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Abstract
Studying the perception and understanding of actions in toddlers relies largely on
implicit measures. Here, we used a preferential looking paradigm to investigate
whether 2-year-old toddlers automatically consider hesitant hand movements a less
reliable sources of information than confident hand movements and if this behavior
is associated with their capacity to process motor actions and/or false believes.
We gathered some evidence that toddlers process hesitant hand movements as
unreliable for a subset of stimuli. The spatial distance between hand and target
object may play an important role in the processing of hand movements in toddlers.
While there was no significant association between hesitation processing and other
forms of motor processing (weight-estimation, grasp processing) or theory of mind
(false belief) skills in toddlers, an adult control group showed a positive correlation
between hesitation and motor processing, which may indicate that both skills
are based on motor simulation. A longitudinal study would be the ideal tool to
investigate at which age this association manifests in children.

4.1

Introduction

Action observation is a topic of strong interest in developmental psychology. It is
well documented that children as young as 18 months perceive actions not only
as physical motion parameters but understand that actions are goal-directed and
can be expressions of abstract plans (Gergely et al., 2002; Lieberman et al., 2005;
Meltzoff, 1995; Woodward et al., 2009). At the same time, it has been shown that
toddlers are able to attribute mental states based on sequences of events. Southgate
et al. (2007) demonstrated that 2-year-olds can attribute false beliefs to actors
using a preferential looking paradigm (Southgate et al., 2007). The attribution of
false beliefs requires a meta-representation of events, also known as theory of mind,
that is thought to develope during the second year of life (Leslie, 1987). There
is some evidence that action understanding and theory of mind are processed in
distinct brain networks (Overwalle and Baetens (2009), Chapter 3) and develop
subsequently during ontogenesis (Gobbini et al., 2007).
It remains unclear whether and how these two skills interact when toddlers have
to deduct a mental state solely from observing an action. There are three possible
hypotheses: 1) the deduction of the mental state is related to how well the child
can interpret movement parameters more generally, 2) the deduction of the mental
state is related to the child’s theory of mind skills and 3) the deduction of the
mental state relates to both skills.
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Here, we use three preferential looking eye-tracking paradigms to constrain these
hypotheses. In the first paradigm, we presented hesitant and confident hand movements to explore whether toddlers show evidence of being more attracted towards
the target of confident hand movements. Our previous work suggests that the
processing of gestural hesitation requires neural substrates associated with action
perception and theory of mind (Chapter 3). Here, video clips show two hands of
different actors pointing subsequently at one of two closed boxes. One actor points
confidently, the other hesitantly. After a 2-second delay an object appears in the
box pointed at by the confident hand. We hypothesized that two-year-olds will
spend more time looking at the box chosen by the confident hand during the delay
if they associate hesitation with reduced informational reliability. It has been shown
that children as young as 8 months are able to track the reliability of an actor
and to attribute their attention to a target cued by a reliable over an unreliable
actor (Tummeltshammer et al., 2014). However, in that study, children learned to
associated one actor with unreliable responses over multiple trials. To avoid this
association in the current study and ensure that the attribution of reliability is
based on motion parameters, we swapped the roles of the confident and hesitant
actors in two out of four video stimuli. Hesitant movements are likely to contain
a higher amount of horizontal movements than confident movements. To ensure
that the horizontal movement is not the decisive factor in orienting towards one of
the boxes, a second paradigm (Hesitation_Obstacle) is introduced. It is almost
identical to the Hesitation paradigm, however two obstacles, in the form of book
shelves, force hesitant as well as confident movements to partly follow a horizontal
trajectory.
The third paradigm is designed to test action understanding based on movement
parameters without the need to attribute mental states such as hesitation. One
actor subsequently lifts two boxes, one heavy and one light box. The heavy box
is lifted using a power grip (all fingers used), while the light box is lifted using a
precision grip (thumb and index finger used), representing the two types of lifting
introduced by Napier (Napier, 1956). After a delay, an object is revealed inside
of the heavy box. Here, the prediction of the object location is purely based on
movement characteristics and inferred physical properties of weight and does not
require analysis of inferred mental states. While toddlers perform only power grips
during the first months of their life, a transition towards increased use of precision
grips happens during the first year of life (Butterworth et al., 1997; Haywood et al.,
2012), such that 2-year-olds should have extensive motor experience with both
grips. Paradigms 1 to 3 all require the analysis of movement parameters and are
therefore described as ‘movement conditions’ in this chapter.
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The fourth paradigm is based on the false belief pardigm described in Southgate et
al. (2007) and therefore tests theory of mind skills based on a sequence of events.
In two true belief trials, an actress will search for an object in a box where she saw
it last, which coincidences with the true object location. In two false belief trails,
the actress searches again the box where she saw the object last, however as the
object was moved while she was absent, this box is a mismatch with the objects
previous location. During a successful false belief trial, a toddler will spend more
time looking at the box where the hand of the actress will appear in.
The preferential looking behavior prior to the object/hand reveal and the correlations between looking preferences evoked by the four paradigms are used to
understand how action observation (Lifting condition) and false belief (ToM condition) skills influence the processing of gestural hesitation in toddlers. An adult
group was tested using the same paradigms to check for differences in fixation
preferences and task associations during infancy and adulthood.

4.2
4.2.1

Methods
Participants

All 68 toddlers who joined the experiment were 23.5 to 24.5 months old. Children
were excluded from the analysis when no data was available for at least one of the
three movement conditions (Hesitation, Hesitation_Obstacle, Lifting) due to poor
eye-tracking calibration, loss of data due to head movements, or resistance to the
target sticker. A total of 45 children (23 male, 22 female) were included into the
statistical analyses. All children were born full term and had no history of visual
or auditory abnormalities.
In terms of recruitment, parents were contacted after responding to a contact form
conveyed by the municipality following the birth of their child. All but one children
had previously participated in one or more thematically-unrelated eye-tracking
experiment at the University of Amsterdam. Some of that previous research had a
focus on language development, therefore 13 of the 45 children were raised bilingual.
22 of the children had siblings (16 older, 4 younger, 2 twins). Additionally we
tested a control group consisting of 28 adults (12 male, 16 female; age: 22 ± 3
years, range: 18 – 30 years).
The parent/caregiver, accompanying the child during the experiment, or the adult
participant signed an informed consent in accordance to the Declaration of Helsinki
prior to the experiment.
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4.2.2

Stimuli

Four unique videos were recorded for each of the four experimental conditions
(Hesitation, Hesitation_Obstacle, Lifting, ToM). License-free, instrumental music
and sounds were used throughout the videos to enhance the child’s attention.
Different music pieces were chosen for the different conditions. The Pre-reveal
period (see Figure 4.1 & 4.2) was acoustically highlighted using a trill sound. The
sound during the Object reveal period (see Figure 4.1) was matched to the object
itself (i.e. a bike bell sound for a bike). The video durations were 18.0 to 22.1 s
(Hesitation), 20.1 to 25.1 s (Hesitation_Obstacle), 29.1 to 32.1 s (Lifting) and 44.1
to 51.2 s (ToM).
4.2.2.1

Hesitation condition

Each video started with the presentation of two closed orange boxes on top of
a table. The voice of one of three voice actors (two children, one adult) stated
a question, for example: “Where is the ball?” (spoken in Dutch), indicating the
object that will be revealed at the end of the video. A different object was used
for each video. Afterwards, two actors took turns at pointing at one of the two
boxes. One actor pointed confidently and the other hesitantly. At each moment in
time, only the hand and arm of one actor was visible. The two actors also differed
in color and pattern of their sleeves. After a delay of 2 seconds, an interesting
object, for example a plush toy, was revealed (see Figure 4.1A). Importantly, the
object was always hidden in the box the confident actor pointed at. The 2-second
Pre-reveal period is the critical time of interest in this experiment. During this time
window, the child’s preferential looking towards one of the two boxes is evaluated.
The looking preference is interpreted as the child’s prediction, in which of the two
closed boxes an object will be hidden.
The videos were counter balanced for the location of the hidden object and type
of pointing (hesitant, confident) shown first (Supplementary material Table 4.4).
Importantly, we did not want the child to attribute a personal trait, for example
shyness or indecisiveness, to one of the actors and base their looking preference
on this factor across the whole run. However, we also did not want to add an
extra level of complexity by having the same actor switching between confidence
and hesitance. Therefore, we used two sets of different sleeve colors and patterns
as described in Supplementary material Table 4.4. The same set of videos was
presented to each child, however the order of videos was randomized.
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4.2.2.2

Hesitation_Obstacle condition

The four videos of this condition followed the same storyline and counterbalancing
procedure as the Hesitation condition. The main difference to the Hesitation
condition was the introduction of an obstacle. The access to the left box was
occluded by carton book shelves mounted to the background (see Figure 4.1B).
The obstacle was introduced to induce horizontal hand movements and prolong
movement time of the confident hand to ensure that the toddlers would not base
their predictive fixations on these parameters. To avoid a learning effect, the
assignment of confidence and hesitance to sleeve colors was reversed in comparison
to the Hesitation condition (Supplementary material Table 4.4). Four new objects
were presented during the Object reveal phase.
4.2.2.3

Lifting condition

The lifting condition also consisted of four unique videos. This time, one of the
two actors reached down to lift two closed boxes about 30 cm of the table and put
them down again. The boxes were lifted one after the other by their handle (Figure
4.1C). One box was empty, the other one was filled with a weight of 1 kg. When
the actor lifted the heavy box, a power grip was used, while the actor lifted the
empty box using a precision grip (see: Figure 4.1C). During recording a timing was
given, such that each lifting phase lasted approximately six seconds. The actors
did not wear sleeves, such that the arm muscles were not occluded.
For the lifting condition, the hidden object was always a cake. Thereby, we avoided
the complication of different weights. However, we needed to make sure that the
child understood that the cake could change its location in between the videos.
Therefore, we rephrased the starting question from video 2-4 into: “Where is the
cake now?” (spoken in Dutch). The four videos were counterbalanced for the
location of the cake and the order in which the heavy or light box were lifted
(Supplementary material Table 4.4). The same set of videos is presented to each
child, however the order of videos was randomized.
4.2.2.4

ToM condition

The ToM (theory of mind) condition was conceptually different from the other
conditions in several aspects. It was derived from the experiment by Southgate et
al. (2007), but modified to resemble the structure of the three movement conditions.
In the opening scene, the child sees two boxes with inserted viewing windows in
the front and open top-lids in front of a background wall (Figure 4.2). The head
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A)

B)

C)

Figure 4.1: Snapshots of the four phases of a video stimulus from the three movement
paradigms (Hesitation, Hesitation_Obstacle, Lifting). The red boxes around the Prereveal images indicate that this 2-second interval was the primary sequence used for data
analysis. The looking time at the two boxes during Pre-reveal is taken as a prediction of
where the object will appear during the Object reveal phase.

of an actress wearing a baseball cap is visible on top of the background wall. A
hand puppet in the shape of a caterpillar is entering the scene either from the left
or right, holding an object not used in any other video. The actress looks at the
object and identifies it as her own: “There is my (objectname).” (spoken in Dutch).
The first two videos shown belong to the true belief condition. The puppet moves
the object into one of the boxes and closes the top lid. A phone rings and the
background wall is lifted such that only the top of the baseball cap remains visible.

Now, the puppet moves the object out of the box and afterwards inserts it back into
the same box. It closes the top-lids of both boxes and leaves the scene (Figure 4.2A:
Object remains (unseen)). A red light is superimposed on the boxes to redirect the
child’s attention to the boxes. After the 2 second Pre-reveal period (trill sound
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playing), the hand of the actress reaches through the fabric on the back of the box
to retrieve the object (Figure 4.2A: Hand appears).
The last two videos belong to the false belief condition. The storyline is largely
identical to the one of the true belief condition. However, when the actress
disappears behind the background wall, the puppet moves the object from one box
to the other and finally removes the object from the scene (Figure 4.2B: Object
relocated then removed (unseen)). After the Pre-reveal phase, the actress will reach
into the empty box, where the puppet moved the object originally (Figure 4.2B:
Hand appears). The removal of the object ensured that the child did not fixate on
the object instead of anticipating the entrance of the actress’s hand.
The videos were counterbalanced for original and secondary position of the object
(Supplementary material Table 4.5). We wanted to exclude the possibility that the
secondary position was associated with the lid closing. Therefore, the last box was
always being closed on the left side. The order of the first two (true belief ) and
last two videos (false belief ) was randomized across children.

Figure 4.2: Snapshots from a true belief and a false belief video of the ToM paradigm.
The red boxes around the Pre-reveal images indicate that this 2-second interval was
the primary sequence used for data analysis. The looking time at the two boxes during
Pre-reveal is taken as a prediction of where the hand will appear during the Hand appears
phase.
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4.2.3

Data collection

While the parent/caregiver filled out a questionnaire about the social environment
and health status of the child, the child was playing with the researcher to get
comfortable in the research environment. Before the start of the experiment, the
researcher played a pairing game with the child to familiarize the child to the
words and objects used in the video stimuli. The researcher showed the child a
picture of an object and encouraged the child to name and point to an object of
the same category on a large board containing several images. A pair of images
consisted for example of a comic and real apple. This procedure was repeated for
five objects. Whenever the child was hesitant to respond to one of the objects, the
researcher engaged in pointing and naming additional objects on the board. This
increased familiarization with the objects and their names. Furthermore, according
to Cannon et al. (2012), engaging the child in pointing behavior might increase
their attention to pointing in the video stimuli (Cannon et al., 2012).
Afterwards, the child and the caregiver/parent were led into the experiment room,
which was empty except for the screen, a car seat positioned on top of a table and
a seat for the caregiver/parent and lit dimly. The child was positioned into the
car seat, such that the difference between eyes and screen was approximately 550
mm. The distance between the eyes and screen was subject to some variability
because the child was not head-restrained. Instead, a target ticket was fixed on
the forehead of the child to monitor the head position during recording and thus
allow accurate tracking despite small head movements. In two cases, the child did
not feel at ease in the car seat and was positioned on the parents/caregivers lap
instead. The screen (resolution: 1920 × 1080 pixels, refresh rate: 120 Hz) was
tilted at an angle of 30◦ and the height of the screen was adjusted according the
height of the child. The Infra-red camera and diode of the eye-tracking system
were mounted underneath the screen and speakers were localized behind it. The
caregiver/parent was sitting next to but slightly behind the child.
Two short videos where displayed on the screen to draw the child’s attention to the
screen prior to calibration. Both videos presented two empty boxes and played the
trill indicating the Pre-reveal period for 2 seconds. Afterwards, one video revealed
an object on the left and the other on the right side. Thus, the videos familiarized
the child with the concept that the box on either side can contain an object and
that the trill precedes the Object reveal.
Eye gaze was recorded using a remote EyeLink 1000 eye-tracking system, allowing
head movements of 22 × 18 × 20 cm (horizontal × vertical × depth) with a 2 ms
blink recovery time (SR Research Ltd., Ottawa, Canada). The focus of the camera
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was adjusted manually to the position of the child’s eye. Thresholds for pupil and
corneal reflex detection were set automatically and adjusted manually if tracking
remained unstable. A 9-point calibration was performed. During calibration, a
small paper duck (3 cm diameter) was moved on top of the default calibration dots
displayed on the screen to ensure the child’s attention (Gredebäck et al., 2010). A
validation was run subsequently.
Eye gaze was recorded at a sampling rate of 500 Hz with a spatial accuracy of
0.25◦ – 0.5◦ . An analog filter was applied to reduce noise during data collection.
Eye gaze data was automatically classified into fixations, saccades and missing
data. A velocity threshold of 30◦ /sec and an acceleration threshold of 8000◦ /sec2
were used to detect saccades. In addition, the pupil area was recorded.
The four experimental runs were presented in a semi-randomized order. The order
of the Hesitation, Lifting and ToM conditions was counterbalanced, however the
Hesitation_Obstacle run was always presented either first or last. This method
ensured that the distance between the Hesitation and Hesitation_Obstacle conditions was both maximized and balanced. The child’s and caregiver’s/parent’s
behavior during the experiment was monitored via a video camera. If regarded
necessary, the break between the runs was used to ensure that the child was at ease,
usually by providing a cracker. When the child was inattentive or signal quality
was poor during the first video of a run, the run was stopped and repeated. Once
the experiment ended, the parent and child returned to the playroom where the
child was given a small book in appreciation of their participation.
The adult group was tested using an adapted protocol. They were informed that
the experiment consisted of four blocks of four movies and that eye-movements
were recorded but no further details were revealed. The room and equipment were
identical to the ones used for the toddler group, however the adult’s chin was
placed onto a chin rest to further stabilize the head and the standard dots, instead
of the duck picture, were used for calibration to increase calibration precision.
The pairing game was not used for the adult group. Stimuli presentation and
randomization were identical to the ones used for the toddler group. After the
experiment, adults were asked to complete a feedback questionnaire, which e.g.
contained questions on whether participants tried to predict the location of the
object and which strategies they used to do so (Supplementary material: Extract
from the feedback questionnaire).
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4.2.4

Data analysis

The eye tracking data was analyzed using Data Viewer (version 1.11.1). For each
video, we calculated a preference score using the following procedure. The left and
the right box, as positioned during the 2-second Pre-reveal phase, were marked
as areas of interest (AOI). Fixations were automatically detected by the Data
Viewer software. A fixation was assigned to a AOI if its center lay within the
AOI’s boundaries. We set fixations to be trimmed to the Pre-reveal period. Thus,
if a fixation started before the beginning of the Pre-reveal phase or lasted longer,
only the fixation time during the Pre-reveal phase was considered for data analysis.
This was important as time spend looking at the revealed object would otherwise
be entered into the analysis.
We measured the percentage of time that the child fixated at each box and at
the background. The preference score was calculated as the difference between
percental looking to the box cued for the object appearance (confident hand for the
Hesitation and Hesitation_Obstacle condition, power grip for the Lifting condition,
original position of the object for the ToM condition) and the un-cued box (hesitant
hand for the Hesitation and Hesitation_Obstacle condition, precision grip for the
Lifting condition, initially empty box in the ToM condition). For example, if the
object was to appear in the right box and the child looked 60% at the right box,
20% at the left box and 20% at the background, the preference score is 40. A
looking behavior of 0% to the right box, 70% to the left box and 30% to the
background results in a preference score of -70. By using percental fixation times,
the amount of missing data due to blinks, signal loss or distraction of the child
could be neglected (Oakes, 2012).

4.3

Results

4.3.1

Toddlers: Preference score analyses

4.3.1.1

Movement conditions

The preference scores yielded by the toddlers on the three movement conditions
(Hesitation, Hesitation_Obstacle, Lifting) differed significantly, F(2,82) = 10.20,
p<0.001, partial eta square = 0.20. A post-hoc analysis revealed that the preference
score on the Hesitation_Obstacle condition was 23.0 ± 6.7 preference scores higher
than on the Hesitation condition (p<0.01) and 26.8 ± 7.0 point higher than on the
Lifting condition (p<0.01). Using one-sample t-tests, it became evident that only
the average preference score of 31.1 ± 5.2 during the Hesitation_Obstacle condition
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significantly deviated from 0 (chance level), t(44) = 5.95, p<0.001 (Figure 4.3A).
Additionally, there was a significant 3-way interaction between preference scores
on the movement conditions, the gender and sibling status (sibling or single-child),
F(2,82) = 7.50, p<0.01, partial eta squared = 0.16. To explore this interaction effect further, we subtracted the preference scores of the Hesitation and
the Lifting condition from the Hesitation_Obstacle condition for each participant
separately. The subtracted preference scores (Hesitation_Obstacle - Hesitation, Hesitation_Obstacle - Lifting) were analyzed using a multivariate general linear model
with gender and sibling status as between-subject factors. We found a multivariate
interaction of gender and sibling status, F(2,40) = 6.06, p<0.01, and significant
interaction for both measurements separately: F(1,41) = 6.11, p<0.05 (Hesitation_Obstacle - Hesitation) and F(1,41) = 12.39, p<0.01 (Hesitation_Obstacle Lifting). The increase in preference score during the Hesitation_Obstacle condition
compared to the other movement conditions is higher in girls when they have
siblings and higher in boys when they are a single-child (Figure 4.3B). We did
not include bilingualism as a factor because the number of bi- and monolingual
children was not balanced.

B)

A)
_
_
_
_
_
__
_
_
_
_
_
*
*
*
*

*
*
*

Figure 4.3: A) Fixations on target boxes during the movement conditions in toddlers.
The preference score indicates the percentage of fixation time on the predicted target box
(box where the object will appear) minus the percentage of fixation time spend on the
other box. ** = p<0.01; *** = p<0.001. B) Visualization of interaction effect: condition
× gender (male or female) × sibling status (single-child or sibling).
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4.3.1.2

Impact of missing data

Missing data are a concern when analyzing eye-tracking data from toddlers, who
are likely to get distracted in the course of the experiment (Oakes, 2012). The
preference score from one condition, e.g. Lifting, may therefore contain the average
of four trials for one toddler but represent the score of only one trial for another
toddler. A linear mixed model, which can account for the amount of missing data
per toddler, was used to confirm the results of the preference score analysis. A linear
mixed model (participants: subject ID, repeated measure: trial number (1 – 4),
repeated covariance type: scaled identity), was defined using condition (Hesitation,
Hesitation_Obstacle, Lifting), gender and sibling status as fixed factors, and
estimating all main effects and the condition × gender × sibling status interaction
(see: 4.3.1.1) and the trial number × condition interaction. The linear mixed model
confirmed the differences in preference scores between conditions (F(2, 350) = 8.43,
p<0.001) and the condition × gender × sibling status interaction (7, 350) = 2.56,
p<0.05) while accounting for missing data. Pairwise comparisons (Sidak-corrected)
reveal significant differences in preferences scores between the Hesitation_Obstacle
and Hesitation condition (23.0 ± 6.7, p<0.01) and Lifting condition respectively
(25.2 ± 6.6, p<0.001).
4.3.1.3

Learning effect

One can hypothesize that the preference score during the Hesitation_Obstacle
condition would increase from the first to the last trial, assuming that the toddler
learns the rule behind the object placement. However, the mixed linear model
described above (using the trial number as a fixed effect), did not confirm this
assumption as there was no main effect of trial number (F(3, 350) = 0.56, p = n.s.)
or interaction between trial number and condition F(6, 350) = 1.03, p = n.s.).
4.3.1.4

Alternative explanations of fixation behavior in the Hesitation_Obstacle condition

We tested four alternative hypotheses to explain the preferences scores in the
Hesitation_Obstacle condition. First, that toddlers looked preferentially at the
box that was interacted with last irrespective of the hands’ movement pattern
(preference score: percental fixation time on the box interacted with last - percental
fixation time on the other box). Second, that toddlers looked at the box that
contained the object in the previous trial (preferences score: percental fixation time
on the box last interacted with - percental fixation time on the other box). Third,
that toddlers looked preferably at the left box (preferences score: percental fixation
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time on the left box - percental fixation time on the right box). Fourth, that
toddlers looked at the box pointed at by the actor who gave a correct indication in
the first video clip (preference score: percental fixation time on the box the first
correct actor points at - percental fixation time on the other box). Note that only
videos 2-4 can be analyzed for the second alternative hypothesis.
Using a 5 × 2 × 2 (Hypotheses × Gender × Sibling status) repeated-measures
mixed ANOVA, we found significant differences in preference scores between
the five hypotheses, F(13.2, 113.8) = 6.82, p<0.001, partial eta squared = 0.16
(degrees of freedom are Greenhouse-Geisser corrected for violation of sphericity).
Sidak-corrected post-hoc analyses reveal that the original hypothesis yields
significantly higher preference scores than the first (p<0.01), second (p<0.01),
third (p<0.01) and fourth (p<0.05) alternative hypothesis. The preference score
of the first, third and fourth alternative hypothesis do not deviate from chance
level (first (last object interacted with): 3.7 ± 6.1, t(44) = 0.61, p = n.s.; third
(left box): 5.1 ± 5.6, t(44) = 0.91, p = n.s.; fourth (first correct actor): 5.6 ± 5.4,
t(44) = 1.1, p = n.s.). However, the preference score (-15.7 ± 6.7) of the second
alternative hypothesis did (box where object appeared last), t(39) = -2.32, p<0.05.
The negative average preference score indicates that toddlers are less likely to look
at the box where the object appeared in the previous trial.
In regard to the alternative hypotheses, we also found a significant interaction
between hypothesis type and gender, F(3.2, 113.8) = 3.20, p<0.05, partial eta
squared = 0.08. Visual inspection of the interaction graph suggests a reversal of
gender-specific differences in preference scores between the original hypothesis and
the second alternative hypothesis (box where object appeared last), which was
confirmed by rerunning the statistical model using only these two hypotheses,
F(1,38) = 6.3, p<0.05. While there was no significant gender difference between
the preference scores of the original hypothesis (t(39.7) = -1.01, p = n.s.), the
females had more negative preference scores (-32.9 ± 9.2) than the males (-1.6 ±
8.7) in respect to the second alternative hypothesis (box where object appeared
last), t(38) = 2.45, p<0.05). The preference score of the second alternative
hypothesis were significantly different from chance for females (t(17) = -3.56,
p<0.01), but not for males (t(21) = -0.19, p = n.s.).
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4.3.1.5

Differences in viewing parameters and fixation behavior between the Hesitation and Hesitation_Obstacle condition

So far, it remains unclear why the toddlers perform above chance level in the
Hesitation_Obstacle condition but not in the Hesitation condition. In the
following, we analyzed video parameters and viewing behaviors during the two
conditions to shed light on this question.
Given that only four videos were used per condition, a statistical analysis of
video parameters is not very meaningful. Nevertheless, we checked whether some
major video characteristics were roughly comparable between the two hesitation
conditions: 1) movement time of confident hand, 2) movement time of hesitant
hand, 3) pointing motions of confident hand, 4) change of direction of hesitant hand
and 5) pausing of hesitant hand. Overall we did not discover evident differences
in movement parameters for the two Hesitation conditions (Table 4.1), that are
likely to explain differences in the toddlers’ fixation preferences between conditions.

Table 4.1: Movement characteristics in the stimuli of the Hesitation (H) and Hesitation_Obstacle (HO) condition
Movement

Movement

Pointing

Changes of

Pausing of

time hesitant

time confident

movements of

direction of

hesitant

hand [s]

hand [s]

confident hand

hesitant hand

hand [s]

H

6.1 ± 0.4

8.9 ± 0.9

4.3 ± 1.3

3.5 ± 0.9

1.3 ± 0.8

HO

8.4 ± 1.8

8.5 ± 1.2

3.3 ± 0.3

2.8 ± 0.3

0.7 ± 0.7

So far, we have only analyzed viewing behavior during the Pre-reveal period of
each trial (see Figure 4.1). However, differences in viewing parameters throughout
the videos might help to explain why toddlers look preferentially at the boxes
pointed at by the confident hand during the Hesitation_Obstacle but not during
the Hesitation condition. Here, we compared five viewing parameters between the
Hesitation and Hesitation_Obstacle conditions by means of paired-sample t-tests,
with p-value thresholds adjusted for multiple testing (Table 4.2). There were no
significant differences in average fixation time (t(43) = 0.67, p = n.s.) and number
of fixations per second (t(43) = 1.3, p = n.s.), which give us information about
how much of the stimuli was actually viewed by the toddlers.
The pupil diameter has been shown to reflect attentional effort (Binda et al., 2014;
Hoeks and Levelt, 1993; Kang et al., 2014) and expectation mismatch (Geng
et al., 2015; Lavín et al., 2013; Preuschoff et al., 2011). Differences in pupil
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area on the hands and background may indicate increased attention during the
Hesitation_Obstacle condition. Differences in pupil area when fixating on the
target boxes may reflect the surprise of an incorrect object location prediction
in the Hesitation condition. The pupil area was measured in scaled image
pixels, extreme values below 100 and above 1000 were removed from the analysis.
However, there were no significant differences in pupil area (Table 4.2) between
the two conditions when fixating on the boxes (t(43) = 1.2, p = n.s.) or hands and
background (t(43) = 0.71, p = n.s.).
However, there was a significant difference in the percentage of fixations on the
target boxes between the two conditions (Table 4.2). There are two time periods
when we expected fixations on the target boxes: Pre-reveal and Object reveal
(see: Figure 4.1). Thus, we expected about 19.4% of all fixation on the target
boxes during the Hesitation condition and 17.3% during the Hesitation_Obstacle
condition, based on the overall duration of the conditions. The difference between
expected and actual target box fixations was significantly different between the
Hesitation and the Hesitation_Obstacle conditions, t(43) = 6.16, p<0.001, and
above the expected level for both conditions (H: t(43) = 8.82, p<0.001; HO: t(43)
= 2.73, p<0.01).
Based on these results, we tested whether the difference in target box fixations
in the Hesitation and Hesitation Obstacle condition predicted the differences
between preference scores in the Hesitation and Hesitation_Obstacle condition.
We calculated the condition-specific differences in percental target box fixation
time (actual - expected) and preferences scores for each participant separately
and performed a linear regression analysis using the difference in percental target
box fixation time as predictor and the difference in preferences scores as outcome
variable. Difference in percental target box fixation time were predictive of the
difference in preferences scores (Hesitation_Obstacle – Hesitation), r = 0.24, t(42)
= 3.17, p<0.01. In other words, a participant who differed more in the fixations
they allocated to the target boxes, also differed more in terms of preference scores
between conditions.
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Table 4.2: Looking behavior during the stimuli of the Hesitation (H) and Hesitation_Obstacle (HO) condition in toddlers
Average

Number of

Difference

Pupil size

Pupil area

fixation

fixations

actual - expected

(during

(fixation on

time [ms]

per second

fixations on

fixation on

background

target boxes [%]

target boxes)

or hands)

H

545 ± 22

1.7 ± 0.1

14.1 ± 1.6

607 ± 24

616 ± 25

HO

531 ± 23

1.6 ± 0.1

3.9 ± 1.4

620 ± 24

623 ± 24

4.3.1.6

Theory of mind

The theory of mind condition had a different condition structure compared to the
movement conditions, with two true belief and two false belief trials, and was
therefore analyzed separately. First, the two true belief trials were analyzed. The
average preference score was 30.8 ± 4.9 and lay significantly above the chance level
of 0, t(41) = 6.20, p<0.001 (Figure 4.4B). We tested the alternative hypothesis
that the toddlers would preferentially look at the box the caterpillar visited last
(left box for both true belief videos). A paired-sample t-test revealed a significant
difference in preference score between the original and the alternative hypothesis,
t(41) = 4.4, p<0.001 and the preference score of the alternative hypothesis did not
exceed chance level (t(41) = -0.27, p = n.s.).
For the false belief trials we only included participants who had a positive average
preference score during the true belief trials. This procedure, similarly applied by
Southgate (2007), ensures that the false belief trials were not evaluated in toddlers
who’s looking behavior was unlikely to be based on the belief of the actress in the
true belief trials. Due to the reduced number of participants, we used one-sided
t-tests to evaluated whether the preference scores lay significantly above the chance
level of 0 (Figure 4.4B). The average preference score during the false belief trials
(10.9 ± 6.0) lay significantly above chance level (t(30) = 1.79, p<0.05). However, it
was not significantly different from the preference score of the alternative hypothesis
(box the caterpillar visited last: 12.4 ± 6.9, t(30) = -0.24, p = n.s.).

4.3.2

Adult group and group comparisons

4.3.2.1

Preference score analyses

The adult preference scores were analyzed using a 3 × 2 repeated-measures ANCOVA (condition × gender) with age as a covariate. We found no difference
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between preference scores on the different conditions (F(2,48) = 1.35, p = n.s.)
or a significant condition × gender (F(2,48) = 0.70, p = n.s.) or condition × age
(F(2,48) = 1.56, p = n.s.) interaction. All average preference scores lay significantly
above the chance level of 0 (Figure 4.4A; Hesitation: 33.2 ± 8.2, t(26) = 4.04,
p<0.001; Hesitation_Obstacle: 29.1 ± 6.6, t(26) = 4.44, p<0.001; Lifting: 44.4 ±
6.4, t(26) = 6.95, p<0.001). As can be expected, a repeated-measures 3 × 2 × 2
ANOVA (condition × gender × group) showed a significant interaction between
condition (Hesitation, Hesitation_Obstacle, Lifting) and group (toddler, adults),
F(2,136) = 8.81, p<0.001, partial eta squared = 0.16.
4.3.2.2

Learning effect

A linear mixed model (participants: subject ID, repeated measure: trial number
(1 – 4), repeated covariance type: scaled identity), was defined using condition
(Hesitation, Hesitation_Obstacle, Lifting) and gender as fixed factors and age as a
covariate. There was no main effect of trial number (F(3,245) = 0.94, p = n.s.) or
interaction effect between trial number and condition (F(6, 245) = 1.89, p = n.s.).
4.3.2.3

Feedback questionnaire

Here, we tested whether adult participants, who correctly reported the logic behind
a condition in the feedback questionnaire (Supplementary material), have higher
average preference scores than participant who do not. Adults who reported that
the object appears in the box the confident hand points at had a significantly larger
preference score in the Hesitation condition (49.9 ± 8.0 compared to -10.1 ± 15.2;
t(23) = 3.77, p<0.01), but not in the Hesitation_Obstacle condition (34.2 ± 7.4
compared to 20.4 ± 15.2; t(23) = 0.91, p = n.s.). While the ‘correct feedback’
group scores above chance level in both conditions (H: t(17) = 6.23, p<0.001; HO:
t(17) = 4.63, p<0.001), the ‘incorrect/no feedback’ group did not (H: t(6) = 0.66,
p = n.s.; HO: t(6) = 1.34, p = n.s.). It should be mentioned that the ‘incorrect/no
feedback’ group in the hesitation conditions was considerably smaller than the
‘correct feedback’ group, which may have led to higher variance.
The difference in preference scores between correct and incorrect/non-responders
is also significant for the Lifting condition (62.5 ± 6.4 compared to 35.5 ± 8.9;
t(24) = 2.08, p<0.05). Here, both groups have preference scores above chance level
(correct responders: t(9) = 9.76, p<0.001; incorrect/none responders: t(15) = 4.00,
p<0.01).
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4.3.2.4

Theory of mind

The average preference score during the true belief trials was 47.1 ± 4.5 for the
adult group (Figure 4.4B). This score lay significantly above chance level (t(26) =
10.45, p<0.001) and no adult was excluded from the false belief analysis due to an
average negative true belief preference score. The average false belief preference
score (22.4 ± 8.7, Figure 4.4B) exceeded chance level for the adult group (t(24) =
2.6, p<0.05) and did not significantly differ from the preference score of the toddler
group (t(53) = 2.39, p = n.s.). Preference scores of participants reporting ToM
correctly or incorrectly/not did not differ significantly, t(20) = 1.44, p = n.s.).

Figure 4.4: A) Fixations on target boxes during the movement conditions in adults.
The preference score indicates the percentage of fixation time on the predicted target box
(box where the object will appear) minus the percentage of fixation time spend on the
other box. B) Fixations on target boxes during the ToM condition. Average preference
scores are displayed for the two true belief and the two false belief trials separately. *
= p<0.05; *** = p<0.001; 1) = based on one-sided t-test due to a reduced sample size
(exclusion of toddlers with a negative preference score on true belief task. C) Correlations
between preferences scores during the Lifting and the Hesitation condition in toddlers
and adults. The lines are separat linear fits to the data of the toddlers and the adults.

4.3.2.5

Correlations

Performing a Pearson correlation analysis between the preference scores for all four
conditions (Table 4.3) across both groups reveals a significant positive correlation
(r = 0.39, p<0.05, Bonferroni-adjusted for multiple testing) between the Hesitation
and the Lifting preference scores (Figure 4.4C). Looking at both groups separately,
the correlation remains significant for the adult group (r = 0.39, p<0.05), but not
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for the toddler group (r = 0.09, p = n.s.) even without adjustment for multiple
comparison. However, a Fisher r-to-z-transformation does not reveal significant
group differences in respect to the correlation coefficient (z = 1.28, p = n.s.).

Table 4.3: Cross-correlation table for the average preference scores of the toddler group,
the adult group and all participants (toddlers & adult groups). Preference scores are
based on looking behavior towards the boxes pointed at confidently (H: Hesitation; HO:
Hesitation_Obstacle), the heavy box lifted using a power grip (L: Lifting) and the box
indicating an actresses false belief (ToM : ToM false belief condition).
Toddlers

H

H
HO

HO
-0.11

-0.11

L

ToM

Adults

0.09

-0.04

H

-0.35

-0.16

HO

0.00

L

0.39

0.05

ToM

0.29

-0.04

L

0.09

-0.35

ToM

-0.04

-0.16

0.00

All

H

HO

L

0.02

0.39*

0.22

-0.17

-0.09

H
HO

0.02

L

0.39*

-0.17

ToM

0.22

-0.09

4.4
4.4.1

H

HO

L

0.19

0.39

0.29

0.05

-0.04

0.19

ToM

0.37
0.37

ToM

0.30
0.30

* = p<0.05 (Bonferroni-corrected)

Discussion
Perception of gestural hesitation in toddlers

In the current study, we showed that 24-month-old toddlers show a fixation behavior
that suggests processing of hesitant hand motions as unreliable and/or confident
hand motions as reliable in one condition (Hesitation_Obstacle) but not in the
other (Hesitation). We analyzed differences in the movement parameters (e.g.
movement time, number of pointing repetitions, duration of movement pauses) and
looking behavior (e.g. average fixation time and number of fixations, pupil size,
fixations on target) between the two conditions and revealed one parameter that
significantly differed: the percentage of fixations on the two target boxes. During
the Hesitation condition, the toddlers spend more time fixating on the target boxes
than in the Hesitation_Obstacle condition. The fixations on the target boxes are
furthermore not limited to the periods when the boxes are the main object of
interest (Pre-reveal and Object reveal), but also occur during the hand movements.

4. Action observation in toddlers | 89
The bookshelves, used as obstacles in the Hesitation_Obstacle condition, increased
the average distance between the hand and the target boxes throughout the movies
and reduced fixations towards the target boxes. The relative increase in fixations
towards the target boxes in the Hesitation condition might impair the processing
of hesitant and confident movements in two ways: 1) the hands might draw so
much attention to both boxes, that the preference for the ‘confident’ box gets
partly overwritten; 2) the fixations towards the target boxes reduced the overall
looking time at the hand movement parameters and therefore less information
were available to build a target preference. These hypotheses are in line with the
observation that the toddlers’ fixation behavior still showed a trend towards the
‘confident’ box (Figure 4.3A).
We further demonstrated that the differences in fixations towards the target boxes
throughout the stimuli between the Hesitation and Hesitation_Obstacle condition
were predictive of their differences in preference scores. This illustrates the importance of further refinement of the hesitation stimuli, for example optimizing the
difference between the hand and the target object, which may allow the measurement of robustly positive preference scores. Thus in the future, gestural hesitation
paradigms may be a valuable addition to the current paradigms testing action
understanding in toddlers (Gergely et al., 2002; Lieberman et al., 2005; Meltzoff,
1995; Woodward et al., 2009).
However, it is also possible that the toddlers followed a completely different pattern
or strategy across the three movement conditions, that coincidently produced a fixation behavior towards the boxes pointed at confidently in the Hesitation_Obstacle
condition. This possibility cannot be ruled out, even though we checked and
rejected several reasonable patterns: preference for a specific box (left/right), the
box that was interacted with last, the box that contained the object in the previous
trial or the box that was chosen by the actor who was correct on the first trial. The
last test confirms that the toddlers did not associate correctness with a specific
actor as in the experiment by Tummeltshammer et al. (2014). However, it is likely
that more repetitions are necessary to learn an association between an actor and
reliability.
We also found an interaction effect between condition, gender and sibling status:
females followed the expected viewing behavior in the Hesitation_Obstacle condition (fixation on the ‘confident’ box) more strongly than in the Hesitation (fixation
on the ‘confident’ box) and the Lifting condition (fixation on the heavy box) when
they had siblings, and the same was true for single-child boys. In the past, motor
skills (Berger and Nuzzo, 2008; Venetsanou and Kambas, 2010), as well as theory
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of mind skills (Azmitia and Hesser, 1993; Cutting and Dunn, 1999; Lewis et al.,
1996; Ruffman et al., 1998; Shahaeian, 2015) have been shown to benefit from the
presence of (older) siblings. There have also been reports of slightly enhanced
motor skill (Comuk-Balci et al., 2016) and ToM development in pre-school females
(Banerjee, 1997; Charman et al., 2002; Walker, 2005). However, to our knowledge
interaction effects between the two factors have not been described yet.

4.4.2

Perception of gestural hesitation in adults

In the adults group, we observed a fixation behavior that followed the predicted
fixation behavior (‘confident’ box for both Hesitation conditions, heavy box for the
Lifting condition), even though no task instruction was given. We can conclude
that the unpredicted fixation behavior in the Hesitation and Lifting condition in
the toddler group was not due to a general flaw in the experimental design. As
in toddlers, there was no evidence for a learning effect in adults, i.e. the first
video did not have a lower average preference score than the fourth video in any
movement condition, which suggests automated associations between hesitations
and uncertainly as well as power grip and weight in adults.
The results from the feedback questionnaire indicate that awareness of the rule
behind the object location had an impact on the fixation behavior in the Hesitation
and the Lifting condition, while this effect could not be shown for the Hesitation_Obstacle condition. At this point it remains speculative whether these results
allow inference about the automaticity of information processing in each condition
or relate to the results obtained in the toddler group.

4.4.3

ToM skills in toddlers and adults

In this study, we were able to replicate the results of Southgate et al (2007), showing
that 2-year-olds orient their attention on average preferably towards the location
where an actor assumes to find an object rather than the last object location.
Interestingly, we found no significant group differences in ToM preference scores in
the false belief condition. In the toddler group, we additionally found a tendency
to orient more towards the left target box, which coincidences with the last box the
hand puppet interacted with. One can speculate that the hand puppet’s position
has a stronger impact on the toddlers fixation behavior than the adults’ where no
such tendency was observed.
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4.4.4

Correlations between movement and ToM conditions

In the adults group, we found a positive correlation between fixation time spend
on the ‘confident’ box in the Hesitation condition and the ‘heavy’ box in the
Lifting condition. Interestingly, we did not find strong associations between the
Hesitation/Lifting conditions and the Hesitation_Obstacle or ToM condition. This
increases confidence that the correlation between the Hesitation and Lifting condition is not based on low-level fixation behaviors, i.e. a natural tendency to fixate
longer, independently of the condition in some participants. Weight-estimation
during action observation (Pobric and Hamilton, 2006; Valchev et al., 2015) and the
processing of hand grasps (Jacquet and Avenanti, 2015) have been associated with
motor resonance and the human mirror neuron system. The association between
fixation behavior during weight-estimation and grasp discrimination (Lifting task)
and hesitation detection (Hesitation task, also see Chapter 3), might therefore be
driven by a common neural substrate (Urgesi et al., 2014).
Even though the toddler group shows a trend towards a positive correlation between Hesitation and Lifting preference scores, it did not reach significance. Even
though toddlers of two-years have the skills to choose and use power and precision
grips (Butterworth et al., 1997; Haywood et al., 2012), we were not able to show
that they associate power grips with an increase in weight due to the presence
of an object. It is possible that this association is not fully developed (as in the
adult group), while the association between grip style and object shape is already
manifested (Butterworth et al., 1997; Haywood et al., 2012). Indeed, in the toddlers,
preference scores in all four tests were not significantly intercorrelated. This is
at odds with our a priori hypotheses. Based on our TMS study (Chapter 3), we
had hypothesized that the hesitation condition would require a combination of
processes that transform the observed actions into somatosensory-motor states
(shared with the Lifting condition) and those that transform observed stimuli into
representations of mental states (shared with the ToM condition). We had thus
expected that participants with high scores in one of the hesitation condition would
also have high scores in the tasks drawing on the Lifting and ToM conditions.

4.4.5

Limitations and further directions

One major limitation is the quality difference between infant and adult eye-tracking
data. Quality of data obtained during eye-tracking with infants suffers from low
precision and robustness, temporal delay and spatial inaccuracy (Wass et al.,
2014). It is therefore possible that the current sample size is not large enough to
compensate for a low data quality. Albeit, the linear mixed model analysis suggests
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that missing data did not have a major impact on analysis results.
Several control experiments would be necessary to check the current interpretation
of the data. A hesitation condition without obstacles but with a well controlled
spatial distance between the hands and the target boxes could reveal whether
spatial distance impacts on the fixation rate on the target boxes, which in turn may
influence the preference score. An adjusted version of the Lifting condition could
determine if the repeated presentation of the same object impacts the preference
score. Finally, a left-right mirrored version of the ToM condition would help to
determine the role of the final hand puppet position. Additionally, a longitudinal
study with the same toddler group would be ideal to determine the time point
when the performance on the Hesitation and Lifting condition exceed chance level
and the correlation between preferential fixations during hesitation processing and
weight-estimation, that we had hypothesized and found in the adults, manifests.
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4.5

Supplementary material

Table 4.4: Characteristics of the stimuli of the three movement conditions

First movement
Hesitation
Confident (yellow sleeve)
Hesitant (red sleeve)
Confident (green sleeve)
Hesitant (turquoise sleeve)
Hesitation_Obstacle
Hesitant (yellow sleeve)
Confident (turquoise sleeve)
Hesitant (green sleeve)
Confident (turquoise sleeve)
Lifting
Power grip (heavy box)
Precision grip (light box)
Precision grip (light box)
Power grip (heavy box)

Second movement

Position object

Hesitant (turquoise sleeve)
Confident (green sleeve)
Hesitant (red sleeve)
Confident (yellow sleeve)

Left
Left
Right
Right

Confident (turquoise sleeve)
Hesitant (yellow sleeve)
Confident (red sleeve)
Hesitant (yellow sleeve)

Left
Right
Right
Left

Precision grip (light box)
Power grip (heavy box)
Power grip (heavy box)
Precision grip (light box)

Left
Right
Left
Right

Table 4.5: Characteristics of the four ToM video stimuli

Condition
True Belief
True Belief
False Belief
False Belief

Original position
of object
Left
Right
Left
Right

Secondary position
of object
Left
Right
Right
Left

Last box where
lid was closed
Left
Left
Left
Left

Extract from the feedback questionnaire (adults)

