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CHAPTER 6

The development of multisensory balance, locomotion, orientation and navigation
Marko Nardini and Dorothy Cowie

TO APPEAR IN: A. J. Bremner, D. J. Lewkowicz, & C. Spence (Eds.), Multisensory
Development. Oxford University Press.
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1. Introduction

This chapter describes development of the sensory processes underlying the movement
of our bodies in space. In order to move around the world in an adaptive manner
infants and children must overcome a range of sensory and motor challenges. Since
balance is a pre-requisite for whole-body movement and locomotion, a primary
challenge is using sensory inputs to maintain balance. The ultimate goal of movement
is to reach (or avoid) specific objects or locations in space. Thus, a further prerequisite for adaptive spatial behaviour is the ability to represent the locations of
significant objects and places. Information about such objects, and about one’s own
movement (“self-motion”) comes from many different senses. A crucial challenge for
infants and children (not to mention adults) is to select or integrate these correctly to
perform spatial tasks.
We will first describe the development of balance and locomotion. We will
then go on to describe the development of spatial orientation and navigation. Basic
spatial orienting (e.g., turning the head to localise multisensory stimuli), which does
not require balance or locomotion, is also described in this section. These earlydeveloping orienting behaviours are building blocks for more sophisticated navigation
and spatial recall.
We will describe a number of situations in which spatial behaviour in response
to multiple sensory inputs undergoes marked changes in childhood before reaching the
adult state. Bayesian integration of estimates is a theoretical framework that may
accommodate some of these findings. In the concluding section of this chapter
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(Section 5), we will describe this framework and highlight its potential for explaining
some of the existing developmental findings. However, we will argue that most of the
experimental work needed to evaluate the Bayesian explanation still remains to be
done.

2. Development of multisensory balance and locomotion

Human balance mechanisms allow us to maintain a positional equilibrium by
coordinating internal and external forces on the body. Static balance refers to the
maintenance of equilibrium during quiet stance (standing still), whereas dynamic
balance refers to the maintenance of equilibrium during movement as, for example,
during walking. In line with the focus of available/current research, we will
concentrate on static balance. Maintaining balance is vitally important for developing
infants and children, because it provides a base on which to build other skills. For
example, being able to sit upright allows for reaching; being able to stand without
falling over allows for walking. These motor skills in turn permit explorations of the
surrounding space and objects. Useful information for balance and locomotion comes
from multiple senses. However, development poses a difficult context in which to
integrate these multisensory inputs for balance and locomotion, because the child’s
sensory and motor capabilities are still developing, while her body is also changing in
shape, size and mass.
In this review we will separate the sensory inputs used to maintain balance into
three functional groupings: visual inputs, vestibular inputs, and information from
muscle and joint mechanoreceptors which we term “proprioception”. The key visual
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information for balance is that which signals relative motion between an observer and
their environment. Such movement produces characteristic patterns of change (“optic
flow”) in the visual environment (J.J. Gibson 1979). For example, as an observer
sways forwards toward an object, the image of that object expands. This characteristic
“expansion” pattern therefore signals that the observer is moving forwards and a
corrective, backwards sway response may be made. The medial superior temporal area
MST plays a prominent role in processing these signals, as do subcortical structures
(Billington et al. 2010; Wall and Smith 2008). In the vestibular system, the
semicircular canals provide information about the rotation of the head whereas the
otolith organs signal linear accelerations (Day and Fitzpatrick 2005). This information
is processed in the vestibular nuclei and subsequently in higher structures including
the cerebellum and cortex (see Angelaki et al. 2009). Finally what we term
proprioception includes information arising from muscle spindles sensing muscle
stretch and similar mechanoreceptors in the joints.

2.1 Multisensory balance development
Many studies suggest that balance control is strongly coupled to visual information
very early in infancy. Furthermore, this coupling seems to require little experience of
standing or even sitting upright. Children as young as 3 days old make head
movements in response to expanding optic flow stimuli, and head movement increases
linearly as a function of flow velocity (Jouen et al. 2000). Preferential looking also
shows that 2 month olds can discriminate global radial expansion patterns from
random patterns. Sensitivity to this motion increases during the first year of life
(Brosseau-Lachaine et al. 2008). The earliest responses may have a subcortical basis
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while later responses are likely to recruit cortical visual areas sensitive to global flow
patterns, such as MT and MST (Wall et al. 2008; Wattam-Bell et al. 2010).

--Insert Figure 6.1 about here--

The “swinging room” technique (Lishman and Lee 1973) has been widely used
to investigate the balance responses of infants and children (Fig. 6.1). Participants
stand on a platform inside what appears to be a small room. The walls and ceiling of
the room move back and forth independently of the floor, which is fixed. This causes
adult participants to sway with the motion of the room. When the room moves towards
the participant, creating an expansion pattern (Fig. 6.1b), the participant takes this to
signal self-motion forwards and corrects their perceived posture by swaying
backwards, with the motion of the room. Thus participants became “hooked like
puppets” to the motion of the room. The development of this phenomenon in
childhood can be characterised by two processes: first, a decrease in the gain of the
sway response (older children sway less in proportion to the sway of the room); and
second, an increase in the temporal coupling between room motion and body sway.
Sway responses are present very early: sitting 5-month-olds sway in synchrony
with the room (Bertenthal et al. 1997). Strong sway responses are maintained across
the transition from crawling to walking (Lee and Aronson 1974). Indeed, responses to
the moving room are produced to a greater degree for infants with crawling or
locomotor experience than for less experienced infants of the same age (Higgins et al.
1996). Many new walkers respond so strongly to the stimulus that they stumble or fall
over. Thus, visual inputs provide stronger inputs to balance at this age than they do in
adults. This is still true of 3- to 4-year-old children (Wann et al. 1998), though the
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falling responses have disappeared by this age. The extent of visually-driven sway
decreases rather sharply between 4 and 6 years (Godoi and Barela 2008), indicating a
transition away from visual dominance of balance responses which continues through
childhood. To understand the exact developmental trajectory of sway gain, the
literature would benefit studies which use the same paradigm over a very broad age
range, including older children and teenagers. However, available data demonstrate
that for children aged 7 to 14 years, the gain of sway to a swinging room is still higher
than in adults (Sparto et al. 2006; Godoi and Barela 2008).
Alongside the very gradual weakening of responses to visual information, there
is a gradual increase in the temporal coupling of room movement and body sway
through childhood. Developments in coupling can be seen as early as 5 to 13 months
(Bertenthal et al. 1997); and continue through mid-childhood. Coherence between
room and body sway reaches adult levels by 10 years (Godoi and Barela 2008; Rinaldi
et al. 2009). This may indicate improvements in muscular control, but could also
reflect the refinement of visuomotor mechanisms (Godoi and Barela 2008; Rinaldi et
al. 2009). This increased coupling may be a general feature of perceptual
development, since it is also found using a “haptic moving room” (Barela et al. 2003)
where the relevant sensory information is haptic rather than visual.
While the swinging room technique allows for the systematic manipulation of
visual input, work using platform perturbations has investigated the contributions of
visual, proprioceptive and vestibular inputs within one task (Shumway-Cook and
Woollacott 1985; Woollacott et al. 1987). Children stood with eyes closed on a
platform which rotated underfoot to dorsiflex the ankle joint. In these conditions,
visual signals are not present and vestibular inputs do not initially signal sway. Only
proprioceptive information from the ankle joint indicates that a balance response is
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necessary. Children aged 15-31 months did not sway significantly in this situation
(Woollacott et al. 1987). This result accords with those from the swinging room
studies in showing that, for very young children, visual and vestibular inputs are much
more effective than proprioceptive inputs in driving balance responses. Similar
platform rotations do evoke significant sway responses in children older than 4 years.
At this age, where responses to moving visual scenes are also decreasing,
proprioceptive information alone becomes sufficient to induce sway (Shumway-Cook
and Woollacott 1985).
Further conditions in this study measured the relative contributions of vision
and proprioception to balance, asking the children to stand still in four sensory
conditions (Fig. 6.2). There was no sudden platform perturbation, but different
conditions removed reliable visual information, reliable proprioceptive information,
neither, or both. Visual information is simply removed by having children close their
eyes. Reliable proprioceptive information is removed by making the platform “swayreferenced”; that is, the participant’s sway is monitored and the platform is rotated
accordingly, so that the ankle joint always remains at 90°. In this situation
proprioceptive information remains present, but is incongruent with other inputs.
Reliable vestibular information was available in all conditions.

--Insert Figure 6.2 about here--

Removing visual information caused greater increases in sway for 4- to 6-yearolds than for older children or adults. However, removing reliable proprioceptive
information caused even greater increases in sway than removing vision. Removing
both visual and proprioceptive information caused dangerous amounts of sway, with
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the majority of 4- to 6-year-olds falling over. These results suggest that as for adults,
both these sources of information are very important in maintaining balance for
children of this age. However, 4- to 6-year-olds are more destabilized than adults
under conditions of sensory conflict, for example when the proprioception system
signals no movement while the vision and vestibular systems signal movement.
Initial studies found that 7- to 10-year-olds’ balance during platform
translations was not greatly affected by removing vision (Shumway-Cook and
Woollacott 1985). In these respects, 7- to 10-year-olds’ performance was very similar
to that of adults tested on the same tasks. This indicated weaker visual, and stronger
proprioceptive contributions to balance than at younger ages. However, recent work
has suggested that fully mature balance responses may not occur until 12 to 15 years
(Hirabayashi and Iwasaki 1995; Peterka and Black 1990; Peterson, Christou, and
Rosengren 2006). Again, more detailed studies of balance in the late childhood and
early teenage years would be valuable in developing a fuller picture of multisensory
balance control towards adulthood.
Together the swinging room and platform perturbation experiments suggest an
early reliance on visual information. The end of this period and transition away from
reliance on vision emerges around 5 years. Sway responses also achieve a tighter
temporal coupling to sensory inputs during mid-childhood. However, the longer
developmental trajectories of these processes are relatively under-researched.

2.2. Multisensory locomotor development
There are several distinct roles for sensory inputs to locomotion. First, as we have
seen, the processing of visual, proprioceptive and vestibular inputs is crucial for
balance, and balance in turn underpins locomotion. Indeed, an important achievement
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for early walkers is learning to differentiate visual information for walking from visual
information for balance. For example, balance can be challenged during walking by
moving the room walls. In this situation, experienced walkers are highly influenced by
the nature of the walking task (presence / absence of obstacles) as well as by the visual
information present for balance. In contrast, more experienced walkers react to balance
demands equally well in both navigation conditions (Schmuckler and Gibson 1989).
A further role of sensory inputs in locomotion is allowing the walker to judge
properties of the environment, and the position of the limbs. This may be done in the
planning phase of a movement, or “online”, during the movement. The development
of visual planning in locomotion has been tested using judgment tasks where children
are verbally questioned about whether they think an obstacle is passable or not; or
where they are asked to choose a preferred path through an environment. These
visually guided “passability” judgments depend on the perceived skill required to
cross an obstacle, and the perceived size of the obstacle relative to one’s own body
dimensions (Adolph 1995; Kingsnorth and Schmuckler 2000; Schmuckler 1996).
Visual information is particularly useful in determining obstacle size, and by midchildhood this body-referenced size information is very tightly coupled to passability
judgments (Heinrichs 1994; Pufall and Dunbar 1992). These judgments become more
refined during early childhood: For example, older toddlers judge better than younger
toddlers whether a barrier can be stepped over (Schmuckler 1996) or a gap crossed
(Zwart et al. 2005).
Haptic information can also contribute to locomotor judgments. For example,
Adolph (1995) compared children’s perceptions of which slopes they could walk on
with their actual abilities. 14-month-olds made fewer attempts to descend slopes as
they became steeper, but nonetheless overestimated their abilities. Crucially, these
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infants explored the slopes before they descended. The exploration was structured,
consisting of a short look at the slope, followed, if necessary, by a long look, then
exploring the slope by touch, and then trying alternative methods of descent such as
sliding down (Adolph 1997). Exploration was used to inform locomotor choices, with
most exploration at those slopes which were neither obviously easy to descend nor
obviously impossible, but required careful consideration. Thus haptic information was
added to visual information in locomotor decision-making at this young age. Sensory
exploration persists at older ages. In one task, children of 4.5 years were asked to
judge whether they could stand upright on a ramp (Klevberg and Anderson 2002).
Their judgements were compared with their actual competence. They could explore
the ramp using either vision or touch (for touch, they felt the ramp with a wooden
pole). Children overestimated their ability to stand on the slopes. Like adults, they
judged more accurately in the visual exploration condition than in the haptic
exploration condition. Thus both visual and haptic information can be used for
exploration of the locomotor environment, though further work is needed to explore
the balance of these inputs in more detail.
Online feedback can help to correct and refine movements which are already
underway. In locomotion, a wide range of sensory inputs can potentially provide
feedback including visual, proprioceptive, vestibular and tactile inputs. Using
feedback to guide actions may be particularly important in childhood. This is apparent
in a stair descent task. With vision available during the whole stepping movement,
three-year-olds are skilled at using visual information about stair size to scale their
movements to the size of step they are descending. However, this ability is
significantly impaired when visual feedback is removed during the step down (Cowie
et al. 2010). This suggests a need for visual feedback at 3 years, which disappears by 4
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years. In a more complicated obstacle avoidance task that required careful foot
placement as well as movement scaling, degrading vision impaired performance even
for 7-year-old children (Berard and Vallis 2006). Thus, some existing data suggests
that visual feedback may be crucial for complex aspects of walking throughout
childhood. A recent eye-tracking study with young children (Franchak and Adolph
2010) confirms that during obstacle navigation children make more fixations than
adults. More work is needed to establish the dynamics of sensory inputs and motor
outputs during locomotion. Furthermore, it is clear that the extent of reliance on visual
feedback depends on task complexity, and one of the challenges for locomotor
research is to formulate general developmental principles regarding the use of sensory
information in locomotor tasks.

2.3 Multisensory development of balance and locomotion: conclusions
Although balance and locomotion have here been reviewed separately, in fact these
two skills are highly interdependent. While balance skills allow the child to walk
safely, locomotion also refines the control of balance. Infants who can sit upright
respond better to balance perturbations than those who cannot (Woollacott et al.
1987), and infants with crawling or locomotor experience sway less than those without
(Barela et al. 1999). Locomotor experience can also alter the sensory control of
balance: For example, experienced walkers are more responsive to specific aspects of
sensory stimuli, such as peripheral optic flow (Higgins et al. 1996).
We have reviewed a range of evidence which suggests important transitions
from an early reliance on vision for balance and locomotion, to a later pattern where
information from across the visual, proprioceptive, and vestibular systems is
responded to in a more even way. What precisely do we mean by “reliance”, and what
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are the mechanisms underlying such change? One model of multisensory processing
leading to action is that during development estimates from one, predominant, sense,
are simply acted upon in disregard of estimates from the other responses. It is easy to
imagine infants’ responses to the visual swinging room stimulus in terms of this sort of
mechanism. This can be contrasted with a second type of model in which a central
integrator collates and weights information from the independent senses to produce a
final multisensory estimate, which can then be acted upon (Clark and Yuille 1990;
Ernst 2005; Körding and Wolpert 2006). In the concluding section of this chapter
(Section 5), we will discuss models of information integration in more detail, argue
that they provide a useful framework for future lines of investigation, and highlight the
experimental manipulations that still need to be carried out in order to evaluate them.

3. Development of multisensory orientation and navigation

Balance and locomotion provide a basis for spatial behaviour. To be adaptive, spatial
behaviour must be directed towards (or away from) significant objects and locations in
the environment. In this section we consider the development of the ability to orient
and navigate to significant objects and locations. Information about objects and
locations commonly comes from multiple senses (e.g., vision, audition, touch), which
must be combined appropriately. Information about one’s own movement in space
also comes from multiple senses (e.g., vision, audition, proprioception and the
vestibular system). Many spatial tasks, such as picking up an object or crossing a road,
require an immediate response to environmental stimuli but no lasting record of them.
Other spatial tasks, such as finding the keys or finding the way home, also require
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memory. In these tasks, multisensory spatial information must be stored in a form that
is useful for later retrieval.

3.1. Multisensory orienting
Orienting the eyes and head towards salient nearby stimuli is a basic spatial behaviour
evident from birth. Newborns orient to visual patterns (especially faces), but also to
auditory and tactile stimuli (Clifton et al. 1981; Fantz 1963; Moreau et al. 1978; Tan
and Tan 1999; Wertheimer 1961). Early visual orienting is driven by the retinotectal
pathway to the superior colliculus in the midbrain, which transmits sensory
information for eye and head movements (Bronson 1974). This subcortical system
enables orienting to salient single targets, but not fine discrimination or target
selection. Cortical processing of visual stimuli, enabling increasingly fine
discriminations (e.g., of orientation, motion, or binocular disparity), develops in the
first months of life (Atkinson 2002). Selective attention, enabling flexible selection of
targets (for example, disengagement from a central target in order to fixate a
peripheral target) develops at 3-4 months (Atkinson et al. 1992), and represents further
cortical control over orienting behaviour (Braddick et al. 1992).
Orienting responses alert infants to potentially interesting or hazardous objects,
and enable them to collect additional sensory information about them. Since the same
objects can be signalled by information from multiple modalities (e.g., vision,
audition, touch), orienting responses need to be driven by multiple sensory inputs. In
addition, as multisensory inputs are unlikely to come from a similar spatial location at
the same time purely by chance (see Kording et al. 2007), such stimuli are likely to
represent significant objects in the environment. The superior colliculus supports
multisensory orienting by integrating spatially localized visual, auditory, and
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somatosensory inputs within a common reference frame (see Chapter 11 by Laurienti
and Hugenschmidt and Chapter 14 by Wallace et al.). A proportion of multisensory
neurons in the cat superior colliculus have “superadditive” properties: They fire to
auditory-only and visual-only stimuli localized at the same point in space, but the
firing rate for visual-and-auditory stimuli is greater than for the sum of the two single
stimuli (Meredith and Stein 1983; Meredith and Stein 1986; Wallace et al. 1996). This
property indicates that these neurons have a dedicated role in the processing of stimuli
providing both auditory and visual information at the same time. This multisensory
neural organization is not present in newborn cats or monkeys (Wallace and Stein
1997, 2001) but develops in a manner dependent on sensory experience (Chapter 14
by Wallace et al.).
Spatial co-location of auditory and visual events is detected by infants at least
by 6 months of age (Lawson 1980). To investigate the early development of
multisensory integration for spatial orienting, Neil et al. (2006) measured the latencies
of 1- to 10-month-olds’ head and eye movements towards auditory-only, visual-only,
or auditory and visual targets located left or right of the midline. In theory, having two
stimuli available at once can enable a purely “statistical facilitation” of reaction times,
since there are two parallel opportunities to respond (Miller 1982; Raab 1962). Given
parallel processing but no interaction between cues, observers responding to
whichever cue is processed first on any given trial will show a predictable decrease in
mean reaction time relative to single cues. This purely “statistical” improvement is
described by the “race model”: (Miller 1982; Raab 1962; see also Otto and Mamassian
2010), in which the two cues being processed in parallel are in a “race” to initiate a
response. To show evidence for multisensory interaction, it is therefore necessary to
show speed advantages for two cues vs. one that are greater than those predicted by the
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race model. Neil and colleagues (2006) found latency gains given two cues rather than
one at all ages; however, it was only at 8 to 10 months that these exceeded the
statistical facilitation predicted by the race model. This indicates that mechanisms for
multisensory facilitation of audiovisual orienting emerge late in the first year of life in
humans, consistent with the experience-dependent postnatal development that has
been reported in the superior colliculus in monkeys and cats (Wallace and Stein 1997,
2001; see Chapter 14 by Wallace et al.).
Interestingly, when participants did not use eye or head movements to localize
audiovisual stimuli, but responded to them by pressing a button as quickly as possible
(a “detection” task), adult-like multisensory improvements in latency were not evident
until after 7 years (Barutchu et al. 2009; Barutchu et al. 2010). It may be that these
tasks do not tap into the early-developing subcortically driven reflexive orienting
system, but require cortical evidence integration and selection for action (Romo et al.
2004), which may develop later. To investigate this possibility, the latest research has
started to compare manual and eye-movement responses to the same audio-visual
stimuli directly (Nardini et al. in press).

3.2. Orienting and reaching while taking own movement into account
To localize targets that are perceptually available at the time of test, an egocentric
coordinate system is sufficient, and no memory is needed. However, significant
objects in the environment are not continually perceptually available, and may become
hidden from view or silent to the observer. This is particularly the case with mobile
observers, who can change their perspective on spatial layouts from one moment to the
next. For infants beginning to crawl and walk independently, a crucial challenge is to
integrate multisensory information into spatial representations that are useful for
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relocating objects after a change of position. Infants who are passively carried must
likewise take their movements into account in order to keep track of nearby objects’
locations1.
After movement, a static object initially localized on the observer’s left can
take up a new position in egocentric space, such as behind or to the right. The original
egocentric representation of the object’s location is then no longer useful for retrieving
it. This problem can be overcome in two ways: By updating objects’ positions in
egocentric coordinates while moving (“spatial updating”), or by using external
landmarks such as the walls of the room to encode and retrieve locations. For spatial
updating, the observer’s own movement, (“self-motion”), needs to be taken into
account. In human adults, both self-motion and landmarks play major roles in spatial
orientation and navigation (for reviews see Burgess 2006; Wang and Spelke 2002).
Within the broad category of “landmarks” key questions concern the extent to which
these help to organize space into a geocentric “cognitive map”, and the extent to which
they are used for simpler strategies such as recognition of familiar views (Burgess
2006; Wang and Spelke 2002). For humans, useful landmarks are overwhelmingly
visual2. Information about self-motion, however, comes from many sensory sources:
from vision, via optic flow (J.J. Gibson 1979; see Section 2 above), as well as from
vestibular, kinesthetic, and proprioceptive inputs (Howard and Templeton 1966;
MacNeilage et al. 2007; Zupan, et al. 2002).
Until recently, little was known about the neural mechanisms underlying
integration of multiple self-motion inputs for spatial behaviour. Important advances
have been in showing how macaque MST neurons integrate visual and vestibular
information to compute the animal’s direction of movement (Gu et al. 2008; Morgan
et al. 2008). Self-motion information must further be integrated with visual landmarks.
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A range of cell types in the mammalian medial temporal lobe (“head direction cells”,
“grid cells”, and hippocampal “place cells”) encode both self-motion and landmark
information and are likely to be the basis for their integration (for reviews see Burgess
2008; McNaughton et al. 2006; Moser et al. 2008; Taube 2007).
The earliest situations in which human infants might take their own motion
into account to localize objects are before independent movement, when carried
passively. Infants’ spatial orienting in these situations has been investigated in studies
using “peekaboo” tasks. In a study by Acredolo (1978), 6- to 16- month-olds sat in a
parent’s lap at a table inside a square enclosure with windows to the left and right. In a
training phase, infants learned that whenever a buzzer sounded, an experimenter
appeared at one of the windows. This was always the same window for each child.
Once the infant had learnt to orient to the correct window when the buzzer sounded,
the testing stage began. The parent and infant moved to the opposite side of the table, a
manipulation that swapped the egocentric positions of the “left” and “right” windows.
When the buzzer sounded, the experimenters recorded whether the infant looked to the
correct window, showing that they had correctly processed their change of position.
With no distinctive landmarks distinguishing the windows, solving the task depended
on the use of self-motion information, e.g., from optic flow and the vestibular system.
Infants up to 11 months old failed to use such information and oriented to the incorrect
window.
Other studies have confirmed the poor abilities of infants in the first year to
update their direction of orienting using only self-motion information (Acredolo and
Evans 1980; Keating et al. 1986; McKenzie et al. 1984; Rieser 1979). However, when
direct landmarks are added to distinguish between locations, infants in the first year
orient correctly (e.g., at 6 months in Rieser 1979, and at 8-11 months in Acredolo and
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Evans 1980; Keating et al. 1986, Lew et al. 2000 and McKenzie et al. 1984).
Similarly, when searching for objects hidden in the left or right container on a tabletop, infants in the first year moved to the opposite side of the table tend not to take
their own movement into account unless they are given useful landmarks in the form
of colour cues (J.G. Bremner 1978; J.G. Bremner and Bryant 1977).
These results suggest that in order to maintain the locations of nearby objects
following their own movement, infants in the first year found added visual landmarks
significantly more useful than self-motion information alone. As stated above, selfmotion information comes from a number of sensory inputs. These may mature at
different rates, and interactions between them to guide self-motion perception may
also mature unevenly, as is the case with balance (see Section 2, above). In
“peekaboo” and reaching tasks, infants have optic flow and vestibular cues to changes
of position. Older infants and children carrying out the movement themselves can also
use kinesthetic and motor efference information about the movement of their body.
Children perform better after moving actively than after being carried (Acredolo et al.
1984), and better when walking around to the opposite viewpoint than when the
opposite viewpoint is presented by rotating the spatial layout (J.G. Bremner 1978; J.G.
Bremner and Bryant 1977; Schmuckler and Tsang 1997). This indicates that
kinesthetic and motor-efference information is useful. Performance is also better in the
light than in the dark, consistent with use of optic flow (Schmuckler and Tsang-Tong
2000). There is however as yet little direct evidence for whether, when, and how
infants integrate these multiple potential information sources to orient themselves in
space. J.G. Bremner et al. (1999) separated the contributions of optic flow and
vestibular cues to 6- to 12-month olds’ abilities to orient correctly to a target after a
change of position. Infants were seated in a rotatable cylindrical surround, which
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allowed manipulation of visual and vestibular information separately and in
conflicting combinations. The results showed a U-shaped developmental pattern in
which 6-month-olds, 12-month-olds, and young adults responded on the basis of optic
flow information, whereas 9-month-olds responded predominantly on the basis of
vestibular information. This indicates that children’s reliance on visual vs. vestibular
information for locating targets undergoes marked changes in the first year.

3.3. Navigation and spatial recall
The natural extension of early orienting and reaching responses towards nearby
objects is to flexible navigation and spatial recall in extended environments. This
depends on observers being able to encode locations using frames of reference that
will be useful for their later retrieval, and to bind individual objects (“what”) to their
locations (“where”). As described above, mature navigation and recall depend
critically both on visual information about landmarks and multisensory information
about self-motion.
Spatial studies with children of walking age have typically used search tasks in
which the child sees a toy hidden, and must then find it given a specific set of cues or
after a specific manipulation. Evidence for the individual development of landmarkbased and self-motion based spatial recall has come from tasks that separate these
information sources completely. Following spatial tasks devised for rodents by Cheng
and Gallistel (Cheng 1986; Gallistel 1990), Hermer and Spelke (1994, 1996) used
“disorientation” to eliminate self-motion information and so test spatial recall based
only on visual landmarks. In their task, 18- to 24- month-olds saw a toy hidden in one
of four identical containers in the four corners of a rectangular room. Useful
landmarks were the ‘geometry’ of the room (i.e., whether the target box had a longer
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wall on its left or its right), and in some conditions, different wall colours. If the child
was simply turned to face a random direction and then allowed to search, they could
relocate the toy using not only these visual landmarks but also an egocentric
representation. Such a representation might be an initial vector (e.g., “on my left”) that
has been updated with self-motion to take the child’s recent turn into account. To
eliminate this information source, children were disoriented by repeated turning with
eyes closed before being allowed to search. The resulting searches therefore reflected
only the accuracy of visual landmarks, and not of egocentric representations updated
with self-motion.
A large body of research using this technique has demonstrated that children as
young as 18 to 24 months can recall locations using only indirect visual landmarks,
although their abilities to use some kinds of indirect landmark (e.g., “geometry”, or the
shape of the enclosure layout) can be markedly better than others (Huttenlocher and
Lourenco 2007; Learmonth et al. 2002, 2008; Lee et al. 2006; Lee and Spelke 2008;
Nardini et al. 2009; Newcombe et al. 2010; for reviews see Cheng and Newcombe
2005; Twyman and Newcombe 2010).
The converse manipulation used to test self-motion alone, without use of visual
landmarks, is blindfolding participants. Strictly, this a test for use of non-visual (e.g.,
vestibular) self-motion cues only, as removing vision also removes the optic flow cue
to self-motion3. A typical non-visual “self-motion-only” spatial task is one in which
the participant is walked along the two lines of an “L” and then asked to return directly
to the origin, i.e., to complete the triangle (Foo et al. 2005; Loomis et al. 1993). Such a
task depends on keeping track of one’s own directions and angles of movement since
leaving the origin. There have been relatively few studies quantifying development of
self-motion-only navigation. Rider and Rieser (1988) found that 2-year-olds could
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localize targets after blindfolded walking along routes with two 90° turns, as could 4year-olds, who were more accurate. In another study, four-year-olds’ errors, like
adults’, increased with numbers of turns and numbers of targets (Rieser and Rider
1991). While 4-year-olds were inaccurate compared with adults, they still performed
better than chance given up to three turns and five targets. These results suggest that
like the landmark-only based localization of targets, self-motion-only based
localization emerges quite early in development. However, developmental trajectories
for different self-motion inputs (e.g., vestibular vs. kinesthetic), or their integration,
have not yet been studied.
The usual case, of course, is one in which both landmarks and self-motion are
available. For example, in order to relocate an object that we have recently put down
elsewhere in the room we can use visual landmarks, as well as a self-motion-updated
egocentric estimate of where the object now is relative to us. A key question is how
these systems interact to guide spatial behaviour. For mammals, including humans,
landmarks are usually more useful and exert stronger control over behaviour (Etienne
et al. 1996; Foo et al. 2005). Landmark and self-motion systems can be seen as
complementary, in the sense that self-motion can help when landmarks are not
available. On this model, self-motion is a “back-up” system for landmarks. An
alternative model is one in which self-motion and landmarks are integrated to improve
accuracy. That is, neither system provides a fully reliable guide to location, but by
integrating them estimates of location can be made more reliable. This second view is
in line with Bayesian models of multisensory and spatial behaviour (Cheng et al.
2007; Clark and Yuille 1990; Ernst 2005; Körding and Wolpert 2006; see below and
Section 5).
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A number of studies have examined the development of spatial recall in
situations allowing use of both self-motion and landmarks. In studies by Huttenlocher,
Newcombe and colleagues (Huttenlocher et al. 1994; Newcombe et al. 1998), children
searched for toys after seeing them buried in a long sandbox. The 1994 study
established that 16- to 24-month olds used the edges and overall shape of the sandbox
as visual “landmarks” when retrieving toys while remaining on the same side of the
box. In the 1998 study, 16- to 36-month-olds walked around the box to retrieve toys
from the opposite side. From the age of 22 months, having additional distant
landmarks in the room visible improved the accuracy of retrieval from the opposite
side. The role of these cues may have been to provide distant landmarks situating the
box and locations in a wider reference frame, and to improve spatial updating with
self-motion by highlighting the change in perspective brought about by walking to the
opposite side. In either case, these results are consistent with use of both visual
landmarks and multisensory self-motion inputs to encode spatial locations in the first
years of life.
Simons and Wang (1998; Wang and Simons 1999) showed that human adults’
recall for spatial layouts from new viewpoints is more accurate when they walk to the
new viewpoint than when they stay in one place while the layout is rotated. With
rotation of the layout, use of visual landmarks alone allows adult observers to
understand the change of perspective and to relocate objects with a certain level of
accuracy. However, this accuracy is enhanced when subjects walk to the new location,
meaning that self-motion information is also available (see also Burgess et al. 2004).
To study the development of coding based on both visual landmarks and selfmotion, Nardini et al. (2006) tested 3- to 6-year olds’ recall for the location of a toy
hidden under an array of cups surrounded by small local landmarks. Vision was
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always available. However, on some trials, recall took place from the same viewpoint,
while on others recall was from a different viewpoint. Viewpoint changes were
produced either by the child walking (so gaining self-motion information about the
viewpoint change), or by rotation of the array (gaining no self-motion information). At
all ages recall was most accurate without any viewpoint change. With viewpoint
changes produced by walking, the youngest children (3-year-olds) were above chance,
and quite accurate, at relocating objects. However, with viewpoint changes produced
by array rotation, only 5- and 6-year-olds retrieved objects at rates above chance. This
indicates that self-motion information is a major component of early spatial
competence, and can dominate over visual landmarks: Without useful self-motion
information, and so using only visual landmarks, 3- and 4-year olds could not
correctly process the viewpoint change. Note that when disoriented and so unable to
use self-motion, children from 18-24 months are competent at using some kinds of
visual landmarks to recall locations (Hermer and Spelke 1994, 1996). The present case
is more complex in that instead of being eliminated as by disorientation, when the
array was rotated self-motion information remained available, but indicated the wrong
location. This study therefore set up a conflict between visual landmarks and selfmotion, and found that before 5 years children preferred to rely on self-motion, even
when it was inappropriate for the task.
In a subsequent study, Nardini et al. (2008) used a different method to measure
how self-motion and landmarks interact for spatial recall. The cues were not placed in
conflict, as by array rotation manipulations, but were separated completely in
“landmark-only” and “self-motion-only” conditions. This enabled a more formal test
for their integration, and comparison with a Bayesian “ideal observer” model (Cheng
et al. 2007; Clark and Yuille 1990; Ernst 2005; Körding and Wolpert 2006). As in
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earlier studies, “landmark only” performance was measured using disorientation, and
“self-motion only” performance was measured using walking in darkness. However,
these manipulations were now carried out within the same spatial task, and were
compared with a combined “self-motion and landmarks” condition within the same
participants.
Four- to 8-year-olds were tested in a dark room with distant glowing
landmarks, and a set of glowing objects on the floor (Fig. 6.3A). The task was to pick
up the objects on the floor in a sequence, and then to return the first object directly to
its original place after a short delay. In “visual landmarks only” and “(non-visual) selfmotion only” conditions, participants had to return the object after disorientation and
in darkness respectively. A “self-motion plus landmarks” condition tested the normal
case in which participants were not disoriented and landmarks remained available.
Bayesian integration of cues predicts greater accuracy (reduced variance) given both
cues together than either single cue alone. In a “conflict” condition the landmarks were
rotated by a small amount before participants responded. They did not detect this
conflict, but it provided information about the degree to which participants followed
one or the other of the two information sources.

--Insert Figure 6.3 about here--

Adults were more accurate in their spatial estimates given both self-motion and
landmarks, in line with optimal (ideal observer model) performance. Given two cues
rather than one, adults’ searches were on average closer to the target (Fig. 6.3B) and
less variable4 (Fig. 6.3C). By contrast, 4- to 5-year-olds and 7- to 8-year-olds did not
perform better given two cues together than the best single cue (Fig. 6.3B, C).
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Modelling of responses on the “conflict” condition indicated that while children can
use both self-motion and landmarks to navigate, they did not integrate these but
followed one or the other on any trial. Thus, while even very young children use both
self-motion and landmarks for spatial coding, they seem not to integrate these to
improve accuracy until after 8 years of age. Proposed neural substrates for integration
of self-motion and landmarks for spatial tasks are head place cells, direction cells, and
grid cells in the hippocampus and medial temporal lobe (for reviews, see Burgess
2008; McNaughton et al. 2006; Moser et al. 2008; Taube 2007). Late development of
spatial information may be reflected in development of these medial temporal
networks. Recent studies with rodents have found these cell types to be functional very
early in life (Langston et al. 2010; Wills et al. 2010), although the development of
their abilities to integrate multisensory information is still to be investigated.
The late development of multisensory integration for reducing uncertainty in
spatial tasks parallels that recently reported for visual-tactile judgments of size and
shape (Gori et al. 2008) and for multiple visual depth cues (Nardini et al. 2010). It is
possible that while mature sensory systems are optimised for reducing uncertainty,
developing sensory systems are optimised for other goals. One benefit of not
integrating multisensory cues could be that keeping cues separate makes it possible to
detect conflicts between them. These conflicts may provide the error signals needed to
learn correspondences between cues, and to recalibrate them while the body is
growing (Gori et al. 2010).

4. Summary

25

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 26
We have reviewed the development of sensory integration for the skills underpinning
human spatial behaviour: balance, locomotion, spatial orientation, and navigation.
Even very young children are capable of using sensory information in order to control
balance and locomotion. Visual information seems particularly heavily weighted in
infancy and early childhood. Around 5 to 6 years a period of change begins, where
visual information is gradually down-weighted in favour of somatosensory and
vestibular inputs. However, on the available evidence, balance and locomotion are not
coupled in an adult-like fashion to either somatosensory or visual information until
adolescence.
Early spatial orienting behaviours show multisensory facilitation late in the
first year, consistent with experience-dependent postnatal development of the superior
colliculus. Sensory integration for more complex orientation and navigation tasks
including localising objects again after own movement shows a much more extended
developmental trajectory. Both self-motion information and landmarks are used for
spatial orientation and navigation from an early age, however they may not be
integrated in an adult-like fashion until after 8 years of age. Neural bases for these
tasks are increasingly becoming understood in animal models, and mathematical
models are increasingly allowing sensory integration during development to be
precisely quantified. A major challenge for the future is to account for developmental
change by linking these mathematical and neural levels of analysis.

5. Bayesian models
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We have proposed at several points in this chapter that Bayesian models of
information integration can provide a useful framework for understanding
developmental balance, locomotion and navigation phenomena. Here we briefly
describe the models and the prospects for further tests of their application to
multisensory developmental phenomena in the future.
Bayesian models address the problem that individual sensory estimates are
inevitably variable (uncertain) because of random noise. “Noise” is evident in an
auditory environment with background noise, or a murky visual environment;
however, even in ideal environmental conditions, all sensory systems contain some
variability (uncertainty) due to their own limited resolution, and to noisy transmission
of information by neurons. Bayesian models provide a rule by which the multiple,
noisy, sensory estimates we usually have available in parallel can be combined to
provide a single estimate that minimises noise or uncertainty (Cheng et al. 2007; Clark
and Yuille 1990; Ernst 2005; Körding and Wolpert 2006).
The rule for combining estimates to reduce uncertainty is simple: If multiple
sensory estimates are available (e.g., visual and haptic cues to object size), and the
noise in each of these is independent, then taking a weighted average of the estimates
will produce a final estimate that is less variable (more reliable) than the component
estimates. The optimal weighting is one in which the different estimates are weighted
in proportion to their reliabilities. A cue that is three times more variable than another
is therefore given three times less weight. Recent multisensory studies with adults
have shown optimal multisensory integration in many situations (e.g., vision and
touch, Ernst and Banks 2002; vision and audition, Alais and Burr 2004; visual and
vestibular cues to direction of heading, Fetsch et al. 2009; reviews: Ernst 2005;
Körding and Wolpert 2006).
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These findings provide an important new perspective on human multisensory
processing in demonstrating that in adults at least, multisensory integration is very
flexible. Adults are excellent at dynamically “reweighting” their reliance on different
information sources when these change in reliability. Thus, although vision may
usually dominate for a particular task, if visual information becomes uncertain (e.g., at
night, or in fog) it will be given less weighting relative to the other available
information (Alais and Burr 2004). The conclusion from this and other studies is that
phenomena such as “visual dominance” may be explained simply by the differing
reliabilities of the senses for particular tasks (Ernst 2005; Körding and Wolpert 2006).
Task-specific explanations for cue weighting: e.g., that vision dominates over audition
for spatial localization (Pick et al. 1969) - can then be subsumed by a single, more
general explanation: vision and audition (and other sensory inputs) are weighted
according to their reliabilities; Alais and Burr 2004).
We have described a range of developmental phenomena in which visual
dominance changes with age. For example, balance is much more influenced by vision
in young children than it is in older children or adults (Godoi and Barela 2008;
Shumway-Cook and Woollacott 1985; Wann et al. 1998; Woollacott et al. 1987). We
can state two possible kinds of Bayesian explanation for this developmental pattern.
First, Possibility 1: children and adults integrate multisensory information in the
same Bayesian / “optimal” manner. In this scenario, developmental changes in
“dominance” might simply reflect developmental changes in the reliabilities of the
underlying estimates. If the development of different senses were uneven (e.g., if
visual information for balance was accurate at an earlier age than vestibular
information), then different ages would show different weightings even though they
were following the same integration rules. A prediction from this account is that adults
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whose cue reliabilities were manipulated (e.g., by selectively adding noise) to be the
same as children’s would show the same behaviour as children.
The issue of dynamic sensory reweighting in children’s balance control was
first raised by Forssberg and Nashner (1982), and several studies since have
investigated the swinging room experiment from this perspective, changing the
distance between the swinging walls and the observer to try and detect sensory
reweighting as the far walls become a less reliable source of information about relative
motion (Dijkstra et al. 1994; Godoi and Barela 2008). Studies have also recorded
developmental changes in weighting of multisensory information for posture control in
response to differing amplitudes of visual vs. somatosensory perturbations (Bair et al.
2007). However, to be able to test whether patterns of reweighting in either children or
adults are in line with Bayesian predictions, studies will need to measure the sensory
reliabilities of visual and other cues to balance, which remains challenging (see
below).
The alternative is Possibility 2: children and adults do not integrate
multisensory information in the same Bayesian / “optimal” manner. For example,
adults might take a weighted average of estimates in proportion to their reliabilities,
while children might do something else. Children could rely on a single estimate even
when other reliable estimates are available, or, they could integrate estimates using a
sub-optimal weighting, or they could be less effective than adults in excluding
estimates that are highly discrepant with others from the integration process5.
Most of the studies that have been reviewed cannot separate these two
accounts, as changes with age in relative reliance on different cues are consistent with
both. Possibility 1 – that children and adults process information in the same way –
provides the simplest account in that it needs to posit fewer kinds of developmental
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changes. This account therefore should not be ruled out for specific tasks until the
relevant experimental manipulations have been tested. Interestingly, in the small
number of studies that have examined the development of Bayesian integration
explicitly (Gori et al. 2008; Nardini et al. 2008; Nardini et al. 2010), children were
shown not to integrate estimates in an adult-like way until after 8 years – i.e.,
Possibility 1 could be rejected. These studies used visual, manual and locomotor tasks
involving spatial or psychophysical decisions. Whether the same would be true for
more elementary sensory-motor behaviours such as balance is a major question for
future studies. A challenge for developmental studies is the time-consuming nature of
testing Bayesian models of multisensory integration, since they require measurement
of response variability in both single-cue and combined-cue conditions. One way to
address this is use of psychophysical staircase procedures (e.g., Kaernbach 1991;
Kontsevich and Tyler 1999) to obtain more rapid estimates of variability (Nardini et
al. 2010). A second challenge is measuring perceptual variability for elementary
sensory-motor behaviours such as balance that lead to postural changes but do not lend
themselves to explicit judgments. For this, new approaches need to be developed for
inferring variability from spontaneous behaviours. This is challenging but possible, as
a recent study has shown by measuring integration of depth cues using only
spontaneous eye movements (Wismeijer et al. 2010).
To sum up, many developmental changes in use of multiple cues for balance,
locomotion and navigation in childhood could be explained within a Bayesian
framework. However, to assess whether developmental changes correspond either to
adult-like integration with a different inputs in terms of cue reliabilities, or non-adult
like integration or lack of integration, more detailed studies need to be carried out
quantifying the variability of the underlying estimates. The few studies so far that have
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tested this framework with children suggest that they do not integrate estimates in an
adult like manner until after 8 years, across senses for spatial localization or object
perception (Gori et al. 2008; Nardini et al. 2008), or within vision for 3D shape
discrimination (Nardini et al. 2010).

5.1. Other models
We have reviewed development of the sensory processes underlying adaptive spatial
behaviour. While children’s sensory and motor systems are immature, they are also in
some senses optimized for the ecology of their environments. For example, young
infants do not need high visual acuity or accurate spatial localization. Bayesian models
stress optimization for accuracy, in terms of the reduction of sensory uncertainty.
However, maximal accuracy is not the most important goal for many spatial tasks that
infants and children face. For developing sensory-motor systems there may be other
goals more important than maximizing accuracy, such as responding rapidly (Barutchu
et al. 2009; Neil et al. 2006), or detecting inter-sensory conflicts (Gori et al. 2010;
Nardini et al. 2010). Therefore many other kinds of model remain to be developed, in
which “optimality” is quantified based on different goals or properties. It may be that
these models will provide the best description of how developing perceptual and motor
systems are optimized for spatial behaviour.

31

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 32
ACKNOWLEDGEMENTS

MN would like to acknowledge support from the James S. McDonnell Foundation
21st Century Science Scholar in Understanding Human Cognition Program, the
National Institute of Health Research BMRC for Ophthalmology, and United
Kingdom Economic and Social Research Council Grant RES-062-23-0819. DC would
like to acknowledge support from the European Research Council under the European
Community's Seventh Framework Programme (FP7/2007-2013) / ERC Grant
agreement no. 241242.

32

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 33
REFERENCES

Acredolo, L.P. (1978). Development of spatial orientation in infancy. Developmental
Psychology, 14, 224-234.
Acredolo, L.P., Adams, A., and Goodwyn, S.W. (1984). The role of self-produced
movement and visual tracking in infant spatial orientation. Journal of
Experimental Child Psychology, 38, 312-327.
Acredolo, L.P., and Evans, D. (1980). Developmental changes in the effects of
landmarks on infant spatial behavior. Developmental Psychology, 16, 312-318.
Adolph, K.E. (1995). A psychophysical assessment of toddlers' ability to cope with
slopes. Journal of Experimental Psychology: Human Perception and
Performance, 21, 734-750.
Adolph, K.E. (1997). Learning in the development of infant locomotion. Monographs
of the Society for Research in Child Development, 62, I-158.
Alais, D., and Burr, D. (2004). The ventriloquist effect results from near optimal
crossmodal integration. Current Biology, 14, 257-262.
Angelaki, D.E., Klier, E.M., and Snyder, L.H. (2009). A vestibular sensation:
probabilistic approaches to spatial perception. Neuron, 64, 448-461.
Atkinson, J. (2002) . The Developing Visual Brain. Oxford University Press, Oxford.
Atkinson, J., Hood, B., Wattam-Bell, J., and Braddick, O. (1992). Changes in
infants' ability to switch visual attention in the first three months of life.
Perception, 21, 643-653.
Bair, W.N., Kiemel, T., Jeka, J.J., and Clark, J.E. (2007). Development of
multisensory reweighting for posture control in children. Experimental Brain
Research, 183, 435-446.

33

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 34
Barela, J.A., Jeka, J.J., and Clark, J.E. (1999). The use of somatosensory
information during the acquisition of independent upright stance. Infant
Behavior and Development, 22, 87-102.
Barela, J.A., Jeka, J.J., and Clark, J.E. (2003). Postural control in children.
Coupling to dynamic somatosensory information. Experimental Brain
Research, 150, 434-442.
Barutchu, A., Crewther, D.P., and Crewther, S.G. (2009). The race that precedes
coactivation: development of multisensory facilitation in children.
Developmental Science, 12, 464-473.
Barutchu, A., Danaher, J., Crewther, S.G., Innes-Brown, H., Shivdasani, M.N.,
and Paolini, A.G. (2010). Audiovisual integration in noise by children and
adults. Journal of Experimental Child Psychology, 105, 38-50.
Berard, J.R., and Vallis, L.A. (2006). Characteristics of single and double obstacle
avoidance strategies: a comparison between adults and children. Experimental
Brain Research, 175, 21-31.
Bertenthal, B.I., Rose, J.L., and Bai, D.L. (1997). Perception-action coupling in the
development of visual control of posture. Journal of Experimental Psychology:
Human Perception and Performance, 23, 1631-1643.
Billington, J., Field, D.T., Wilkie, R.M., and Wann, J.P. (2010). An fMRI study of
parietal cortex involvement in the visual guidance of locomotion. Journal of
Experimental Psychology: Human Perception and Performance, 36, 14951507.
Braddick, O., Atkinson, J., Hood, B., Harkness, W., Jackson, G., and VarghaKhadem, F. (1992). Possible blindsight in infants lacking one cerebral
hemisphere. Nature, 360, 461-463.

34

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 35
Bremner, A.J., Holmes, N.P., and Spence, C. (2008). Infants lost in (peripersonal)
space? Trends in Cognitive Sciences, 12, 298-305.
Bremner, A.J., Mareschal, D., Lloyd-Fox, S., and Spence, C. (2008). Spatial
localization of touch in the first year of life: early influence of a visual spatial
code and the development of remapping across changes in limb position.
Journal of Experimental Psychology: General, 137, 149-162.
Bremner, J.G. (1978). Egocentric versus allocentric spatial coding in 9-month-old
infants: factors influencing the choice of code. Developmental Psychology, 14,
346-355.
Bremner, J.G., and Bryant, P. (1977). Place versus response as the basis of spatial
errors made by young infants. Journal of Experimental Child Psychology, 23,
162-171.
Bremner, J.G., Hatton, F., Foster, K.A., and Mason, U. (2011, June 4). The
contribution of visual and vestibular information to spatial orientation by 6- to
14-month-old infants and adults. Developmental Science. Advance online
publication. doi: 10.1111/j.1467-7687.2011.01051.x.
Bronson, G. (1974). The postnatal growth of visual capacity. Child Development, 45,
873-890.
Burgess, N. (2006). Spatial memory: how egocentric and allocentric combine. Trends
in Cognitive Sciences, 10, 551-557.
Burgess, N. (2008). Spatial cognition and the brain. Annals of the New York Academy
of Sciences, 1124, 77-97.
Burgess, N., Spiers, H.J., and Paleologou, E. (2004). Orientational manoeuvres in
the dark: dissociating allocentric and egocentric influences on spatial memory.
Cognition, 94, 149-166.

35

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 36
Cheng, K. (1986). A purely geometric module in the rat’s spatial representation.
Cognition, 23, 149-178.
Cheng, K., and Newcombe, N.S. (2005). Is there a geometric module for spatial
orientation? Squaring theory and evidence. Psychonomic Bulletin and Review,
12, 1-23.
Cheng, K., Shettleworth, S.J., Huttenlocher, J., and Rieser, J.J. (2007). Bayesian
integration of spatial information. Psychological Bulletin, 133, 625-637.
Clark, J.J., and Yuille, A.L. (1990). Data Fusion for Sensory Information Systems.
Kluwer Academic, Boston, MA.
Clifton, R.K., Morrongiello, B.A., Kulig, J.W., and Dowd, J.M. (1981). Newborns'
orientation toward sound: possible implications for cortical development. Child
Development, 52, 833-838.
Cowie, D., Atkinson, J., and Braddick, O. (2010). Development of visual control in
stepping down. Experimental Brain Research, 202, 181-188.
Day, B.L., and Fitzpatrick, R.C. (2005). The vestibular system. Current Biology, 15,
R583-R586.
Dijkstra, T.M., Schoner, G., and Gielen, C.C. (1994). Temporal stability of the
action-perception cycle for postural control in a moving visual environment.
Experimental Brain Research, 97, 477-486.
Ernst, M.O. (2005). A Bayesian view on multimodal cue integration. In Human body
perception from the inside out (eds. G. Knoblich, I.M. Thornton, M. Grosjean,
and M. Shiffrar), pp. 105-134. Oxford University Press, New York.
Ernst, M.O., and Banks, M.S. (2002). Humans integrate visual and haptic
information in a statistically optimal fashion. Nature, 415, 429-433.

36

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 37
Etienne, A.S., Maurer, R., and Seguinot, V. (1996). Path integration in mammals
and its interaction with visual landmarks. The Journal of Experimental Biology,
199, 201-209.
Fantz, R.L. (1963). Pattern Vision in Newborn Infants. Science, 140, 296-297.
Fetsch, C.R., Turner, A.H., Deangelis, G.C., and Angelaki, D.E. (2009). Dynamic
reweighting of visual and vestibular cues during self-motion perception. The
Journal of Neuroscience, 29, 15601-15612.
Foo, P., Warren, W.H., Duchon, A., and Tarr, M.J. (2005). Do humans integrate
routes into a cognitive map? Map- versus landmark-based navigation of novel
shortcuts. Journal of Experimental Psychology: Learning, Memory and
Cognition, 31, 195-215.
Forssberg, H., and Nashner, L.M. (1982). Ontogenetic development of postural
control in man: adaptation to altered support and visual conditions during
stance. The Journal of Neuroscience, 2, 545-552.
Franchak, J.M., and Adolph, K.E. (2010). Visually guided navigation: headmounted eye-tracking of natural locomotion in children and adults. Vision
Research, 50, 2766-2774.
Gallistel, C.R. (1990). The organization of learning. MIT Press, Cambridge, MA.
Gibson, J.J. (1979). The ecological approach to visual perception. Houghton Mifflin,
Boston, MA.
Godoi, D., and Barela, J.A. (2008). Body sway and sensory motor coupling
adaptation in children: effects of distance manipulation. Developmental
Psychobiology, 50, 77-87.
Gori, M., Del Viva, M., Sandini, G., and Burr, D. (2008). Young children do not
integrate visual and haptic form information. Current Biology, 18, 694-698.

37

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 38
Gori, M., Sandini, G., Martinoli, C., and Burr, D. (2010). Poor haptic orientation
discrimination in nonsighted children may reflect disruption of cross-sensory
calibration. Current Biology, 20, 223-225.
Gu, Y., Angelaki, D.E., and Deangelis, G.C. (2008). Neural correlates of
multisensory cue integration in macaque MSTd. Nature Neuroscience, 11,
1201-1210.
Heinrichs, M.R. (1994). An analysis of critical transition points of barrier crossing
actions. Unpublished doctoral thesis, University of Minnesota.
Hermer, L., and Spelke, E. (1994). A geometric process for spatial reorientation in
young children. Nature, 370, 57-59.
Hermer, L., and Spelke, E. (1996). Modularity and development: the case of spatial
reorientation. Cognition, 61, 195-232.
Higgins, C., Campos, J.J., and Kermoian, R. (1996). Effect of self-produced
locomotion on infant postural compensation to optic flow. Developmental
Psychobiology, 32, 836-841.
Hirabayashi, S., and Iwasaki, Y. (1995). Developmental perspective of sensory
organization on postural control. Brain and Development, 17, 111-113.
Howard, I.P., and Templeton, W.B. (1966). Human spatial orientation. John Wiley
and Sons, London.
Huttenlocher, J., and Lourenco, S.F. (2007). Coding location in enclosed spaces: is
geometry the principle? Developmental Science, 10, 741-746.
Huttenlocher, J., Newcombe, N., and Sandberg, E. (1994). The Coding of Spatial
Location in Young Children. Cognitive Psychology, 27, 115-147.
Jouen, F., Lepecq, J., Gapenne, O., and Bertenthal, B. (2000). Optic flow
sensitivity in neonates. Infant Behavior and Development, 23, 271-284.

38

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 39
Kaernbach, C. (1991). Simple adaptive testing with the weighted up-down method.
Perception and Psychophysics, 49, 227-229.
Keating, M.B., McKenzie, B.E., and Day, R.H. (1986). Spatial localization in
infancy: position constancy in a square and circular room with and without a
landmark. Child Development, 57, 115-124.
Kingsnorth, S., and Schmuckler, M.A. (2000). Walking skill vs walking experience
as a predictor of barrier crossing in toddlers. Infant Behavior and Development,
23, 331-350.
Klatzky, R.L., Loomis, J.M., Golledge, R.G., Cicinelli, J.G., Doherty, S., and
Pellegrino, J.W. (1990). Acquisition of route and survey knowledge in the
absence of vision. Journal of Motor Behavior, 22, 19-43.
Klevberg, G.L., and Anderson, D.I. (2002). Visual and haptic perception of postural
affordances in children and adults. Human Movement Science, 21, 169-186.
Knill, D.C. (2007). Robust cue integration: a Bayesian model and evidence from cueconflict studies with stereoscopic and figure cues to slant. Journal of Vision, 7,
5-24.
Kontsevich, L.L., and Tyler, C.W. (1999). Bayesian adaptive estimation of
psychometric slope and threshold. Vision Research, 39, 2729-2737.
Kording, K.P., Beierholm, U., Ma, W.J., Quartz, S., Tenenbaum, J.B., and Shams,
L. (2007). Causal inference in multisensory perception. PLoS One, 2, e943.
Körding, K.P., and Wolpert, D.M. (2006). Bayesian decision theory in sensorimotor
control. Trends in Cognitive Sciences, 10, 319-326.
Landy, M.S., Maloney, L.T., Johnston, E.B., and Young, M. (1995). Measurement
and modeling of depth cue combination: in defense of weak fusion. Vision
Research, 35, 389-412.

39

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 40
Langston, R.F., Ainge, J.A., Couey, J.J., et al. (2010). Development of the spatial
representation system in the rat. Science, 328, 1576-1580.
Lawson, K.R. (1980). Spatial and temporal congruity and auditory–visual integration
in infants. Developmental Psychology, 16, 185-192.
Learmonth, A.E., Nadel, L., and Newcombe, N.S. (2002). Children’s use of
landmarks: implications for modularity theory. Psychological Science, 13, 337341.
Lee, D.N., and Aronson, E. (1974). Visual propriceptive control of standing in human
infants. Perception and Psychophysics, 15, 529-532.
Lee, S.A., Shusterman, A., and Spelke, E.S. (2006). Reorientation and landmarkguided search by young children: Evidence for two systems. Psychological
Science, 17, 577-582.
Lee, S.A., and Spelke, E.S. (2008). Children’s use of geometry for reorientation.
Developmental Science, 11, 743-749.
Lew, A.R., Bremner, J.G., and Lefkovitch, L.P. (2000). The development of
relational landmark use in 6-12 month old infants in a spatial orientation task.
Child Development, 71, 1179-1190.
Lishman, J.R., and Lee, D.N. (1973). The autonomy of visual kinaesthesis.
Perception, 2, 287-294.
Loomis, J.M., Klatzky, R.L., Golledge, R.G., Cicinelli, J.G., Pellegrino, J.W., and
Fry, P.A. (1993). Nonvisual navigation by blind and sighted: assessment of
path integration ability. Journal of Experimental Psychology: General, 122,
73-91.

40

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 41
MacNeilage, P.R., Banks, M.S., Berger, D.R., and Bulthoff, H.H. (2007). A
Bayesian model of the disambiguation of gravitoinertial force by visual cues.
Experimental Brain Research, 179, 263-290.
McKenzie, B.E., Day, R.H., and Ihsen, E. (1984). Localization of events in space:
Young infants are not always egocentric. British Journal of Developmental
Psychology, 2, 1-9.
McNaughton, B.L., Battaglia, F.P., Jensen, O., Moser, E.I., and Moser, M.B.
(2006). Path integration and the neural basis of the ‘cognitive map’. Nature
Reviews Neuroscience, 7, 663-678.
Meredith, M.A., and Stein, B.E. (1983). Interactions among converging sensory
inputs in the superior colliculus. Science, 221, 389-391.
Meredith, M.A., and Stein, B.E. (1986). Visual, auditory, and somatosensory
convergence on cells in superior colliculus results in multisensory integration.
Journal of Neurophysiology, 56, 640-662.
Miller, J. (1982). Divided attention: evidence for coactivation with redundant signals.
Cognitive Psychology, 14, 247-279.
Moreau, T., Helfgott, E., Weinstein, P., and Milner, P. (1978). Lateral differences in
habituation of ipsilateral head-turning to repeated tactile stimulation in the
human newborn. Perceptual and Motor Skills, 46, 427-436.
Morgan, M.L., Deangelis, G.C., and Angelaki, D.E. (2008). Multisensory
integration in macaque visual cortex depends on cue reliability. Neuron, 59,
662-673.
Moser, E.I., Kropff, E., and Moser, M.B. (2008). Place cells, grid cells, and the
brain's spatial representation system. Annual Review of Neuroscience, 31, 6989.

41

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 42
Nardini, M., Atkinson, J., Braddick, O., and Burgess, N. (2006). The development
of body, environment, and object-based frames of reference in spatial memory
in normal and atypical populations. Cognitive Processing, 7, 68-69.
Nardini, M., Bales, J., Zughni, S., and Mareschal, D. (in press). Differential
development of audio-visual integration for saccadic eye movements and
manual responses. Journal of Vision, Vision Sciences Society Meeting, 2011:
Abstracts.
Nardini, M., Bedford, R., and Mareschal, D. (2010). Fusion of visual cues is not
mandatory in children. Proceedings of the National Academy of Sciences of the
United States of America, 107, 17041-17046.
Nardini, M., Jones, P., Bedford, R., and Braddick, O. (2008). Development of cue
integration in human navigation. Current Biology, 18, 689-693.
Nardini, M., Thomas, R.L., Knowland, V.C., Braddick, O.J., and Atkinson, J.
(2009). A viewpoint-independent process for spatial reorientation. Cognition,
112, 241-248.
Neil, P.A., Chee-Ruiter, C., Scheier, C., Lewkowicz, D.J., and Shimojo, S. (2006).
Development of multisensory spatial integration and perception in humans.
Developmental Science, 9, 454-464.
Newcombe, N., Huttenlocher, J., Bullock Drummey, A., and Wiley, J.G. (1998).
The development of spatial location coding: place learning and dead reckoning
in the second and third years. Cognitive Development, 13, 185-200.
Newcombe, N.S., Ratliff, K.R., Shallcross, W.L., and Twyman, A.D. (2010). Young
children’s use of features to reorient is more than just associative: further
evidence against a modular view of spatial processing. Developmental
Science., 13, 213-220.

42

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 43
Otto, T.U., and Mamassian, P. (2010). Divided attention and sensory integration: The
return of the race model. Journal of Vision, 10, 863.
Pagel, B., Heed, T., and Röder, B. (2009). Change of reference frame for tactile
localization during child development. Developmental Science, 12, 929-937.
Peterka, R.J., and Black, F.O. (1990). Age-related changes in human posture control:
sensory organization tests. Journal of Vestibular Research, 1, 73-85.
Peterson, M.L., Christou, E., and Rosengren, K.S. (2006). Children achieve adultlike sensory integration during stance at 12-years-old. Gait and Posture., 23,
455-463.
Pick, H.L., Warren, D.H., and Hay, J.C. (1969). Sensory Conflict in Judgments of
Spatial Direction. Perception and Psychophysics, 6, 203-205.
Pufall, P.B., and Dunbar, C. (1992). Perceiving whether or not the world affords
stepping onto and over: a developmental study. Ecological Psychology, 4, 1738.
Raab, D.H. (1962). Statistical facilitation of simple reaction times. Transactions of the
New York Academy of Sciences, 24, 574-590.
Rider, E.A. and Rieser, J.J. (1988). Pointing at objects in other rooms: young
children's sensitivity to perspective after walking with and without vision.
Child Development, 59, 480-494.
Riecke, B.E., van Veen, H.A., and Bulthoff, H.H. (2002). Visual Homing Is Possible
Without Landmarks: A Path Integration Study in Virtual Reality. Presence:
Teleoperators and Virtual Environments, 11, 443-473.
Rieser, J.J. (1979). Spatial orientation of six-month-old infants. Child Development,
50, 1078-1087.

43

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 44
Rieser, J.J., and Rider, E.A. (1991). Young Children's Spatial Orientation With
Respect to Multiple Targets When Walking Without Vision. Developmental
Psychology, 27, 97-107.
Rinaldi, N.M., Polastri, P.F., and Barela, J.A. (2009). Age-related changes in
postural control sensory reweighting. Neuroscience Letters, 467, 225-229.
Romo, R., Hernandez, A., and Zainos, A. (2004). Neuronal correlates of a perceptual
decision in ventral premotor cortex. Neuron, 41, 165-173.
Schmuckler, M.A. (1996). The development of visually-guided locomotion: barrier
crossing by toddlers. Ecological Psychology, 8, 209-236.
Schmuckler, M.A., and Gibson, E.J. (1989). The effect of imposed optical flow on
guided locomotion in young walkers. British Journal of Developmental
Psychology, 7, 193-206.
Schmuckler, M.A., and Tsang, H.Y. (1997) . Visual-movement interaction in infant
search. In Studies in Perception and Action IV (eds. M.A. Schmuckler and J.M.
Kennedy), pp. 233-236. Lawrence Erlbaum, Mahwah, NJ.
Schmuckler, M.A., and Tsang-Tong, H.Y. (2000). The role of visual and body
movement information in infant search. Developmental Psychology, 36, 499510.
Shumway-Cook, A., and Woollacott, M.H. (1985). The growth of stability: postural
control from a development perspective. Journal of Motor Behavior, 17, 131147.
Simons, D.J., and Wang, R.F. (1998). Perceiving Real-World Viewpoint Changes.
Psychological Science, 9, 315-320.
Sparto, P.J., Redfern, M.S., Jasko, J.G., Casselbrant, M.L., Mandel, E.M., and
Furman, J.M. (2006). The influence of dynamic visual cues for postural

44

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 45
control in children aged 7-12 years. Experimental Brain Research, 168, 505516.
Tan, U., and Tan, M. (1999). Incidences of asymmetries for the palmar grasp reflex in
neonates and hand preference in adults. Neuroreport, 10, 3253-3256.
Taube, J.S. (2007). The head direction signal: origins and sensory-motor integration.
Annual Review of Neuroscience, 30, 181-207.
Twyman, A.D., and Newcombe, N.S. (2010). Five reasons to doubt the existence of a
geometric module. Cognitive Science, 34, 1315-1356.
Wall, M.B., Lingnau, A., Ashida, H., and Smith, A.T. (2008). Selective visual
responses to expansion and rotation in the human MT complex revealed by
functional magnetic resonance imaging adaptation. European Journal of
Neuroscience, 27, 2747-2757.
Wall, M.B., and Smith, A.T. (2008). The representation of egomotion in the human
brain. Current Biology, 18, 191-194.
Wallace, M.T., and Stein, B.E. (1997). Development of multisensory neurons and
multisensory integration in cat superior colliculus. Journal of Neuroscience,
17, 2429-2444.
Wallace, M.T., and Stein, B.E. (2001). Sensory and multisensory responses in the
newborn monkey superior colliculus. Journal of Neuroscience, 21, 8886-8894.
Wallace, M.T., Wilkinson, L.K., and Stein, B.E. (1996). Representation and
integration of multiple sensory inputs in primate superior colliculus. Journal of
Neurophysiology, 76, 1246-1266.
Wang, R.F., and Simons, D.J. (1999). Active and passive scene recognition.
Cognition, 70, 191-210.

45

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 46
Wang, R.F., and Spelke, E.S. (2002). Human spatial representation: insights from
animals. Trends in Cognitive Sciences, 6, 376-382.
Wann, J.P., Mon-Williams, M., and Rushton, K. (1998). Postural control and coordination disorders: The swinging room revisited. Human Movement Science,
17, 491-513.
Wattam-Bell, J., Birtles, D., Nystrom, P., et al. (2010). Reorganization of global
form and motion processing during human visual development. Current
Biology, 20, 411-415.
Wertheimer, M. (1961). Psychomotor coordination of auditory and visual space at
birth. Science, 134, 1692.
Wills, T.J., Cacucci, F., Burgess, N., and O'Keefe, J. (2010). Development of the
hippocampal cognitive map in preweanling rats. Science, 328, 1573-1576.
Wismeijer, D.A., Erkelens, C.J., van, E.R., and Wexler, M. (2010). Depth cue
combination in spontaneous eye movements. Journal of Vision, 10, 25.
Woollacott, M., Debu, B., and Mowatt, M. (1987). Neuromuscular control of posture
in the infant and child: is vision dominant? Journal of Motor Behavior, 19,
167-186.
Zupan, L.H., Merfeld, D.M., and Darlot, C. (2002). Using sensory weighting to
model the influence of canal, otolith and visual cues on spatial orientation and
eye movements. Biological Cybernetics, 86, 209-230.
Zwart, R., Lebedt, A., Fong, B., deVries, H., and Savelsbergh, G. (2005). The
affordance of gap crossing in toddlers. Infant Behavior and Development, 28,
145-154.

46

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 47
FOOTNOTES

1. A related problem is keeping track of own limb positions in order to enable their
accurate localization, and to support accurate reaching towards objects (Chapter 5 by
A.J. Bremner et al. and Chapter 13 by Röder et al.; A.J. Bremner et al. 2008a; 2008b;
Pagel et al. 2009).

2. If landmarks do play a role in building up a “cognitive map” of space, an interesting
question is how and whether blind humans do this (Klatzky et al. 1990; Loomis et al.
1993).

3. In a study with adults, Riecke et al. (2002) separated the dual roles of vision in
providing visual landmarks and optic flow by having subjects navigate in virtual
reality through a field of visual ‘blobs’ that provided texture for optic flow but could
not be used as landmarks.

4. The major predicted benefit for integration of cues is a reduction in the variance of
responses – see Section 5.

5. The simple rule to integrate all available estimates is inappropriate for situations in
which one estimate differs drastically from the others. “Robust cue integration” is an
extension to the Bayesian integration framework stating that since large outliers are
highly unlikely to be due to normal sensory noise, they should be presumed to be
erroneous and excluded from integration with other estimates (Knill 2007; Kording et
al. 2007; Landy et al. 1995). “Robust cue integration” would give observers in the
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swinging room a basis for disregarding visual information when it is highly discrepant
with vestibular and proprioceptive information. The crucial point to note in comparing
children and adults is that whether or not estimates can be detected as “highly
discrepant” depends not only on the average difference between them, but also on their
variabilities. Thus, given children and adults subjected to the same experimental
manipulation, if adults’ estimates of own posture (via all senses) are much less
variable than children’s, then adults might have a basis for detecting that the visual
estimate is discrepant compared with the others, whereas children might not. In this
situation, if both age groups were following “robust cue integration” with the same
integration rules, adults would reject vision but children would not. To show that
adults and children really differ in integration behaviour it is necessary to exclude this
possibility – for example, by showing that even when noise is added to adults’
estimates in order to bring them to children’s level, they still behave differently.

48

BALANCE, LOCOMOTION, ORIENTATION, AND NAVIGATION 49
FIGURE CAPTIONS

Fig. 6.1. The swinging room technique. (a) The participant stands in a room with a
stationary floor but moving walls. (b) An optic flow expansion pattern created by
walls moving toward the participant. The same pattern would be produced by the
observer swaying forward.

Fig. 6.2. Measuring multisensory contributions to balance. While participants attempt
to stand still on a platform, visual information can be removed by closing the eyes.
Ankle joint proprioception can be made unreliable by rotating the platform to maintain
the ankle at a fixed angle. This creates four sensory conditions a-d during which sway
was measured (Shumway-Cook and Woollacott 1985).

Fig. 6.3. (A) Layout for the Nardini et al. (2008) spatial task. (B) Mean Root Mean
Square Error (RMSE) of responses under conditions providing SM (self-motion), LM
(landmarks), or SM+LM (both kinds of information). This measure reflects distances
between each search and the correct location. (B) Standard deviation (SD) of
responses. This measure reflects the variability (dispersion) of searches. Bayesian
integration of cues predicts reduced variance (and hence also reduced SD, which is the
square root of the variance), given multiple cues.
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Figure 6.1
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Figure 6.2
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Figure 6.3
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