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Abstract Understanding irrational actions may require
the observer to make mental state inferences about why an
action was performed. Individuals with autism spectrum
conditions (ASC) have well documented difficulties with
mentalizing; however, the degree to which rationality
understanding is impaired in autism is not yet clear. The
present study uses eye-tracking to measure online under-
standing of action rationality in individuals with ASC.
Twenty adults with ASC and 20 typically developing
controls, matched for age and 1Q watched movies of
rational and irrational actions while their eye movements
were recorded. Measures of looking time, scan path and
saccade latency were calculated. Results from looking time
and scan path analyses demonstrate that participants with
ASC have reduced visual attention to salient action features
such as the action goal and the hand performing the action,
regardless of action rationality. However, when
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participants with ASC do attend to these features, they are
able to make anticipatory goal saccades as quickly as
typically developing controls. Taken together these results
indicate that individuals with autism have reduced attention
to observed actions, but when attention is maintained, goal
prediction is typical. We conclude that the basic mecha-
nisms of action understanding are intact in individuals with
ASC although there may be impairment in the top-down,
social modulation of eye movements.

Keywords Autism - Action understanding - Rationality -
Eye tracking - Social motivation

Introduction

We can accumulate a large amount of social information
about a person by observing how they act. For example,
seeing a person with a letter walk along the street, we
might predict he will stop at the post box. If he makes a
detour to avoid walking under a ladder, we might further
infer that he is superstitious. Thus, we are able to predict
behaviour and make mental state judgements about a per-
son merely by observing their actions. Cognitive processes
for predicting actions and understanding mental states have
been differentially implicated in autism spectrum condition
(ASC). In this paper, we study eye gaze behaviour during
observation of hand actions to determine if people with
autism predict or understand actions differently.
Individuals with ASC have well documented social
difficulties (Frith 2003) which may include specific
impairments in mentalizing and action understanding.
Evidence for a mentalizing impairment in individuals with
ASC has consistently been shown in their failure to rep-
resent anothers’ false belief (Baron-cohen et al. 1985; Frith
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2001) and through poor comprehension of stories that
involve mental state reasoning (Jolliffe and Baron-Cohen
1999). Participants with ASC are also less able to identify
and label the mental states of animated shapes when they
are interacting in an intentional way, compared to when
they are physically interacting (Castelli et al. 2002; Marsh
and Hamilton 2011). Some of these mentalizing difficulties
have been attributed to a failure to orient to relevant social
cues in their environment (Klin et al. 2002; Morris et al.
2002; Riby and Hancock 2008) and this reduction in social
looking correlates with ASC symptom severity (Klin et al.
2002; Speer et al. 2007 (although see Fletcher-Watson
et al. 2009; Freeth et al. 2010; Speer et al. 2007).

In contrast, evidence for an action understanding
impairment in autism is mixed. Individuals with autism
show diminished anticipation of future actions (Boria et al.
2009; Cattaneo et al. 2007; Fabbri-Destro et al. 2009),
reduced comprehension of complex action sequences (Za-
lla et al. 2006; Zalla et al. 2010) and reduced imitation of
actions without objects (Stone et al. 1997). However,
individuals with ASC are able to complete anothers’ action
goal after witnessing their failed attempt (Aldridge et al.
2000; Carpenter et al. 2001) and are able to imitate in a
goal-directed fashion (Hamilton et al. 2007). Recently,
interest in implicit measures of action comprehension has
increased. Tracking eye gaze provides an excellent way to
record and probe the process of action comprehension in a
natural, implicit and dynamic way. Studies of typical adults
have shown that gaze during action observation is both
predictive and socially oriented.

Predicitive gaze has been reported during action exe-
cution and action observation (Flanagan and Johansson
2003). In their study Flanagan and Johansson (2003) asked
participants to move three blocks in series from one loca-
tion to another whilst their eye movements were recorded.
During action execution, participants fixated start and end
points of each action but made very few fixations between
these locations. Furthermore, their eye movements were
predictive of their actions as they fixated the end point of
their action 150 ms prior to reaching it. Similarly, when
participants observed movies of someone else performing
the task, their eye movements were also predictive.
Therefore, Flanagan and Johansson (2003) argue that pre-
dictive eye movements during action observation can be
used as an index of goal understanding.

Eye movements during action observation have also
been studied in participants with ASC. These studies show
mixed results for both predictive gaze and social orienting.
Typical predictive gaze during hand actions was shown by
Falck-Ytter (2010). 5-Year-olds with ASC, matched typi-
cally developing 5-year-olds and a group of adults all made
predictive eye movements to action goals during action
observation. Furthermore, predictive eye movements
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occurred at the same speed in each group. These findings
demonstrate that goal understanding for basic actions is
intact in children with ASC (Falck-Ytter 2010). However,
when action prediction depends on the representation of
another person’s false belief, participants with autism fail
to show predictive gaze (Senju et al. 2009). In a recent
study where participants saw rational and irrational actions,
Vivanti et al. (2011) demonstrated that both typically
developing adolescents and adolescents with ASC orient to
the face of an actor more after seeing an irrational action.
This finding was surprising given the wealth of students
which show reduced social orienting in participants with
ASC (Klin et al. 2002; Morris et al. 2002; Riby and Han-
cock 2008; Speer et al. 2007). In the present paper, we will
go beyond previous research by thoroughly assessing how
adults with ASC respond when seeing goal-directed actions
performed by a human or a non-human ball. We are par-
ticularly interested in the distinction between understand-
ing the basic goal of an action and making inferences about
irrational actions.

Studying irrational actions is important because these
stimuli can draw on cognitive and neural resources for both
basic comprehension of actions and mentalizing about why
that action was performed. Brain scanning research shows
that observing irrational actions engages brain systems
associated with mentalizing in typically developing adults
(Brass et al. 2007). Given the mixed evidence for action
understanding impairments in ASC and the clear mental-
izing impairments, it is interesting to consider how irra-
tional actions are processed in ASC. In a recent study,
Marsh and Hamilton (2011) showed movies of rational and
irrational actions to participants with ASC and matched
typically developing adults during fMRI scanning.
Responses to rational actions were similar across the typ-
ical and ASC groups, indicating basic action comprehen-
sion is intact in ASC. In contrast, responses to irrational
actions differed. Responses in the medial prefrontal cortex
(mPFC), a region closely associated with mentalizing, were
greater when observing rational compared to irrational
actions in typically developing participants. However, this
differentiation was not observed in participants with ASC.
This study was the first to demonstrate a clear difference in
the processing of irrational actions in ASC but as yet, we
do not understand the cognitive reasons for this neural
difference. The aim of the present paper is to use eye
tracking to assess whether adults with ASC are able to
detect action rationality and if so, whether they use this
information to make inferences about why the action was
performed in an irrational manner. Furthermore, social
orienting during action observation has not been directly
studied and the effect of having social information avail-
able (such as faces and eyes) on predictive gaze will be
explored. First, we consider some of the methodological
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issues that arise when using eye tracking to examine action
observation.

Methodological Considerations

Eye tracking methods have excellent potential for revealing
the cognitive processes underlying action comprehension
in an implicit and naturalistic situation. However, gaze data
is complex and it is not yet clear which gaze parameters
best capture rationality comprehension or which analysis
methods to use. Different studies have used a wide variety
of different analysis methods with no clear consensus. A
further issue in using eye tracking to study rationality
understanding is that most previous studies on this topic
have studied infant and child eye movements. It is unclear
whether reported gaze patterns are stable across time and
that these measures are valid for adult eye tracking. In this
section we review the findings from the child and infant
studies of action observation, with a focus on the measures
that have been selected and the cognitive processes that
they are thought to reflect.

Looking time measures have been used to assess ratio-
nality understanding in typically developing infants (Elsner
et al. 2013). Infants looked longer at rationalized actions in
which an environmental constraint impacted upon the
action, compared to matched irrational actions with no
constraint. This increased looking time during constrained
actions shows that the infants detected action rationality
and spent time evaluating the environmental constraint
imposed upon the action. Looking time was also used as a
measure of rationality understanding in participants with
ASC (Vivanti et al. 2011). Both typical and autistic par-
ticipants looked longer at the face of the actor during
irrational actions. Vivanti et al. (2011) propose that
increased time looking at the face indicates the partici-
pants’ attempt to rationalize the actors behaviour by
seeking more information about the actor and their inten-
tion. However, it is not possible to tell from these results
whether participants in the ASC group actually use this
information to make inferences about behaviour. In the
present study, we will extend this finding by assessing how
the presence of facial information contributes to action
understanding and action prediction. By comparing movies
where the face is visible to those where it is occluded, we
are able to assess whether the face provides important cues
that aid action prediction.

Predictive eye movements during irrational actions has
been assessed in one previous study of typically developing
infants (Gredebiack and Melinder 2010). In this study,
infants saw movies of rational and irrational feeding
actions. During a rational action, one adult picks up a piece
of banana with a spoon and brings it to a second adults’
mouth. In an irrational action, the first adult picks up the

banana and places it on the back of the recipients hand,
who then eats the banana from her hand. Latency to fixate
the end point of the action (head or hand) was calculated
for each condition. Results showed that rational actions
were anticipated faster than irrational actions. However,
there are a number of methodological problems with the
way in which the stimuli was constructed for this type of
analysis. Firstly, latency of fixation measures are extremely
sensitive to the action kinematics and timing used (Rotman
et al. 2006), two features that were not matched between
conditions in this study. Secondly, predictive eye move-
ments are driven by the action goal (Eshuis et al. 2009) and
the speed of prediction is determined by goal salience
(Henrichs et al. 2012). In their study, Gredebidck and
Melinder (2010) use the recipients’ head and hand as the
two action goals but these are not matched for saliency or
predictability. These goal differences could result in the
reduced anticipatory looking to the hand that is reported. In
order to effectively measure anticipatory looking, actions
need to be carefully matched for kinematics, timing, goal
saliency and goal predictability. Additionally, previous
studies that use latency of goal fixation as a measure take
only the speed of action prediction as the measure of
interest and do not account for differences in scan path
prior to the predictive fixation. It is interesting to investi-
gate where participants gather their information from, prior
to making a predictive saccade as this may reveal sys-
tematic differences in the way in which goals are predicted
between individuals.

A final, critical issue in this area is statistical inde-
pendence in data analysis. There is increasing recognition
that double-dipping in the analysis of rich datasets can
inflate false-positives and is not good practice (Krieg-
eskorte et al. 2009). This is particularly an issue when
data-analysis methods are not standardised and there are
many possible approaches which could lead to different
results. To avoid these problems, we first record data from
a sample of typical undergraduate students and explore a
number of analysis techniques. We used this dataset to (1)
establish whether eye tracking can be used to assess
rationality comprehension in adults, (2) to develop an
algorithm that distinguishes fixations and saccades and
labels the location of the fixations, and finally (3) to
explore different analysis techniques that best capture the
viewing patterns for these movies and to establish an
analysis protocol for the main study. For simplicity, a full
report of this pilot study is presented in supplementary
information and will not be considered further within the
main article. Following the pilot study, we then recorded
data from two new participant samples—adults with ASC
and adults matched for age and 1Q. We applied our ana-
lysis protocol to these independent datasets, and report the
results in full.
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Summary

Overall, this paper has two aims. First, we aim to test if eye
gaze is modulated by action rationality, and if this modu-
lation differs between typical and autistic participants. If
participants with ASC have good basic action under-
standing, we would expect both typical and ASC partici-
pants to show the same patterns of gaze when viewing
rational actions. If participants with ASC have trouble
detecting irrational actions, we would expect their gaze
patterns for these stimuli to differ from the typicals, pos-
sibly conforming to the pattern for rational actions. Finally,
if participants with ASC can detect irrational actions but do
not interpret them, we would expect differences in gaze
behaviours that reflect reasoning about action, such as
looking at the actors face (Vivanti et al. 2011).

Second, we aim to test if eye gaze is influenced by the
social form of an action (full actor visible, face occluded or
ball moving independently) and whether this differs
between typical and autistic participants. Gaze effects
which are tied to action rationality should be stronger when
viewing a full person compared to a moving ball. Such
influences may also be stronger in typical participants than
in participants with autism. By comparing actions where
the face is visible to those where the face is occluded, we
will also be able to assess whether the face provides
important cues for action prediction and whether these cues
are used effectively by individuals with ASC. Together,
these analyses will give important insights into the cogni-
tive processes underlying action comprehension in typical
and autistic adults.

Materials and Methods
Participants

Twenty adults with ASC (19 male) and 20 typically
developing adults (19 male) matched to the ASC group for
age and IQ took part in the main study. Participants were
recruited through local colleges, universities and through
ASC support groups. Care was taken during recruitment to
match groups on age and full scale 1Q, measured by the
Weschler Adult Intelligence Scale (WAIS). Groups were
not significantly different in age [t(38) = 1.9, p = 0.06] or
1Q [t(38) = 1.25, p = 0.22] but as the groups are not
similar enough to be considered matched (Carolyn and
Bonita 2004), all analyses were also run on a subset of 17
participants from each group that were better matched for
age [t(32) =0.85, p=040] and IQ [t(32) = 0.65,
p = 0.95]. These groups were selected by only using the
ASC participants who were matched to a typically devel-
oping participant within 5 years of age and 10 IQ points.
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Table 1  Participant characteristics for the matched typically

developing group (TD) and the ASC group
TD ASC p

n 20 20

Age 189 £ 4.0 22 £ 6.1 0.06
(16-29) (16-32)

FSIQ 101.8 + 17.5 94.7 + 18.3 0.22
(76-139) (69-132)

VIQ 103.1 £ 17.5 96.4 £ 19.8 0.26
(80-142) (71-143)

PIQ 99.3 £ 15.6 92.8 £17.2 0.21
(75-127) (68-136)

AQ 174 £ 45 249 £ 173 <0.01
(10-27) (14-40)

ADOS - 10.6 + 4.1

(4-17)

p Indicates the p value of the paired samples 7 test comparing the TD
and ASC groups on each attribute

n Sample size, FSIQ full scale intelligence quotient, VIQ verbal
intelligence quotient, PIQ performance intelligence quotient, AQ
autism quotient, ADOS autism diagnostic observation schedule total
score

Given that the phenomenon examined in this study is
unlikely to change throughout adulthood, the marginal age
effects for the full group are unlikely to be important.
Indeed, the pattern of results was very similar when using
the matched subset of participants so we only report the
statistics from the full group analysis here (statistics for the
subgroups can be found in Supplementary Information,
Tables S6-S8). Participants with autism had a diagnosis of
high functioning autism (n = 7), autism spectrum condi-
tion (n = 2) or Aspergers syndrome (n = 11). Diagnosis
was confirmed using the ADOS Module 4 (Lord et al.
2000). One participant failed to meet criteria for autism
spectrum on both the social and communication subscales
of the ADOS but he had a clear diagnostic history and
scored well above the threshold for autism on the Autism
Quotient. Therefore, his data has been included in the full
analysis. Typically developing participants reported no
diagnoses of developmental disorders. All participants also
completed the Autism Quotient (AQ, Baron-Cohen et al.
2001) and typically developing participants scored signif-
icantly lower than the ASC participants on this measure of
autistic traits [t(37) = 3.95, p < 0.001]. See Table 1 for
participant characteristics.

Stimuli/Apparatus
Eye movements were measured using a portable Tobii

1750 infrared recording system which sampled at a rate of
50 Hz with 1° precision and 0.5° accuracy. A standard five



J Autism Dev Disord

point calibration procedure was successfully completed
prior to each recording.

A set of experimental stimuli were developed for three
social conditions and three action types (see Fig. la). In
each movie a red ball started on the left of the screen and
was moved to one of two transparent containers on the right.
The movement trajectory of the ball between the start point
and the goal was either a straight action or a curved action
that moved in an arc. Both straight and curved actions were
matched for timing on a frame by frame basis such that the
start and end point of the action coincided. All movies lasted
3.7 s. A red barrier was superimposed over the top of each
movie using VirtualDub software. Two versions of the
curved action movies were created. In one version, the
barrier was placed between the start point and the goal such
that the action had to curve over the barrier to reach the goal,
thus making the curved trajectory rational. In the second
version the position of the barrier had no bearing on the
action trajectory and so the action was irrational. Movies for
these three action types (rational straight, rational curved
and irrational curved) were created for both the top and
bottom goal and were carefully matched so that the action
trajectories were mirror imaged. This formed a base set of
six movies that were then manipulated by varying the
amount of social information available. In the human face
condition, movies were not edited further so the head and
torso of the actor were fully visible. In the human no face
condition, a black strip was superimposed over the top of
each movie so that the face was occluded but the torso of the
actor was still visible. To generate the movies in which the
ball moved independently, the coordinates of the ball were
recorded for each frame of each movie. A red ball was then
drawn over the top of a still shot of the background image in
the appropriate position for each frame. Frames were then
combined to make movies with identical movement trajec-
tories as the human action conditions. This video editing was
all completed using Matlab. The final set of stimuli com-
prised 18 movies (three action types to each of two goals for
three social conditions). Rational straight movies were cre-
ated and included in the design to prevent the participant
from always expecting the action to take a curved trajectory.
However, as only rational curved and irrational curved
movies are matched on action trajectory, only eye move-
ments during these movies will be analysed. Two action
goals were used within this stimulus set so that the partici-
pant had to attend to features of the action in order to make a
predictive saccade to the correct action goal. If only one goal
was used, predictive saccades may occur without any
attention to the actions. Movies were carefully matched for
trajectory and timing between goals and so we do not predict
differences in viewing patterns between the action goals. We
therefore collapse our analyses across both goal locations
and do not consider action goal further.

Design

A mixed two (group) by two (rationality) by three (social
form) design was employed. Movies were presented in
separate blocks of face, no face and ball trials. Each block
contained eight repetitions of each action in a random
order. Thus in total, 48 movies were presented per block
and the block lasted for approximately 6 min. To maintain
alertness, participants were also asked to respond to three
questions about the movies at random intervals within each
block. These were simple memory questions about the
visual properties of the movie such as the colour of dif-
ferent objects in the scene, the end location of the ball or
the location of the barrier (a full list of questions used can
be found in supplementary information). Answers to these
questions were not analysed. All participants watched six
blocks of movies (two blocks of each social form) in a
counterbalanced order.

Procedure

The study was approved by the School of Psychology
ethics committee. All testing took place in a quiet room at
the participant’s college, their home or at the university.
Participants sat approximately 64 cm from the Tobii
monitor with a table and a number keypad in front of them.
They completed the 5-point calibration procedure at the
start of each of the six experimental blocks. During each
block, the experimenter sat watching the live gaze replay
and prompted the participant to ‘keep watching’ if they
looked away from the screen. Following the last block of
movies, participants were shown each of the six action
types again (with the actor fully visible) and asked to rate
the rationality for each of the movies using a battery of six
statements. These items were: ‘The actor was efficient at
reaching the goal’, ‘This action seemed weird’, ‘The
movement in this action was unusual’, ‘This action was
unnatural’, ‘This action was normal’ and ‘I would complete
this action differently’. Participants were asked whether
they agreed or disagreed on a scale of one to five. The score
on negative items was reversed and a total rationality score
was computed for each participant for each movie (maxi-
mum score of 30 indicated most rational). In addition to the
eye-tracking task, all participants completed the Weschler
Adult Intelligence Scale (WAIS) and the autism quotient
(AQ) and participants with ASC completed the ADOS
Module 4 with a trained examiner.

Data Processing
The data processing algorithms and the analysis approach

used in this study was defined based on a pilot study
of an independent sample of 20 undergraduate students

@ Springer
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Fig. 1 a The middle frame from each movie category. In each movie
the ball starts on the green box on the left and is moved to one of two
boxes on the right. The movement paths are visualised by coloured
lines over the frame. These lines do not appear in the movie. For each
movie category, two movies were made; one ending in the fop goal
and one ending at the botfom goal. Action trajectories for the fop goal
movies were mirror images of those ending at the bottom goal.
b Panel representing the stages of analysis. Top Raw sample data
(white dots) overlaying a still frame of a rational curved movie. Areas

completing the same task (see Supplementary Informa-
tion). All data processing was completed using in-house
scripts written in Matlab. To ensure data quality, individual
trials were excluded from the analysis if more than 20 % of
eye movement samples were missing during the critical
action period (from the time at which the ball started to
move until the time the ball enters the goal location, see
Table 3, Step 1 for trial exclusion rates at this level of
analysis). Data samples could be missing due to blinks, the
participant looking outside of the frame of the movie or
eye-tracker failure. Within included trials, eye movement
samples were then classified as fixations or saccades using
a velocity-based algorithm with a threshold of 60°/s
(Salvucci and Goldberg 2000). Data samples with a
velocity above this threshold were marked as occurring
during a saccade and excluded from further analysis. Three
levels of analysis were then conducted in order to identify
attention to actions (looking time analysis), where saccades
into the goal came from (saccade-origin analysis) and the
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Irrational Curved

of interest (AOIs) are drawn over the scene. Middle A schematic
diagram of the AOIs used in this study with sample data plotted in
white dots. Looking time is calculated as the percentage of samples
falling within each AOI. Bottom Data samples are labelled according
to the AOI they fall within (colours correspond to the middle panel).
The first saccade into the goal is identified. The origin of this saccade
is used in the saccade analysis and the timing of this saccade is used
in the latency analysis (Color figure online)

time at which saccades from the hand to the goal location
were initiated (goal-latency analysis). These analysis
techniques are detailed in sections below.

Looking Time Analysis

A looking time analysis was conducted to see if allocation
of attention to features of the scene differed between action
types, social form and group membership. Each movie
scene was divided into six areas of interest (AOIs). AOIs
were defined by a close fitting rectangle around each of the
goal locations, the start point, barrier and face. A moving
area of interest was created for the ball by drawing a sphere
(radius 70 pixels) around the central co-ordinate of the ball
at each frame of each movie. To account for spatial sam-
pling errors, a margin of one visual degree was added to
each of these AOIs (see Fig. 1b). Looking time was cal-
culated for each AOI as the percentage of data samples
falling within the AOI over the course of each movie for



J Autism Dev Disord

Table 2 Predictions of typical Level of analysis

AOI

Prediction

gaze modulation for each AOI

for each level of analysis Looking time

How long does the
participant look at this
AOI?

Saccade-origin

Which AOI does the
saccade to the goal come
from?

Goal-latency

How early does saccade
from hand to goal occur?

Target goal

Non-target goal

Non-target goal

Face

Hand to goal

Greater for rational than irrational as participants
don’t make errors

Greater for irrational than rational if participants
make an error in perceiving goal

Ball Greater for ball conditions (than face/noface)

based on Flanagan and Johannson (2001)

Barrier Greater for rational than irrational as participants
detect rationality
Face Greater for irrational as participants look for

reasons for rationality

Greater for irrational than rational if participants
make an error in perceiving goal

Ball Greater for ball conditions (than face/noface)

based on Flanagan and Johansson 2003
Greater for irrational as participants look for
reasons for rationality
Earlier saccades for social stimuli (face/noface)

if human movements predicted better than
nonhuman

each participant. Percentage of data samples that were
within the frame of the movie but not within an AOI was
calculated as ‘background’. Data was only analysed from
AOIs relevant to the task, that is: the barrier, the face, the
goals and the hand/ball. Data from these AOIs was sub-
mitted to a repeated measures ANOVA with group as a
between subjects factor, and rationality and social form as
within subjects factors. Specific predictions about the
effects in each of these AOIs are presented in Table 2.

Saccade-Origin Analysis

The saccade-origin analysis was conducted in order to see
where people were attending immediately prior to making a
saccade to the action goal. This measure indicates where
participants gathered information from in order to predict
the action outcome. Trials were only included in this ana-
lysis if there was a saccade to the goal of the action present
within the trial (see trial inclusion rates in Table 3, Step 2).
To calculate where goal saccades came from, eye movement
samples for each trial were divided into gaze segments
between saccades. The gaze position of these segments was

labelled according to the focus of the majority of samples
within the segment. An algorithm was written in Matlab to
generate these labels (see Supplementary Information for
details). The first saccade into the target goal was identified
and the origin of this saccade was recorded. For each movie
type, the percentage of saccades from each AOI into the
target goal was calculated for each participant. Data was
only analysed for saccades from AOIs that are relevant to
the task: the face, the goals and the hand/ball. The per-
centage of saccades originating in each of these regions was
submitted to a repeated measures ANOVA with group as a
between subjects factor, and rationality and social form as
within subjects factors. Specific predictions about the effects
in each of these AOIs are presented in Table 2.

Goal-Latency Analysis

Latency of goal prediction was analysed to assess whether
action type, social form or group membership modulate
how quickly participants predict the action goal when they
are attending to the hand. Trials were only included in this
measure when the participant made a predictive saccade

Table 3 Inclusion criteria and
the number of trials included at

each stage of analysis for the

typically developing and ASC
groups

Analysis level Inclusion criteria ASC TD

Total trials completed 5,760 5,760
Include  Exclude Include  Exclude

Step 1: Looking time analysis =~ <20 % samples missing 4,329 1,431 5,320 440

Step 2: Saccade analysis Saccade to goal present 2,457 1,872 3,804 1,516

Step 3: Latency analysis Goal saccade from hand 725 1,732 1,744 2,060

present
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Fig. 2 Behavioural ratings of rationality as a function of group and
action type. Actions were rational straight (RS, dark grey bars),
rational curved (RC, mid-grey bars) and irrational curved (IC, light
grey bars). Rationality score was calculated as the total rating from a
battery of six statements (maximum = 30)

from the hand to the action goal before the hand reached
the goal (see Table 3 for trial inclusion rates). Latency of
prediction was calculated by subtracting the time that the
ball reached the goal from the time that the saccade to the
goal was initiated. Thus, negative fixation latencies indi-
cate faster anticipation of the action. Outliers were
removed if they were +3 SDs from the mean. These data
were then analysed using a hierarchical linear mixed model
which accounted for the different amounts of data con-
tributed by each participant. A participant identifier was
entered as a hierarchical variable to account for correlation
within subjects.

Task Engagement

As the number of trials included in each analysis is
hierarchical, and dependent upon the presence of eye
movement features that reflect attention to the actions, it is
possible to use the number of trials included at each stage
of the analysis as a measure of task engagement. For
example, the number of trials included in the looking time
analysis (Step 1, Table 3) reflects the data quality of each
group as trial exclusion at this stage is primarily due to
missing data. The number of trials included in the sac-
cade-origin analysis (Step 2, Table 3) indicates the degree
to which participants within each group attended to the
action goal and finally, the inclusion rates for the latency
analysis (Step 3, Table 3) indicate the degree to which
participants in each group are actively predicting the
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action end point correctly. The number of excluded trials
was calculated at each level of the analysis for each level
of social form, each level of rationality and for each
group. These data were analysed using a repeated mea-
sures ANOVA with group as a between subjects factor
and rationality and social form as between subjects
factors.

Results
Behavioural Ratings

Mean ratings are presented in Fig. 2. A two (rationality) by
two (group membership) mixed ANOVA revealed a main
effect of rationality [F(1,34) = 5.02, p = 0.03] in which
rational curved actions were rated as more rational than
irrational curved actions. No effect of group [F(1,34) = 3.08,
p = 0.09] and no interaction between rationality and group
[F(1,34) = 0.13, p = 0.72] was found.

Looking Time Analysis

Percentage looking time in each AOI was calculated for
each movie type and is presented in Fig. 3a and Table 4.
Overall, participants spend time looking at the start (yel-
low), the goals (green/red) and the hand (orange), with a
portion of each trial spent looking at the background,
missing data or the edge of the screen (dark blue, grey,
black respectively). To examine this data, two (rationality)
by three (social form) by two (group) mixed ANOVAs
were conducted for looking time to the target goal, non-
target goal and ball. In trials when the face was visible, a
two (rationality) by two (group) mixed ANOVA was
conducted on looking time to the face. All reported results
are significant after Bonferroni correction for multiple
comparisons.

In the analysis of looking time to the target goal
(Fig. 3b), a significant main effect of social form of the
stimulus was found. Bonferroni corrected ¢ tests revealed
that looking time on the target goal was longer during
actions in which the ball moved independently, compared
to when an agent was present. A main effect of group was
also found indicating that typical participants looked longer
at the target goal than the autistic participants. No effect of
rationality and no interactions were found. Full statistics
are given in Table 4a.

In the analysis of looking time to the non-target goal
(Fig. 3c), a main effect of social form was also found. This
means that participants looked longer at the non-target goal
during actions in which the ball moved independently,
compared to actions performed by a human agent. The
non-target goal was also looked at longer during irrational
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Table 4 Statistics for the looking time analysis for each area of
interest

Main effects  Direction F/(1) daf P

(a) ANOVA 1: looking time to target goal

Social form 8.26 2,76 <0.01*
Ball > face 3.37) 39 <0.01°
Ball > no face (3.13) 39 <0.01°
No face > face 0.97) 39 0.34°
Rationality 0.03 1, 38 0.87%
Group TD > ASC 9.30 1,38 <0.01*
(b) ANOVA 2: looking time to non-target goal
Social Form 9.11 2,76 <0.01*
Ball > face (3.50) 39 <0.01°
Ball > no face (2.67) 39 <0.01°
No face > face (2.21) 39 0.03°
Rationality Irrational > rational 17.71 1,38 <0.01*
Group 2.16 1, 38 0.15%
(c) ANOVA 3: looking time to ball
Social form 0.02 2,76 0.98*
Rationality 2.82 1, 38 0.10*
Group TD > ASC 10.10 1,38 <0.01*
(d) ANOVA 4: looking time to barrier
Social form 16.32 2,76 <0.01°
Face > ball (3.78) 39 <0.01°
No face > ball (5.63) 39 <0.01°
No face > face (1.62) 39 0.11°
Rationality Rational > irrational 129.13 1,38 <0.01°
Group 1.67 1,38 0.21*
Social form X rationality 19.04 2,76 <0.01*
R-I face > R-1I ball 4.83 39 <0.01°
R-I no face > R-I ball ~ 6.41 39 <0.01°
R-I no face > R-I face 1.11 39 0.28"
(e) ANOVA 5: looking time to face
Rationality 1.53 1, 38 0.22%
Group 0.24 1, 38 0.62%

Values are the F statistic (or 7 statistic when post hoc ¢ tests are used),
degrees of freedom and p values. Effects reported in bold type are
significant after Bonferroni correction for multiple tests

? Indicates the tests where o was 0.01
® Indicates the tests where o was 0.0167

actions compared to rational actions. There was no main
effect of group on looking time to the non-target goal. No
interactions were significant. Statistics are presented in
Table 4b.

The analysis of looking time to the ball (Fig. 3a,
orange), a main effect of group revealed that typical par-
ticipants looked longer at the ball compared to ASC par-
ticipants. No effects of social form, or rationality were
observed and no interactions were significant. Statistics are
presented in Table 4c.
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In the analysis of looking time to the barrier (Fig. 3d), a
main effect of social form indicated that participants
looked longer at the barrier during human actions com-
pared to those completed by the ball. A rationality effect
shows that participants also look longer at the barrier
during rational compared to irrational actions. An interac-
tion between rationality and social form was also found.
This interaction shows that the bias for looking at the
barrier more during rational actions is greater during
actions performed by a human compared to those per-
formed by the ball. Statistics are presented in Table 4d.

Participants looked at the face (Fig. 3a, purple) for the
same amount of time, irrespective of rationality and group
membership. There were no significant interactions
between these variables (see Table 4e).

Saccade-Origin Analysis

The origin of saccades to the goal was analysed and results are
presented in Fig. 4a and Table 5. As with the looking time
analysis, two (rationality) by three (social form) by two
(group) mixed ANOVAs were conducted on percentage of
saccades from the non-target goal and from the ball to the
target goal. In trials when the face was visible, a two (ratio-
nality) by two (group) mixed ANOVA was conducted on
percentage of saccades from the face. Again, only significant
results that survived Bonferroni correction are reported.

In the analysis of saccades from the non-target goal
(Fig. 4b), there was a main effect of rationality. This effect
showed that more saccades to the goal came from the non-
target goal when the action was irrational. No effects of
social form or group were found. No interactions were
significant. Statistics are presented in Table Sa.

The analysis of saccades from the ball found a main
effect of group and revealed that typical participants made
more saccades from the ball to the goal, compared to ASC
participants (Fig. 4c). There were no effects of social form,
or rationality on the number of saccades from the ball to
the goal. No interactions were significant. See Table 5b for
statistics.

The analysis of the number of saccades from the face
found no effect of rationality or group membership and no
interactions between these variables. See Table Sc.

Goal-Latency Analysis

The mean latency of each saccade from the hand to the goal
was calculated for each movie type and is presented in Fig. 5.
Social form, rationality and group were entered into a full
factorial mixed linear model. A main effect of social form
indicated that participants were faster to anticipate actions in
the ball condition, compared to the no face condition. This
effect was present when outliers were included or excluded
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from analysis. No main effect of group membership or action
rationality was found (see Table 6 for statistics).

Task Engagement

The number of trials for each participant group at each
stage of analysis is presented in Table 3. Three (social
form) by two (rationality) by two (group) mixed ANOVAs
were conducted on the number of excluded trials for each
stage of analysis (looking time, saccade-origin and
latency). In all three ANOVAs there was a main effect of
group in which ASC participants had more excluded trials
than the typically developing group. There were no effects

Face No Face Ball

in the non-target goal as a function of group (ASC—Ieft, TD—right),
action type (rational—solid lines, irrational—dashed lines) and social
form. ¢ Percentage of goal saccades that originated from the hand as a
function of group (ASC—Ieft, TD—right), action type (rational—
solid lines, irrational—dashed lines) and social form (Color figure
online)

of rationality, social form or interactions between ratio-
nality, group or social form (see Table 3 for trial exclusion
rates by group and Table 7 for statistics). Figure 6 shows
the rates of trial exclusion at step one as a function of trial
number through block for both the typically developing
and ASC groups. While task engagement reduced over the
course of a block for both groups, the decline in task
engagement for the ASC group was much greater. Beyond
this initial exclusion stage based on data quality, the pat-
terns of exclusion remain similar. The ASC group fail to
look at the goal of the action in more trials than the typi-
cally developing group (exclusion step two) and only make
saccades from the hand to the goal in 13 % of trials,
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Table 5 Statistics for the saccade-origin analysis for each area of
interest

Main effects Direction F/(1) df p

(a) ANOVA 1: number of saccades from non-target goal to goal

Social form 2.69 2,76 0.08*
Rationality Irrational > rational 6.60 1, 38 <0.01*
Group 0.56 1,38 0.45%
(b) ANOVA 2: number of saccades from ball to goal

Social form 3.75 2,76 0.03*
Rationality 1.19 1, 38 0.28*
Group TD > ASC 6.31 1, 38 <0.01*
(c) ANOVA 3: number of saccades from face to goal

Rationality 0.13 1, 38 0.72*
Group 0.01 1, 38 0.93%

Values are the F statistic (or ¢ statistic when post hoc 7 tests are used),
degrees of freedom and p values. Effects reported in bold type are
significant after Bonferroni correction for multiple tests

* Indicates the tests where oo was 0.0167

compared to 30 % of trials for the typically developing
group (exclusion step three). In summary, each of these
levels of exclusion reflect reduced task engagement in
participants with ASC.

Discussion

The current study aimed to test if gaze behaviour during
action observation is modulated by the rationality of an
action, the social form of the actor and whether or not a
participant has autism spectrum condition. To investigate
this, we developed a robust gaze data analysis algorithm
using a pilot dataset and then applied our methods to gaze
data from adults with and without autism. We examined

Fig. 5 Mean latency of goal
fixation as a function of group
(ASC—left, TD—right), action
type (rational—dark grey bars,
irrational—light grey bars) and
social form

Table 6 Statistics for the goal-latency analysis

Main effects Direction F/(0) df p

a) Linear mixed model: latency of saccades from the ball to the goal

Social form 11.32 2,1,818 <0.01*
No face > ball  (4.35) 1,244 <0.01°
No face > face (2.25) 1,163 0.02°
Face > ball 2.11) 1,271 0.04°
Rationality 0.26 1, 1,818 0.61*
Group 0.33 1, 1,818 0.57*

Values are the F statistic (or 7 statistic when post hoc ¢ tests are used),
degrees of freedom and p values

? Indicates the tests where oo was 0.05
® Indicates the tests where o was 0.0167

data in terms of looking time to particular areas of interest,
the origin of saccades to the action goal and latency of first
goal fixation. First we discuss the results in relation to our
two key questions of how eye movements are modulated
by action rationality and by social form and whether these
markers are present in participants with ASC.

Eye Movements Reflecting Rationality Comprehension

A number of eye tracking measures reflected the rationality
of the observed action in both typical and ASC partici-
pants. Firstly, participants looked longer at the non-target
goal and they made more saccades from the non-target to
the target goal during irrational actions. Both of these
findings suggest that participants are making goal predic-
tion errors whilst watching irrational actions. As the action
is curved for no reason, participants anticipate the action
goal incorrectly and look at the non-target goal. Addi-
tionally, increased time spent looking at the non-target goal

Irrational

- Rational

ASC
ﬁ Face

TD
Face
No face No face
Ball Ball

-350 -300 -250 -200 -150 -100 -50 O
Mean Latency of Saccades from Ball to

Goal (ms)
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Table 7 Statistics for the task engagement analysis at each level of
trial exclusion

Main effects Direction F/(1) df P

(a) ANOVA 1: number of excluded trials in looking time analysis

Social form 0.63 2,76 0.53%
Rationality ASC > TD 0.13 1, 38 0.73%
Group ASC > TD 13.12 1, 38 <0.01*
(b) ANOVA 2: number of excluded trials in the saccade analysis
Social form 1.16 2,76 0.32%
Rationality ASC > TD 4.59 1, 38 0.04%
Group ASC > TD 16.28 1, 38 <0.01*
(c) ANOVA 3: number of excluded trials in the latency analysis

Social form 1.08 2,76 0.35%
Rationality ASC > TD 0.71 1, 38 0.41*
Group 15.04 1, 38 <0.01*

Values are the F statistic (or 7 statistic when post hoc ¢ tests are used),
degrees of freedom and p values. Effects reported in bold type are
significant after Bonferroni correction for multiple tests

? Indicates the tests where o was 0.0167

25 ™D
I ~sc

20 -
o
S
o 15+
<
‘@
2
E —
* 1ol

5 ¢

0

1:8 9:16 17:24  25:32  33:40  41:48

Trial Numbers

Fig. 6 Percentage of excluded trials as a function of trial number
through each of the six sets of movies (48 movies per set) and group
membership (typically developing: light bars, ASC: dark bars)

may reflect participants’ reasoning about why the ball was
not placed in the non-target goal. Perhaps they were
searching for an environmental constraint which altered the
actors’ intention mid-action. This is consistent with the
idea that participants try to rationalise an irrational action
by seeking an explanation for their behaviour (Vivanti
et al. 2011). However, unlike Vivanti et al. (2011) the
present study reports no increase in looking at the face of

the actor following an irrational action in either the ASC or
the typical group. This difference might arise because the
present task has less social context or because the face of
the actor was not informative in answering the questions
about the movies.

Looking time to the barrier also differed between
rational and irrational actions in both typical and ASC
groups. Participants looked longer at the barrier during
rational actions, suggesting that they are evaluating the
environmental constraint that impacts upon the action. This
is consistent with the pattern of results reported by (Elsner
et al. 2013) in infants. It goes beyond previous findings as
we demonstrate that the bias for looking at the barrier more
during rational actions is increased for human actions
compared to those completed by the moving ball. This
implies that a greater level of evaluation of the action
constraint occurs during human actions and therefore may
reflect mentalizing about why the actor performed the
action in this way.

Surprisingly, the speed of action prediction was not
modulated by action rationality in typically developing or
ASC participants. This is inconsistent with previous evi-
dence that irrational actions are anticipated more slowly
than rational actions, at least in a study without matching of
action trajectories (Gredebiack and Melinder 2010). In our
stimuli, we carefully matched hand trajectories between
rational and irrational actions, and find no differences in
the latency of saccades to the goal for these different types
of action. Thus, our data suggest that predictive saccades
are closely linked to the kinematics of the observed action.
Furthermore, as participants with ASC made predictive
saccades to the goal as quickly as typically developing
participants, it seems that their basic goal understanding is
intact. This is consistent with other studies implicating
good goal comprehension in ASC (Dinstein et al. 2010;
Falck-Ytter 2010; Hamilton et al. 2009; Marsh and Ham-
ilton 2011).

The Impact of Social Form on Eye Movements

The social form of the actor had an impact on gaze
behaviour in a number of ways for both typical and ASC
participants. All participants looked longer at both action
goals during actions performed by a ball compared to those
performed by a human agent. Additionally, participants
were faster to predict the action goal when it was com-
pleted by a ball compared to the human actions. Both of
these findings can be explained by the reduced amount of
information on the screen during these ball videos. As the
human is absent and there is less to look at, participants
look at the goal more quickly and maintain their fixations
for longer. Alternatively, this pattern of results can also be
explained by a different mechanism. When the actor is not
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visible, the goal location can only be inferred through close
monitoring of the location of the ball in relation to each of
the possible goal locations. Therefore, participants may
make repeated saccades between the ball and the possible
goal locations until the true action goal is evident. This
gaze behaviour will also result in increased time spent
looking at the action goals and faster action prediction
compared to when the human was present.

The faster anticipation of ball, compared to human
actions that we report in this study is contrary to previous
findings which report that participants are more likely to
make anticipatory saccades to an action goal during human
actions and more likely to visually track the object when it
is self-propelled (Flanagan and Johansson 2003 but see
Eshuis et al. 2009). Unlike previous studies, in our stimuli
there were two possible goals so participants must make a
decision about which goal is correct, rather than always
looking to the same goal. A further difference is that we
account for the location that anticipatory saccades came
from. In previous studies, it is assumed that anticipatory
saccades are made from the hand to the goal and only the
speed of this prediction is measured. In this more complex
analysis protocol, we are able to determine the degree to
which participants do make these hand-to-goal saccades
and only measure the speed of prediction under these cir-
cumstances. It is interesting to note here that in only 30 %
of trials typically developing participants made anticipa-
tory saccades from the hand to the goal. This indicates that
anticipatory gaze is not mandatory and automatic, at least
in cases where more than one possible goal is present. In
addition, we report no increase in looking at the ball when
it is self-propelled.

Social form had very little impact on gaze behaviours
that are related to rationality understanding. We predicted
that gaze effects that are tied to rationality understanding
would be stronger for the human actions compared to those
in which the ball moved independently but only one AOI
yielded this pattern of results. Participants spent longer
looking at the barrier during rational actions compared to
irrational actions and this increase was greater for actions
performed by a human. As mentioned previously, this may
be due to the participant making more effort to evaluate the
environmental constraints during human actions. As there
were no other interactions between rationality and social
form, we conclude that the rationality of actions is com-
puted for humans and balls in a remarkably similar fashion.
This is consistent with an emerging body of research which
reports mentalizing and action understanding computations
are similar for human agents and animated shapes or
objects (Castelli et al. 2000; Ramsey and Hamilton 2010;
Marsh et al. submitted).

Surprisingly, participants spent very little time looking
at the face of the actor during movies where the face was
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visible. For both typical and ASC participants, the average
percentage of looking time within the face AOI was <5 %
which equates to approximately 185 ms per trial. This
contrasts with previous studies that report dramatic social
orienting to the face and, in particular the eyes, of an agent
on screen (Birmingham et al. 2008b; Klin et al. 2002). In
those studies, typical participants spent approximately
20 % of the viewing time looking at the faces and even
longer looking at the eyes (70-80 %). However, in those
studies, the stimulus showed a social interaction involving
more than one agent (Birmingham et al. 2008a). The
stimuli used in the present study showed only one, largely
static agent who did not make eye contact with the par-
ticipant. This may account for the lack of social orienting
to the face in both typical and ASC participants.

In addition to the distinct lack of social orienting to the
face, we also demonstrate that having facial information
available in this scenario does not facilitate action predic-
tion. This is demonstrated by the finding that predictive
saccades to the action goal were not faster when the face
was visible compared to when it was occluded. Further-
more, very few direct saccades from the face to the goal
were made (this gaze behaviour was seen in <2 % of tri-
als). It is likely that in this task, participants learnt that the
facial information was not useful for answering the ques-
tions about the movies. As the action was the key feature of
each movie, orienting to the hand, rather than the face, is
more informative. Indeed, typically developing participants
look at the hand more than the ASC participants, indicating
that participants with ASC show less orienting to the task-
relevant action features. However, as this effect was seen in
both human and ball actions, it is difficult to argue that this
orienting to the action is social orienting. It could be that
the reduction in looking at the hand in ASC is a product of
reduced attention to biological motion (Blake et al. 2003;
Klin et al. 2009).

Attention and Task Engagement

The results that have been discussed so far reflect a very
similar pattern of results between typical and ASC partic-
ipants. The realm in which we see group differences
emerge in this task is when we consider measures that
reflect attention to the action. For example, ASC partici-
pants look at the action goal for less time than the typically
developing participants. There were also more trials in
which the ASC participants failed to look at an action goal
at all. Additionally, they look less at the hand or ball per-
forming the action and as such, they also make less sac-
cades from the hand to the action goal. A reduction in
social attention in ASC has previously been reported for
faces (Riby and Hancock 2008) and eyes (Speer et al.
2007) but this is the first to show reduced attention to
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actions. If individuals with ASC fail to spontaneously
orient to others’ actions this may impact their ability to
interpret and predict the actions of other people. However,
this difficulty does not seem to be due to an inability to
process the information about others actions as ASC par-
ticipants are showing typical gaze markers of rationality
detection and action prediction when they do attend.
Instead, they fail to spontaneously orient to the most useful
information in a scene. As this reduction in orientation to
actions does not vary with rationality or social form it
seems that it does not reflect a specific social deficit for
human actions or for unusual actions. Rather, these group
differences may reflect a general attentional orienting
deficit in individuals with ASC (Renner et al. 2006; Sasson
et al. 2007).

An alternative explanation for reduced looking time at
the ball and for the reduction in the number of saccades
from the ball to the goal for participants with ASC is that
individuals with ASC may have poor gaze control (Gry-
nszpan et al. 2012). This poor control of eye movements
manifests in reduced smooth pursuit of moving objects
(Takarae et al. 2004) and more variable accuracy of sacc-
adic gaze shifts (Takarae et al. 2004). Perhaps the ASC
participants in this study have impaired modulation of their
own gaze and therefore have difficulty tracking the move-
ment of the action by maintaining fixation on the moving
ball or making an accurate saccade from the ball to the
action goal. The present data cannot distinguish visual and
attentional explanations for these effects so further research
is required to elucidate the mechanisms that lead to the
reduced monitoring of actions in individuals with ASC.

We also report a reduction in task engagement in the
ASC group over the course of the experiment. This is
demonstrated by the number of trials excluded from the
analysis due to missing data. It is unlikely that the increase
in missing data in the ASC group is due to eye-tracker
failure as strict calibration procedures were passed prior to
the start of each block and live gaze visualisation was used
to check that tracking continued throughout the experi-
ment. Instead, participants with ASC were more likely to
look outside of the frame of the movie, or away from the
screen during the task. We note that it is not possible in the
current context to determine if participants with autism are
less engaged because they dislike the stimuli themselves, or
because they are less motivated to comply with the
experimenters request to watch the video.

Both findings of reduced attention to actions and
reduced task engagement are consistent with the social
motivation hypothesis of ASC which predicts reduced
social orienting and engagement (Chevallier et al. 2012).
Perhaps participants with ASC were less engaged in the
task because they lacked the motivation to please the
experimenter by maintaining attention during this arduous

task. The social motivation theory also proposes that
individuals with ASC have the underlying competence to
process social stimuli yet spontaneously fail to do so. In
this task we demonstrate that participants with ASC are
able to detect action rationality and to predict rational and
irrational actions to the same degree as typically develop-
ing individuals. However, this is only the case if we only
use the trials in which participants with ASC were
attending to the actions. The reduction in number of trials
in which participants with ASC attended to the actions is
indicative of reduced spontaneous action prediction and
comprehension.

Conclusions

The present study provides a thorough examination of the
eye tracking measures which reflect action rationality and
the social form of the agent. We report very few differences
in action observation between ASC and typically developing
adults which provides support for the idea that individuals
with ASC are sensitive to action rationality. This is an
important finding as understanding action rationality is a
developmental step between action understanding and
mentalizing. The gaze measure which was most sensitive to
action rationality was the time spent looking at the barrier,
and this varied in the same way in both typical and autistic
participants. We therefore conclude that rationality under-
standing is intact in individuals with ASC.

Group differences emerged when looking at the mea-
sures which reflect attention and task engagement. Partic-
ipants with ASC showed reduced orienting to actions,
regardless of action rationality and the social form of the
actor. This finding could reflect a general attentional ori-
enting deficit or poor gaze control in ASC. There were also
differences in the amount of missing data between partic-
ipant groups and this may reflect reduced social motivation
to conform to task demands in ASC. However, when par-
ticipants with ASC were attending to the actions, they show
good action comprehension and prediction.
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