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1. Introduction

This chapter describes development of the sensopepses underlying the movement
of our bodies in space. In order to move aroundwbed in an adaptive manner
infants and children must overcome a range of sgnmed motor challenges. Since
balance is a pre-requisite for whole-body movemamtl locomotion, a primary
challenge is using sensory inputs to maintain lwaamhe ultimate goal of movement
is to reach (or avoid) specific objects or locasian space. Thus, a further pre-
requisite for adaptive spatial behaviour is theligbto represent the locations of
significant objects and places. Information abawthsobjects, and about one’s own
movement (“self-motion”) comes from many differes@nses. A crucial challenge for
infants and children (not to mention adults) isébect or integrate these correctly to
perform spatial tasks.

We will first describe the development of balancel docomotion. We will
then go on to describe the development of spatiahtation and navigation. Basic
spatial orienting €.g, turning the head to localise multisensory stilpuihich does
not require balance or locomotion, is also desdribe this section. These early-
developing orienting behaviours are building bloikksmore sophisticated navigation
and spatial recall.

We will describe a number of situations in whiclatsgl behaviour in response
to multiple sensory inputs undergoes marked chamgeisildhood before reaching the
adult state. Bayesian integration of estimates themretical framework that may

accommodate some of these findings. In the conufudiection of this chapter
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(Section 5, we will describe this framework and highlighg potential for explaining
some of the existing developmental findings. Howewe will argue that most of the
experimental work needed to evaluate the Bayestmtaeation still remains to be

done.

2. Development of multisensory balance and locomot

Human balance mechanisms allow us to maintain atigeal equilibrium by
coordinating internal and external forces on theybdStatic balance refers to the
maintenance of equilibrium during quiet stance n@tag still), whereas dynamic
balance refers to the maintenance of equilibriumndgumovement as, for example,
during walking. In line with the focus of availaldarrent research, we will
concentrate on static balance. Maintaining balasaatally important for developing
infants and children, because it provides a baselwch to build other skills. For
example, being able to sit upright allows for reagh being able to stand without
falling over allows for walking. These motor skills turn permit explorations of the
surrounding space and objects. Useful informatambfilance and locomotion comes
from multiple senses. However, development poseééf@ult context in which to
integrate these multisensory inputs for balance landmotion, because the child’s
sensory and motor capabilities are still developwalgile her body is also changing in
shape, size and mass.

In this review we will separate the sensory inpuged to maintain balance into
three functional groupings: visual inputs, vest#suinputs, and information from

muscle and joint mechanoreceptors which we terropgipoception”. The key visual
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information for balance is that which signals nekatmotion between an observer and
their environment. Such movement produces charatitepatterns of change (“optic
flow”) in the visual environment (J.J. Gibson 1978pr example, as an observer
sways forwards toward an object, the image of thggct expands. This characteristic
“expansion” pattern therefore signals that the oleeis moving forwards and a
corrective, backwards sway response may be mademiBdial superior temporal area
MST plays a prominent role in processing theseadggras do subcortical structures
(Billington et al. 2010; Wall and Smith 2008). In the vestibular systethe
semicircular canals provide information about tb&ation of the head whereas the
otolith organs signal linear accelerations (Day Bidpatrick 2005). This information
is processed in the vestibular nuclei and subsetyuenhigher structures including
the cerebellum and cortex (see Angelai al. 2009). Finally what we term
proprioception includes information arising from sole spindles sensing muscle

stretch and similar mechanoreceptors in the joints.

2.1 Multisensory balance development

Many studies suggest that balance control is slyoogupled to visual information
very early in infancy. Furthermore, this coupliregms to require little experience of
standing or even sitting upright. Children as youmg 3 days old make head
movements in response to expanding optic flow dtimad head movement increases
linearly as a function of flow velocity (Jouest al. 2000). Preferential looking also
shows that 2 month olds can discriminate globalatadxpansion patterns from
random patterns. Sensitivity to this motion incemasluring the first year of life

(Brosseau-Lachainet al. 2008). The earliest responses may have a sulalobsis
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while later responses are likely to recruit coftigual areas sensitive to global flow

patterns, such as MT and MST (Wallal.2008; Wattam-Belét al.2010).

--Insert Figure 6.1 about here--

The “swinging room” technique (Lishman and Lee )37&s been widely used
to investigate the balance responses of infantschildren Eig. 6.1). Participants
stand on a platform inside what appears to be dl saman. The walls and ceiling of
the room move back and forth independently of tberf which is fixed. This causes
adult participants to sway with the motion of tbem. When the room moves towards
the participant, creating an expansion patt&ig.(6.1b), the participant takes this to
signal self-motion forwards and corrects their pered posture by swaying
backwards, with the motion of the room. Thus p&#nts became “hooked like
puppets” to the motion of the room. The developmehtthis phenomenon in
childhood can be characterised by two processes; & decrease in the gain of the
sway response (older children sway less in proportd the sway of the room); and
second, an increase in the temporal coupling betwa@m motion and body sway.

Sway responses are present very early: sitting BHmolds sway in synchrony
with the room (Bertenthadt al. 1997). Strong sway responses are maintained across
the transition from crawling to walking (Lee andofison 1974). Indeed, responses to
the moving room are produced to a greater degreenfants with crawling or
locomotor experience than for less experiencedtsfaf the same age (Higgies al.
1996). Many new walkers respond so strongly tostiraulus that they stumble or fall
over. Thus, visual inputs provide stronger inpotdalance at this age than they do in

adults. This is still true of 3- to 4-year-old amn (Wannet al. 1998), though the
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falling responses have disappeared by this age.ekbent of visually-driven sway
decreases rather sharply between 4 and 6 year®i(@od Barela 2008), indicating a
transition away from visual dominance of balancpomses which continues through
childhood. To understand the exact developmentgkdtory of sway gain, the
literature would benefit studies which use the s@aeadigm over a very broad age
range, including older children and teenagers. H@wneavailable data demonstrate
that for children aged 7 to 14 years, the gaisvedy to a swinging room is still higher
than in adults (Spartet al.2006; Godoi and Barela 2008).

Alongside the very gradual weakening of responsessual information, there
is a gradual increase in the temporal couplingomim movement and body sway
through childhood. Developments in coupling carseen as early as 5 to 13 months
(Bertenthalet al. 1997); and continue through mid-childhood. Coheeebetween
room and body sway reaches adult levels by 10 y&@uodoi and Barela 2008; Rinaldi
et al. 2009). This may indicate improvements in muscwantrol, but could also
reflect the refinement of visuomotor mechanismsd@and Barela 2008; Rinaldit
al. 2009). This increased coupling may be a generalftufe of perceptual
development, since it is also found using a “haptaving room” (Barelaet al. 2003)
where the relevant sensory information is hapticeathan visual.

While the swinging room technique allows for thetsynatic manipulation of
visual input, work using platform perturbations hagestigated the contributions of
visual, proprioceptive and vestibular inputs withone task (Shumway-Cook and
Woollacott 1985; Woollacotet al. 1987). Children stood with eyes closed on a
platform which rotated underfoot to dorsiflex theki joint. In these conditions,
visual signals are not present and vestibular spiat not initially signal sway. Only

proprioceptive information from the ankle joint iodtes that a balance response is
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necessary. Children aged 15-31 months did not ssguificantly in this situation
(Woollacott et al. 1987). This result accords with those from thengivig room
studies in showing that, for very young childreisual and vestibular inputs are much
more effective than proprioceptive inputs in driyifalance responses. Similar
platform rotations do evoke significant sway resggmin children older than 4 years.
At this age, where responses to moving visual sceaee also decreasing,
proprioceptive information alone becomes sufficientnduce sway (Shumway-Cook
and Woollacott 1985).

Further conditions in this study measured the irdatontributions of vision
and proprioception to balance, asking the childtenstand still in four sensory
conditions Fig. 6.2. There was no sudden platform perturbation, bifferént
conditions removed reliable visual information,iable proprioceptive information,
neither, or both. Visual information is simply rewea by having children close their
eyes. Reliable proprioceptive information is renmebby making the platform “sway-
referenced”; that is, the participant’s sway is itared and the platform is rotated
accordingly, so that the ankle joint always remamis 90°. In this situation
proprioceptive information remains present, butineongruent with other inputs.

Reliable vestibular information was available ihcainditions.

--Insert Figure 6.2 about here--

Removing visual information caused greater increassway for 4- to 6-year-
olds than for older children or adults. Howevemoing reliable proprioceptive
information caused even greater increases in shay temoving vision. Removing

both visual and proprioceptive information causedgkrous amounts of sway, with
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the majority of 4- to 6-year-olds falling over. Heeresults suggest that as for adults,
both these sources of information are very imparianmaintaining balance for
children of this age. However, 4- to 6-year-olds amore destabilized than adults
under conditions of sensory conflict, for examplaew the proprioception system
signals no movement while the vision and vestibsjatems signal movement.

Initial studies found that 7- to 10-year-olds’ baia during platform
translations was not greatly affected by removingion (Shumway-Cook and
Woollacott 1985). In these respects, 7- to 10-ydds* performance was very similar
to that of adults tested on the same tasks. Thisated weaker visual, and stronger
proprioceptive contributions to balance than atngmr ages. However, recent work
has suggested that fully mature balance responagsot occur until 12 to 15 years
(Hirabayashi and Iwasaki 1995; Peterka and BlacB01%®eterson, Christou, and
Rosengren 2006). Again, more detailed studies &nioa in the late childhood and
early teenage years would be valuable in developiffigller picture of multisensory
balance control towards adulthood.

Together the swinging room and platform perturbaggperiments suggest an
early reliance on visual information. The end aétperiod and transition away from
reliance on vision emerges around 5 years. Swayonses also achieve a tighter
temporal coupling to sensory inputs during mid-dihdod. However, the longer

developmental trajectories of these processesttvely under-researched.

2.2. Multisensory locomotor development
There are several distinct roles for sensory inpotsocomotion. First, as we have
seen, the processing of visual, proprioceptive westibular inputs is crucial for

balance, and balance in turn underpins locomotimteed, an important achievement
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for early walkers is learning to differentiate \adinformation for walking from visual
information for balance. For example, balance carclallenged during walking by
moving the room walls. In this situation, experietiavalkers are highly influenced by
the nature of the walking task (presence / absehobstacles) as well as by the visual
information present for balance. In contrast, mexperienced walkers react to balance
demands equally well in both navigation conditig@shmuckler and Gibson 1989).

A further role of sensory inputs in locomotion Iwing the walker to judge
properties of the environment, and the positiotheflimbs. This may be done in the
planning phase of a movement, or “online”, durihg thovement. The development
of visual planning in locomotion has been testadgigidgment tasks where children
are verbally questioned about whether they thinkohstacle is passable or not; or
where they are asked to choose a preferred pattughran environment. These
visually guided “passability” judgments depend ¢w tperceived skill required to
cross an obstacle, and the perceived size of teeadb relative to one’s own body
dimensions (Adolph 1995; Kingsnorth and Schmuck800; Schmuckler 1996).
Visual information is particularly useful in detammg obstacle size, and by mid-
childhood this body-referenced size informatiowvesy tightly coupled to passability
judgments (Heinrichs 1994; Pufall and Dunbar 1992gse judgments become more
refined during early childhood: For example, oltddlers judge better than younger
toddlers whether a barrier can be stepped overni8ckier 1996) or a gap crossed
(Zwartet al.2005).

Haptic information can also contribute to locomgtmigments. For example,
Adolph (1995) compared children’s perceptions ofchlslopes they could walk on
with their actual abilities. 14-month-olds made é&vattempts to descend slopes as

they became steeper, but nonetheless overestinta@dabilities. Crucially, these
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infants explored the slopes before they descendled. exploration was structured,
consisting of a short look at the slope, followédyecessary, by a long look, then
exploring the slope by touch, and then trying alidéive methods of descent such as
sliding down (Adolph 1997). Exploration was usedrtform locomotor choices, with
most exploration at those slopes which were neitiietiously easy to descend nor
obviously impossible, but required careful consatien. Thus haptic information was
added to visual information in locomotor decisioakimg at this young age. Sensory
exploration persists at older ages. In one taskdreim of 4.5 years were asked to
judge whether they could stand upright on a ramjg\lBerg and Anderson 2002).
Their judgements were compared with their actuahmetence. They could explore
the ramp using either vision or touch (for toudme felt the ramp with a wooden
pole). Children overestimated their ability to staon the slopes. Like adults, they
judged more accurately in the visual exploratiomditon than in the haptic
exploration condition. Thus both visual and haptiformation can be used for
exploration of the locomotor environment, thoughttar work is needed to explore
the balance of these inputs in more detail.

Online feedback can help to correct and refine mmm@s which are already
underway. In locomotion, a wide range of sensompuia can potentially provide
feedback including visual, proprioceptive, vestdyuland tactile inputs. Using
feedback to guide actions may be particularly ingoarin childhood. This is apparent
in a stair descent task. With vision available dgrthe whole stepping movement,
three-year-olds are skilled at using visual infotiora about stair size to scale their
movements to the size of step they are descendiayvever, this ability is
significantly impaired when visual feedback is remd during the step down (Cowie

et al. 2010). This suggests a need for visual feedbaBkyatars, which disappears by 4

10
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years. In a more complicated obstacle avoidanck taat required careful foot
placement as well as movement scaling, degradisigrvimpaired performance even
for 7-year-old children (Berard and Vallis 2006huBE, some existing data suggests
that visual feedback may be crucial for complexeatp of walking throughout
childhood. A recent eye-tracking study with yourtgldren (Franchak and Adolph
2010) confirms that during obstacle navigation digh make more fixations than
adults. More work is needed to establish the dynarof sensory inputs and motor
outputs during locomotion. Furthermore, it is cldaat the extent of reliance on visual
feedback depends on task complexity, and one ofctiedlenges for locomotor
research is to formulate general developmentaktimi@s regarding the use of sensory

information in locomotor tasks.

2.3 Multisensory development of balance and locoimot conclusions
Although balance and locomotion have here beerewad separately, in fact these
two skills are highly interdependent. While balarstélls allow the child to walk
safely, locomotion also refines the control of baka Infants who can sit upright
respond better to balance perturbations than thdse cannot (Woollacotet al.
1987), and infants with crawling or locomotor expece sway less than those without
(Barela et al. 1999). Locomotor experience can also alter thes@gncontrol of
balance: For example, experienced walkers are mesponsive to specific aspects of
sensory stimuli, such as peripheral optic flow (i et al. 1996).

We have reviewed a range of evidence which suggesgisrtant transitions
from an early reliance on vision for balance antbtaotion, to a later pattern where
information from across the visual, proprioceptivand vestibular systems is

responded to in a more even way. What precisely@lmean by “reliance”, and what

11
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are the mechanisms underlying such change? Onel mbdaultisensory processing
leading to action is that during development estiemdrom one, predominant, sense,
are simply acted upon in disregard of estimates ftioe other responses. It is easy to
imagine infants’ responses to the visual swingwgm stimulus in terms of this sort of
mechanism. This can be contrasted with a secong eypnodel in which a central
integrator collates and weights information frore thdependent senses to produce a
final multisensory estimate, which can then be datpon (Clark and Yuille 1990;
Ernst 2005; Koérding and Wolpert 2006). In the cadohg section of this chapter
(Section 5, we will discuss models of information integration more detail, argue
that they provide a useful framework for futuresbnof investigation, and highlight the

experimental manipulations that still need to beied out in order to evaluate them.

3. Development of multisensory orientation and nagation

Balance and locomotion provide a basis for spaigdaviour. To be adaptive, spatial
behaviour must be directed towards (or away fragmiicant objects and locations in
the environment. In this section we consider theettgment of the ability to orient
and navigate to significant objects and locatioimgormation about objects and
locations commonly comes from multiple senseg,(vision, audition, touch), which
must be combined appropriately. Information aboo¢’® own movement in space
also comes from multiple senses.q, vision, audition, proprioception and the
vestibular system). Many spatial tasks, such dgnmoup an object or crossing a road,
require an immediate response to environmentalusitiout no lasting record of them.

Other spatial tasks, such as finding the keys mdirfig the way home, also require

12
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memory. In these tasks, multisensory spatial infdrom must be stored in a form that

is useful for later retrieval.

3.1. Multisensory orienting

Orienting the eyes and head towards salient nestnmyli is a basic spatial behaviour
evident from birth. Newborns orient to visual patte (especially faces), but also to
auditory and tactile stimuli (Cliftoet al. 1981; Fantz 1963; Moreaat al. 1978; Tan
and Tan 1999; Wertheimer 1961). Early visual ommenis driven by the retinotectal
pathway to the superior colliculus in the midbrawhich transmits sensory
information for eye and head movements (BronsomdL9This subcortical system
enables orienting to salient single targets, but fiie discrimination or target
selection. Cortical processing of visual stimulipabling increasingly fine
discriminations €.g, of orientation, motion, or binocular disparitglevelops in the
first months of life (Atkinson 2002). Selectiveattion, enabling flexible selection of
targets (for example, disengagement from a centadet in order to fixate a
peripheral target) develops at 3-4 months (Atkinsbal. 1992), and represents further
cortical control over orienting behaviour (Braddetkal. 1992).

Orienting responses alert infants to potentialtgiesting or hazardous objects,
and enable them to collect additional sensory midron about them. Since the same
objects can be signalled by information from mudtipnmodalities €.g, vision,
audition, touch), orienting responses need to beedrby multiple sensory inputs. In
addition, as multisensory inputs are unlikely toneofrom a similar spatial location at
the same time purely by chance (see Kordah@l. 2007), such stimuli are likely to
represent significant objects in the environmertte Tsuperior colliculus supports

multisensory orienting by integrating spatially atezed visual, auditory, and

13
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somatosensory inputs within a common referencedrgsaeChapter 11 by Laurienti
and Hugenschmidt an@hapter 14 by Wallaceet al). A proportion of multisensory
neurons in the cat superior colliculus have “supeitave” properties: They fire to
auditory-only and visual-only stimuli localized #te same point in space, but the
firing rate for visual-and-auditory stimuli is gteathan for the sum of the two single
stimuli (Meredith and Stein 1983; Meredith and 6tE986; Wallacest al. 1996). This
property indicates that these neurons have a dedicale in the processing of stimuli
providing both auditory and visual information &etsame time. This multisensory
neural organization is not present in newborn catsnonkeys (Wallace and Stein
1997, 2001) but develops in a manner dependenesosy experienceChapter 14
by Wallaceet al).

Spatial co-location of auditory and visual evestsletected by infants at least
by 6 months of age (Lawson 1980). To investigate #arly development of
multisensory integration for spatial orienting, Neti al. (2006) measured the latencies
of 1- to 10-month-olds’ head and eye movements tdsvauditory-only, visual-only,
or auditory and visual targets located left or tighthe midline. In theory, having two
stimuli available at once can enable a purely i'stiatl facilitation” of reaction times,
since there are two parallel opportunities to resp@iller 1982; Raab 1962). Given
parallel processing but no interaction between cudsservers responding to
whichever cue is processed first on any given widlshow a predictable decrease in
mean reaction time relative to single cues. Thigelyu“statistical” improvement is
described by the “race model”: (Miller 1982; Ra&®2; see also Otto and Mamassian
2010), in which the two cues being processed imllgdhrare in a “race” to initiate a
response. To show evidence for multisensory intenacit is therefore necessary to

show speed advantages for two cuge®ne that are greater than those predicted by the

14
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race model. Neil and colleagues (2006) found lateyans given two cues rather than
one at all ages; however, it was only at 8 to 1ntm® that these exceeded the
statistical facilitation predicted by the race mlodéis indicates that mechanisms for
multisensory facilitation of audiovisual orientiegnerge late in the first year of life in
humans, consistent with the experience-dependesingi@al development that has
been reported in the superior colliculus in monkayd cats (Wallace and Stein 1997,
2001; see€Chapter 14 by Wallaceet al).

Interestingly, when participants did not use ey&ead movements to localize
audiovisual stimuli, but responded to them by gresa button as quickly as possible
(a “detection” task), adult-like multisensory imgements in latency were not evident
until after 7 years (Barutchet al. 2009; Barutchiet al. 2010). It may be that these
tasks do not tap into the early-developing subcaltyr driven reflexive orienting
system, but require cortical evidence integratind selection for action (Romet al.
2004), which may develop later. To investigate possibility, the latest research has
started to compare manual and eye-movement respdasthe same audio-visual

stimuli directly (Nardiniet al.in press).

3.2. Orienting and reaching while taking own moventento account

To localize targets that are perceptually availadiléhe time of test, an egocentric
coordinate system is sufficient, and no memory éeded. However, significant
objects in the environment are not continually pptaally available, and may become
hidden from view or silent to the observer. Thipaticularly the case with mobile
observers, who can change their perspective omasfatouts from one moment to the
next. For infants beginning to crawl and walk inelegently, a crucial challenge is to

integrate multisensory information into spatial regentations that are useful for

15
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relocating objects after a change of position. nitdavho are passively carried must
likewise take their movements into account in orieekeep track of nearby objects’
locations.

After movement, a static object initially localizesh the observer’'s left can
take up a new position in egocentric space, sudiebmd or to the right. The original
egocentric representation of the object’s locaisothen no longer useful for retrieving
it. This problem can be overcome in two ways: Bylafng objects’ positions in
egocentric coordinates while moving (“spatial updgl), or by using external
landmarks such as the walls of the room to encoderetrieve locations. For spatial
updating, the observer's own movement, (“self-molip needs to be taken into
account. In human adults, both self-motion and aauds play major roles in spatial
orientation and navigation (for reviews see Burg2886; Wang and Spelke 2002).
Within the broad category of “landmarks” key quess concern the extent to which
these help to organize space into a geocentriatiteg map”, and the extent to which
they are used for simpler strategies such as réomgrof familiar views (Burgess
2006; Wang and Spelke 2002). For humans, usefualntanks are overwhelmingly
visuaf. Information about self-motion, however, comesfrmany sensory sources:
from vision, via optic flow (J.J. Gibson 1979; s&ection 2above), as well as from
vestibular, kinesthetic, and proprioceptive inp@koward and Templeton 1966;
MacNeilageet al.2007; Zupanet al. 2002).

Until recently, little was known about the neurakchanisms underlying
integration of multiple self-motion inputs for sg@tbehaviour. Important advances
have been in showing how macaque MST neurons miegrisual and vestibular
information to compute the animal’s direction of vament (Guet al. 2008; Morgan

et al.2008). Self-motion information must further beeigtated with visual landmarks.
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A range of cell types in the mammalian medial teraptobe (“head direction cells”,
“grid cells”, and hippocampal “place cells”) encodeth self-motion and landmark
information and are likely to be the basis for thetegration (for reviews see Burgess
2008; McNaughtoret al. 2006; Moseet al. 2008; Taube 2007).

The earliest situations in which human infants riggke their own motion
into account to localize objects are before inddpeh movement, when carried
passively. Infants’ spatial orienting in these aitons has been investigated in studies
using “peekaboo” tasks. In a study by Acredolo @95- to 16- month-olds sat in a
parent’s lap at a table inside a square enclositrewindows to the left and right. In a
training phase, infants learned that whenever azdrusounded, an experimenter
appeared at one of the windows. This was alwayss#mee window for each child.
Once the infant had learnt to orient to the cormeictdow when the buzzer sounded,
the testing stage began. The parent and infant dimvéhe opposite side of the table, a
manipulation that swapped the egocentric positadrthe “left” and “right” windows.
When the buzzer sounded, the experimenters recevdether the infant looked to the
correct window, showing that they had correctlygessed their change of position.
With no distinctive landmarks distinguishing thendows, solving the task depended
on the use of self-motion informatioa.g, from optic flow and the vestibular system.
Infants up to 11 months old failed to use suchrmfation and oriented to the incorrect
window.

Other studies have confirmed the poor abilitiesnédnts in the first year to
update their direction of orienting using only salbtion information (Acredolo and
Evans 1980; Keatingt al. 1986; McKenzieet al. 1984; Rieser 1979). However, when
direct landmarks are added to distinguish betweeations, infants in the first year

orient correctly é.g, at 6 months in Rieser 1979, and at 8-11 monti#cnedolo and
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Evans 1980; Keatinget al. 1986, Lewet al. 2000 and McKenzieet al. 1984).
Similarly, when searching for objects hidden in t&& or right container on a table-
top, infants in the first year moved to the opposide of the table tend not to take
their own movement into account unless they arergwseful landmarks in the form
of colour cues (J.G. Bremner 1978; J.G. BremnerBmyent 1977).

These results suggest that in order to maintainatetions of nearby objects
following their own movement, infants in the fingtar found added visual landmarks
significantly more useful than self-motion infornoat alone. As stated above, self-
motion information comes from a number of sensayuis. These may mature at
different rates, and interactions between them uley self-motion perception may
also mature unevenly, as is the case with balasee $ection 2 above). In
“peekaboo” and reaching tasks, infants have ofuie &ind vestibular cues to changes
of position. Older infants and children carrying the movement themselves can also
use kinesthetic and motor efference informationualibe movement of their body.
Children perform better after moving actively thefter being carried (Acredolet al.
1984), and better when walking around to the oppogiewpoint than when the
opposite viewpoint is presented by rotating thdiapkayout (J.G. Bremner 1978; J.G.
Bremner and Bryant 1977; Schmuckler and Tsang 199h)s indicates that
kinesthetic and motor-efference information is usd?erformance is also better in the
light than in the dark, consistent with use of optow (Schmuckler and Tsang-Tong
2000). There is however as yet little direct evierdor whether, when, and how
infants integrate these multiple potential inforimatsources to orient themselves in
space. J.G. Bremnest al. (1999) separated the contributions of optic flond a
vestibular cues to 6- to 12-month olds’ abilitiesdrient correctly to a target after a

change of position. Infants were seated in a rblataylindrical surround, which
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allowed manipulation of visual and vestibular imf@tion separately and in
conflicting combinations. The results showed a dpgd developmental pattern in
which 6-month-olds, 12-month-olds, and young adusponded on the basis of optic
flow information, whereas 9-month-olds respondeddpminantly on the basis of
vestibular information. This indicates that childi®reliance on visuals. vestibular

information for locating targets undergoes markieanges in the first year.

3.3. Navigation and spatial recall

The natural extension of early orienting and reaghiesponses towards nearby
objects is to flexible navigation and spatial rédal extended environments. This
depends on observers being able to encode locatising frames of reference that
will be useful for their later retrieval, and tondi individual objects (*what”) to their
locations (“where”). As described above, mature igation and recall depend
critically both on visual information about landrkerand multisensory information
about self-motion.

Spatial studies with children of walking age haygid¢ally used search tasks in
which the child sees a toy hidden, and must thaah ifi given a specific set of cues or
after a specific manipulation. Evidence for theiwalal development of landmark-
based and self-motion based spatial recall has doone tasks that separate these
information sources completely. Following spatesis devised for rodents by Cheng
and Gallistel (Cheng 1986; Gallistel 1990), Hermaed Spelke (1994, 1996) used
“disorientation” to eliminate self-motion informat and so test spatial recall based
only on visual landmarks. In their task, 18- to Bbenth-olds saw a toy hidden in one
of four identical containers in the four corners afrectangular room. Useful

landmarks were the ‘geometry’ of the roone( whether the target box had a longer
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wall on its left or its right), and in some condiis, different wall colours. If the child
was simply turned to face a random direction areh thllowed to search, they could
relocate the toy using not only these visual lanthabut also an egocentric
representation. Such a representation might baiaal vector €.g, “on my left”) that
has been updated with self-motion to take the @hitdcent turn into account. To
eliminate this information source, children wersatiented by repeated turning with
eyes closed before being allowed to search. Thdtireg searches therefore reflected
only the accuracy of visual landmarks, and notgdcentric representations updated
with self-motion.

A large body of research using this technique fesanhstrated that children as
young as 18 to 24 months can recall locations ueimy indirect visual landmarks,
although their abilities to use some kinds of iadirlandmarké.g, “geometry”, or the
shape of the enclosure layout) can be markedleb#tan others (Huttenlocher and
Lourenco 2007; Learmontét al. 2002, 2008; Leet al. 2006; Lee and Spelke 2008;
Nardini et al. 2009; Newcombeet al. 2010; for reviews see Cheng and Newcombe
2005; Twyman and Newcombe 2010).

The converse manipulation used to test self-malone, without use of visual
landmarks, is blindfolding participants. Strictthjs a test for use of non-visua.g,
vestibular) self-motion cues only, as removingamsalso removes the optic flow cue
to self-motiof. A typical non-visual “self-motion-only” spatiask is one in which
the participant is walked along the two lines of‘Bhand then asked to return directly
to the origin,.e., to complete the triangle (Fa al. 2005; Loomiset al.1993). Such a
task depends on keeping track of one’s own direstend angles of movement since
leaving the origin. There have been relatively udies quantifying development of

self-motion-only navigation. Rider and Rieser (1p88und that 2-year-olds could
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localize targets after blindfolded walking alongites with two 90° turns, as could 4-
year-olds, who were more accurate. In another stimiyr-year-olds’ errors, like
adults’, increased with numbers of turns and nusimértargets (Rieser and Rider
1991). While 4-year-olds were inaccurate comparét adults, they still performed
better than chance given up to three turns andtéixgets. These results suggest that
like the landmark-only based localization of tasgetself-motion-only based
localization emerges quite early in developmentweler, developmental trajectories
for different self-motion inputse(g, vestibularvs. kinesthetic), or their integration,
have not yet been studied.

The usual case, of course, is one in which bottntearks and self-motion are
available. For example, in order to relocate arecbihat we have recently put down
elsewhere in the room we can use visual landmarksyell as a self-motion-updated
egocentric estimate of where the object now istikeado us. A key question is how
these systems interact to guide spatial behavieoir.mammals, including humans,
landmarks are usually more useful and exert stmoogetrol over behaviour (Etienne
et al. 1996; Fooet al. 2005). Landmark and self-motion systems can ba& sse
complementary, in the sense that self-motion calp méhen landmarks are not
available. On this model, self-motion is a “bacK-tgystem for landmarks. An
alternative model is one in which self-motion aaddmarks are integrated to improve
accuracy. That is, neither system provides a ftéhable guide to location, but by
integrating them estimates of location can be nmadee reliable. This second view is
in line with Bayesian models of multisensory andtsd behaviour (Chengt al.
2007; Clark and Yuille 1990; Ernst 2005; KordingdaWolpert 2006; see below and

Section §.
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A number of studies have examined the developméngpatial recall in
situations allowing use of both self-motion anddamrarks. In studies by Huttenlocher,
Newcombe and colleagues (Huttenlocieal. 1994; Newcombet al. 1998), children
searched for toys after seeing them buried in a lsandbox. The 1994 study
established that 16- to 24-month olds used thesedgd overall shape of the sandbox
as visual “landmarks” when retrieving toys whilenaning on the same side of the
box. In the 1998 study, 16- to 36-month-olds walkedund the box to retrieve toys
from the opposite side. From the age of 22 montieing additional distant
landmarks in the room visible improved the accuratyetrieval from the opposite
side. The role of these cues may have been togealistant landmarks situating the
box and locations in a wider reference frame, andmprove spatial updating with
self-motion by highlighting the change in perspeetorought about by walking to the
opposite side. In either case, these results ansistent with use of both visual
landmarks and multisensory self-motion inputs toogle spatial locations in the first
years of life.

Simons and Wang (1998; Wang and Simons 1999) shtwve¢chuman adults’
recall for spatial layouts from new viewpoints ism@ accurate when they walk to the
new viewpoint than when they stay in one place evliie layout is rotated. With
rotation of the layout, use of visual landmarksnaloallows adult observers to
understand the change of perspective and to relamgects with a certain level of
accuracy. However, this accuracy is enhanced whbjeds walk to the new location,
meaning that self-motion information is also avalga(see also Burgess al.2004).

To study the development of coding based on bathalilandmarks and self-
motion, Nardiniet al. (2006) tested 3- to 6-year olds’ recall for thedton of a toy

hidden under an array of cups surrounded by smoahlllandmarks. Vision was
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always available. However, on some trials, recaktplace from the same viewpoint,
while on others recall was from a different viewpoiViewpoint changes were
produced either by the child walking (so gainindf-setion information about the
viewpoint change), or by rotation of the array (@ag no self-motion information). At
all ages recall was most accurate without any vemtpchange. With viewpoint
changes produced by walking, the youngest chil{@eyear-olds) were above chance,
and quite accurate, at relocating objects. Howewéh viewpoint changes produced
by array rotation, only 5- and 6-year-olds retr\adbjects at rates above chance. This
indicates that self-motion information is a majoomponent of early spatial
competence, and can dominate over visual landmatkthout useful self-motion
information, and so using only visual landmarks, & 4-year olds could not
correctly process the viewpoint change. Note thia¢mwdisoriented and so unable to
use self-motion, children from 18-24 months are petant at using some kinds of
visual landmarks to recall locations (Hermer andl&gp 1994, 1996). The present case
is more complex in that instead of being eliminatesdby disorientation, when the
array was rotated self-motion information remaiagdilable, but indicated the wrong
location. This study therefore set up a conflictwsen visual landmarks and self-
motion, and found that before 5 years childrengrefl to rely on self-motion, even
when it was inappropriate for the task.

In a subsequent study, Nardetial. (2008) used a different method to measure
how self-motion and landmarks interact for spaialall. The cues were not placed in
conflict, as by array rotation manipulations, buerev separated completely in
“landmark-only” and “self-motion-only” conditions.his enabled a more formal test
for their integration, and comparison with a Bagesiideal observer” model (Cheng

et al. 2007; Clark and Yuille 1990; Ernst 2005; Kdrdingdawolpert 2006). As in
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earlier studies, “landmark only” performance wasaswed using disorientation, and
“self-motion only” performance was measured usirglking in darkness. However,
these manipulations were now carried out within faene spatial task, and were
compared with a combined “self-motion and landmadandition within the same
participants.

Four- to 8-year-olds were tested in a dark roomhwdistant glowing
landmarks, and a set of glowing objects on therf(6ay. 6.3A). The task was to pick
up the objects on the floor in a sequence, and thve@eturn the first object directly to
its original place after a short delay. In “visleEmddmarks only” and “(non-visual) self-
motion only” conditions, participants had to retuhe object after disorientation and
in darkness respectively. A “self-motion plus laratks” condition tested the normal
case in which participants were not disoriented Emtimarks remained available.
Bayesian integration of cues predicts greater aoyu(reduced variance) given both
cues together than either single cue alone. Iroaflict” condition the landmarks were
rotated by a small amount before participants nedpd. They did not detect this
conflict, but it provided information about the deg 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 estismgieen both self-motion and
landmarks, in line with optimal (ideal observer rahdoerformance. Given two cues
rather than one, adults’ searches were on avelagerdo the target~g. 6.3B) and
less variablé (Fig. 6.30). By contrast, 4- to 5-year-olds and 7- to 8-yelais did not

perform better given two cues together than the kewjle cue Fig. 6.3B, Q.
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Modelling of responses on the “conflict” conditiamdicated that while children can
use both self-motion and landmarks to navigatey tiel not integrate these but
followed one or the other on any trial. Thus, whaleen very young children use both
self-motion and landmarks for spatial coding, tte®em not to integrate these to
improve accuracy until after 8 years of age. Predaseural substrates for integration
of self-motion and landmarks for spatial tasksteead place cells, direction cells, and
grid cells in the hippocampus and medial tempooékl (for reviews, see Burgess
2008; McNaughtoret al. 2006; Moseret al. 2008; Taube 2007). Late development of
spatial information may be reflected in developmentthese medial temporal
networks. Recent studies with rodents have fouadéltell types to be functional very
early in life (Langstoret al. 2010; Willset al. 2010), although the development of
their abilities to integrate multisensory inforneatiis still to be investigated.

The late development of multisensory integration reducing uncertainty in
spatial tasks parallels that recently reportedvisual-tactile judgments of size and
shape (Goret al. 2008) and for multiple visual depth cues (Narainal. 2010). It is
possible that while mature sensory systems arenggetd for reducing uncertainty,
developing sensory systems are optimised for othmals. One benefit of not
integrating multisensory cues could be that keepungs separate makes it possible to
detect conflicts between them. These conflicts prayide the error signals needed to
learn correspondences between cues, and to retalithem while the body is

growing (Goriet al. 2010).

4. Summary
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We have reviewed the development of sensory intiegréor the skills underpinning
human spatial behaviour: balance, locomotion, apatrientation, and navigation.
Even very young children are capable of using sgnsdormation in order to control
balance and locomotion. Visual information seemgiqadarly heavily weighted in
infancy and early childhood. Around 5 to 6 yeargesiod of change begins, where
visual information is gradually down-weighted invéar of somatosensory and
vestibular inputs. However, on the available evadgrbalance and locomotion are not
coupled in an adult-like fashion to either somatssey or visual information until
adolescence.

Early spatial orienting behaviours show multisegsfacilitation late in the
first year, consistent with experience-dependestnaial development of the superior
colliculus. Sensory integration for more complexentation and navigation tasks
including localising objects again after own movemghows a much more extended
developmental trajectory. Both self-motion inforroatand landmarks are used for
spatial orientation and navigation from an earlye,abowever they may not be
integrated in an adult-like fashion until after 8ays of age. Neural bases for these
tasks are increasingly becoming understood in dnmmadels, and mathematical
models are increasingly allowing sensory integratduring development to be
precisely quantified. A major challenge for theuheat is to account for developmental

change by linking these mathematical and neuralsenf analysis.

5. Bayesian models
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We have proposed at several points in this chaptat Bayesian models of
information integration can provide a useful franeekv for understanding
developmental balance, locomotion and navigatioenpmena. Here we briefly
describe the models and the prospects for furtkststof their application to
multisensory developmental phenomena in the future.

Bayesian models address the problem that individealsory estimates are
inevitably variable (uncertain) because of randooms@& “Noise” is evident in an
auditory environment with background noise, or arkwuvisual environment;
however, even in ideal environmental condition$,sahsory systems contain some
variability (uncertainty) due to their own limitedsolution, and to noisy transmission
of information by neurons. Bayesian models prowdeule by which the multiple,
noisy, sensory estimates we usually have availablparallel can be combined to
provide a single estimate that minimises noisenmettainty (Chengt al.2007; Clark
and Yuille 1990; Ernst 2005; Kérding and Wolper0ghn

The rule for combining estimates to reduce unaatyais simple: If multiple
sensory estimates are availabéeg( visual and haptic cues to object size), and the
noise in each of these is independent, then takingighted averagef the estimates
will produce a final estimate that is less variaptere reliable) than the component
estimates. The optimal weighting is one in whicé thfferent estimates are weighted
in proportion to their reliabilities. A cue thattisree times more variable than another
is therefore given three times less weight. Receualtisensory studies with adults
have shown optimal multisensory integration in mayations €.g, vision and
touch, Ernst and Banks 2002; vision and auditiolaisAand Burr 2004; visual and
vestibular cues to direction of heading, Fetsthal. 2009; reviews: Ernst 2005;

Kording and Wolpert 2006).
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These findings provide an important new perspeativéhuman multisensory
processing in demonstrating that in adults at Jeastitisensory integration is very
flexible. Adults are excellent at dynamically “reigfeting” their reliance on different
information sources when these change in religbilithus, although vision may
usually dominate for a particular task, if visualormation becomes uncertaie.q, at
night, or in fog) it will be given less weightingelative to the other available
information (Alais and Burr 2004). The conclusigan this and other studies is that
phenomena such as “visual dominance” may be exgdasimply by the differing
reliabilities of the senses for particular tasken@ 2005; Kording and Wolpert 2006).
Task-specific explanations for cue weightiegg, that vision dominates over audition
for spatial localization (Piclet al. 1969) - can then be subsumed by a single, more
general explanation: vision and audition (and otkensory inputs) are weighted
according to their reliabilities; Alais and Burr@4).

We have described a range of developmental pheromnrerwhich visual
dominance changes with age. For example, balanoeiets more influenced by vision
in young children than it is in older children oduits (Godoi and Barela 2008;
Shumway-Cook and Woollacott 1985; Wasinal. 1998; Woollacotet al. 1987). We
can state two possible kinds of Bayesian explandbo this developmental pattern.
First, Possibility 1: children and adults integrate multinsory information in the
same Bayesian / “optimal” manner.In this scenario, developmental changes in
“dominance” might simply reflect developmental chas in the reliabilities of the
underlying estimates. If the development of différsenses were unevea.d, if
visual information for balance was accurate at amlie age than vestibular
information), then different ages would show diéier weightings even though they

were following the same integration rules. A prédit from this account is that adults
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whose cue reliabilities were manipulatedg(, by selectively adding noise) to be the
same as children’s would show the same behaviocihifsen.

The issue of dynamic sensory reweighting in chiitdebalance control was
first raised by Forssberg and Nashner (1982), aewkral studies since have
investigated the swinging room experiment from tperspective, changing the
distance between the swinging walls and the obseiwvetry and detect sensory
reweighting as the far walls become a less reliablece of information about relative
motion (Dijkstraet al. 1994; Godoi and Barela 2008). Studies have alsorded
developmental changes in weighting of multisensoigrmation for posture control in
response to differing amplitudes of viswal somatosensory perturbations (Batral.
2007). However, to be able to test whether pattefmeweighting in either children or
adults are in line with Bayesian predictions, stsdwill need to measure tlsensory
reliabilities of visual and other cues to balance, which remaimnallenging (see
below).

The alternative isPossibility 2: children and adults do not integrate
multisensory information in the same Bayesian / “opmal” manner. For example,
adults might take a weighted average of estimatgsoportion to their reliabilities,
while children might do something else. Childremldorely on a single estimate even
when other reliable estimates are available, @y ttould integrate estimates using a
sub-optimal weighting, or they could be less effectthan adults in excluding
estimates that are highly discrepant with othesmfthe integration process

Most of the studies that have been reviewed cammeparate these two
accounts, as changes with age in relative reliancdifferent cues are consistent with
both. Possibility 1 — that children and adults sz information in the same way —

provides the simplest account in that it needsasitdewer kinds of developmental
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changes. This account therefore should not be rolgdfor specific tasks until the
relevant experimental manipulations have been destgerestingly, in the small
number of studies that have examined the developroérBayesian integration
explicitly (Gori et al. 2008; Nardiniet al. 2008; Nardiniet al. 2010), children were
shown not to integrate estimates in an adult-like way unfiea 8 years —i.e,
Possibility 1 could be rejected. These studies wsaehl, manual and locomotor tasks
involving spatial or psychophysical decisions. Wieetthe same would be true for
more elementary sensory-motor behaviours such amdsis a major question for
future studies. A challenge for developmental gsds the time-consuming nature of
testing Bayesian models of multisensory integratgince they require measurement
of response variability in both single-cue and corad-cue conditions. One way to
address this is use of psychophysical staircaseedwses €.g, Kaernbach 1991,
Kontsevich and Tyler 1999) to obtain more rapidnesates of variability (Nardinet
al. 2010). A second challenge is measuring perceptaghbility for elementary
sensory-motor behaviours such as balance thatdeaalstural changes but do not lend
themselves to explicit judgments. For this, newrapphes need to be developed for
inferring variability from spontaneous behavioursis is challenging but possible, as
a recent study has shown by measuring integratibrdepth cues using only
spontaneous eye movements (Wismesjeal. 2010).

To sum up, many developmental changes in use diptautues for balance,
locomotion and navigation in childhood could be lexpged within a Bayesian
framework. However, to assess whether developmehtahges correspond either to
adult-like integration with a different inputs iarms of cue reliabilities, or non-adult
like integration or lack of integration, more dédi studies need to be carried out

guantifying the variability of the underlying estites. The few studies so far that have
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tested this framework with children suggest thatytdo not integrate estimates in an
adult like manner until after 8 years, across serise spatial localization or object
perception (Goriet al. 2008; Nardiniet al. 2008), or within vision for 3D shape

discrimination (Nardinet al.2010).

5.1. Other models

We have reviewed development of the sensory presessderlying adaptive spatial
behaviour. While children’s sensory and motor syst@re immature, they are also in
some senses optimized for the ecology of theirrenments. For example, young
infants do not need high visual acuity or accusai@tial localization. Bayesian models
stress optimization for accuracy, in terms of tkduction of sensory uncertainty.
However, maximal accuracy is not the most importgral for many spatial tasks that
infants and children face. For developing sensooyemsystems there may be other
goals more important than maximizing accuracy, ashesponding rapidly (Barutchu
et al. 2009; Neilet al. 2006), or detecting inter-sensory conflicts (Getial. 2010;
Nardini et al. 2010). Therefore many other kinds of model remaibe developed, in
which “optimality” is quantified based on differegbals or properties. It may be that
these models will provide the best description@i ldeveloping perceptual and motor

systems are optimized for spatial behaviour.
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FOOTNOTES

1. A related problem is keeping track of own limbspions in order to enable their
accurate localization, and to support accuratehiagdowards objectOhapter 5 by
A.J. Bremneet al.andChapter 13 by Réderet al; A.J. Bremneeet al.2008a; 2008b;

Pagelet al. 2009).

2. If landmarks do play a role in building up a goative map” of space, an interesting
guestion is how and whether blind humans do thlatéky et al. 1990; Loomiset al.

1993).

3. In a study with adults, Riecket al. (2002) separated the dual roles of vision in
providing visual landmarks and optic flow by havisgbjects navigate in virtual
reality through a field of visual ‘blobs’ that prioed texture for optic flow but could

not be used as landmarks.

4. The major predicted benefit for integration aés is a reduction in thaarianceof

responses — sekection 5

5. The simple rule to integratdl available estimates is inappropriate for situation
which one estimate differs drastically from theewth “Robust cue integration” is an
extension to the Bayesian integration frameworkirgdathat since large outliers are
highly unlikely to be due to normal sensory nodey should be presumed to be
erroneous and excluded from integration with o#stimates (Knill 2007; Kordingt

al. 2007; Landyet al. 1995). “Robust cue integration” would give obsesver the
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swinging room a basis for disregarding visual infation when it is highly discrepant
with vestibular and proprioceptive information. Té¢recial point to note in comparing
children and adults is that whether or not estismatan be detected as “highly
discrepant” depends not only on the average diffexdetween them, but also on their
variabilities. Thus, given children and adults sabg¢d to the same experimental
manipulation, if adults’ estimates of own postukga(all senses) are much less
variable than children’s, then adults might havkeaais for detecting that the visual
estimate is discrepant compared with the othergreds children might not. In this
situation, if both age groups were following “robusie integration” with the same
integration rules, adults would reject vision biildren would not. To show that
adults and children really differ in integrationha@iour it is necessary to exclude this
possibility — for example, by showing that even whaoise is added to adults’

estimates in order to bring them to children’s letleey still behave differently.
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FIGURE CAPTIONS

Fig. 6.1. The swinging room techniquea)(The participant stands in a room with a
stationary floor but moving wallsb] An optic flow expansion pattern created by
walls moving toward the participant. The same patteould be produced by the

observer swaying forward.

Fig. 6.2. Measuring multisensory contributions to balancédil&/participants attempt
to stand still on a platform, visual informationnche removed by closing the eyes.
Ankle joint proprioception can be made unreliabjerdtating the platform to maintain
the ankle at a fixed angle. This creates four sgnsanditionsa-d during which sway

was measured (Shumway-Cook and Woollacott 1985).

Fig. 6.3 (A) Layout for the Nardini et al. (2008) spatial tafR) Mean Root Mean
Square Error (RMSE) of responses under conditiosagiging SM (self-motion), LM
(landmarks), or SM+LM (both kinds of informatiorfhis measure reflects distances
between each search and the correct locat{B)y. Standard deviation (SD) of
responses. This measure reflects the variabilitgpéision) of searches. Bayesian
integration of cues predicts reduced variance (@rte also reduced SD, which is the

square root of the variance), given multiple cues.
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Figure 6.2
a b c
Reliable sources of Vestibular Vestibular Vestibular
information present: Visual Visual
Proprioceptive Proprioceptive

Vestibular
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