
(Ansari, 2008). Indeed, higher math skills
have been associated with better mapping
abilities between the symbolic and nonsym-
bolic systems for numbers (Iuculano, Tang,
Hall, & Butterworth, 2008; Lyons & Ansari,
2015; Rousselle & Noel, 2007).

Both symbolic and nonsymbolic core
skills have been linked to mathematical



Development of Arithmetic Problem-Solving Skills

abilities. Several studies have shown a signif-
icant relationship between the nonsymbolic
ANS (Figure 6.2B) and mathematical skills
(Inglis, Attridge, Batchelor, & Gilmore,
2011; Mazzocco, Feigenson, & Halberda,
2011; Starr, Libertus, & Brannon, 2013). In
one study, performance on a standardized
math test in 14-year-olds was retroactively
predicted by their ability to accurately and
precisely discriminate between nonsymbolic
numerosity at a very early age, as early
as kindergarten (Halberda, Mazzocco, &
Feigenson, 2008). However, most studies
have found this relation between nonsym-
bolic number sense and arithmetic skills only
in children (i.e., 7- to 9-year-olds) but not in
adults (Inglis et al., 2011). Others have not
found such relationship, even in children,
and have instead reported stronger relations
with symbolic number sense (De Smedt, Ver-
schaffel, & Ghesquiere, 2009; Gilmore et al.,
2013; Holloway & Ansari, 2009; Iuculano
et al., 2008; Rousselle & Noel, 2007; Soltesz,
Szucs, & Szucs, 2010).

Verbal processes involved in learning the
labels of Arabic-Hindu numerals and the
ability to translate between Arabic-Hindu
numerals and verbal codes also play a critical
role in the development of mathematical
reasoning (De Smedt, Taylor, Archibald, &
Ansari, 2010; Gobel, Watson, Lervag, &
Hulme, 2014). Like symbolic
numeracy exists only in cultures where it
is explicitly instructed. In order to develop
concepts of exact numerosity, children ini-
tially depend on language-based number
words (Carey, 2004) and their relation to
visual symbols (Ansari, 2008). Hence, the
development of verbal
ples provides a critical foundation for later
mathematical achievement (Butterworth,
2005; Gelman, 1978). Indeed, mastery of
the how-to-count principles has been found
to predict children’s later mathematical
reasoning abilities (De Smedt et al., 2010;

literacy,

counting princi-
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Passolunghi, Vercelloni, & Schadee, 2007).
Crucially, proficiency in mathematics is
strongly associated with better mapping abil-
ities between the symbolic and nonsymbolic
systems for numbers (Barth et al., 2009;
Tuculano et al., 2008; Mundy & Gilmore,
2009; Rousselle & Noel, 2007).

Working Memory and Cognitive
Control

Working memory and associated cognitive
control processes play an essential role in the
development of children’s problem-solving
abilities (Geary & Widaman, 1992; Geary
et al., 2004; Siegler, 1987, 1996). Indeed, the
particular emphasis on working memory in
mathematical cognition is most prominent
in developmental studies. This observation
has origins in children’s immature problem-
solving abilities, which require them to break
down numerical problems into more basic
components (Cowan et al., 2011; Wu et al.,
2008). For example, compared to adults,
children rely more on counting strategies
during simple arithmetic problem solving
(Qin et al., 2014), and they access multiple
working memory components, including
short-term storage, rule-based manipulation
and updating of the stored contents (Ashcraft,
1992; Qin et al., 2014). With increased profi-
ciency and a shift to fact retrieval strategies,
there is less demand and need for working
memory resources (Bailey, Littlefield, &
Geary, 2012; Geary, 1994; Geary et al., 2007;
Menon, 2014; Siegler, 1996).

Working memory processes used in
mathematical reasoning draw on the
object-file/subitizing system (Figure 6.2A),
which plays an early developmental role
in tracking items over a short period of
time and in space, allowing manipulation of
multiple discrete items over several seconds
(Carey, 2004). More complex manipulations
of quantities require the aid of higher-order
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cognitive functions that support maintenance
of numerical representations in working
memory over longer time periods span-
ning several seconds. Furthermore, in order
to solve complex problems successfully,
children need to learn to inhibit irrelevant
information and implement task-relevant
rules (e.g., “+” or “~” signs that character-
ize arithmetic operations). Crucially, recent
longitudinal studies have highlighted the
importance of the executive as well as the
visual components of working memory in
predicting math proficiency (Geary, 2011).
Weak interference suppression has also been
proposed to lie at the core of difficulties
in acquiring age-appropriate mathematical
abilities (Szucs, Devine, Soltesz, Nobes, &
Gabriel, 2013), either because of the inability
to suppress intrusion errors during calcula-
tion (Geary & Menon, in press) or because
of interference with the contents of work-
ing memory (Oberauer, Lange, & Engle,
2004; Unsworth & Engle, 2007). These
domain-general cognitive processes are as
vital as core numerical knowledge; they
not only provide necessary scaffolds for
the development of more efficient strategies
during the initial stages of arithmetic learn-
ing and skill development (Bull, Espy, &
Wiebe, 2008), but they also facilitate learn-
ing of new and more complex materials in
adolescence and adulthood (Zamarian &
Delazer, 2014).

The manner in which distinct components
of working memory contribute to the devel-
opment of mathematical problem-solving
abilities is considered further in the section
titled “Neurodevelopmental Processes in
Mathematical Reasoning.”

Development of Memory-Based
Strategies

The ability to retrieve basic facts efficiently
from memory is a vital aspect of mature

problem solving (Siegler, 1996). During
development, children’s math problem-
solving skills gradually become more depen-
dent on memory-based strategies, such as
direct retrieval, and less dependent on effort-
ful procedures, such as counting (Geary et al.,
2004; Qin et al., 2014). During learning and
skill acquisition, children have available to
them a mix of procedural and memory-based
approaches for solving problems in a given
domain (Siegler, 1996), whereby elaborate
computational procedures (e.g., counting to
solve arithmetic problems, phonetic decod-
ing to sound out and read words) are used
more frequently than memory-based proce-
dures (e.g., addition fact or word retrieval)
(Butterworth, 1999; Geary, 1994; Menon,
2014; Siegler, 1996). Less efficient strate-
gies then are gradually replaced by more
efficient memory-based ones (Geary, 1994;
Siegler, 1996).

By age 7, children are typically able
to answer single-digit addition problems,
although rapid fact retrieval has not fully
developed by this age (Jordan, Hanich, &
Kaplan, 2003). Between ages 7 and 9,
problem-solving abilities generally progress
from effortful counting strategies to more
automatic retrieval strategies, although the
extent of such skill maturation and the
sources of individual variability are less well
understood. During successful mathematical
learning, the representation of arithmetic
facts in long-term memory is aided by the
repeated use of counting and other updat-
ing procedures (Ashcraft, 1982; Siegler &
Shipley, 1995; Siegler & Shrager, 1984).
For example, when counting on from 3 to 7
to solve the problem “3+4.,” an association
is dynamically formed between the correct
solution (“7”) and the addends of the prob-
lem (“3 and 47). After many repetitions,
children begin to directly retrieve the answer
when presented with the problem (Siegler &
Shrager, 1984).
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In this manner, knowledge of counting
principles, language, and working memory
together support encoding of information into
long-term semantic memory. In the section
titled “Neurodevelopmental Processes in
Mathematical Reasoning,” we consider how
interacting neurocognitive systems support
these processes.

NEURODEVELOPMENTAL
PROCESSES UNDERLYING
BUILDING BLOCKS

OF NUMERICAL COGNITION

Neural Building Blocks

The neural building blocks for numerical
cognition are constructed from core hubs
anchored in the IPS and the FG and their
associated functional circuits (Figure 6.1).
These hubs code perceptual and semantic
representations of nonsymbolic and sym-
bolic quantity and facilitate their dynamic
manipulation in a context-dependent manner
(Ansari, 2008). Much of the early evidence
for the importance of the parietal lobe,
including the IPS, in numerical cognition
came from lesion studies in patients with
brain damage. These studies date back to the
seminal work of Henschen (1920) and Gerst-
mann (1940), which revealed that damage to
the left inferior parietal cortex caused severe
deficits in the ability to perform simple arith-
metic calculations. In the ensuing decades,
more refined neuropsychological investi-
gations have determined that impairments
in more basic functions, such as number
comprehension and production, could also be
traced to lesions of the inferior parietal cortex
(Cipolotti, 2001; Dehaene & Cohen, 1997;
Delazer & Benke, 1997; Lemer, Dehaene,
Spelke, & Cohen, 2003). Beyond the infe-
rior parietal cortex, difficulties in decoding
numerical symbols have also been reported
in a few individuals with ventral temporal

occipital lesions, including the FG (Cohen &
Dehaene, 1995).

Yet only with the advent of more precise
functional brain mapping and neurodevel-
opmental studies have the functional roles
of specific subdivisions of the PPC and the
VTOC been clarified.

It is now established that functional sys-
tems associated with the IPS play a prominent
role in mathematical cognition and its devel-
opment. The reason for this is not that the IPS
houses a number module, as previously sug-
gested (Butterworth, 1999, 2010; Dehaene,
2003; Dehaene & Cohen, 1995), but that
its connectivity with other brain areas helps
sustain a broad class of processes, including
spatial attention, individuation, and pointing
of objects in extrapersonal space (Schaffel-
hofer & Scherberger, 2016; Simon, Mangin,
Cohen, Le Bihan, & Dehaene, 2002) as well
as the encoding of the locations of objects
into visual short-term memory storage (see
Figure 6.3A, a-b) (Knops, Piazza, Sengupta,
Eger, & Melcher, 2014; Luck & Vogel, 2013;
Todd & Marois, 2004). These functions play
an important role in the individuation of
objects in space, thereby contributing to the
development of functional systems for the
estimation of quantity (Cantlon & Brannon,
2006; Cantlon, Brannon, Carter, & Pelphrey,
2006; Cutini, Scatturin, Basso Moro, & Zorzi,
2014; Harvey, Klein, Petridou, & Dumoulin,
2013; Heine, Tamm, Wissmann, & Jacobs,
2011; Knops et al., 2014; Kucian, Von
Aster, Loenneker, Dietrich, & Martin, 2008;
Piazza et al., 2004; Vogel, Grabner, Schnei-
der, Siegler, & Ansari, 2013) (Figures 6.3,
6.4A-B, 6.5A). Thus, for example, IPS
activity is enhanced during visual short-term
memory tasks in which participants are asked
to remember the spatial location of objects
(Todd & Marois, 2004) (Figure 6.3A, a).
Critically, IPS activity increases with the
number of target locations to be remem-
bered, plateauing at about 4 items in close
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Figure 6.3 Neural building blocks of mathematical reasoning. (A) The visual short-term memory sys-
tem (vSTM) in adults and children. (a) (left) vSTM task. Subjects judge whether the color of the probe
matches the color of the disc shown at the same position in the same display; (center) behavioral perfor-
mance and IPS response function shown as percentage of signal change in the vSTM task. Behavioral
performance corresponding to the estimated number (K) of encoded color discs at each set size. (right)
Time course of brain activation showing capacity limits in the IPS vSTM system. (b) Brain regions
exhibiting a vSTM profile (red), and brain regions exhibiting an enumeration profile (green) with asso-
ciated response profiles. (¢) Hemodynamic response profiles in the right IPS related to enumeration of
nonsymbolic quantity. (d) Brain activation in the parietal and occipital cortices for small (> 4) and large
(< 4) numerosity in elementary school children as revealed by electroencephalogram recordings.

(B) The approximate number system in adults and children. (a) Ratio/distance effects in the bilateral
parietal IPS in adults. (b) Brain regions involved in estimating the spatial position of numerical and other
magnitudes overlap in the bilateral IPS in adults. (c) Numerosity-dependent functional gradients in the
IPS. (d) Parietal activation during a nonsymbolic comparison task with larger numerosity in 9-year-old
children.
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(c) Sensitivity to symbolic and nonsymbolic quantities in 6-year-old children. Color version of this figure
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SOURCE: (A) (a) Adapted from Todd and Marois, 2004, © 2004 by NPG. (b) Adapted from Knops et al.,
2014, © 2014 by SfN. (c) Adapted from Cutini et al., 2014, © 2014 by Elsevier. (d) Adapted from Heine
etal., 2011, © 2011 by Elsevier.

(B) (a) Adapted from Piazza, Izard, Pinel, Le Bihan, & Dehaene, 2004, © 2004 by Elsevier. (b) Adapted
from Vogel et al., 2013, © 2013 by Elsevier. (c) Adapted from Harvey et al., 2013, © 2013 by Science.
(d) Adapted from Kucian et al., 2008, © 2008 by Taylor & Francis.

(C) (a) Adapted from Shum et al., 2013, © 2013 by SfN. (b) Adapted from Holloway, Battista, Vogel, &
Ansari, 2013, © 2012 by the Massachusetts Institute of Technology. (c) Adapted from Cantlon et al.,
2009a, © 2009 by the Massachusetts Institute of Technology.

correspondence with the subitizing range (Knops et al., 2014), further highlighting
(Figure 6.2A). Regions of the posterior IPS, the close correspondence between the two
which are engaged during visual short-term  functions.

memory tasks, overlap with those activated The IPS plays a crucial role in judgement
during enumeration tasks (Figure 6.3A, b) of numerical quantity, and neural signatures
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for discrimination of small and large quantity
are prominent in adults as well as children
(Figure 6.3A, c—d) (Cantlon et al., 2009a;
Cutini et al., 2014; Heine et al., 2011; Hyde &
Spelke, 2009; Kucian et al., 2008; Piazza,
Mechelli, Butterworth, & Price, 2002).
The IPS is sensitive to the numerical
distance between quantity represented
in both discrete (Figure 6.3B, a) (Piazza
et al., 2004) and analog forms (Vogel et al.,
2013) (Figure 6.3B, b), and modulation of
IPS activity to nonsymbolic numerosities
has been reported in children as young as
4 years of age (Figure 6.3B, d) (Cantlon
et al., 2006). Moreover, there is evidence to
suggest fine-tuned neural discriminability of
individual items in the IPS (Figure 6.3B, c)
(Harvey et al., 2013). The IPS is also
strongly modulated by numerical distance
in symbolic representations of quantity
(Ansari, Garci, Lucas, Hamon, & Dhital,
2005; Cohen Kadosh, Cohen Kadosh, Kaas,
Henik, & Goebel, 2007; Hinton, Dymond,
Von Hecker, & Evans, 2010; Naccache &
Dehaene, 2001). Taken together, these find-
ings point to a key role of the IPS in building
visual representations of quantity through
neural substrates that overlap with those
engaged by visual short-term memory and
attention.

In contrast to the IPS, the FG plays an
essential role in high-level object recognition
(Gauthier, Tarr, Anderson, Skudlarski, &
Gore, 1999; Gauthier, Skudlarski, Gore, &
Anderson, 2000; Goodale & Milner, 1992;
Grotheer, Herrmann, & Kovacs, 2016;
Holloway et al., 2013; Shum et al., 2013;
Wimmer, Ludersdorfer, Richlan, & Kro-
nbichler, 2016). Crucially, FG regions
proximal to the visual word form area
(McCandliss, Cohen, & Dehaene, 2003;
Saygin et al., 2016) show strong responses to
numerical symbols in both adults and chil-
dren (Figure 6.3C) (Ansari, 2008; Cantlon
et al., 2009a; Grotheer et al., 2016; Holloway
et al., 2013; Shum et al., 2013). Intracranial

electrophysiological recordings suggest that
specific subdivisions of the FG may be
differentially sensitive to number stimuli
compared to perceptually similar letters and
false word stimuli (Figure 6.3C, a) (Shum
et al., 2013), suggesting a crucial role of
the FG in perceptual decoding of numerical
digits. Involvement of the FG in numeri-
cal judgments has also been supported by
functional imaging studies in both adults
(Figure 6.3C, b) (Holloway et al., 2013) and
in children 6 to 7 years old (Figure 6.3C, c)
(Cantlon et al., 2009a).

Thus, starting from the earliest years
of schooling, both the dorsal and ventral
visual streams, anchored in the IPS and
FG, respectively, contribute to symbolic and
nonsymbolic representations of quantity.
Beyond this, interactions of the IPS and
FG with multiple prefrontal and parietal
cortical regions allow active manipulation of
numerical representations over longer time
periods in working memory, thereby facil-
itating more complex rule-based problem
solving (Menon, 2014). See the section titled
“Developmental Shifts from Prefrontal to
Specialized Parietal Circuits.”

Multisensory Mapping: Development
of STG-FG Circuits for Mapping
Number Words to Symbols

Children are first introduced to symbolic
representation of quantity using number
words. Hence, auditory processing systems
in the superior temporal gyrus (STG) and
the middle temporal gyrus (MTG) may be
crucial for the development of early symbolic
manipulations of quantity, including count-
ing objects and the use of number words
(Carey, 2004). Neural building blocks asso-
ciated with number word processing and
their development have been less well stud-
ied because phonological abilities develop
before a child enters kindergarten and func-
tional brain imaging studies are only now
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beginning to address the early stages of
language acquisition. However, the role of
the posterior STG in phonological process-
ing is well established (Prado et al., 2011),
and there is evidence to suggest that good
phonological skills play a critical role in the
acquisition of mathematical skills (De Smedt
et al., 2010). Prior to kindergarten, children
are also exposed to visual symbols, typically
Arabic-Hindu digits, representing quantity.

Perceptual representation of numerical
symbols is known to be supported by the
VTOC, with the strongest effects in the FG
(Ansari, 2008; Cantlon et al., 2006, 2011;
Holloway et al., 2013; Shum et al., 2013)
in both adults and children (Figure 6.3).
There is evidence to suggest that percep-
tual processing of nonsymbolic discrete
stimuli (e.g., sets of dots) and the abil-
ity to differentiate between distinct visual
objects, such as faces and letters, is relatively
mature by the age of 4 (Cantlon et al., 2006)
(Figure 6.4A—-B). However, FG sensitivity to
symbolic numbers, compared to letters, is still
immature at this age (Cantlon et al., 2011)
(Figure 6.4C).

Integration of phonological and ortho-
graphic codes, represented in the STG and
FG, respectively, is essential for successful
development of word reading skills, and
coactivation of printed- and spoken-language
processing networks in 8-year-olds is predic-
tive of reading scores 2 years later (Preston
et al, 2016). Multisensory mapping of
STG-FG circuits for mapping number words
to symbols has not been investigated in the
domain of mathematical cognition, but it is
reasonable to assume that a similar process
may apply to processing numerical symbols.

Semantic Mapping: Development
of Ventral-Dorsal Stream Circuits
Supports Symbolic to Nonsymbolic
Mapping

With increased proficiency in representing
number words and visual numbers comes

automatized three-way mapping among
Arabic-Hindu digits, number words, and
their semantic meaning as abstract repre-
sentations of quantity. This mapping arises
from a dynamic interplay between visual
and auditory associative cortices, anchored
in the FG and STG, respectively, and their
underlying numerical representations in the
PPC. Investigations of this process have,
however, been focused almost solely on a
two-way mapping between the FG and PPC
for visual number symbols (Ansari & Dhital,
2006; Cantlon et al., 2006, 2011; Holloway
et al., 2013; Ischebeck et al., 2006). This
circuit linking the dorsal and ventral visual
stream plays an essential role in building a
strong link between symbolic and nonsym-
bolic quantity representations. The neural
substrates for representing sets of nonsym-
bolic quantity matures early in development
(Cantlon et al., 2006; Kaufmann, Wood,
Rubinsten, & Henik, 2011; Kucian et al.,
2008; Kucian, Loenneker, Martin, & Von
Aster, 2011; Price, Holloway, Rasanen, Vert-
erinen, & Ansari, 2007), but it does not reach
adult-like level of precision (Piazza et al.,
2004, 2010; Siegler & Opfer, 2003) until later
in development (Figure 6.2E). Connectivity
between the dorsal and ventral visual streams
plays an essential role in children’s mathe-
matical skill development, as demonstrated
recently by a study using intrinsic functional
connectivity analyses, where the strength
of functional coupling between FG and
dorsal PPC and the prefrontal cortex PFC,
significantly predicted gains in numerical
abilities over development spanning an age
range between 7 and 14 years of age (Evans
et al., 2015) (Figure 6.5A-B—C).

Developmental Shifts from Prefrontal
to Specialized Parietal Circuits

A key neurodevelopmental feature common
to both symbolic and nonsymbolic magni-
tude judgement tasks is a “neural shift” from
general processing regions in the PFC to
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more specialized regions in the PPC. In a
nonsymbolic magnitude discrimination task,
Cantlon and colleagues (2009a) found that
while children 6 to 7 years old engaged the
bilateral inferior frontal gyrus and adjoining
insular cortex, these prefrontal regions were
not significantly activated in 24-year-old
adults (Figure 6.6A). In contrast, both groups
showed activation of the left IPS, although
its spatial extent of activity was greater in
adults (Figure 6.6A). Furthermore, numerical
distance effects (greater activity for com-
parisons involving smaller ratios) have been
shown to correlate with left IPS activity in

adults and for a variety of manipulations,
including physical size and luminance (Pinel,
Dehaene, Riviere, & Lebihan, 2001). In con-
trast, children display the same neural effect,
but in the dorsal and lateral aspect of the PFC
(Figure 6.6B) (Ansari & Dhital, 2006; Ansari
et al., 2005; Cantlon et al., 2009a). In a non-
symbolic comparison task, Ansari and Dhital
(2006) found that only 9- to 11-year-old chil-
dren displayed a distance effect in the right
dorsolateral PFC, whereas 19- to 21-year-old
adults had a stronger distance effect in the left
anterior IPS (Figure 6.6B—C). Similarly, in a
symbolic number comparison task using the
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same age groups, Ansari et al. (2005) found
that adults showed sensitivity to numerical
distance bilaterally in the IPS, whereas chil-
dren showed sensitivity to numerical distance
in the right precentral gyrus and right inferior
frontal gyrus. Thus, although the precise neu-
ral locus of development varies by cognitive
process and stimulus, a consistent profile of
decreased reliance on the PFC and increased
reliance on the PPC has been found as a
function of development in a wide range
of studies of numerical cognition involving
magnitude estimation with symbolic as well
as nonsymbolic stimuli.

NEURODEVELOPMENTAL
PROCESSES IN MATHEMATICAL
REASONING

Parietal-Frontal Working Memory
Systems in the Development
of Mathematical Cognition

The first hint of the possible involvement
of parietal-frontal circuits in mathematical
cognition came from a study of a 59-year-old
patient with an extended left parietal-frontal
infarct who had selective deficits in perform-
ing numerical computations with numbers
greater than 4 (Cipolotti, Butterworth, &
Denes, 1991). Early neuroimaging studies
provided stronger evidence for the spe-
cific involvement of a core parietal-frontal
working memory network in mathematical
reasoning based on overlapping PPC and
PFC activations in tasks involving numeri-
cal problem solving and working memory
(Grabner et al., 2009; Ischebeck, Zamarian,
Egger, Schocke, & Delazer, 2007; Rivera
et al., 2005). Crucially, subsequent studies
have shown that the role of the parietal-
frontal working memory network in numer-
ical problem solving depends on problem
complexity (Ischebeck et al., 2006), indi-
vidual differences in task proficiency

(Dumontheil & Klingberg, 2012; Metcalfe,
Ashkenazi, Rosenberg-Lee, & Menon, 2013),
and developmental stage of skill acquisition
(Menon, 2014).

The engagement of the parietal-frontal
system changes dramatically with develop-
ment (Menon, 2014). For example, Rivera
and colleagues (2005) found that relative to
adults, children tend to engage the PPC less
and the PFC more when solving arithmetic
problems, likely reflecting the increased role
of visuospatial processing and the concurrent
decrease in demands on cognitive control
(Figure 6.7). Extending this finding, analysis
of neurodevelopmental profiles among chil-
dren, adolescents, and young adults revealed
that differential recruitment of specific brain
systems in adolescence underlies adult levels
of problem-solving skills (Chang, Metcalfe,
Padmanabhan, Chen, & Menon, 2016). While
activation in bilateral ventral IPS increased
linearly with age (Figure 6.8A), the left ante-
rior supramarginal gyrus (SMG) subdivision
(SMG-PF) (Caspers et al., 2006) showed an
inverted U-shaped profile across age groups
such that adolescents exhibited greater acti-
vation than both children and young adults
(Figure 6.8B). Critically, greater SMG-PF
activation was correlated with task perfor-
mance only in adolescents (Figure 6.8B);
adolescents also showed greater task-related
functional connectivity of the SMG-PF with
the ventro-temporal, anterior temporal, and
prefrontal cortices relative to both children
and adults. These results suggest that non-
linear up-regulation of the SMG—PF and its
interconnected functional circuits facilitate
adult-level performance in adolescents, and
crucially, they demonstrate how anatomically
precise analysis of both linear and nonlinear
neurofunctional changes with age is neces-
sary for more fully characterizing cognitive
development.

Other studies have addressed the link
between working memory abilities and
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Figure 6.7 Fronto-parietal shift in activation over development. (A) Lateral view: Brain areas in which
activity during arithmetic problem solving increases or decreases with age. Increases were detected in
the supramarginal gyrus (SMG) and the ventral temporal occipital cortex (VTOC), while decreases were
detected in the lateral prefrontal cortex as well as in the superior and middle temporal gyri. (B) Coronal
view: Brain areas that show activity decreases with age also included the medial temporal lobe (MTL),
in the hippocampus and parahippocampal gyrus. Color version of this figure is available at http://
onlinelibrary.wiley.com/book/10.1002/9781119170174.

Sourcek: Adapted from Rivera et al., 2005, © 2005 by the Oxford University Press.

mathematical problem-solving skills more
directly. Dumontheil and Klingberg (2012)
found that IPS activity during a visuospatial
working memory task predicted arithmetic
performance 2 years later in a sample of
6- to 16-year-olds. Further analyses on the

neural correlates of individual components of
working memory have provided evidence for
the fractionation of neurofunctional systems
associated with distinct working memory
components during arithmetic problem solv-
ing (Arsalidou & Taylor, 2011; Metcalfe
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Figure 6.8 Developmental changes in parietal cortex from childhood to adolescence and adulthood.
(A) Linear increases with age. Cytoarchitectonic probabilistic labeling indicates that activations during
arithmetic problem solving in both ventral lateral subdivisions of the IPS (hIP1) and adjoining anterior
angular gyrus—PGa (AG-PGa), and posterior subdivision of the supramarginal gyrus (SMG-PFm) show
linear increases from childhood to adulthood. (B) Nonlinear increases with age. Activation in the left
anterior supramarginal gyrus (SMG) showed an inverted U-shaped profile across age groups. Greater
SMG-PF activation was correlated with task performance in adolescents only. Color version of this
figure is available at http://onlinelibrary.wiley.com/book/10.1002/9781119170174.

SoURCE: Adapted from Chang, Rosenberg-Lee, Metcalfe, Chen, & Menon, 2015, © 2015 by Elsevier.

et al., 2013; Rottschy et al., 2012). Specif-
ically, analysis of the relation between the
central executive, phonological, and visu-
ospatial components of working memory
and brain activation during an arithmetic
verification task in a large group of 7- to
9-year-old children revealed that visuospa-
tial working memory is a strong predictor
of mathematical ability in children in this
age group. This study also demonstrated
that visual working memory is associated

with increased problem complexity-related
responses in left dorsolateral and right ven-
trolateral PFC as well as in the bilateral IPS
and SMG. Visuospatial working memory and
the central executive component were asso-
ciated with largely distinct patterns of brain
responses during arithmetic problem solving,
and overlap was observed only in the ventral
aspects of the left SMG (Figure 6.9), sug-
gesting that this region is an important locus
for the integration of information in working
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the central executive (CE) and visuo-spatial (VS) components was observed only in the left supramarginal
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figure is available at http://onlinelibrary.wiley.com/book/10.1002/9781119170174.
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memory during arithmetic problem solving Eckert, & Menon, 2005; Rosenberg-Lee
in children (Ansari, 2008; Dehaene et al., et al., 2014). Finally, analysis of intrinsic
2003; Kawashima et al., 2004; Kucian et al., functional connectivity suggests that a net-
2008; Menon et al., 2000; Rivera, Reiss, work of prefrontal and parietal cortical areas
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supports the longitudinal development of
numerical abilities from 7 to 14 years of age
(Evans et al., 2015) (Figure 6.5D). These
findings further confirm the pivotal role of
overlapping parietal-frontal working mem-
ory circuits in children’s mathematical skill
development.

Development of Unique Representations
for Distinct Numerical Problems

Although localization of brain activation has
provided useful knowledge about the rela-
tive engagement of task-specific brain areas
during problem solving, it offers limited
insights into the cognitive and neural rep-
resentations of distinct numerical problems
in the brain. Even in brain areas where the
level of functional engagement is mature by
age 10, the underlying neural representations
continue to be refined. Studies examining
fine-grained representations using multi-
variate pattern analysis (Kriegeskorte &
Kievit, 2013) demonstrated that the matura-
tion of arithmetic problem-solving skills is
characterized by the emergence of common
neural representations across distinct arith-
metic problem types. For instance, addition
and subtraction are two complementary arith-
metic operations that manipulate the same
quantity in opposite directions. In most ele-
mentary school curricula, addition is learned
as the primary operation, whereas subtrac-
tion builds on prior knowledge of addition
and the inverse relationship of subtraction
with addition (Campbell, 2008). In a recent
study, Chang and colleagues (2015) showed
that, unlike adults, children do not show
invariant neural representations for distinct
problem types in the IPS, FG, PFC, and
anterior temporal cortex (ATC). This finding
suggests that the emergence of arithmetic
problem-solving skills from childhood to
adulthood is characterized by maturation
of common neural representations between
distinct numerical operations and involves
distributed brain regions important for

representing and manipulating numerical
quantity (Figure 6.10).

Medial Temporal Lobe: System
for Associative Learning

Over the past few years, evidence has been
accumulating for the differential involve-
ment of the medial temporal lobe (MTL)
declarative memory system in mathematical
learning, especially during key stages of the
development of cognitive skills (Qin et al.,
2014) (Figure 6.11 A-B—C). The importance
of the MTL, particularly its hippocampal
subdivision, in learning and memory consol-
idation for events in space and time is well
known (Davachi, 2006; Davachi, Mitchell, &
Wagner, 2003; Diana, Yonelinas, & Ran-
ganath, 2007; Eichenbaum, Yonelinas, &
Ranganath, 2007; Squire, 1992; Squire,
Genzel, Wixted, & Morris, 2015; Squire,
Stark, & Clark, 2004; Tulving, 1983). The-
ories of memory consolidation posit that
the hippocampus plays an important role
in the early stages of learning and retrieval,
but its involvement decreases over time with
concomitant increases in the reliance on
neocortical memory systems. Thus, despite
its critical role in learning and memory
formation, hippocampal contributions to
mathematics learning and cognitive devel-
opment more broadly have received little
attention until recently.

The first evidence for the differential
engagement of the hippocampal memory
system in mathematical cognition over
development came from a cross-sectional
study in children, adolescents, and adults
spanning the ages between 8 and 19 (Rivera
et al., 2005). Children exhibited significantly
greater engagement of multiple MTL regions,
including the hippocampus (Figure 6.7).
Similarly, De Smedt and colleagues (2011)
found greater hippocampal response in
children compared to adults when solving
addition problems, although hippocampal
activation was not detected for subtraction
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Figure 6.10 Neurodevelopmental changes in multivariate representational similarities between dis-
tinct numerical problems. Multivariate representational similarity (MRS) was used to assess similar-
ity between addition and subtraction problems. The IPS and middle frontal gyrus (MFG) showed
the strongest effects in developmental changes, followed by the anterior temporal cortex (ATC),
ventral-temporal occipital cortex (VTOC), and supramarginal gyrus (SMG). Color version of this figure
is available at http://onlinelibrary.wiley.com/book/10.1002/9781119170174.

Source: Adapted from Chang et al., 2015, © 2015 by Elsevier.

problems. This finding could be due to the
fact that subtraction problems are less well
rehearsed and more difficult to memorize,
mainly because subtraction problems are
not commutative. These findings highlight
the dynamic role of the hippocampus in
the maturation of memory-based problem-
solving strategies and its greater engage-
ment in childhood followed by decreased
involvement in adolescence and adulthood
(Figure 6.11B).

As noted, children’s gains in problem-
solving skills during early school years are
characterized by the gradual replacement of
inefficient procedural strategies (i.e., count-
ing) with direct retrieval of math-relevant
facts (Figure 6.11A) (Cho, Ryali, Geary, &
Menon, 2011; Geary, 2011; Geary & Brown,
1991; Geary & Hoard, 2003; Qin et al.,
2014). Cho and colleagues (2012) examined

neurodevelopmental changes related to
increased use of retrieval strategies and
found that higher retrieval fluency was asso-
ciated with greater response in multiple
brain regions, including the hippocampus
and parahippocampal gyrus subdivisions of
the MTL. Thus, children’s use of retrieval
strategies, far from being idiosyncratic, is
in fact associated with a predictable profile
of hippocampal responses. A related study
found that retrieval and counting strategies
were associated with different activation pat-
terns in hippocampal regions important for
memory encoding and retrieval, including the
bilateral hippocampus and parahippocampal
gyrus (Cho et al., 2011). The existence of
decodable fine-scale pattern differences in
the spatial pattern of functional magnetic res-
onance imaging (fMRI) signals suggests not
only that the hippocampus is differentially
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Figure 6.11 Maturation of medial temporal lobe (MTL) engagement and connectivity. (A) Longitudinal changes in strategy use during arithmetic problem
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engaged in relation to retrieval but also
that the underlying neural resources are
accessed and used differently during each
strategy. In a seminal study, Qin and col-
leagues (2014) demonstrated that children’s
transition from counting to memory-based
retrieval strategies (Figure 6.11A) over a
1.2-year interval was mediated by increased
hippocampal activation (Figure 6.11B) and
increased hippocampal-neocortical connec-
tivity (Figure 6.11C). Following an initial
increase in hippocampal engagement during
middle childhood, this hippocampal depen-
dency decreased during adolescence and
adulthood (Figure 6.11B) despite further
improvements in memory-based problem
solving (Figure 6.11A). This pattern of initial
increase and subsequent decrease in activa-
tion provides novel support for models of
long-term memory consolidation, which posit
that the hippocampus plays a time-limited
role in the early phase of knowledge acquisi-
tion (McClelland, McNaughton, & O’Reilly,
1995; Tse et al., 2007). Consistent with this
pattern of developmental change, previous
studies of adults have reported no reliable
hippocampal engagement during basic arith-
metic tasks. Thus, the hippocampal system
is critical to children’s early learning of
arithmetic facts (Cho et al., 2011, 2012; De
Smedt, Holloway, & Ansari, 2011), while
retrieval is largely dependent on the neocor-
tex in adults (Dehaene et al., 2003; Menon,
2014).

The shift from procedural to memory-
based retrieval strategies and increased
hippocampal activation is accompanied
by decreases in parietal-frontal engagement
(Qinetal., 2014). Coincidentally, increases in
functional connectivity between hippocam-
pal and neocortical circuits (Figure 6.11C)
were significantly related to longitudinal
improvements in retrieval fluency. In a tutor-
ing study designed to facilitate rapid retrieval
of math facts, hippocampal-PFC functional

circuits predicted performance gains over an
eight-week interval (Figure 6.11D). Specifi-
cally, children who exhibited higher intrinsic
functional connectivity in these circuits
prior to tutoring showed the greatest perfor-
mance improvement in math problem solving
(Supekar et al., 2013). Together, these find-
ings suggest that hippocampal-neocortical
circuit reorganization therefore plays an
important role in children’s shift from effort-
ful counting to more efficient memory-based
problem solving.

Cognitive Control Systems
in Mathematical Cognition

Prefrontal control processes are impor-
tant for virtually every complex cognitive
task, including mathematical reasoning
(Shallice & Evans, 1978). The role of both
working memory and declarative memory
systems in mathematical reasoning there-
fore must be considered in the context
of cognitive control processes that sup-
port flexible problem solving and learning.
Prefrontal control processes serve various
functions in numerical cognition, including
maintenance of attention on goal-relevant
numerical representations, online manipu-
lation of information in working memory,
inhibition of irrelevant information, and
implementation of task-relevant processes.
Implementation of such control relies on
dynamic functional interactions among mul-
tiple frontal regions (Cai, Ryali, Chen, Li, &
Menon, 2014; Cai et al., 2016; Cole et al.,
2013; Ham, Leff, De Boissezon, Joffe, &
Sharp, 2013; Seeley et al., 2007; Sridha-
ran, Levitin, & Menon, 2008), and recent
research has begun to elucidate the role of
parietal—frontal and hippocampal—frontal cir-
cuits in different aspects of cognitive control
during mathematical cognition.

As previously noted, mathematical prob-
lem solving is often supported by the
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co-engagement of parietal and prefrontal
regions associated with working memory
functions. Children as young as 7 show reli-
able, and consistent, patterns of brain activity
during arithmetic problem solving in mul-
tiple PFC regions (Houde, Rossi, Lubin, &
Loliot, 2010). Commonly activated PFC
regions include the anterior insula and the
ventrolateral and dorsolateral PFC (VLPFC
and DLPFC) (Houde et al., 2010), and
these regions are also implicated in a wide
range of cognitive control tasks in adults as
well as children. This profile of anatomical
overlap suggests a common mechanism by
which maturation of basic cognitive control
systems can influence skill development
across multiple cognitive domains, including
mathematical reasoning skills.

Efficient control requires the concerted
coordination among multiple brain regions,
and there is growing evidence to suggest
that such coordination is implemented via
dedicated neurocognitive networks. Two key
networks play a fundamental role in cogni-
tive control processes in the human brain:
The insula—cingulate salience network (SN),
which includes the anterior insula and ante-
rior cingulate cortex (ACC), and the dorsal
parietal-frontal working memory attentional
network, which includes the VLPFC and
DLPFC and SMG (Figure 6.1). The anterior
insula in the salience network has been
shown to be a major causal hub initiating
control signals during arithmetic problem
solving, and its role is progressively refined
over development (Supekar & Menon, 2012)
(Figure 6.12A). In particular, the causal
influence of the anterior insula over the
VLPFC and DLPFC and ACC is significantly
greater in adults, compared to 7-year-old
children (Figure 6.12B). Moreover, despite
higher levels of PFC activation in children,
the strength of their causal modulatory influ-
ences (Figure 6.12B) and their structural
connectivity (Figure 6.12C) to the parietal

cortex has been shown to be significantly
weaker relative to adults.

Crucially, weaker PFC control signals
have been shown to be associated with lower
levels of arithmetic performance, and net-
work interactions better predicted reaction
time in both children and adults. In children,
the strength of casual signals from the anterior
insula to the SMG and VLPFC significantly
predicted reaction times. Conversely, in
adults, the strength of the functional coupling
between the anterior insula and the SMG,
VLPFC, and ACC predicted reaction times.
It is noteworthy that even though a different
set of links predicted reaction times in both
groups, the anterior insula-SMG link was
common in both cohorts. Thus, multiple
PFC control signals contribute to efficient
problem-solving skills in adults, and weak
signaling mechanisms contribute to lower
levels of performance in children.

Dynamic causal modeling of fMRI data
has provided further insights into the tem-
poral profile of interactions among brain
regions involved in mediating retrieval flu-
ency during arithmetic problem solving.
These regions include both the ventrolateral
and the dorsolateral aspects of the PFC,
and their interaction with MTL systems
(Figure 6.13A-B-C) (Cho et al., 2012).
Particularly, causal analysis has revealed
strong bidirectional interactions between the
hippocampus and the left VLPFC and DLPFC
during math problem solving (Figure 6.13D).
Crucially, causal influences from the left
VLPFC to the hippocampus may act as the
main “top-down” component, while causal
influences from the hippocampus to the left
DLPFC might serve as the main “bottom-
up” component of this retrieval network.
Although they are still preliminary, these
analyses highlight the differential contribu-
tion of hippocampal—prefrontal circuits to
the early development of retrieval fluency
in arithmetic problem solving and provide a
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Figure 6.12 Developmental changes in cognitive control networks associated with numerical problem
solving. (A) Brain activation in the salience network (SN) and the dorsal parietal-frontal working mem-
ory attentional network during arithmetic problem solving in children (left) and adults (right). (B) Weaker
dynamic causal interactions between the SN and the working memory attentional network in children
compared to adults. (C) Developmental changes in white matter tracts linking the SN and the working
memory attentional network. Color version of this figure is available at http://onlinelibrary.wiley.com/
book/10.1002/9781119170174.

SOURCE: Adapted from Supekar & Menon, 2012, © 2012 by PLoS.
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novel framework for studying dynamic devel-
opmental processes involving the hippocam-
pus and PFC that accompany the maturation
of mathematical skills. Further research is
needed to investigate how these processes
contribute to concomitant improvements in
cognitive control over retrieval, including
successful inhibition of irrelevant informa-
tion, such as incorrect answers, intermediate
steps, and operand intrusions (Barrouillet &
Lepine, 2005; Passolunghi & Siegel, 2004),
which are all cognitive functions known to
be mediated by VLPFC regions.

CONCLUSIONS AND FUTURE
DIRECTIONS

The ability to represent and manipulate
numbers is thought to be innate and phy-
logenetically determined. An evolutionary
conserved system for numbers (i.e., the
“number sense”’), which humans share with
primates as well as with less evolved ver-
tebrate and invertebrate species, has been
proposed to set the foundations of mathe-
matical reasoning. In humans, this system is
anchored in the PPC, a heterogeneous brain
region that supports multiple visuospatial
cognitive functions, including visuospatial
attention and short-term memory. Perceptual
and semantic representation of quantity in the
VTOC and PPC supports the development of
mathematical reasoning via multiple func-
tional brain circuits. The core building blocks
of mathematical reasoning develop through a
hierarchical representation of neurocognitive
functions comprising visual and auditory
association cortices, which decode the visual
and phonological features of numerical stim-
uli. A parietal-attentional system then helps
build amodal semantic representations of
numerosity by combining perceptual inputs
with visuo-spatial cognitive primitives.
Converging evidence from studies of
infants (Feigenson et al., 2004), preschool

children (Cantlon et al., 2006), and adults
(Ansari, 2008) as well as nonhuman primates
(Cantlon & Brannon, 2006; Nieder, Freed-
man, & Miller, 2002), has revealed that the
representation of approximate quantities is
supported by the IPS in the dorsal aspects of
the PPC. In addition to the dorsal PPC, the
VTOC also plays an important, though often
underappreciated, role in number processing.
The brain builds arithmetic skills with the
support of these systems, but this is only one
part of the necessary circuitry. Mathematical
reasoning relies on and requires multiple
cognitive systems involving working mem-
ory, episodic and semantic memory systems,
and executive control functions. Both devel-
opmental studies in young children and
training studies in adults are beginning to
highlight the important role of these systems
in building new representations in the dorsal
PPC and in the VTOC. Furthermore, as task
manipulations become more sophisticated
with better matching of control tasks on mul-
tiple dimensions, multivariate approaches
will likely be more useful for examining
distinct neural representations in
brain areas.

There is now growing evidence to suggest
that functional circuits engaged by children
are not the same as those engaged by adults,
who have evolved multiple strategies and
schema-like knowledge for efficient learning.
Hence, a number of scaffolding systems are
likely to be engaged during development to
support the efficient acquisition of mathe-
matical reasoning skills. Critically, studies
are now beginning to investigate the role
of parietal-frontal and hippocampal—frontal
circuits that otherwise might be overlooked
in studies involving only adults. These data
converge on the idea that the precise nature
of this engagement is a function of develop-
mental stage, domain knowledge, problem
complexity, and individual proficiency in use
of efficient problem-solving strategies.

these



We are still in the initial stages of under-
standing how functional brain circuits unfold
with development. It is nevertheless clear
that the exclusive focus on activity lev-
els in a small set of brain regions identified
in highly skilled adults will likely miss
important changes in network-level func-
tional organization that accompany learning
and development associated with school-
ing. Increasingly, the focus has also shifted
to multivariate analyses, as it is evident
that similar levels of activation across
task conditions do not necessarily imply
similar kinds of information processing
(Blair, Rosenberg-Lee, Tsang, Schwartz, &
Menon, 2012; Prado et al., 2011; Raizada
et al., 2010). These types of fine-grained
analyses clearly have important implica-
tions for understanding brain mechanisms
mediating the formation of unique stimu-
lus representations and how they mature
with learning and development (Ashkenazi,
Rosenberg-Lee, Tenison, & Menon, 2012;
Chang et al., 2015).

Most previous normative adult and devel-
opmental studies of mathematical reasoning
have focused mainly on localization of acti-
vation and age-related changes, but it is
becoming increasingly clear that cognition
depends on interactions within and between
large-scale brain networks (Bressler &
Menon, 2010). New research is beginning to
highlight the significant and specific changes
in frontal to posterior functional connectivity
that take place during a time period important
for mathematical skill development. In the
long run, a systems neuroscience approach,
with its emphasis on networks and connectiv-
ity, rather than a pure localization approach,
is better suited to further understanding
how complex skills, such as arithmetic,
develop and are expressed in adulthood.
Mathematical reasoning requires the inte-
gration of multiple cognitive processes,
which rely on the engagement of distributed
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brain areas subserved by long-range connec-
tions that undergo significant changes with
development (Fair et al., 2008; Supekar &
Menon, 2012; Supekar et al., 2010). The
recruitment of specific brain circuits changes
dynamically as a function of training and
development. In the many different ways
we have highlighted in this chapter, mathe-
matical reasoning serves as a model domain
for investigating the ontogenesis of human
cognitive and problem-solving skills.
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CHAPTER 7

Development of Scientific Thinking

CORINNE ZIMMERMAN AND DAVID KLAHR

WHY STUDY SCIENTIFIC
THINKING?

For almost a century, psychologists inter-
ested in cognitive development have devised
empirical investigations to uncover the ori-
gins and trajectory of scientific thinking
and have explored a variety of methods for
enriching children’s understanding of scien-
tific procedures and concepts. The study of
scientific thinking is particularly appealing to
cognitive and developmental psychologists
not only because of science’s cultural value
but also because of the inherent importance
and challenge of investigating scientific
thinking and the paradox of “the child as
scientist.” In addition, science educators are
interested in the topic because of its obvious
relevance for improving science instruction.

Cultural Value

Science and technology have had profound
effects on human culture. Scientific think-
ing has enhanced the ability of human
beings to understand, predict, and control
the natural forces that shape our world.
The term “scientific literacy” refers to the
skills required by citizens in a scientifically
advanced society (Bybee, 2015; DeBoer,
2000). Students, citizens, and policy mak-
ers need to understand how to investigate,
evaluate, and comprehend science content

(e.g., climate change, evolution, astronomy,
disease), processes (e.g., how to test hypothe-
ses effectively), and products (e.g., from
evaluating data about the most effective
cancer treatments to the possibility of space
colonization). In addition to the “factual”
aspects of scientific knowledge and scien-
tific procedures, the well-being of a society
depends on a widespread appreciation of
the value of science (e.g., the necessity
of evidence-based decisions about poli-
cies, practices, and programs). A report
from the National Research Council (NRC;
2010) argued that science is the discipline
that should be used to convey the skills
required for the 2l1st-century workforce,
such as nonroutine problem-solving, adapt-
ability, complex communication skills,
self-management, and systems thinking.

Inherent Importance and Difficulty

Although scientific thinking has its roots in
“everyday thinking,” it is much more com-
plex, highly structured, and refined. There
has been a rich mythology about the impor-
tance, on one hand, and the intractability,
on the other, of studying the psychological
processes that lead to scientific discovery.
With respect to intractability, Einstein once
mused, “I am not sure whether there can be
a way of really understanding the miracle of
thinking” (cited in Wertheimer, 1959, p. 227).
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If Einstein’s bewilderment were correct, then
this chapter could conclude right here. How-
ever, in a more optimistic and constructive
reflection, Einstein also said:

The whole of science is nothing more than
a refinement of everyday thinking. It is for
this reason that the critical thinking of the
physicist cannot possibly be restricted to the
examination of concepts of his own specific
field. He cannot proceed without considering
critically a much more difficult problem, the
problem of analyzing the nature of everyday
thinking. (1936, p. 59)

In the decades since Einstein had this
remarkable insight, cognitive scientists have
made substantial advances in understanding
the “nature of everyday thinking.” At the
same time, there has been a rich and active
line of research on the cognitive and social
processes involved in scientific inquiry and
discovery. Thus, the very difficulty of study-
ing this complex, multilayered, and socially
impactful topic provides a strong justification
for the endeavor.

The Paradox of the “Child as Scientist”

Both children and scientists are described
as “naturally curious” with an inherent and
enthusiastic approach to finding out about
the world. Research shows that infants and
young children have some of the precursors
and abilities needed to engage in formal
scientific thinking (Chaille & Britain, 1991;
Gopnik, Meltzoff, & Kuhl, 2000). Yet older
children and adults struggle with scientific
thinking tasks; they can be unsystematic,
ignore and misinterpret evidence, try to prove
what they already believe to be true, and
design uninformative experiments (to name
just a few of the documented difficulties).
Although U- and inverted-U-shaped curves
are common in developmental psychology,
there is more to this story than early and

late competence. By systematically studying
age-appropriate tasks across the life span, we
have learned a lot about the extent to which
the child-as-scientist view is supported and
the extent to which, from preschool to col-
lege, people have deep and well-entrenched
misconceptions about both the content and
processes of science.

Educational Relevance

The study of basic cognitive processes
involved in scientific thinking has obvious
and important implications for science edu-
cation across the curriculum, from prekinder-
garten through college. For example, Piaget’s
theory of cognitive development was very
influential in the design and develop-
ment of science curricula from the late
1950’s through the end of the 20th century
(Blake & Pope, 2008; Elkind, 1972; Kamii &
DeVries, 1993; Klahr, 2012; Metz, 1995,
1997). And even as the field of cognitive
development has distanced itself from much
of Piaget’s theoretical edifice, many current
educational practitioners, from kindergarten
through college level, continue to base much
of their instruction on Piagetian stages of
cognitive development. Science education
(in the United States in particular) has under-
gone remarkable change within the past
several decades (DeBoer, 2000). Recently,
in the United States, national organizations
such as the National Research Council have
been focused on evidence-based efforts to
improve science education. These efforts
have included an explicit acknowledgment
of the basic psychological research on sci-
entific thinking (e.g., NRC, 2000, 2007,
2008). The “Taking Science to School K-8
report (NRC, 2007) emphasized and sum-
marized several important emergent themes
in recent research in the learning sciences
and cognitive development. For example,
with respect to summarizing what research



has told us about how science is learned,
the “surprisingly sophisticated” nature of
children’s thinking is acknowledged, as is
the ability of children to engage in a variety
of reasoning processes that represent the
precursors to mature scientific thinking.
The role of adults, teachers, and learning
experiences is emphasized as a way to turn
children’s “rich but naive understandings
of the natural world” (p. 3) into proficient
skills needed for engaging in investigation,
evidence evaluation, explanation, argumenta-
tion, and discourse as science students and as
scientifically literate adults. Recommenda-
tions about best practices for supporting this
transition have been proposed (NRC, 2007,
2008) that acknowledge children’s existing
and developing capabilities, focus on core
knowledge areas and skills, and promote the
opportunity for the students to engage in the
practices of science.

The plan for this chapter is as follows.
We (1) define scientific thinking by drawing
on two relatively distinct lines of inquiry;
(2) present a taxonomy to categorize these
lines of inquiry and the cognitive skills
involved; (3) describe illustrative examples
of experimental studies of scientific think-
ing; and (4) summarize what has been
learned about the similarities and differences
between children’s scientific thinking and
mature scientific thinking.

WHAT IS SCIENTIFIC THINKING?

Science, as a human endeavor, can be
approached as an individual, social, and
cultural activity. At the individual level, sci-
entific thinking shares many characteristics
with other forms of problem solving and
reasoning (Klahr, Matlen, & Jirout, 2013;
Zimmerman & Croker, 2013). It can be
described further as a specific type of inten-
tional information or knowledge seeking
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(Kuhn, 2011). Curiosity emerges early and
spontaneously in children (Jirout & Klahr,
2012). However, before this innate curiosity
can address scientific issues effectively, it
must be refined and shaped by instruction
through deliberate activities, such as explor-
ing, asking questions, testing hypotheses,
engaging in inquiry, and evaluating evidence
(Jirout & Zimmerman, 2015; Morris, Croker,
Masnick, & Zimmerman, 2012). An addi-
tional defining feature of mature scientific
thinking involves metacognitive and meta-
strategic knowledge—the ability to reflect
on the process of knowledge acquisition
and the changes that result from engaging in
scientific activities (Kuhn, 2011). Metacogni-
tive skills are evident in children’s emerging
theory of mind skills. Children must learn
where beliefs about the world around them
come from, that others may have different
beliefs, that beliefs can be more or less
certain, and, in particular, that beliefs may
be formed on the basis of inference or from
evidence (e.g., Sodian & Wimmer, 1987).
This broad and encompassing definition pro-
vides a context in which to summarize a very
wide range of investigations, from studies
of young children making observations in a
school classroom (e.g., Chinn & Malhotra,
2002) to descriptions of a research team in a
laboratory discussing the results of a set of
experiments (e.g., Dunbar, 1995).
Psychological studies of scientific think-
ing have taken several forms, including
historical accounts and case studies of indi-
vidual scientists or groups of scientists
(see Klahr, 1994; Klahr & Simon, 1999
for review) and computational models of
the cognitive processes underlying scien-
tific problem solving and discovery. (See
Shrager & Langley, 1990, for overview.)
In this chapter, we focus on psychological
studies of participants in simulated discovery
contexts. Participants from some charac-
teristic population (e.g., school children,
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college students, scientists) are presented
with problem-solving situations that isolate
one or more essential aspects of “real-world”
science. The “thing to be discovered” can
range from something as simple and arbitrary
as a “rule” that the experimenter has in mind
(e.g., Wason, 1960), to something as com-
plex as the physics of an artificial universe
(Mynatt, Doherty, & Tweney, 1977) or the
mechanisms of genetic inhibition (Dunbar,
1993). The advantage of this approach is
that it enables the researcher to exert some
experimental control over participants’
prior knowledge and complete control over
the “state of nature.” Most important, this
approach enables the researcher to observe
the dynamic course of scientific discovery
processes in great detail.

Conceptual Thinking in Science

The beginning of psychological research on
scientific thinking has been widely attributed
to Jean Piaget’s meeting with Albert Einstein
in 1928. Einstein was curious about the devel-
opmental origins of fundamental physical
concepts. Piaget began a line of research that
included children’s understanding of scien-
tific concepts and their skills for investigating
the world and credited Einstein for inspiration
(Piaget 1946). Piaget investigated children’s
developing thinking processes about time,
speed, distance, number, movement, velocity,
living things, people, space, mathematics,
logic, morality, physical causality, and psy-
chology. The legacy of his steadfast focus
on children’s early understanding of causes
and effects in the natural world cannot be
overstated. Piaget’s influence was eloquently
summarized by John Flavell (1996) and
continues to be reiterated (Klahr, 2012).
Following on in this tradition of studying
scientific thinking, researchers have exam-
ined the concepts that children and adults hold
in the various domains of science, such as
biology (e.g., Carey, 1985; Hatano & Inagaki,

2013), chemistry (Calik & Ayas, 2005; Gar-
nett, Garnett, & Hackling, 1995), and physics
(e.g., Chi, Feltovich, & Glaser, 1981).
Numerous examples of specific concepts
within these domains have been studied. For
example, conceptual development has been
studied in astronomy (Vosniadou & Brewer,
1994); buoyancy, current, and bubbles
(Tenenbaum, Rappolt-Schlichtmann, &
Zanger, 2004); earth and space concepts
(Sackes, 2015); ecology (Zimmerman &
Cuddington, 2007); evolution (Emmons &
Kelemen, 2015; Samarapungavan & Wiers,
1997); genetics (Echevarria, 2003); gravity
(Hood, 1998); and life science concepts
(Akerson, Wieland, & Fouad, 2015).

The focus in this line of research has been
to identify and describe the mental models
or domain-specific theories that children
and adults hold about scientific phenomena
and the progression of changes that these
models undergo with experience or instruc-
tion. Here, scientific thinking is studied by
asking participants to use their conceptual
knowledge about particular scientific phe-
nomena to answer questions and reason
about novel scenarios. Two classic studies
illustrate this type of scientific thinking. To
probe children’s understanding of the shape
of the earth, Vosniadou and Brewer (1992)
asked 6- to 1l-year-olds factual questions,
such as “What is the shape of the earth?,”
and questions that would differentiate chil-
dren’s conceptualizations, such as “What is
above/below the earth?” and “Can you fall
off the edge [of the earth]?” These responses,
along with drawings, uncovered a variety
of alternative mental models that varied in
internal consistency (e.g., disc earth, hollow
sphere, rectangular earth). In the domain of
genetics, Clough and Driver (1986) asked
early adolescents to reason about situations
of genetic inheritance involving the offspring
of humans or animals with acquired traits
(e.g., a gardener with rough skin, a mouse



that had lost its tail). Developmental trends
in beliefs about inheritance and accompa-
nying explanations were evident from 12 to
16 years of age. These studies are designed
to assess children’s existing understanding
of scientific concepts. Other studies, such
as work by Kelemen, Emmons, Seston, and
Ganea (2014), have demonstrated that chil-
dren’s deep scientific misconceptions (e.g.,
about natural selection) can be remediated by
relatively brief engagement in well-designed
explicit instruction. An interesting aspect of
this line of research is that in many cases
(such as the Vosniadou & Brewer, 1992, work
mentioned earlier), it appears that “ontogeny
recapitulates phylogeny.” That is, young chil-
dren’s initial “flat-earth” beliefs are similar
to those of prescientific cultures, and only
over time (and with instruction) do children
realize that the earth is a solid sphere.

The vast number of possible concepts
that can be investigated makes it difficult to
summarize the findings from this literature
adequately, because of the domain-specific
nature of such research. For example, in
2009, Reinders Duit, a researcher at Uni-
versity of Kiel, compiled a bibliography of
research studies on conceptual change in
science with more than 8,400 entries. (For
the most recent update on this bibliogra-
phy, see http://archiv.ipn.uni-kiel.de/stcse/.)
Consider, for example, a single chapter on
children’s understanding of physical science
concepts. Hadzigeorgiou (2015) reviewed
studies about children’s ideas about matter,
heat, temperature, evaporation, condensa-
tion, the water cycle, forces, motion, floating,
sinking, electricity, and light. Each of these
topics can be further unpacked to constituent
subcomponents (e.g., electricity concepts
include current, voltage, charge, electrons,
resistance, and circuits, to name a few).

In the most current science standards in
the United States, the NRC (2012) identified
three dimensions that represent “a broad
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set of expectations for students in science”
(p- 1), including disciplinary core ideas,
crosscutting concepts, and scientific and
engineering practices. The core ideas are
restricted to the traditional sciences (i.e.,
physical, life, earth/space). The crosscutting
concepts, in contrast, are broadly appli-
cable to several domains of science and
include ideas such as causality, patterns,
time, feedback, analogy, and equilibrium.
There is a rich literature on what individuals
understand about the concept of causality
across the life span, from infancy studies
(e.g., Baillargeon, 2004) through childhood
(e.g., Gopnik, Sobel, Schulz & Glymour,
2001; Piaget, 1974) and adulthood (for a
review, see Koslowski & Masnick, 2010).
Although less work has been done on the
other domain-general crosscutting concepts,
there are a few exceptions. Swanson (2015)
examined students’ understanding of patterns
(as a process or behavior) that can underlie
physical, social, or psychological phenomena
(e.g., threshold, equilibration, and oscilla-
tion) in a middle-school science course called
“The Patterns Class.”

Procedural Thinking in Science

In addition to studies addressing what
children know about science, there is a sub-
stantial literature on how children acquire
that knowledge. Here, too, Piaget led the
way in his decision to study not only what
children know about the world at various
stages of their development but also, and
perhaps more important, the methods and
processes that they use to acquire, integrate,
and refine this knowledge. This second line
of research examines the development of sci-
entific thinking by focusing on the scientific
practices of observing, asking questions, con-
ducting experiments, evaluating evidence,
constructing models, and generating explana-
tions. In this line of investigation, “scientific
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thinking is something people do, not some-
thing they have” (Kuhn, 2011, p. 498,
emphasis in original).

The distinction between the products and
processes of scientific thinking is reflected
in the often-distinct research programs that
developmental psychologists have under-
taken. It is possible to develop a line of
research about children’s knowledge about
various content (e.g., astronomy, biology)
without needing to be concerned about
their investigation skills (i.e., how they
came to know it). For example, Vosniadou
and Brewer’s (1992) study of children’s
conceptions about the shape of the earth
is a canonical study of scientific knowl-
edge, but it does not address children’s
knowledge-producing activities. Studies of
such knowledge-producing investigation
skills have utilized two main strategies. One
is to reduce the reliance on (or interference
by) conceptual knowledge by creating tasks
that reduce the role of prior knowledge
(e.g., Siegler & Liebert, 1975; Wason, 1960).
The other is to examine these knowledge
types in a more integrated way, motivated
by the fact that concepts and procedures are
intertwined in authentic scientific thinking.

TAXONOMY FOR CATEGORIZING
EXPERIMENTAL STUDIES
OF SCIENTIFIC THINKING

Our taxonomy utilizes the two principle fea-
tures that have been used previously to char-
acterize scientific thinking: domain-specific
concepts and domain-general procedures
(Klahr, 1994; Klahr, Zimmerman, & Jirout,
2011; Zimmerman, 2000, 2007). In addition,
Table 7.1 extends this taxonomy to incorpo-
rate some of the scientific and engineering
practices that have been identified by the
NRC’s (2012) national science education
standards. The cognitive processes identified

by Klahr and Dunbar (1988) are included
in the first column. The scientific practices
that map on to these cognitive processes are
included in the second column. In the third
and fourth columns, we distinguish between
domain-general and domain-specific knowl-
edge because some studies focus on specific
content whereas others use simple or abstract
contexts that do not require much (or any!)
domain-specific knowledge. For example, a
typical domain-specific study might inves-
tigate what children understand about the
domain of chemistry by asking them to
reason about processes such as dissolution
and chemical change (Calik & Ayas, 2005).
Domain-general studies, in contrast, focus
on broadly applicable reasoning processes
that can be investigated in arbitrary and
abstract forms, such as Bruner’s classic
concept learning tasks (Bruner, Goodnow, &
Austin, 1956) or Wason’s famous 2—4-6 task
(Wason, 1960).

Some preliminaries are in order. Some
studies might fit neatly into a single cell, but
for the majority of this literature (described in
more detail in the next section), even studies
that focus on a particular cognitive process or
scientific practice have to traverse more than
one cell. For example, in order to examine
experimentation skills, participants must set
up (or select from a predefined set of choices)
an experiment to address a particular hypoth-
esis. Likewise, the evaluation of evidence
must be done in some context and requires
a consideration of either the experiment that
produced it or the hypothesis that it is meant
to support or refute.

EMPIRICAL INVESTIGATIONS
OF THE DEVELOPMENT
OF SCIENTIFIC THINKING

Klahr and Dunbar’s (1988) Scientific Dis-
covery as Dual Search (SDDS) model will
serve as the general framework for organizing
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Table 7.1 Taxonomy for Categorizing Experimental Studies of Scientific Thinking, with Representative

Examples of Each Type

Type of Knowledge

Cognitive Processes Science Practices

Domain Specific Domain General

Forming and Refining
Hypotheses (Hypothesis
Space Search)

Asking questions Al

Developing and using A2

D1
Metz (2004) Chouinard (2007)
Samarapungavan et al. (2008) Jirout & Klahr (2017)
D2

models Vosniadou & Brewer (1992, 1994) Raghavan & Glaser (1995)
Lehrer & Schauble (2004) Greca & Moreira (2000)
‘Wu & Puntambekar (2012)
Investigation Skills Planning and carrying B E
(Experiment Space out investigations  Tschirgi (1980) Siegler & Liebert (1975)
Search) Schwichow et al. (2016b) Kuhn & Ho (1980)
Evaluating Evidence Analyzing and C1 F1
interpreting Penner & Klahr (1996b) Shaklee & Paszek (1985)
data/evidence Masnick et al. (2016) Masnick & Morris (2008)
Constructing C2 F2
explanations Gelman & Kremer (1991) Mynatt et al. (1978)
Carey & Spelke (1994) Schunn & Klahr (1993)
Hatano & Inagaki (2013) Kelemen et al. (2014)

Note: The cognitive processes categories and knowledge types are adapted from Klahr and Dunbar (1988), Klahr
(1994), and Klahr and Carver (1995). The science practices are from the Framework for K—12 Science Educa-
tion (NRC, 2012). Two additional NRC (2012) practices—"“Engaging in argument from evidence” and “Obtaining,
evaluating, and communicating information”—are beyond the scope of this chapter. Similarly, “Mathematical and
computational thinking” is a separate research literature despite its obvious connection to authentic scientific practice
(but see Chapter 6 of this volume, “Development of Mathematical Thinking”). In each cell, we note one or more typ-
ical exemplars, although any given study might traverse several cells (e.g., Penner & Klahr, 1996a); additional work

representative of each cell is described in the main text.

illustrative empirical findings to be discussed.
(See Table 7.1.) The SDDS framework cap-
tures the complexity and the cyclical nature
of the process of scientific discovery and
includes both inquiry skills and conceptual
change. (See Klahr, 2000, for a detailed
discussion.) The top-level categories of the
model include the three major cognitive com-
ponents of scientific discovery: searching
for hypotheses, searching for experiments
(or investigations more generally), and evi-
dence evaluation. The studies to be reviewed
involve one or more of these three processes.
SDDS is an extension of a classic model of
problem solving from the field of cognitive
science (Newell & Simon, 1972; Simon &

Lea, 1974) and explains how people carry out

problem solving in varied science contexts,
from simulated inquiry to professional sci-
entific practice. The fundamental aspects of
SDDS are (a) the concept of two distinct but
closely related “problem spaces™: a space of
hypotheses and a space of experiments; and
(b) coordinated search in these two problem
spaces.

Individuals begin inquiry tasks with some
existing or intuitive ideas, or perhaps no ideas
at all about how particular variables influence
an outcome. Given some set of possible
variables (i.e., independent variables) and
asked to determine their effect on an outcome
(i.e., the dependent variable), participants
negotiate the process by coordinating search
in the set of possible hypotheses and the set
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of possible experiments. Experiments are
conducted to determine the truth status of
the current hypothesis or to decide among a
set of competing hypotheses. Experiments
also may be conducted to generate enough
data to be able to propose a hypothesis (as
might be the case when one has little or no
prior knowledge). Evidence then is evaluated
so that inferences can be made whether a
hypothesis is correct or incorrect (or, in some
cases, that the evidence is inconclusive).
Depending on the complexity of the task, the
number of variables, and the amount of time
on task, these processes may be repeated sev-
eral times as an individual negotiates search
in the hypothesis and experiment spaces and
makes inferences based on the evaluation
of self-generated evidence. Factors such as
task domain, amount of prior knowledge, and
the perceived goal of the task influence how
these cognitive processes are deployed.

Searching the Hypothesis Space

Of the three cognitive processes of SDDS,
search in the hypothesis space has the most
in common with conceptual thinking in
science, as it typically involves a search of
relevant domain-specific knowledge as repre-
sented in the hypothesis space. When one is
engaged in inquiry or investigation activities,
hypothesis-space search is instantiated in the
service of the scientific practices of asking
questions and developing or using models
(NRC, 2012).

Asking Questions and Curiosity

Asking questions is one of the foundational
process skills of scientific practice (NRC,
2012). Older students often believe that
the goal of science is to demonstrate what
is already known (Kuhn, 2005) or to see
if something “works” or to invent things
(Carey, Evans, Honda, Jay, & Unger, 1989).
However, asking questions for which the

answer is not yet known is a crucial element
of inquiry that students must learn (Kuhn &
Dean, 2005). They must learn not only
how to ask “good” questions but also that
question-asking is a defining feature of
science. An essential precursor to asking
good questions is curiosity (Jirout & Klahr,
2012; Klahr, Zimmerman, & Jirout, 2011).
The fundamental importance of curiosity in
science education is indicated by its nearly
universal inclusion across a variety of highly
influential educational
standards, and assessment goals (American
Association for the Advancement of Sci-
ence, 1993; National Education Goals Panel,
1993, 1995; NAEYC, 2012; NRC, 2000).
Curiosity is the desire or motivation to
explore and ask questions. Specifically, we
define curiosity as the preferred level of
uncertainty—or the amount of uncertainty
that will lead to deliberate question-asking or
exploratory behavior (Jirout & Klahr, 2012,
2017; Jirout & Zimmerman, 2015).

Simple problem-solving tasks that require
question-asking have been used for investi-
gating children’s ability to recognize specific
instances of uncertainty and to evaluate infor-
mation. Referential tasks assess children’s
general ability to ask categorical questions
(“Is it an animal?,” “Does it bark?”’) that will
help them to identify a target from a group
of possibilities (e.g., one picture from an
array of pictures). When children are given
the opportunity to ask a question to figure
out which object is hidden in a box before
guessing, they are correct on about five of the
six trials; if they are told to guess what is in
the box without being allowed to ask a ques-
tion, their accuracy is at chance (Chouinard,
2007). Thus, children can determine which
questions to ask to address uncertainty, but
they also can use information that the answers
to their questions yield to resolve it.

Research on conceptual thinking in
science has used various methodologies

science curricula,
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(drawings, standardized interviews, rea-
soning scenarios) to uncover children’s
understanding of various phenomena. At this
intersection with process skills, there are
examples of children’s question-asking in
particular domains. For example, Greif,
Kemler Nelson, Keil, and Gutierrez (2006)
investigated young children’s ability to ask
domain-specific questions on a structured
task. Children were instructed to ask ques-
tions about unfamiliar objects and animals,
which they were able to do—averaging
26 questions asked across 12 pictures. Many
questions were quite general, such as “What
is it?” Other questions, however, showed
that children recognized and understood that
different questions should be asked of the
different categories (i.e., objects and ani-
mals). Children tended to ask more function
questions about the objects (i.e., what can
I do with this?), whereas the unfamiliar
animals prompted questions about category
membership, food choices, and loca-
tions. Samarapungavan, Mantzicopoulos,
and Patrick (2008) explored whether
kindergarteners could generate meaningful
questions about biological topics, such as
structure, function, and growth with respect
to living things in general and about monarch
butterflies in particular. Given a supportive
inquiry unit, the majority of students were
found to be proficient at asking questions
that were meaningful and biologically rele-
vant. Similarly, Metz (2004) examined the
specific questions that children in the sec-
ond and fourth grades asked about cricket
behavior a supportive inquiry-based curricu-
lum. With appropriate scaffolding, all pairs
of students were able to formulate appropriate
and relevant research questions. Moreover,
these children were able to generate fairly
sophisticated and domain-specific categories
of researchable questions (e.g., compar-
ison of cricket behavior under different
conditions).

Developing and Using Models

Developing and using models constitutes a
“signature practice of the sciences” (Quell-
malz, Timms, Silberglitt, & Buckley, 2012,
p. 366) that is becoming increasingly empha-
sized in science education and science
assessment (Clement, 2000; Lehrer &
Schauble, 2000, 2012; NRC, 2012). The
use of models to support theory building,
argumentation, and explanation is common
in science and engineering (Nersessian,
2008) and has been documented in sociohis-
torical analyses of practicing scientists (e.g.,
Thagard, 2000; Tweney, 2002). Scientists use
physical models (e.g., Watson and Crick’s
model of the structure of DNA), drawings,
and schematic representations (e.g., Fara-
day’s sketches of electromagnetic toruses
or Darwin’s tree of life). In both science
and science education, the ability to develop
and use models is becoming increasingly
easier (and thus, by extension, easier to be
more sophisticated) due to the scaffolding
provided by computers and computer sim-
ulations. Simulation models can be used to
learn about and investigate phenomena that
are “too large, too small, too fast, too slow,
or too dangerous to study in classrooms”
(Quellmalz et al., 2012, p. 367).

Schunn and Klahr’s (1995, 1996) inves-
tigation of participants’ explorations of a
complex computer microworld (see Klahr,
2000, chapter 7, for additional details) led
them to propose that as tasks become more
rich, complex, and authentic, the SDDS
model of scientific thinking should include
the search of two additional problem spaces.
As well as hypotheses and experiments,
scientific discovery requires the search of
abstract data representations (or “models”)
and a space of experimental paradigms at
a level of abstraction above the specific
instantiation of an experiment. The data rep-
resentation (or model) space is used to select
attributes of the data under consideration.
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This process may involve attention to reg-
ularities of the data set or may result from
analogy to existing knowledge (e.g., the
superficial similarity between an atom and
a solar system). Experimental paradigms
function as general-purpose templates that
can be deployed in multiple specific, but iso-
morphic, contexts. One example of a simple
experimental paradigm that is located in the
paradigm space is the concept of ensuring
that a variable hypothesized to be critical
is manipulated. The SDDS model, and the
extension involving a total of four search
spaces, represents a domain-general model
of the scientific thinking processes involved
in scientific discovery.

In science education, there are numer-
ous domain-general and domain-specific
examples of the instantiation of such model-
based practices. A concept like variability
is one that can be applied in several dif-
ferent domains (Lehrer & Schuable, 2004).
Domain-specific examples are varied and
include learning about decomposition in a
first-grade classroom (Ero-Tolliver, Lucas, &
Schauble, 2013), evolution in elementary
school (Keleman et al., 2014; Lehrer &
Schauble, 2012), ecosystems in sixth grade
(Lehrer, Schauble, & Lucas, 2008), and
biomechanics of the human elbow in college
(Penner, Lehrer, & Schauble, 1998).

Searching the Experiment Space

Given a hypothesis (or a set of competing
hypotheses), one usually needs to design an
experiment, and the design of that experiment
can be construed as a problem to be solved,
via search in a problem space (Newell &
Simon, 1972). Of course, experimentation
is just one of several types of legitimate
scientific inquiry processes (see Lehrer,
Schauble, & Petrosino, 2001), but here we
focus on the substantial body of literature on
the development of experimentation skills.

A “solution” to problem-solving search in
the experiment space is an experiment that
assesses the truth or falsity of the current
hypothesis. The privileged status of experi-
mentation in science education is indicated
by its inclusion in science standards (NRC,
2012; NGSS Lead States, 2013). In the next
sections, first we describe research on the
developmental precursors of experimenta-
tion skills, then we present studies in which
participants are engaged in the full cycle of
experimentation.

Early Experimentation Skills

Science education for young children tends to
focus on investigation skills such as observ-
ing, describing, comparing, and exploring
(NAEYC, 2012; National Science Teachers
Association, 2007). Even though, as noted
earlier, few contemporary researchers in cog-
nitive development accept the assertions of
Piaget’s stage theory (e.g., Inhelder & Piaget
1958; Piaget, 1970), it often has been used
to justify waiting until adolescence before
attempting to teach science process skills
(French & Woodring, 2013; Metz, 1995).
However, an accumulation of evidence
about human learning (e.g., NRC, 2000)
has resulted in a more nuanced story about
the development of experimentation and
investigation skills and the extent to which
well-designed instruction can accelerate
that development (NRC, 2007). The iden-
tification of causal factors in the world via
experimentation involves the coordination
of several component processes: identifying
and manipulating variables and observing
and measuring outcomes. Not until the later
school years,
scaffolding, and practice, can children suc-
cessfully coordinate all of these steps (e.g.,
Kuhn, Black, Keselman, & Kaplan, 2000).
Several studies have examined the precursors
of the later ensemble of experimentation
skills, however, and we turn to them next.

after extended instruction,
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In her classic study, Tschirgi (1980) pre-
sented children and adults with a variety of
everyday problem-solving situations (e.g.,
baking cakes, making paper airplanes) that
involved a positive or negative outcome and
several potential causal variables, such as
“John baked a cake using honey, white flour,
and butter, and it turned out terrible” or
“Susan made a paper airplane and it turned
out great.” The character would propose a
hypothesis about a variable that may have
caused the outcome (e.g., “John thinks that
the honey made it taste bad” in the cake
story). The participant in the study then
would be asked to select one of three options
in order to help the character (John) test the
hypothesis. In the vary-one-thing-at-a-time
(VOTAT) option, the proposed variable was
changed, but the others were kept the same
(e.g., bake another cake, with everything
the same except the sweetener: use sugar
instead of honey). This strategy would pro-
duce an unconfounded experiment. In the
hold-one-thing-at-a-time (HOTAT) option,
the hypothesized variable was kept the same,
but the other variables were changed (e.g.,
bake another cake with the same sweetener
but change the type of flour and shortening).
The change-all option consisted of chang-
ing all of the variables (bake a cake with
sugar, whole-wheat flour, and margarine).
All participants were more likely to select
the HOTAT strategy when the outcome was
positive. That is, the presumed causal vari-
able was held constant (consistent with a
confounded experiment) to maintain the pos-
itive outcome. For a negative outcome, the
logically correct VOTAT strategy (consistent
with a controlled experiment) was chosen
more frequently than HOTAT or change-all,
suggesting that participants were searching
for the one variable to change in order to
eliminate the negative outcome. Although
second and fourth graders were more likely to
select the change-all strategy for the negative

outcomes (likely as a way to eliminate all
possible offending variables), all participants
were influenced by the desire to reproduce
good effects and eliminate bad effects by
choosing a strategy based on pragmatic
outcomes (rather than logical grounds).
Croker and Buchanan (2011) used a task
similar to Tschirgi’s but included contexts for
which 3.5- to 11-year-olds held strong prior
beliefs (e.g., the effect of cola versus milk on
dental health). For all age groups, there was
an interaction of prior belief and outcome
type. The logically correct VOTAT strategy
was more likely to be selected under two con-
ditions: (a) when the outcome was positive
(i.e., healthy teeth) and consistent with prior
belief, or (b) when the outcome was negative
(i.e., unhealthy teeth) and inconsistent with
prior belief. Even the youngest children were
influenced by the context and the plausi-
bility of the domain-specific content of the
situations that they were reasoning about.
Sodian, Zaitchik, and Carey (1991) inves-
tigated the extent to which children in the
early school years understand that one can
use an experiment to engage in hypothe-
sis testing. Their classic mouse house task
presents children with a situation that pits
“finding out” against “producing an effect.”
First- and second-grade children were pre-
sented with a challenge in which they had
to figure out whether their home contained a
large mouse or a small mouse. Children were
shown “mouse houses” in which they could
put some food that mice like. One house had
a door through which either a large or a small
mouse could pass. The other house had a
door that only a small mouse could traverse.
In the “find out” condition, the children were
asked to decide which house should be used
to determine the size of the mouse (i.e., to test
a hypothesis). Of course, if they use the house
with the small door and the food is gone in
the morning, they know that they have a
small mouse. If the food remains, they have a



234 Development of Scientific Thinking

large (and now hungry!) mouse. Importantly,
Sodian et al. had a second condition, the
“feed” condition, in which children were
asked what house to use if they wanted to
make sure that the mouse would get fed, no
matter what its size. If a child can distinguish
between the goals of testing a hypothesis
with an experiment versus generating an
effect (i.e., feeding the mouse), then he or she
should select the small house in the find-out
condition and the large house in the feed
condition. Sodian et al. found that children as
young as 6 could distinguish between a con-
clusive and inconclusive experimental test
of a simple hypothesis when provided with
the two mutually exclusive and exhaustive
hypotheses or experiments.

Chen and Klahr (2008) used tasks isomor-
phic to those used by Sodian et al. (1991)
in a training study aimed at determining
the extent to which kindergartners through
second graders could distinguish conclu-
sive from inconclusive experimental tests.
In addition, they used different types of
feedback (implicit, verbal, physical demon-
stration) to show that children could transfer
strategies for selecting/generating an exper-
imental test of a hypothesis over delays up
to 24 months. Piekny and Maehler (2013)
used the mouse house task with preschoolers
(4- and 5-year-olds) and school children
(7-, 9-, and 11-year-olds). It was not until
age 9 that children scored significantly above
chance and not until age 7 (a year later than in
the Sodian et al. study) that children showed
a recognition of, and justification for, conclu-
sive or inconclusive tests of a hypothesis.

Klahr, Fay, and Dunbar (1993) investi-
gated experimentation skills by presenting
subjects (third- and sixth-grade children
and adults) with a programmable toy robot,
in which participants first mastered most
of the basic commands. They were then
challenged to find out how a “mystery key”
worked by writing and then running programs
that included the mystery key. In order to

constrain the “hypothesis space,” participants
were provided with various hypotheses about
the mystery key that were correct or incor-
rect. Some examples of what the mystery key
might do include (a) repeat the whole pro-
gram n times, (b) repeat the last step n times,
or (c) repeat the last n steps once. Some
of these hypotheses were deemed highly
plausible (i.e., likely to be correct), and
others were implausible. When a presented
hypothesis was plausible, all participants
set up experiments to demonstrate the cor-
rectness of the hypothesis. When given an
implausible hypothesis to test, adults and
some sixth graders proposed a plausible
rival hypothesis and set up an experiment
that would discriminate between the two.
The third graders also proposed a plausible
rival hypothesis but got sidetracked in the
attempt to demonstrate that the rival plausible
hypothesis was correct. Klahr et al. identi-
fied two useful heuristics that participants
used: (a) design experiments that produce
informative and interpretable results, and (b)
attend to one feature at a time. The third- and
sixth-grade children were much less likely
than the adult participants to restrict the
search of possible experiments to those that
were informative.

Bullock and Ziegler (1999) collected lon-
gitudinal data on participants, starting when
they were age 8 and following them through
to age 12. They examined the process skills
required for experimentation, using separate
assessments to tease apart an understand-
ing of experimentation from the ability to
produce controlled experiments. When the
children were 8 years old, they were able to
recognize a controlled experimental test. The
ability to produce a controlled experiment
at levels comparable to adults did not occur
until the children were 12 years old. This
study provides additional support for the idea
that young children are able to understand
the “logic” of experiments long before they
are able to produce them.
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When task demands are reduced—such
as simple story problems or when one can
select (rather than produce) an experimental
test—even young children show competence
with rudimentary science process skills.
Children, like adults, are sensitive to the
context and the content of what is being
reasoned about.

Planning and Carrying Out
Investigations

For older children and adults, much of the
research on the development of investigation
skills involves presenting participants with a
multivariable causal system, such as physical
apparatus or a computer simulation. The par-
ticipants’ goal is to investigate the system so
as to identify the causal and noncausal vari-
ables in the system; they propose hypotheses,
make predictions, plan and conduct experi-
ments, collect and evaluate evidence, make
inferences, and draw conclusions in the form
of either new or updated knowledge. For
example, Schauble’s (1996) participants con-
ducted experiments in hydrodynamics, where
the goal was to determine which variables
had an effect on boat speed. Participants
could vary the depth of the canal and the size,
shape, and weight of the boat.

A foundational science process skill is the
control-of-variables strategy (CVS), which is
a domain-general skill (Chen & Klahr, 1999).
The fundamental goal of an experiment is
to unambiguously identify causal factors
and their effects, and the essential procedure
for doing this is to contrast conditions that
differ only with the respect to the variable
whose causal status is under investigation.
Procedurally, CVS includes the ability to
create experiments in which conditions differ
with respect to only a single contrasting
variable as well as the ability to recognize
confounded and unconfounded experiments.
Conceptually, CVS involves the ability to
make appropriate inferences from the results
of unconfounded experiments (e.g., that only

inferences about the causal status of the vari-
able being tested are warranted) as well as
an awareness of “the inherent indeterminacy
of confounded experiments” (Chen & Klahr,
1999, p. 1098). The conceptual aspects of
CVS are relevant for argumentation and
reasoning about causality in science and
everyday life, as CVS includes an under-
standing of the invalidity of evidence from
confounded experiments (or observations)
and the importance of comparing controlled
conditions (Kuhn, 2005). Thus, CVS is rel-
evant to broader educational and societal
goals, such as inquiry, reasoning skills, and
critical thinking.

Mastery of CVS is required for successful
inquiry learning as it enables students to
conduct their own informative investigations.
However, without instruction, students and
even adults have poor inquiry skills (e.g.,
Kuhn, 2007; for review, see Zimmerman &
Croker, 2013). Siler and Klahr (2012) iden-
tified the various “misconceptions” that
students have about controlling variables.
Typical mistakes include (a) designing exper-
iments that vary the wrong (or “nontarget”)
variable, (b) varying more than one vari-
able, or (c) not varying anything between
the contrasted experimental conditions (i.e.,
overextending the “fairness” idea so both
conditions are identical).

A recent meta-analysis of CVS inter-
ventions (Schwichow, Croker, Zimmerman,
Hoffler, & Hartig, 2016a) summarized the
results of 72 studies. Possible moderators
of the overall effect size included design
features (e.g., quasi-experimental versus
experimental studies), instructional features
(e.g., use of demonstrations), training fea-
tures (e.g., use of hands-on experiences),
and assessment features (e.g., test format).
Of the various instructional features coded
for, only two were found to be effective:
(a) interventions that induced a cognitive
conflict and (b) teacher demonstrations of
good experimental design. In this context,
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a teacher draws attention to a particular
(confounded) comparison and asks what
conclusions can be drawn about the effect of
a particular variable. For example, to return
to the cake baking example described earlier,
a teacher might note that although the cake
made with butter, whole-wheat flour, and
sugar tasted much better than the cake made
with margarine, white flour, and sugar, one
could not tell for sure if the effect was due
to the type of flour or the type of sweetener.
Because the comparison was confounded,
with two possible causal factors, either one of
these potential causes might have determined
the outcome.

Cognitive conflict is induced in students
by drawing attention to a current experi-
mental procedure or interpretation of data;
the teacher attempts to get the student to
notice that the comparison is confounded or
that the conclusion is invalid or indeterminate
(Adey & Shayer, 1990). Interestingly, the
cognitive conflict technique often is pre-
sented via a demonstration by the teacher,
so additional research is necessary to dis-
entangle the unique effects of these two
instructional techniques (Schwichow et al.,
2016a). Other instructional techniques that
often are presumed to be important, such
as the need for “hands-on” engagement
with experimental materials, did not have
an impact on student learning of CVS. In a
follow-up to the meta-analysis, Schwichow,
Zimmerman, Croker, and Hirtig (2016b)
determined that it is important for there to be
a match between the way students learn CVS
and the test format used to assess the extent
to which they have learned it.

Evaluating Evidence

The goal of most experiments is to produce
evidence that bears on a hypothesis, and once
that evidence is generated, it must be inter-
preted. (We say “most” here because, in some

cases, scientists may perform experiments in
the absence of any clearly articulated hypoth-
esis, just to get a “feel” for the nature of the
phenomenon.) The final cognitive process
and scientific practices we discuss are those
that enable people to evaluate and explain
how evidence relates to the hypothesis that
inspired it. Evidence evaluation is the part
of the cycle of inquiry aimed at determining
whether the result of an experiment (or set of
experiments) is sufficient to reject or accept
a hypothesis under consideration (or whether
the evidence is inconclusive) and to construct
possible explanations for how the hypothesis
and evidence are related.

Interpreting evidence always is done
in the context of prior belief. However, to
minimize the effects of (widely varying)
prior knowledge, early investigations of the
evidence evaluation process used tasks that
deemphasized it. Wason’s (1960) famous
2-4-6 task was conceived as a “knowledge
lean” task to simulate the process of evalu-
ating evidence to test and revise hypotheses.
In brief, the participant is given an exemplar
(2-4-6) of a general rule for numerical tri-
ads and asked to hypothesize the rule that
governs the sequence of digits. The cycle
includes hypothesis formation, generation of
a new triad to test the hypothesis, evidence
(feedback that the participant-generated triad
is, or is not, an exemplar of the rule), and
hypothesis revision; this cycle continues
until enough evidence has accumulated to
discover the rule. Traditionally, the exper-
imenter chooses a very general rule, such
as “3 integers in ascending order,” but most
participants begin the task by (mistakenly)
hypothesizing a much narrower rule (e.g.,
“even numbers increasing by 2”). Research
using this task became a cottage industry in
cognitive psychology—in fact, Wason (1960)
has been cited more than 1000 times—with
many interpretations and reinterpretations of
performance (e.g., Klayman & Ha, 1987).
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Interestingly, there are few developmental
studies using the 2—4—6 task: “[C]hildren do
not know enough about numerical relation-
ships to make the mistakes, so typical in the
task with adults, and hence they often hit
on the rule immediately. They have not yet
learnt to erect their own obstacles against
finding it.” (Wason & Johnson-Laird, 1972,
p. 217)

As will be illustrated, much of the liter-
ature on evidence evaluation demonstrates
that both children and adults have a tendency
to “erect their own obstacles” to knowledge
acquisition.

Evaluating Patterns of Evidence

One method of examining the developmental
precursors of skilled evidence evaluation
with children involves presenting them with
pictorial representations of potential causes
and effects. These are often simple represen-
tations like those between types of food and
health (e.g., Kuhn, Amsel, & O’Loughlin,
1988) or plant treatment (e.g., sun, water)
and plant health (Amsel & Brock, 1996). The
pictures may represent perfect covariation
between cause and effect, partial covariation,
or no covariation. This cognitive skill is
facilitated by the metacognitive ability to
make a distinction between a hypothesis and
the evidence to support a hypothesis (Kuhn,
2005, 2011).

In their classic study, Ruffman, Perner,
Olson, and Doherty (1993) presented
4- to 7-year-old children with simple story
problems involving one potential cause (e.g.,
type of food: red or green) and an outcome
(tooth loss). A “faked evidence task” was
used to determine whether children could
form different hypotheses based on varying
patterns of evidence. For example, children
would be shown that green food perfectly
covaries with tooth loss: This situation
represents the “real evidence.” Next, the
evidence was tampered with; anyone who

was unaware of the original pattern would be
led to believe that red food causes tooth loss
(i.e., the “faked evidence”). Children were
asked to interpret which hypothesis the faked
evidence supported. The key advantage of
this type of task is that it is diagnostic with
respect to whether a child can make a dis-
tinction between a hypothesis and a pattern
of evidence to support a hypothesis. This
task requires children to understand that their
own hypothesis would be different from that
of a story character who saw only the faked
evidence. When considering the responses
to both the initial hypothesis-evidence task
and the faked-evidence task, only the 5- to
7-year-olds performed above chance level.
Partial covariation evidence was used to
determine if 5- to 7-year-olds could form
hypotheses based on patterns of evidence.
When considering both hypothesis-evidence
and faked-evidence questions, only the per-
formance of the 6- and 7-year olds was above
chance level. Most children understood that
veridical versus faked evidence would lead
to different beliefs and that a newly formed
hypothesis could be used to generalize to
future cases.

Ruffman et al. (1993) showed that some
of the very basic prerequisite evidence-
evaluation skills required for scientific think-
ing are present as early as 6 years of age.
In follow-up research, Koerber, Sodian,
Thoermer, and Nett (2005) examined the
performance of 4- to 6-year-olds on a variety
of evidence evaluation tasks to examine
whether existing causal beliefs influence
evidence evaluation in the preschool years.
In situations where there are no strong prior
beliefs and the outcomes are equally plausi-
ble, preschoolers correctly interpreted perfect
and partial covariation evidence. Preschool-
ers had difficulty, however, with evidence
that contradicted prior plausible beliefs; this
finding is consistent with the performance of
both older children and adults on scientific
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thinking tasks (Zimmerman & Croker,
2013). Although young children demonstrate
some of the precursors to more advanced
evidence-evaluation skills, they too are sus-
ceptible to the influences of prior beliefs and
considerations of the plausibility of what is
being evaluated.

Beginning with the foundational work
of Kuhn et al. (1988), we know that the
process of revising and acquiring knowledge
on the basis of evidence is highly influenced
by the prior knowledge that a participant
brings to the task. Evaluating evidence is
guided by an assessment of the plausibility
of a hypothesized cause; we make judg-
ments about the world in ways that “make
sense” or are consistent with what we already
know about how things work. Plausibility
is a known constraint in belief formation
and revision (Holland, Holyoak, Nisbett, &
Thagard, 1986) and is a domain-general
heuristic that is used to guide the choice of
which hypotheses to test and which experi-
ments to run (Klahr et al., 1993). Because the
strength of existing beliefs and assessments
of plausibility are both considered when eval-
uating evidence, children and adults often
choose to maintain their prior beliefs rather
than changing them to be in line with newly
acquired evidence (e.g., Chinn & Brewer,
1998; Chinn & Malhotra, 2002). A common
finding is that it is generally more difficult
to integrate evidence that disconfirms a prior
causal belief (which involves restructuring
one’s belief system) than it is to integrate
evidence that disconfirms a prior noncausal
belief (which involves incorporating a newly
discovered causal relation). For example,
children and adults have robust physics
misconceptions about weight, mass, and den-
sity, and these misconceptions influence the
evaluation of evidence in tasks that involve
the motion (e.g., falling, sinking, rolling)
of objects. In the case of sinking objects, it
is difficult to give up the belief that weight

matters, but it is easy to add the belief that
shape (sphere versus cube) speeds up or
slows down an object based on firsthand
evidence (Penner & Klahr, 1996b). Other
research shows pervasive difficulties with
revising knowledge on the basis of evidence,
even when that evidence is generated and
observed directly (rather than being provided
by researchers; e.g., Chinn & Malhotra,
2002; Renken & Nunez, 2010).

Analyzing and Interpreting Data

The NRC (2012) science standards include
the scientific practice of analyzing and
interpreting data. The standards note that
“scientific investigations produce data that
must be analyzed in order to derive meaning
[...] data do not speak for themselves”
(p- 51). An inescapable aspect of empirical
research is that all measurements in the
physical world include some degree of error,
and children must learn how to deal with it.
Masnick, Klahr, and Morris (2007) describe
the challenge for the young scientist:

A young child eagerly awaits the day when
she will pass the 100 cm minimum height
requirement for riding on the “thriller” roller
coaster at her local amusement park. She reg-
ularly measures her height on the large-scale
ruler tacked to her closet door. As summer
approaches, she asks her parents to measure
her every week. A few weeks ago she mea-
sured 98 cm, last week 99.5 cm, but today only
99.0 cm. Disappointed and confused, when
she gets to school she asks the school nurse to
measure her, and is delighted to discover that
her height is 100.1 cm. Success at last! But
as she anticipates the upcoming annual class
excursion to the amusement park, she begins
to wonder: what is her real height? And more
importantly, what will the measurement at the
entrance to the roller coaster reveal? Why are
all the measurements different, rather than
the same? Because she is a really thoughtful
child, she begins to speculate about whether
the differences are in the thing being measured
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(i.e., maybe her height really doesn’t increase
monotonically from day to day) or the way it
was measured (different people may use differ-
ent techniques and measurement instruments
when determining her height). (p. 3)

Although the processes associated with
understanding and interpreting error and data
variability draw heavily on mathematical
reasoning, and therefore are beyond the
scope of this chapter, a few studies capture
the intersection of analyzing quantitative data
and identifying sources of error. Masnick and
Morris (2008) examined how the character-
istics of measurement data, such as sample
size and variability within the data set (e.g.,
magnitude of differences, presence of out-
liers) influenced conclusions drawn by third
and sixth graders and adults. Participants
were shown data sets with plausible cover
stories (e.g., testing new sports equipment)
and were asked to indicate what conclusions
could be drawn and their reasons. Third
and sixth graders had rudimentary skills in
detecting trends, overlapping data points, and
the magnitude of differences. Sixth graders
had developing ideas about the importance
of variability and the presence of outliers
for drawing conclusions from data. At all
ages, participants were more confident of
conclusions based on larger samples of
observations.

Masnick, Klahr, and Knowles (2017)
explored how adults and children (aged
9-11) responded to (a) variability in the data
collected from a series of simple experiments
and (b) the extent to which the data were
consistent with their prior hypotheses. Par-
ticipants conducted experiments in which
they generated, recorded, and interpreted
data to identify factors that affect the period
of a pendulum. In Study 1, several children
and most adults used observed evidence
to revise their initial understanding, but
participants were more likely to change
incorrect noncausal beliefs to causal beliefs

than the reverse. In Study 2, participants
were oriented toward either an “engineering”
goal (to produce an effect) or a “science”
goal (to discover the causal structure of the
domain) and were presented with variable
data about potentially causal factors. Science
goals produced more belief revision than
engineering goals. Numerical data, when
presented in context and with appropriate
structure, can help children and adults reex-
amine their beliefs and initiate and support
the process of conceptual change and robust
scientific thinking.

Constructing Explanations

The NRC’s (2012) Framework for Science
Education emphasizes the importance of
scientific theories and explanations: “The
goal for students is to construct logically
coherent explanations of phenomena that
incorporate their current understanding of
science, or a model that represents it, and
are consistent with the available evidence”
(p- 52). Scientific explanations typically are
constructed after investigations that produce
evidence that is to be evaluated and ultimately
explained.

Much has been written in the scien-
tific thinking literature about the ability to
differentiate between evidence (i.e., data,
observation, patterns) and the explanation
or theory that purports to account for that
evidence. In particular, Kuhn’s (1989, 2005,
2011) research has emphasized that mature
scientific thinking requires the cognitive and
metacognitive skills to differentiate between
evidence and the theory or explanation for
that evidence. Kuhn argued that effective
coordination of evidence and theory depends
on three metacognitive abilities: (a) The
ability to encode and represent evidence and
theory separately, so that relations between
them can be recognized; (b) the ability to
treat theories or explanations as indepen-
dent objects of thought (i.e., rather than a
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representation of “the way things are”); and
(c) the ability to recognize that theories can
be false and explanations flawed, and, having
recognized that possibility, to assess the
evidence in order to determine whether the
theory is true or false. These metacognitive
abilities are necessary precursors to sophis-
ticated scientific thinking and represent one
of the ways in which children, adults, and
professional scientists differ.

As noted previously, children are inclined
to notice and respond to causal events in the
environment; even infants and young chil-
dren have been shown to have rudimentary
understanding of cause and effect (Bullock &
Gelman, 1979; Piaget, 1929). Keil’s (2006;
Keil & Wilson, 2000) work on the nature
of explanation in general indicates that chil-
dren and adults alike have a propensity to
generate explanations. We often privilege
causal explanations, which are arguably quite
important in scientific thinking. Koslowski’s
(1996, 2012, 2013) research showed that
people are good at noticing evidence for the
covariation between events in the world, but
there is a tendency to make only causal infer-
ences when the link can be explained with
a causal mechanism. Participants consider
or generate plausible causal mechanisms
to explain the relationship between poten-
tial causes and their effects. Similarly, if a
plausible causal mechanism exists to explain
why a cause and effect should be linked, it is
difficult to let go of that belief. Therefore, we
see across many types of scientific thinking
tasks that both children and adults have a
strong tendency to maintain beliefs rather
than change them based on evidence (e.g.,
Chinn & Brewer, 1998; Chinn & Malhotra,
2002) because the strength of existing beliefs,
assessments of plausibility, casual mecha-
nisms, and alternative causal mechanisms
are all potentially salient and brought to
bear when reasoning (Koslowski, Marasia,
Chelenza, & Dublin, 2008).

CONCLUSION: REVISITING
THE CHILD AS SCIENTIST

In this review, we have illustrated the two
main approaches to studying the devel-
opment of scientific thinking. One line of
research has focused on the content of sci-
ence: what children and adults think about
various science concepts in the tradition-
ally defined disciplines of science. The
second has focused on the processes or
procedures of science: how children and
adults ask questions, solve problems, con-
duct investigations, and evaluate evidence
to revise their explanations about how the
world works.

The natural and social worlds comprise the
laboratory of both the scientist and the child.
Scientific thinking is considered “a hall-
mark intellectual achievement of the human
species” (Feist, 2006, p. ix). As developmen-
tal psychologists, however, we are interested
in the factors that influence the origins and
growth of scientific thinking, from the child in
a science classroom through to the practicing
scientist. In scientific thinking, two develop-
mental endpoints get emphasized—the child
and the scientist. Children have been likened
to scientists; scientists are said to have the
curiosity of young children. But as develop-
mental research from the past century has
shown, there is a lot that goes on in between.
As is the case with other academic skills,
such as reading and mathematical thinking,
scientific thinking is highly mediated both
culturally and educationally. Researchers
have come to acknowledge that the cognitive
processes and the set of scientific practices
that must be coordinated in mature scientific
thinking require practice and are developed
within a social context and with the aid of
cultural tools (Lemke, 2001; Zimmerman &
Croker, 2014). Importantly, the ability to
reflect metacognitively on the process of
knowledge acquisition and change is a



hallmark of fully developed scientific think-
ing (Kuhn, 2005).

Science educators now recognize that
students should be exposed to learning
experiences that reflect how real science is
conducted and communicated, and educa-
tional reform has been aimed at how best to
engage students in developmentally appro-
priate authentic inquiry and argumentation
(NRC, 2007, 2008, 2011, 2012). Unlike other
basic cognitive skills (e.g., attention, percep-
tion, memory), scientific thinking does not
“routinely develop” (Kuhn & Franklin, 2006,
p. 974); that is, scientific thinking does not
emerge independent of culture and cultural
tools. Metacognitive abilities are necessary
precursors to sophisticated scientific thinking
but also represent one of the ways in which
children, adults, and professional scientists
differ. In order for children to go beyond
demonstrating the correctness of their exist-
ing beliefs (e.g., Dunbar & Klahr, 1989), they
must develop and practice meta-level compe-
tencies. With metacognitive control over the
processes involved, children can change what
they believe based on evidence. In doing
so, they are not only aware that they are
changing a belief; they also know why they
are changing a belief. Thus, sophisticated
scientific thinking involves the cognitive
processes involved in asking questions,
forming and refining hypotheses, conducting
investigations, developing models, designing
experiments, evaluating evidence, and con-
structing explanations as well as a meta-level
awareness of when, how, and why one should
engage in these practices.
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CHAPTER 8

Theory of Mind

MARK A. SABBAGH AND LINDSAY C. BOWMAN

INTRODUCTION: DEFINITION
AND DISTINCTIONS

Everyday experience of the social world
presents a cognitive puzzle. Although the
actions that others take and the outcomes
that those actions bring about are objectively
clear, the reasons for those actions are not.
There are many possible reasons for human
actions, but the most proximal ones concern
actors’ mental states: their intentions, beliefs,
and desires. Our conceptual understanding
that mental states cause observable behavior,
and our understanding of how they do so,
is referred to as a “theory of mind” (e.g.,
Wellman, 1990). The term “theory” is used to
capture the fact that although we cannot see
others’ mental states, we hypothesize their
existence and make probabilistic judgments
about their specific contents based on a range
of relevant evidence. The adult theory of mind
is also representational in the sense that we
understand that the particular mental states
that others hold are constrained by, but not
copies of, some true state of affairs (Perner,
1991). A representational theory of mind is
the foundation of our adult-like understand-
ings of subjectivity—that two individuals
can have different desires, beliefs, intentions,
or even interpretations of some particular
situation (Carpendale & Chandler, 1996).
The importance of a representational
theory of mind is woven into every aspect of

social experience in which making sense of
others’ actions is paramount. For instance, a
jury’s ability to discern the extent to which a
particular crime was intended affects whether
it is willing to hold the person responsible
for the act and also the severity of the penalty
jury members feel is appropriate to impose.
(See Kaplan, 2001.) In dramatic arts, the
intrigue and suspense of tragic and comic
stories alike rely on the audience’s abilities
to track the subjective and varying mental
states of the different characters as they
develop within the story. As an example,
consider the denouement of Romeo and
Juliet. On their surface, the events that unfold
make little sense—Romeo appears where
he was told to look for Juliet, sees her there
sleeping, drinks poison, and dies. But our
theory of mind allows us to make sense of the
tragedy—although we in the audience know
that Juliet has taken a potion that has caused
her to sleep, the forgoing events prevented
Romeo from learning this information and
so he falsely believes that she is dead. This
situation makes sense only because of our
abilities to reason about the hidden internal
mental states that motivate human action.
The goal of this chapter is to provide
a wide, albeit necessarily incomplete, sur-
vey of the current empirical and theoretical
literature investigating the origins and devel-
opment of theory of mind understandings.
Our approach follows the historical contours
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of that literature while also highlighting what
we believe are important new directions for
work in the field along the way. We now turn
to distinctions that we believe are important
to draw in order to set the stage for our review.

Theory-Based Versus Immediate
Induction

The example of Romeo and Juliet is an
important one because it also underscores
a distinction in theory of mind reasoning
that sometimes is ignored—the distinction
between theory-based versus immediate
induction about the contents of others’ men-
tal states (c.f., Hughes & Leekam, 2004,
Sabbagh, 2004). Theory of mind inferences
based on theory-based induction occur when
we make a probabilistic inference about
the contents of another person’s mental
states based on our fundamentally concep-
tual, theoretical knowledge of how mental
states arise from their underlying causes. In
Romeo’s case, our understanding of his false
belief about Juliet’s status comes from our
theoretical understandings of how Romeo’s
idiosyncratic experiences would have shaped
his mental representation of the situation
(that he believes Juliet is dead) and caused
his mental representation to be different from
the audience’s own (the audience knows
she is only sleeping). Some of Romeo’s
experiences that could contribute to his belief
about Juliet might have included hearing
others talk of Juliet’s death and her deathly
appearance in the crypt. Importantly, we can
make these inferences about Romeo’s false
belief and their origins without additional
information from Romeo himself. Without
Romeo saying a word or shedding a tear, our
theory-based inductive inferences can render
understandings of Romeo’s likely (false)
beliefs about Juliet’s status.

In contrast to theory-based induction,
theory of mind judgments that are based on

immediate induction occur when we make
inferences about others’ mental states that
are based on information that is available
in the immediate situation. Perhaps the
paradigm example of this immediate mental
state induction is emotion recognition. For
the most part, one does not need to know
anything special about a person and his or her
idiosyncratic histories to make a reasonable
judgment about the person’s emotional state;
instead, these inferences are made on the
basis of apparent information, such as facial
expression, tone of voice, body posture, and
the like. By “immediate,” we do not mean
to claim that the inferences are automatic or
obligatory. (See Apperly, Riggs, Simpson,
Chiavarino, & Samson, 2006.) Indeed, it
seems likely that the inferences are still
probabilistic ones insofar as there is no direct
mapping from a particular expression to a
particular state, especially when the infor-
mation is partial or ambiguous (e.g., Russell,
2003). Nonetheless, the ways in which this
kind of inference differs from theory-based
inferences has important implications for
understanding the conceptual, cognitive, and
perceptual mechanisms that are likely to be
involved in theory of mind reasoning.

It is very much an open question in the
field as to whether theory-based versus imme-
diate induction both rely on some underlying
theory of mind ability, perhaps each related
to a basic motivation to understand others’
behaviors in mentalistic terms. In recognition
of this uncertainty, some researchers and the-
orists prefer to talk about the general project
of making judgments about other’s mental
states as “mentalizing” or “mindreading”
while reserving the term ‘“theory of mind”
for those more circumscribed, theory-based
judgments (e.g., Apperly, 2010). Because
the types of inferences are so different and
thus likely have different cognitive and neu-
robiological underpinnings, we believe that
it is important to maintain the distinction.



Importantly, although there is a substantial
literature on the development of children’s
immediate inductive inferences about others’
mental states (e.g., sensitivity to gaze direc-
tion, joint attention, some aspects of prosodic
understanding), we focus our chapter on the
literature tracking developmental changes
in young children’s more theory-based
conceptual understandings.

Cold/Cognitive versus Hot/Affective
Theory of Mind

A second, possibly related, distinction that
is relevant in the literature concerns broad
differences in the content of mental state
inferences. In particular, Shamay-Tsoory,
Aharon-Peretz, and Perry (2009) have argued
that there are meaningful differences between
the abilities required to reason about “cold”
cognitive mental states (e.g., knowledge and
belief) versus “hot” affective mental states
(e.g., emotions). Of course, there is little
doubt that making inferences about others’
cognitive states has consequences that are dif-
ferent from thinking about emotional states.
The argument for why this distinction might
be related to the theory-based versus imme-
diate distinction just discussed is because
the tasks that are used to measure under-
standings of cold cognitive mental states
typically are theory-based induction tasks
(e.g., the false-belief task; Wimmer & Perner,
1983); whereas the tasks used to measure
understandings of hot affective mental states
typically are immediate induction tasks (e.g.,
the “Reading the Mind in the Eyes Task™;
Baron-Cohen, Wheelwright, Hill, Raste, &
Plumb, 2001). However, the two sets of dis-
tinctions are at least theoretically orthogonal.
Making accurate inferences about an actor’s
likely emotional states sometimes requires
theory-like understanding of how emotional
states are expressed in contexts. For instance,
say you see a friend receive a gift that you
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know does not suit him or her; the person
may feign delight despite an underlying
disappointment (Harris, Donnelly, Gus, &
Pitt-Watson, 1986). In these cases, conceptual
knowledge of the underlying causes of emo-
tion and emotional expression are necessary
to understand the reasons for the particular
expression in the moment. Likewise, some
cold-cognitive states can be readily judged
from immediately available information.
For instance, whether people are ignorant
about a particular topic can be apparent
from their hesitant tone of voice, their closed
body posture, and other kinds of information
that can be gleaned in the immediate sur-
round. (See, e.g., Birch, Akmal, & Frampton,
2010.) These examples illustrate the ways in
which the hot—cold distinction is separable
from the distinction between theory-based
and immediate inferences about mental
states. In this chapter, we focus primarily
on work that covers theory-based inferences
about both cold cognitive and hot affective
mental states.

DEVELOPMENTAL TRAJECTORY
OF THEORY OF MIND

False-Belief Development

Throughout the 1980s and 1990s, research
in theory of mind was dominated largely by
studies of young children’s explicit under-
standing of false belief—beliefs that for
some reason do not comport with some
true state of affairs. The false-belief task
comes in two basic varieties. In the “location
change” false-belief task (e.g., Baron-Cohen,
Leslie, & Frith, 1985), children hear a story
often acted out in a puppet show, in which
a protagonist (e.g., Sally) hides a toy in one
location and then leaves the scene. In her
absence, a second character (e.g., Anne)
moves the toy to a new hiding place. Thus,
Sally now has a false belief about the location
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of her toy; she believes it is where she left
it, but really the toy is somewhere else. For
the test question, children are asked where
Sally thinks her toy is. In the contents-change
task (e.g., Gopnik & Astington, 1988), chil-
dren are shown a box that is known to have
familiar contents, such as a box of candy.
Children are then shown that the box in fact
contains something other than candy, such
as pencils. Here children are asked what a
puppet (e.g., Snoopy), who has never seen
inside the box, will think is inside. The idea
is that children must recognize that Snoopy
should look at the box and then have a false
belief that the box has candy, because he
has no reason to think otherwise. These
tasks assess children’s explicit understand-
ing of false beliefs because they require
children to provide conscious, declarative
responses (either verbal answers or non-
verbal points) to test questions asked by
an experimenter.

False-belief research and the use of
these types of tasks saw relatively intense
focus for two reasons. The first is the-
oretical. A key feature of an adult-like
understanding of mental states is that they
are “representational’—they are subjective,
person-specific representations of some
external reality that are both based on and
constrained by idiosyncratic experience. This
adult-like understanding of mental states
allows for the recognition that a given per-
son’s mental states can be different from
another’s or different from the reality that
the mental states are supposed to represent.
The false-belief tasks provide an elegant
and relatively simple test of this complex
adult-like understanding by asking chil-
dren to recognize that a person will act in
a way that does not comport with reality
because of how that person is mentally
representing the world. For example in the
location-change false belief task, children
are asked to report that Sally will look where

she falsely believes the toy to be (i.e., where
she left it) rather than where children know
it really is. Thus, the logic of the false-belief
task as a diagnostic for this representational
theory of mind understanding generally
is considered to be compelling and clear.
(See Perner, 1991.)

The second and perhaps more impor-
tant reason for the focus on false belief
is that the task seemed to yield surprising
results that demanded further investigation.
The false-belief task normally is given to
preschool-age children from 3 to 5 years
old, and this period sees rapid development
in children’s performance. By 5 years old,
children typically respond in line with an
adult-like theory of mind. But more intrigu-
ing is 3-year-olds’ tendency to fail the task
systematically—instead of answering ran-
domly (which would be expected if they were
merely confused), 3-year-old children make
consistent errors. In the location-change task,
they consistently report that Sally will look
where the toy is truly located rather than
where she left it and thus should believe it
is. In the contents-change task, 3-year-olds
report that Snoopy will think that there are
pencils in the candy box, even though he
has no reason to believe that. These results
with 3-year-olds were surprising to many
in part because of the simplicity of the task
and how intuitive correct responses in the
task appear to be to adults. Three-year-olds’
poor performance on these simple tasks
also seemed inconsistent with their abili-
ties to negotiate more naturalistic scenarios
in which false-belief understanding might
be required (e.g., Reddy, 1991, 2007). For
instance, Bartsch and Wellman (1995; also
Shatz, Wellman, & Silber, 1983) noted that at
least some children even younger than 3 years
old can make contrasts between the contents
of a mental state and reality in their natural
language (e.g., in conversations, 3-year-olds
may say things like “You think he’s sleeping



but really he’s awake”). Thus, many inves-
tigations focused heavily on the question of
why 3-year-olds were systematically failing
the task, and what might be done to improve
their performance.

A leading hypothesis for why 3-year-olds
consistently fail the false-belief task was (and
to some extent, still is) that the task might be
difficult for reasons besides the requirement
to think about false beliefs. Specifically,
the standard task has several events to keep
track of, requires a modicum of linguistic
understanding, and pragmatic understanding
about test questions (e.g., Bloom & German,
2000; Siegel & Beattie, 1991; Westra, 2016).
Wellman, Cross, and Watson (2001) sum-
marized the attempts of a range of studies
conducted between 1983 and 1998, many
of which were aimed at simplifying the
false-belief task to see whether 3-year-olds
might show performance that better matched
with the naturalistic data. Among the vari-
ables identified in the meta-analysis were
changes to the test question, the nature of
the objects that were involved, the extent to
which children themselves were involved
in the setup of the task, the length of the
narrative, and the extent to which the task
involved familiar real-world situations (e.g.,
deception). The meta-analysis showed that
some of these modifications to the task were
successful in leading children away from the
“reality error”—in the change-location task,
they no longer had a systematic tendency
to report that the protagonist would look
where the object really was. Yet there was no
evidence that task modifications led to sys-
tematically correct performance in a group
of children younger than around 4 years of
age. It was concluded that there is a robust
age effect that is not easily explained by any
particular feature of the task. Rather, the
authors concluded that between the ages of
3 and 5, false-belief performance improves
because, during that time, children acquire
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the conceptual understandings that are neces-
sary to make explicit decisions about others’
representational mental states.

The shift that occurs in 3- to 5-year-old
children’s false-belief reasoning also appears
to be stable across cultures. One convincing
demonstration of this global pattern comes
from a study by Callaghan et al. (2005)
that used precisely the same methods with
preschool-age children from Canada, Samoa,
Peru, and India. Despite the diverse back-
grounds, all groups showed evidence of a
shift between the ages of 3.5 to 4.5 years old.
A similar pattern emerged in a meta-analysis
that focused on the comparison of Chinese
and North American children, two regions
where there has been substantial false-belief
research (Liu et al., 2008). Despite many
potentially meaningful cultural and lin-
guistic differences between Chinese and
North American children, the developmental
timetable of false-belief reasoning is remark-
ably similar. (See also Sabbagh, Xu, Carlson,
Moses, & Lee, 2006.)

Summary

Research using the false-belief task has pro-
vided substance to the claim that children’s
theory of mind understanding goes through an
important transition over the preschool years
that is relatively stable across cultures and not
strongly affected by the specific way in which
it is tested. Accordingly, it is now common
to treat the false-belief task and other related
tasks—such as appearance-reality tasks
(Flavell, Flavell, & Green, 1983; see, e.g.,
Rakoczy, Fizke, Bergfeld, & Schwarz, 2015
for related skills)—as a reliable measure
of preschoolers’ social cognitive under-
standings. This reliability and validity of
the false-belief task has enabled researchers
to probe the association between theory of
mind and social competencies more broadly
construed. The false-belief task also has
provided an avenue for investigating the
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experiential and neurobiological factors that
are associated with theory of mind and its
development. We discuss both of these direc-
tions of research in separate sections later in
the text.

Yet it is important to note that the question
of whether young preschoolers’ failures on
the false-belief task are truly attributable to
conceptual deficits—that is, whether they
are attributable to a misunderstanding of the
connection between beliefs and the reality
that they are supposed to represent—is not
settled. Similarly, the question of whether
preschoolers’ changing performance on
false-belief tasks is attributable to conceptual
changes also remains unsettled. The con-
troversy has resurfaced largely over the last
decade due to findings from false-belief stud-
ies with infants, which we turn our attention
to next.

Implicit False Belief: New Debates
and Controversies

The distinction between implicit and explicit
understandings is a complicated one that
often is defined more in terms of the response
modalities than in terms of the underly-
ing character of the knowledge represented
(Dienes & Perner, 1999). A task is considered
to be explicit when responses are declarative
and are taken to result from decision-making
processes in response to some test question.
Explicit responses can be verbal or nonverbal
(labeling or pointing) but generally are com-
municative and intended to be answers to the
experimenter’s questions. An implicit task
reflects nondeclarative, obligatory natural
responses to ongoing scenes. For example, an
implicit task might monitor gaze to look for
evidence of either surprise (when some event
violates an expectation) or predictive look-
ing, either of which can be based on some
putative conceptual understanding that is iso-
lated by the experimental design. The crucial

difference between these response modalities
is that explicit tasks are thought to require not
just the conceptual understandings but also
the cognitive resources that are necessary
for decision making in the moment. Implicit
tasks do not make these same additional
demands. In the present context, implicit
tasks provide an opportunity to reopen the
question about whether children fail “explic-
it” false-belief tasks because they lack the
conceptual understandings or because they
lack the sufficient domain-general cognitive
resources to negotiate the complications of
the task.

There is now ample evidence suggest-
ing that young infants accurately predict
others’ behaviors in false-belief-type sce-
narios when their predictions are assessed
more implicitly (for reviews, see, e.g., Bail-
largeon, Scott, & He, 2010; Heyes, 2014),
potentially undermining the conclusion
that 3-year-olds fail false-belief tasks due
to conceptual deficits. A pioneering study
by Onishi and Baillargeon (2005) used
the violation-of-expectation methodology in
which 15-month old infants were familiarized
with a scene where an agent hid an object in
one of two locations. The object then moved
to an alternative location, either while the
agent was observing (true-belief condition),
or while she was unable to see the object’s
movements (false-belief condition). Looking
times were measured while infants observed
the agent reaching to either the outdated
or current object location. In false-belief
conditions, infants showed evidence of sur-
prise when the agent searched where the
object really was, thereby suggesting that
they expected the actor to act in accordance
with their false belief. Similar findings have
been reported with younger children, (e.g.,
Kovécs, Téglds, & Endress, 2010; Surian,
Caldi, & Sperber, 2007) and with infants
in implicit paradigms other than violation
of expectation, such as predictive looking



(e.g., Southgate, Senju, & Csibra, 2007;
Surian & Geraci, 2012). Positive findings
also have been reported for implicit versions
of contents-change false-belief tasks (e.g.,
Scott, & Baillargeon, 2009).

The strong interpretation of these find-
ings is that even young infants have some
very early emerging understanding—if not
innate understanding (e.g., Leslie, Fried-
man, & German, 2004)—of false belief that
is masked in studies that require an explicit
response because of the peripheral cognitive
demands required to negotiate this explicit
response. To date, there is no obvious reason
to doubt that implicit measures can show
that infants make accurate predictions in
false-belief scenarios. Nonetheless, there is
considerable debate over how to best resolve
the puzzle of why young infants appear to
show competence with false-belief reasoning
in implicit tasks while 3-year-olds do not
in explicit tasks. We return to this question
where appropriate throughout the rest of this
chapter, as many sources of evidence can
bear on the question. Broadly, for those who
do not subscribe to the strong interpretation
of the infant data, it remains possible that the
mechanisms underlying performance on the
infant false-belief tasks are fundamentally
different from those that underlie preschool-
ers’ performance. There have been two
general approaches to characterizing how
those mechanisms might differ: One focuses
on domain-general accounts of infants’
false-belief performance, and another posits
two distinct systems for making judgments
about others’ mental states. We discuss each
next in turn.

Domain-General Accounts of Infant
False Belief

One argument for how to reconcile the
infant—preschool false-belief discrepancy is
that infants’ responses in the violation-of-
expectation or predictive looking tasks might
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be attributable to the dynamics of domain-
general cognitive processing (e.g., Heyes,
2014; Sabbagh, Benson, & Kuhlmeier,
2013). For instance, Heyes (2014) reviewed
the findings of 20 separate studies purport-
ing to demonstrate false-belief reasoning
in infancy and demonstrates how each
might be better explained by infants’ atten-
tion being captured by contextual novelty.
Others (e.g., Ruffman, 2014) have argued that
processes associated with episodic encoding
might lead children to encode generalized
behavioral rules about what typically hap-
pens in everyday situations (i.e., ‘“People
typically look for things where they last
left them”). Of course, much more research
needs to be done to determine whether these
domain-general mechanisms can provide
a full accounting of infants’ performance
in implicit false-belief tasks. Nonetheless,
what is notable about these positions is
their attempt to account for performance in
the infant paradigms without reference to
psychological understandings whatsoever.
If these positions are proven true, then there
may be little continuity between infants’
understanding and the developments that
occur during the preschool years.

Dual-System Account

A second possibility for the discrepancy
between infant and preschool false-belief
performance is that infants are performing a
kind of psychological reasoning, but it is one
that is limited to a relatively circumscribed set
of situations. This possibility is sometimes
called the dual-systems account. (See, e.g.,
Apperly & Butterfill, 2009; Low, Apperly,
Butterfill, & Rakoczy, 2016.) The two sys-
tems proposed include an early emerging
one that registers “belief-like states” in a
fast, efficient, but stereotyped manner and
a second, later-emerging one that computes
beliefs per se but does so more slowly and
requires domain-general cognitive resources
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that are necessary to maintain a changing,
flexible representation of others’ minds.
The specific claim is that infants’ looking
patterns in the implicit false-belief tasks
may be attributable to the fast system while
preschoolers may be relying on the slower
one to make their explicit responses. This
general model has catalyzed a small but
burgeoning body of research aimed at better
understanding the different characteristics of
the fast and slow systems, and particularly
the signature limitations of the fast system
(see e.g., Low & Watts, 2013; Schneider &
Low, 2016) and the cognitive costs of the
slow system (e.g., Apperly, Back, Samson, &
France, 2008). What is important, however,
is that this model conceptualizes infants’
performance in the false-belief task as rely-
ing on fundamentally mentalistic concepts.
Because both systems are fundamentally
mentalistic, it is possible that there are
developmental continuities between infants’
and older children’s theory of mind under-
standings, such that early understandings
may be predictive of later ones. (See, e.g.,
Thoermer, Woodward, Sodian, Perst, &
Kristen, 2013).

Summary

In laboratory tasks that rely on implicit
responding, infants show evidence that they
expect people to act in accordance with false
beliefs. More work needs to be done to char-
acterize both whether and how the cognitive
underpinnings of infants’ performance in
implicit false-belief tasks differs from those
supporting preschoolers’ performance in
explicit false-belief tasks. We see this as an
exciting area for research in the field and one
that recognizes the remarkable findings that
continue to appear in the infant literature,
while still acknowledging the importance
of developmental achievements over the
preschool years that have been demonstrated
by years of careful research.

Beyond False Belief: Understanding
Other Mental States

Theory of mind understanding is not limited
to an understanding of false beliefs. The
ability to make sense of and predict others’
behavior involves understanding multiple
interconnected mental states. To take a sim-
ple example, we can understand the action
of going to the refrigerator for milk as a
behavior that is motivated by a belief that the
milk is in the refrigerator and a desire for
milk; we would predict a different behavior if
we knew someone thought there was milk in
the refrigerator but did not desire it. The role
of multiple mental states becomes even more
apparent when we consider not just simple
actions with objects but interactions with
others. Our ability to successfully, strategi-
cally collaborate, negotiate, or compete with
others is best served when we are able to
give full consideration to others’ intentions,
desires, knowledge, and beliefs (Tomasello,
2014). Although the cognitive and conceptual
mechanisms underlying our abilities to rea-
son about intentions, desires, and knowledge
may be different from those underlying an
understanding of beliefs and false beliefs,
an understanding of these additional mental
states is nonetheless critical to our everyday
social reasoning (Wellman, 2014).

This broader view of theory of mind
suggests that its developmental trajectory
has its origins in early social perception. By
3 months of age, infants follow another’s
eye gaze (e.g., D’Entremont, Hains, & Muir,
1997; Moore, 1999) and engage in joint
visual attention in social contexts (e.g.,
Corkum & Moore, 1998; Dedk, Flom, &
Pick, 2000). These abilities demonstrate a
sensitivity to others’ attention and to the per-
ceptual information available to others, which
may in turn be important for constructing an
understanding of the connections between the
observable world and internal mental states.



In this section we cover how, over the first 2
years of life, infants’ understanding advances
from initial sensitivities for noticing links
between action and intention, to more com-
plex conceptions of person-specific desires,
and to an understanding of the connec-
tions between prior experience and states
of knowledge/ignorance. These conceptual
advances are part of the larger developmental
framework for an adult-like representational
theory of mind.

Understanding Intentions

By as young as 6 months old, infants already
seem to possess some understanding that
others’ actions are motivated by underlying
intentions and goals. For example, after
habituating to an agent’s hand reaching for
and grasping a teddy bear on the left side
of a stage, 6- and 9-month-olds look longer
when the hand keeps the same path of motion
(reaching to the left) but demonstrates a dis-
tinct goal (grasping a ball instead of a teddy
bear; Woodward, 1998). These results sug-
gest that infants encode others’ actions in
terms of their intended goal and not simply
in terms of specific paths of motion. The
ability to encode actions as goal-directed is
also evident in infants’ imitative behavior:
7-month-olds selectively imitate an experi-
menter’s actions when the experimenter has
a clear, intended goal (e.g., grasp an object)
but do not imitate actions that do not have
clear goals (e.g., touch object with back of
hand; Hamlin, Hallinan, & Woodward, 2008;
Thoermer et al., 2013).

By 10 to 12 months, infant understanding
of intentions begins to become separate from
observable actions such that they can impute
the intentions behind failed actions as well
(Brandone & Wellman, 2009). For example,
after habituating to a scene in which an agent
reached in an upward arc over a tall barrier
to almost touch but never fully retrieve a
ball, infants looked longer when viewing the

Developmental Trajectory of Theory of Mind 257

agent reach in a similar upward arcing path
of motion when the barrier was removed than
when viewing a direct reach toward the ball
(which was now possible given the lack of
barrier). This looking pattern suggests that
by the end of the first year of life, infants
are able to encode others’ actions in terms
of their underlying goals (e.g., to retrieve a
ball), even when the goal itself is not fully
demonstrated.

A substantial literature has built up around
specifying the conditions under which chil-
dren appear to impute intentions and goals
to actors in simple situations. (See, e.g.,
Robson & Kuhlmeier, 2016, for a recent
review.) Within this literature, perhaps one of
the most intriguing empirical questions con-
cerns whether the action or goal that is being
observed is one that also can fit within infants’
own action repertoires. For instance, infants
who cannot themselves grab objects also
appear to have difficulty attributing grasp-
ing intentions to others (e.g., Falck-Yitter,
Gredebick, & von Hofsten, 2006; Kanakogi &
Itakura, 2011). Intriguingly, however, chil-
dren’s abilities to attribute intentionality to
an action can change rapidly with their own
experience. In a series of remarkable studies
by Sommerville and colleagues (e.g., Som-
merville, Woodward, & Needham, 2005),
3-month-olds who were unable to grasp
objects were given experience with Velcro
mittens that allowed them to “grasp” Velcro
objects around them. Although the infants
did not show evidence of intention attribution
prior to this experience, they did after the
experience when shown an actor wearing
those same gloves. These findings, and others
like them, show that from very early, infants
have the capacity to interpret others’ actions
as intentional, but that those attributions
are constrained to intentions that are within
the infants’ own action repertoire. By the
end of the first year, infants come to take a
broader, criterion-based view of what kinds
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of actions (and from what kinds of agents) are
intentional (e.g., Shimizu & Johnson, 2004).

Understanding Desires and the
Subjectivity of Mental States

At the end of the first year of life, infants also
begin to understand actions in terms of their
underlying desires. After viewing an agent
express desire for a specific toy (e.g., smiling
and happy speech toward a particular toy),
12-month-olds look longer when the actor
picked up a different toy for which the agent
expressed no previous desire, suggesting
infants expect others’ actions to be based
in desires (Phillips, Wellman, & Spelke,
2002). A few months into the second year of
life, infants’ understanding of intentions and
desires incorporates an understanding that
mental states are person-specific and subjec-
tive. For instance, by 12 to 14 months, infants
will follow an agent’s gaze around a bar-
rier, even if this requires the infant to lean or
move behind the barrier, suggesting the infant
understands that the agent may see some-
thing they themselves do not see (Moll &
Tomasello, 2004). By 18 months, infants can
apply this understanding of subjective expe-
rience to others’ desires as well: When given
a choice to offer an experimenter one of two
snacks, 18-month-olds will offer the exper-
imenter the snack for which she previously
expressed desire (i.e., said, “Mmm, yummy!”
after eating broccoli), even if the experi-
menter’s desire contrasted with the infants’
desire for the alternate snack (i.e., infant
prefers crackers over broccoli) (Repacholi &
Gopnik, 1997). These findings demonstrate
that toddlers can recognize that desires are
subjective and distinct; that they are specific
to individuals and can sometimes contrast
with the infants” own. What is perhaps most
intriguing about these findings is that the
understanding that two individuals can have
different desires regarding some particular
state of affairs emerges well in advance of

the understanding that two individuals can
have different beliefs (e.g., Wellman & Liu,
2004). Findings such as these help focus our
understanding of what specifically develops
over the preschool years—namely, it is not
the understanding of subjectivity per se but
rather the understanding of how subjectivity
applies to a range of mental states.

Understanding Knowledge
and Ignorance

There is also evidence to suggest that infants
understand something about the mental
states of knowledge and ignorance. Twelve-
month-olds notice when an experimenter’s
prior experience would make her knowl-
edgeable or ignorant about the location of an
object and are more likely to point for the
experimenter’s benefit when she is ignorant
(Liszkowski, Carpenter, & Tomasello, 2008).
Twelve- and 18-month-old infants also can
correctly identify an object whose presence
an experimenter was previously ignorant of
(Tomasello & Haberl, 2003). After playing
together with two specific objects, when
a third object was introduced to the infant
in the experimenter’s absence, the infant
gave the experimenter the novel toy when the
experimenter returned and exclaimed, “Wow!
Cool! Can you give it to me?” These findings
reveal that around children’s first birthday,
they are sensitive to the factors that can make
a particular item or situation novel from one
person’s perspective even if it is not novel
from their own perspective. Thus, similar to
their understanding of desires, by the end
of the first year of life, infants show some
nascent appreciation of the person-specific
nature of mental states.

Developmental Progression from Desire
to Belief Understanding

As was apparent in the foregoing discus-
sion, there is now strong evidence of a
developmental progression from an early



understanding of desires to a later explicit
understanding of beliefs and thoughts. For
some time, the progression was difficult to
pin down experimentally because the tasks
used to measure desire and belief under-
standing were different in a number of ways.
Additional evidence comes from natural
language; although children use desire words
(e.g., “want,” “like”) and can predict that
storybook characters will act according to
their desires by around age 2 years, it is not
until around 3 years of age that they use belief
words (e.g., “think,” “know”) and consis-
tently make predictions for characters based
on beliefs (Bartsch & Wellman, 1995). More-
over, the desire-belief progression holds
across tasks that are carefully matched on
procedural methodology, linguistic structure,
and materials (e.g., Wellman & Liu, 2004).
One outcome of this research has been
the construction of a theory of mind scale
that can assess children’s achievements of
various conceptually relevant milestones that
emerge prior to false-belief understanding
(Wellman & Liu, 2004). In addition to
its growing use as an assessment tool for
research purposes, research using the scale
has shown that the order in which children
acquire the milestones tends to be fairly
stereotyped within a given population. How-
ever, there are some relevant cross-cultural
variations in the order in which milestones are
acquired (e.g., Shahaeian, Peterson, Slaugh-
ter, & Wellman, 2011; Wellman, Fang, Liu,
Zhu, & Liu, 2006). In brief, children growing
up in cultures emphasizing collective knowl-
edge and dispute avoidance, such as China
(Wellman et al., 2006) and Iran (Shahaeian
et al., 2011), understand knowledge and
ignorance in others before they understand
the person-specific nature of beliefs; whereas
children growing up in cultures empha-
sizing individuality and diverse opinions,
such as the United States (Wellman & Liu,
2004), Australia (Shahaeian et al., 2011), and
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Germany (Kristen, Thoermer, Hofer, Ascher-
sleben, & Sodian, 2006, as cited in Wellman,
2014), understand the person-specific nature
of beliefs prior to understanding knowledge
and ignorance. However, the progression
of understanding desires before beliefs
appears especially robust: It is consis-
tently evident across each of these countries
and cultures.

An intriguing question concerns why
an understanding of desires might develop
prior to an explicit understanding of beliefs.
One possibility is that beliefs are especially
difficult; they require representing not just
the contents of someone else’s mental states
but also the relationship that those contents
are supposed to bear with respect to some
true state of affairs (Perner, 1991; Wellman,
2002). For example, someone can believe
he left a bag of apples in the car, while
someone else can believe the apples were left
on the kitchen counter. At least one of the
individuals’ beliefs will be wrong because
there is some true state of affairs that the
belief is supposed to represent. Desires, in
contrast, do not have the same requirement;
one person can like broccoli while another
likes Goldfish crackers; yet no one desire
is right or wrong. Perner (1991) expressed
the difference as one of “thinking of” versus
“thinking that.” One can think of oneself
being on a beach without causing any repre-
sentational conflict. However, if one were to
think that one was on a beach when in fact
one was in a dreary office, this would indeed
be cause for concern. Some researchers have
called this additional requirement metarep-
resentation because it involves thinking not
just about the contents of a mental state but
also about the specific way in which those
contents are supposed to represent reality.
(See Perner, 1991.) Belief-reasoning may
develop later than desire-reasoning because
additional cognitive or computational
capacities may be required to understand the
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metarepresentational nature of beliefs, and
these capacities may not exist until later in
development.

Summary

Theory of mind development begins well
before the emergence of explicit false-belief
understanding. Children’s early understand-
ing of intentions, desires, and knowledge
are sophisticated insofar as they incorpo-
rate an understanding that the contents
of these mental states can differ across
people, relative to their specific experi-
ences and proclivities. There is a specific
developmental progression by which these
understandings emerge from infancy through
the preschool period—understandings of
motivational mental states, such as desires
and intentions, emerge and become more
sophisticated prior to equivalent under-
standings of epistemic mental states, such
as knowledge and beliefs. More work is
necessary to better understand why this
developmental progression exists, but there
are reasons to think that epistemic mental
states (beliefs in particular) have unique
conceptual complexity.

Theory of Mind Development in Middle
and Late Childhood

Just as theory of mind reasoning does not
begin with false-belief understanding, so
too does it not end there. Performance on
standard false-belief tasks (e.g., the location-
change and contents-change tasks described
earlier in the section titled ‘“False-Belief
Development”) typically reaches ceiling
shortly after 5 years old (e.g., Wellman et al.,
2001). Perhaps because of this methodolog-
ical issue, investigation of theory of mind in
school-age children and adolescents is still
quite limited. Some researchers have used
second-order false-belief tasks in which par-
ticipants are required to reason not just about

a person’s belief but about a person’s belief
about someone else’s belief or other mental
state (e.g., Sally thinks that Anne thinks
that the toy is in the basket; John thinks that
Mary is happy to see him; Perner & Wimmer,
1985). Most children fail these second-order
tasks prior to 7 years of age (Miller, 2009).
Third- and fourth-order false-belief tasks
(e.g., Sally thinks that Anne thinks that Mary
is in the kitchen) are even more challenging.
The increasing difficulty of the task demands
can yield individual differences in perfor-
mance into late childhood and adolescence
(Liddle & Nettle, 2006).

Critically, though, the achievement of
belief and false-belief reasoning, even as
assessed in more challenging tasks, does not
equip children with all that is necessary to
understand the nuanced connections between
minds and everyday behavior. To accurately
predict and make sense of human action and
interaction, it is important to also understand
how different mental states interact and
how mental states can be affected by time
and context. Assessments of these richer,
more flexible mental state understandings
reveal developmental advancements extend-
ing beyond preschool, into middle and late
childhood and adolescence. (See Lagattuta
et al., 2015, for review).

Understanding Interactions Between
Mental States

Children’s understanding of how different
mental states interact with each other to affect
behavior emerges after children enter school.
For example, Sayfan and Lagattuta (2008)
asked preschoolers, school-age children, and
adults to predict and explain the emotions
of infant, child, and adult protagonists in
threatening situations (e.g., encountering
a snake). Accurate responses required tak-
ing into account the amount of knowledge
that each type of protagonist would have
about the situation. Adults and school-age



children, but not preschoolers, were able to
consider that more knowledgeable protago-
nists (e.g., adults) who understood the threat
would be more fearful than less knowledge-
able protagonists (e.g., infants and children)
who may not know that a given situation is
threatening.

“Interpretive” theory of mind tasks also
require participants to reason about others’
mental states based on their idiosyncratic
knowledge (e.g., Carpendale & Chandler,
1996). In these tasks, participants are asked
to predict how different individuals will
interpret a picture that is partially occluded
based on the individuals’ prior experience
and knowledge of the image (e.g., What will
Sally and Anne each think this is a picture
of, given Sally never saw the unoccluded
picture but Anne did?). These tasks are par-
ticularly challenging because they require
participants to construct different beliefs for
different individuals. Children typically do
not pass these tasks until 6 to 7 years old,
and performance continues to improve into
adulthood (Lagattuta, Sayfan, & Blattman,
2010; Lagattuta, Sayfan, & Harvey, 2014;
Ross, Recchia, & Carpendale, 2005).

Over middle childhood, children also
come to understand the influence of people’s
thoughts on their emotions. Between 5 and
10 years of age, children progress in their
understanding that even though two people
might feel the same way about a given nega-
tive situation, subsequent thoughts can affect
the intensity of those feelings. For instance,
8- and 10-year-old children accurately judge
that two children who break their arms will
be sad, but the one who sees a bright side
(e.g., “all my friends can sign my cast”) will
feel less sad than someone who dwells on
the negative aspects (e.g., “my arm will be
itchy”); whereas 6-year-old children judge
the two characters’ feelings as similar despite
their different views (Bamford & Lagat-
tuta, 2012). These findings nicely illustrate
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ways in which children’s theory of mind
understandings per se becomes increasingly
mature over middle childhood.

Mental State Reasoning in Context

Older children also begin to consider aspects
of the current context that can inform judg-
ments about the underlying intentionality of
people’s actions. One nice example of this
is the faux pas task in which children are
told stories in which a character accidentally
says something to another character that is
potentially offensive or mean given what chil-
dren know about the context (Baron-Cohen,
O’Riordan, Stone, Jones, & Plaisted, 1999).
For instance, in one story, a woman just
moved into a new house and bought new
curtains. Her friend visited later that day for
the first time and insults the curtains, saying
“Oh, those curtains are horrible! I hope you
are going to get new ones!” The ability to
understand both that the utterance would
be offensive and that the offender did not
intend harm develops over 5 to 11 years old
(Banerjee & Watling, 2005; Baron-Cohen
etal., 1999).

Summary

Much of the complexity of human interaction
relies on sophisticated theory of mind under-
standings that are built on the insights that are
achieved during the preschool years but also
go well beyond them. In particular, during
the school years, children come increas-
ingly to appreciate the intertwined nature of
mental states and how they are affected by
context. Surely more aspects of a sophisti-
cated adult-like theory of mind continue to
develop into adolescence. (See, e.g., Boyes &
Chandler, 1992.) An important direction for
future research in this area is delineating
those areas and establishing through individ-
ual differences studies whether they make
important contributions to children’s abilities
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to successfully navigate the increasingly
complex social worlds that they inhabit as
they get older.

FACTORS ASSOCIATED
WITH THEORY OF MIND
DEVELOPMENT

For the remainder of the chapter, we are
going to describe work that details what is
known about the cognitive, neurobiological,
and experiential factors that affect theory
of mind development. Much of this work is
focused on the transitions that occur during
the preschool years and thus on the factors
that affect false-belief understanding. Thus,
we return our attention to that age group and
revisit some of the issues that arose during
our prior discussion. We do ask, however,
that the reader bear in mind that although
the most is known about the false-belief
task, we believe that a critical direction for
future research is understanding more about
the factors that affect the developments that
occur both before the false-belief milestone
and afterward.

Executive Functioning and Theory
of Mind

“Executive functioning” is the term used
to refer to the broad suite of interrelated
domain-general cognitive skills that are nec-
essary for goal-directed action, including
working memory, set shifting, and inhibitory
control (Garon, Bryson, & Smith, 2008;
Zelazo, Carlson, & Kesek, 2008). There
are several reasons to believe that execu-
tive functioning skills would be important
for correct performance on theory of mind
tasks and false-belief tasks in particular
(Frye, Zelazo, & Palfai, 1995; Hughes,
1998; Russell, 1996). For instance, in the
location-change false-belief task, children

have to watch a story in which a character
returns to a scene and is looking for an object
that has moved in her absence. Children’s
natural tendency might be simply to tell
the story character where her toy is, and so
inhibitory control is necessary to overcome
this prepotent tendency and answer the test
question. Similarly, it is natural and habitual
to tell others (by pointing) where objects
truly are, and so inhibitory control may be
required to make the noncanonical response
to point to a location where something is
not (Carlson, Moses, & Hix, 1998). In a
separate analysis, Frye and colleagues (1995)
suggested that the structure of a false-belief
task is similar to a set shifting task like the
dimensional-change card sorting task.

Two lines of evidence show that executive
functioning is associated with false-belief
reasoning. The first and more extensive line
takes an individual differences approach in
which children’s performance on a battery
of tasks that measure executive function-
ing is associated with performance on a
false-belief battery (e.g., Carlson & Moses,
2001; Hughes, 1998). This work consistently
has shown that executive functioning skills
are moderately correlated with false-belief
performance. (See Devine & Hughes, 2014,
for a meta-analysis.) The correlation between
executive functioning and false belief is typ-
ically higher for response-conflict executive
functioning tasks (e.g., Stroop-like tasks)
that require children to choose between one
of two competing responses based on a novel
task rule than it is for delay tasks that simply
ask children to withhold a response for some
time (Carlson & Moses, 2001). Some have
suggested that this preferential relation is
because response-conflict tasks combine
component executive functioning skills in
much the same way that false-belief tasks do
(Hala, Hug, & Henderson, 2003).

The second line of evidence for links
between theory of mind and executive
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functioning comes from research showing
that experimentally titrating the executive
demands of the false-belief task has pre-
dictable effects on children’s performance.
For instance, children’s performance on the
location-change false-belief task improves if
the object is moved to a location away from
the immediate scene (Wellman et al., 2001),
presumably because taking the object away
weakens children’s prepotent tendency to
inform the character about the true location
of the object. Similarly, other studies saw
improved performance in preschoolers by
asking children to respond to the test ques-
tion in a novel way (e.g., using a cardboard
arrow), which likely reduced the need for
children to overcome the prepotent tendency
to point to where something really is (Carlson
et al., 1998; Coulliard & Woodward, 1999).
Likewise, even older children’s performance
can be worsened by increasing the execu-
tive demands of the task. Careful work by
Friedman and colleagues (e.g., Friedman &
Leslie, 2004) showed that adding another
location worsens children’s false-belief
performance, likely by increasing the com-
plexity of the decision they have to make.
The same is true for older children; theory
of mind reasoning is negatively affected by
task modifications that increase the load on
executive functioning (Qureshi, Apperly, &
Samson, 2010).

It is clear that false-belief tasks have exec-
utive functioning demands, and so having
a modicum of executive functioning is cer-
tainly necessary for children to demonstrate
false-belief understanding. Yet, from a devel-
opmental perspective, there is burgeoning
evidence that although executive functioning
skills may be necessary, they are not suffi-
cient for preschoolers’ false-belief reasoning.
One line of evidence comes from a com-
parison of Asian and North American pre-
schoolers. Preschool-aged children in Asian
cultures typically show advanced executive
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functioning skills relative to their North
American counterparts; for example, in one
study by Sabbagh et al. (2006), 3.5-year-old
Chinese children performed as well on a
battery of executive functioning tasks as
4-year-old North American children. Yet,
despite this substantial advantage in exec-
utive functioning, the Chinese preschoolers
showed no parallel advantage in false-belief
reasoning. The same pattern has been repli-
cated in China (Tardif, Wellman, & Cheung,
2004) and with Korean children (Oh &
Lewis, 2008). These findings and others (see,
e.g., Benson & Sabbagh, 2009) demonstrate
that although executive functioning skills
may be necessary for false-belief reasoning,
they are not themselves sufficient to account
for individual differences in theory of mind,
or for theory of mind developments.

It can be noted that these findings regard-
ing the specific association between executive
functioning and preschoolers’ false belief
development have implications for com-
mon interpretations of the infant implicit
false belief findings. Recall that the find-
ings with infants have led some to conclude
that even young infants have the capacity for
false-belief understanding but that the explicit
tasks that are used with 3-year-olds mask
those capacities because of their peripheral
cognitive demands. The findings with exec-
utive functioning speak against this strong
interpretation, at least as it pertains to the
peripheral executive functioning demands of
false-belief tasks; there are groups of chil-
dren who have relatively advanced executive
functioning skills yet still have difficulty with
explicit false-belief tasks (see Low et al.,
2016; Sabbagh et al., 2013).

Though executive functioning skills may
not be sufficient to account for theory of
mind development, they may nonetheless
play an important role in supporting theory
of mind development (see Moses, 2001;
Moses & Sabbagh, 2007). Longitudinal
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studies have shown that individual differ-
ences in 3.5-year-old children’s executive
functioning skills are a unique longitudi-
nal predictor of preschoolers’ false-belief
reasoning a year later (e.g., Hughes, 1998;
Carlson et al., 1998; Flynn, 2007, see also
Devine & Hughes, 2014). More recently,
there is evidence that among 3.5-year-olds
who fail false-belief tasks, individual dif-
ferences in executive functioning predict
the extent to which those children benefit
from a training regimen designed to promote
false-belief reasoning (Benson, Sabbagh,
Carlson, & Zelazo, 2013). These findings
show that in addition to being important for
negotiating task demands, EF may play a
causal role in children’s acquisition of the
conceptual understandings necessary for
false-belief reasoning.

Summary

The findings detailing the association
between theory of mind and executive func-
tioning in preschool-aged children clarify
both that false-belief tasks have executive
functioning demands that affect children’s
performance, and also that immature exec-
utive functioning is not the only reason for
3-year-olds’ failure at false-belief tasks.
These findings support the view that con-
ceptual developments that occur over the
preschool years are critical to children’s
abilities to reason about the representational
nature of mental states. There now also is evi-
dence to suggest that executive functioning
skills may play a causal role in the process
of acquiring theory of mind concepts from
experience.

Neural Bases of Theory of Mind
Development

The cross-cultural synchrony in the broad
trajectory of theory of mind develop-
ment suggests that its broader parameters

might be established by relatively specific
neurobiological factors that also may change
rapidly over the first 5 years of life. In
adults, representational theory of mind
understanding is associated with a distinct
set of neural regions, including the right
temporal—parietal junction (rTPJ), the pre-
cuneus, and the dorsomedial prefrontal cortex
(DMPFC). (See Koster-Hale & Saxe, 2013,
for a recent review.) There is now substantial
evidence suggesting that the same is true for
young children.

Functional Brain Development

A study using source-localized electroen-
cephalogram (EEG) methods showed that
the functional maturation of these areas that
are associated with false-belief reasoning in
adults, in particular the rTPJ and the DMPFC,
was positively associated with performance
on a theory of mind battery in young children
(Sabbagh, Bowman, Evraire, & Ito, 2009).
That is, children with more evidence of func-
tional maturation in these regions showed
better performance on the false-belief task
and other similar tasks. A similar pattern of
results has been shown using functional mag-
netic resonance imaging methods (e.g., see
Gweon & Saxe, 2013). Although they are
interesting in their own right, these findings
also inform the debate about the nature of the
developments that support theory of mind
development over the preschool years. Recall
that on the basis of the findings potentially
showing false-belief competence during
infancy, some have suggested that the tran-
sitions over the preschool years reflect the
development of executive functioning skills
rather than the development of theory of
mind. The current findings provide evidence
against this explanation of the developmen-
tal transitions in preschoolers by showing
that it is the functional development of the
theory of mind network per se that sup-
ports children’s performance on false-belief
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tasks rather than areas that are important
for domain-general cognitive skills like
executive functioning.

The importance of the functional recruit-
ment of the prefrontal cortex (PFC) in
preschoolers’ theory of mind reasoning has
also been shown in a handful of event-related
potential studies. (See Sabbagh, 2013,
for a review.) For instance, Liu, Sabbagh,
Gehring, and Wellman (2009) showed that
6-year-olds who could pass a relatively
complicated false-belief task showed a
left-lateralized frontal late slow wave effect
as they responded to test questions. Intrigu-
ingly, children who were the same age but
did not pass the tasks did not show that
same effect, thereby suggesting that the
recruitment of regions of the frontal lobe,
perhaps especially the medial PFC (MPFC),
is associated with good performance on the-
ory of mind tasks. A frontal late slow wave
effect has been associated with reasoning
about beliefs in 6- to 8-year-old children
(Meinhardt, Sodian, Thoermer, Doéhnel, &
Sommer, 2011) and in 7- to 8-year-old chil-
dren (Bowman, Liu, Meltzoff, & Wellman,
2012), all using slightly different paradigms.
Taken together, these findings converge on
the fact that for young children, changes in
theory of mind reasoning are associated with
the functional maturation and recruitment
of relatively discrete neural systems within
the MPFC.

What is particularly intriguing about
the MPFC regions is that they appear to be
important for reasoning not only about beliefs
but about desires as well. Work by Bowman
and colleagues (2012) using event-related
potentials showed that school-aged children’s
desire and belief reasoning were associated
with mid-frontal activity, but only belief rea-
soning was associated with activity at right
parietal sites, near the rTPJ. The association
between the rTPJ and school-age children’s
reasoning about beliefs but not desires also
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was shown in a study that used functional
near-infrared spectroscopy (Bowman, Kovel-
man, Hu, & Wellman, 2015), which directly
measures blood flow to cortical regions.
These findings shed light on the behavioral
findings reviewed earlier that show that
children exhibit sophisticated reasoning
about desires before beliefs. In particular, the
findings suggest that the developmental pro-
gression from desire to belief understanding
may be paced in part by development of the
rTPJ as it specializes to support an increas-
ingly advanced understanding of beliefs.
Converging support for this possibility comes
from functional magnetic resonance imag-
ing work by Saxe and colleagues (Gweon,
Dodell-Feder, Bedny, & Saxe, 2012; Saxe,
Whitfield-Gabrieli, Scholz, & Pelphrey,
2009), who showed that although 6-year-old
children exhibit specialized activation in
the DMPFC for reasoning about others’
mental states, specialized activation in the
rTPJ did not emerge until children were
about 9 to 11 years old. The whole set of
findings suggests that the MPFC regions that
support theory of mind reasoning may reach
functional maturity early in development
and contribute to reasoning about a range of
theory of mind skills. In contrast, the rTPJ,
which appears to be especially important
for reasoning about beliefs, has a longer
developmental timeline that may begin in
the preschool years but clearly extends
well after.

Two noteworthy implications of these
neurodevelopmental patterns suggest an
early present role of the DMFPC in mental
state reasoning more broadly and a pro-
tracted specialization of the rTPJ for belief
reasoning specifically. The first is that the
DMPFC may support a sort of general theory
of mind that contributes to a host of theory of
mind tasks and is involved whenever making
judgments about others’ mental states. The
development of the functional specialization
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of the DMPFC also may represent a sort
of rate-limiting factor such that the healthy
development of these regions may have par-
ticularly profound effects on typical theory
of mind reasoning. The second implication
is that, echoing our review of the behavioral
literature, the development of theory of mind
understanding does not end when children
become skilled at passing false-belief tasks
(e.g., Dumontheil, Apperly, & Blakemore,
2010). Given the emergence of exciting new
paradigms for studying advances in theory
of mind reasoning that emerge after the
preschool years, the stage is now set to better
understand the behavioral correlates of these
neurodevelopmental changes in the theory of
mind network.

Dopamine

In addition to looking at functional and
developmental changes in neuroanatomical
structures, some recent work has investigated
the extent to which neurochemical factors
might be associated with theory-of-mind
development. In this regard, particular atten-
tion has been paid to dopamine (DA) (e.g.,
Lackner, Bowman, & Sabbagh, 2010). DA is
of particular interest because the region of the
DMPEC that is important for theory of mind
and implicated in its development lies along
the mesocortical DA pathway. Moreover, DA
signaling appears to be sensitive to a number
of cognitive processes that have been thought
to be important for developing correct infer-
ences about others’ mental states, such as
adjusting predictions based on feedback.
(See Sabbagh, 2016, for a recent review.)
There are now two pieces of evidence
suggesting that individual differences in
DA functioning may be associated with
false-belief performance in preschoolers.
The first is that individual differences on an
indirect marker of DA functioning, spon-
taneous eye-blink rate, are associated with
performance on a battery of false-belief tasks

(Lackner et al., 2010). The second is that
allelic variation in the D4 DA receptor gene
(DRD4) 1is associated with theory of mind
such that children with genes that promote
more efficient DA signaling in the PFC show
better performance (Lackner, Sabbagh, Hal-
linan, Liu, & Holden, 2012). The connection
between theory of mind and DA was specific
to the DRD4 gene, which is most strongly
predictive of DA binding in the PFC; similar
associations were not seen for genes that
are associated with either DA metabolism
(i.e., COMT), or synaptic DA in the striatum
(i.e., DATI). These findings dovetail with the
findings from the neuroanatomical studies
in showing that healthy medial prefrontal
development and functioning is associated
with transitions in preschoolers’ theory of
mind understandings.

Broader Neural Network and Emerging
Directions

Although the bulk of the work on the neu-
robiological bases of theory of mind has
focused on the DMPFC and TPJ and their
roles in children’s conceptualizations of
beliefs and desires, it is important to note that
the network of regions implicated in mental
state reasoning extends beyond these two
regions. The superior temporal sulcus and
the precuneus are part of a broader network
of neural regions supporting theory of mind
in adults, and these regions likely support
aspects of theory of mind in development
as well. For example, the superior temporal
sulcus is recruited when school-age children
infer intentions from action (Mosconi, Mack,
McCarthy, & Pelphrey, 2005; Ohnishi et al.,
2004) and when young adolescents think
about the self (Pfeifer et al., 2009). The
precuneus is recruited when children are
required to reason about multiple mental
states simultaneously (Gweon et al., 2012;
Saxe et al., 2009). As noted, longitudinal
work is necessary to establish a causal role
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for these aspects of brain development and
the relevant behavioral changes in theory of
mind reasoning.

Mu Rhythm and Neural Networks
Jor Action Perception and Production

An exciting new direction in understanding
the neurocognitive bases of theory of mind
reasoning focuses on the neural processes that
are specifically recruited for understanding
and producing intentional action. In contrast
to the work that looks at explicitly judg-
ing action as intentional or nonintentional
or deciding how someone with particular
intentions might act, this work examines
the neural processes that are associated
with the ongoing perception and execution
of intentional actions. There are theoreti-
cal reasons that action and theory of mind
development might be linked (Hunnius &
Bekkering, 2014; Meltzoff, 2013), with some
going so far as to suggest that mental state
understanding (or at least its early precur-
sors) evolved from (Blakemore & Decety,
2001; Frith & Frith, 1999) or is supported by
(Marshall & Meltzoff, 2014; Woodward &
Gerson, 2014) a neural system for detecting
and representing actions.

A neural rhythm present in the EEG—
known as the mu rhythm—has been pos-
tulated as a candidate neural mechanism
facilitating developments from early emerg-
ing understanding of actions and intentions
to more sophisticated representational under-
standings of complex mental states, including
beliefs (e.g. Marshall & Meltzoff, 2014).
In both adults and infants/children, mu
rhythm reflects EEG oscillations (~8—13 Hz
in adults, ~6-9 Hz in infants/children)
recorded over and localized to sensorimotor
cortex that suppress when adults, chil-
dren, and infants either produce or perceive
intentional actions (e.g., voluntary hand
movement; see Fox et al., 2015, for meta-
analysis; Hobson & Bishop, 2016, for
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large-scale study with adults). These findings
suggest that mu suppression may be a reli-
able neural correlate of the representation of
intentional action (e.g., Marshall & Meltzoff,
2011). It is these connections to both action
production and action representation that
lead researchers to postulate mu rhythm as a
potential neural mechanism facilitating links
between actions and the mental states that
motivate them (Marshall & Meltzoff, 2014).

Recent evidence suggests that mu sup-
pression is associated with the perception of
meaningful intentional action in infants and
with theory of mind developments in older
children. For example, Filippi and colleagues
(2016) examined mu rhythm as 7-month-old
infants engaged in a goal-imitation paradigm.
Infants viewed an actor reach for and grasp
one of two objects and then had the oppor-
tunity to reach for and grasp either the same
object previously chosen by the actor (goal
action), or the unchosen object (non-goal
action). Infants who showed strong mu sup-
pression while watching the actor choose a
toy were more likely to imitate the actor’s
goal action than were children who showed
weak mu suppression. With preschool-age
children, Bowman, Thorpe, Cannon, and
Fox (2016) found that mu suppression was
a critical factor in mediating the association
between preschoolers’ action production and
their performance on standard theory of mind
tasks. In each case, the findings suggest that
mu suppression indexes processes that are
critical for facilitating the links between men-
tal states and action. Developing a detailed
accounting of the role of mu suppression is
an important avenue for understanding the
online processes that are critical for imputing
mental states to others.

Summary

There is now evidence that the functional
development of the theory of mind net-
work, including regions of the DMPFC and
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the rTPJ, are associated with transitions
in preschoolers’ theory of mind develop-
ment. There is also evidence that the rTPJ,
which becomes specialized to support rea-
soning about representational mental states,
such as belief, has a longer developmen-
tal timeline than the DMPFC, which has a
broader purpose in theory of mind reason-
ing and develops its specialization sooner.
The importance of the DMPFC is under-
scored further by an association between
dopaminergic functioning and theory of mind
development. Emerging directions include
understanding how the neural substrates
that are responsive to the perception and
production of intentional action also may be
key contributors the emergence of theory of
mind reasoning.

Experiential Bases of Theory of Mind
Development

Although there are broad -cross-cultural
synchronies in theory of mind development
that likely are shaped by specific neuromat-
urational factors, it now also is clear that
variations in the rate and character of theory
of mind development can be affected by
children’s sociocultural experiences. The
role of experience is bluntly captured in
training studies whereby children exposed
to concentrated diets of theory of mind—
relevant experience (one on one with an
experimenter) show improved performance
on tasks over a matter of minutes (e.g.,
Hale & Tager-Flusberg, 2003) or weeks
(e.g., Amsterlaw & Wellman, 2006). How-
ever, in this section, we focus on research
done within a sociocultural framework that
views children as situated within a broad
interconnected web of naturally occurring
factors that can be more or less proximal to
children’s everyday experiences. (See, e.g.,
Carpendale & Lewis, 2004.) Despite their

interconnected nature, we summarize the
positive findings relevant to these factors
independently. It is noteworthy that a recent
meta-analysis testing effects to be described
confirmed that the effects of most experi-
ential factors are small (typically between
r = .15-.20) but reliable across a number of
studies (Devine & Hughes, 2016).

Parent—Child Conversation

Perhaps the most well-established finding in
the literature on how experience affects the-
ory of mind development is that parent talk
about mental states is positively associated
with preschool children’s performance on
false-belief tasks (e.g., Ruffman, Slade, &
Crowe, 2002; see de Rosnay & Hughes, 2006,
for a review). In these studies, parent—child
dyads typically are observed in the labora-
tory or in their homes as they engage in an
everyday activity, such as picture book read-
ing or telling stories based on cards. These
activities are thought to capture parents’
“mind-mindedness”—or the extent to which
they are focused on the appropriate (i.e.,
timely and accurate) discussion of mental
states (Meins et al., 2002). These discussions
can be about children’s mental states, parents’
mental states, or the mental states of the story
characters they are reading about. Across a
number of studies, parents’ mental state talk,
particularly their use of language relating
to epistemic mental states, such as knowl-
edge and beliefs, is associated positively
with children’s false-belief understanding
(e.g., Adrian, Clemente, & Villanueva,
2007; Dunn, Brown, Slomkowski, Tesla, &
Youngblade, 1991; Racine, Carpendale, &
Turnbull, 2006; Ruffman, Perner, & Parkin,
1999). Of these demonstrations, studies by
Ruffman et al. (2002) and Adrian et al.
(2007) were particularly notable because
they employed longitudinal designs that
enabled them to establish a causal role for
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parent mental state talk in the trajectory of
false-belief understanding.

Siblings and Peer Interactions

Further evidence that is generally consistent
with the view that conversational experi-
ence plays a critical role in theory of mind
development comes from findings show-
ing that the number of similar-age siblings
preschoolers have is positively correlated
with their false-belief understanding (e.g.,
Jenkins & Astington, 1996; Perner, Ruff-
man, & Leekam, 1994). In particular, it
appears that the number of slightly older
siblings is a critical factor (e.g., McAlister &
Peterson, 2013). In each of these cases, it is
thought that siblings provide preschoolers
with regular opportunities to encounter men-
tal states that are different from their own
in ways that need to be understood in order
for successful social interaction. Further to
this point, Wang and Su (2009) recently
found that false-belief understanding was
accelerated in urban Chinese preschoolers
(who at the time the research was done rarely
had siblings) who were in daycare with
children of varying ages rather than with
same-age peers. These findings all support
the general claim that a rich variety of con-
versational experience plays an important
role in setting the timetable of theory of
mind development.

Theory of Mind in Deaf Children

Perhaps the most dramatic demonstration
of the role of verbal experience comes from
work on individuals who are born deaf into
hearing families. Children who are born
deaf or who lose their hearing in the first
year of life and are raised in in non-signing
families do not experience the rich linguistic
input that is immediately available to either
deaf children raised in signing families or
hearing children raised in speaking families
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(Peterson & Siegal, 1995). Several studies
have demonstrated delays in the theory of
mind performance of these deaf children.
Compared to hearing children and deaf
children born into signing families, deaf
children born to non-signing families are
substantially delayed on standard explicit
false-belief tasks (Woolfe, Want, & Siegal,
2002), and on explicit understanding of other
mental states, including desires and knowl-
edge (Peterson, Wellman, & Liu, 2005).
More recent work has suggested that these
findings might be due to the fact that hearing
parents of deaf children use fewer mental
state terms than do hearing parents of hearing
children (Moeller & Schick, 2006; Morgan
et al., 2014). These findings show that just as
typical variation in theory of mind-relevant
conversational experience has small but
reliable effects on preschoolers’ false-belief
development, the putatively extreme varia-
tion associated with deaf children born to
hearing parents can result in striking delays.

Socioeconomic Status

In addition to the proximal factors that might
affect the quantity and quality of children’s
theory of mind-relevant experiences directly,
there is some evidence that socioeconomic
status (SES) is positively associated with
false-belief development as well. SES often
is considered as an aggregate of a number
of different variables, including parental
education, income and occupation, marital
status, and more. Although rarely an explicit
focus of a study (but see Pears & Moses,
2003), SES measures often are collected
by researchers interested in the effects of
the experiential variables discussed earlier
(e.g., Jenkins & Astington, 1996). In their
meta-analysis, Devine and Hughes (2016)
reported that, in fact, there is a highly reliable
association between aggregate SES measures
and false-belief understanding. Indeed, it is
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one of the strongest effects of experience
reported. Thus, it appears that distal factors
can have strong effects on the timetable and
trajectory of theory of mind development.

Summary

Considerable evidence demonstrates the
influence of children’s social experience
on their developing understanding of men-
tal states. Through children’s experiences
with others—parents, siblings,
peers—an understanding of their own and
others’ minds is grown and sharpened.
However, it is important to note that the
meta-analytic data also demonstrates that
the effects of these experiences are small.
Except for the case of deaf children born
to hearing parents, the correlations between
social variables and children’s false-belief
understanding were statistically significant,
but each accounted for just 2% and 4% of the
variance in children’s false-belief understand-
ing performance. There are two important
future directions for this literature. The first
is that there may be much more work to do
to better understand how experience affects
theory of mind development. Although
not many behavioral genetics studies have
attempted to parse the extent to which theory
of mind skills are heritable, one influential
study suggests that a substantial proportion
(44%) of the variance in 5-year-olds’ theory
of mind performance is due to nonshared
theory of mind—specific experiences (Hughes
et al., 2005). New estimates may suggest
different targets, but specific work aimed at
gaining a diverse set of reliable measures
of that relevant experience may be critical
to understanding its full effects and its the-
oretical importance. The second important
direction is to recognize explicitly the inter-
play between these experiential factors and
the cognitive architecture that is necessary to
use that experience to promote meaningful
conceptual change.

same-age

THEORY OF MIND IN THE REAL
WORLD: A FEW EXAMPLES

From the outset, we noted that part of the
appeal of theory of mind as a research topic
is its importance in facilitating the smooth
flow of everyday social interaction. The
way in which we naturally make sense of
others’ behaviors is through understand-
ing their intentions, which themselves are
understood in terms of underlying beliefs
and desires (e.g., Wellman, 1990). Because
of this theoretical connection between the-
ory of mind and social understanding, we
would expect that facility with theory of
mind reasoning might be predictive of social
competence. As we consider this question,
however, it is important to recognize that the
links between theory of mind development
and common metrics of social competence
(e.g., peer acceptance, social network size,
etc.) are likely to be weak and complex for
several reasons. First, theory of mind skills
may be particularly important for social
problem solving but not for more affective
aspects of social competence (e.g., empathy,
homophily) that are also important for social
success. Second, because of the changing
nature of children’s peer relationships, the
importance of theory of mind may vary with
age. Some work has attempted to connect
theory of mind development with social
competence, broadly construed. However,
a tighter focus has been on detailing the
connections between theory of mind devel-
opment and those components of social
understanding that especially require a
mature understanding of mental states.

Theory of Mind and Social Competence

There is some evidence that individual dif-
ferences in children’s theory of mind are
associated with social competence, broadly
construed. For instance, one study found
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that the performance of 3- to 6-year-old
children on false-belief tasks was posi-
tively correlated with teacher ratings of
social skills but not with peer acceptance
(Watson, Nixon, Wilson, & Cepage, 1999).
When similar questions were investigated in
another study that took a more fine-grained
approach, false-belief understanding was
associated with peer acceptance for older
but not younger children (Slaughter, Den-
nis, & Pritchard, 2002). More recent findings
suggest that the relationship may be a lon-
gitudinal one whereby early facility with
theory of mind predicts later social success.
For example, Devine, White, Ensor, and
Hughes (2016) showed that theory of mind
assessments given at age 6 were positively
associated with teacher-rated social com-
petence at age 10. (See also Caputi, Lecce,
Pagnin, & Banerjee, 2012.) These findings
suggest that at the broader level, theory of
mind skills play some role in facilitating
social competence over a long time scale
but that meeting theory of mind milestones
does not suddenly lead to increased social
competence.

Deception

Deception is the intentional use of com-
municative acts to cause another to believe
something that is not true. (See, e.g., Lee,
2013, for a recent review.) Deception and
lying can happen for various purposes. For
instance, some lies are self-serving—after
causing damage to family property, a child
might lie about involvement to avoid a
potential punishment. Other lies might be
undertaken to help another person feel good.
For instance, upon receiving an undesir-
able item as a gift, one might lie about
one’s feelings in order to avoid offending
the giver. Intuitively, successful deception
appears to rely on false-belief understanding;
after all, the point of deception is to cause
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someone else to hold a false belief about
some true state of affairs (e.g., Newton,
Reddy, & Bull, 2000). However, there are
alternative explanations for children’s early
deception. For instance, it is possible that
children who lie simply are hoping that
disavowing responsibility for wrongdoing
will help them avoid punishment, without
understanding the causal role of false beliefs
(e.g., Sodian, 1991).

One way in which researchers have moved
away from this ambiguity in understanding
the cognitive-motivational underpinnings of
children’s simple willingness to tell a lie is
by investigating the more interesting ques-
tion of whether developmental advances in
false-belief understanding change the char-
acter of children’s deception. That is, perhaps
as children’s theory of mind becomes more
sophisticated, so too does their capacity for
successful deception. Indeed, this seems to
be the case. In a pioneering study, Talwar
and Lee (2008) found that children’s abilities
to falsely deny that they had committed a
minor transgression in a laboratory session
(i.e., peeking at the contents of a con-
tainer when they had been told not to)
were positively related to their false-belief
understandings.  Furthermore, children’s
abilities to maintain a lie are associated
with second-order theory of mind abilities;
that is, children with stronger second-order
false-belief skills were better able to conceal
information that would be “telling” about
their lie, such as telling facial and emotional
expressions. (See Talwar, Gordon, & Lee,
2007.) Similar results have been demon-
strated with lies to cover up transgressions
and with lies that are meant to make others
feel better (Broomfield, Robinson, & Robin-
son, 2002; Williams, Moore, Crossman, &
Talwar, 2016). Thus, the data are clear that
as children’s theory of mind becomes more
sophisticated, so too does their capacity for
successful deception.
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Moral Judgment

Theory of mind provides a way of explain-
ing and predicting others’ behaviors with
respect to their most proximal causes (i.e.,
intentions, desires, and beliefs). Theory of
mind considerations are also important more
broadly for the meaningful evaluation of
others’ actions. One domain in which the
evaluative importance of theory of mind is
particularly apparent is in the case of making
moral attributions. As philosophers have
pointed out, others’ actions are morally eval-
uated not simply in terms of their outcomes
but also in terms of whether those outcomes
were intended. (See, e.g., Kaplan, 2001;
Mele & Sverdlik, 1996.) For instance, people
intuitively assign blame and punishment
more severely to people who intend to cause
bad outcomes than they do to people who
cause bad outcomes unintentionally (Leslie,
Knobe, & Cohen, 2006). Indeed, the dis-
tinction between negative outcomes that are
intended versus not intended is commonly
included in most legal systems—when the
negative outcome is the death of another
individual, intentionality determines whether
the crime is manslaughter or murder. Thus,
our ability to make accurate inferences about
others’ intentions is a key feature of moral
evaluation (Gray, Young, & Waytz, 2012;
Knobe, 2005).

These intuitions about moral evaluation
hinge on the ability to use an explicit repre-
sentational theory of mind—that is, to think
about how mental states are dissociable from
observable actions. What we would predict,
then, is that as children’s theory of mind
becomes more sophisticated, so too should
their intuitions about moral responsibility.
There is some evidence that around the time
false-belief understandings are emerging,
young children are more likely to judge neg-
ative outcomes that are brought about freely
and intentionally as more immoral than ones

that are brought about by force or accident
(Chandler, Sokol, & Hallett, 2001; Josephs,
Kushnir, Grifenhain, & Rakoczy, 2016;
Yuill & Perner, 1988). During the preschool
years, children also come to believe that
someone who attempted harmful behavior
was morally wrong, even if the person was
unsuccessful (Cushman, Sheketoff, Whar-
ton, & Carey, 2013). More direct evidence
on the question of the association between
theory of mind development and morality
comes from work by Killen and colleagues
who presented children with what they called
morally-relevant theory of mind tasks. In
these tasks, children heard stories in which
characters unknowingly and accidentally
brought about a negative outcome, then
children were asked to answer questions
about the characters’ intentions and beliefs.
Children who correctly said that the story
character was unaware that she had done
something wrong also were less likely to
view the transgression as morally wrong
(Killen, Mulvey, Richardson, Jampol, &
Woodward, 2011). Finally, there is evidence
that theory of mind understandings measured
in children 3.5 years old are positively asso-
ciated with children’s reasoning about moral
acts 2 years later (Lane, Wellman, Olson,
LaBounty, & Kerr, 2010).

Taken together, these findings clarify
that children’s developing understandings of
the representational nature of mental states
(as indexed by false-belief understanding)
have important implications for their under-
standing of morality. Prior to the age of 4
years, children appear to believe that negative
outcomes that are brought about either acci-
dentally or intentionally are morally wrong.
However, as they come to recognize that there
can be a distinction between intentions and
outcomes, they come to privilege intentions
over outcomes in their assignment of moral
value (Cushman et al., 2013).
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Summary

There is evidence that theory of mind
development is associated with social
competence broadly construed and with
specific social understandings that rely on
the acquisition of particular theory of mind
milestones—deception and moral judge-
ment. Although we reviewed two specific
social understandings, it should be noted
that there is literature suggesting that theory
of mind and its development might affect
several other types of social understanding
that have been explored, including playing
strategic games (Sanfey, 2007), cooperation
(Tomasello & Vaish, 2013), establishing trust
(Mascaro & Sperber, 2009), and more. These
bodies of work show that although theory of
mind is a relatively narrowly construed aspect
of conceptual development, its implications
for children’s abilities to navigate the social
world are profound. This point becomes
even clearer when considering the theory of
mind difficulties experienced by those with
particular developmental disorders and how
those difficulties might affect their social
cognitive functioning.

DEVELOPMENTAL DISORDERS,
AUTISM, AND THEORY OF MIND

A host of developmental disorders are char-
acterized by serious impairments in social
functioning, including attention-deficit/
hyperactivity disorder (ADHD), specific-
language impairment, Down syndrome,
and autism. Indeed, social impairment is
often the most troubling symptom of these
disorders for caregiving families. Given
the hypothesized importance of theory of
mind in social functioning, researchers have
investigated whether difficulties in theory of
mind might be a phenotypic characteristic
of these developmental disorders. When
investigating this question, however, there

is an important distinction to be made with
respect to characterizing the source of theory
of mind difficulties. One possibility is that
theory of mind understandings are affected
in a domain-specific way, such that there
are difficulties that exist for theory of mind
reasoning independent of factors that also
might affect conceptual understandings and
problem solving in other domains, such as
physical understandings or number. (See,
e.g., Baron-Cohen, 1995.) An alternative
possibility is that theory of mind difficulties
exist because of primary impairments in
domain-general factors that affect children’s
abilities either to develop or to use theory
of mind in everyday situations. As was
noted earlier, there is evidence that executive
functioning is causally related to the theory
of mind developments that occur over the
preschool years. Accordingly, we might
expect that any developmental disorder in
which executive functioning or language
development is impaired also would be asso-
ciated with theory of mind difficulties and
their sequelae.

Primary Deficits in Executive Function
and Theory of Mind Delays

Although no one disorder has been studied in
much detail, there is evidence that disorders
that feature primary deficits in executive
functioning skills also are associated with
difficulties in false-belief reasoning; these
disorders include Down syndrome (e.g.,
Cebula, Moore, & Wishart, 2010; Zelazo,
Burack, Benedetto, & Frye, 1996), William
syndrome (e.g., Mervis & John, 2010), frag-
ile X syndrome (Grant, Apperly, & Oliver,
2007) and fetal alcohol spectrum disorder
(Lindinger et al., 2016; Rasmussen et al.,
2012). In the majority of these cases, the dif-
ference in false-belief performance between
affected children and typically developing
children is accounted for statistically by
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group differences in executive functioning.
Moreover, in some cases, the association
between executive functioning skills and
false-belief performance is stronger in
affected children relative to unaffected chil-
dren (e.g., fetal alcohol spectrum disorder;
see Rasmussen, Wyper, & Talwar, 2009).

A more mixed pattern of results is appar-
ent for children with ADHD, which is another
developmental disorder that is characterized
by primary difficulties in executive function.
Although some studies find that affected
children have difficulties with theory of mind
tasks relative to age-matched controls and
that these differences can be accounted for
by group differences in executive functioning
(e.g., Mary et al., 2016), others have not (e.g.,
Charman, Carroll, & Sturge, 2001; Perner,
Kain, & Barchfeld, 2002). The reasons for
the mixed findings may have to do with the
measures that are used; ADHD typically is
not diagnosed until children enter school,
and the common false-belief tasks that are
used to assess theory of mind may not be
appropriate for use with this age group.
A recent study showed that although children
with ADHD may not have difficulty with
laboratory theory of mind tasks, they do
have difficulties on tasks that require them
to apply theory of mind understandings to
real-world scenarios (Hutchins et al., 2016).
Thus, evidence from ADHD may join evi-
dence from other developmental disorders
that are characterized by primary difficulties
in executive functioning in showing that
these conditions can be associated with
secondary difficulties in theory of mind
reasoning that may in turn affect aspects of
social functioning.

Autism

Perhaps the developmental disorder that has
received the most scrutiny in the present con-
text is autism and autism spectrum disorders

(ASDs; Baron-Cohen, 2000). Autism is a
developmental disorder that has many
features, but perhaps the most striking
difficulty in autism concerns social impair-
ments. This symptom profile led many
researchers to suggest that theory of mind
impairments may be a primary feature of
ASD (Baron-Cohen, 1995) rather than a sec-
ondary feature that emerges because of other
primary deficits such as executive function
or language.

Even a cursory summary of the wide
literature that has investigated theory of mind
difficulties in autism is beyond the scope of
this chapter. Briefly, the claim that individ-
uals with ASD have a primary impairment
in theory of mind reasoning comes from
research that has taken a fine cuts approach.
(See Frith & Happé, 1994). This approach
is an experimental one in which researchers
measure performance on theory of mind
tasks—such as the false-belief task—along
with performance on tasks that are formally
and structurally similar to the false-belief
task but involve nonmental content. For
instance, Leslie and Thaiss (1992) measured
the performance of individuals with ASD on
a false-belief task and a “false photograph”
task, which was thought to be identical to
the false-belief task but involved nonmental
content. Findings from these studies and
others like them (e.g., Baron-Cohen et al.,
1985) consistently find that ASD individuals
perform well on tasks that involve reasoning
about nonmental representations but poorly
on tasks that involve reasoning about mental
representations. (See, e.g., Baron-Cohen,
2000, for a review.) These results stand in
contrast to typically developing individuals
and those with non-ASD developmental
disorders who tend to perform similarly
on both kinds of tasks, in accordance with
their mental age. However, recent research
using a different nonmental representation
task—the false sign task—calls into question
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the domain-specific theory of mind deficit in
ASD. The false sign task is arguably more
similar to the false-belief task because signs,
like beliefs, are supposed to represent a cur-
rent reality; whereas photographs are readily
understood to have represented reality at a
given point in the past. Children with ASD
show difficulties in passing the false sign task
(Iao & Leekam, 2014).

More generally, it should be noted that
the theory of mind hypothesis of autism that
proposes primary theory of mind deficits is
controversial. A large literature shows that
autism is associated with difficulties in exec-
utive functioning (e.g., Corbett, Constantine,
Hendren, Rocke, & Ozonoff, 2009), so it
remains possible that the theory of mind
deficits in autism are secondary to those
difficulties. Indeed, the association between
executive functioning and false-belief per-
formance is exceptionally high in ASD
(Colvert, Custance, & Swettenham, 2002;
Zelazo, Jacques, Burack, & Frye, 2002),
which suggests that executive functioning
may be the primary limiting factor on theory
of mind reasoning in ASD. Others have sug-
gested that theory of mind deficits in ASD
may be secondary to a broader difficulty
in forming central coherence or engaging
in more holistic processing (Happé & Frith,
2006). Nonetheless, although it is still unclear
whether theory of mind deficits are primary
or secondary in autism, it is clear that indi-
viduals with ASD have substantial difficulty
in reasoning about others’ mental states.

Summary

There are developmental disorders in which
theory of mind difficulties can be primary
(such as autism) or secondary to deficits
in cognitive skills that are important for
acquiring or using theory of mind concepts
(e.g., fetal alcohol spectrum disorder). Most
important is that no matter what the source,
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difficulties in theory of mind reasoning
may lead to broader difficulties with social
functioning, which often is one of the most
challenging aspects of caring for children
with developmental delays. Taking a theory
of mind perspective may be valuable insofar
as it provides a specific target for intervention
and training that could have broader implica-
tions for establishing more rewarding social
interactions in these situations.

THEORETICAL FRAMEWORKS
OF THEORY OF MIND
DEVELOPMENT

The richness of the empirical work in theory
of mind development also has been supported
by a robust theoretical debate concerning the
origins of theory of mind and the mechanisms
by which theory of mind judgments become
more reliable over time. Although a fair
summary of the nuanced theoretical positions
is well beyond the scope of this chapter, we
attempt a brief summary of three general
theoretical approaches here and highlight
how each has inspired the empirical literature
reviewed earlier in the chapter.

Theory Theory

The theoretical position that perhaps is most
tightly connected with the theory of mind
literature is the “theory” theory (Gopnik &
Wellman, 1992, 2012; Perner, 1991). The
premise of theory theory is that children begin
life with a basic ability to impute general
psychological causes to human behavior,
but the precise content of the psychological
causes is undifferentiated and/or immature.
Over time and with experience, children are
thought to notice instances in which their
current understanding leads to mistaken or
otherwise inept predictions of how people
behave. These prediction errors serve as a
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catalyst for children to refine or revise their
understandings about the nature of psycho-
logical causes, much in the same way that
scientists refine or revise their theories about
the causes of any natural phenomenon. In the
end, these psychological causes are com-
prised of adult-like mental state concepts.
Recently, computational processes (e.g.,
hierarchical Bayesian learning) have been
offered as a means to characterize the ways in
which the revision process might take place.
Research summarized earlier in the chapter
that has been spurred by the theory theory
perspective includes (1) work that charac-
terizes young children’s (including infants’)
early understandings of mental states and
maps out the qualitative differences between
early and later understandings; (2) work
that focuses on the ways in which children’s
diet of experience affects the timetable and
trajectory of theory of mind development;
and (3) work that characterizes the cognitive
and neurobiological mechanisms that might
be important for revising and refining mental
state understandings based on experience
in the world (e.g., executive functioning,
MPEFC, DA).

The general approach that theory the-
ory takes to characterizing mechanisms of
change is essentially continuous with long-
standing theoretical perspectives in cognitive
development, especially Piaget’s processes of
equilibration (e.g., assimilation and accom-
modation; Gopnik, 1996). Accordingly, the
theory theory is susceptible to many of the
critiques that applied to Piaget’s model,
including a lack of specificity of the pro-
cesses by which change occurs and the
characterization of the child as a highly
rational agent who continually engages in
sober reflection on mistaken ideas and their
alternatives. (See, e.g., Faucher et al., 2002.)
Nonetheless, the emphasis that the theory
theory framework places on infants having
some psychological understandings from

early on that become elaborated over time
and with experience has been a fruitful one
for pursuing meaningful empirical work in
the field.

Social Construction Views

Placing even more emphasis on the role of
experience in theory of mind development
are social construction views. Theorists here
follow the lead of sociocultural theorists in
arguing that ascribing mental states to others
is a cultural practice and that the skillful
application of those practices comes from
cultural learning (e.g., Heyes & Frith, 2014).
These intuitions have been formalized in
theoretical accounts of theory of mind devel-
opment. For example, Carpendale and Lewis
(2004) made the case that theory of mind
development takes place through social inter-
action. They argued that an understanding of
the mind is constructed through triadic inter-
actions among the child, another person, and
the world. Nelson (2009) similarly argued
that changes in children’s understanding
of mental states occur through pragmatic
conversations in social interactions. Research
carried out within this perspective concerns
the effects of culture and experience on the
timetable and trajectory of theory of mind
development.

Although this perspective is an important
one, it faces several challenges from the
broader literature. First, it does not attempt to
account for many of the known facts about the
developmental trajectory of theory of mind
understandings (e.g., why an understanding
of desires comes before beliefs). Second, as
noted by Devine and Hughes (2016) known
experiential factors account for very little
of the variance in preschoolers’ theory of
mind development. Nonetheless, this per-
spective is a valuable counterweight to the
more child-focused processes that typically
dominate theory and research in this area,
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the sociocultural context of socio-cognitive
development.

Innateness and Modularity

A third prominent framework for studying
theory of mind development is the innateness
view. Proponents of the innate view suppose
that the set of hypotheses for potential psy-
chological causes cannot be constrained or
specified on the basis of experience alone
(German & Leslie, 2004). And thus, children
must be born with mechanisms that take the
perception of relevant social behaviors as
input and generate a plausible set of psycho-
logical causes for those behaviors (Scholl &
Leslie, 1999). Importantly, the character of
those psychological causes is essentially
adult-like from the beginning. Development
occurs, then, as children become better at
selecting the most appropriate psychological
cause given the extant behavior. Research
that has been spurred on by this perspective
includes (1) work showing that infants exhibit
false-belief understanding; (2) work showing
that factors that affect the selection of appro-
priate psychological causes (e.g., executive
functioning) affect both preschoolers’ and
adults’ performance on theory of mind tasks
(e.g., false belief); and (3) work showing
that individuals with autism experience a
specific deficit in reasoning about mental
states, even when their reasoning in other
domains is unaffected.

Critiques of the innateness view pertain
largely to the fact that it does not eas-
ily account for particular findings in the
literature, such as why young children pro-
ceed through a relatively stereotyped set
of coherent understandings in a relatively
circumscribed period later in development
and why experience plays such a large role in
shaping the timetable by which those under-
standings change (Wellman, 2014). Yet this
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approach has been extremely valuable for
characterizing the remarkable sociocognitive
competencies that infants show (irrespective
of their ultimately correct interpretation)
and the surprisingly specific ways in which
theory of mind reasoning can be affected in
cases of abnormal development.

CONCLUSION

Theory of mind is a research area that has
seen sustained interest over the past 3 decades
and continues to influence work on children’s
sociocognitive development. Arguably, we
know more about theory of mind develop-
ment during the preschool years than we
know about any other comparable concep-
tual change. Here we have reviewed much
of what is known about the timetable and
trajectory of theory of mind development,
the factors that affect those developments,
and their broader consequences for social
cognitive development. Although we have
attempted to cover a lot of ground, we had
to omit important work because of space
considerations. Perhaps most notable among
these are the rich and substantial literatures
on connections between theory of mind and
pretend play (see, e.g., Lillard et al., 2013,
for a recent review; Taylor, Carlson, Maring,
Gerow, & Charley, 2004) and between theory
of mind and language (see, e.g., Astington &
Baird, 2005; de Villiers, 2007). These liter-
atures both have long empirical records and
important theoretical implications, and we
regret that we could not include substantive
discussion of them here.

Although our field has acquired much
important knowledge about theory of mind
development, there still is much to learn about
the developments that precede and succeed
the milestones that occur in the preschool
years and the mechanisms that support
those changes. This research, particularly
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the research on mechanisms of change, still
is in its early stages and holds substantial
promise for understanding not just the par-
ticular developments that are important for
theory of mind but conceptual development
more broadly.
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