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Abstract

A central problem in the study of language acqoisits
word learning — how the child’'s mental representatdf
objects and events on the one hand is associatid tin
linguistic input on the other, and how young cleéldracquire
the vocabulary of their first language so effoslgsand
smoothly, with virtually no errors along the wayhig paper
aims at understanding the mechanisms through wivimtd
learning is grounded in sensorimotor experience,thia
physical regularities of the world, and in the tineked and
coupled multimodal interactions between the childien
actions and the actions of their caregivers. Wegdes and
implemented a novel multimodal
consisting of two head-mounted mini cameras thatptaced
on both the child’'s and the parent's foreheads, ianot
tracking of head movements and recording of caesv
speech. Using this new technology, we capturediyimamic
visual information from both the learner’s persperaind the
parent’s viewpoint while they were engaged in aursistic
toy-naming interactionto study the regularities and dynamic
structure in the multimodal learning environmera. achieve
this goal, we also implemented various data pracgss
programs that can automatically extract visual, iomiand
speech information from raw sensory data. Our tesHow
that a wide range of perceptual and motor pattesush as
the proportion of the named objects in both thé&d&hand the
caregiver's visual fields, the proportion of timbat the
child’'s hands are holding the named objects wherseh
names are uttered, and as well as the child’s hea@ments,
are predictive of successful word learning throwsgitial
interaction. In light of this, we suggest that higliel social-
cognitive cues in word learning can be groundeenibodied
perceptual and motor patterns that are part oftaraasocial
interaction.
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Introduction
A major recent advance in understanding word leariias

been the documentation of the powerful role of &eci

interactional cues in guiding infants’ attentiordan linking
the linguistic stream to objects and events in teld
(Baldwin, 1993; Tomasello & Akhtar, 1995; Yu, Batla&
Aslin, 2005). There can be no doubt that youngnlear are

sensing environment

embodied cognition,

Butterworth (1991) showed that even by 6 monthag,
infants are sensitive to social cues, such as mmi and
following another’s gaze, although infants’ undemsting of

the implications of gaze or pointing does not eraeugtil
approximately 12 months of age. Based on this evege
some researchers (e.g. Bloom, 2000, Tomasello, ;2000
Woodward, 2004) have suggested that children’s word
learning in the second year of life actually draxtensively

on their understanding of the thoughts of speakers.

However, there is an alternative explanatiornthat of
“mind-reading”. Smith (2000) has suggested thats¢he
results may be understood in terms of the chilgésning of
correlations among actions, gestures and wordshef t
mature speaker as predictors of attention and detgn
referents. Smith (2000) argued that construingptiteblem
in this way does not “explain away” notions of “rdin
reading” but rather grounds those notions in thegeual
cues available in the real-time task that infantsstrsolve
(see also Smith & Breazeal, 2007).

One problem with resolving (or integrating) thesvo
ideas about the information available in sociatiattions is
that most experiments are designed as demonstsatbn
children’s sensitivity to social cues and as subby focus
on macro-level behaviors (such as pointing, ordfioa of
eye gaze) in constrained contexts in which the exmnter
presents one or two objects on an uncluttered tabi
where language is also uncluttered by remarks about
anything other than those objects on the table Raffdwin,
1993). To truly understand mechanisms of learning,
however, we may need to focus on more micro-level
behaviors as they unfold meal timein the richly varying
and dynamically complex interactions of childrerd dheir
mature partners in more naturalistic tasks (sudowaglay).
Further, whereas the studies at the macro-levedrigle
demonstrate many intelligent behaviors in infantrdvo
learning, they have not as yet led to a formal anotof the
underlying mechanisms. Thus, we want to know ndy on
that learners use social cues but dlswthey do so in terms
of the real-time processes in the naturalistic saskere
everyday language learning must take place.

To this end, we sought to study the dynamicsoeial
cues to word learning at the sensorimotor leveis the

highly sensitive to the social information in thesepodily gestures and as well as momentary visual and

interactions (e.g., Baldwin, 1993; Bloom, 2000; WWaard,
2004). However, the nature of this sensitivity atie
relevant underlying processes are far from cledrerOin
this literature, children’s use of social cuesnigeipreted in
terms of (and seen as diagnostic markers of) tiglity to
infer the intentions of the speaker. This kind afcial
cognition is called “mind reading” by Baron-Cohelr995).

auditory perception of the participants. The stpdysents a
new design and implementation of a sensing system f
recording multisensory data from both the child ahd
caregiver. With this new methodology, we compare an
analyze the dynamic structure of natural parentchi
interaction in the context of language learningg &urther

discover perceptual and motor patterns that are



informatively time-locked to words and their inted
referents angredictiveof word learning.

Multimodal Sensing Environment

As shown in Figure 1, the naturalistic interactafrparents
and toddlers in the task of table-top toy playasarded by

participants’ eyes. A small plastic encasing sufgubr
rotation of the camera in order to adjust the canserch that
during calibration an object to which the participavas
attending was near the center of the field. Thadband
was tight enough that the camera did not move legsrthe
child pulled at the band during the experiment —eaant

three cameras from different perspectives: one -headnhai caused the data from that child beyond thattgo be

mounted camera provides information about the séeme
the child’s point of view; a second head-mountethea
provides the parent’s viewpoint; and one from adown
third-person viewpoint allows a clear observatiérexactly

what was on the table at any given moment (mostéy t

participants’ hands and the objects being playetth)win
addition, our multimodal system also records pigndicts’

excluded unless centering could be re-achieved.visual
angle recorded by the camera wa$ The cabling was long
and lightweight enough not to push down on the
participant’s head or get tangled during movemarntigital
video recorder card in a computer adjacent to the
experiment room simultaneously recorded the vidgoas
from these two cameras.

body movements through a motion tracking system ashd Bird-eye view camera. A high-resolution camera was

well as parents’ speech through a headset.

mounted right above the table and the table edbgsed

Interaction room setup. Parents and children sat acrossyitn edges of the bird-eye image. This view prouidésual

each other on a small table (61cm x 91cm x 64cat)wlas
painted white. The child sat on a high chair ansl plarent
sat on the floor — which places their head-cameizsut
equal distance from the tabletop. Both participantre
asked to wear white outfits. White curtains froroofl to
ceiling surrounded the table. The experimental rosas
setup in such a way that everything was white ag $e&m
the vantage point of the participants — with theegtion of
heads, faces, hands and objects on the table. graaly
simplified automatic visual object segmentationcesirany
white areas of an image could be considered agybasid.

information that was independent of gaze and head
movements of a participant and therefore it recdrtee
whole interaction from a third-person static viewn
additional benefit of this camera lay in the highatity
video, which made our following image segmentatom
object tracking software work more robustly complanéth
two head-mounted mini cameras. Those two were -light
weight but with a limited resolution and video dtyatiue to
their small size.

Head motion tracking. To measure the activity of each
partner's head we used an electromagnetic motaxkitng

Head-mounted camerasThe head-mounted cameras are agp|ytion, the Liberty system from Polhemus (Polhemu

lightweight mini camera attached to a sports headb@his
allowed us to place the camera on the foreheaa ¢toshe
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Figure 1: Multimodal sensing system. The child éimel mother
play with a set of toys at a table. Two mini carsengre placed
onto the child’s and the mother's heads respegtitel collect
visual information from two first-person views. Aitd camera
mounted on the top of the table records the biel\ggw of the
whole interaction. They also wore motion sensorgrdak their
head movements. A headset was used to record thgi's
speech.

Colchester, Vermont, USA). This tracker uses pa&ssiv
electromagnetic sensors and a source that emits a
electromagnetic field. The source was placed abine
table. The sensors consist of electromagnetic daila
plastic casing, assembled as small cubes measgérfy
mm x 27.9 mm x 15.2 mm and weighing 23g. A wire
connects each sensor to the base and multiple rsereso be
acquired simultaneously with high sampling ratesd an
precision. When tracking, the system provides 6DQiaa --
3D coordinates (x, y, z) and 3D orientation (hegdipitch
and roll) relative to the source position.

Parent’s speech.To record the parent’s voice we used a
standard headset with a noise reduction microph®he.
parent wore the headset while interacting withdinéid.

Word Learning through Social Interaction

The task is a common one in the everyday liveshdflien
and parents — to take turns in jointly acting dterading to,
and naming objects. This is a common context inctvhi
children learn names for things. The toys used his t
experiment were novel things. The child and pargsit
opposite each other at a small table and the pawast
instructed to interact naturally with the child geging their
attention with the toys while teaching the wordstfem.
Participants. The target age period for this study was 18 to
20 months. We invited parents in the Bloomingtamiana
area to participate in the experiment. 5 dyadsavépt and
child were part of the study (2 male and 3 femalg).
additional children were not included because skiitess



before the experiment started or failure to keep hiead
camera on. For the child participants included,tean age
was 18.5, ranging from 17 to 20 months. All papidgits
were white and middle-class.

Stimuli. Parents were given three sets, with three toys in

each set, in this free-play task. The toys werda rijastic
objects of simple shapes and were painted withpoimeary

Direction of eye gaze — looking to the named objeleen
named — was scored as indicating comprehensionseThe
recorded eye movements were coded (with the soffnbyo

a scorer naive to the purpose of the experiment.

Unimodal Data Processing and Results
The multisensory data recorded include three video
sequences from three views, head motion of two

color. Each set had a red, a green and a blue tobjegarticipants, and parental speech. This sectioseptts both

Procedure. The study was conducted by
experimenters: one to distract the child, anotbeglace the
head-mounted cameras and a third one to contrajuhbty
of video recording. Parents were told that the gafathe
study was simply to observe how they interactedh whitir
child while playing with toys and that they shouhy to
interact as naturally as possible. Upon entering
experiment room, the child was quickly seated ia tigh
chair and several attractive toys were placed gnotothe
table. One experimenter played with the child whihe
second experimenter placed a sports headband ¥wéh t
mini-camera onto the forehead of the child at a einthat
he appeared to be well distracted. Our success inate
placing sensors on children is now at over 60%erAfhis,
the second experimenter placed the second headtetbun
camera onto the parent’s forehead and close teyws.
Calibration of head-mounted camera$o calibrate the
horizontal camera position in the forehead andatigle of
the camera relative to the head, the experimemstedathe
parent to look into one of the objects on the taplaced
close to the child. The third experimenter coningllthe
recording in another room confirmed if the objeetsvat the
center of the image and if not small adjustmenteevmeade
on the head-mounted camera gear. The same procedare
repeated for the child, with an object close to ¢thdd’'s
hands.

Parent-child free play sessiofmhe instructions given to the
parent were to take all three objects from one ghktge
them on the table, play with the child and aftearirg a
command from the experimenters, remove the objedtss
trial and move to the next set to start the ngat.tParents
were given the names of the objects that they wenese

th

and were instructed to teach the children thosesabbj

names. However, there was no special instructico asat
the parents had to say or what they had to perfprshthat
they were to engage their child. All the names veetidicial
words. There were a total of three trials, eachualdo5
minute long. The interaction between parent antti dhsted
between 4 and 7 minutes and was free-flowing imfor
Name-comprehension testAfter the period of free
interaction, the experimenter tested the child’s
comprehension of the object name for each of thbjécts.
This was done by placing three objects out of reafctihe
child about 30 inches apart, one to the left of¢héd one

in the middle and one to the right. Then the expernter
looked directly into the child’s eyes, said the easfione of
the objects and asked for it (e.g. “I want the dakle
grizzly! Get me the grizzly!”). For this portion dthe
experiment, a camera was focused on the child’'s.eye

three the methods and the results of processing sensatey fdr

each individual modality. The next section presettits
results from an integration of this unimodal datacessing.
Video Processing and Results

The recording rate for each of the three cameraB0is
frames per second. There were 3 trials in the aoten,
each lasting about 90 seconds. In total, we haVlleated
approximately 8100 (10 x 90 x 3 x 3) image franresnf
each interaction. The resolution of image frame32§ x
240. Figure 2 illustrates the procedure of imag@ssing
and results. The technical details can be foundVin,
Smith, Christensen & Pereira, 2007). The relevant
information we extracted from three image streams a
where objects are in each view at each moment,vdrat
are the sizes of those objects at each momentdditien,
we also calculated, from the bird-eye view, whidbjeats
were held by the child’s and the caregiver’s hams.
illustrated in an example shown in Figure 2, a dire
comparison between the child’'s and the caregiveiesvs
replicated our finding in our previous studies (¥t al.,
2007) — in the same interaction objects occupy abd% of
the child’'s head-camera field but less than 5% foé t
parent’s visual field. This is because parents emttren
move the child-attended objects close to the chiliead
and because children also move their head cloa#¢nded
objects.

image frames object detection extracted information
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Figure 2: The overview of data processing usiomuter visio
techniques. Our program can detect three objecth@table an
participants’ hands and faces automatically basegretrainec
object models and skin models. The extracted inédion fron
three video streams will be used in subsequentatatlyses.



Motion data Processing and Results

Two motion tracking sensors on participants’
recorded 6 DOF of their head movement at the frequef
240 Hz. Given the raw motion data {x, y, z, h,aod r}
from each sensor, the primary interest in the ciineork is
the overall dynamics of the head. We grouped thHeOF~
data vector into position {x, y, z} and orientatidata {h, p,
r}, and then we developed a motion detection pnogtiaat
computes the magnitudes of both head position mewésn
and orientation movements. Figure 3 shows the ptimpo
of time that either children or parents were movthgir
heads. Head position movements are equally freqimen
children and parents. However, children rotatertheiads

interaction. This result indicates that young atafd are
more likely to switch their visual attention thrdudpead
rotation while adults may rely more on gaze shiftiihis

measure supports our head-camera setup as a méans

capturing the child’s more dynamic view.

Speech Processing and Results

heads
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Figure 3: "he proportion of time that the child’s and
caregiver’'s heads are moving in the interaction.

much more frequently than adults do, in the sameranscription and used them to define a naming teiren

time. We will use those naming events to data niime
patterns in visual and motion data streams.

Results of Word Learning and Naming Events
We correlated the number of naming events for edojct
name with the learning results at testing and faiede two

(r=-0.3; p<0.001) at best weakly and negatively correlated.

We first segmented the continuous speech stream infThe average of naming events for learned objectesais

multiple spoken utterances based on speech siléted,

2.45 per name and 3.5 per name for unlearned narhes,

we asked human coders to listen to the recording anobject names not learned through interaction weteatly

transcribe the speech segments. The statistics fiwen
transcriptions show that on average, parents att@&5
words in each interaction and each spoken utteremicsists

of 3.5 words. The average size of vocabulary fochea

interaction is 120. Moreover, nine target objeanea were
produced 32 times in total in each interactiontha whole
dataset of 5 dyads, those object names occurretirbh6s in

uttered more than those learned names. For exasgiee
object names that were provided just once or twiese
actually learned and others labelled by caregifieesor six
times were not learned. This suggests that whatensaére
the specific contexts where those object names nameed,
what both caregivers and children visually attendedat
those moments, and what they were doing at tha. tilve

spoken language. We extracted the onset and offségport those behavioral measurements in the nekbse

timestamps wherein an object name occurred
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Figure 4: Continuous data were segmented and gtbupgo three categories: successful naming evemsiccessf

naming events and (other) non-naming events. A eoisipn
event categories.

of visual data and motion data was madedbasd¢hee thre



Multimodal Data Analysis and Results

visual

Given the complex multimodal multi-streaming datarespectively.

collected from two participants, we opted to useldarning
results collected in testing from young learnergeashing

Named objects in visual fields

The proportion of a visual field occupied by nanwdyjects

fields, hand movements and head movements,

signals to guide us in data mining this fine-grdine May be viewed as a measure of the named objects’
multimodal data. This method is different from mostdominance over other objects in the viewers' aitewat

modeling approaches which build a simulated mowst to

field. As shown in Figure 5, our analyses indictitat the

make predictions about results and then correlae t Named objects occupied a larger proportion of thiéd's

predictions with actual experimental results. ladteve use
here experimental results as supervisory informatio
search for reliable patterns from this
multidimensional dataset. From a technical viewpadihis
approach is also different from standard unsupedvigata
mining approaches because we take advantage ofibedia
information to facilitate data mining and patteetettion.

visual field in successful naming events comparéd that
in unsuccessful naming events. The same trend Hvailths

complexVisual data from the parent's pgrspective. Put_ttngpther,
the results suggest — not surprisingly — that dbjames are

learned more effectively when the named objectisgally
salient in both the learner's view and the teacherew,
namely, when the child and the caregiver jointliead to

Figure 4 shows our overall approach for multimodalthe same object.

information integration, which consisted of twopsteFirst,
we started by grouping naming events (results fepeech
and language processing) irgaccessful naming eventén
= 65) andunsuccessful naming eventé= 96) based on the
testing results measured at the end of each pahddt-
interaction. In addition, we grouped the remainingments
in the interaction as a third kind of eventnen-naming
events(n = 132). In this way, a whole temporal dataastre
can be decomposed and labeled by these three eienxts
we extracted various measures and statistics fisoavand
motion data, and compared those results across #went
groups. Any differences on a certain measuremetmiesan
successful and unsuccessful naming events wiltatdithe
potential importance of this pattern in learningeated
social interaction. In contrast, similar resultsross
successful and nonsuccessful events suggest thaattern
under consideration may not play any major rolevord
learning. In addition, the third event group — m@ming
event — provides a baseline. The differences betvemn-

Named objects in hands

The percentage of time in each event category ftthet

named objects are either in the child’s hands othia

caregiver's hands can also be viewed as a meadure o
attention to that object. As shown in Figure 6, enor
successful naming events are those in which theedam

object is in the child’s but not the caregivershntia. More
specially, in about 45% of time when a successérhing
event happened, the named object was in the chilahsls.
Meanwhile, the named objects were in the careggviesihds
in only 8% of time. Two implications follow from #se
results: First, those learning moments in which plaeent
correctly gauges the child’s attention and thenvides
linguistic labels, may be most effective for worshtning.
Second, parents can infer the child’s attentiomugh the
child’s hand actions.

Head Movement and Word Learning
As shown in Figure 7, the third measure asks whethe

naming and two naming events will |dent|fy thoseChiId or the Caregiver holds his/her head Stlllldglmamlng

behavioral patterns in a social interaction thategwers
generate when they teach object names, no mattetheth
the naming events themselves are successful orTingt.
following results will focus on three different nseaes:

0.15 B successful naming

H unsuccessful naming
non-naming

0.1 -

proportion of the name ohjects

child’s view

caregiver's view

Figure 5: The proportion dhe named objects in two views.
both views, the proportion of named objects is mbigjger at th
moments of successful naming events compared wiitier
unsuccessful naming events or the baseline (otlenents in th
interaction).

events. Our first finding is that both the childdathe

in

caregiver move their head more dramatically
unsuccessful naming events compared with successful
60%

50% u successful naming T

© B unsuccessful naming

non-naming

caregiver's hands child's hands

Figure 6: The prportion of time that participants’ hands

holding an object. In successful naming events,cthitl’s hand
most often held the named objects, which happeessiftequent
in unsuccessful naming events. Indeed, the caretgneed to hol
the name ojects in unsuccessful naming events even com
with nor-naming moments



naming events or the basic line. Second, the chit@ad is
oriented more stably during successful naming evertis
suggests that sustained attention is critical aonlimg object

iij‘i*

child's head caregiver'shead child'shead caregiver's head
position position orientation orientation

names.
30% N successful naming
25% —munsuccessful
20% non-naming

15%

10%

5%

Figure 7: The proportion of time that the child’s or
caregiver’'s head is moving. We found that the ¢hitebad tenc
to have a stable orientation in successful namivenes. Also
both the child and the caregiver move more drarmalyian
unsuccessful naming events.

General Discussions and Conclusion
Most of children’s word learning takes place in Byes
contexts — like the tabletop play task used héfbere are
multiple objects, multiple shifts in attention byoth
partners, and many object names that might be ddarrin
these contexts, very young children do not alwagsn the
names of things but they must learn some. The gjotis
work is to understand the qualities of real worltefactions
between young word learners and parents that argdhat
learning. The number of naming events is not thastm
important variable. Instead, naming needs to oeduthe
right moment intime, when both parent and child are
attending to the same object. However, lookingrabbject,
the metric of attention usually used in highly slifigd
artificial learning tasks, may not be the best -teaild
metric on attention. Instead, active engagemenhat is,
manual actions on the object —may be a better enetrihe
child’s interest and thus readiness to learn theendinally,

contexts that children do). Further, inferencesuahthe
mental states of others must arise from their ezldoodily
actions, bodily actions that in the real world drghly
dynamic. The study reported here is a first stap i
understanding these dynamics.

In this paper, we use advanced sensing equipnmaht a
state-of-the-art experimental paradigms to collacitiple
streams of real-time sensory data in parent-child
interactions. A further strength of this research the
application of computational techniques to analylzese
multisensory data to measure the statistical reigiels in
the learning environment. Thus, with more fine-geai data
and advanced analysis tools, we have the oppoytuait
discover a more complete mechanistic explanatioaaoly
word learning.
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