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The time course of eye movements during action observation

reflects sequence learning
Clare M. Press? and James M. Kilner®

When we observe object-directed actions such as grasping,
we make predictive eye movements. However, eye
movements are reactive when observing similar actions
without objects. This reactivity may reflect a lack of
attribution of intention to observed actors when they
perform actions without ‘goals’. Alternatively, it may simply
signal that there is no cue present that has been predictive
of the subsequent trajectory in the observer’s experience.
To test this hypothesis, the present study investigated how
the time course of eye movements changes as a function
of visual experience of predictable, but arbitrary, actions
without objects. Participants observed a point-light display
of a model performing sequential finger actions in a serial
reaction time task. Eye movements became less reactive
across blocks. In addition, participants who exhibited more
predictive eye movements subsequently demonstrated
greater learning when required either to execute, or to
recognize, the sequence. No measures were influenced by
whether participants had been instructed that the observed
movements were human or lever generated. The present

Introduction

When both adults and children observe a model grasping
an object, they look to the object before contact is
made [1,2]. However, eye movements have been found to
be reactive when a closed hand moves between the same
locations [2]. It has been proposed that eye movements
are predictive when observing object-directed actions
because the observer attributes to the actor an intention
to grasp an object [1,2]. In contrast, eye movements may
be intrinsically reactive when observing actions that are
not directed towards objects because of no attributed
intentionality to actors when movements lack a ‘goal’ [2].

Alternatively, the reactivity may simply signal that there
is no cue present that has been predictive of the
subsequent trajectory in the observer’s experience. In
the course of everyday life, we have much opportunity to
learn about likely trajectories, or sequences, of action
when objects are present. For example, we can learn that
sight of an open hand in the presence of a ball will be
followed by movement of the hand towards the ball.
According to the ‘learned trajectory’ hypothesis, when
there is no object towards which an action is directed,
other cues can signal the action instead, like another
action. For example, we can learn that observation of one
arm going up in a Mexican wave fashion will be followed
by observation of the other arm doing a similar thing.
Such prediction may operate solely within the visual
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data indicate that eye movements when observing actions
without objects reflect the extent to which the trajectory
can be predicted through experience. The findings are
discussed with reference to the implications for the
mechanisms supporting perception of actions both with
and without objects as well as those mediating inanimate
object processing. NeuroReport 24:822-826 © 2013
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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system [3] or may be influenced additionally by motor
encoding of observed actions due to mirror mechan-
isms [4]. Therefore, according to the ‘learned trajectory’
hypothesis, greater learning about the trajectory of
actions without objects may result in more predictive
eye movements.

To test this hypothesis, the present study required
participants to observe repetitive, but arbitrary, se-
quences of finger actions without objects in a serial
reaction time (SRT) paradigm [5], while their eye
movements were recorded. Under the ‘learned trajectory’
hypothesis, eye movements should become less reactive
across time. To provide a second test of our hypothesis,
we removed all action information other than points of
light tracking movement at the fingertips [6]. Presenting
stimuli in this manner allowed us to instruct half of the
participants that the observed movements were gener-
ated by human finger actions and the other half that they
were the product of lever movements. According to our
hypothesis, the time course of eye movements should
proceed similarly in the two instruction groups.

The learned trajectory hypothesis also predicts that the
time course of eye movements will be correlated with
behavioural measures of sequence learning. Therefore,
following the observation phase, we took two measures of
sequence learning. First, participants were required to
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execute the observed sequence, performing an SRT task
themselves [5]. Second, we presented the sequences and
required participants to rate explicitly how likely it was
that they had seen them in the observation phase [7].

Materials and methods

Twenty individuals (12 women) participated in this study,
10 in the human-instruction group and 10 in the lever-
instruction group (mean age: 23.6 years, range = 20-29).
The experiment was conducted with the approval of the
local ethics committee and in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki.

Participants first familiarized themselves with the finger
actions, but not sequences, used in the present study [5].
On the monitor were six empty boxes arranged in a
horizontal line. Asterisks appeared in these boxes in
a random sequence. Participants were told that when an
asterisk appeared in a box, they were to press the spatially
corresponding key as quickly as possible (with their ring
to index fingers from both hands arranged on the X’
through to ‘M’ keys; Fig. 1). After a correct keypress,
there was an intertrial interval of 200 ms before the next
asterisk appeared. There were 200 trials in this phase.

In the subsequent observation phase, participants watched
point-light videos of a human model making a six-item
repetitive sequence of keypresses (251463, where 1 = left

Fig. 1

ring finger and 6 = right ring finger). Videos were generated
by painting ultraviolet nail polish onto the fingernails of the
six fingers involved in performing the actions and then
filming in the dark with an ultraviolet light. All remaining
perceptual information other than the six moving points
was removed using Adobe after effects software (Adobe
Systems Inc., San Jose, California, USA). The sequence
was filmed with a metronome to establish a rate of one
keypress every 750 ms, selected as a likely rate at which
participants would press the buttons in the test phase [5].
The model made no errors. The human-instruction group
was told that these videos had been made by tracking a
model’s fingertips. The lever-instruction group was in-
formed that they were generated by tracking the ends of
moving levers. Both groups were told that it has been
shown that the more closely they attend, the better they
will perform in later stages of the experiment [5], but
they were not informed that a sequence was present or of
the nature of subsequent tasks. Participants’ eye position in
the vertical and horizontal dimensions was tracked at all
times using an Eyelink 1000 eyetracker (SR Research Ltd,
Mississauga, Ontario, Canada) at a sampling rate of
1000 Hz. Participants’ heads were kept in position with a
chin and forehead rest. There were six blocks of 100 trials.

Following the observation phase, participants were
required to perform the same task as in the familiariza-
tion phase. In blocks 1 and 3, the asterisks appeared in
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4 = Guess | have seen the sequence before
5 = Fairly certain | have seen the sequence before
6 = Certain | have seen the sequence before
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the order that had been observed (251463), and in blocks
2 and 4, they appeared in a novel six-item sequence
(426315). These sequences mirrored those used in the
study of Bird and Heyes [5]. There were 100 trials in
each block. Finally, participants were presented with
groups of six trials, in the same manner as the previous
blocks. At the end of each group of six, they were asked to
rate whether they had seen the sequence earlier. The
responses ranged from ‘17 if they were certain that they
had not seen the sequence before to ‘6’ if they were
certain that they had seen it. There were six groups of
trials presented in the observed sequence and six groups
in the novel sequence, and these were presented in a
random order.

Results

Greenhouse—Geisser corrections were applied where appro-
priate. 7-tests and correlations were one-tailed because of
clear predictions concerning the direction of effects. There
were no effects of instruction on stimulus identity in any of
the analyses (all Fs < 1.9, all Ps > 0.19; Fig. 2).

Eye tracking

For each block, a vector of the position of the eyes in the
horizontal dimension was low pass filtered at 5 Hz, and
1000 datapoints were subsequently removed from either
side of a missing datapoint. The resulting vector was
cross-correlated with one of the finger positions (1-6),
with the finger position vector aligned between 2000 ms
before and 2000ms after the eye position vector. We
determined the time of peak correlation between these
vectors. Positive values indicated that the peak correla-
tion was obtained when the eye vector followed the finger
vector by that amount (i.e. eye movements were reactive)
and negative values reflected a peak correlation when the
finger vector followed the eye vector (i.e. eye movements
were predictive). One participant had no data from block
6; the missing value was replaced with the series mean.

First, a one-sample 7-test on the overall time of peak
correlation (compared against 0) demonstrated that eye
movements were reactive on average [7(19)= -5.0,
P <0.001; Fig. 2a], with a mean reactivity of 365.5ms
(SEM = 73.3 ms). Second, a one-way analysis of variance

»
L4

Fig. 2

Eyetracking data during the observation phase. (a) Time of peak
correlation according to time point, across all participants (black), and
separately for those who were instructed that stimuli were human (red)
or lever (blue) generated. Positive values indicate reactive eye
movements and negative values reflect predictive eye movements. Error
bars indicate SEM. (b) and (c) Individual datapoints and regression
lines representing the relationship between the mean time of peak
correlation and observational sequence learning effects measured by
the serial reaction time execution (b) and explicit recognition (c) tasks.
Note that in (c), one of the datapoints for the human-instruction
condition is partly masked by a datapoint for the lever-instruction
condition (third from the left). RT, reaction time.

with time point in the observation phase as a within-
participant factor (first-third, middle-third or final-third),
instruction as a between-participant factor (human,
lever) and mean peak correlation as a covariate indicated
a significant linear trend across time [F/(1,17) =10.9,

Fig. 2
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P < 0.005] such that eye movements became less reactive
from the first through to the final third (Fig. 2a).

Execution serial reaction time task

Reaction times (RTs) over 1000 ms (1.5%) and errors (5.3%)
were excluded from the analysis of RTs, and means were
calculated for each participant for observed and novel
sequences. Analysis of variance with sequence type as a
within-participant factor and instruction as a between-
participant factor showed that participants were faster
to execute the observed sequences (mean = 404.1ms,
SEM = 16.9ms) relative to the novel sequences [mean =
437.5ms, SEM =20.7ms; F(1,18) =4.6, P<0.05], and
made fewer errors [observed mean = 4.6%, SEM = 0.9%;
novel mean = 5.9%, SEM = 0.9%; F(1,18) = 5.8, P < 0.05].
There was no difference in the number of RTs over 1000 ms
according to sequence type [F(1,18) = 1.4, P=0.2].

Explicit recognition task

Mean ratings for observed and novel sequences were
calculated for each participant. There was a trend for
participants to rate that they were more certain that they
had previously seen the observed (mean = 3.9, SEM =
0.2) than the novel sequences [mean = 3.6, SEM = 0.1;
F(1,18) =2.8, P=0.1].

Correlations between eye movements and sequence
learning

The mean time of peak correlation correlated negatively
with the extent of sequence learning, both as measured
by the execution SRT task (mean RT on novel sequence
blocks —mean RT on observed sequence blocks; Pearson’s
r=-0.38, P <0.05, N=20; Fig. 2b) and the recognition
task (mean rating for observed sequences—mean rating
for novel sequences; Pearson’s r= -0.52, P<0.01,
N=20; Fig. 2c). These findings indicate that those
participants who made eye movements that were more
predictive demonstrated greater sequence learning ac-
cording to both measures.

Discussion

The present data indicate that when participants observed
predictable, but arbitrary, sequences of point-light actions
without objects, their eye movements became less reactive
across time. Participants were subsequently faster to
execute this sequence relative to a novel one, and there
was a trend for greater explicit recognition of the observed
sequences (for debates concerning the possibility that
sequence learning can be implicit [8,9]). In addition, those
participants exhibiting more predictive eye movements
demonstrated greater learning of the sequence, reflected
both in execution SRT and in explicit recognition
measures. No measures were influenced by whether
participants had been instructed that the observed move-
ments were human or lever generated. These data provide
support for the ‘learned trajectory’ hypothesis; that the
time course of our eye movements when observing actions

without objects is determined by the extent to which we
have learned to anticipate the trajectory. Furthermore,
these data indicate that eye tracking can provide useful
information about learning during observation in observa-
tional learning paradigms, overcoming a difficult problem
in such procedures.

Differential opportunities for learning the trajectories of
object-directed and non-object-directed actions may explain
the disparity in the time course of eye movements towards
them [2]. Under this hypothesis, we have had much
opportunity to learn that sight of a grasping hand
configuration in the presence of an object will be followed
by movement towards the object. Given appropriate
experience, we can learn to anticipate action trajectories
for non-object-directed actions in a similar way. If percep-
tion of the two action types is mediated by common
mechanisms [10], there may be no intrinsic differences in
eye movements between action types. It should be noted
that the actions observed in the present study were object
directed, but with the objects removed from the videos.
The kinematics of object-directed and non-object-directed
actions are likely to differ, but the reactive pattern of eye
movements at the outset mirrors effects found with
intransitive actions [2]. Therefore, the crucial feature that
we propose was responsible for the pattern of eye move-
ments in the present study is that participants initially had
no cue upon which to determine the action that would
come next and they subsequently learnt to make predic-
tions throughout the observation phase. This logic would
hold irrespective of the precise kinematics of action and also
irrespective of whether objects are present or not.

The nature of the learning that generates less reactivity
in eye movements could be purely perceptual (for the
role of expectation and learning in perceptual proces-
sing [3,11,12]); participants learn that perception of one
action clement is followed by perception of another.
Infants can learn across trials to make appropriate
predictive eye movements when observing inanimate
objects move [13-15], and evidence of this learning has
been found before they are able to perform object-
directed reaches [14,16]. Alternatively, and in line with
assumptions about mechanisms underlying predictive eye
movements towards object-directed actions [1,2,17], the
mirror system may play a role. Much research shows that
corresponding motor codes are activated when we observe
actions [4,18], and predictive eye movements are
demonstrated when we execute actions [19]. Consistent
with this hypothesis, participants showed superior
execution of the observed sequence relative to one which
they had not observed, and such learning effects have
been found to rely on motor encoding of sequences
during observation. For example, observation of sequen-
tial manual actions leads to superior performance of the
sequence only when participants are required to execute
the same sequence of finger movements, rather than
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responding at the same sequence of spatial locations [5].
Furthermore, greater premotor activation has been found
when observing a previously observed sequence [20], and
repetitive transcranial magnetic stimulation over the primary
motor cortex after the observation phase can abolish learning
effects [21]. Under this hypothesis, as participants learn
perceptually that one action element will be followed by
another (within-modality learning [11,22]) the motor code
of the subsequent element is activated in advance as well as
the perceptual code [23], and the anticipatory activation of
the motor codes underlies the pattern of eye movements [1].

Whether attribution of intention [2] is the optimal way of
characterizing predictive eye movements during action
observation is unclear. Clarification requires better
characterizing the processes hypothesized to be impli-
cated in such a function. There are at least two
possibilities. First, intention ascription may only mean
anticipation of what is going to happen next in the
context of action observation and this prediction may
even operate via similar mechanisms as that with
inanimate objects [11]. Our results are consistent with
this hypothesis. Second, and more in line with classic
definitions, intention ascription may require an expecta-
tion that the action is executed by an agent to achieve
certain higher level aims (e.g. ‘to drink’; [24]). Our data
are less consistent with this hypothesis. Eye movements
towards arbitrary sequences change their time course
solely with perceptual experience of what is coming next,
and there were no differences in the pattern of eye
movements in the present study between the groups
instructed that the stimuli constituted finger or lever
movements. To further assess this second version of the
intention attribution hypothesis, future research must
investigate whether there are differences in the time
course of eye movements during and after learning when
observing actions likely to achieve higher level aims,
actions that appear arbitrary or ‘meaningless’, and equally
predictable inanimate movements. Despite the many
processes that will differ when observing these three
stimulus categories, the mechanisms mediating the time
course of eye movements may be similar.

Conclusion

The present data indicate that eye movements during
observation of actions without objects reflect the extent
to which we have learned to anticipate the perceptual
trajectory, or sequence of events. Future research must
establish whether similar mechanisms underlie the time
course of eye movements when observing object-directed
actions and inanimate object movement.
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