





found in natural images and videos, and is structured so as to keep those colors
in the center of the colorspace. Therefore, transformations that displace colors
in CIE-LUV are less likely to hit the limits of the colorspace and be degraded.
The transformation from RGB to CIE-LUYV is provided in the appendices.

4.4.2 EXPERIMENTAL SETUP

We compute the quality of the color matching algorithms by evaluating how
much the image pixels deviate from their source. Indeed, we want the color
matching to influence as little as possible the images that are well balanced
already, while correcting the uneven images towards a common level of lumi-
nance. This will ensure that objects appearing in the overlapping region will
not be obfuscated by rough transitions of luminance. For comparison purposes,
we have also implemented a simple matching by mean subtraction. For each
pixel, we subtract the mean of the corresponding image (upper or lower image)

and add the balanced mean of the two images together.

Figure 4.11: Original image from the WearCam prior to color matching (left-
most); notice how the upper and lower parts of the image are illuminated un-
evenly. Color and luminance matching through histogram equalization, bal-
anced mean, and gaussian mapping (2"¢ through 4*" images). While histogram
equalization burns the image and skin colors, balanced mean and gaussian map-
ping maintains a more natural skin tone. Gaussian mapping further reduces the
artifacts due to contrast (e.g. edges of the table).
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RESULTS

The table below shows the results of the color matching accuracy tests. The
best results are obtained with gaussian mapping on the CIE-LUV colorspace.
Histogram Equalization performs badly when the RGB colorspace is used but
benefits from the choice of CIE-LUV. Due to the simplicity of the Balanced

Means approach, the choice of colorspace hardly influences its results.

4.4.3 DISCUSSION

We have seen an image matching method by color transfer through Gaussian
mapping over the CIE-LUV colorspace. The algorithm allows to combine the
upper and lower part of the WearCam images with little luminance and color

perturbations in the transition region, and it produces images that are more
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Table 4.4: Pixel deviation from source to color matched image.

Algorithm RGB CIE-LUV

Balanced Mean 19.13% + 5.45%  19.07% =+ 5.47%
Hist. Equalization 22.39% + 5.49%  18.05% + 4.80%
Gaussian Mapping  18.08% & 4.90% 17.72% =+ 4.82%

balanced than those obtained with other matching methods. These balanced
images are important to improve the quality of the image in harsh illumination
conditions making the subjective analysis of the interaction easier. Moreover,
image matching facilitates the task of tracking objects that move from one part
of the image to the other by reducing the color and luminance shifts in the

transition region

4.5 CONCLUSION

We have seen several technical steps necessary to study the contents of the
visual context of the WearCam images. We have seen that global detection
of faces from a generic face detector is only able to detect the faces in the
interaction half of the time. We have therefore presented a way of identifying
relevant features for detecting a specific class of objects (e.g. a human face)
to allow a fast classification of image candidates. We have used these features
to provide a local tracking algorithm trained specifically on samples provided
by the experimenter. Finally we have seen how we can solve some illumination
issues by matching the upper and lower regions of the WearCam field of view.

We possess now the instruments necessary to study the gaze behavior of the
child wearing the WearCam. We are able to detect if people and objects are
present in the image, and to know whether the child is looking at them. We can
therefore proceed to the task of understanding the visual behavior of children

during an interaction with a social partner.
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Summary

In this chapter we have detailed the following contributions for this thesis:

e We have assessed the accuracy of a face detection system with in-plane

rotation invariance.

e We have presented an iterative algorithm for selecting distinctive features

for object detection.
e We have detailed an online object tracking algorithm using particle filters.

e We have validated the approach by evaluating its accuracy on the WearCam

videos.

e We have proposed a method for matching the two WearCam images.
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Chapter 5

VISION IN AUTISM SPECTRUM
DISORDERS

The face is the mirror of the mind, and the eyes,
without speaking, confess the secrets of the heart.

‘ Saint Jerome. Letters, circa 400AD.

HE previous chapters have been devoted to the technical aspects necessary
T to obtain a measure of the direction of gaze and to estimate which objects
or people are capturing the attention or being ignored by the child. We can
now apply these tools to the concrete task of studying the way vision is affected
by ASD. We focus on dyadic social interaction, as it provides the framework in
which most atypical behaviors are known to manifest. We report on two studies
in which 17 and 12 children with ASD were contrasted to an equal number of
matched typically developing children. The first study was conducted at the
children’s own houses, monitoring the interaction of the child with a parent or
caretaker, while the second one consisted in a more structured study led in a
clinical setting at the local university hospitals. In the evaluation of the data
from these two studies we focus on the differences between ASD and Typically
Developing (TD) children in terms of episodes towards the face of the social

partner, and the role of peripheral vision.

RESEARCH QUESTION:

e What are the differences in visual behavior between typically developing
children and children with ASD?

RELATED PUBLICATIONS:

e Noris, B. and Nadel, J. and Barker, M. and Hadjikhani, N. and Billard, A..
Investigating Gaze of Children with ASD in Semi-Supervised Settings.
Autism and Developmental Disorders. Submitted, 2010.

e Billard, A. and Noris, B. and Ansermet, F. and Nadel, J.. Seeing the World
Through Children’s Eyes. Autism Research. Submitted, 2010.
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ABSTRACT

We conducted two studies using the WearCam (presented in Chapter 3) to
monitor both central and peripheral vision of children in a dyadic interaction.
We compared the gaze behavior of 29 children with ASD and matched controls in
an ecological setting. In the first study, 17 children (13 boys, 4 girls) with autism
were tested during a free play session with a parent or caretaker. In the second
study we tested 12 children (11 boys, 1 girl) during a structured interaction with
an experimenter using selected items of the Early Social Communication Scale
(ESCS), focusing on joint attention. In both studies, Children with ASD showed
a lower number of fixations directed at others’ faces, and of shorter duration. In
addition, children with ASD kept the face of others in the periphery, exhibiting
an eccentric viewing strategy. Our data show that studying children actively
participating in a natural interaction can give an insight in the way they use

both their central and peripheral vision.

5.1 INTRODUCTION

Impairments in social interaction and communication are the main charac-
teristics of Autism Spectrum Disorders (ASD) (APA, 2000). The visual manifes-
tations of these impairments have been the focus of many studies (e.g. Simmons
et al., 2009), and several atypical viewing strategies have been documented in
ASD (for a review, see Dakin & Frith, 2005). These visual peculiarities are most
apparent when studying gaze directed towards social stimuli such as faces (Bird
et al., 2006). In particular, while the underlying causes of gaze peculiarities in
autism are not clear yet, there is evidence for abnormal gaze behavior towards
faces in ASD. Individuals with ASD show a weaker tendency to initiate and
maintain eye to eye contact with other people, and give less attention to faces
(Trepagnier & Sebrechts, 2002; Sigman et al., 2004). This is true when the face
stimuli are shown as isolated images (Pelphrey et al., 2002; Dalton et al., 2005)
and is accentuated when faces are presented in a natural social interaction (Klin
et al., 2002; Riby & Hancock, 2008a). Individuals with ASD have a tendency to
look more at the mouth than the eyes (Klin et al., 2002; Pelphrey et al., 2002;
Joseph & Tanaka, 2003; Spezio, Adolphs, et al., 2007). Given the importance
of eyes as a social cue, this behavior likely explains the reported difficulties for
people with ASD in estimating emotions and judging the mental state of others
(Baron-Cohen, Campbell, Karmiloff-Smith, Grant, & Walker, 1995; Mundy &
Crowson, 1997; Pelphrey et al., 2002; Ashwin et al., 2006). The same tendency
may also contribute to the reported difficulty in recognizing faces (Joseph &
Tanaka, 2003; Dalton et al., 2005; Chawarska & Shic, 2009b), although the
results on this issue are controversed (Simmons et al., 2009).

Some studies have directly addressed processing of visual information (for
a review, see Dakin & Frith, 2005; Mottron, Dawson, Souliéres, Hubert, &
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Burack, 2006), and shown difficulties in disengaging from competing stimuli
(Zwaigenbaum et al., 2005; Fletcher-Watson, Leekam, Findlay, & Stanton, 2008),
atypical attention shifts (Swettenham et al., 1998; Bird et al., 2006) and strate-
gies of visual exploration to overcome perception deficits (Mottron et al., 2007).
In this direction, Senju and Johnson (2009b) hypothesize, on the basis of fMRI
evidence, that perceived eye contact (which they term eye contact effect) mod-
ulates the activation of the social brain network. The atypical pattern of eye
contact consistently reported in ASD individuals may allow them to weaken the
eye contact effect and narrow down the processing of other types of social infor-
mation provided by the visual scanning of faces (Senju & Johnson, 2009a). Senju
and Johnson argue that infants at high risk of autism do not show avoidance of
eye contact but present atypical brain responses suggesting atypical top-down
modulations of neural activities in response to eye contact. This is consistent
with the hypothesis that visual perception may not be impaired directly in ASD
(Hadjikhani et al., 2004), but rather affected by top-down modulations, such as
the local bias suggested by the Weak Central Coherence theory (see Chapter 2).

5.1.1 EYE TRACKING STUDIES

The most commonly used techniques to study gaze peculiarities rely on eye-
tracking systems, that usually include a device that shows a visual stimulus
on a monitor (e.g. Tobii, ISCAN) (Klin et al., 2002; Trepagnier & Sebrechts,
2002; Merin et al., 2007; Spezio, Adolphs, et al., 2007; Riby & Hancock, 2008a;
Jones, Carr, & Klin, 2008; Chawarska & Shic, 2009b). Taking a different ap-
proach, Scassellati (2007) monitored the gaze of children with ASD when in-
teracting with a robot face. They used an automated face tracking system on
video recorded from a camera mounted on the robot’s head. This approach
contributed to a better understanding of how children with ASD interact with
human-like agents (Billard, Robins, Nadel, & Dautenhahn, 2006; B. Robins,
Dautenhahn, Te Boekhorst, & Billard, 2005). However, placing a camera on
the head of the interaction partner provides information only when the child
looks at the other. To obtain a first-person point of view, Yoshida and Smith
(2008) used a small head-mounted camera that recorded a wide-angle image
of the child’s point of view. They were thus able to record the contents of the
child’s broad field of view, without having to manually estimate the child’s head
direction from an external camera. A limitation of this setup, however, was that
the device did not measure the direction of the eyes. In our studies, we use the
WearCam, a device that monitors both the broad field of view and the direction
of the gaze, from the viewpoint of the child (Piccardi, Noris, Barbey, et al.,
2007).

5.1.2 JOINT ATTENTION

An important factor in the behavior of children with ASD relates to their dif-
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ficulties in engaging in joint attention (Osterling & Dawson, 1994; Mundy &
Crowson, 1997). Joint attention refers to the possibility of coordinating atten-
tion with a social partner and falls into two categories (Mundy & Newell, 2007).
The first category is Initiation of Joint Attention (IJA), where the infant uses
gestures and eye gaze to direct the attention of others to objects, events, or
herself. The second is Response to Joint Attention (RJA), where the infant
responds to bids (gaze, gestures) from others in order to share a common point
of interest. Both categories rely on the child’s ability to follow the direction of
another’s gaze, which is present in typical child development prior to one year
of age (Scaife & Bruner, 1975) and is also present in adults with ASD (Baron-
Cohen et al., 1995). IJA requires that the child shift his attention from the
social partner to the object of interest, both of which involve eye-contact and
the ability to switch attention rapidly: abilities that are deficient in children
with ASD (Mundy & Crowson, 1997). Hence, in ASD impairments in IJA are
typically more pronounced than those in RJA (Mundy, Fox, & Card, 2003).
Furthermore, impairments in IJA seem to be present irrespective of cognitive
delays (Wimpory, Hobson, Williams, & Nash, 2000).

The study of both IJA and RJA have provided insight into how joint atten-
tion abilities may be improved (Whalen & Schreibman, 2003; Kasari, Freeman,
& Paparella, 2006), and have given rise to the Early Social Communication
Scale (ESCS) (Seibert, Hogan, & Mundy, 1982; Mundy, Delgado, et al., 2003),
an instrument designed to assess social development before the development
of language, which is used both in clinical assessment of ASD and in research
studies on ASD (Mundy, Delgado, et al., 2003). The ESCS is currently used
on a regular basis as a clinical diagnostic tool in several countries. Longitudi-
nal studies have shown that while other impairments related to joint attention
diminished over time, gaze shifts and joint visual attention remained robust
indicators of the severity of ASD (Charman, 2003; Naber et al., 2007).

5.1.3 MOTIVATIONS FOR OUR STUDIES

As the atypical behavior in children with ASD is more pronounced in natural
social settings than in experimental settings with isolated stimuli (Nadel &
Butterworth, 1999; Speer et al., 2007), our studies target the behavior of children
taking an active role in a dyadic interaction with an adult. We are specifically
interested in monitoring what the child is looking at, both when looking at an
adult and when looking elsewhere. The apparatus we use allows us to monitor
the child’s interactions from a first-person point of view, and thus to study the
use of both the central and peripheral vision during the interaction. The first
study we have designed focuses on the natural interaction between a child and a
parent or caretaker. The focus is put on free-play in a familiar environment (e.g.
the child’s playroom). Our second study proposes a similar approach but in a

semi-structured setting, and comprises a subset of the ESCS screening protocol
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that targets specifically IJA and RJA.

5.2 METHODS

We will now describe the two studies we led using the WearCam. We will
refer to the first study, focusing on natural interaction with a caretaker as Study
I, and to the second study, focusing on a semi-structured interaction as Study
1I. The participants and procedures differed between the two studies, and will
therefore be described separately. However, the apparatus, and the data analysis

we performed were identical in both studies and will therefore be described once.

5.2.1 PARTICIPANTS (STUDY I)

The participants for the first study comprised seventeen children with ASD (13
male, 4 female) and seventeen typically developing children. The children with
autism were diagnosed using DSM-IV-R (APA, 2000) and ADI-R (Lord et al.,
2000). They were assessed with the CARS (Schopler et al., 1980) as presenting
mild to severe autism (Mean score: 35.32 4+ 8.7, range: 21-49). Their mean
Chronological Age was 6.3 £ 2.04 years, (range: 3.1 - 10.6). Table 5.1 presents
individual details for the participants. The mean chronological age of the TD
children was 3.98 4 1.27 years (range: 2.3 - 6.1). The development of atypical
eye contact and occurrences of visual disengagement from social stimuli, has
been reported to be present in autism by the end of the first year of life. We can
therefore hypothesize that chronological age will not affect these gaze factors.
To validate this hypothesis, we selected a subset of 8 children with ASD, aged
4.78 § 1.17 years (range 3.1-6.6) and paired it by chronological age with a group
of 8 TD children aged 4.74 § 1.07 years (range 3.1-6.1), see Table 5.1. We will
present the results we obtained on both populations.

All parents gave their written informed consent including permission to use
video-recordings for scientific publications. The protocol and form of consent
have been approved by the Ethics committee of the University Hospital of

Geneva.

5.2.2  PARTICIPANTS (STUDY II)

We recruited twelve children with ASD (11 boys, 1 girl) from the child Psy-
chiatric Departments of the University hospitals of Geneva and Lausanne in
Switzerland. Their mean Chronological Age (CA) was 5.3 (SD=1.8) Their di-
agnosis was confirmed using the revised ADI-R. The individual scores are sum-
marized on Table 5.2. They were matched on gender and Developmental Age
(DA) with twelve Typically Developing children (TD). The DA were assessed
using the Vineland Adaptive Behavior Scale (Sparrow et al., 1984). The mean

scores and SD of the two groups for each sub-scale are presented on Table 5.3.
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Table 5.1: Study I: Summary of the participants from the ASD and TD popu-
lations. Top half: age matched children, Bottom half: remaining population.

ASD TD
Child CARS Gender Chron. Age ‘ Chron. Age Gender
1 34.5 M 3.08 3.08 F
2 29.5 M 4.08 3.67 F
3 44 M 4.17 4.42 F
4 35.5 F 4.25 4.42 M
5 34 M 4.67 4.75 F
6 28 M 5.5 5.58 F
7 46 M 5.92 5.92 F
8 47 F 6.58 6.08 F
mean 37.31 4.78 4.74
std 7.41 1.14 1.07
9 36.5 M 5.75 2.33 M
10 24.5 M 6.17 2.42 M
11 25 M 6.92 2.75 M
12 21 M 7.08 2.83 M
13 33 F 7.17 3.0 M
14 49 M 7.67 3.0 M
15 36.5 M 8.0 3.17 M
16 29.5 M 10.0 5.08 F
17 47 F 10.58 5.08 M
M+ SD 35.32 + 8.7 6.33 + 2.04 | 3.98 + 1.27
Ranges 21 -49 1.14 - 10.58 | 1.07 - 6.08

Each child took part in one session that lasted a maximum of 10 minutes.
All parents had given their written informed consent including permission to
use video recordings and pictures of the children for scientific publications. The
experimental protocol and consent form had been approved by the Ethics Com-

mittee of the University Hospitals of Geneva and Canton de Vaud.

5.2.3 APPARATUS

We recorded the interactions using the WearCam (described in Chapter 3). A

schematic view of the image gathered by the system can be seen in Figure 5.1.

5.2.4 PROCEDURE (STUDY I)

The task consisted in blowing soap bubbles with the mother or a close caretaker
during a 10 minutes session followed by creating forms with play-doh during
another 10 minutes session. Bubbles and play-doh were familiar and attractive
games for all the children. During each session, the mother, or caretaker, inter-
acted with the child facing the child and was instructed to make sure that they
and the child took turns blowing bubbles and making play-doh. The interaction

took place in a familiar environment for each child. For participants with ASD,
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Table 5.2: Study II: ADI-R Scores for the ASD children in the second study

Child Reciprocal Social Inter. Language/Comm.® R,R,S Behaviors

1 28 12 (12) 7

2 24 21 (14) 5

3 26 17 (11) 4

4 20 22 (13) 9

5 24 13 (7) 4

6 24 17 (11) 11

7 14 11 (7) 7

8 23 19 (11) 7

9 20 22 (10) 9

10 20 14 (14) 2

11 18 14 (14) 4

12 23 11 (11) 6
M + SD 22+ 4 16 £ 4 (11 £+ 2) 63
Ranges 14 - 28 11 - 22 (7 - 14) 2-11

@ separate scores are noted for verbal and (non verbal) communication

Table 5.3: Study II: Scores of the ASD and TD children on the Vineland
Adaptive Behavior Scales

Variable ASD? TD*
Communication 2.7+ 2.3 3.0 £ 2.0
Autonomy 28+19 27+18
Socialization 20£15 27+1.7
Mobility 324+ 1.3 23+ 13
Adaptive Behavior® 2.9 + 1.7 2.9 4+ 1.6
Chronological Age 53+ 18 33+1.9

® mean + standard deviation
b used to match devel. age

the familiar place was the the bedroom, living room or play room at their own
home, while for the control group it was the main play room at their kinder-
garten. During the interaction, only the caretaker and the child were in the in
the room. A technician helped the caretaker set up the WearCam on the child’s
head and then left the room and controlled the recording equipment from an

adjacent room.

5.2.5 PROCEDURE (STUDY II)

The experimental protocol comprised four items selected from the abridged
version of the ESCS! (Mundy, Delgado, et al., 2003). The items presented

IThe ESCS clinical test is a 20-minute videotaped structured observation that enables as-
sessment of a child’s initiation and response to nonverbal communication acts (joint attention,
social interaction behaviors, requesting behaviors). The ECSC is administered routinely at
the CHUV /HUG during clinical screening of ASD in nonverbal children.
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Figure 5.1: Left: Schematic view of the images recorded by the WearCam,
highlighted are the interaction zone (top), the eyes reflected by the eye-mirror
(middle) and the manipulation zone (bottom). Software for automatic moni-
toring of the child’s gaze and detection of human faces in the camera images is
used to quantify, among other factors, the frequency and length of time during
which the child looks at human faces. Right: The WearCam worn by a typically
developing child.

were:

Blowing soap bubbles (Object Spectacle Task): The tester blows bubbles
over the head and to the side of the child, so that the bubbles do not
blow up on the child. The child can reach for the bubbles to pop them
or hold them. Note that some children may be afraid by the bubbles,
in which case presentation should be stopped immediately. For hygienic
purposes the tester should keep a towel at hand, to clean the table of soap

if necessary, as well as the hands of the child.

Wind-up mechanical toy (Object Spectacle Task): A wind-up mechanical
mouse is presented. In each presentation the tester activates the toy on
the table in front of, but out of reach of the child. Toys should be wound
up enough to remain active for at least 6 seconds but not so long that
the child loses interest. The tester remains silent but attentive to the
child while the toy is active to allow the child to initiate joint attention
bids vis-a-vis the spectacle. However, if the child initiates a bid (e.g.,
alternates eye contact between the active object and tester), the tester
should provide a natural but brief response (e.g., by smiling and nodding
or by saying “mmm hmmm”, or “Yes, I see!”). The child may also make a
bid to obtain the toy and the tester should respond to that bid by moving
the toy within reach. If the toy ceases and the child has not bid for the
toy, the tester should place the toy within reach of the child. The child
is then allowed to play with the toy for approximately 10 seconds or until
the child gives the toy to the tester.

Playing with a small ball (Turn Taking Task): The tester places either
the ball within the child’s easy reach and then the tester places his or her
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Figure 5.2: 1% COLUMN: the location of the eyes in the image is extracted
automatically during post-hoc calibration. 2"¢ COLUMN: the direction of gaze
is computed automatically from the eyes image through support vector regres-
sion. 3" COLUMN: to highlight the direction of central vision (indicated by a
crosshair), the image is blurred except for an area of 10 degrees radius around
the center of the gaze. 4" & 5" cOLUMNS: gaze tracking example while look-
ing downwards: the system uses the whole eye region (shading of the eyelids,
shape of the eyelashes, etc.) to compute the gaze direction.

hands apart on the table in a posture ready to catch the ball or car if
the child throws or rolls it to the tester. The tester should remain in this
posture for about 10 seconds. If the child responds by throwing or rolling
the ball or car to or away from the tester, the tester retrieves the ball and
again rolls it to the child. This turn-taking activity continues until the
child stops throwing or rolling the ball or car or the child has taken 12

turns.

e Playing with a toy car (Turn Taking Task): The same protocol is used as
in the Small Ball task.

The protocol lasted in all cases between 5 and 10 minutes and was admin-
istered in a naturally lit room. The child was sitting at a table on a child-sized
chair, while the experimenter administering the protocol sat at the opposite side
of the table also on a low chair.

The experimenter presented the items and interacted with the child. At all
times, the people present in the room consisted of the child, the experimenter,
a silent observer and a parent. The parent was placed behind the child and did
not interact with her for the duration of the experiment. The observer also was
placed behind the child at a distance of several meters so as to minimize the
interference on the child’s attention. As the WearCam requires no calibration,
the experiment started as soon as the WearCam had been fastened to the child’s
head and the mirror aligned so that the child’s eyes were clearly visible in the
camera’s image. In a few instances, the camera moved on the head of the child
during the experiment (5 instances out of 20 recordings). When that happened,
the observer would use a remote control to realign the mirror with the eyes of
the child. These occurrences did not seem to interrupt the experiments and did
not distract the child.
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5.2.6 DATA ANALYSIS

To analyze data collected in the two studies, we used the algorithms for auto-
matic tracking and detection of gaze and faces presented in the previous chap-
ters. We report next on the particular aspects of their implementation we used

in the two studies.

ALGORITHMS

The gaze direction was estimated by analyzing the image of the eyes recorded by
the WearCam as described in Chapter 3. The calibration samples of image-gaze
pairs were collected post-hoc by the experimenter, without any active partic-
ipation by the child. In other systems, gaze direction is frequently computed
as a function of geometrical elements such as iris and pupil position, and thus
is not able to be computed when the geometrical elements are not visible (e.g.
when the child is looking down). The SVR mapping used by the WearCam does
not rely solely on geometrical elements but instead exploits additional features
such as the shape and shading of the eyelids and eyelashes. Thus, the system
is able to extract information about the gaze direction even when the child is
looking downwards and the iris is not completely visible. Measurement of the
gaze tracking system’s accuracy was assessed in a separate study (see Chapter 3)
with 10 typically developing children (6 girls, 4 boys, mean age 2.4 £ 0.4 years),
that confirmed a precision of 2.42 degrees. In image space this corresponds to
less than 10 pixels.

Face detection was accomplished using a semi-automatic method: we began
by running the automatic face detection algorithm described in Section 4.1, and
then engaged trained human raters who controlled and approved each detection
and also indicated faces that were not detected by the automatic system. This
semi-automatic system thus ensured that all faces in the video were detected

correctly, while lessening the burden of manual labeling.

ANALYSIS OF THE DATA

After the experiments were conducted for each study, three trained raters col-
lected calibration samples for the gaze tracking. The raters then performed the
semi-automatic tracking of faces throughout the videos. The raters were blind
to the goals of the study and to the diagnosis of the participants. We assessed
the inter-rater reliability on the tracking of gaze and faces, by comparing the rat-
ing of over 40 minutes of video that was labelled by all raters. The correlation
between raters was > 0.9. To maintain consistency across experiments, each
recording was split into multiple parts corresponding to each item presented
to the child. In the case of the Study I, these were the alternations between
soap bubbles and play-doh presented by the caretaker. In Study II these corre-
sponded to the ESCS items presented by the psychologist. This segmentation

resulted in item-subsets of durations ranging from 3-5 minutes (Study I) and 1
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to 3 minutes (Study II).

FACTORS MEASURED

We computed, for both studies, a number of gaze factors. Specifically we consid-
ered the position of the face of the experimenter at any given time and measured

the following events (see Figure 5.3):

e Inside the child’s field of view (In FoV) : The face was present in the broad
field of view, regardless of whether the child was directly looking at the

face or elsewhere.

e In the middle of the field of view (In Middle) : The face was inside a 10

degrees radius of the center of the field of view.

o Inside the child’s central vision (In CV) : The face was inside a 10 degrees

radius of the estimated direction of the gaze.

e Inside the child’s peripheral vision (In PV) : The face was outside a 10

degrees radius of the estimated direction of the gaze.

We also measured the length and frequencies of all episodes during which the

child’s gaze was directed towards a face. More precisely we quantified:

e FEpisode Duration : The length of each episode, i.e. the amount of time in
which the gaze of the child was directed towards the face without leaving
it.

e FEpisode Frequency : The frequency of all episodes, i.e. the number of

episodes per minute throughout the experiment.

Figure 5.3: Schema of the events recorded. Whenever a face appeared in a
frame, one or more of these events occurred. in FoV: a face (rectangle) is
present in the broad field of view; in Middle: a face is present inside a 20°
radius from the middle of the field of view; in C'V: a face is inside a 10° radius
of the Central Vision (crosshair); in PV: a face is outside of the Central Vision
radius, and thus in Peripheral Vision.

TN & ©

in FoV in Middle in CV in PV

Lastly, we analyzed the direction of the gaze with respect to the broad field

of view. This measure was not strictly related to gaze behavior directed at faces,
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and thus allowed us instead to measure how the child was exploring the field
of view as a general viewing strategy. We computed the mean and variance of
the gaze direction in terms of elevation and lateral angles over the vertical and
horizontal directions respectively.

In summary, eight factors were measured. Three out of the eight factors
however did not satisfy the x2 normality test. For this reason we assessed the
distribution of each numerical gaze factor for the group of children with ASD
versus the control group, through a non-parametric Mann-Whitney-Wilcoxon
(MWW) test. Finally, we compared the influence of the two categorical factors,
diagnosis (ASD vs. control) and gender, and of the two ordinal factors, chrono-
logical age and developmental age, through a mixed design Analysis of Variance
(ANOVA).

5.3 RESULTS

Table 5.4 present the results of our two studies, summarized over all mea-
sured factors. In the text we report the values of the second study, as they
presented a more uniform methodology. We will, however, discuss the differ-
ences between the two studies in Section 5.3.1.

On average both the children with ASD and the children in the Typically
Developing (TD) group had faces appearing in their broad field of view about
65% of the time (see Figure 5.4). This suggests that both groups were orienting
themselves towards the experimenter for the same amount of time. The groups
significantly differed in the proportion of time that they held the adult’s face in
their central vision (7.03% =+ 7.77 of the time for the children with ASD versus
11.53% =+ 10.73 for the control group children, p : 0.006). Conversely, the ASD
group held the face in peripheral vision significantly more than the TD group (
38.32% £ 15.17% for ASD and 35.39% +19.62% for TD, p < 0.001). The results
suggest that while oriented toward the experimenter (for the same amount of
time), the TD group tended to look at the face of the experimenter almost twice
as long as the ASD group (see Figure 5.4).

In terms of the length and frequencies of all episodes directed towards a face
(see Figure 5.5), children in the ASD group tended to look at the adult’s face
significantly less than children in the TD group (0.38 4 0.13 seconds for ASD vs
0.56 & 0.14 seconds for the TD p : 0.009).

Gaze direction was measured by the elevation and lateral angles of the gaze.
The mean elevation angle for the ASD group was —3.86° £9.32° and for the TD
group 3.42° + 10.47° (see Figure 5.6). The difference between the two groups
is very significant (p < 0.001) and suggests that children in the ASD group
tended to look downwards while the TD group tended to look slightly upwards.
While the lateral angle on average was not significantly different between the two

groups, the variance of the lateral angle was significantly larger (p : 0.034) for
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Table 5.4: Comparison of gaze factors for TD and ASD groups in both studies.

Variable TD group?® ASD group® MWW?

Study I (Chron Match.)
In FoV 56.30% =+ 18.53 51.49% =+ 29.06 p: 0.517 (RS: 914)
In Middle 4.91% + 8.41 6.84% + 9.22 p: 0.400 (RS: 796)
In CV 14.05% =+ 9.83 5.47% + 5.13 p: 0.000 (RS: 1176)
In PV 85.95 + 9.83 94.53 + 5.13 p: 0.000 (RS: 524)
Ep. Freq. 7.03 + 2.89 2.73 £ 2.92 p: 0.000 (RS: 1272)
Ep. Dur. 0.60 £ 0.23 0.55 £ 0.35 p: 0.113 (RS: 958)
Elev. Mean 4.50° £ 11.27° 10.20° £ 10.40° p: 0.034 (RS: 695)
Later. Explor. 10.86° £ 2.52° 12.63° £ 3.09° p: 0.017 (RS: 674)

Study I (All children)
In FoV 62.82% + 21.64 52.78% + 29.74

p: 0.055 (RS: 4756)
In Middle 9.25% =+ 13.88 6.77% + 8.07 p: 0.701 (RS: 4383)
In CV 11.28% + 8.44 5.58% + 5.71  p: 0.000 (RS: 5461)
In PV 88.72 + 8.44 94.42 + 5.71 p: 0.000 (RS: 3059)
Ep. Freq. 7.13 + 4.34 3.43 + 4.18 p: 0.000 (RS: 5826)
Ep. Dur. 0.55 £ 0.19 0.49 £ 0.28 p: 0.008 (RS: 4784)
Elev. Mean 10.25° + 13.40° 11.52° £+ 12.41° p: 0.678 (RS: 4189)
Later. Explor. 10.57° £ 2.72° 11.67° + 3.37° p: 0.059 (RS: 3833)

Study II

In Fov 67.10% + 26.88 64.76% + 24.04 p: 0.358 (RS: 4525)
In Middle 7.07% + 11.55 4.95% + 8.14 p: 0.982 (RS: 4317)
In CV 7.75% + 8.21 4.17% + 5.78 p: 0.002 (RS: 4785)
in PV 35.39 + 19.62 38.32 £ 15.17 p: 0.000 (RS: 4570)
Ep. Freq. 5.47 £ 4.57 4.05 £ 4.65 p: 0.000 (RS: 5193)
Ep. Dur. 0.53 £ 0.33 0.33 £ 0.17 p: 0.012 (RSD: 3772)
Elev. Mean 7.02° £ 11.54° —1.29° £ 9.69°  p: 0.029 (RS: 4800)

Later. Explor. 12.10° + 3.96° 13.74° + 4.75° p: 0.000 (RS: 2249)

% Values given as M + SD, ® Significant values highlighted in bold

children in the ASD group (13.74°4+4.75°) than in the TD group (12.10°+3.96°).
The first result is reassuring, as it conveys that children were orienting their gaze
towards the middle of their horizontal field of view. The second result, however,
indicates that ASD children directed their gaze laterally more extensively than
the TD group.

Analysis of the gaze factors In C'V and Episode Duration as a function of
chronological age revealed no effect due to age for the control group (Correlation
factor Chron. Age vs Gaze Factors: -0.092 , p=0.801), but a significant effect
for the ASD group (Correlation factor Chron. Age vs Gaze Factors: 0.721,
p=0.012). This effect may be due to the fact that older children with autism
have usually already been enrolled in therapy sessions that often train these chil-
dren to look more directly at others. Nevertheless, the proportion and episode
durations of the gaze directed at a face remained very low compared to those of

the control group.

5.3.1 DIFFERENCES ACROSS STUDIES

The results of the first and second studies present a few differences. Before we

proceed with the discussion of the results of these studies, we note here some of
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Figure 5.4: Left: Percentage of time a face was in the broad field of view (in
FoV) or in the middle of the broad field of view (in Middle). Right: Percentage
of time a face was in central vision (in CV) or in peripheral vision (in PV).)
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Figure 5.5: Duration and frequency of episodes of gaze directed toward a face.
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the likely reasons for the differences we measured.

The first factor to present a difference is the duration of episodes of gaze
towards the experimenter. Indeed, the duration of episodes for children with
ASD in the first study is closer to the TD population than in the second study.
In the first study, the child interacted with a parent, while in the second study
the child interacted with an unknown experimenter. It is possible that this
lowered the duration of gaze episodes to faces, and indeed this is measured in
both the control and ASD populations. However, this difference seems to have
influenced the children in the ASD group more than their TD counterparts. It
is noteworthy also that the difference in episode duration becomes significant in
the first study when the full population is analyzed.

The other factor that differs importantly in the two studies is the measure
of Mean Elevation angle and Lateral Exploration. Indeed, while a significant
difference is measured in the second study, this is not always the case in the
first study. The second study presented a uniform set-up, with the child sitting

at a table across the experimenter. In the first study the child and parent,
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Figure 5.6: Mean elevation and lateral angles of the gaze throughout the whole
recording (left) and exploration of the gaze in the elevation and lateral directions

(right).
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while usually facing one another, were sometimes seated at a table, sometimes
sitting on a carpet, where the child might stand up and move around. This
variance in experimental layout does not impact the results with the smaller,
chronologically matched, population of the first study is considered. However, it
becomes more important when the whole population is considered, and further
variability in the relative position of the adult and child are included in the
results. This variability can indeed account for the lack of significant difference
between the TD and ASD groups (see Table 5.4).

5.4 DISCUSSION

This two studies investigated gaze strategies of children with autism when
engaged with a familiar adult in a naturalistic and semi-naturalistic dyadic
interaction. In contrast to other works, we considered peripheral field of view in
addition to the central field of view. Our results show that children with ASD
looked significantly less and for shorter amounts of time at the face of the adult
interacting with them than their TD counterparts. This difference is of special
interest when we take into account the fact that both ASD and TD groups kept
the face of the adult inside their broad field of view for comparable amounts of
time. Conversely, children with ASD kept the face of the experimenter inside
their peripheral view for more time than the TD children. Moreover, when we
evaluated the use of their field of view, ASD children directed their gaze further

down and explored their lateral field of view more extensively than TD children.

5.4.1 GAZE STRATEGY TO HUMAN FACES

Our results are congruent with other reports of a lower tendency to gaze at faces
in children with ASD. Early on, studying children with ASD in free play, Hutt
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and Ounsted (1966) and Richer and Coss (1976) noticed that these children
tended to turn their gaze away from the adult they were interacting with more
frequently than a control group. Other more recent studies present similar
results. Swettenham et al. (1998) noted that ASD children spend less time
focusing on faces in free play than TD children and when they do focus, they
do so for a shorter time than their TD counterparts. ASD children spent more
time looking at toys. Klin et al. (2002) studied how ASD adults watched videos
featuring people or objects in a social setting. The ASD adults spend more time
watching objects and when they do look at faces, their gaze settles around the
mouth instead of the eyes.

Various studies have come up with explanations as to why ASD subjects do
not focus their gaze on faces. Trepagnier and Sebrechts (2002) and Pelphrey et
al. (2002) suggest that ASD subjects have trouble processing faces at a neural
level, and thus do not find faces as stimulating as TD children do. This could
explain why ASD children focus less on faces even when still quite young. As
they grow and lack experience looking at faces, they find it hard to recognize
facial expressions; this in turn, makes it hard for ASD adults to analyze emotions
(for a review, see Sigman et al., 2004). However, the empirical bases for a
deficit in the processing of faces are somewhat controversial (Jemel, Mottron, &
Dawson, 2006). Another element that might come into play is the difficulty ASD
children have in switching their attention from one task or stimulus towards
another. Swettenham et al. (1998) noted that at the age of 2, ASD children
already found it harder than TD children to switch their attention from an
object towards a person. Studying the shifting of visual attention from non-
social stimuli, Landry and Bryson (2004) and Elison, Reznick, Holtzclaw, Piven,
and Bodfish (2008) remarked a systematic delay in the reaction times of ASD
children. It is not surprising therefore that ASD children spent more time
looking at objects than TD children do.

These factors manifest themselves, from a behavioral standpoint, in atypical
episodes of joint attention from the ASD child towards the interaction partner.
It is face and eye contact that allow us to decode the attention of another
person. A deficit in gaze contact to face and eyes makes it more difficult to
respond or to initiate a visual contact. Indeed, the ability for joint attention,
and to manifest attempt to initiation of joint attention, are robust indicators of
social development at a very early age. For this reason, the study of IJA and
RJA are used as diagnostic factors in the ESCS (Mundy, Delgado, et al., 2003)
and ADOS (Lord et al., 2000) tests. Both the IJA and the RJA show a strong
parallel with the development of social skills (Charman, 2003). However, the
relationship between IJA and the RJA is not clearly defined. Vaughan et al.
(2003) studied the relationship between IJA and RJA but did not find a direct
correlation between them. (Mundy et al., 2007) found a strong coherence in
temporal development of IJA and RJA but no correlation between them. In

our experiments, we did not measure occurrences of joint attention separately,
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but together in a single measure of episodes towards the face. To distinguish
each episode as an instance of IJA or RJA, we would have had to manually
analyze each video which would have taken considerable time and would have
been beyond the scope of this study. Nevertheless, despite the combination
of these distinct facets, the lower amount of episodes of gaze towards the face
measured in the ASD subjects supports the hypothesis of a deficit in these two
types of joint attention.

5.4.2 GAZE TOWARD SPECIFIC FACIAL FEATURES

In our study, we measured the instances of gaze directed to the whole face of the
experimenter. However, many recent studies have focused on a finer partitioning
of the face region and studied the gaze towards eyes, eyebrows, mouth and
other facial features. Among the most notable, Klin et al. (2002) studied the
gaze of adults with ASD to eyes, mouths, bodies and objects in videos of social
situations. Adults with ASD looked less at the eyes than controls and their gaze
was directed more often at the mouth rather than the eyes. In a longitudinal
study of at-risk infants, Young et al. (2009) analyzed the gaze towards the
face of their mother and did not find a significant correlation between gaze
towards the eyes at six months of age and diagnosis of autism. However, they
noticed that a high amount of gaze to the mouth at six months was correlated
to a higher verbal development later on, underscoring the importance of the
role of gaze in speech development. Indeed, the mouth provides a physically
contingent relation to speech sounds, and children with ASD may be looking at
it to overcome their difficulties in verbal development (Klin & Jones, 2008). In
summary, these reports show how studying gaze directed to specific features can
increase our understanding of how autism affects social cognitive development
of children.

In our recordings it was not possible to discriminate whether the gaze was
directed more toward the eyes or more toward the mouth (or any other facial
feature). This is due to a technical limitation of the eye-tracking equipment we
used. The Wearcam gives a resolution of 2 degrees. To be able to distinguish be-
tween facial regions scanned by the child’s eyes would have required the child to
sit about 50 to 7hcm away from the experimenter. While this may be difficult to
ensure practically during live ecological settings, this would also create a rather
odd situation. Indeed, such interpersonal distance may be qualified as intimate.
Little is known of what effect such intimate settings have on children with ASD.
Pedersen and Schelde (1997) reported large individual differences in ASD chil-
dren as to what would be deemed as a comfortable interpersonal distance. They
found a distance of 0 to 50cm to be preferred by children with autism affected
by severe mental retardation, while a distance of 50cm to 1.5m was preferred
by less affected ASD children. Kennedy, Glaescher, Tyszka, and Adolphs (2009)
indicate that the perception of personal space may be regulated by the amyg-

dala. Both accounts are consistent with the reported atypical functioning of
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the amygdala (Dalton et al., 2005; Spezio, Huang, Castelli, & Adolphs, 2007;
Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2007). To avoid introducing a
bias due to interpersonal distance, we preferred the standard set-up used in the
ESCS tests.

5.4.3 INTERACTION IN NATURAL ENVIRONMENTS

It is not always easy to elicit atypical behavior in a structured experiment. Often
gaze peculiarities of individuals with ASD “[are] not readily apparent, especially
in controlled laboratory tests” (Simmons et al., 2009). One would hence prefer
video display of social scenes to static images (Speer et al., 2007). Better even
would be to monitor visual behavior in a live interaction either through video-
based display (J. Nadel, Carchon, et al., 1999; Merin et al., 2007) or in a true
ecological setting, similarly to what we did in our study

We opted for a naturalistic situation where the child engaged in a dyadic
interaction with an adult partner. Child and adult were physically immersed
in the environment in which the interaction took place. The child was let free
to engage in reciprocal interaction. Through the use of items from the ECSC
that monitor for both a proactive and a reactive attitude to engaging in joint
attention tasks, the child was given the opportunity to not only respond but
also initiate the interaction. Such bilateral interaction are fundamental to hu-
man social interactions and it was thus interesting to monitor gaze toward the
adult in both settings. Competence for such contingent exchange are a crucial
component to the development of communication in children and are present
early in development in typically developing children (J. Nadel, Carchon, et al.,
1999). We hypothesized that by offering the children such a direct contact with
the interaction partner — as opposed to doing it via a video display as we did in
previous work (Soussignan, Nadel, Canet, & Gerardin, 2006) — we would elicit a
more natural and unbiased gaze behavior both from the ASD and TD children.

Studies of ASD children’s gaze behavior in ecological settings are scarce.
Structured experimental protocols are often preferred because of their repeata-
bility but also because nowadays a large battery of technological tools allow one
to rapidly and systematically analyze the data via dedicated software. In con-
trast analyzing data from experiments conducted in ecological settings usually
requires a very tedious manual labeling of the video recordings of the interac-
tion. The labeling for these types of study has to be performed by at least two
raters to avoid subjective interpretation of the scene. However, since one can
not explicitly reconstruct where the child was looking, one would constrain the
environment or the interaction in such a way as to avoid any ambiguity and one
would mostly rely on head motion as an indicator of eye direction. The very
recent advances made in wearable eye tracking technology, which we exploit
here, will reduce these technological difficulties. In particular, by providing a
first-person view, wearable eye-trackers offer a reliable measurement of where

and what the child is looking at. Increased use of these systems will, in the
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years to come, allow tremendous advances in our understanding of how children

with ASD perceive the world in their daily routines.

5.4.4 LATERAL GAZE, ECCENTRIC VIEWING AND PERIPHERAL
VISION

Our data revealed an increased lateral exploration of the visual field and a
marked preference for looking down in the ASD group. These particularities
do not seem to be related solely to a lack of interest to social stimuli. Indeed,
children with ASD kept the adult in their field of vision just as much as their
TD counterparts. Thus, there are other hypotheses that may help explain our

results.

DOWNCAST GAZE

The phenomenon of downcast gaze is a well known symptom of autism (for a
review, see Simmons et al., 2009). Bogdashina (2003) links the downcast gaze
to a sensorial overload coming from a hypersensitivity to visual stimuli. The
reasons for this hypersensitivity would be an “inability to filter excessive or
irrelevant information”, a “distorted perception” that brings anxiety, confusion
and stress. By looking downwards, these children very likely look at static
stimuli (ground, table), that are less susceptible to perturb them. Indeed in our
experiments, most visual stimuli appeared in the upper field of vision (e.g. the
experimenter, windows). A hypersensitivity to these stimuli would explain the
downward gaze we observe in our study. This hypothesis is coherent with the
theory of Enhanced Perceptual Functioning (EPF) (Mottron et al., 2006) which
suggests that ASD children are overly sensitive to high frequency visual signals
and proposes the use of an eccentric viewing strategy as a way to filter these

signals.

LATERAL GAZE AND ECCENTRIC VIEWING

In a study of visual exploration of objects, Mottron et al. (2007) found that ASD
children used eccentric viewing, and more precisely episodes of “lateral glances”,
as a strategy to “regulate the amount of local information in [a] scene”. Indeed,
one sees less details when directing the eyes sideways. By looking laterally we
thus apply a low-pass filter of visual stimuli, which reduces the high frequency
signals. This allows to explain the well known symptom of looking at someone
“out of the corner of the eyes” (Ritvo et al., 1986; Grandin, 1995). However, the
use of lateral glances does not explain entirely the extended lateral exploration
we measured in children with autism. We measured lateral exploration over
the whole interaction, obtaining several thousands of measurements for each
child. The impact of punctual episodes of lateral glances would not significantly
increase the measure of lateral exploration. Indeed, Mottron et al. (2007) esti-

mate an occurrence of lateral glances in the order of 1-2 episodes per minute.
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This amount of episodes would not be sufficient to elicit a significant change in
the measure of lateral exploration. Therefore this strategy of eccentric vision
may not be restricted to specific episodes of lateral glances. It may be that this
filtering strategy is present in the gaze patterns across the whole visual field
and not solely in lateral glances. Such a strategy is difficult to measure as it
is less explicit than the instances of lateral glances. We are not aware of any
study that has tried to validate this hypothesis. We have not measured our
results in terms of episodes of lateral glances, nor have we evaluated whether
the instances of extreme lateral gaze corresponded to the presence of an object
or a person. Future studies will address the nature of lateral gaze, in particular
whether it happens as specific episodes or represents a continuous strategy of

eccentric vision.

PERIPHERAL VIEWING

Rutherford, Richards, Moldes, and Sekuler (2007) studied the performance of
adults with autism in a visual task contrasting central and peripheral vision.
They found adults with autism to be more skilled than controls in a task of visual
search split between central and peripheral vision (Ball, Beard, Roenker, Miller,
& Griggs, 1988). They concluded that the “visual attention scope” of individuals
with autism seems to be more extended than that of typical individuals. This
hypothesis is coherent with our results on the use of peripheral vision with
faces. Indeed, if the ASD children are more successful in using peripheral vision,
they would not need to keep the face of the experimenter inside their central
vision, which would explain our results. The precise analysis of the efficiency of
peripheral vision during social interaction will be addressed in future studies to

better understand the visual attention scope in ASD.

5.5 (CONCLUSION

We have presented two WearCam studies with ASD children in which we
studied the visual behavior of children during a dyadic interaction with an adult
partner in naturalistic and semi-naturalistic settings. In both studies we have
focused on episodes of gaze towards the face of the adult, and on studying the
use of the lateral field of view. We have remarked that compared to children
in the TD group, children with ASD looked less at the face of the adult, and
preferred to keep the face of the adult in peripheral view. Moreover, we have
seen that in addition to the known phenomenon of downcast gaze, ASD children
used the lateral field of view in a more extensive way than their TD counterparts.
In these studies we have successfully used the WearCam to gather and confirm
data on known gaze factors, but also to provide new evidence on the use of

peripheral view.
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Summary

In this chapter we have presented three contributions to this thesis.

e We have presented two studies with 25 ASD and 25 typically developing

children engaging in dyadic interaction.

e We have confirmed a number of atypical gaze factors known in the liter-
ature, namely a preference for downcast gaze and a tendency to not look

directly at faces.

e We have reported on the hitherto sparsely documented use of lateral gaze,

supporting the hypothesis of a continuous strategy of eccentric vision.
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Chapter 6

CONCLUSION

FEverything changes. You can make

A fresh start with your final breath.

But what has happened has happened. And the water
You once poured into the wine cannot be

Drained off again.

What has happened has happened. The water
You once poured into the wine cannot be
Drained off again, but

FEverything changes. You can make

A fresh start with your final breath.

‘ Bertolt Brecht. Everything Changes.

HE work we have presented in this thesis opens new interesting doors for
wearable eye tracking and for the research on visual behavior of children.
Nevertheless, we brought to light some limitations of this work along with their
possible improvements both on the technical tools that have been developed, and
on the analysis of the studies we have conducted. In this chapter we present how
these points could lead to interesting research directions and examine whether
some effort to that extent has already been made. We conclude this thesis with
a summary of the technical tools we developed and the studies we conducted
with these tools, and by describing how these contribute to the research of social

behavior in autism.

6.1 LIMITATIONS AND FUTURE WORK

The specific technical limitations and drawbacks of the methods developed in
this thesis have been detailed already in their respective chapters. We describe
now a number of aspects that have not been investigated in this thesis, and

present the research questions that are likely to rise from their study.
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6.1.1 GAZE DIRECTION OF THE ADULT

With the combination of eye tracking and face detection, we have provided a
means to know when the child is looking at the adult. However, it would be
interesting to know where the adult is looking at during the interaction. In the
studies we presented, this was not an issue, as the adult interacted exclusively
with the child and we can therefore surmise that the caretaker or experimenter
was mostly looking at the child. Nevertheless, the natural interactions of a
caretaker and child are not limited to one on one interactions. Having the
information of where the adult is looking would allow to study more complex
interactions. For instance, if the adult shifts her attention from the child to
someone else in a play situations with other siblings, the child may follow the
direction of the adult attention. This would allow to extend the study of joint
attention episodes to attention towards other people or objects. Moreover, there
has been an interest in studying the behavior of parents and caretaker of children
with autism (e.g. J. Nadel et al., 2008; Doussard-Roosevelt, Joe, Bazhenova,
& Porges, 2003; Kasari, Sigman, & Mundy, 1988). These works have remarked
that the behavior of mothers and caretakers of children with ASD is different
than the behavior of caretakers of typically developing children; and children
react in different ways when they have a more playful behavior. The study of
the adult’s gaze behavior during the interaction might bring to light some of
these differences, and would give an insight on the quality of the interaction
(such as very engaged or focused, distracted, etc.). Finally, in our studies we
have remarked some instances of a child attentively monitoring the actions of the
mother while she was not looking at the child (e.g. while answering the phone, or
preparing tea). It would be interesting to understand how the behavior towards
faces is modified when the adult is not interacting directly with the child.

A simple solution towards obtaining the direction of the gaze of the adult is
to use a second WearCam. If this option is not available, it could be possible
to infer some of these informations on the sole basis of the data recorded from
the point of view of the child. Some progress has been made on knowing the
direction of the gaze of a person appearing in an image, namely in the evaluation
of the visual focus-of-attention from an external camera (K. Smith, Ba, Odobez,
& Gatica-Perez, 2008; Ba & Odobez, 2006). However, the feasibility of such an

analysis on images from a head-mounted camera needs to be assessed.

6.1.2 AUTOMATIC LABELING OF ACTIVITIES

The current analysis of the visual context recorded by the WearCam allows us
to have specific information on gaze episodes towards people and objects. It
does not, however, provide information on the activities that the persons in the
image are performing. In a structured study in which a protocol of activities is
followed, most of this information is already known, but a range of additional, or

unpredicted events still have to be manually determined. Moreover, the study of
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real-life scenes and environments does not provide a detailed description of what
is supposed to happen. Recent efforts have been made towards identifying activ-
ities such as reading, cooking, smiling, etc. (Everingham, Van Gool, Williams,
Winn, & Zisserman, 2010). This is still a very young field, and the performance
of the state-of-the-art is still very low. However, the potential for such a type
of analysis is very attractive, as it would allow to study not only whether the
subject is attentive to another person, but also whether some specific types of

activity elicits more interest than others.

6.1.3 GAZE TRACKING AND SALIENCY

The WearCam provides synchronously the direction of the gaze and a quasi-
complete image of the broad field of view. This information allows to study the
parts of the visual contents that elicit attention. Until now we have analyzed
the contents of the field of view in terms of specific items (e.g. objects, faces).
However, another approach would consist in studying how the salient features
appearing in the image modulate the visual attention of the child. Models for
visual attention are usually formulated as a bottom-up representation of salient
visual features, or as top-down description of task-dependent visual elements.
The bottom-up approach (Itti, Koch, Niebur, et al., 1998; Koch & Ullman,
1985) combines together several layers of visual features (e.g. local luminance,
color and orientation contrasts, local motion) to provide a map of localized
saliency. Each feature is assigned a different weight, and their combination
allows to estimate the regions that are expected to elicit the attention of different
individuals. In the top-down approach (Hayhoe & Ballard, 2005), the cognitive
goals of the individual influence the visual attention patterns, focusing the visual
search to stimuli that are relevant to the task the individual is performing.
Semantic links across objects and temporal relations between objects determine
how the gaze will move, for example, while making a sandwich or playing a
sport (Rothkopf, Ballard, & Hayhoe, 2007).

While bottom-up saliency can be measured in a stimulus-driven psychophys-
ical test, the analysis of task-oriented gaze patterns requires the study of com-
plex scenes from a first person point of view. The WearCam allows to obtain
gaze information on this very type of complex environments and would allow
to study the influence of different tasks on the visual patterns of children. The
visual search patterns could be compared with salient features to study whether
similar goals affect the search of visual stimuli in autism differently than for

typical children.

6.1.4 MEASURING PSYCHOPHYSICAL FACTORS

An advantage of the WearCam over alternative eye tracking system is the pos-
sibility to immerse the child in a natural environment. In this thesis we have

used the WearCam to evaluate episodes of gaze towards faces, but we have not
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provided data of a more psychophysical nature. Information such as blinking
cadence, pupil dilation, smiling and the study of gaze towards specific features
of the face would be an interesting complement to the behavioral information
we have provided. Measuring these factors is already technically feasible, as the
information necessary is already recorded by the WearCam. For instance, blink
detection is already a component of the gaze tracking system. The changes
in the image of the child’s eyes could be used to recognize when the child is
smiling. Similarly, a better evaluation of the features of the faces appearing in
the image would allow to measure the instances of gaze towards the mouth and
eyes, provided that the person sits at an adequate distance from the child. The
implementation of these features, however, will require a process of validation
to assess the detection quality, similarly to the tracking accuracy experiments

we described in Chapter 3.

6.1.5 FURTHER ANALYSIS OF PERIPHERAL VIEWING

The evidence of a larger use of peripheral viewing we obtained in the two studies
is promising. However, the evaluation of this use was computed in global terms
of gaze patterns in the field of view, independently from the contents of the field
of view. We do not have a specific segmentation of how peripheral viewing was
directed with respect to the objects and faces in the environment. Did the lateral
displacement occur only in the case of gaze towards faces, or was it used for all
visual stimuli? The difference we measured is sufficiently large that a strategy
of peripheral viewing towards faces alone would not explain the phenomenon.
However, we will need to study the gaze towards the objects that appear in the
interaction. The algorithms we have provided in this thesis provide automatic
detection of generic objects in the WearCam images and can therefore be put to
task to gather information on gaze towards the object related to the interaction.
This information will allow us to understand whether peripheral viewing, or at
least the extended use of the broad field of view, is used more in relation to
objects in general than to faces specifically. Evidence in this direction would
support the theory of an Enhanced Perceptual Functioning in autism (Mottron
et al., 2006).

6.2 CONCLUSION

The goal of this thesis was to develop a set of tools for the analysis of visual
behavior of children with ASD. To that end, we have developed a number of
machine vision algorithms that we put to test in two studies with children with
autism. We summarize here the main contributions that this work has made to
the field of machine vision and of vision in autism.

Firstly, we have developed a novel technique for estimating the gaze direction

of infants in a non-intrusive way. By taking an appearance-based approach, we
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have created a SVM mapping from the image of the eyes of the child, recorded
by the WearCam, to the direction of the child’s gaze inside the broad field
of view. Luminance normalization allowed us to render the system robust to
changes in the illumination of the environment. An offline calibration procedure
with no requirements from the subject allowed the system to be used reliably
with children. We validated the accuracy of the system on both adults and chil-
dren and obtained results comparable with the state-of-the-art in eye tracking.
Secondly, we have provided a framework for learning and detecting objects in
the WearCam videos from a limited amount of labeled data. We combined a
feature selection algorithm allowing to identify a very small set of features spe-
cific to different objects with a tracking system based on particle filtering. To
cope with the uneven lighting of natural environments, we developed a method
to seamlessly correct the color differences of the upper and lower parts of the
field of view. Lastly, we applied these automated analysis tools in two studies
with a total of 25 children with autism and 25 typically developing children. We
focused on the analysis of visual behavior towards faces in dyadic interactions in
natural and semi-structured environments and obtained evidence that confirms
known factors of gaze behavior in autism. Moreover, we provided new data
on the use of gaze in the broad field of view and proposed the hypothesis of a
generalized use of peripheral viewing.

Thus, this thesis contributes to the field of machine vision, by presenting a
novel approach to the problem of gaze tracking and object detection, and to the
research of vision in autism, by providing new quantified evidence in the visual

behavior of children.
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Appendix A

TECHNICAL AND
IMPLEMENTATION DETAILS

A.1 TECHNICAL IMPLEMENTATIONS

A.1.1 RGB 10 CIE-LUV CONVERSION

X 0.412453 0.357580 0.180423 R
Y = 0.212671 0.715160 0.072169| x |G
7 0.019334 0.119193 0.950227 B
. 116Y5  for Y > 0.008856
903.3Y for Y < 0.008856
X
o
Y= A v a3z
vo= 9—Y
"X +15Y +3Z
uw = 13L(u —u,) where u, = 0.19793943
v = 13L(W —v,) where v, = 0.46831096

A.2 ProrocoL ITEMS FROM THE ESCS
(ABRIDGED)

Here follows the complete description of the experimental protocols taken from
the ESCS items. The Soap Bubbles task was adapted from the Object Spectacle
Task in the original abridged ESCS draft.
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OBJECT SPECTACLE TASKS

Target behaviors: Initiating Joint Attention; Initiating Behavioral Requests;
Responding to Behavioral Requests
Object(s): Wind-up Mechanical Toy, Soap Bubbles

A wind-up mechanical mouse is presented. In each presentation the tester
activates the toy on the table in front of, but out of reach of the child. Toys
should be wound up enough to remain active for at least 6 seconds but not so
long that the child loses interest. The tester remains silent but attentive to
the child while the toy is active to allow the child to initiate joint attention
bids vis-a-vis the spectacle. However, if the child initiates a bid (e.g., alternates
eye contact between the active object and tester), the tester should provide a
natural but brief response (e.g., by smiling and nodding or by saying “mmm
hmmm”, or “Yes, I see!”). The child may also make a bid to obtain the toy and
the tester should respond to that bid by moving the toy within reach. If the
toy ceases and the child has not bid for the toy, the tester should place the toy
within reach of the child. The child is then allowed to play with the toy for
approximately 10 seconds or until the child gives the toy to the tester. Each
object spectacle is activated and presented to the child three times in a row.
If the child shows particular interest in one toy it may be presented up to two
additional times; however the toy should not be presented more than five times.
The tester should tell the child, “We’ll play with that more later”, and move on
to the next task.

Bubbles Task: The tester blows bubbles over the head and to the side of the
child, so that the bubbles do not blow up on the child. The child can reach for
the bubbles to blow them or hold them. Note that some children may be afraid
by the bubbles, in which case presentation should be stopped immediately and
not repeated three times. For hygienic purposes the tester should keep a towel

at hand, to clean the table of soap if necessary, as well as the hands of the child.

TURN-TAKING TASKS

Target behaviors: Initiating & Responding to Social Interaction
Object(s): Ball, Car

The tester places either the toy car or ball within the child’s easy reach and
then the tester places his or her hands apart on the table in a posture ready to
catch the ball or car if the child throws or rolls it to the tester. The tester should
remain in this posture for about 10 seconds. If the child responds by throwing
or rolling the ball or car to or away from the tester, the tester retrieves the
ball and again rolls it to the child. This turn-taking activity continues until the
child stops throwing or rolling the ball or car or the child has taken 12 turns. If

the child does not initiate a turn-taking game the tester should request and/or
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retrieve the toy and roll it to the child while making an appropriate playful
sound (e.g., “Brrrrrm,” “Wheeeee,” or “Zoom”). If the child fails to throw or roll
the ball or car to the tester, the tester retrieves the toy and rolls it to the child
again. If the child still does not respond, the tester should request the object
using a Follows Commands trial. If the child still does not return the ball, the
tester should slowly bring the ball back in front of her and roll it to the child
again. If the child does not respond to this turn-taking bid two times in a row,

then the turn-taking trial is discontinued.
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Appendix B

PUBLICATIONS BY THE AUTHOR

THIS appendix lists the publications of the author related to the work de-
scribed in this thesis. The articles are listed according to the date of their

publication or submission.

Journal Papers

Noris, B. and Nadel, J. and Barker, M. and Hadjikhani, N. and Billard, A.. Inves-
tigating Gaze of Children with ASD in Semi-Supervised Settings. Autism and
Developmental Disorders. Submitted, 2010.

Billard, A. and Noris, B. and Ansermet, F. and Nadel, J.. Seeing the World
Through Children’s Eyes. Autism Research. Submitted, 2010.

Noris, B. and Keller, J-B. and Billard, A. G.. A Wearable Gaze Tracking Sys-
tem for Children in Unconstrained Environments. Computer Vision and Image

Understanding. In press, 2010.

Peer-reviewed proceedings

Noris, B. and Fleuret, F. and Billard, A.. Feature Selection by Iterative Kernel
Polarization. Int. Conf. on Computer Vision and Pattern Recognition. Sub-
mitted, 2010.

Noris, B. and Benmachiche, K. and Billard, A. G.. Calibration-Free Eye Gaze Di-
rection Detection with Gaussian Processes. In Proceedings of the International

Conference on Computer Vision Theory and Applications. 2008.

Magnenat, S. and Rétornaz, P. and Noris, B. and Mondada, F.. Scripting the
swarm: event-based control of microcontroller-based robots. In Proceedings
of the International Conference on Simulation, Modeling and Programming for
Autonomous Robots. 2008.

Magnenat, S. and Noris, B. and Mondada, F.. Aseba-Challenge: An Open-Source
Multiplayer Introduction to Mobile Robots Programming. In Second Interna-
tional Conference on Fun and Games, Lecture Notes in Computer Science. pp.
65-74, 2008.
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Noris, B. and Benmachiche, K. and Meynet, J. and J.-P. Thiran and Billard,
A.. Analysis of Head Mounted Wireless Camera Videos for Early Diagnosis
of Autism. Computer Recognition Systems. Volume 2, pp. 663-670, 2007.

Piccardi, L. and Noris, B. and Schiavone, G. and Keller, F. and Von Hofsten, C.
and Billard, A. G.. WearCam: A head mounted wireless camera for monitoring
gaze attention and for the diagnosis of developmental disorders in young chil-
dren. In Proceedings of the 16th International Symposium on Robot and Human

Interactive Communication. 2007.

Conference Abstracts

Noris, B. and Billard, A. G.. WearCam, a Wearable Gaze Tracker for Children.
Scotting Vision Group, Dunkeld, Scotland. 2010.

Billard, A. G. and Noris, B. and Ansermet, F. and Nadel, J.. Investigating the Role
of Lateral Gaze and Peripheral Vision in Atypical Gaze at Human Faces with
Children with ASD During Naturalistic Social Interactions. 9th Annual Inter-
national Meeting For Autism Research, IMFAR’10, Philadelphia, USA. 2010.

Noris, B. and Nobile, M. and Piccini, L. and Molteni, M. and Keller, F. and Billard,
A. G.. Gait Analysis of Autistic Children with Echo State Networks. NIPS’06,
Workshop on Reservoir Computing, Whistler, Canada. 2006.
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Appendix C

STUDENT PROJECTS
SUPERVISED BY THE AUTHOR

THIS appendix lists the projects that were supervised by the author in the
scope of this thesis. While not all projects resulted in material that could
be directly put to use in this thesis, they nevertheless provided useful insights

and results. The projects are listed according to their date.

Student: Sandra Wieser. Title: Rotation Invariant Face Detection Training for

the WearCam. semester project. winter, 2007.

Face detection is a fundamental part of the analysis of the video data from
the WearCam, a Head-Mounted camera designed for children in the scope
of Autism diagnosis. The student will be asked to gather a face database
(either by using a number of online face databases or by collecting one
directly) and to train a boosted cascade of weak haar-like classifiers on
faces at different angles. The goal will be to have a robust system that
can detect faces at different angles and different illuminations.

Student: Gideon Maillette de Buy Wenniger. Title: Gestures Recognition by Echo
State Networks et Hidden Markov Models. master project. spring, 2008.

Echo State Networks (ESN) are recurrent neural networks that are able
to analyze time series for classification and generation of trajectories. A
comparison of the ESN and HMM approaches for gesture recognition will
be done on existing databases of gestures. The online (real-time) training
will be investigated also. A study of the best sizes and parameters of the
ESN and HMM will be done with a focus placed on recognition capability
and training times. A system for recognition of gestures with ESN and the
Xsens sensors already exists in matlab. The student will be asked to adapt
the system to take the input from a webcam, record a number of gestures
and recognize them on the fly. The same will be done using Hidden Markov
Models (HMM) and the user will be able to switch from one system to the
other. Regeneration of the gesture movement from a trained system will
be performed and visualized to estimate the generalization of the learned
gestures.

Student: Philippe Berard. Title: 3D Tracking with Multiple Cameras in an
Occluded Workspace. semester project. spring, 2009.

The goal of this project is to set up a 3d tracking system using multiple
cameras (3 or more) to obtain depth information and to overcome occlu-
sion limitations that often arise when using only two cameras. The tracker
will be used in a setup with two robotic arms moving in a fixed workspace.
The source code for tracking of specific patterns (ARTags and Fiducials)
will be provided as well as the framework for obtaining the images from
the cameras.
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Student: Alexandre Tuleu. Title: Ego-Motion of a Head-Mounted Camera.

semester project. spring, 2009.

The goal of the project is to estimate the accuracy of absolute orientation
estimation from the video images from the Wearcam, a Head-Mounted
camera designed for children in the scope of Autism diagnosis. Sparse
Optical Flow from the image gives information on how the objects in the
image have moved. However the reconstruction of the camera (hence the
head) motion from this information is not a trivial task and requires the
choice of an appropriate geometrical model. The student will implement
a choice of these models and compare their performance compared to
the data obtained with the X-Sens motion sensors. For starters, a C++
implementation of Horn’s method using quaternions will be provided.

Student: Gaetan Cretton. Title: Octree Color Quantization. master project.
winter, 2009.

Color based object detectors often suffer from the problem of colour varia-
tions (in terms of shading, hue shifts, saturation, ...). Selecting an appro-
priate color space (e.g. YCbCr) allows to increase the robustness of such
systems. However methods for color reduction such as adaptive quantiza-
tion and clustering allow to improve the separation of colors by reducing
the space of possible variations. The student will be asked to implement
two basic color quantization methods (a naive truncation algorithm and a
more sophisticated octree-based color quantization) and to evaluate their
performance in a colored object tracking problem.

Student: Manuel Wiitrich. Title: Local tracking of Objects by Particle Filtering.

semester project. winter, 2010.

The project aims to study the problem of predicting and locating the po-
sition, orientation and scale of objects in a video input. Object detection
usually comes in the form of a classifier that is applied to portions of the
input image iteratively until the whole image has been processed. This
is computationally very expensive. A solution to this problem is to glob-
ally search for the object until it is found and then proceed to locate the
object in the successive frames by processing only in the region where it
was previously found. There exist multiple strategies to determine the
search window, to estimate the quality of tracking and to detect when
the tracking has been lost or the object has disappeared from the image.
The goal of the project is to implement such a local tracking for position,
rotation and scale, to contrast its performance compared to global detec-
tion (in terms of computational complexity and accuracy) and to study
the optimality of the local tracking (e.g. given sufficient time, would the
local tracker perform as well as the global tracker?) both theoretically and
empirically. A SVM-based classifier exists which can be trained on differ-
ent objects. A preliminary implementation of local tracking by particle
filtering which does not take into account rotation and scale will be pro-
vided and can be used as a basis for development, or a different strategy
altogether can be implemented.
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