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Introduction
The human brain is inherently a multimodal-multisensory dynamic learning sys-
tem. All information that is processed by the brain must first be encoded through
sensory systems and this sensory input can only be attained through motor move-
ment. Although each sensory modality processes different signals from the environ-
ment in qualitatively different ways (e.g., sound waves, light waves, pressure, etc.),
these signals are transduced into a common language in the brain. The signals
are then associated and combined to produce our phenomenology of a coherent
world. Therefore, the brain processes a seemingly unlimited amount of multisen-
sory information for the purpose of interacting with the world. This interaction
with the world, through the body, is multimodal. The body allows one to affect the
environment through multiple motor movements (hand movements, locomotion,
speech, gestures, etc.). These various actions, in turn, shape the multisensory input
that the brain will subsequently receive. The feedforward-feedback loop that occurs
every millisecond among sensory and motor systems is a reflection of these mul-
tisensory and multimodal interactions among the brain, body, and environment.
As an aid to comprehension, readers are referred to this chapter’s Focus Questions
and to the Glossary for a definition of terminology.

In the following, we begin by delving deeper into how sensory signals are trans-
duced in the brain and how multimodal activity shapes signal processing. We then
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provide samples of research that have demonstrated that multimodal interactions
with the world, through action, facilitate learning. An overview of research on per-
formance measured by overt behavioral responses in adult and developing popula-
tions is followed by examples of research on the effects that multimodal learning
has on brain plasticity in adults and children. Together, the behavioral and neu-
roimaging literature underscore the importance of learning through multimodal-
multisensory interactions throughout human development.

The Multimodal-Multisensory Body

The ultimate utility of a sensory mechanism is to convey information to an organ-
ism in the service of eliciting environmentally appropriate action. An interesting
question arises in consideration of the inherently multisensory nature of behavior:

How is it that the human perceptual system provides us with seamless experi-
ences of objects and events in our environment?

The difficulty in answering this question lies in one’s conception of the role of
the human perceptual system. Approaching this question as a constructivist would
lead to a major impasse: How it is that the brain is able to infer meaning from
sensory input and translate among sensory modalities, given that these signals have
little fidelity to the environmental stimulus by which they were evoked? Further,
how are the signals combined given that the signal of one sense is not directly
comparable to the signal of another? This impasse is referred to as the binding
problem and is a logical outcome of a constructivist approach to the role of the
human perceptual system [Bahrick and Lickliter 2002]. If each sensory modality
is transduced into a unique neuronal firing pattern, then the only way to infer the
appropriate response to that particular set of sensory input is to effectively combine
them into a unified percept. On the other hand, recent theories of perceptual
development portray the human perceptual system as a multimodal system that
responds to unisensory and multisensory inputs with differential weighting on
modality-specific stimulus properties and amodal stimulus properties, respectively
[Stein and Rowland 2011, Stein et al. 2014]. Formally, this theory is referred to as
intersensory redundancy (see Figure 2.1).

Intersensory redundancy is based upon the observation that an organism and
its environment are structured such that the sensory systems of an active perceiver
will experience certain consistencies and inconsistencies. The detection of these
consistenciesis related to the ability of an object or event to produce sensory stimuli
in more than one sensory system in a spatiotemporally consistent manner. The de-
tection of inconsistencies is related to the inability of an object or event to produce
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Figure 2.1 A. Diagram of superior colliculus of the cat with associated cortical connections.
B. The three sensory representations in the superior colliculus (visual, auditory and
somatosensory) are organized in an overlapping topographical map. Space is coded
anterior-posterior. And stimuli in space are coded by multiple modalities. In adults, this
leads to enhancements of neuronal activity and an increase in behavioral responses.
C. In early development, the unisensory inputs converge to produce multisensory
neurons but these neurons cannot yet integrate their multisensory cross-modal inputs.
This latter function only develops around 4 weeks of age. (From Stein et al. [2014])

such sensory stimulation. Whether or not an object or event is capable of producing
spatiotemporally consistent multisensory stimulation is determined by whether or
not the particular stimulus has properties that can be detected by more than one
sensory system. Properties of sensory stimuli that may be detected in more than one
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sensory system are referred to as amodal stimulus properties. For instance, shape
and texture are perceived in both visual and haptic modalities, just as intensity and
spatiotemporal information may be perceived in both visual and auditory modali-
ties. Properties of sensory stimuli that may only be detected in one sensory system
are referred to as modality-specific properties. As examples, color can only be per-
ceived in the visual modality, whereas tone can only be perceived in the auditory
modality. Throughout ontogeny, the interaction between the neural structure of
the organism and its environment result in a neural system that processes certain
properties best in multisensory contexts and others best in unisensory contexts.
The importance of the distinction between multisensory and unisensory per-
ceptual input is most evident in consideration of the ontogeny of multisensory
neurons in the evolutionarily early subcortical structure of the superior colliculus
(SC). Although multisensory neurons have been found in several brain regions and
in many species, the anatomical nature of this region has been most extensively
studied in cats [Stein et al. 2014]. The SC is unique, in that decidedly unisensory
neurons from the retina, ear, and/or skin may all converge onto a single SC neu-
ron [Wallace et al. 1992, 1993, Stein and Meredith 1993, Fuentes-Santamaria et al.
2009]. Note that convergence is not the same as integration, which is something that
has recently been shown to be experience-dependent, at least in the sequentially
early sensory convergence region of the SC [Wallace et al. 1992, Stein and Rowland
2011, Stein et al. 2014]. In other words, neurons from several sensory systems may
converge at one point, but whether or not these signals are integrated into a single
output depends upon the history that a give neuron had with receiving sensory sig-
nals. SC neurons in kittens are largely unisensory and only become multisensory if
they receive stimulation from multiple sensory systems at the same time. Perhaps
even more interesting from a developmental perspective: the emergence of mul-
tisensory neurons and their receptive fields are also experience-dependent [Stein
and Rowland 2011]. Receptive fields not only change their size through experience,
they also change their sensitivity to physical locations. Repeated exposure to a vi-
sual stimulus and an auditory stimulus that occur at the same time and at the same
physical location will result in overlapping receptive fields. Overlapping receptive
fields from more than one sensory system results in faster, stronger, and more reli-
able neural responses for that combination of stimuli at that location in the future
[Stein et al. 2014]. The implications of these phenomena are that events that violate
the learned correspondences among sensory modalities are readily detected and,
because they converge at such an early stage in sensory processing, are difficult for
the perceiver to overcome. Furthermore, projections from SC are widely distributed
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throughout the cortex and are one of the major pathways by which sensory infor-
mation reaches the cortex where, presumably, higher-level cognitive functions are
carried out, such as object and symbol recognition.

Neural plasticity, the ability of neuronal structures, connections, and processes
in the brain to undergo experience-dependent changes, in the adult is well docu-
mented with respect to the initial learning of multimodal-multisensory mappings.
However, the relearning of these mappings is a decidedly more laborious process,
though initial and relearning stages both follow a few basic principles. Although
several principles could be mentioned here, we will focus on two: Multisensory
enhancement and multisensory depression. First, information about objects and
events in the environment can be gleaned by simply relying upon spatiotemporal
coincidence to indicate the presence of an object or event; this type of coordi-
nated environmental stimuli contribute to multisensory enhancement. This phe-
nomenon results in an increase in the system’s ability to detect the same object or
event based on multisensory, or, to use another word, amodal, input in the future.
Second, information about objects and events in the environment can be gleaned
by simply relying upon spatiotemporal disparities to indicate the separability of
objects or events; this type of uncoordinated environmental stimuli contribute to
multisensory depression. This phenomenon results in a decrease in the system’s
ability to detect either of those objects or events based on multisensory input in
the future. In the case of multisensory enhancement, amodal cues are emphasized
and in the case of multisensory depression, modality-specific cues are more readily
emphasized. Thus, the functioning of the SC and corresponding connections ap-
pear to be foundational attention mechanisms associated with orienting to salient
environmental stimulation based on the system’s history of sensory experiences
[Johnson et al. 2015].

These principles reflect our knowledge regarding the cellular mechanisms of
neural plasticity. The principle of Hebbian learning is foundational to theories of
experience-dependent brain changes as it proposes that axonal connections be-
tween neurons undergo activity-dependent changes. It has two basic tenants: (1)
when two neurons repeatedly fire in a coordinated manner, the connections be-
tween them are strengthened, effectively increasing the likelihood of firing together
in the future; and (2) when two neurons repeatedly fire in an uncoordinated man-
ner, the connections between them weaken, effectively reducing the likelihood of
firing together in the future [Hebb 1949]. The relevance of this theory to experience-
dependent brain changes is most readily understood when considering the differ-
ences in brain systems supporting the recognition of objects that would result from
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active, as opposed to passive, behaviors. For this discussion, the crucial difference
between active and passive behaviors is that the perceiver in active behaviors per-
forms an action on stimuli in the environment. The crucial implication of that
difference is that active behaviors are inherently multimodal, involving both ac-
tion systems and perceptual systems, and multisensory, involving haptic and visual
inputs at a minimum. Passive behaviors, on the other hand, often involve the stim-
ulation of only one sensory modality, rendering them unisensory (see Chapter 3).

Therefore, active interactions with the environment, as opposed to passive in-
teractions, are inherently multisensory and multimodal. Not only do they entail
input from various effectors (e.g., hands, eyes) based on the action (e.g., reach-
ing to grasp, saccading), but they also simultaneously produce input to numerous
sensory modalities (e.g., somatosensation, vision). Therefore, active interactions
produce multisensory information that allow for coactivation of signals, resulting
in multisensory enhancement. Beyond multisensory enhancement, however, ac-
tive interactions have been thought to be necessary for any type of percept, be it
unisensory or multisensory. That is, without physical movement, sensory informa-
tion quickly fades. This phenomenon occurs because sensory receptor organs and
neurons stop responding to repeated stimulation. One well-known example is that
of the stabilized image phenomenon: if eye movements are inhibited, resulting in a
stable retinal image, the resultant percept will dissipate within seconds (for review
see [Heckenmueller 1965]). Although it is beyond the scope of this chapter to out-
line sensory and neural adaptation, it is important to note that for the brain to code
change, and thus detect similarities and differences in incoming percepts, action
is necessary.

What effect does this knowledge of the mechanisms that underlie experience-
dependent brain plasticity have on our understanding of learning in general? One
argument for the usefulness of these findings is that they have led to numerous
experiments that have shown that active interactions with the environment facil-
itate learning more than passive “interactions”. In their pivotal work, Held and
Hein [1963] showed that kittens that were initially reared without visual experi-
ence were unable to learn to understand their world, even after their vision was
restored, unless they were given the freedom to move around on their own volition.
For comparison with the active learning experience given to this cohort of kittens,
an experimental apparatus moved a separate cohort of kittens, who, therefore, ex-
perienced “passive” movements. The crucial difference is that the first cohort of kit-
tens received visual stimulation that was contingent with their own self-generated
movements, whereas the second cohort experienced visual stimulation that was
not contingent with their own movements. This study spurred a wealth of research
on the role of active vs. passive experiences on learning. These lines of research
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have largely confirmed the value of self-generated action for visual perception in
many domains.

In the context of the intersensory redundancy discussed earlier, active learning
is the avenue by which multimodal-multisensory signals in the brain arise from the
body and environment. In what follows, our goal is to provide a brief overview of
some of the empirical work on how these multimodal-multisensory signals affect
learning. We briefly outline empirical work that has shown that active interactions
facilitate learning in surprising ways at times. We discuss findings from behavioral
work and from neuroimaging work. The behavioral data show the usefulness of
learning through action in numerous domains and the neuroimaging work sug-
gests the mechanisms, at a brain systems level, that support active learning.

Facilitatory Effects on Learning as a Function of

Active Interactions

Actively interacting with one’s environment involves multisensory, multimodal,
processing. It is therefore, not surprising then, that these types of interactions fa-
cilitate learning in many domains. Here we briefly review findings from behavioral
experiments that demonstrate the far-reaching beneficial effects that active expe-
rience has on learning.

Behavioral Research in Adults

Visual Perception Although somewhat controversial, the majority of research in psy-
chology separates sensation from perception. A primary separation results from
findings that perception relies on learning, in that information from prior experi-
ence changes how we perceive. When these experiences involve active interaction,
we can assume that perception is changed by action. Our first example comes from
the phenomenon of size constancy. Size constancy refers to our ability to infer that
an object maintains its familiar size despite large changes in retinal size from visual
sensation, due to distance. Distance cues that lead to size constancy can be from
object movement, observer movement, or a combination of the two. Research has
shown that size constancy is dependent on observer movement, not object move-
ment. If size is manipulated through object movement, constancy is worse than if
size is manipulated through observer movement [Combe and Wexler 2010].

Spatial Localization

It seems intuitive that locomotion is important for understanding the three-
dimensional space around us. However, several lines of research support the claim



58 Chapter2 TheImpact of Multimodal-Multisensory Learning

2.3.3

that self-generated movement is the key to understanding spatial location of ob-
jects. For instance, if we encode the location of an object and then are blindfolded
and walk to a new location, we can point to its original location with great accu-
racy. If we simply imagine moving to the new location [Rieser et al. 1986] or see
the visual information that would occur if we were to move, but without actually
moving we cannot accurately locate the target object [Klatzky et al. 1998]. Even if an
individual is moved in a wheelchair by another person [Simons and Wang 1998] or
in a virtual-reality environment, object localization is worse than if the movement
were self-generated [Christou and Biilthoff 1999].

Three-dimensional Object Structure

Learning object structure is facilitated by active interactions in numerous ways. For
instance, slant perception [Ernst and Banks 2002] and shape from shading cues
for object structure [Adams et al. 2004] are both cues for depth perception. Both of
these perceptual competencies are facilitated by manual active interaction with the
stimuli. Remembering object structure is also facilitated by active manipulation
of objects with one’s hands. In a series of studies, novel objects were studied
through either an active interaction, where participants rotated the 3D images on a
computer screen, or through a passive interaction, where participants observed
object rotations that had been generated from another participant. By pairing
active and passive learning between subjects, one could compare the learning
of a given object that resulted from either visual and haptic sensation with the
involvement of the motor system (multimodal) or learning through visual sensation
alone (unisensory). Subsequently, participants were tested on object recognition
and object matching (see Figure 2.2). Results were straightforward: when objects
were learned through active interactions, recognition was enhanced relative to
learning through passive interactions [Harman et al. 1999, James et al. 2001, 2002].
These results demonstrate that understanding object structure is facilitated by
multimodal exploration relative to unimodal exploration. We hypothesized from
these results that active interactions allow the observer to control what parts of
the object they saw and in what sequence. This control allows an observer to
“hypothesis test” regarding object structure and may be guided by preferences
for certain view-points that the observer’s perceptual system has learned to be
informative.

Understanding object structure requires that we have some notion that an ob-
jectlooks different from different viewing perspectives and that does not change its
identity (as in Figure 2.2 left, upper-right quadrant presents the same object from
different viewpoints, lower-right presents different objects from different view-
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Figure 2.2 Examples of novel object decision: same or different object? (From James et al. [2001])

points). This form of object constancy is referred to as viewpoint-independent object
recognition. Many researchers and theorists agree that one way that we achieve
viewpoint-independent recognition is through mental rotation—the rotation of an
incoming image to match a stored representation. A considerable amount of re-
search has shown that the ability to mentally rotate an object image is related to
manual rotation in important ways. Manual rotation is a specific form of active
interaction that involves the volitional rotation of objects with the hands. That is,
mental rotation is facilitated more by manual rotation practice compared to men-
tal rotation practice, and further, that mental and manual rotations are reliant on
common mechanisms [Wohlschldger and Wohlschldger 1998, Wexler 1997, Adams
et al. 2011]. Thus, multimodal experience contributes to the development of men-
tal rotation ability, a basic process in spatial thinking, which leads to an increase
in the ability of an observer to understand its environment.

Symbol Understanding

Thus far, we have reviewed how physical interactions with the world affect our learn-
ing and understanding of existing objects. Symbols are objects that have several
qualities that make learning and understanding different from 3D objects. When
trying to understand symbols and symbolic relations, we must take something ar-
bitrary and relate it to real world entities or relationships. Evidence suggests that
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symbol understanding is facilitated when symbols are actively produced. Produc-
ing symbols by hand, using multiple modalities during encoding (seeing them and
producing them manually) facilitates learning symbol structure and meaning more
than visual inspection alone. Lakoff and Nunez[2000], p. 49 argue that for symbols
to be understood they must be associated with “something meaningful in human
cognition that is ultimately grounded in experience and created via neural mech-
anisms.” Here, grounding in experience is in reference to theories of grounded
cognition and refers to the self-generation of meaningful actions, whose purpose
is to control the state of the organism within its physical environment by providing
it with interpretable sensory stimulation [Cisek 1999]. An important point, then, is
that this grounding not only affects our learning and understanding of existing ob-
jects by providing expected action-sensory contingencies, it also guides the active
production of objects.

One type of object production that has been shown to facilitate symbol learning,
is writing by hand. Because the production of symbols has the defined purpose of
communicating through the written word, humans have created writing tools that
allow a greater degree of accuracy in the written form and that allow the transfer of
permanent marks through ink or similar media. The manipulation of writing im-
plements introduces yet another source of sensory information: haptic and kines-
thetic cues that can augment and change motor production and visual perception.
Nonetheless, visual-motor guidance of the writing device is still required, and this
coupling of multimodal-multisensory information facilitates learning in much the
same manner as other forms of active interactions. Handwriting symbols has been
repeatedly correlated with increased competencies in symbol understanding (e.g.,
[Berninger et al. 1998, Richards et al. 2011, Li and James 2016). Although exper-
imental studies are somewhat limited in adults, there is nonetheless a growing
amount of research implicating the importance of self-generated action through
writing on symbol understanding. In a series of pivotal and still highly influential
studies, Freyd and colleagues showed that symbol recognition is significantly af-
fected by our experiences with writing. For example, we are better able to identify
static letters of the alphabet whose stroke directions and trajectories conform to
how an individual creates those forms through handwriting, compared to similar
letters that do not conform to the observer’s own stroke directions and trajectories
[Freyd 1983, Babcock and Freyd 1988, Orliaguet et al. 1997].

The interplay between the motor production of letters and the visual perception
of letters has been demonstrated in individuals who have letter perception deficits.
For example, individuals with pure alexia have difficulty recognizing letters. How-
ever, in some cases, their letter recognition can be facilitated by tracing the letter
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in the air with their finger or making hand movements that mimic the letter shape
[Bartolomeo et al. 2002, Seki et al. 1995]. The interpretation of these case studies
rests upon the fact that pure alexia results from damage to a specific brain region.
The fact that damage to one location can result in a deficit in letter recognition
that can be recovered to some extent by active interaction with the symbol’s form
suggests that both visual and motor brain systems are involved in the perception of
a symbol. In these cases, the patients’ actions facilitated their visual perceptions,
evidence that the neural mechanisms subserving letter perception span both visual
and motor brain regions as a result of prior multimodal experience.

Moreover, the production of symbols may rely upon the same neural mecha-
nisms as the recognition of symbols. When adults are asked to simultaneously
identify letters and shapes presented in varying degrees of visual noise, their thresh-
olds for detection were increased (worsened) if they were writing a perceptually
similar letter or shape during symbol identification, compared to when writing a
perceptually dissimilar shape [James and Gauthier 2006]. The interpretation of this
study rests upon theories of neural interference, which suggest that if one behav-
ioral task is significantly affected by another concurrent task, then the two share
common mechanisms. The fact that an interference effect was observed, rather
than a facilitation effect, suggests that the production of a form and the percep-
tion of the form overlapped in terms of their underlying mechanisms. Again, we
are provided with evidence that active interactions mold neural systems in such a
way that the system will seek expected action-sensory contingencies, either by pro-
ducing them through manual rotation or, in this case, producing them through the
manipulation of writing implements.

Behavioral Results in Children

By exploring their surroundings, infants and children discover object properties
and uncover possibilities for actions afforded by many objects. Importantly, they
also learn about the functional changes that those novel possibilities for action im-
ply for the action capabilities of the limbs [Lockman 2000]. The profound effects
that multimodal-multisensory learning has on cognitive development was origi-
nally outlined in an extensive psychological theory proposed by Jean Piaget [1952,
1954]. Piaget believed that because information gained by watching others in early
life was extremely limited, most of what children learn prior to two years of age
is gained through multimodal experience. Importantly, Piaget argued that manual
actions served to link information from multiple sensory systems together. For ex-
ample, vision, somatosensation, and audition could all be linked through action on
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objects, because an action would result in the simultaneous production of visual,
somatosensory, and auditory sensory input.

Early in life, each sensory modality is still relatively immature. However, some
sensory systems are more mature than others. For example, the visual system of
infants is very poor (e.g., Banks and Salapatek 1983), but their sense of touch is
remarkably mature [Sann and Streri 2008]. This observation highlights one of the
major benefits of active interactions in infancy: each action is accompanied by, at
least, tactile stimulation. As infants reach and hold objects of interest, they often
bring them into sight, and in doing so, produce simultaneous visual, motor, and
tactile information. Importantly, the somatosensory modality provides the infant
with rich information about the object (e.g., texture, shape, weight, temperature,
size) that is simultaneously paired with relatively immature visual percepts (e.g.,
color, global shape). The tactile information is only gained through actions, and
due to the somatosensory system’s relative maturity, has the ability to aid in the de-
velopment of the visual percept. Therefore, in infancy, although visual and motor
systems are immature, actions still provide a wealth of information to the develop-
ing brain, because they are inherently multimodal.

In what follows, we will discuss a sample of empirical work that underlines the
importance of multimodal-multisensory learning during development.

Surface Perception

Visual perception is affected by early locomotion abilities in very young chil-
dren. Locomotion is an active interaction that allows children to explore their
surroundings and that presents a variety of new multimodal experiences. For in-
fants, the ability to move themselves represents unprecedented opportunity for
self-generated actions on a variety of objects that were previously unreachable, but
first, on surfaces. Visual competencies can develop from merely experiencing dif-
ferent surfaces. One well-known demonstration of visual development as a result of
multimodal experience is the visual cliff paradigm [Gibson and Walk 1960]. These
experiments require an apparatus constructed of two surface levels, the lower sur-
face being a large drop from the higher surface. However, glass covers the lower
surface at the same height as the higher surface such that one could locomote from
the high surface over the low surface by moving across the glass (Figure 2.3). The
point of the apparatus is to provide conflicting visual and somatosensory informa-
tion to an infant. If one relies on vision, one will perceive a large drop off (danger).
If one relies on somatosensation, the feel of the glass would reassure the actor
that the surface was safe to cross. Most infants that can crawl will not cross the
visual cliff to get to their caregiver—relying on visual cues rather than haptic ones
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Figure 2.3 Visual cliff apparatus. From The Richard D. Walk papers, courtesy Drs. Nicholas and
Dorothy Cummings Center for the History of Psychology, The University of Akron.

[Gibson and Walk 1960, Bertenthal et al. 1984]. These original studies documented
this reliance on visual depth cues in numerous diurnal species [Gibson and Walk
1960].

However, visual development is prolonged compared to somatosensory devel-
opment, which suggests that there should exist a time point in development when
infants should not be so affected by visual cues. As a multimodal experience that
binds visual and somatosensation, one would expect that experience with locomo-
tion is important for infants to learn that “clear” (i.e., non-existent) surfaces do
not afford locomotion. The early studies did not compare crawlers to non-crawlers
to test experimentally whether experience with locomotion was necessary for this
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behavior to develop. Campos et al. [1992] showed, however, that if one lowers a
non-crawling infant over the low side of the visual cliff, they will not demonstrate a
fearresponse (increase in heartrate), but a crawler will exhibit considerable distress
when put in the same situation [Campos et al. 1992]. In other words, non-crawling
infants were not afraid of being atop a clear surface, but crawlers were. This sug-
gests that non-crawling infants are not as affected by visual cues of surfaces as are
crawling infants and that the ability of locomotion to bind visual and somatosen-
sory cues has provided the infant with the knowledge that “clear” surfaces are not
accompanied by the expected somatosensory cues and, therefore, do not afford
locomotion.

In addition, the perception of depth is affected differentially by different modes
of locomotion. For example, crawlers will crawl down slopes or across surfaces
that are safe for crawling but that are not safe for walking, and early walkers
will walk down slopes and across surfaces that are only safe for walking [Gibson
and Walk 1960, Adolph et al. 2008, 2010, Adolph 1997]. Further, crawlers and
walkers detect safe drop-offs vs. unsafe drop-offs that are specific to their particular
mode of locomotion [Kretch and Adolph 2013]. A safe drop for a crawler is quite
different from one for an early walker, as the risk in falling farther is greater. This
is detected and used in this form of multimodal experience. Interestingly, infants
use multimodal-multisensory information when approaching and understanding
slope and drop-off: they reach over the edges and feel with their hands, before
descending.

Why would locomotion have such a profound effect on depth perception? The
assumption from these and other studies is that the motor experience of locomo-
tion allows the individual to experience depth through their own visual-motor ex-
perience. The multimodal-multisensory information that results from locomotion
(motor action) including proprioception, somatosensation, and vision, are all si-
multaneous, or time-locked, allowing for integration of the multiple inputs (sensory
and motor) into a representation that combines the inputs. New perception-action
correspondences are dynamically coupled as a response to the environmental stim-
ulation that accompanies new behaviors.

Three Dimensional Object Structure

Multimodal exploration of objects emerges in the first year of life. Very young
infants will bring an object into their mouths for tactile exploration, whereas older
infants (7 months) will begin to bring an object in front of their eyes for visual
inspection [Rochet 1989, Ruff et al. 1992]. Early multimodal object exploration
leads to significant gains in object knowledge. For example, infants who explore
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objects through self-generated actions are better able to apprehend two objects as
separate entities compared to infants who do not explore, even when the objects
explored and the objects seen are completely different [Needham 2000]. That is, the
exploration served to help the infants learn about object properties that generalized
beyond their direct experience.

Generally, infants are only able to learn about objects and their properties after
they have the ability to reach and hold objects in the environment (multimodal
input). However, recent work has allowed pre-grasping infants to be able to hold
objects in the hopes of seeing increases in learning about object structure before
intentional reaching and holding can occur. This body of work employs “sticky
mittens”—mittens that are put onto infants that have Velcro on the palms such
that objects (that also have Velcro on them) can be held by the infants at an earlier
age than their manual dexterity would allow them to do so [Needham et al. 2002].
The infants are able to “grab” the objects through swiping at them by 3 months of
age. With the sticky mittens experience, infants showed significantly more reaches
toward objects than infants that wore non-sticky mittens [Libertus and Needham
2010]. But the more interesting aspect of these studies was how learning was
changed when infants manually interacted with the objects.

Very brief experience with sticky mittens led to 3-month infants’ understanding
that the actions of others are goal directed, a behavior that is not typically observed
until much later [Sommerville et al. 2005]. The implication is that even a very brief
experience (2-3 min in this case) seeing one’s own actions as goal directed led to
understanding that same experience in others.

Other research with older children (18-36-month-olds) suggests that multi-
modal interactions with objects through visually guided action leads to enhanced
understanding of object structure. When 18-month-olds are allowed to manually ro-
tate anovel object during initial exposure they do so in a somewhat random manner
(see Figure 2.4 top two graphs). But by 24 months, toddlers will manually rotate ob-
jectsinthe same way as older children and adults (see Figure 2.4 bottom two graphs)
[Pereira et al. 2010]. Adult’s rotations of similar three-dimensional objects are not
statistically different from the 21/2 year-olds depicted in Figure 2.4 (see Harman
et al. 1999 for adult data). Furthermore, the rotations are not determined by hap-
tic cues to object structure as 24-month-olds will rotate uniquely shaped objects in
plexiglass cubes and spheres in the same way [James et al. 2014]. Showing oneself
specific views of objects through multimodal interaction (in this case planar views)
was also correlated with object recognition scores in 24-month-old children: the
more planar views were focused upon, the higher the recognition of objects [James
et al. 2013].
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Figure 2.4
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Flattened viewing space of objects rotated manually at various ages. The “hot spots” of
increased dwell time in older children reflect planar views of objects. The focus on these
planar views in adults manually exploring novel objects is well documented [Harman
et al. 1999, James et al. 2001]. (From Pereira et al. [2010])

Another study investigated how moving an object along a trajectory influences
the perception of elongation in object structure. When young children actively
moved an object horizontally, they were better able to generalize the object’s struc-
ture to new objects that were similarly elongated horizontally [Smith 2005]. How-
ever, when children simply watched an experimenter perform the same movement,
there was no benefit in elongation perception.

The studies outlined above show that once children can manually interact with
objects, their perception of the world changes significantly. They use their hands
to manipulate objects in a way that impacts their learning and reflects their under-
standing of themselves and their environment.
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Symbol Understanding

As discussed in Section 2.3.4, the extant literature has shown that handwriting
symbols is especially effective for early symbol learning. Indeed, handwriting rep-
resents an important advance in motor skills and tool use during preschool years.
Children progress from being barely able to hold a pencil to the production of
mostly random scribbles before being able to produce specific, meaningful forms.
In the following, we consider a special case of symbol learning: learning letters of
the alphabet.

When children are first learning letters, they must map a novel, 2D shape onto
the letter name and the letter sound. Eventually, they must put combinations of
the symbols together to create words, which is another level of symbolic meaning.
This is by no means a trivial task. The first step alone, learning to perceive a set of
lines and curves as a meaningful unit, has a protracted development in the child
and requires explicit teaching. One of the problems is that letters do not conform
to what the child has already learned about 3D objects. Specifically, if a letter is
rotated from upright, its identity can change. For instance, rotating a “p” 180°
results in a different letter identity, a “d”. Change of identity after a 180°degree
rotation does not occur with other types of objects: an upright cup and an upside-
down cup are both cups. This quality of symbols alone makes things difficult for the
early learner and manifests in the numerous reversal errors children make when
perceiving and producing letters. Like other objects, however, the symbols must
be distinguished from one another by detecting similarities and dissimilarities. In
terms of letters, the similarities and differences may be very slight changes in the
visual input, for example, the difference between an uppercase C and an uppercase
G. Things get even more difficult when one introduces the many examples of letters
that are handwritten that one must decipher. However, the variability present in
handwritten letters may be important in understanding why the visual recognition
of letters is facilitated by handwriting experience.

The ability to recognize written symbols, such as letters, is made easier by
producing them by hand [Molfese et al. 2011, Longcamp et al. 2005, Hall et al.
2015]. For instance, the National Research Council and the National Early Literacy
Panel both found that letter writing in preschool had a significant impact on fu-
ture literacy skills [Snow et al. 1998]. Why handwriting facilitates letter recognition
above and beyond other types of practice can be understood from the multimodal-
multisensory learning perspective. Although it is generally accepted that the multi-
sensory learning of letters (e.g., hearing and seeing with no motor action) facilities
letter learning beyond unisensory learning, incorporating multimodal production
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of letters contributes even more to the learning experience. The act of producing
a letterform by hand is a complicated task, requiring efficient coordination be-
tween multiple systems. We have hypothesized that handwriting accomplishes this
through the production of variable forms. Each letter production is accompanied
by a unique combination of visual and somatosensory stimulation. Manual dexter-
ity in children is somewhat poor, resulting in a variety of possible visual and tactile
combinations every time a child attempts to write a letter. The variability of this
experience is exacerbated by the use of tools (writing implements), which requires
fine motor skill, an ability that matures at a slower rate than gross motor skill. The
perceptual result is the production of letterforms that are often quite variable and
“messy” (see Figure 2.5). We have recently found that children who produce variable
forms while handwriting or through tracing handwritten symbols are better able
to recognize a novel set of symbols than their peers who trace the same typed sym-
bols [Li and James 2016]. It is well known that learning a category through variable
exemplars facilitates learning of that category compared to studying more similar
exemplars [Namy and Gentner 2002]. The more variability that is perceived and in-
tegrated into a named category (such as the letter “A”), the more novel instances
that can then be matched to this information. Put simply, once children under-
stand the many instances of the letter “p” they can begin to recognize new, unique
instances of that letter. Thus, the multimodal production of a letterform has the
benefit of creating perceptually variable instances that facilitate category learning,
that is in addition to the development of a visual and somatosensory history with
that category.

Neural Changes as a Result of Active Experience

The fact that the brain produces all behavior would not receive the attention it
deserves, if we were to try to understand human behavior without some under-
standing of the neural circuitry that underlies the behavior in question. The claim
here is that to truly understand behavior, we must also understand how the brain
produces that behavior. Because our understanding of the brain is in its infancy,
however, this is difficult and controversial. Nonetheless, we can still interpret and
predict behavior based on what we know so far regarding neural functioning from
comparative work with other species and human neuroimaging studies. This is
especially true when we consider the effects that multimodal-multisensory experi-
ences have onlearning. As outlined in the introduction, learning in the brain occurs
through association of inputs. We argue here that human action serves to combine
multisensory inputs, and as such, is a crucial component of learning. This claim is
based on the assumption that there are bidirectional, reciprocal relations between
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Figure 2.5 Examples of handwritten letters by 4- year-old children. Top row are traces, bottom two
rows are handwritten free-hand.

perception and action (e.g., [Dewey 1896, Gibson 1979]). From this perspective, ac-
tion and perception are intimately linked: the ultimate purpose of perception is
to guide action (see, e.g., [Craighero et al. 1996]), and actions (e.g., movements of
the eyes, heads, and hands) are necessary in order to perceive (e.g., [Campos et al.
2000, O’Regan and Noé€ 2001]). When humans perceive objects, they automatically
generate actions appropriate for manipulating or interacting with those objects
if they have had active interactions with them previously [Ellis and Tucker 2000,
Tucker and Ellis 1998]. Therefore, we know that actions and perceptions form as-
sociated networks in the brain under some circumstances. Thus, perception and
action become linked through our multimodal experiences.

In what follows, we provide some evidence of this linking in the brain and the
experiences that are required to form these multimodal-multisensory networks.
We will focus on functional magnetic resonance imaging (fMRI) as a method of
human neuroimaging, given its high spatial resolution of patterns of neural ac-
tivation, safety, widespread use in human research, and applicability to research
involving the neural pathways created through learning. We will focus on a mul-
timodal network that includes: (1) the fusiform gyrus, a structure in the ventral
temporal-occipital cortex that has long been known to underlie visual object pro-
cessing and that becomes tuned, with experience, for processing faces in the right
hemisphere (e.g., [Kanwisher et al. 1997]) and letters/words in the left hemisphere
(e.g., [Cohen and Dehaene 2004]); (2) the dorsal precentral gyrus, which is in the
top portion of the primary motor cortex, a region that has long been known to
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produce actions [Penfield and Boldfrey 1937]; (3) the middle frontal gyrus, a re-
gion in the premotor cortex, involved with motor programming and traditionally
thought to underlie fine-motor skills (e.g., [Exner 1881, Roux et al. 2009]); and
(4) the ventral primary motor/premotor cortex, that overlaps with Broca’s area, a
region thought to underlie speech production (e.g., [Broca 1861]]) and that has,
more recently, become associated with numerous types of fine motor production
skills (for review see [Petrides 2015]). As outlined below, this network only becomes
linked after individuals experience the world through multimodal-multisensory
learning.

Neuroimaging Studies in Adults

Functional neuroimaging methods provide us with unique information about neu-
ral patterns that occur with an overt behavioral response. As such, the resultant data
is correlational, but highly suggestive of the neural patterns that underlie human
behavior.

In additional to providing the neural correlate of overt behavior, neuroimaging
studies can also generate hypotheses and theories about human cognition. In what
follows, we briefly outline the use of this method in the service of understanding
the experiences that are required to link sensory and motor systems.

The Effects of Action on Sensory Processing of Objects

According to embodied cognition models, a distributed representation of an ob-
ject concept is created by brain-body-environment interactions (see [Barsalou et al.
2003]). Perception of a stimulus via a single sensory modality (e.g., vision) can there-
fore engage the entire distributed representation. In neuroimaging work, this is
demonstrated when motor systems in the brain are activated when participants
simply look at objects that they are accustomed to manipulating (e.g., [Greezes and
Decety 2002]), even without acting upon the objects at that time. Motor system ac-
tivation is more pronounced when participants need to make judgments about the
manipulability of objects rather than about the function of objects [Boronat et al.
2005, Buxbaum and Saffran 2002, Simmons and Barsalou 2003]. The motor system
is also recruited in simple visual perception tasks. For example, in a recent study,
we asked adult participants to study actual novel objects that were constructed
to produce a sound upon specific types of interactions (e.g., pressing a top made
a novel, rattling sound) (see Figure 2.6). Participants learned these novel sound-
action-object associations in one of two ways: either by actively producing the sound
themselves (active interaction) or through watching an experimenter produce the
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Figure 2.6 Examples of novel, sound producing objects. (From Butler and James [2013])

2.5.2

sounds (passive interaction). Note that in both cases, there was equal exposure to
the visual and auditory information. The only difference was that in one case they
produced the sound themselves instead of watching another produce the sound.

After participants studied these objects and learned the pairings, they under-
went fMRI scanning while they were shown static photos of the objects with sound
and without sound, as well as hearing the sounds alone. We then probed brain re-
sponses though blood-oxygen-level-dependent (BOLD) activation in regions of the
multimodal network (see Section 2.5 and Figure 2.7). We observed that there was
significantly greater activation after the active learning experience compared to the
passive learning experience [Butler and James 2013]. Only active learning served to
recruit the extended multimodal network including frontal (motor) and sensory
brain regions. Thus, simply perceiving the objects or hearing the sound that was
learned automatically recruited the sensory and motor brain regions used during
the learning episode. Furthermore, we were interested in whether or not the visual
regions were functionally connected to the motor regions. Assessing functional con-
nectivity allows one to investigate whether the active regions are recruited together
because of the task, or whether the recruitment is due to other factors (such as in-
creased physiological responses). Indeed, only after active learning were visual seed
regions (in blue in Figure 2.7) functionally connected to motor regions (in orange
Figure 2.7).

Neural Systems Supporting Symbol Processing in Adults

Symbols represent an interesting category with which to study questions of inter-
actions among sensory and motor brain systems. Just as multisensory experiences
help shape the functioning of the subcortical region of the superior colliculus, ac-
tive interactions and their inherent multisensory nature have been shown to shape
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Figure 2.7 Functional connectivity between the visual Lateral Occipital Complex (LOC) regions
and motor regions in the brain after active learning. Note that left side of the brain
in figure is right hemisphere due to radiological coordinate system. (From Butler and
James [2013])

the functioning of cortical brain regions. During handwriting, the motor experience
is spatiotemporally coordinated with the visual and somatosensory input. Although
we focus largely on the visual modality, it is important to note that, to the brain,
an action such as handwriting is marked by a particular set of multisensory inputs
along with motor to sensory mappings, or multimodal mappings. For example, the
creation of a capital “A” results in a slightly different multimodal pairing than the
creation of a capital “G”. Similarly, writing a capital “A” requires a different motor
command than writing a capital “G” and each action looks and feels different. If we
were to extrapolate single neuron data and apply it to human systems neuroscience,
we could speculate that the visual stimulation of a capital “A” invokes subcortical
multisensory neurons tuned through multisensory experiences (or, in the case of
visual only learning, unimodal neurons) that pass information to cortical regions
associated with the multimodal experience of handwriting.

Indeed, the perception of individual letters has been shown to be supported
by a neural system that encompasses both sensory and motor brain regions, often
including ventral-temporal, frontal, and parietal cortices [Longcamp et al. 2003,
2008, 2011, 2014, James and Gauthier 2006, James and Atwood 2009]. We investi-
gated the neural overlap between writing letters and perceiving letters and found
that even when participants did not look at the letters they were writing, significant
overlap in brain systems emerged for writing and perception tasks with letters (see
Figure 2.8). This network included not only the usual visual regions observed when
one perceives letters, but also an extended frontal network that included dorsal and
ventral regions that are known to code actions and motor programs. As depicted
in Figure 2.8, the putative visual region was active during letter writing, and the
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Figure 2.8 A schematic of results from James and Gauthier [2006], showing the overlap in brain
activation patterns as a result of handwriting, perceiving and imagining letters. (From
James and Gauthier [2006])

traditional motor areas were active during letter perception. These results suggest
that action and perception, even in the case of symbol processing, automatically
recruit an integrated multimodal network.

This overlap in activation led us to the next obvious question: What are the ex-
periences that create such a system? It is possible that any motor act with symbols
would recruit such a system, but it could also be that the creation of the symbols
by hand, feature-by-feature, may serve to pair the visual input and motor output
during this behavior. To test this idea, we had adult participants learn a novel sym-
bol system, pseudoletters, through two types of multimodal-multisensory learning
(writing + vision and typing + vision) and one type of multisensory learning (vision +
audition) [James and Atwood 2009]. Results demonstrated that only after learning
the pseudoletters through handwriting the left fusiform gyrus active for these novel
forms (Figure 2.9). This finding was the first to show that this “visual” region was af-
fected by how a stimulus was learned. More specifically, it was not responding only
to the visual presentation of letters, but was responding to the visual presentation
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Figure 2.9
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The difference between trained and untrained pseudoletters in the left fusiform as a
function of training experience. Note that the left fusiform gyrus is a visual processing
region, in which only handwriting (labeled as motor in this figure) experience resulted
in greater activation after learning. (From James and Atwood [2009])

of aletter with which the observer had a specific type of motor experience: handwrit-
ing experience. Furthermore, the dorsal precentral gyrus seen in the above study
for letter perception and writing was also active only after training that involved
multimodal learning (writing + vision and typing + vision) but not through train-
ing that involved only multisensory (vision + audition) learning. Thus, the network
of activation seen for symbol processing is formed by multimodal experience of
handwriting.

Neuroimaging Studies in Developing Populations

Methodological limitations precludes the use of fMRI in infants and toddlers that
are fully awake, because it requires that individuals stay still for a minimum of 5 min
at a time, usually for 30 min in total. Nonetheless, because we are very interested
in how multimodal-multisensory learning serves to create neural systems, we rou-
tinely scan 4-6-year-old children in the hopes that we can observe the development
of these neural systems. In the summary that follows, we outline studies that have
investigated how multimodal networks emerge. In other words, what experiences
are required for this functional network to be automatically activated?
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The Multimodal Network Underlying Object and Verb Processing

There is now ample evidence that reading verbs recruits the motor systems that are
used for performing the action that averb describes [Hauk et al. 2003, Pulvermdiller
2005, 2012, 2013]. These findings suggest that the perception of verbs re-activates
motor systems that were used when the word was encountered during action, and,
by extension, also suggest that only actions that we have performed will recruit the
motor system during perception. However, not all verbs describe actions with which
we have personal experience (e.g., skydiving), which begs the question: Do our
action systems then become linked with perception if we simply watch an action?
The research in this realm is controversial. Some studies have shown that indeed,
action systems are recruited during action observation (e.g., [Gallese et al. 1996,
Rizzolatti and Craighero 2004]), while others have shown that we have to have had
personal experience performing the action for these systems to be automatically
recruited [Lee et al. 2001].

We wished to address this question with children, given their relatively limited
personal experience with actions and their associated verbs. We asked whether mul-
timodal recruitment would occur after children watched another person perform
an action during verb learning, or if they had to perform the action themselves in
order for these multimodal systems to be recruited. To test this idea, we asked 5-
year-old children to learn new verbs (such as “yocking”) that were associated with
an action performed on a novel object. Children learned the action/verb/object
associations either by watching an experimenter perform the action or through
performing the action themselves. We then measured their BOLD activation pat-
terns when they saw the novel objects or heard the novel words in a subsequent
fMRI scanning session [James and Swain 2011]. The results were clear: only when
children acted on the objects themselves while hearing/seeing the novel stimuli did
a multimodal network emerge (see Figure 2.10).

A follow-up study directly tested the effects of multimodal-multisensory learn-
ing by having 5-year-old children learn the noises that objects made as they inter-
acted with them, or watched an experimenter [James and Bose 2011]. The proce-
dure was the same as above except that instead of learning a verb, the participants
heard a sound that was associated with object manipulation. Again, only after
self-produced action during learning was the extended multimodal network of ac-
tivation recruited in the brain.

The action that is coded during learning is, therefore, part of the neural repre-
sentation of the object or word. In essence, the multimodal act of object manipu-
lation serves to link sensory and motor systems in the brain.
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Figure 2.10 fMRI results after children learn verbs through their own actions or by passively
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watching the experimenter compared with unlearned verbs. The upper panel shows
the response to hearing the new verbs, while the lower panel depicts activation when
children saw the novel objects. Only learning through action resulted in high motor
system activity. Top left and right graphs: Middle frontal gyri; middle graphs: Inferior
parietal sulci; bottom graph: left primary motor cortex. Note: left is right hemisphere.
(From James and Swain [2011])

Neural Systems Supporting Symbol Processing in Children

The developmental trajectory of the neural system supporting letter perception
clearly displays the importance of multimodal-multisensory experiences through
the act of handwriting on brain development. In preliterate children, the perception
of individual letters recruits bilateral fusiform gyri in visual association areas, bi-
lateral intra-parietal sulcus in the visual-motor association brain regions, and left
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(A) and (B) the difference in BOLD signal between handwriting > typing in the frontal
premotor cortices; (C) difference between handwriting > tracing in precentral gyrus
and parietal cortex; and (D) traced > typed activation in frontal cortex. (From James
and Engelhardt [2012])

dorsal precentral gyrus in motor cortex, but only for letters with which the child
has had handwriting experience (Figure 2.11) [James and Engelhardt 2012]. In-
deed, the intraparietal sulcus responds more strongly for form-feature associations
with letterforms (i.e., stronger for letters learned through handwriting than shapes
learned through handwriting) whereas the left dorsal precentral gyrus responds
more strongly for motor associations (i.e., stronger for letters learned through
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handwriting than tracing or typing). The functional connections between these
three regions and the left fusiform gyrus show a similar pattern in preliterate chil-
dren after handwriting practice [James and Engelhardt 2012, Vinci-Booher et al.
2016].

The action of handwriting a letter feature-by-feature allows for multimodal input
of information that can also be encoded though a single sense. It therefore trans-
forms an inherently unisensory behavior (visual letter recognition before handwrit-
ing experience) into a multimodal behavior (visual letter recognition after handwrit-
ing experience). Multimodal behaviors promote the emergence of multisensory in-
tegration in evolutionarily early subcortical brain regions. They effectively structure
the input to cortical regions and engender multimodal integration in the cortex, as
outlined previously. The ability to transform inherently unimodal behaviors, such
as visual perception of written forms or stationary objects, into inherently mul-
timodal behaviors is the major utility provided by interacting with tools, such as
writing implements.

Interestingly, the pattern of activation that is seen after children learn to write
letters by hand is only observed if the writing is self-produced. That is, if a child
watches an experimenter produce the same forms, the multimodal network will
not be evident during subsequent letter perception [Kersey and James ]. This latter
result suggests that it is the multimodal production, not the multisensory percep-
tion that results in the emergence of the distributed brain network observed during
letter perception.

The extant literature on the neural substrates underlying multimodal-multi-
sensory learning in young children clearly demonstrate that the visual perception
of objects learned actively is not purely visual. Learning through action creates mul-
timodal brain networks that reflect the multimodal associations learned through
active interactions.

This brief review of empirical studies suggests that the brain is highly adaptive
to modes of learning. The input from the environment, through the body, is pro-
cessed by the brain in a manner that requires high plasticity both in childhood
and adulthood. The way in which we learn changes brain systems that, in turn,
change our behaviors. As such, we argue that human behavior cannot be fully un-
derstood without a consideration of environmental input, bodily constraints, and
brain functioning. Valuable insights can be gained by a thoughtful consideration
of the rich data sets produced by brain imaging techniques. Understanding brain
mechanisms that underlie behavior change our understanding of the hows and whys
of the efficacy of technologies to assist learning.
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Theoretical Implications—-Embodied Cognition
The embodied cognition perspective encompasses a diverse set of theories that are
based on the idea that human cognitive and linguistic processes are rooted in per-
ceptual and physical interactions of the human body with the world [Barsalou 2008,
Wilson 2002]. According to this perspective, cognitive structures and processes—
including ways of thinking, representations of knowledge, and methods of organiz-
ing and expressing information—are influenced and constrained by the specifics
of human perceptual systems and human bodies. Put simply, cognition is shaped
through actions by the possibilities and limitations afforded by the human body.
The research outlined in this chapter clearly supports this embodied perspec-
tive. Learning is facilitated though bodily interactions with the environment. Such
necessary competencies, such as visual perception, object knowledge, and symbol
understanding, are determined by physical action. Often we consider these basic
human abilities to be reliant on unimodal (usually visual) processing. However,
more research is emerging that supports the notion that multimodal processing is
key to acquiring these abilities, and further, that multisensory processing is created
through action, an inherently multimodal behavior. Furthermore, the mechanisms
that support multimodal-multisensory learning are becoming better understood.
Multimodal-multisensory learning results in the recruitment of widespread neu-
ral networks that serve to link information that creates highly adaptive systems
for supporting human behavior. Because of the importance of action for learn-
ing, and because action is reliant on the body, the work reviewed here outlines
the importance of the embodied cognition standpoint for understanding human
behavior.

Implications for Multimodal-Multisensor Interface Design

When we think about modern society and its reliance on human-computer interac-
tions, it is wise to remember that our brains have adapted to an environment that
existed hundreds of thousands of years prior to our use of screens and multimodal
interfaces. Track balls, keyboards, and pens are not a part of the environment for
which our brains have adapted. However, our early hominid ancestors did use tools
(e.g., [Ambrose 2001]). Considering that many of our modern interfaces are tools
helps to understand how humans have become so adept at using computer inter-
faces. Our brains are highly plastic in terms of integrating these bodily extensions
into a pre-existing system, although they evolved to capitalize on relatively primitive
forms of these instruments.
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Glossary

Active behaviors: Overt movements performed by the observer. In this chapter, we
restrict this definition to include intentional, or goal-directed actions (as opposed to
reflexive actions).

Amodal stimulus properties: Properties of an object that can be conveyed by more than
one sensory system [Lickliter and Bahrick 2004]. By some definitions, amodal also
refers to information that is no longer connected to the sensory modality by which it
was encoded.

Binding problem: Theoretical problem stemming from the required ability of the brain
to bind sensory signals that trigger neuronal firing to the environmental stimulus
from which those signals originate. This also entails the problem of how the brain
combines signals from multiple senses into a unified percept, given that they detect
different features of the stimuli.

Blood-oxygen-level-dependent (BOLD): The primary measure of interest in fMRI. BOLD
computes the ratio of deoxygenated to oxygenated hemoglobin in the brain. The
more oxygen an area is consuming, the more active its neurons.

Constructivism: A broad theoretical approach that considers the organism to be
constructing meaning based on interactions with objects and people in the world.

Convergence: The unique property of neural connections by which more than one type
of unisensory neuron connects to the same neuron and may independently evoke
neural activity from that neuron. This can be contrasted with integration, whereby
the sensory signals are combined to produce a single response based on more than
one input. Convergence results in multiple separable signals in a given neuron,
whereas integration refers to combining multiple inputs into a single response (see
Figure 2.12).

Experience-dependent: Changes in the brain that are caused by experience, which may
involve active or passive interaction with the environment.

Feedforward-feedback loop: Information travels in at least a bi-directional manner
in the cortex and subcortex. Information affects, and is affected by, information
included in these loops.

Functional connectivity: Statistical dependencies in time between spatially distinct
neural regions. Used on a BOLD signal from fMRI, this method can resultin revealing
brain regions whose activities are correlated in time, leading to the inference that
they are working together for that given behavior.

Functional magnetic resonance imaging (fMRI): A neuroimaging method broadly used
in medical and psychological sciences to non-invasively observe extremely small
changes in tissue properties, particularly changes in ferromagnetism associated
with changes in the ratio of deoxygenated to oxygenated hemoglobin, that can be
used to make inferences concerning the functioning of cortical structures.



Glossary (continued)

Fusiform gyrus: A gyrus in the brain that lies on the ventral aspect of the temporal lobe,
spans from the occipital lobe to midway along the temporal lobe and, is located
approximately along the midline of the temporal lobe. In functional terms, it is
associated with object perception and recognition.

Grounded cognition: A central concept embedded in a range of cognitive theories,
including simulation theory, situated cognition, and embodied cognition that
opposes the existence of abstract knowledge systems. Instead, they consider
knowledge systems to be represented implicitly by sensory and motor mechanisms
during interaction with the world.

Hebbian learning: A well-documented neural mechanism of learning in which axonal
connections between neurons undergo activity-dependent changes. There are two
basic tenants: (1) when two neurons repeatedly fire in a coordinated manner, the
connections between them are strengthened, effectively increasing the likelihood
of firing together in the future; and (2) when two neurons repeatedly fire in an
uncoordinated manner, the connections between them weaken, effectively reducing
the likelihood of firing together in the future.

Integration: The unique property of some multisensory neurons by which they combine
converging input signals from more than one sensory modality and output an
integrated signal. Input may be from primary sensory organs, secondary regions, or
association areas. The integrated output combines the signals into a single output.
See also definition for convergence for a comparison (see Figure 2.12).

Intersensory redundancy: Recent theory of perceptual development that evades the
binding problem by portraying the human perceptual system as a multimodal system.
It does so by responding to unisensory and multisensory inputs with differential
weightings: greater weight on multisensory input and less weight on unisensory
input.

Lateraloccipital complex (LOC): A broad functional zone encompassing the anatomical
regions of lateral occipital cortex and the ventral and lateral surfaces of temporal
cortex. It is traditionally defined as cortex that is more active when presented with
pictures of intact objects than pictures of textures or of scrambled objects.

Mental rotation: A form of mental imagery in which an observer rotates imaginary visual
representations of two- or three-dimensional objects in their mind.

Modality-specific stimulus properties: Properties of objects that may only be detected
by one sensory system. An example is wavelengths of light, which are only detectable
by the visual system.

Multimodal (cognitive neuroscience meaning): Combined sensory and motor system
input to the brain, for example, the interaction of vision and motor systems during
encoding of an event. On the other hand, passive viewing of visually presented
stimuli is not generally considered multimodal, because it can be accomplished
without motor input or input from other sensory systems.



Glossary (continued)

Multimodal-multisensory: See multimodal and multisensory definitions.

Multisensory: The involvement of at least two sensory modalities in a given process.
For example, vision and haptics are combined and provide multisensory input to
the brain when we see and touch objects. Multisensory processes are most often
multimodal. However, multisensory processes can occur without motor input. For
example, temporally coincident visual and auditory cues need not be accompanied
by head or eye movements.

Multisensory depression: Information about objects and events in the environment
gleaned by relying upon spatiotemporal disparities across more than one sense (e.g.,
the visual experience of color is not always coincident with tactile cues), which leads
to a depressed (decreased) neural response. That is, the neural response to the same
multisensory input in the future will be reduced. This process effectively increases
the response to modality-specific stimulus properties, such as color, because it
decreases the physiological response to multisensory signal combinations, such as
simultaneous visual-auditory stimuli.

Multisensory enhancement: Information about objects and events in the environment
gleaned by relying upon spatiotemporal coincidence of more than one sense (e.g.,
vision and haptics that coincide during visually guided touch), which leads to an
enhanced (increased) neural response. That is, the neural response to the same
multisensory input in the future will be increased. This process effectively increases
the response to amodal stimulus properties, such as visual-haptic cues, because it
increases the physiological response to amodal stimulus properties. Multisensory
enhancement is distinct from Super-additivity (see Chapter 1 of this volume), which
occurs when a multisensory response is greater than the sum of the unimodal
responses. Multisensory enhancement provides a developmental mechanism for
multisensory perception whereas supper-additivity describes the neural response of
a population of neurons responding to multisensory stimuli.

Multisensory neurons: A neuron that responds to a stimulus from more than one
sensory modality.

Neural Adaptation: A change over time of the responses of neurons as a result of
ongoing stimulation. As a stimulus is repeated, neurons sensitive to that stimulus
will decrease their firing rates.

Neural plasticity: The ability of neuronal structures, connections, and processes in the
brain to undergo experience-dependent changes.

Passive behaviors: The perceiver receives sensory input, although no action has been
performed.

Planar views: View of an object, often corresponding to a non-canonical view, “in which
the major axis of the object is perpendicular or parallel to the line of sight” [James
et al. 2013]. Planar views are often referred to as “side views” or “front views” of 3D
objects (see Figure 2.13).



Glossary (continued)

Pseudoletters: Written forms that are designed to match features of a particular written
script (e.g., Roman letter). Such constructions often are used to control for certain
dimensions of the written form of interest, such as stroke thickness, orientation,
or size (see Figure 2.14).

Pure alexia: A selective deficit in letter perception associated with lesions in left ventral-
temporal cortex, that results in poor reading ability.

Receptive field: The spatial or temporal range of sensory stimulation that affects the
activity pattern of a neuron, or group of neurons. For example, neurons in the visual
system respond to specific areas in space that are coded on the retina. Neurons in
the auditory system respond to a specific range of sound frequencies.

Size constancy: A form of perceptual constancy that refers to the tendency of an observer
to infer a constant object size from different viewing distances, despite the fact that
the different viewing distances project different image sizes onto the retina (see
Figure 2.15).

Spatial resolution: The number of units (e.g., pixels) per squared area used to construct
an image, which is related to the amount of detail that an image can convey. Higher
resolution images have more units per squared area than lower resolution images.

Stabilized image phenomenon: Phenomenon whereby a percept provided by a visual
stimulus will fade away if the visual stimulus is continually projected onto the same
retinal cells. This phenomenon only occurs when the eyes are artificially stabilized
to prevent movement.

Superior colliculus: A layered subcortical structure containing multiple classes of
neurons that interconnect with an array of sensory and motor neurons, including
early sensory receptors and later cortical areas.

Time-locked: Signal processing concept that describes the response behavior of signals
to a particular stimulus onset as being inextricably bound in time. For example, if
a ganglion cell in the retina is alternately exposed to light and dark, the cell will
respond during light and rest during dark. That is, the response of the ganglion cell
is time-locked with the onset of changes in the light stimulus.

Unisensory neuron: A neuron that receives input from a single sense. For example,
neurons in the primary visual cortex receive input from other neurons that transduce
light waves into neural signal, but not from neurons that transduce sound waves.

Viewpoint-independent object recognition: The ability of an observer to know that an
object remains the same from different viewpoints, despite potential variations in
shape contour, size, or other features projected onto the retina.

Visual cliff: A psychological assessment tool, often used as a measure of depth
perception development, in which an infant is placed atop an apparatus and allowed
to explore the visually displayed depth difference by crawling (Figure 2.3).

Visual noise: Any image manipulation that degrades, distorts, or hides aspects of an
underlying visual image. One common perturbation is applying Gaussian noise to
an image (see Figure 2.16).
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Figure 2.12 Graphical depiction of convergence and integration of neural signals.
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Figure 2.13 In this image, the left crib is a planar, side view, and the right crib is a non-planar view.
(From Pereira et al. [2010])

A. B. C

Figure 2.14 The (C) pseudoletter would control for stroke features, thickness, orientation, and size
of the Roman letter A, whereas (B) controls for thickness and size, and (A) controls for
features, thickness, and size.



Figure 2.15 Classic demonstration of size constancy. Both persons appear to be nearly the same
size, although if the image of the person further away is moved closer it becomes
obvious that the image of the second person is substantially smaller. (From Boring
[1964])

Figure 2.16 Example of stimuli with different levels of visual noise added. The top row has more
noise added, and is slightly above visual detection threshold. The bottom row has less
noise added, and is well above visual detection threshold. (From James and Gauthier
[2009])
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How can we capitalize on our knowledge of embodied learning to better design
human-computer interfaces? First, we must remember that self-generated action
is important for learning. Therefore, interfaces that capitalize on self-produced
actions, such as touchscreens and styluses, will facilitate learning, because they
allow the visual and motor systems to interact and form important links for learning
(see Chapter 3 this volume). Further, the types of actions may also be important. For
example, recall that multimodal neural systems are not created through typing to
the same extent as writing. We would be well advised therefore, to continue the use
of tools that require construction of the 2D form rather than actions that are farther
removed from the produced symbol, such as typing. In addition, multisensory
coding of information aids learning. Although we discussed one way in which this
occurs (through action), one can imagine that adding multisensory information in
general through interface design may be beneficial for student learning, potentially
through haptic interfaces that make use of somatosensation (see Chapter 3 this
volume). Immersive environments in which learners can self-locomote may also
benefit learning, especially when considering understanding of spatial relations.

In short, self-guided actions facilitate learning. To increase the efficacy of
human-computer interfaces, we would do well to support such actions in interface
design. As such, the goal would be to capitalize on our knowledge of how the brain
supports human behavior in the service of increasing learning through interface
design.

Focus Questions
2.1. In what ways are actions multimodal? Compare and contrast multisensory
and multimodal as described in this chapter. Do you think these concepts are
completely separable?

2.2. Sensory signals are combined in many brain areas, the first being the superior
colliculus. How are sensory signals combined in this structure to overcome the
binding problem? How is this related to intersensory redundancy?

2.3. What types of behaviors are enhanced by multimodal interactions with the
environment across development? In what way are these behaviors changed by this
experience?

2.4. How does learning through action change the brain? Include examples of
learning about objects and symbols. What would be a practical implication of
learning about three-dimensional objects through action vs. through observation?
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2.5. Why would handwriting facilitate learning and recruit brain systems used for
reading more than typing?

2.6. How can we use our knowledge of brain systems to aid in the construction of
multimodal interfaces?

2.7. Given the information provided in this chapter, what are some other multi-
modal interfaces that would facilitate learning?

2.8. Would the understanding of word meaning be facilitated by multimodal learn-
ing? Would some words benefit more from this type of learning than others?

2.9. Are there concepts that we learn independently of our multimodal interac-
tions with the world? What are some examples? How would such concepts be
represented in brain systems?
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