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Abstract
Previous research on perceptual and cognitive development has predominantly focused on in-

fants’ passive response to experience. For example, if infants are exposed to acoustic patterns

in the background while they are engaged in another activity, what are they able to learn?

However, recent work in this area has revealed that even very young infants are also capable

of active perceptual and cognitive responses to experience. Specifically, recent neuroimaging

work showed that infants’ perceptual systems predict upcoming sensory events and that learn-

ing to predict new events rapidly modulates the responses of their perceptual systems. In ad-

dition, there is new evidence that young infants have access to endogenous attention and their

prediction and attention are rapidly and robustly modified through learning about patterns in

the environment. In this chapter, we present a synthesis of the existing research on the impact

of infants’ active responses to experience and argue that this active engagement importantly

supports infants’ perceptual-cognitive development. To this end, we first define what a mech-

anism of active engagement is and examine how learning, selective attention, and prediction

can be considered active mechanisms. Then, we argue that these active mechanisms become

engaged in response to higher-order environmental structures, such as temporal, spatial, and

relational patterns, and review both behavioral and neural evidence of infants’ active responses

to these structures or patterns. Finally, we discuss how this active engagement in infancy may

give rise to the emergence of specialized perceptual-cognitive systems and highlight directions

for future research.
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1 Introduction
A common metaphor compares infants to “sponges” that absorb information. This

description conveys a sense of passiveness and appears to suggest that infants are

recipients who reflexively absorb or reflect the environment that they experience.

Indeed, a key part of infant and early childhood development entails infants’ adap-

tation to their environment. Given that infants have highly immature motor abilities,

including language production, it is perhaps not surprising that their responses were

traditionally considered to be passive. However, we question the notion that infants’

adaptation to the environment arises from the passive unidirectional receiving of

input. One reason is that adult responses to the environment can be active in the

absence of overt motor responses. Thus, at minimum, we must evaluate whether

these active mechanisms are available to human infants or emerge over development.

While we do not doubt that some aspects of early development are passive, we re-

view recent work to argue that infants also actively engage with their environment.

We then argue that this active engagement directly influences the types of environ-

mental inputs that infants process and are affected by.

In this chapter, we emphasize infant’s active response to experience with envi-
ronmental patterns. Environmental patterns are a key type of sensory input arising

from the structures in the environment. We further review evidence that experience

with environmental patterns can result in an infant’s active engagement. It is impor-

tant to note that environmental patterns are not the only type of input with which

infants actively engage; other types of input (e.g., social contexts) can also elicit

active engagement. However, we focus specifically on the infant response to envi-

ronmental patterns in this chapter to lay the foundation for research on the infants’

active engagement with the environment.

Examples of environmental patterns include temporal structures, which refer to

statistical regularities within a sequence in auditory, tactile, visual, and other modal-

ities; spatial structures, which refer to statistical regularities in the placement and

arrangement of elements in the spatial organization; and relational structures, which
refer to the statistical regularities in the relationship between two or more inputs.

Research has found that even young infants are responsive to temporal (Basirat

et al., 2014), spatial (Tummeltshammer and Amso, 2018), and relational patterns

(Werchan et al., 2016). In order to interact with and comprehend a noisy environ-

ment, infants likely need to extract these types of regularities. It has been long known

that the detection of these patterns, which can be as simple as a highly repeated stim-

ulus (e.g., checkerboards shown repeatedly in Cohen, 1972), results in the rapid and

robust modification of attention allocation (Rose et al., 1982). This modification of

attention already provides some evidence that infants are, in some way, actively

engaging with environmental patterns. In this chapter, we expand on this body of

evidence and examine how experience with temporal, spatial, and relational patterns

result in the active engagement of attention, prediction, and learning mechanisms

starting in infancy.
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In summary, this chapter focuses on infants’ responses to the different types of

environmental patterns to lay out the evidence that infants are actively engaging with

their environmental input and that this active engagement significantly shapes in-

fants’ internal systems and representations. We argue that this cyclical relationship

between input and active response in infancy is a key component in the develop-

mental trajectory that gradually leads to the specialization of perceptual-cognitive

systems.

2 Mechanisms of active engagement: Definitions
This chapter presents convergent evidence that infants actively engage with the en-

vironmental patterns that they receive from their environment. The idea that learning
from the environment is active is not a new one. For example, in 1975, Eleanor

Gibson argued that perceptual learning is active: “We use our receptor systems—

our hands, eyes and ears—to explore, to search for useful information [in our sensory

input]” (Gibson and Levin, 1975). Here, Gibson is arguing for a definition of “active”

that is motor-based. In the next section, we will review evidence from eye move-

ments that infants are active in this way and argue that this is evidence for the active

engagement of attention. However, we expand the definition to include other types of

active engagement that do not involve a motor component including learning and

prediction. Our overall definition of an active mechanism is a mechanism that, when
engaged, results in short-term differential processing of sensory input in the service
of information-gathering and/or modifies internal representations of the environ-
ment to enable more efficient processing of sensory input. Using this overarching

definition of an active mechanism, we now consider how attention, learning and

prediction can be considered active mechanisms.

2.1 Attention
We present attention as our first example of an active mechanism. In previous

literature, attention has been largely categorized into two interrelated but distinct

concepts of endogenous and exogenous attention. With exogenous attention, atten-

tion is automatically directed to a certain stimulus due to the bottom-up character-

istics of the stimulus (e.g., visual salience). With endogenous attention, attention is

directed to a certain stimulus due to the internal or top-down effects of factors such

as previous experiences. Endogenous attention enables infants to be active directors

of their attention, rather than passive recipients of externally guided attentional

processes.

We specifically highlight selective attention as an endogenous attention mecha-

nism of active engagement. Selective attention refers to attending to a certain stimulus

(or part of a stimulus) in the presence of multiple options presented simultaneously.

Importantly, what an infant voluntarily and selectively attends has a powerful effect
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on the sensory input that the infant experiences, and evidence strongly shows that

infants use selective attention to gather information. In other words, infants can inten-

tionally direct attention and alter the environment to obtain different information

about the environment. This ability makes infants the active agents in determining

their sensory experiences.

Infants’ selective attention can be observed through a number of behaviors. Two

of the most readily observed methods that infants use to allocate attention are eye

movements and multimodal exploration. As infants develop the ability to control

their eye movements, they become increasingly able to determine what they see

by directing their eye gaze (for review, see Amso and Scerif, 2015). The control over

their visual input enables infants to govern the information they receive and process.

From around 4 or 5 months of age (Gibson, 1988), infants also begin to systemati-

cally reach for and explore specific items of interest. With this development, infants

can voluntarily and selectively choose the information they receive by exploring a

particular object. At first glance, this complex motor behavior may appear to be

drastically different from allocating attention via small eye movements we discussed

earlier. However, consider that both eye gaze shifts and multimodal exploration of a

specific object are caused by an infant’s active directing of their attention to a

specific stimulus or aspect of a stimulus over other distracting stimuli. From this

perspective, both eye movements and more overt motor explorations enable infants

to gather information about the selected stimulus, and thus both can be considered

active mechanisms. We will discuss research that has looked to eye gaze and grasp-

based multimodal exploration to test infant attention in more detail in a later section.

The reason that we discuss attention as an important form of active mechanism is

that the information that infants selectively obtain has a profound impact as the infant

detects, explores, and understands the world (Cohen, 1972). For example, research

showed that visually attended stimuli affected infant word learning more than unat-

tended stimuli (Yu and Smith, 2011). This view is also convergent with previous

findings that infants’ attentional processes affect other important functions such

as perception and memory (for review, see Amso and Scerif, 2015). In this regard,

attention is a powerful mechanism that not only enables active and intentional selec-

tion of information, but also greatly influences other functions essential for percep-

tual and cognitive development. We will discuss the impact of attentional processes

on the specialization of perceptual-cognitive systems later in this chapter.

2.2 Learning
Learning is the process in which internal representations of the environment are mod-

ified following experience. Importantly, the creation of these internal representations

comprises an active process because (1) internal representations can result in differ-

ential processing of future sensory input, and (2) internal representations can serve to

more efficiently process this input. For example, when engaging in statistical learn-

ing, an infant learns that some stimuli occur together and uses that information
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to form a unit, chunk, or combined representation of those stimuli. In later sections,

we will review evidence that the formation of these new representations results in

better cognitive processing.

Moreover, there is a variety of evidence that learning does not simply arise from a

low-level or passive response to environmental patterns. First, under some circum-

stances, learning can create representations that are not merely copies of environ-

mental patterns. These cases suggest that there is some kind of a higher-level or

constructive process that uses experience to produce these representations. Indeed,

recent neuroimaging studies have also found that exposure to environmental stimuli

result in the engagement of higher-level cortices such as the frontal cortex even in

very young infants (Sakatani et al., 1999; Taga et al., 2003). The engagement of these

higher-level cortices, similarly, suggests that there is an active component to learning

where representations are constructed rather than passively received from sensory

input.

In addition, learning depends on factors that affect other active mechanisms.

Since learning and engagement of other active mechanisms are both contingent

on the same factors and are mostly measured using similar tools and under similar

circumstances, we argue that, in its essence, learning is an active process. Here, we

focus on the links between predictability and learning (see more on prediction as an

active mechanism below). For example, learning requires more than a mere exposure

to a stream of sensory information: The information to be learned should be rela-

tively predictable (i.e., not random), but not too predictable or too easy to learn.

Operationalizing this idea, infants’ preference is drawn toward moderately predict-

able streams of events, rather than toward fully predictable or fully unpredictable

streams of events (Kidd et al., 2012). This sensitivity of preference toward moderate

predictability streams is readily available from birth (Bulf et al., 2011) and dynam-

ically changes with age during infancy (Johnson et al., 2009). Predictability also

reflects the difficulty in processing the stream of information. In this framing, the

effect of moderate predictability is tightly related to a child’s engagement with

the stimuli, and the engagement is likely strongly linked to endogenous attention

as we discussed earlier. Tasks that are moderately difficult preferentially engage

attention compared to trivially easy or highly difficult tasks (Hunter and Ames,

1988). Thus, conditions that produce good learning outcomes are conditions that

are particularly beneficial for the two other active mechanisms covered in this chap-

ter, predictability and attention. Since learning outcomes are linked to other active

mechanism, we argue that that learning itself is an active process.

2.3 Prediction
Prediction-based processes (prediction and prediction error) are a key feature of

cognition and development. For example, in a game of peak-a-boo, an infant will

experience seeing hands followed by a face in a repeating pattern. After a few

repetitions of experiencing this pattern, they likely begin to predict seeing the face

upon seeing the hands. However, if the adult waits a particularly long interval before
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revealing their face, the infant likely experiences a prediction error. Prediction is the

process or ability by which previous experience affects the internal likelihood of

upcoming events and produces corresponding changes in processing these events

based on their likelihood. Prediction error is the difference between the predicted

event and the actual event that was experienced. Prediction error also has impacts

on processing as well as in updating the internal likelihood of upcoming events.

Computationally, prediction and prediction error facilitate engagement between cog-

nition and the environment; prediction uses internal representations of the likelihood

of different events (i.e., cognition) directly alter processing of sensory input (i.e., the

environment). Relatedly, prediction is an important link between what has been

learned and the processing of future sensory input.

Prediction occurs through numerous related sub-processes, many of which can be

considered active. The first sub-process is forming a prediction about an upcoming

sensory input; the second sub-process is processing sensory input relative to the

prediction and possibly producing a prediction error; and the third sub-process is

updating the internal models or representations of the environment based on the pre-

diction error. Each sub-process of predictive processes can be considered active

according to our definition, as the formation of a prediction changes the processing

of upcoming information by processing it relative to an internal state and prediction

results in updating internal representations of the environment. For example, after

visual stimuli were consistently preceded with auditory cues, the presentation of

an auditory cue elicits prediction about this specific upcoming visual presentation.

When this visual stimulus is omitted, a prediction error is calculated and the follow-

ing prediction is updated (Jaffe-Dax et al., 2020).

Recent theories of prediction suggest that the entire brain may be involved in this

type of active processing. The focus on prediction and prediction error in learning

and updating internal representations was first formalized in the Rescorla-Wagner

reinforcement learning model (Rescorla and Wagner, 1972). A more recent

expansion on the theoretically purported role of prediction in neural processing

and behavior is the theory of predictive coding (Friston, 2005; Rao and Ballard,

1999). Predictive coding posits that top-down or feedback neural signals in the cortex

communicate prediction, and bottom-up neural signals communicate prediction

error. According to this view, it is more efficient for sensory processes to convey

prediction error rather than continuous flow of sensory input. Coding for prediction

error, a comparison between prediction and sensory input facilitates the extraction of

meaningful information from the environment starting from the earliest sensory cor-

tices. In later sections, we will review evidence that the infant brain is also engaging

in this type of predictive processing similar to what would be posited by the predic-

tive coding theory. In this way, the entire cortex and perceptual system would be

engaged in prediction and, thus, active processing.

Overall, prediction is a mechanism of active engagement with the environment

because it involves modifying internal representations following experience and

changing sensory processes relative to internal states in order to gather information

or process future sensory input relative to past experiences.
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2.4 Interrelationships among these three mechanisms
As mentioned earlier, the three mechanisms of active engagement we discuss—

attention, learning, and prediction—are closely interrelated concepts that greatly

affect one another. For example, the level of infants’ attention to a given stimulus

is affected by what they learn and predict (Doherty et al., 2005), and infants attend

to events that violate their expectations (e.g., Baillargeon, 1987). What infants learn

is affected by what they attend to (Johnson et al., 2004; Pereira et al., 2014), and

learning affects what infants predict (Romberg and Saffran, 2013). As stated in a pre-

vious section on learning, infants’ attention is drawn toward moderately predictable

events rather than toward fully predictable or entirely unpredictable events (Kidd

et al., 2012) and toward moderately difficult tasks than trivially easy or notoriously

difficult tasks (Hunter and Ames, 1988). Thus, research readily shows that these

three mechanisms relate to each other.

Relatedly, it should be noted that the distinctness of these three mechanisms is not

always clear. It is difficult to differentiate the three mechanisms in empirical designs

because researchers often manipulate one to investigate another mechanism. For

example, Kidd et al. (2012) manipulated the predictability of events to measure

attention, while Hunter and Ames (1988) manipulated the learnability of a task to

investigate attention allocation. In these cases, it is difficult to distinguish the

individual effect of each active mechanism. In addition, whether prediction can

be separated from attention at all is a hotly debated topic in itself, as some researchers

argue that predictions are a type of top-down attention while some argue that they are

distinct constructs (for a review, see Clark, 2013). Similarly, whether learning can be

separated from prediction is also unclear; there is somewhat of a chicken-or-egg

problem, as it is difficult to conceive of predictions arising without some kind of

learning, and it is also possible that predictions are an essential component of learn-

ing. However, despite the difficulty with determining the boundaries and indepen-

dence of these mechanisms, we maintain the main focus of the current chapter:

Infants actively engage with the environmental patterns and this active engagement

supports their perceptual-cognitive development.

3 Evidence of active engagement with environmental
patterns
So far, we have both laid out a definition of active engagement and made the argu-

ment that attention, learning, and prediction are mechanisms of active engagement.

Now, we present existing behavioral and neural evidence that infants engage these

active mechanisms in response to environmental patterns.

3.1 Attention
The engagement of selective attention allows infants to change their sensory input

and shape the temporal, spatial and relational information they acquire from the

environment. As described earlier in this chapter, we define selective attention as

1733 Evidence of active engagement with environmental patterns



a form of active engagement, because attending to a certain stimulus out of multiple

options determines the sensory input that the infant receives, and this change in

sensory input is a result of the information-gathering of the infant. In this section,

we describe previous research showing that infants’ active engagement via selective

attention begins early and grows substantially throughout infancy.

Different motor abilities can assist with attention-guiding processes throughout

the stages of development. By 3months of age, infants are capable of attention-guided

oculomotor control (Amso and Johnson, 2006) and their primary visual cortex is ma-

ture enough to support this function (Johnson, 1990). Oculomotor-controlled atten-

tional allocation allows infants to selectively attend to input based on factors such

as knowledge acquired from statistical regularities in the stimuli (by 6 months of

age: Tummeltshammer and Amso, 2018), informational complexity (Kidd et al.,

2012), and predictability (Kinney and Kagan, 1976), as well as short-term (Hurley

and Oakes, 2018) and long-term (Kirkham et al., 2007; Tummeltshammer and

Amso, 2018; Wentworth et al., 2002) exposure to environmental patterns and novel

experiences. It was also found that a brief training can improve selective attention in

11-month-old infants, such that infants exhibit trending changes in spontaneous look-

ing during free play after training (Wass et al., 2011). Combined, research suggests

that infants modify their sensory input by actively manipulating oculomotor control

in the service of information-gathering.

By 5 or 6 months of age, the ability to selectively attend becomes substantially

strengthened as infants acquire the ability to systematically reach for and grab objects

with their hands, which enables the multimodal exploration of objects (Needham

et al., 2002). Infants can use these motor abilities to explore specific objects out of

multiple options. In this way, this ability functions similarly to selective attention

as measured using eye movements. For example, Stahl and Feigenson (2015) exposed

11-month-old infants to expectation-violating and expectation-consistent objects and

found that infants preferentially attended to expectation-violating toys using their

grasp, as a younger infant would attend to the same toys with their eye gaze. In ad-

dition, infants multimodally manipulated the expectation-violating objects in a way

that was specific to the types of violations they witnessed (e.g., dropping the toy that

previously appeared to defy the principle of object support). Thus, infants selectively

explored these objects based on their recent experience. The grasp-based combination

of visual, manual, and oral exploration facilitate a richer collection of multimodal

information (Rochat, 1989) about a specific object and has long-term effects on

the infants’ object exploration (Wiesen et al., 2016). These studies show that infants

continue to develop more complex methods of selective attention allocation as they

age, and become increasingly sophisticated at actively directing their information-

gathering processes.

Investigations of the neural systems supporting the development of endogenous

or selective attention provides convergent neuroimaging evidence for the early

availability and rapid growth of selective attention in infancy. The areas of particular

interest here are the frontal and parietal lobes, which have been implicated in

selective and endogenous attention in adults (Kastner and Ungerleider, 2000).
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Although both frontal and parietal lobes exist at birth, they structurally and function-

ally change drastically in early infancy (for review, see Amso and Scerif, 2015;

Colombo and Cheatham, 2006). The frontoparietal pathway undergoes rapid struc-

tural maturation and myelination in early infancy (Deoni et al., 2011) and functional

connectivity is present by as early as 39–42 weeks after birth (Fransson et al., 2011),
with long-range functional connectivity networks developing in the first 2 years of

life (Gao et al., 2017). These findings show that the brain areas and connections nec-

essary for endogenous attention both exist and continue to exponentially grow during

infancy. This neural evidence converges with the behavioral evidence for selective

attention in early infancy and rapid development and growth.

Together, neural and behavioral research reveal that infants employ various mo-

tors abilities and neural mechanisms to actively engage with their sensory input by

selectively allocating attention. In this way, selective attention forms an integral part

of the bidirectional and active relationship between the infant and their environment.

3.2 Learning
Learning is the process in which experience modifies the internal representations of

sensory input. This process of creating or modifying representations can be consid-

ered active because (a) learning creates representations that are not mere reflections

of sensory input; (b) these representations facilitate future perceptual and cognitive

processing; and (c) it engages higher-level cortices like the frontal lobe.

The representations that are created as a result of learning are not simply reflec-

tions of the environment, but ways to organize and understand sensory input, which

in turn facilitate perceptual and cognitive processing. For instance, in statistical

learning, exposure to a consistent stream of individual stimuli results in learning

of representations that span beyond the individual stimuli. To illustrate with a simple

example, if infants experience A is followed by B which is followed by C, they may

form a single, higher-order ABC representation. These higher-order representations

are often referred to as chunks or new units composed of smaller units (Saffran et al.,

1996; Saffran and Kirkham, 2018). Importantly, these chunks are not reflections

of the statistics of sensory input but are constructed higher-order representations.

For example, even though the statistics are uniform between each of the individual

stimuli of the chunk, infants only recognize the complete chunk (i.e., do not recog-

nize subcomponents of the chunk), suggesting that infants have formed a new rep-

resentation based on the statistics (Orbán et al., 2008; Slone and Johnson, 2018).

Moreover, forming these chunks has been found to facilitate subsequent processing.

For example, Graf-Estes and colleagues found that forming chunks from a stream of

syllables facilitated infants’ subsequent association of these speech sounds as labels

for objects (Estes et al., 2007). Thus, the representations that are formed as a result

of learning create higher-order representations that are not mere reflections of the

environment and in turn, these representations facilitate future processing of sensory

input.
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Recent neuroimaging studies have found that learning engages higher-level cor-

tices, which suggests active engagement. Higher-level cortices are regions of the

brain that are more likely to engage in active construction of new representations.

Let us briefly return to the example of creating a representation of ABC following

experience with A followed by B followed by C. In order for this higher-order rep-

resentation to be created, regions of the brain have to hold information about these

three discrete events (A, B,C) in memory. Given that these events are distinct in their

initial representations, they need to be bound together or linked in someway to create

a single ABC representation. Lower-level cortices (e.g., perceptual cortices) are not

believed to be capable of these types of computations. As lower-level cortices are

highly sensitive to the current sensory input, they are not able to process items that

are no longer present. Thus, they would not have simultaneous access to A, B, and C.

Given these limitations of lower-level cortices, higher-level cortices like the frontal

lobe are thought to be necessary for these computations, and thus are crucial for the

creation of higher-order representations. For these reasons, the engagement of

higher-level cortices during suggests that the brain is engaging in active processing.

There have been a myriad of studies showing that the frontal lobe is involved in

learning and novelty detection starting from very early in infancy. A recent EEG

study investigating sequences in 3-month-old infants revealed that the frontal lobe

is involved in learning sequences of stimuli (Basirat et al., 2014). More specifically,

Basirat and colleagues found that in early infancy the left frontal lobe attenuates its

response to a deviant stimulus when it is in a learned sequence. This finding dovetails

with other work demonstrating that the infant frontal lobe is involved in processing of

familiarity and novelty (Nakano et al., 2008), rule learning (Gervain et al., 2008;

Werchan et al., 2016), and audiovisual associations (Kersey and Emberson, 2017)

starting early in life. There are also broader proposals that the infant frontal

lobe is available to contribute to infant cognition and learning at early infancy

(Dehaene-Lambertz and Spelke, 2015; Grossmann et al., 2013). Overall, there is con-

vergent evidence that learning in infancy engages the frontal lobe, suggesting that

infant learning is an active process of cognitively constructing representations rather

than passively processing them. While it is likely that other higher-level cortices are

also involved in infant learning, we focus on the frontal lobe because of the large

number of studies reporting its involvement and the easy of recording with this

region of the brain in both EEG and fNIRS.

Taken together, these findings show that infant learning is an active process.

Starting from the first few months of age, infants engage higher-level cortices like

the frontal lobe during learning and related processes, infant learning results in the

construction of higher-order representations, and these higher-order representations

facilitate future perceptual and cognitive processing.

3.3 Prediction
Prediction is a process in which internally calculated probabilities of sensory input

modify the internal representations and the subsequent perceptual processing of

sensory input (e.g., predicted vs less predicted). Prediction is active because the
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perceiver applies their estimated prediction on the environment to their sensory input

and modifies the way it is perceived in a way that uncovers information about the

environment that is relevant to the infant’s experience. Here, we present evidence

that the infant brain is highly predictive and may follow similar principles to the

theory of predictive coding.

Based on the framework of predictive coding (Friston, 2005; Rao and Ballard,

1999), many regions of the cortex, from higher-level cortices to sensory cortices,

are involved in prediction. As explained above, predictive coding framework posits

that the cortex communicates top-down prediction and bottom-up prediction error.

One expected observation from this framework is that sensory cortices exhibit neural

responses for predicted events compared to less predicted events (e.g., Summerfield

et al., 2008; Summerfield and De Lange, 2014).

While there are relatively extensive findings that the adult brain is predictive, re-

cent research in infants has suggested this adult ability does not rely on extensive

experience and maturation of the cortex. By contrast, this ability to form predictions

is readily available in early infancy. In young infants, the impact of predictability

was first demonstrated using neuroimaging and recording sensory responses when

unexpected omissions of stimuli (cued from different sensory modalities) continued

to result in sensory cortex responses (Emberson et al., 2015). Relatedly, when

sensory input from a particular modality is correctly predicted (cued again from a

different sensory modality), infants modulate their sensory processing compared

to incorrectly predicted stimulus (Kouider et al., 2015). Xiao and Emberson

(2019) similarly found that infants can show increases in their face perception abil-

ities when they are able to predict upcoming faces. Recent work has suggested that

predictability may also reflect the processing of repeated stimuli (Emberson et al.,

2019) following the results from Summerfield et al. (2008). Thus, there is emerging

evidence that the infant brain is highly predictive and that prediction affects the pro-

cessing of sensory input and the activity of perceptual systems starting in infancy.

In addition, there is much evidence that prediction results in updating represen-

tations. First, infants and toddlers experiencing a prediction error resulted in allocat-

ing more time to learn about those objects. In an example wementioned earlier, when

infants observed ordinary events (e.g., a ball hitting a wall) vs highly unlikely events

(e.g., a ball passing through a wall), infants learned more about the object that vio-

lated their expectations and behaved against their prediction (Stahl and Feigenson,

2015). Second, a series of studies by Kayhan and colleagues established that infants

and toddlers update their internal models of stimuli based on prediction errors

(Kayhan et al., 2019a; Kayhan et al., 2019b; Kayhan et al., 2019c). Finally, the pro-

cesses supporting prediction errors may represent a continuous ability that guides

development from infancy to adulthood: Using pupillometry—a method that can

measure infants and adults comparably—we found that the learning trajectory of

cross-modal association was similar in 6-month-old infants and adults (Zhang

et al., 2019).

Taken together, these findings elucidate the early availability of prediction, a

process which actively affects their perceptual processing of these stimuli and their

formations of future representations.
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4 Active engagement shapes perceptual and cognitive
development starting in infancy
In the previous sections, we have defined active mechanisms, identified three exam-

ples of active mechanisms (attention, learning and prediction) that are available early

in development, and provided evidence that these active mechanisms are readily

engaged when infants experience environmental patterns. The evidence we have al-

ready cited indicates that these active mechanisms can affect perception and cogni-

tion in a number of ways: (1) Attending to different aspects of the environment

changes the sensory input and affects learning; (2) Learning can result in the creation

of internal representations that have downstream consequences for perceptual and

cognitive processing; and (3) Predictive processes modulate neural responses to

sensory input, and this neural modulation can have downstream consequences for

learning and memory. Thus, young infants have active responses to their experi-

ences, and these active mechanisms have consequences on perception and cognition.

While findings that infants actively respond to their experiences imply that active

mechanisms can shape the development of perception and cognition, evidence is not

sufficient to make a definitive link. In particular, the bulk of these studies focus on

the short-term outcomes of active mechanisms, with the effects tested seconds or

minutes after attention, learning, or prediction is engaged. This short-term focus

is readily attributable to the methodological difficulties of investigating the conse-

quences of laboratory tasks days after an experimental manipulation in young in-

fants. However, it is necessary to build upon the short-term findings and also ask

whether these active mechanisms result in meaningful medium and long-term

changes in infant perception and cognition and, moreover, to link these mechanisms

to broader developmental trajectories.

In this section, we review several studies that provide initial evidence to this

end and argue that these active mechanisms are highly likely to have influences

on longer-term developmental trajectories. We present evidence that active mecha-

nisms shape the development of face perception and are involved in language devel-

opment. All three of the active mechanisms considered (attention, learning and

prediction) have been linked to development in these domains.

Recent work has linked the engagement of selective attention with the develop-

ment of face perception in infancy. Markant et al. (2016) found that attentional

mechanisms are differentially applied to own vs. other-race faces, and results in

the differential face perception in these groups that has typically been considered

to arise from differences in perceptual representations alone. Following up on these

findings, Markant and Scott (2018) published a theoretical position piece linking at-

tentional mechanisms and the emergence of perceptual specialization for familiar/

own-race faces. Overall, this line of work suggests that differences in the active

engagement of attention ultimately results in both reflexively applied differences

in attention to different types of faces and the emergence of perceptual representa-

tions for faces.
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Other lines of research have used individual differences to make links between

the engagement of active mechanisms and broader developmental trajectories.

Kannass and Oakes (2008) found a relationship between measures of endogenous

attention at 9 months of age and measures of language development years later (vo-

cabulary size at 31 months). Reuter et al. (2018) found that differences in prediction

from 12 to 24months also relate to language development (vocabulary size measured

concurrently). Lany et al. (2018) found that differences in statistical learning abilities

related to real-time language processing at 15 months. These studies of individual

differences provide evidence for the broader developmental consequences of an in-

fant’s abilities to engage these active mechanisms. However, there are some impor-

tant methodological limitations to the existing literature. For example, the test-retest

validity of the measures of these active mechanisms have not been established (see

papers by Siegelman, Frost, Christiansen and colleagues concerning the measuring

of individual differences in statistical learning; e.g., Siegelman et al. (2017) for

adults and Arnon, 2019 for children). Test-retest validity is important for measuring

stable, reliable individual differences in these mechanisms. Moreover, the specificity

of these findings is unclear. Since “positive” aspects of development often develop

together, it is unclear whether these correlations simply reflect generally better

development in some individuals whether it reflects more direct links between these

active mechanisms and development. While approaching the investigation of the

long-term consequences of these active mechanisms using an individual differences

approach has yielded early positive results and is methodologically tractable, this

approach has substantial limitations that need to be addressed in future work.

Finally, one of the most compelling lines of evidence that active mechanisms

are involved in long-term changes in perceptual and cognitive development comes

from the work by Lisa Scott and colleagues, who used training studies to examine the

impact of verbal labeling on perceptual narrowing. In their seminal work, Scott and

Monesson (2009) provided infants with one of three types of exposures to non-

human primate faces while controlling for the bottom-up exposure to the faces.

Infants were exposed to the faces without labels, faces with general labels (i.e.,

“monkey”), or faces with specific labels (i.e., “Boris”). Researchers found that in-

fants showed significant alteration of their developmental trajectory in perceptual

narrowing only in the specific label condition. Scott (2011) also extended this finding

to another category of stimuli (strollers) and similarly found that the specific label

affected perceptual narrowing. A follow-up investigated the impact of this training

several years later and found that infants who had received specific label training in

their first postnatal year showed differential neural responses to faces when they

were 5 years old (Hadley et al., 2014). Following this compelling series of studies,

we suggest that long-term training studies are important avenues for future investi-

gation of the long-term consequences of active mechanisms.

However, the studies that use long-term training also have limitations that need to

be addressed in future work. Considering the studies by Scott and colleagues, the

exact active mechanisms involved in Scott and Monesson’s (2009) intervention
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are not known. While these findings suggest that it is not only the mere sensory input

of these faces, but also the context in which this input, that matters for an infant’s

perceptual development, it does not reveal what mechanisms are engaged through

this contextual manipulation. An additional caveat is that Scott and Monesson

(2009) did not directly quantify the sensory input that infants received. They relied

on parental report, which may be limited, and there could be differences in the

sensory input that infants received.

In sum, this section reviewed the current, albeit limited, evidence that the engage-

ment of active mechanisms has consequences for the long-term development of per-

ception and cognition. The findings in this section are scattered and some have notable

limitations, but these findings provide an important foundation for linking the short-

term effects of these active mechanisms to longer-term developmental trajectories.

Given the recent focus on these active mechanisms, we propose that a key future

direction for the field is to start tomake stronger links between these short-term effects

and longer-term developmental consequences of these mechanisms.

5 Outstanding questions
The goal of this chapter is to push the boundaries of the field’s thinking vis-a-vis
active mechanisms and their role in early development. There has been a growing

interest in these mechanisms, and how they are engaged in response to different types

of experience (e.g., environmental patterns, which was the focus on this chapter).

While the term “active” has been increasingly used in relation to these mechanisms,

this chapter provides a definition of an active mechanism and makes a direct argu-

ment for why these mechanisms are active. Building on seminal demonstrations that

these active mechanisms are available to infants, important avenues of future work

involve uncovering the interrelationship between these active mechanisms, investi-

gating the experiential conditions in which these mechanisms are engaged, and,

particularly for learning and prediction, considering the developmental emergence

of these active mechanisms or whether they are available in an invariant form from

birth. Relatedly, do these mechanisms operate similarly across domains (i.e., are

domain-general) or do they exhibit specialization for specific stimuli? It has been

argued that there is specialization of attention (e.g., Markant and Scott, 2018 for

different types of faces) but this work needed to be extended to consider other

domains and types of active mechanisms as well.

In addition, we argue that it is essential for the field to continue investigating how

the active mechanisms, engaged in the moment, ultimately contribute to broader de-

velopmental trajectories. Answering this question will involve tackling a number of

difficult outstanding questions, including uncovering the means by which short-term

effects relate to long-term effects. To highlight an example where it is important, but

difficult, to understand the relationship between short-term effects of active mech-

anisms and broader developmental changes, we turn to auditory development. Suss-

man and colleagues have argued that the engagement of selective attention to stimuli

may be linked to developmental changes in auditory processing. Passive responses of
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the auditory system to odd-ball stimuli show a developmental trajectory in which

there is increased sensitivity of the auditory system to different auditory features

(e.g., frequency and intensity). It was previously thought that these passive responses

reflect the fixed capacity of the auditory system. Indeed, odd-ball responses are

usually measured under passive conditions (e.g., with a stream of auditory stimuli

presented in the background with the participant engaged with another stimulus like

a video). However, when children are encouraged to actively engage with an odd-ball

task, they show sensitivity to these auditory features that cannot been seen using

passive paradigms (Sussman and Steinschneider, 2011). Thus, active engagement

appears to push the boundaries of the capacities of the system at a given age. While

this is a compelling finding and strongly suggests that there is a link between active

engagement at a particular age or point in development with the emergence of de-

velopmental capacities later, this isn’t directly demonstrated. Moreover, it is unclear

how these active mechanisms translate into changes in perceptual capacities.

Following from this example from Sussman and colleagues, it is clear that future

work is needed to link between the differential processing enabled by an active vs.

passive comparison at a given age and developmental capacities or the lack of a need

for active processing at a later age. Key questions in this line of thinking include:

• Does active processing engaged at some point in development lead to better

passive processing later? The trajectory movements from active to passive

follows from the example from Sussman and colleagues above but there are

examples in other domains and periods of development (e.g., face perception and

selective attention, Markant and Scott, 2018). More work is needed to

establish this shift from active to passive more directly. Once/if that shift is

established, it will then be necessary to determine how and why this happens.

In other words, what is active processing doing in the short-term that reduces the

need for active processing in the future?

• Presuming that these individual active mechanisms (attention, prediction,

learning) can be isolated, do different active mechanisms result in different

long-term changes or do they all exhibit similar effects?

• What developmental changes are found in these active mechanisms? Does their

operation change across to individual domains or are they uniform across

domains (domain-general)?

• Finally, a key question that is largely unexplored is as follows: How are these

mechanisms are affected in at-risk populations or how do they manifest

differently in atypical developmental trajectories?

6 Summary and conclusions
Although traditionally considered passive “sponges” that absorb information, we

argue that infants play a more active role in using their experience to support their

neural and cognitive development. In this chapter, we presented an overview of

existing research and argued that infants are actively engaging in their experiences
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even without overt motor responses. To do so, we first defined an active mechanism

as a mechanism that results in short-term differential processing of sensory input in

the service of information-gathering and/or modifying internal representations of the

environment to enable more efficient processing of sensory input. Using this defini-

tion, we have argued that attention, learning, and prediction are significant examples

of active mechanisms. Specifically, all of these mechanisms give an infant the ability

to gather information and modify internal representations to support better proces-

sing of their sensory input. We then presented behavioral and neural evidence that

infants engage these active mechanisms in response to higher-order environmental

structures, including spatial, temporal, and relational patterns. Despite the obvious

short-term effects of these active engagements, however, the long-term conse-

quences of active engagement are not yet clear. We reviewed some research that

begins to answer how active engagement may shape broader trajectories of percep-

tual and cognitive development. In future work, it will be necessary to shed light on

the developmental changes in the engagement of active mechanisms, the roles of

these active mechanisms on the long-term developmental trajectories, and their

impact in atypically developing populations. This field of research can help us gain

an understanding about how the bidirectional relationship between infants’ active

engagement and the environmental patterns that we have discussed in this chapter

ultimately affect the developmental trajectory that results the specialization of

perceptual-cognitive systems.

References
Amso, D., Johnson, S.P., 2006. Learning by selection: visual search and object perception

in young infants. Dev. Psychol. 42 (6), 1236–1245. https://doi.org/10.1037/0012-1649.
42.6.1236.

Amso, D., Scerif, G., 2015. The attentive brain: insights from developmental cognitive

neuroscience. Nat. Rev. Neurosci. 16 (10), 606–619. https://doi.org/10.1038/nrn4025.
Arnon, I., 2019. Do current statistical learning tasks capture stable individual differences in

children? An investigation of task reliability across modality. In: Behavior Research

Methods. Springer, New York LLC. https://doi.org/10.3758/s13428-019-01205-5.

Baillargeon, R., 1987. Object permanence in 3 1/2- and 4 1/2-month-old infants. Dev. Psychol.

23 (5), 655–664. https://doi.org/10.1037/0012-1649.23.5.655.
Basirat, A., Dehaene, S., Dehaene-Lambertz, G., 2014. A hierarchy of cortical responses to

sequence violations in three-month-old infants. Cognition 132 (2), 137–150. https://doi.
org/10.1016/j.cognition.2014.03.013.

Bulf, H., Johnson, S.P., Valenza, E., 2011. Visual statistical learning in the newborn infant.

Cognition 121 (1), 127–132. https://doi.org/10.1016/j.cognition.2011.06.010.
Clark, A., 2013. Whatever next? Predictive brains, situated agents, and the future of cognitive

science. Behav. Brain Sci. 36 (3), 181–204. https://doi.org/10.1017/S0140525X12000477.
Cohen, L.B., 1972. Attention-getting and attention-holding processes of infant visual prefer-

ences. Child Dev. 43 (3), 869. https://doi.org/10.2307/1127638.

182 CHAPTER 8 Infants’ active engagement supports development

https://doi.org/10.1037/0012-1649.42.6.1236
https://doi.org/10.1037/0012-1649.42.6.1236
https://doi.org/10.1038/nrn4025
https://doi.org/10.3758/s13428-019-01205-5
https://doi.org/10.1037/0012-1649.23.5.655
https://doi.org/10.1016/j.cognition.2014.03.013
https://doi.org/10.1016/j.cognition.2014.03.013
https://doi.org/10.1016/j.cognition.2011.06.010
https://doi.org/10.1017/S0140525X12000477
https://doi.org/10.2307/1127638


Colombo, J., Cheatham, C.L., 2006. The emergence and basis of endogenous attention in in-

fancy and early childhood. Adv. Child Dev. Behav. 34, 283–322. https://doi.org/10.1016/
S0065-2407(06)80010-8.

Dehaene-Lambertz, G., Spelke, E.S., 2015. The infancy of the human brain. Neuron 88 (1),

93–109. https://doi.org/10.1016/j.neuron.2015.09.026.
Deoni, S.C.L., et al., 2011. Mapping infant brain myelination with magnetic resonance imag-

ing. J. Neurosci. 31 (2), 784–791. https://doi.org/10.1523/JNEUROSCI.2106-10.2011.
Doherty, J.R., et al., 2005. Synergistic effect of combined temporal and spatial expectations on

visual attention. J. Neurosci. 25 (36), 8259–8266. https://doi.org/10.1523/JNEUROSCI.
1821-05.2005.

Emberson, L.L., Richards, J.E., Aslin, R.N., 2015. Top-down modulation in the infant brain:

learning-induced expectations rapidly affect the sensory cortex at 6 months. Proc. Natl.

Acad. Sci. U. S. A. 112 (31), 9585–9590. https://doi.org/10.1073/pnas.1510343112.
Emberson, L.L., et al., 2019. Expectation affects neural repetition suppression in infancy. Dev.

Cogn. Neurosci. 37, 100597. https://doi.org/10.1016/j.dcn.2018.11.001.

Estes, K.G., et al., 2007. Can infants map meaning to newly segmented words? Statistical

segmentation and word learning. Psychol. Sci. 18 (3), 254–260. https://doi.org/10.1111/
j.1467-9280.2007.01885.x.

Fransson, P., et al., 2011. The functional architecture of the infant brain as revealed by resting-

state fMRI. Cereb. Cortex 21 (1), 145–154. https://doi.org/10.1093/cercor/bhq071.
Friston, K., 2005. A theory of cortical responses. Philos. Trans. R. Soc. Lond., B, Biol. Sci.

360 (1456), 815–836. https://doi.org/10.1098/rstb.2005.1622.
Gao, W., et al., 2017. Functional connectivity of the infant human brain: plastic and modifi-

able. Neuroscientist 23, 169–184. https://doi.org/10.1177/1073858416635986.
Gervain, J., et al., 2008. The neonate brain detects speech structure. Proc. Natl. Acad. Sci. U. S. A.

105 (37), 14222–14227. https://doi.org/10.1073/pnas.0806530105.
Gibson, E., 1988. Exploratory behavior in the development of perceiving, acting, and the

acquiring of knowledge. Annu. Rev. Psychol. 39 (1), 1–42. https://doi.org/10.1146/

annurev.psych.39.1.1.

Gibson, E.J., Levin, H., 1975. The Psychology of Reading., the Psychology of Reading. The

MIT Press, Cambridge, MA.

Grossmann, T., Lloyd-Fox, S., Johnson, M., 2013. Brain responses reveal young infants sen-

sitivity to when a social partner follows their gaze. Dev. Cogn. Neurosci. 6, 155–161.
https://doi.org/10.1016/j.dcn.2013.09.004.

Hadley, H., et al., 2014. A mechanistic approach to cross-domain perceptual narrowing in the

first year of life. Brain Sci. 4 (4), 613–634. https://doi.org/10.3390/brainsci4040613.
MDPI AG.

Hunter, M., Ames, E., 1988. A multifactor model of infant preferences for novel and familiar

stimuli. Adv. Infancy Res. 5, 69–95.
Hurley, K., Oakes, L.M., 2018. Infants daily experience with pets and their scanning of animal

faces. Front. Vet. Sci. 5, 1–11. https://doi.org/10.3389/fvets.2018.00152.
Jaffe-Dax, S., Boldin, A.M., Daw, N.D., Emberson, L.L., 2020. A computational role

for top–down modulation from frontal cortex in infancy. J. Cogn. Neurosci. 32 (3),

508–514.
Johnson, M., 1990. Cortical maturation and perceptual development. In: Sensory-

Motor Organizations and Development in Infancy and Early Childhood. Springer,

Netherlands, pp. 145–162. https://doi.org/10.1007/978-94-009-2071-2_11.

183References

https://doi.org/10.1016/S0065-2407(06)80010-8
https://doi.org/10.1016/S0065-2407(06)80010-8
https://doi.org/10.1016/j.neuron.2015.09.026
https://doi.org/10.1523/JNEUROSCI.2106-10.2011
https://doi.org/10.1523/JNEUROSCI.1821-05.2005
https://doi.org/10.1523/JNEUROSCI.1821-05.2005
https://doi.org/10.1073/pnas.1510343112
https://doi.org/10.1016/j.dcn.2018.11.001
https://doi.org/10.1111/j.1467-9280.2007.01885.x
https://doi.org/10.1111/j.1467-9280.2007.01885.x
https://doi.org/10.1093/cercor/bhq071
https://doi.org/10.1098/rstb.2005.1622
https://doi.org/10.1177/1073858416635986
https://doi.org/10.1073/pnas.0806530105
https://doi.org/10.1146/annurev.psych.39.1.1
https://doi.org/10.1146/annurev.psych.39.1.1
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf0110
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf0110
https://doi.org/10.1016/j.dcn.2013.09.004
https://doi.org/10.3390/brainsci4040613
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf0125
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf0125
https://doi.org/10.3389/fvets.2018.00152
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf9071
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf9071
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf9071
https://doi.org/10.1007/978-94-009-2071-2_11


Johnson, S.P., Slemmer, J.A., Amso, D., 2004. Where infants look determines how they see:

eye movements and object perception performance in 3-month-olds. Inf. Dent. 6 (2),

185–201. https://doi.org/10.1207/s15327078in0602_3.
Johnson, S., et al., 2009. Abstract rule learning for visual sequences in 8- and 11-month-olds.

Inf. Dent. 14 (1), 2–18. https://doi.org/10.1080/15250000802569611.
Kannass, K.N., Oakes, L.M., 2008. The development of attention and its relations to language

in infancy and toddlerhood. J. Cogn. Dev. 9 (2), 222–246. https://doi.org/10.1080/1524837
0802022696.

Kastner, S., Ungerleider, L., 2000. Mechanisms of visual attention in the human cortex. Annu.

Rev. Neurosci. 23 (1), 315–341. https://doi.org/10.1146/annurev.neuro.23.1.315.
Kayhan, E., Hunnius, S., et al., 2019a. Infants differentially update their internal models of a

dynamic environment. Cognition 186 (January), 139–146. https://doi.org/10.1016/j.cogni
tion.2019.02.004.

Kayhan, E., Meyer, M., et al., 2019b. Nine-month-old infants update their predictive models

of a changing environment. Dev. Cogn. Neurosci. 38, 100680. https://doi.org/10.1016/

j.dcn.2019.100680.

Kayhan, E., et al., 2019c. Young children integrate current observations, priors and agent

information to predict others’ actions. PLoS One 14 (5), e0200976. https://doi.org/

10.1371/journal.pone.0200976.

Kersey, A.J., Emberson, L.L., 2017. Tracing trajectories of audio-visual learning in the infant

brain. Dev. Sci. 20 (6), e12480. https://doi.org/10.1111/desc.12480.

Kidd, C., Piantadosi, S.T., Aslin, R.N., 2012. The goldilocks effect: human infants allocate

attention to visual sequences that are neither too simple nor too complex. PLoS One

7 (5), e36399. https://doi.org/10.1371/journal.pone.0036399.

Kinney, D.K., Kagan, J., 1976. Infant attention to auditory discrepancy. Child Dev. 47 (1), 155.

https://doi.org/10.2307/1128294.

Kirkham, N.Z., et al., 2007. Location, location, location: development of spatiotemporal

sequence learning in infancy. Child Dev. 78 (5), 1559–1571. https://doi.org/10.1111/
j.1467-8624.2007.01083.x.

Kouider, S., et al., 2015. Neural dynamics of prediction and surprise in infants. Nat. Commun.

6, 8537. https://doi.org/10.1038/ncomms9537.

Lany, J., et al., 2018. Infant statistical-learning ability is related to real-time language proces-

sing. J. Child Lang. 45 (2), 368–391. https://doi.org/10.1017/S0305000917000253.
Markant, J., Scott, L.S., 2018. Attention and perceptual learning interact in the development of

the other-race effect. Curr. Dir. Psychol. Sci. 27 (3), 163–169. https://doi.org/10.1177/
0963721418769884.

Markant, J., Oakes, L.M., Amso, D., 2016. Visual selective attention biases contribute to the

other-race effect among 9-month-old infants. Dev. Psychobiol. 58 (3), 355–365. https://
doi.org/10.1002/dev.21375.

Nakano, T., et al., 2008. Anticipatory cortical activation precedes auditory events in sleeping

infants. PLoS One 3 (12), 1–9. https://doi.org/10.1371/journal.pone.0003912.
Needham, A., Barrett, T., Peterman, K., 2002. A pick-me-up for infants exploratory skills:

early simulated experiences reaching for objects using ‘sticky mittens’ enahnces young

infants object exploration skills. Infant Behav. Dev. 25 (3), 279–295. https://doi.org/
10.1016/S0163-6383(02)00097-8.

Orbán, G., et al., 2008. Bayesian learning of visual chunks by human observers. Proc. Natl.

Acad. Sci. U. S. A. 105 (7), 2745–2750. https://doi.org/10.1073/pnas.0708424105.
Pereira, A.F., Smith, L.B., Yu, C., 2014. A bottom-up view of toddler word learning. Psychon.

Bull. Rev. 21 (1), 178–185. https://doi.org/10.3758/s13423-013-0466-4.

184 CHAPTER 8 Infants’ active engagement supports development

https://doi.org/10.1207/s15327078in0602_3
https://doi.org/10.1080/15250000802569611
https://doi.org/10.1080/15248370802022696
https://doi.org/10.1080/15248370802022696
https://doi.org/10.1146/annurev.neuro.23.1.315
https://doi.org/10.1016/j.cognition.2019.02.004
https://doi.org/10.1016/j.cognition.2019.02.004
https://doi.org/10.1016/j.dcn.2019.100680
https://doi.org/10.1016/j.dcn.2019.100680
https://doi.org/10.1371/journal.pone.0200976
https://doi.org/10.1371/journal.pone.0200976
https://doi.org/10.1111/desc.12480
https://doi.org/10.1371/journal.pone.0036399
https://doi.org/10.2307/1128294
https://doi.org/10.1111/j.1467-8624.2007.01083.x
https://doi.org/10.1111/j.1467-8624.2007.01083.x
https://doi.org/10.1038/ncomms9537
https://doi.org/10.1017/S0305000917000253
https://doi.org/10.1177/0963721418769884
https://doi.org/10.1177/0963721418769884
https://doi.org/10.1002/dev.21375
https://doi.org/10.1002/dev.21375
https://doi.org/10.1371/journal.pone.0003912
https://doi.org/10.1016/S0163-6383(02)00097-8
https://doi.org/10.1016/S0163-6383(02)00097-8
https://doi.org/10.1073/pnas.0708424105
https://doi.org/10.3758/s13423-013-0466-4


Rao, R.P.N., Ballard, D.H., 1999. Predictive coding in the visual cortex: a functional interpre-

tation of some extra-classical receptive-field effects. Nat. Neurosci. 2 (1), 79–87. https://
doi.org/10.1038/4580.

Rescorla, R.A., Wagner, A.R., 1972. A theory of Pavlovian conditioning: variations in the ef-

fectiveness of reinforcement and nonreinforcement. In: Black, A.H., Prokasy, W.F. (Eds.),

Classical Conditioning II: Current Research and Theory. Appleton-Century-Crofts, New

York, pp. 64–99.
Reuter, T., et al., 2018. Individual differences in nonverbal prediction and vocabulary size in

infancy. Cognition 176, 215–219. https://doi.org/10.1016/j.cognition.2018.03.006.
Rochat, P., 1989. Object manipulation and exploration in 2- to 5-month-old infants. Dev.

Psychol. 25 (6), 871–884. https://doi.org/10.1037/0012-1649.25.6.871.
Romberg, A.R., Saffran, J.R., 2013. All together now: concurrent learning of multiple struc-

tures in an artificial language. Cogn. Sci. 37 (7), 1290–1320. https://doi.org/10.1111/
cogs.12050.

Rose, S.A., et al., 1982. Familiarity and novelty preferences in infant recognition memory:

implications for information processing. Dev. Psychol. 18 (5), 704–713. https://doi.org/
10.1037/0012-1649.18.5.704.

Saffran, J.R., Kirkham, N.Z., 2018. Infant statistical learning. Annu. Rev. Psychol. 69 (1),

181–203. https://doi.org/10.1146/annurev-psych-122216-011805.
Saffran, J.R., Aslin, R.N., Newport, E.L., 1996. Statistical learning by 8-month-old infants.

Science 274 (5294), 1926–1928. https://doi.org/10.1126/science.274.5294.1926.
Sakatani, K., et al., 1999. Cerebral blood oxygenation changes induced by auditory stimulation

in newborn infants measured by near infrared spectroscopy. Early Hum. Dev. 55 (3),

229–236. https://doi.org/10.1016/S0378-3782(99)00019-5.
Scott, L.S., 2011. Mechanisms underlying the emergence of object representations during in-

fancy. J. Cogn. Neurosci. 23 (10), 2935–2944. https://doi.org/10.1162/jocn_a_00019.
Scott, L.S., Monesson, A., 2009. The origin of biases in face perception. Psychol. Sci. 20 (6),

676–680. https://doi.org/10.1111/j.1467-9280.2009.02348.x.
Siegelman, N., et al., 2017. Towards a theory of individual differences in statistical learning.

Philos. Trans. R. Soc. Lond., B, Biol. Sci. 372 (1711), 20160059. https://doi.org/10.1098/

rstb.2016.0059.

Slone, L.K., Johnson, S.P., 2018. When learning goes beyond statistics: infants represent

visual sequences in terms of chunks. Cognition 178, 92–102. https://doi.org/10.1016/
j.cognition.2018.05.016.

Stahl, A.E., Feigenson, L., 2015. Observing the unexpected enhances infants learning and

exploration. Science 348 (6230), 91–94. https://doi.org/10.1126/science.aaa3799.
Summerfield, C., De Lange, F.P., 2014. Expectation in perceptual decision making: neural and

computational mechanisms. Nat. Rev. Neurosci. 15 (12), 816. https://doi.org/10.1038/

nrn3863.

Summerfield, C., et al., 2008. Neural repetition suppression reflects fulfilled perceptual

expectations. Nat. Neurosci. 11 (9), 1004–1006. https://doi.org/10.1038/nn.2163.
Sussman, E.S., Steinschneider, M., 2011. Attention modifies sound level detection in

young children. Dev. Cogn. Neurosci. 1 (3), 351–360. https://doi.org/10.1016/j.dcn.

2011.01.003.

Taga, G., et al., 2003. Hemodynamic responses to visual stimulation in occipital and frontal

cortex of newborn infants: a near-infrared optical topography study. Early Hum. Dev.

75 (Suppl.), S203–S210. https://doi.org/10.1016/j.earlhumdev.2003.08.023.

Tummeltshammer, K., Amso, D., 2018. Top-down contextual knowledge guides visual atten-

tion in infancy. Dev. Sci. 21 (4), e12599. https://doi.org/10.1111/desc.12599.

185References

https://doi.org/10.1038/4580
https://doi.org/10.1038/4580
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf0240
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf0240
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf0240
http://refhub.elsevier.com/S0079-6123(20)30057-1/rf0240
https://doi.org/10.1016/j.cognition.2018.03.006
https://doi.org/10.1037/0012-1649.25.6.871
https://doi.org/10.1111/cogs.12050
https://doi.org/10.1111/cogs.12050
https://doi.org/10.1037/0012-1649.18.5.704
https://doi.org/10.1037/0012-1649.18.5.704
https://doi.org/10.1146/annurev-psych-122216-011805
https://doi.org/10.1126/science.274.5294.1926
https://doi.org/10.1016/S0378-3782(99)00019-5
https://doi.org/10.1162/jocn_a_00019
https://doi.org/10.1111/j.1467-9280.2009.02348.x
https://doi.org/10.1098/rstb.2016.0059
https://doi.org/10.1098/rstb.2016.0059
https://doi.org/10.1016/j.cognition.2018.05.016
https://doi.org/10.1016/j.cognition.2018.05.016
https://doi.org/10.1126/science.aaa3799
https://doi.org/10.1038/nrn3863
https://doi.org/10.1038/nrn3863
https://doi.org/10.1038/nn.2163
https://doi.org/10.1016/j.dcn.2011.01.003
https://doi.org/10.1016/j.dcn.2011.01.003
https://doi.org/10.1016/j.earlhumdev.2003.08.023
https://doi.org/10.1111/desc.12599


Wass, S., Porayska-Pomsta, K., Johnson, M.H., 2011. Training attentional control in infancy.

Curr. Biol. 21 (18), 1543–1547. https://doi.org/10.1016/j.cub.2011.08.004.
Wentworth, N., Haith, M.M., Hood, R., 2002. Spatiotemporal regularity and interevent con-

tingencies as information for infants visual expectations. Inf. Dent. 3 (3), 303–321. https://
doi.org/10.1207/S15327078IN0303_2.

Werchan, D.M., et al., 2016. Role of prefrontal cortex in learning and generalizing hierarchical

rules in 8-month-old infants. J. Neurosci. 36 (40), 10314–10322. https://doi.org/10.1523/
JNEUROSCI.1351-16.2016.

Wiesen, S.E., Watkins, R.M., Needham, A.W., 2016. Active motor training has long-term

effects on infants object exploration. Front. Psychol. 7, 599. https://doi.org/10.3389/fpsyg.

2016.00599.

Xiao, N.G., Emberson, L.L., 2019. Infants use knowledge of emotions to augment face

perception: evidence of top-down modulation of perception early in life. Cognition

193, 104019. https://doi.org/10.1016/j.cognition.2019.104019.

Yu, C., Smith, L.B., 2011. What you learn is what you see: using eye movements to study

infant cross-situational word learning. Dev. Sci. 14 (2), 165–180. https://doi.org/10.1111/
j.1467-7687.2010.00958.x.

Zhang, F., et al., 2019. Prediction in infants and adults: a pupillometry study. Dev. Sci. 22 (4),

e12780. https://doi.org/10.1111/desc.12780.

186 CHAPTER 8 Infants’ active engagement supports development

https://doi.org/10.1016/j.cub.2011.08.004
https://doi.org/10.1207/S15327078IN0303_2
https://doi.org/10.1207/S15327078IN0303_2
https://doi.org/10.1523/JNEUROSCI.1351-16.2016
https://doi.org/10.1523/JNEUROSCI.1351-16.2016
https://doi.org/10.3389/fpsyg.2016.00599
https://doi.org/10.3389/fpsyg.2016.00599
https://doi.org/10.1016/j.cognition.2019.104019
https://doi.org/10.1111/j.1467-7687.2010.00958.x
https://doi.org/10.1111/j.1467-7687.2010.00958.x
https://doi.org/10.1111/desc.12780

	How an infant's active response to structured experience supports perceptual-cognitive development
	Abstract
	Keywords
	Introduction
	Mechanisms of active engagement: Definitions
	Attention
	Learning
	Prediction
	Interrelationships among these three mechanisms

	Evidence of active engagement with environmental patterns
	Attention
	Learning
	Prediction

	Active engagement shapes perceptual and cognitive development starting in infancy
	Outstanding questions
	Summary and conclusions
	References




