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Abstract The development of sensorimotor coordination in
infancy is fundamental for regulating interactional dynamics
with peers and adults. In this work we present a multimodal
device to systematically assess children’s orienting behavior
in social situations. Technological choices are emphasized
with respect to ecological requirements. Also ad-hoc cali-
bration procedures are presented which are suitable to un-
structured environments. Preliminary tests carried out at a
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local daycare with 12–36 months old typically developing
infants prove the in-field usability of the proposed technol-
ogy. Considerations on the future development of the device
underscore the meaningful contribution that such platform
can offer to child-robot interaction research.
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1 Introduction

Social orienting refers to the ability of young children to
spontaneously orient themselves to naturally occurring so-
cial stimuli in their environment. Failure to orient to so-
cial stimuli during early development may contribute to the
later-emerging social, communicative and cognitive impair-
ments [16].

The assessment of social behavior in infancy during
daily-life activity is usually based on observational method-
ologies or on questionnaires distributed to parents and to day
care teachers. Recently, approaches using expensive systems
of multiple cameras placed in rooms of the house or in day
care play rooms have been proposed. Issues related to the
use of video surveillance systems are the huge amount of
data to process off-line, and the high sensitivity of such sys-
tems to changes of lighting conditions. Moreover, recording
with external cameras can present occlusion problems and
it is often impossible to detect child’s micro-behaviors, such
as gaze shifting, or complex eye-hand coordination during
social interaction. More sophisticated technologies for fine
measurement of the baby’s responsiveness to social stimuli
require structured environments, typical of laboratory set-
tings or clinical centers, and they are not suitable for inves-
tigations in ecological environments, such as the home and
day care centers.
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In this work we explore a novel approach based on wear-
able technology for monitoring and assessing social orient-
ing behaviors in typically developing children from 12 to 36
months of age. The main requirement for the proposed tech-
nology is to be suitable for ecological environments, in order
to monitor the child during daily-life, avoiding stress and un-
comfortable situations, and to provide quantitative and ob-
jective evaluations on the child’s early development of social
and sensori-motor abilities.

The quantitative evaluations of early human orienting be-
havior could have also a great impact, not only on the as-
sessment of child development, but also, on the design and
implementation of interactional dynamics between humans,
in particular children, and robots.

In the last thirty years several robots able to interact with
children for educational and therapeutic purposes have been
developed (see [12, 13, 39, 41, 54]).

Interactional dynamics defined by synchronized and co-
ordinated responses between the robot and the child have
strong influences on regulation and naturalness in interac-
tion [4, 11, 20, 22, 40]. In the majority of the trials presented
in literature, the robot interactional dynamics are triggered
by the experimenter who (taking the role of the robot) inter-
preted the interactions and the meaning of the children’s be-
havior, and then selected the appropriated responses for the
robot (as in [28, 40, 46]). Simple action-reaction movements
can be performed autonomously by mobile robots, where
heat sensors and infrared sensors allow to detect the pres-
ence of the child and the contact with him/her [44]. Motion
tracking system mounted on the robot, as in [5], can analyze
gross arm movements of the child that in turn trigger the ro-
bot to imitate the child. In some cases the robot, provided of
built-in behaviors, performs movement on its own, to catch
the attention of the child or can behave on the basis of at-
tention maps, created by detecting the locations of a human
face, toys and moving objects in the environment, as in [29].

In the absence of the remote control by the experimenter,
the robot has to record and reorganize the interaction by us-
ing only its proprioceptive data, recognize face and emotions
of the child, detect his/her body movements and gaze, sense
touch and discriminate voices. In a natural familiar environ-
ment, different from a well-controlled laboratory situation,
factors like changes of lighting conditions, displacements of
objects together with the complex and unpredictable child’s
behavior can affect the robot ‘interpretation’ of the interac-
tion. The technology that we propose will enable to over-
come these limitations.

In this work we present a multi-modal head-mounted de-
vice, the Audio-Visuo-Vestibular (AVV)-Cap, designed for
assessing social orienting behavior in typically developing
infants from 12 to 36 years old. The AVV-Cap worn by the
child would act as an extended interface of the robot, gather-
ing and sending information on child behavior (e.g. direction

of child’s attention) to the robot, thus allowing to regulate
the interaction as naturally as possible.

The developed technology has, thus, twofold challenges:
from one side it aims at providing un-obtrusive instruments
for monitoring and quantitatively assessing young children
social orienting behaviors during daily-life; from the other
side it will offer a novel prospective for designing and regu-
lating child-robot interactional dynamics.

The paper is structured as follows. The principles of de-
sign of the AVV system, its components, its functioning and
in-field calibration procedures are described in Sect. 2. Pre-
liminary results from application of the AVV system in a
day-care center with typically developing children are pre-
sented in Sect. 3. We discuss how these results and future
developments of the AVV system could contribute to im-
prove the design of autonomous social robots and close the
loop in the child-robot interaction in Sect. 4.

2 Principles of Design

The design of the AVV system is based on three main prin-
ciples [7]:

1. non-obtrusivity
2. minimally structured and ecological operating environ-

ments
3. multi-modality

The first one assures suitability for continuous monitor-
ing without being distressful or obtrusive for children; this
sets technical constraints for the design of the device, such
as small in size, lightweight, and portability.

The second one points out the field of application of the
device, that is in unstructured home-like situations, which
differs from laboratories and clinical centers environments.

The third one stresses the demand for a complete and in-
tegrated analysis of the child behaviors from multiple point
of views (i.e. different sensory features) at the same time.
The AVV system has to monitor the child’s orienting behav-
ior in social situations, that means, it has to be able to detect
gaze, child’s head kinematics, and localize sound stimuli, in
particular human voices, with respect to the child.

Other constraints on the design of the AVV system are as-
sociated to the processing system. Current tools [23, 37] for
coding videos and screening of recorded data result tedious
and time consuming. Huge amount of data can arise from the
collection of multimodal information. The aim of the AVV
system is to provide a device able to acquire multimodal data
and process them with automatic or at least semi-automatic
modality. Therefore, simple and quiet robust algorithms are
required both for low level processing of the signals pro-
vided by each sensor and for data integration processing.
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The listed principles of design impose limits on the sys-
tem accuracy, which, therefore, does not seek to be accurate
as other state-of-the-art techniques for behavior assessment.

Although this limitation, the proposed method may en-
able researchers to gain new insights on the contents of so-
cial orienting behavior from the child’s point of view.

2.1 Available Technology for Behavior Assessment

Current technologies for behavior assessment are more of-
ten unimodal, meaning that only one feature, among move-
ment analysis, gaze tracking and sound localization ability,
is monitored at time.

The most popular technology for gait and posture analy-
sis are stereophotogrammetric systems, such as Motion Cap-
ture System from Vicon. They are based on optical devices
and markers attached on the body. These systems have a
high accuracy and they are useful to capture fast motion
data for analysis. However, they have the drawback of be-
ing expensive and often require highly structured environ-
ments. Moreover, a lot of data processing work is necessary.
Other technologies, mostly used for tracking orientations,
are based on magnetic and inertial sensing. In the first case,
an electronic compass allows to estimate heading, it solely
relies on the geomagnetic field, i.e. it does not require any
artificial source; measurements can be altered by ferromag-
netic influence of surrounding objects. In the second case,
miniaturized accelerometers and gyroscopes sense, respec-
tively, acceleration and angular velocity. Magneto-inertial
technologies appear to be very appealing since: they are
highly unobstrusive due to the availability of miniaturized
off-the shelf devices; can provide high accuracy in orienta-
tion tracking; are sourceless; do not require any structuring
of the environment; are low-cost.

Several technologies, then, exist for recording eye move-
ments. Magnetic scleral search coil [38] is the standard re-
search technique providing the highest spatial and temporal
resolution, and it can also detect torsional components, but
it is limited to a clinical setting due to discomfort, limited
recording time and risk of corneal abrasion or lead break-
age. The requirements to stay in the center of the magnetic
field precludes the use of search coils during many natural
activities. The standard clinical method for recording of eye
movements is the electro-oculography, which allows also
measurements with closed eyes but it suffers from low reso-
lution, drift, noise, poor vertical measurements, and motion
and EMG artefacts that limit its use during locomotion and
other natural activities [17]. The most popular methods are
Infrared (IR) Oculography and Video oculography (VOG).
IR oculography uses infrared lighting to illuminate the pupil
and then extracts the eye orientation by triangulation of the
IR spotlight reflections or other geometrical properties. The
major drawbacks of this methodology are the limited lin-
ear range, the complicated and time-consuming installation

and calibration procedures and poor mechanical stability of
the transducer with respect to the eye. In VOG, the track-
ing of eye movements is achieved by the digital process-
ing of video images of the eyes. The position of the pupil
and of characteristic iris landmarks is detected by image
processing algorithms and used to calculate the rotation an-
gles of the eye. There exists external video trackers sys-
tems, such as, the Tobii eye tracker, which constrain con-
siderably the experimental setup while being very sensitive
to head movements. Head-mounted video trackers also exist
[3, 18, 55], they do not suffer of head movements but usu-
ally they are not suitable for children, being too heavy and
bulky. A new head-mounted camera, the Wearcam [35], re-
cently developed by the LASA of Ecole Politechnique de
Lausanne (within the TACT project too), is specifically de-
signed for children aged between 6 months and 18 months,
to be used in a free-play environment. It films the frontal
field of view of the child and a small mirror protruding from
the bottom part of the camera reflects the eye portion of the
wearer’s face. Wearable VOG technologies appear to be the
most suitable for continuous children behavior assessment
since: reduced dimensions and weight of the actual cameras
allow to position them in such a way that they interfere as
less as possible with the field of view of the child, thus can
be worn without too much discomfort; high resolution and
high frame rate CCD and CMOS cameras are now available
and low cost.

Lack of response to auditory stimuli and hearing loses are
monitored with ABR (Auditory Brain Responses) audiome-
try [14] and OAE (otoacoustic emissions) tests [21], both the
methodologies are implemented in specialized clinical cen-
ter and hospitals and therefore they are not directly available
to continuously monitor the development of hearing func-
tions. Other quantitative methods for assessing child’s abil-
ity to localize sound sources in ecological environment do
not exist.

Despite the presented technologies, the AVVC device
offers a multimodal approach to systematic assessment of
early social attention skills.

2.2 Hardware Solution

Wearable technologies appear to be very appealing for our
purpose since: being close to the body, allow to directly ex-
tract relevant information from a child-centered perspective,
filtering environmental noise; can consolidate the function-
ality of multiple devices into a single, integrated system; do
not modify the environment setting, unlike complex motion
tracking system (i.e. stereophotogrammetric systems, which
require to equip the observational room of several infrared
cameras) and sophisticated sound localization systems, re-
quiring multiple points of observation (array of microphones
to be located in specific points of the observational room).
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Fig. 1 Audio-Visuo-Vestibular Cap: S1, magneto-inertial sensor; S2,
pair of microphones in binaural configuration; S3, mini-webcam

Thus, a colored cap, widely used garment among children,
has been used as wearable support for the AVV system.

The most important senses involved in orienting behavior
are vestibular (orienting of head position and sensory organs
response-ability to the environment), hearing (how the ears
and the brain work together to intake and organize auditory
information), and sight (how the eyes and the brain work
together to intake and organize visual information).

Thus three different sensors are mounted on the cap
(Fig. 1): a magneto-inertial sensor (S1), positioned on the
top of the cap with velcro bands; a pair of omni-directional
microphones (S2), positioned at two opposite side of the
cap, in correspondence of the ears of the child (binaural con-
figuration); a mini-webcam (S3) mounted on the visor of the
cap, sustained by an ad-hoc light rubber support, with the
objective pointing to the face of the child. The sensors can
be easily moved from one cap to another which better fits the
cranial circumference of the child (estimated from 35 cm to
49 cm for children from 6 to 24 months). The cap is kept
fixed on the head of the child using adjustable elastic bands.

Magneto-inertial technology [52] for motion capture has
been chosen for several reasons: it is sourceless, it relies
solely upon gravitational and geomagnetic fields that are
ubiquitously present on Earth and does not require addi-
tional field sources; it is available in compact packages, lim-
ited in dimension and weight; moreover such systems are
easy to calibrate and low cost respect to other motion track-
ing systems. The main drawback of this technology is the
sensitivity to external magnetic fields (i.e. mobile phones,
power stations, etc.), however, it is plausible to assume that
in the environments in which the AVVC is designed to be
applied (daycare centers) electro-magnetic interferences are
limited. The head tracker (MTx, Xsens Technologies B.V.)
transduces head kinematics in 3 dimension at a frequency
of 100 Hz, with a dynamic range of all angles in 3D and
angular resolution of <1°.

Fig. 2 Synchronization system: the trigger device receives, via blue-
tooth, a trigger signal from the PC and lights an Infrared led, under the
visor of the cap, and generate a sound wave

Localization of the speaking voice is achieved by process-
ing the signals from the two microphones (MKE 2-ew
Gold, Lavalier). The audio signal acquisition frequency is
set to 44100 Hz, so as to cover an interval of frequencies
from 0 to the Nyquist frequency 22050 Hz, in which is con-
tained the frequency range of human auditory perception
(20–20000 Hz). Quantization is set to 16-bit per sample,
which provides a dynamic interval of 96 dB, close to human
ear dynamic range.

Unexpensiveness, light weight, dimensions, and quality
of modern day web-cams allowing them to be used for eye-
tracking has driven us to choose them for our purpose. The
web-cam, that we address as eye-cam, is composed of a 1/4
in CMOS sensor, with a resolution of 640×480 and a frame
rate of 30 frames per seconds. The rubber support which
sustains the eye-cam is designed to hold the camera at a dis-
tance of about 10 cm from the face of the child, interfering as
less as possible with his field of view, and enabling manual
setting of the orientation of the eye-cam. The eye-cam sen-
sor points to the face of the child and it has been provided
with a mini-objective of 2.5 mm focal length (Model RE-
025S) in order to cover a field of view (the diagonal Field
Of View is 84° for an average of 57° and 71° vertically and
horizontally respectively), corresponding a face dimension
of 12 × 15 cm.

All the sensors on the AVVC send data to a PC via USB,
which means that the AVVC is still a wired device. The ca-
bles are connected together in correspondence at the back
of the cap, before being plugged into the PC. The drawback
of the wires is that the AVVC, at this moment, cannot be
used in free-play situations, in which the child can move
freely, but he/she has to sit on a chair during experimental
sessions. Although the presence of cables do not affect the
child’s acceptability of the device, as preliminary trials have
demonstrated, we count to develop wireless communication
modules in the future prototype, which allow the child to
interact without constraints.

The synchronization system, for the multimodal data ac-
quisition, is shown in Fig. 2 and consists of an external de-
vice, referred as trigger device, which lights an Infrared led,
positioned under the visor of the cap, and generates a sound
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Fig. 3 Processing phases: signals detected from magneto-inertial sen-
sor (S1), microphones (S2) and from the eye-cam (S3) are processed
to estimate head kinematics (i.e. head azimuth, Ψh), TDOA (Time Dif-
ference Of Arrival) and pixels relative to the eyes coordinates; through
the mapping process TDOA and pixels are transformed, respectively,
in binaural azimuth (Ψb) and eye-in-head azimuth (Ψe); sensory-motor
integration combines head azimuth with binaural azimuth, providing
the location of voices (Ψv) close to the child, and with the eye-in-head
azimuth, providing an estimation of the gaze (Ψg)

of duration 250 ms and frequency 4 kHz, at the beginning
and at the end of the acquisition. As magneto-inertial sen-
sor data starts or ends to be logged a trigger signal is sent
via bluetooth to the trigger device that synchronizes the eye-
cam and the microphone signals with the Infrared light and
with produced sound.

2.3 Multimodal Data Processing

The AVVC works like an artificial audio-visuo-vestibular
system. Although in the present work only the horizontal
component of the orienting behavior has been considered,
the AVVC worn by the child is able to localize voices close
to him/her, to sense child’s head orientation, angular veloc-
ity and acceleration and to estimate gaze direction by detect-
ing eye orientation.

In the scheme in Fig. 3 the phases of the processing
are shown. After the identification of the synchronization
points, signals detected by the three sensors are separately
processed to extract local features. Through a mapping
process and a sensory motor integration process, local fea-
tures are transformed in relevant behavioral features.

AVVC processing is made off-line. Although, in the
present work, on-line data processing was not required for
children behavioral assessment, we intend to provide the
AVVC with real-time signal processing, so that the acquired
information can be directly used for future application in
child-robot interaction.

Local Processing In the first phase of the AVVC process-
ing system, each sense modality is processed independently,

thus to obtain a peculiar feature from each signal: Time Dif-
ference Of Arrival (TDOA) is estimated from the micro-
phones signal, head kinematics from the magneto-inertial
sensor and pixels relative to the eye coordinates from eye-
cam recordings.

The TDOA, also addressed as Interaural Time Difference
(ITD), is the delay between the time when a sound from a
single source reaches one ear and when it reaches the other
ear. This delay is due to the different path that the sound
wave covers from the point where it is located to the two
ears. The TDOA is the binaural cue on which most of the
state-of-the-art sound localization systems relies [2]. Among
several techniques [1, 6, 10, 51] used for the estimation of
TDOA, τ , the Phase Transform (PHAT) generalized cross-
correlation technique has been selected [24]:

τ = arg max
β

∫ ∞

−∞
W(ω)X1(ω)X2(ω)ejωβ dω (1)

where, X1(ω) and X2(ω) are the Fourier Transform of the
signal at each microphone, X1(ω)X2(ω) is the cross-power
spectrum, and W(ω) is a normalizion factor defined as:

W(ω) = 1

|X1(ω)X2(ω)| (2)

This approach allows to only take the phase of Xi(ω) into
account, narrowing the wide maxima caused by the corre-
lation between the received signals. Although PHAT algo-
rithm is a suboptimal solution, because each frequency bin
of the spectrum contributes the same amount to the final
correlation, and this makes the system less robust to noise,
PHAT technique has emerged as the standard in sound local-
ization. It does not require any knowledge about the spec-
trum of the microphone dependent noises (prior knowledge
of the noise spectra is usually difficult to obtain, especially
in real, reverberant environments), it results simple to be im-
plemented, and shows good performances in reverberative
environments [32].

TDOA/angle mapping is required to determine the angu-
lar position of a sound source with respect to the head once
the TDOA is estimated. The mapping is achieved with the
calibration procedure, described in details in the next para-
graph.

Information provided by the magneto-inertial sensor is
used to estimate head kinematics: the inertial sensors can
provide esteem of the head tilt with respect to gravity as well
as angular velocity of the head; the magnetic sensors, used
as a compass, can determine the amount of head rotation on
the horizontal plane, also referred as head azimuth, Ψh.

Eye movements are detected by identifying the pupils po-
sition in frames recorded by the eye-cam. The eye-tracker
measures eye-in-head movements in craniotopic coordi-
nates, that means that measurements are not affected by head
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movement because the device is fixed on the head. Pupil co-
ordinates expressed in pixels units need to be transformed in
eye angular positions and this is achieved by the calibration
procedure.

Mapping and Sensory-Motor Integration Two calibration
procedures are required to calibrate the AVVC device: the
first one is the vestibulo-auditory calibration which relates
the estimated TDOA with the binaural azimuth (Ψb), that
is the angular position of the sound source in the horizon-
tal plane; the second one is the vestibulo-ocular calibration,
which allows to derive an angle of orientation of the eyes
in the horizontal plane, the eye azimuth (Ψe), from the pixel
coordinates of the pupil. Both the vestibulo-auditory calibra-
tion and the vestibulo-ocular calibration are processes of the
mapping phase (Fig. 3).

– Vestibulo-Auditory Calibration Procedure

The standard experimental set up for mapping of the
TDOAs with angular positions of sound sources usually
consists of a fixed set of observation points (array of mi-
crophones) and fixed set of sound sources, located in known
orientations with respect to the observation points. In an eco-
logical environment, which is poorly structured, the typical
experimental set up is difficult to reproduce, especially if
the head of the child, where the microphones are mounted,
is free to move. The proposed vestibulo-auditory calibration
is properly designed for those environments. It exploits the
free movements of the child’s head to determine a correla-
tion between the TDOAs and the sound sources directions.

In-the-lab calibration has been conducted for comparing
the standard procedure with the proposed ecological one.
Two microphones are mounted on a dummy head. In the first
procedure, P1, the sound source (speaker with experimenter
voice) was located in a set of eleven locations (−90°, −70°,
−50°, −30°, −10°, 0°, 10°, 30°, 50°, 70°, 90°) at a distance
of 1.2 m respect to the head, and the head was kept in the pri-
mary position, at 0°. In the second procedure, P2, the sound
source stayed in the primary position while the dummy head
was oriented in the eleven locations. Both the procedures
have been repeated ten times. While the procedure P1 re-
quires to modify the environment by using several locations
for the sound source, the procedure P2 is more suitable for
ecological conditions since it exploits the dummy head ori-
entation for TDOA/angle mapping.

TDOAs (τ ) and angular positions, Ψ , are correlated with
a linear relation:

Ψ = Gb · τ + Ob (3)

where Gb is the slope or gain of the curve, expressed in
◦/s, and Ob is the offset, expressed in °. All the trials show
R-square coefficient values >0.93, confirming that angular

Fig. 4 (Color online) TDOA/Angle map obtained in laboratory: blue
dots refer to calibration obtained when the dummy head was kept in the
primary position and the sound source moved in different positions; red
dots refer to calibration obtained when the dummy head was oriented
in different directions and the sound source stayed in the primary posi-
tion; blue and red solid lines are the fitting curves

Fig. 5 Mean and Standard deviations of the gain of the curves, esti-
mated on ten trials for each calibration procedure (P1 and P2)

position and TDOA are highly correlated with a linear fit-
ting. Figure 4 shows a representative TDOA/angle map ob-
tained in a single trial for the two calibration procedures,
where blue dots and blue solid line refer to P1, while red
dots and red solid line refer to P2.

Comparison between the procedures is achieved by con-
sidering the slope of the curves. Mean and standard devi-
ation of the gains for P1 and P2 are shown in Fig. 5. Dif-
ference in offset values are due to misalignment between
head orientation and the set of angular positions, and are not
considered for the comparison of the two methods. An un-
paired two-tailed T-test on the gains of the two procedures
shows that the procedures are not statistically discrepant
(p > 0.05). Thus, confirming that in-field calibration pro-
cedure can be performed exploiting child’s head movements
and without modifying the child’s environment.
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Fig. 6 Vestibulo-auditory calibration procedure in a room of the
day-care center: C1, caregiver speaking in front of the child, C2, care-
giver moving a toy in a semicircle in front of the child.

During in-field calibration procedure, conducted in a
room of a day-care center, the child is sitting on a chair at the
long side of a desk while wearing the AVVC device (Fig. 6).
A caregiver (C1) is sitting in front of him/her, on the oppo-
site side of the desk, and exhorts the child to orient the head
toward a second caregiver (C2). C2 moves in a semicircle
in the frontal space of the child, and captures his/her atten-
tion by holding a toy without speaking. C1 represents a fixed
sound source in front of the child, while he/she is orienting
the head from left to right and viceversa following the toy.

The calibration curve is determined by correlating the
TDOAs estimated by the localization algorithm and the head
azimuth estimated from provided by the magneto-inertial
sensor. Output of the vestibulo-auditory calibration proce-
dure is the binaural azimuth, Ψb (obtained as in (3)), which
is the location of the sound source, in the horizontal plane,
respect to the child’s head.

Absolute direction of the speaking caregiver, Ψv , is then
estimated as the difference between the binaural azimuth,
Ψb, and the head azimuth, Ψh, thus integrating sensory and
motor proprioception:

Ψv = Ψb − Ψh (4)

After a period of familiarization with the device, the
vestibulo-auditory calibration procedure has been tested on
11 normally developed children between 12 and 24 months
of age, at the day-care center La Primavera del Campus
in Rome. The calibration curve relative to a 24-months-old
child is shown in Fig. 7 and the probability density func-
tion (PDF) of the estimated sound source direction during
the calibration procedure is shown in Fig. 8. The PDF of
the sound source, computed with a normal kernel smoother,
has been fitted using a Gaussian model, with 95% confi-
dence bounds. The gain of the calibration curves obtained
with children does not differs statistically from the values

Fig. 7 (Color online) Vestibulo-auditory calibration curve for a
24-months-old child: the black dots are the raw data, the red line is
the fitted curve (R-square coefficient = 0.95)

Fig. 8 (Color online) Probability Density Function (PDF) of the esti-
mated sound source direction, Ψv , during the calibration procedure in
Fig. 7: the black area represents the raw data, the red line the gaussian
fitting of the PDF (mean = −0.5°; standard deviation = 12°; R-square
coefficient = 0.98)

obtained in laboratory conditions, differently from the off-
set of the curves which depends on the positioning of the
cap on the child’s head.

Results, reported in detailed in [47], show that: (i) the
procedure respects the ecological approach, since it is sim-
ple and it can be configured as a sort of a game play with the
child; (ii) the calibration is consistent and reliable; (iii) al-
though many factors (such as the noisy and un-controlled
environment, the head and trunk movement of the caregiver
speaking in front of the child) can affect the AVVC accu-
racy in localizing sound source, it can be considered satis-
factory for experimental conditions in which two speakers
are located in angular positions higher than 18° respect to
the child.
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Fig. 9 (Color online) Vestibulo-ocular calibration curve (in-lab eval-
uation): the black dots are the raw data, the red line is the fitted curve
(R-square coefficient = 0.97)

– Vestibulo-Ocular Calibration Procedure

Eye-tracking systems calibration, used for transforming
movements of the pupil in pixels to eye positions in degrees,
usually consists of looking at several markers on a screen in
order to collect enough data to modify the parameter of an
adjustable model, often while keeping the head still. Also,
this kind of calibration cannot be easily performed when the
users are very young children.

The proposed calibration procedure is inspired by the
vestibulo-ocular reflex (VOR) which allows generating
compensatory eye movements in response to head motion
as sensed by the vestibular organs in the inner ear. When
the head rotates about any axis (horizontal, vertical, or tor-
sional) distant visual images are stabilized by rotating the
eyes about the same axis, but in opposite direction [9]. The
gain of the VOR (the ratio of eye angular velocity dΨe

dt
to

head angular velocity dΨh

dt
) is typically around −1 when the

eyes are focused on a distant target.
During vestibulo-ocular calibration, the subject is asked

to rotate the head to the left and to the right while keep-
ing looking at the experimenter who is sitting in front of
him/her. Head rotation movements are recorded at a fre-
quency of 100 Hz by the magneto-inertial sensor mounted
on the top of the cap. Given the relation between head and
eye angular velocities, the head azimuth correlates with the
coordinates of the pupil in the horizontal plane, Px . Linear
fitting can be applied to the calibration curve to extract gain,
Ge, and offset, Oe (see Fig. 9). This allows expressing the
eye orientation, Ψe, in degrees rather than in (normalized)
pixels:

Ψe = GePx + Oe (5)

Fig. 10 (Color online) Probability Density Function (PDF) of the es-
timated gaze direction, Ψg , during the calibration procedure in Fig. 9:
the black area represents the raw data, the red line the gaussian fit-
ting of the PDF (mean = −0.7°; standard deviation = 5°; R-square
coefficient = 0.95)

The gaze direction, Ψg , is then estimated as the differ-
ence between the eye-in-head orientation, Ψe, and the head
azimuth, Ψh, thus integrating sensory and motor propriocep-
tion:

Ψg = Ψe − Ψh (6)

The probability density function of the estimated gaze di-
rection, has been computed with a normal kernel smoother
and fitted using a Gaussian model, with 95% confidence
bounds (Fig. 10).

The calibration procedure has been tested in-lab on 5 sub-
jects, between 25 and 27 years old. Figure 11 shows the cal-
ibration curves obtained for each subject, where variation in
offset values are due to the different positioning of the cap
on each subject’s head. R-square coefficient (0.94 ± 0.03)
averaged on the subjects confirms that (normalized) pixels
and angular positions are highly correlated with a linear fit-
ting.

Each subject orients the head over an averaged range
of [−43°,42°], thus proving that the calibration procedure
operates over a range of motion of ±40° in the horizontal
plane. A t-test applied to the estimated gaze over time (see
Table 1) reveals that the gaze distribution for each subject
is not statistically different from a normal distribution with
mean 0 (p > 0.05). This result confirms that the direction of
the gaze is kept in a frontal direction on the experimenter.
The standard deviation mean is around 5°, which is quite
high value if compared to accuracy of state-of-the-art eye-
tracking methods. However, because of the working condi-
tions (i.e. ecological environments where the cooperation of



Int J Soc Robot

Fig. 11 (Color online) Vestibulo-ocular calibration curves: black line
refers to subject 1, blue line refers to subject 2, red line refers to sub-
ject 3, green line refers to subject 4, magenta line refers to subject 5

Table 1 Probability density function mean and standard deviation
(STD) of the gaze estimated for each subject, expressed in degree;
p-value of the t-test performed on the estimated gaze

Subject Mean STD p-value

1 0.3 6 1

2 −0.5 5 1

3 −0.7 5 1

4 −0.4 5 1

5 −0.2 8 1

the user cannot be expected) we do not seek to be provide
an highly accurate system.

The proposed procedure is based on a human physiolog-
ical reflex which matures and develops in infants very early,
within the first two months of life [34] and this allows to ob-
tain a pixel/angle mapping by exploiting solely head move-
ment.

Further evaluations need to be performed to estimate the
sensitivity of the calibration when the procedure is not per-
fectly executed. Although only preliminary tests have been
made on adults, the vestibulo-ocular calibration can be eas-
ily configured as a game (e.g. we observed that when the
caregiver exhorts the child to mime a negation he/she turns
his/her head keeping the gaze on the caregiver in front of the
child, that is just what it is required in the proposed proce-
dure), therefore the next step will be to test it with children.

Orienting Behavior The last phase of the AVVC data
processing system consists in the reconstruction of the child
orienting behavior, integrating all the relevant features: lo-
cation of the speaking voice, head orientation of the child
and his/her gaze. Other information can be also available,

Fig. 12 Experimental Scenario. One caregiver to the left (Cleft), an-
other to the right (Cright) of the child, speaking and positioning colored
blocks on the table in front of the child. On the right corner, a snap-
shot of the child’s eyes with three possible positions for the eye (left,
L, center, C, right, R), empirically defined

such as velocity and acceleration of head orientation, veloc-
ity of gaze shifting, and blinking. Several micro-behaviors
can be quantitative assessed: if and for how long the child is
looking at a caregiver who is speaking/ at a caregiver who
is silent/elsewhere; if there are anticipatory movements or
delays in shifting attention towards a social stimulus; which
motor strategies the child uses during social interaction, i.e.
if he/she orients only the eyes or is able to coordinate eye-
head movement; pattern of repetitive behaviors; emotional
involvement can also be assessed by measuring the blinking
and eye-head kinematics.

3 AVVC’s Application in a Day-Care Center

The AVVC has been used in the day-care center La Primav-
era del Campus (Rome) for assessing children’s orienting
behaviors in a social protocol.

The experimental scenario, that stimulates the child to
perform relevant sensory-motor tasks in orienting behaviors,
has been designed, within TACT project, by G. Stenberg
(Dept. of Psychology, University of Uppsala, Sweden). It
takes place in a room of the day-care center.

3.1 Social Protocol

As shown in Fig. 12, the child, wearing the AVVC, sits on
a chair, and two caregivers sit next to him/her, each one at
the opposite side of a desk (Cleft and Cright). In a first phase
(speaking phase) each caregiver, alternately, explains to the
child what he is going to do. In a second phase (speaking and
acting phase) each caregiver puts an object (three colored
blocks, positioned one at a time) on the table in front of the
child, far enough from the child avoiding he/she can reach
it, describing the action (e.g. “I’m putting a red block”).

The aim of the protocol is to investigate shifts in attention
of the child from the object to the caregiver and viceversa,
in presence or absence of speech. The child is expected to
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Fig. 13 (Color online)
Behavior representation over
time. (A): stereo signal from
microphones, red lines, sound
source activation; (B): blue line,
head azimuth (negative angles
correspond to rotation to the
right, positive angle to rotation
to the left), red lines sound
sources location;
(C): probability density
distribution of the estimated
sound sources location; (D): eye
orientation (left, center, right)
and blinking; (E): snapshot with
the three eye positions (left,
center, right)

perform the following actions: (i) look at the person who
is speaking/acting; (ii) look at the person who is not speak-
ing/acting; (iii) look at the objects on the table.

Typically developing children, between 20 and 36 months
old, participated to the experimental sessions after the ap-
proval of informative consent by their parents. Vestibulo-
auditory calibration procedure was performed for each chil-
dren before the social protocol. Although the vestibulo-
ocular calibration was not yet tested it was possible to es-
timate only qualitative positions of the eye (i.e. left, center,
right, as in Fig. 12).

In this work data of one child of 33 months old are shown
in Fig. 13 as an example of the information provided by
the AVVC. The child’s behavior can be reconstructed and
quantitatively assessed with a semiautomatic procedure. The
AVVC processing system allows to: identify when some-
body is speaking (Fig. 13A); estimate where the person who
is speaking is located (Fig. 13B and 13C); detect where the
child’s head is oriented (Fig. 13B) during the two phases of
the protocol; detect if the child’s eyes are in a central posi-
tion or oriented to the left or to the right (Fig. 13D and 13E).

These studies are still ongoing, but preliminary evalua-
tion of the results have showed how the device respects the
ecological approach: children can wear the AVVC without
discomfort, they enjoy both the calibration procedure and
the social protocol, thus spontaneous and natural behaviors
can be observed.

4 Conclusion and Future Directions

This paper has given an overview of the major goals un-
derlying the design and the use of the AVVC as a unob-
trusive, wearable technology for assessing very young chil-
dren sensory-motor coordination during social situations.

Focus on children from 12 to 36 months comes from evi-
dences in literature that there are clearly observable behav-
iors which are important predictors of neuro-developmental
in pre-verbal children [50].

The behavior representation obtained with the AVVC re-
sults a complementary tool to the standard video scoring
used to analyze children’s behavior. It has the advantage
of being objective, do not rely on the subjective qualitative
judgement of the experimenter. Moreover, the multi-modal
approach allows to evaluate the child’s behavior taking into
consideration both sensory information (hearing and vision)
and motor information (eye-head coordination), standing
out during the social interaction. Although in this work only
the horizontal component of the orienting behavior has been
considered, we intent to extend the analysis to 3D orienting
behaviors, thus that others micro-behaviors can be inferred
from the AVVC data.

Compared to traditional laboratory observational in-
struments, the proposed device is not highly accurate but
its performance are satisfactory for the application in un-
controlled, ecological environments.

Results of such studies show promise for assessing social
orienting behaviors of typically developing children.

Further work on the AVVC will aim at developing a wire-
less communication module and a real-time signal process-
ing system.

Wireless connections will enable the child to move
around in the room without constrains, thus allowing to im-
plement new protocols for assessing social behavior. More-
over, the absence of cables will ensure a better suitabil-
ity for future applications on infants affected by neuro-
developmental disorders, who show evident impairments
in social orienting. Lack of social orienting to other’s
faces [48]; difficulty of the child in shifting attention
to speech sounds, or to being called by his/her name
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[8, 30, 43]; unusual patterns of eye-contact and gaze direc-
tionality [5] are, in fact, early characteristic symptoms of
neuro-developmental disorders such Autism Spectrum Dis-
order (ASD) and Attention Deficit Hyperactivity Disorder
(ADHD) [15]. Tests with a wireless version of the AVVC
on children with autism will definitively prove/disprove the
effectiveness of the device as a complementary instrument
to standard diagnostic measures, such as the ADOS-G (the
Autism Diagnostic Observation Schedule-Generic) [31].

Real-time operating systems will provide the advantage
of retrieving relevant information in a short time, thus al-
lowing other systems, i.e. robotic platforms, to use them and
improve the interaction.

The combination of wearable technology with social ro-
bots could improve the child-robot interactional dynamics,
in particular in situations in which the child has to face the
robot for the interaction (as in Robota doll [5], Infanoid [27],
Keepon [26], ESRA [46] and Kaspar [42]). Moreover, this
integrated approach could provide quantitative evaluation of
child-robot interaction [19, 33, 45, 53].

The use of wearable technology was already explored
in [36] where instrumented gloves, accelerometers embed-
ded in armbands and in a hat, pressure sensors in the shoes,
were used only to remotely control the movements of the ro-
bot. Other recent works refer to application not suitable for
children and for their natural environments: in [25] wearable
sensors and stationary sensors positioned in a room are used
to improve the behavior of an interactive guide robot; in [20]
and in [49] body movement analysis of human-robot inter-
action is assessed by using a motion tracking system with
wearable optical markers, in the first work, and by using a
combination of accelerometers and gyroscopes, in the sec-
ond work.

In the same line of this integrated approach, future de-
velopment of the AVV system can contribute to enhance ro-
botic research in child-robot interaction since: it can provide
systematic quantitative evaluations of interaction dynamics
between child and robot; temporal and structural coordina-
tion of the robot interacting with the child can be improved
using the information on the child’s behavior provided by
the AVVC.

In a future scenario, autonomous social robots will gather
and integrate both proprioceptive information (signals pro-
vided by sensors mounted on the robot) and information
coming from wearable devices (signals processed from a
child-centered perspective), such as the AVVC. The knowl-
edge of the child’s state (e.g. his/her orientation in the space,
his/her attention direction, and his/her emotional state) will
guide the robot to interact with him/her in a coordinated and
synchronized way, enabling the robot to be more socially
responsive and closing the loop of child-robot interaction.
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