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Abstract

An important element in social interactions is predicting the goals of others, including the goals of others’ manual
actions. Over a decade ago, Flanagan and Johansson demonstrated that, when observing other people reaching for
objects, the observer’s gaze arrives at the goal before the action is completed. Moreover, those authors proposed that
this behavior was mediated by an embodied process, which takes advantage of the observer’s motor knowledge. Here,
we scrutinize work that has followed that seminal article. We include studies on adults that have used combined eye
tracking and transcranial magnetic stimulation technologies to test causal hypotheses about underlying brain circuits.
We also include developmental studies on human infants. We conclude that, although several aspects of the embodied
process of predictive eye movements remain to be clarified, current evidence strongly suggests that the motor system
plays a causal role in guiding predictive gaze shifts that focus on another person’s future goal. The early emergence of

the predictive gaze in infant development underlines its importance for social cognition and interaction.
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When you observe a family member reaching for a piece
of candy, you do not reactively track the movement of his
or her hand. Rather, you fixate on the candy before the
hand reaches it. This predictive gaze shift allows you to
overcome the internal processing lag of the perception-
action system (i.e., the time it takes to perceive the sur-
rounding world) and pay attention to important events as
they unfold. When you are after the same sweet, this
predictive gaze provides the time you need to plan and
execute an action toward the goal. Without prediction,
your perception of the surrounding world would be frag-
mented and lag behind real-world events, and you would
certainly never get hold of the candy. In short, the ability
to perform predictive gaze shifts while observing actions
is fundamental for successful interactions with the envi-
ronment (Hayhoe & Ballard, 2005; Henderson, 2003;
Land, 2009; von Hofsten, 2004), irrespective of whether
the overarching goal is to collaborate or compete.

It has long been known that predictive eye move-
ments play an important role in guiding our own actions.
A large body of work has shown that predictive eye
movements are functionally integrated into most every-
day actions that we perform (von Hofsten, 2004), includ-
ing reaching (Johansson, Westling, Bickstrom, &
Flanagan, 2001), walking (Patla & Vickers, 1997), driving
(Land & Lee, 1994), playing sports (Land & McLeod, 2000;

Vickers, 1996), and cooking (Hayhoe, Shrivastava,
Mruczek, & Pelz, 2003; Land, Mennie, & Rusted, 1999).
Typically, we move our eyes to a goal several hundred
milliseconds before that goal is reached. The exact timing
of one’s gaze depends on the task at hand (Land &
Hayhoe, 2001) and the proficiency of the actor (Abernethy,
1990; Franchak, Kretch, Soska, & Adolph, 2011; Sailer,
Flanagan, & Johansson, 2005; von Hofsten, 2004).

Embodied Account of Predictive Eye
Movements

However, it was not until 2003 that Flanagan and
Johansson (2003) discovered that predictive gaze shifts
are not only important in guiding our own actions but
are also integral to action observations—that is, observ-
ing another person’s goal-directed actions. In their study,
Flanagan and Johansson demonstrated that adults pre-
dicted action goals by fixating on the end location of an
action before it was reached, both when they executed
an action themselves and when they observed someone
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else executing an action (the task involved moving three
small blocks in the coronal plane).

The similarity in the eye movements of the actor and
the observer led Flanagan and Johansson to suggest that
the prediction of another’s goal could result from a mech-
anism that mapped an observed action onto the motor
representation of that action and that this basic process
operated during both the execution and the observation
of the action. The idea was that when you see someone
else act, you activate your own motor plans for similar
actions, and these motor plans include instructions for
the oculomotor system to implement goal-directed, pre-
dictive saccades. In other words, Flanagan and Johansson
proposed that a goal-directed gaze shift would be initi-
ated by activating a single underlying neural network,
irrespective of who performed the action. This hypothe-
sis was consistent with the discovery of mirror neurons
(Dipellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti, 1992;
Fadiga, Fogassi, Pavesi, & Rizzolatti, 1995; Gallese, Fadiga,
Fogassi, & Rizzolatti, 1996; Rizzolatti, Fogassi, & Gallese,
2001) and the notion that action understanding is rooted
in the motor system. As with the mirror-neuron system
(Tacoboni & Dapretto, 2006; Molenberghs, Cunnington, &
Mattingley, 2012), the tendency to predict a goal while
observing another person’s action was assumed to reflect
a quick, automatic, visuo-motor matching process, rather
than a process based on the cognitive interpretation of
visual information (Flanagan & Johansson, 2003).

In this article, we refer to this view as the embodied
account of predictive eye movements. In general, embod-
ied accounts emphasize the notion that cognition is situ-
ated in activity and that it is the outcome of a history of
active manipulations of the environment (Barsalou,
2008). This view contrasts with theories that assume that
cognition is an abstract manipulation of symbols (Mahon
& Caramazza, 2008).

Flanagan and Johansson (2003) argued that the pres-
ence of the predictive gaze spoke against the possibility
that eye movements during action observations were
driven by pure visual analysis, without involving the
motor system (p. 770). According to those authors, visu-
ally driven eye movements are typically reactively linked
to the events we observe. To confirm this, in addition to
conditions in which participants either performed or
observed another actor, Flanagan and Johansson included
a control condition in which the blocks appeared to be
moving to their final location by themselves (the experi-
menter performing the actions was not visible to the
observer). As expected, when observing these apparently
self-propelled objects, participants fixated on the goal
only after the object had arrived there—that is, their gaze
shifts were reactive rather than predictive. Taken together,
those results suggested that it was necessary to see a
hand-object interaction to elicit a predictive gaze; that

conclusion was consistent with the notion that the
observer must use his or her own motor knowledge to
predict the goal. Of course, given that only behavioral
data was available at the time, the suggestion that this
process was mediated by the observer’s motor system
was a speculation.

The present article reviews the research that followed
from the Flanagan and Johansson study (2003).
Simultaneously, we evaluate the proposed embodied
account of predictive eye movements and present studies
that have directly manipulated brain activity, with the aim
of better understanding the neural networks involved.
We also review recent work that has investigated action
prediction in infancy. Overall, the evidence supports the
central claim made by Flanagan and Johansson (2003),
but, as always, the story is more complicated than origi-
nally assumed.

Unless otherwise stated, all empirical findings cited
below refer to eye tracking studies that have investigated
the tendency of adults or infants to predict (with their
eyes) another person’s goal-directed actions, which, for
the sake of simplicity, we refer to as action prediction in
this article. The majority of the studies used the timing of
gaze to another person’s goal as the dependent variable,
although some also used the accuracy of gaze shifts
when multiple possible goals were present.

Bebavioral analyses of buman adults
that bave replicated and extended

the initial findings of Flanagan and
Jobansson

Research subsequent to Flanagan and Johansson (2003)
has replicated and extended their initial findings. These
studies have demonstrated that an adult gaze can predict
the goal of a wide range of manual actions performed by
others, including stacking objects (Rotman, Troje, Johnson,
& Flanagan, 20006), reaching (Kanakogi & Itakura, 2011),
eating (Kochukhova & Gredebick, 2010), drinking
(Hunnius & Bekkering, 2010), placing objects in contain-
ers (Eshuis, Coventry, & Vulchanova, 2009; Falck-Ytter,
Gredebick, & von Hofsten, 2006; Melzer, Prinz, & Daum,
2012; Rosander & von Hofsten, 2011), and pouring
(Myowa-Yamakoshi, Scola, & Hirata, 2012). The key find-
ings of these studies are consistent with the embodied
account of action prediction. First, they show that a pre-
dictive gaze can be triggered by point light hands (in
which only motion profiles are maintained, represented
as moving dots). This finding suggests that basic kine-
matic information is sufficient to elicit the predictive pro-
cess (Elsner, D’Ausilio, Gredebick, Falck-Ytter, & Fadiga,
2013; Elsner, Falck-Ytter, & Gredebick, 2012). Second,
they showed that it is important that the goal of the
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perceived action is within the reaching space of the agent
reaching for the goal (Costantini, Ambrosini, & Sinigaglia,
2012b). Last but not least, they also employed control
stimuli that displayed apparently self-propelled objects,
similar to those used by Flanagan and Johansson, to study
action prediction in adults. As expected, consistent with
the initial findings, the predictive goal-directed gaze shifts
were not observed in the control conditions (Eshuis et al.,
2009; Falck-Ytter, 2010; Falck-Ytter et al., 2006) or were
observed to a lesser degree than in conditions involving
human action (Eshuis, Coventry, & Vulchanova, 2009;
Kochukhova & Gredebick, 2010). Taken together, the
findings suggested that there is something special about
human actions that can trigger predictive eye movements.
However, a convincing test of the embodied account pro-
posed by Flanagan and Johansson would require a differ-
ent type of data—that is, data that could provide a causal
link between motor-system activation and predictive eye
movements during action observation.

Direct evidence: Motor activity is
causally linked to action prediction

The premise that action prediction depends on the
observer’s own motor proficiency was tested by interfer-
ing with the action-production system and then deter-
mining whether action prediction was inhibited.
According to the embodied account, action prediction
should be task-specific; thus, interference should occur
primarily when the task performed and the task observed
require the same effector (e.g., the same hand).

The first study to use this approach was reported by
Cannon and Woodward (2008). They instructed adult
participants to observe a goal-directed manual action
(similar to the one used by Flanagan and Johansson)
while performing one of two distracting tasks: Participants
either tapped their fingers or counted backward. Action
prediction was diminished by simultaneous finger tap-
ping but not by counting backward (a working memory
task). The authors argued that taxing the motor system
interferes with the process of matching perceived events
to one’s own motor plans for similar actions. In contrast,
they argued that working memory tasks have little to do
with the embodied processes that are assumed to guide
predictive eye movements, and thus these tasks were
expected to have little impact on action prediction.
Assuming that the interfering effect of finger tapping was
due to a specific tax on the motor system, that study pro-
vides selective support for the embodied account.

Costantini, Ambrosini, and Sinigaglia (2012a) let adults
hold either a small or a large object while observing either
a hand approaching objects with a whole-hand grip (suit-
able for large objects) or a hand approaching objects with
a precision grip (suitable for small objects). It was found

that performing a grip that was different from the one
observed resulted in fewer predictions relative to a base-
line condition, in which the hand of the participants
rested freely. Ambrosini, Sinigaglia, and Costantini (2012)
demonstrated that the latency of adults’ predictive eye
movements increased (i.e., they became less predictive)
when an observer’s arms were tied behind his or her
back, compared to when the hands were free to move.

Again, those studies suggested that motor interfer-
ence could affect action prediction, but the evidence is
purely behavioral, and hence it was not fully satisfactory,
given the nature of the hypothesis. Arguably, the most
direct support for the embodied account of predictive
eye movements was obtained in two studies that used
joint transcranial magnetic stimulation (TMS) and eye
tracking methods (Costantini, Ambrosini, Cardellicchio,
& Sinigaglia, 2013; Elsner et al., 2013). In one of those
studies (Elsner et al., 2013), adult participants observed
goal-directed reaching actions, represented as point-
light displays, while TMS pulses selectively stimulated
the hand or leg areas in the primary motor cortex. Results
were compared to those produced in the absence of
TMS activation at each site. Consistent with the embod-
ied account, the participants exhibited delayed fixation
on the goal when TMS pulses interfered with the hand
area of the primary motor cortex, compared to when no
TMS was performed or when the TMS targeted the leg
area of the primary motor cortex. In the other study
(Costantini et al., 2013), participants viewed manual
reaching actions while TMS pulses were directed either
to the ventral premotor cortex or to one of two control
sites (the superior temporal sulcus or the frontal eye
field). Stimulating the premotor area caused specific
interference effects that were not observed in the two
control conditions.

In summary, five studies experimentally manipulated
activity in the motor cortex (either through TMS or behav-
ioral manipulations) while participants observed another
individual’s actions (Ambrosini et al., 2012; Cannon &
Woodward, 2008; Costantini et al., 2013; Costantini et al.,
2012b; Elsner et al., 2013). All studies demonstrated an
interference effect, consistent with the embodied account.
These five studies have provided the strongest evidence
that the motor cortex is somatotopically recruited and
contributes causally to action predictions.

The Development of Action Prediction

Given the importance of action prediction in our ability
to encode and interact with the surrounding world,
much attention has been devoted to investigating these
processes during infancy and early childhood. This
recent line of research has demonstrated uniformly that
action prediction develops early in life (Ambrosini
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et al., 2013; Biro, 2013; Brandone, Horwitz, Aslin, &
Wellman, 2014; Cannon, Woodward, Gredebick, von
Hofsten, & Turek, 2012; Daum, Attig, Gunawan, Prinz,
& Gredebick, 2012; Falck-Ytter, 2010; Falck-Ytter et al.,
20006; Fawcett & Gredebick, 2013, 2015; Geangu, Senna,
Croci, & Turati, 2015; Gredebick & Kochukhova, 2010;
Gredebick & Melinder, 2010; Gredebick, Stasiewicz,
Falck-Ytter, Rosander, & von Hofsten, 2009; Green,
Kochukhova, & Gredebick, 2014; Henrichs, Elsner,
Elsner, & Gredebick, 2012; Henrichs, Elsner, Wilkinson,
Elsner, & Gredebick, 2014; Hunnius & Bekkering, 2010;
Kanakogi & Itakura, 2011; Melzer et al., 2012; Paulus,
Hunnius, & Bekkering, 2011; Rosander & von Hofsten,
2011; Senju, Southgate, Snape, Leonard, & Csibra, 2011;
Southgate, Senju, & Csibra, 2007). By attaining the abil-
ity to predict another person’s action goals, infants can
fixate on future goals, and thus they proactively pay
attention to the person’s actions as they unfold. From
this perspective, action prediction is a fundamental cor-
nerstone of our ontogenetic development. Without this
ability, learning from others through observation and
interaction would be far reduced.

Several developmental studies have studied infants of
different age groups and demonstrated that action predic-
tion develops at the same time as the ability to perform an
action. For example, 4-month-olds have poor reaching
skills, and they fail to predict the goals of reaching actions.
Six-month-olds have recently developed the ability to
reach for objects, and they have the ability to predict the
goal of other people’s reaching actions (Kanakogi &
Itakura, 2011; see also Ambrosini et al., 2013). They are
also highly proficient at placing objects in their mouths,
and they can predict the goal of other peoples’ eating
actions (Kochukhova & Gredebick, 2010). In contrast,
6-month-olds cannot predict the movements of mechani-
cal claws (Kanakogi & Itakura, 2011), spoons that appear
to move on their own, or combing actions that they can-
not perform (Kochukhova & Gredebick, 2010).

The ability to place objects into a container typically
develops between 6 and 12 months of age, and 12-month-
olds, but not 6-month-olds, can predict the goal of such
actions (Falck-Ytter et al., 2006). However, 12-month-olds
(and even adults) cannot predict the goal of a ball that
appears to move on its own into a container. Moreover,
at the age of 1 year, prediction of an initial act (in this
case, reaching) will become modulated by the overarch-
ing goal of the action sequence (placing the object either
on a table or inside a container). This finding suggests
that prediction is controlled by a system of action under-
standing that is hierarchically organized (Gredebick
et al., 2009).

Several of those studies also analyzed individual man-
ual ability. There are clear correlations (when age is con-
trolled for) between predictive eye movements and

various measures of manual capability, including the abil-
ity to reach for something (Kanakogi & Itakura, 2011;
Melzer et al., 2012), the number of times an infant places
objects in a container (Cannon et al., 2012), and the num-
ber of attempts made before accurately placing a puzzle
piece on a puzzle board (Gredebick & Kochukhova,
2010). Also, the ability to predict the goal of feeding
actions correlated with an infant’s lifetime experience of
being fed (Gredebick & Melinder, 2010).

In summary, developmental studies have demon-
strated that the ability to predict action emerges in early
infancy. This finding underlines the role of prediction in
social cognition and interactions in general. Also, the cor-
relation between the actions that infants can perform and
actions they can predict suggests that social cognition
and social learning might be bound by the developing
action repertoire of the infant. This result is consistent
with the embodied account of action prediction.

How Is Prediction Related to Action
Understanding?

According to Flanagan and Johansson (2003), action pre-
diction and action understanding occur simultaneously.
That is, low-level sensory information from performing
an action taps directly into the motor system, which then
in turn outputs the estimated goal (the direct-matching
hypothesis; see also Rizzolatti et al., 2001). Interpreted
from this perspective, action prediction reflects the
“direct” activation of a motor program, which includes—
in addition to understanding the goal of the action—task-
specific instructions to the oculomotor system to direct
the eyes toward the goal (Flanagan & Johansson, 2003).
According to an alternative view (Csibra, 2007; Southgate,
2013), action prediction follows action understanding.
This view argues that goal encoding must precede motor
simulation; thus, this theory proposes that motor activa-
tion and the consequent predictive eye movements reflect
the observer’s reenactment of achieving the goal, as
though the observer had executed the action. Here, this
theory is referred to as the reenactment account.
Notably, both of the above views argue for a role of
the motor system, and they cannot be disentangled easily
based on the current evidence. Arguably, however, the
behavioral experiments can provide circumstantial evi-
dence against the reenactment account. We know from
other work (not related to predictive eye movements)
that infants and adults can attribute a goal to the actions
of an “agent” that lacks all similarity to the human body
(Gergely & Csibra, 2003). However, when observing self-
propelled “agents” move without the interaction of an
actor’s hand, predictive eye movements seldom occur
(Eshuis et al., 2009; Falck-Ytter, 2010; Falck-Ytter et al.,
2006; Kochukhova & Gredebick, 2010). The reenactment
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version of the embodied account cannot readily account
for this finding, because it predicts that, once a goal is
identified, the observer should be able to reenact the
action; thus, the predictive processes associated with the
action should be activated, irrespective of the morpho-
logical characteristics of the agent.

The roles of prior knowledge,
statistical regularity, and goal
salience

As described above, when one observes events that lack
a clear correspondence with something in the motor rep-
ertoire of the observer, the gaze is typically reactive.
However, several studies have shown that when one
observes an action that corresponds to an action that one
can perform, the action prediction is influenced by prior
knowledge, statistical regularity (e.g., the mean result of
a repeated action), and the salience of the goal (Ambrosini,
Costantini, & Sinigaglia, 2011; Eshuis et al., 2009; Green,
Li, Lockman, & Gredebick, in press; Henrichs et al., 2014;
Rotman et al., 2006). The most extreme influences of this
kind can be observed in infancy. At that stage, action
predictions occur primarily when the goal is highly
salient and when the observed agent consistently reaches
for the same (as opposed to a different) object (Henrichs
et al., 2012; Henrichs et al., 2014). Finally, recent work
has demonstrated cultural influences on action predic-
tion. Green et al. (in press) demonstrated that 8-month-
old infants in Sweden and China both predicted that
eating actions would go to the mouth. However, this was
true only for eating actions performed with a spoon
among Swedish infants and only for eating actions per-
formed with chopsticks among Chinese infants.

Together, the results show that embodied processes
dedicated to action prediction do not work in isolation;
instead, these processes account for other types of infor-
mation that can be used to predict future states. In other
words, although action prediction may be fundamentally
an embodied process, the tendency to predict is modu-
lated by broad scope of ancillary functions that either
enhance the activation within the motor system of the
observer or, more generally, facilitate attention. For
example, the effect of goal saliency might be related to
attention. When the goal is highly salient, it may be easier
to inhibit the initial fixation on the ongoing action and
facilitate a saccade to the goal object, which would accel-
erate the gaze shift to the predicted goal. In a similar
manner, the effect of statistical regularity, or repetition,
might boost the activation of one’s own motor plans
through priming. In infants, whose motor plans are less
developed, this boost might be necessary to activate the
motor system to the threshold required to initiate a pre-
dictive saccade.

Finally, it is worth noting that, in addition to modulat-
ing action prediction after the embodied system is estab-
lished, statistical learning may also contribute to the
development of the system. Specifically, it has been sug-
gested that embodied systems for action understanding
acquire their mirroring properties through Hebbian learn-
ing (see, e.g., Heyes, 2010; Keysers & Gazzola, 2014;
Keysers & Perrett, 2004).

Prediction in other contexits

The above evidence relates primarily to the ability to pre-
dict in rather simplified contexts (e.g., a hand reaching
for an object), but it should be noted that predictive gaze
shifts to goals also occur when observing actions embed-
ded in social interactions between people (Fawcett &
Gredebick, 2013, 2015; Senju et al.,, 2011; Southgate
et al., 2007). How embodied and other processes interact
in such situations is currently not well understood. It is
also notable that infants and adults can predict the future
state of certain nonsocial events. For example, predictive
eye movements are systematically directed to the future
location of non-animate moving balls that temporarily
disappear behind a barrier (Gredebick & von Hofsten,
2004; Johnson, Amso, & Slemmer, 2003; Kochukhova &
Gredebick, 2007; for a review, see Gredebick & von
Hofsten, 2007). Clearly, the embodied account cannot
explain predictive gaze shifts in all contexts.

Conclusion

Prediction is a fundamental component of our interac-
tions with the world, including interactions with other
people. When you view someone else reach for an
object, you anticipate what is going to happen by mov-
ing your gaze to the object before the arrival of the
other person’s hand. As shown in this review, this pre-
dictive capacity—which is likely to be a key compo-
nent of social perception, cognition, and interaction,
both in competitive and collaborative contexts—builds
upon the activation of one’s own motor system
(Costantini et al., 2013; Elsner et al., 2013). This hypoth-
esis was proposed over 10 years ago by Flanagan and
Johansson (2003), but the lack of brain-based evidence
rendered it speculative at that time. Following in the
footsteps of the Flanagan and Johansson study, over
30 articles have provided direct evidence for the
embodied account of predictive eye movements, and
additionally, several studies have shed important new
light on the development of action prediction. This
body of work has shown that infants possess the
impressive capacity to predict other people’s action
goals and that this capacity develops hand in hand with
the infant’s own action capacities.
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Future Directions

This review has highlighted key areas for future investi-
gation, including the relationship between action predic-
tion and action understanding and the roles of general
factors, such as prior knowledge, statistical regularity,
and goal salience, in embodied processes.

The ontogenetic development of the mirror-neuron
system and related networks of action understanding in
infancy is a matter of current controversy and debate
(Heyes, 2013). The infant studies described above, which
focused on action predictions early in life, provided a
way to illuminate these questions, and those types of
studies should be exploited and developed further.

In everyday social interactions, action understanding is
never complete; rather, one must constantly revisit current
assumptions about other people’s actions in light of new
information. Therefore, future studies should focus on the
role of the predictive gaze in the action understanding
process—for example, in checking, validating, and updat-
ing assumptions and beliefs about other people’s goals.
This would entail, among other things, going beyond
repetitive video presentations of simple manual actions
and acknowledging the intricate dynamics of embodied
and other processes (Gredebick & Daum, 2015).

Determining the importance of action predictions in
dynamic social interactions requires implementing future-
oriented processes in artificial systems designed for real-
world interactions (Vernon, Fadiga, & von Hofsten, 2011;
and see, e.g., Metta et al., 2010). Initial steps have been
taken to integrate action prediction into developmental
robotics platforms (Sciutti et al., 2012). In turn, simula-
tions of the action-prediction system may provide useful
ways to test putative mechanisms that underlie action
predictions. However, much work remains to be com-
pleted before this goal can be realized.

To test the proposed theories and demonstrate the
clinical relevance of developmental studies, one could
test infants with deteriorated motor-control functions or
who have been born without hands or arms but with
otherwise intact cognitive capacities. Such studies could
provide important new evidence for the role of active
experience in socio-cognitive development, and they
may reveal potential compensatory processes.

Finally, testing action prediction in infants at risk for
autism may provide a means to test the hypothesis that
disruptions in systems involved in (embodied) action
understanding may represent a causal link between
genetic/molecular risk factors and a later diagnosis
(Cattaneo et al., 2007; Iacoboni & Dapretto, 2006). In
general, the identification and study of groups that fail,
early in life, to predict other people’s action goals would
provide a means to test a core assumption presented in
this article—namely, that action prediction is a necessary
foundation for social cognition and interaction.

Declaration of Conflicting Interests

The authors declared that they had no conflicts of interest with
respect to their authorship or the publication of this article.

Funding

This study was funded by the European Research Council
(Starting Grant CACTUS 312292), the Knut and Alice Wallenberg
Foundation (Grant KAW 2012.0120), and the Swedish Research
Council in partnership with the Swedish Council for Working
Life and Social Research (FAS), Formas, and VINNOVA (Grant
259 - 2012-24), and Sillskapet Barnavard.

References

Abernethy, B. (1990). Expertise, visual-search, and information
pick-up in squash. Perception, 19, 63-77.

Ambrosini, E., Costantini, M., & Sinigaglia, C. (2011). Grasping
with the eyes. Journal of Neurophysiology, 106, 1437-1442.

Ambrosini, E., Reddy, V., de Looper, A., Costantini, M., Lopez,
B., & Sinigaglia, C. (2013). Looking ahead: Anticipatory
gaze and motor ability in infancy. PLoS ONE, 8, Article
€67916. Retrieved from http://journals.plos.org/plosone/
article?id=10.1371/journal.pone.0067916

Ambrosini, E., Sinigaglia, C., & Costantini, M. (2012). Tie my
hands, tie my eyes. Journal of Experimental Psychology:
Human Perception and Performance, 38, 263-2060.

Barsalou, L. W. (2008). Grounded cognition. Annual Review of
Psychology, 59, 617-645.

Biro, S. (2013). The role of the efficiency of novel actions in
infants’ goal anticipation. Journal of Experimental Child
Psychology, 116, 415-427.

Brandone, A. C., Horwitz, S. R., Aslin, R. N., & Wellman, H. M.
(2014). Infants’ goal anticipation during failed and success-
ful reaching actions. Developmental Science, 17, 23-34.

Cannon, E. N., & Woodward, A. L. (2008). Action anticipation
and interference: A test of prospective gaze. In B.C. Love,
K. McRae, & V.M. SLoutsky (Eds.), Proceedings of the 30th
Annual Conference of the Cognitive Science Society (pp.
981-984). Austin, TX: Cognitive Science Society.

Cannon, E. N., Woodward, A. L., Gredebick, G., von
Hofsten, C., & Turek, C. (2012). Action production influ-
ences 12-month-old infants’ attention to others’ actions.
Developmental Science, 15, 35-42.

Cattaneo, L., Fabbri-Destro, M., Boria, S., Pieraccini, C.,
Monti, A., Cossu, G., & Rizzolatti, G. (2007). Impairment
of actions chains in autism and its possible role in inten-
tion understanding. Proceedings of the National Academy
of Sciences, USA, 104, 17825-17830.

Costantini, M., Ambrosini, E., Cardellicchio, P., & Sinigaglia, C.
(2013). How your hand drives my eyes. Social Cognitive
and Affective Neuroscience, 9, 705-711.

Costantini, M., Ambrosini, E., & Sinigaglia, C. (2012a). Does
how I look at what you're doing depend on what I'm
doing? Acta Psychologica, 141, 199-204.

Costantini, M., Ambrosini, E., & Sinigaglia, C. (2012b). Out of
your hand’s reach, out of my eyes’ reach. Quarterly Journal
of Experimental Psychology, 65, 848-855.

Csibra, G. (2007). Action mirroring and action interpretation: An
alternative account. In P. Haggard, Y. Rosetti, & M. Kawato


http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0067916
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0067916

Eye Movements During Action Observation

597

(Eds.), Semsorimotor foundations of higher cognition.
Attention and performance XXII (pp. 435-459). Oxford,
England: Oxford University Press.

Daum, M. M., Attig, M., Gunawan, R., Prinz, W., & Gredebick, G.
(2012). Actions seen through babies’ eyes: A dissociation
between looking time and predictive gaze. Frontiers in
Psychology, 3, Article 370. Retrieved from http://journal
frontiersin.org/article/10.3389/fpsyg.2012.00370/full

Dipellegrino, G., Fadiga, L., Fogassi, L., Gallese, V., & Rizzolatti, G.
(1992). Understanding motor events: A neurophysiological
study. Experimental Brain Research, 91, 176-180.

Elsner, C., D’Ausilio, A., Gredebick, G., Falck-Ytter, T., &
Fadiga, L. (2013). The motor cortex is causally related
to predictive eye movements during action observation.
Neuropsychologia, 51, 488-492.

Elsner, C., Falck-Ytter, T., & Gredebick, G. (2012). Humans
anticipate the goal of other people’s point-light actions.
Frontiers in Psychology, 3, Article 120. Retrieved from
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3337461/

Eshuis, R., Coventry, K. R., & Vulchanova, M. (2009). Predictive
eye movements are driven by goals, not by the mirror neu-
ron system. Psychological Science, 20, 438-440.

Fadiga, L., Fogassi, L., Pavesi, G., & Rizzolatti, G. (1995). Motor
facilitation during action observation: A magnetic stimula-
tion study. Journal of Neurophysiology, 73, 2608-2611.

Falck-Ytter, T. (2010). Young children with autism spectrum
disorder use predictive eye movements in action observa-
tion. Biology Letters, 6, 375-378.

Falck-Ytter, T., Gredebick, G., & von Hofsten, C. (2006). Infants
predict other people’s action goals. Nature Neuroscience, 9,
878-879.

Fawecett, C., & Gredebick, G. (2013). Infants use social con-
text to bind actions together into a collaborative sequence.
Developmental Science, 16, 841-849.

Fawcett, C., & Gredebick, G. (2015). Eighteen-, but not
14-month-olds, use social context to bind action sequences.
Infancy, 20, 115-125.

Flanagan, J. R., & Johansson, R. S. (2003). Action plans used in
action observation. Nature, 14, 769-771.

Franchak, J. M., Kretch, K. S., Soska, K. C., & Adolph, K. E.
(2011). Head-mounted eye tracking: A new method to
describe infant looking. Child Development, 82, 1738-1750.

Gallese, V., Fadiga, L., Fogassi, L., & Rizzolatti, G. (1996). Action
recognition in the premotor cortex. Brain, 119, 593-609.

Geangu, E., Senna, L., Croci, E., & Turati, C. (2015). The effect of
biomechanical properties of motion on infants’ perception
of goal-directed grasping actions. Journal of Experimental
Child Psychology, 129, 55-67.

Gergely, G., & Csibra, G. (2003). Teleological reasoning in
infancy: The naive theory of rational action. Trends in
Cognitive Sciences, 7, 287-292.

Gredebick, G., & Daum, M. (2015). The microstructure of action
perception in infancy: Decomposing the temporal struc-
ture of social information processing. Child Development
Perspectives, 9, 79-83.

Gredebick, G., & von Hofsten, C. (2004). Infants’ evolv-
ing representations of object motion during occlusion: A
longitudinal study of 6- to 12-month-old infants. Infancy,
6, 165-184.

Gredebick, G., & von Hofsten, C. (2007). Taking an action
perspective on infant’s object representations. Progress in
Brain Research, 164, 265-282.

Gredebick, G., & Kochukhova, O. (2010). Goal anticipa-
tion during action observation is influenced by synony-
mous action capabilities, a puzzling developmental study.
Experimental Brain Research, 202, 493-497.

Gredebick, G., & Melinder, A. (2010). Infants’ understanding
of everyday social interactions: A dual process account.
Cognition, 114, 197-206.

Gredebick, G., Stasiewicz, D., Falck-Ytter, T., Rosander, K., &
von Hofsten, C. (2009). Action type and goal type mod-
ulate goal-directed gaze shifts in 14-month-old infants.
Developmental Psychology, 45, 1190-1194.

Green, D., Kochukhova, O., & Gredebick, G. (2014).
Extrapolation and direct matching mediate anticipation
infancy. Infant Bebavior & Development, 37, 111-118.

Green, D., Li, Q., Lockman, J.,, & Gredebick, G. (in press).
Culture influences action understanding in infancy: A com-
parative study of action prediction in Chinese and Swedish
infants. Child Development.

Hayhoe, M., & Ballard, D. (2005). Eye movements in natural
behavior. Trends in Cognitive Sciences, 9, 188-194.

Hayhoe, M. M., Shrivastava, A., Mruczek, R., & Pelz, J. B.
(2003). Visual memory and motor planning in a natural
task. Journal of Vision, 3, 49-63.

Henderson, J. M. (2003). Human gaze control during real-world
scene perception. Trends in Cognitive Sciences, 7, 498-504.

Henrichs, 1., Elsner, C., Elsner, B., & Gredebick, G. (2012). Goal
salience affects infants’ goal-directed gaze shifts. Frontiers
in Psychology, 3, Article 391. Retrieved from http://journal
frontiersin.org/article/10.3389/fpsyg.2012.00391/full

Henrichs, L., Elsner, C., Wilkinson, N., Elsner, B., & Gredebick, G.
(2014). Goal certainty modulates infants’ goal-directed gaze
shifts. Developmental Psychology, 50, 100-107.

Heyes, C. (2010). Where do mirror neurons come from?
Neuroscience & Biobehavioral Reviews, 34, 575-583.

Heyes, C. (2013). A new approach to mirror neurons:
Developmental history, system-level theory and interven-
tion experiments. Corfex, 49, 2946-2948.

Hunnius, S., & Bekkering, H. (2010). The early development of
object knowledge: A study of infants’ visual anticipations dur-
ing action observation. Developmental Psychology, 46, 446-454.

Tacoboni, M., & Dapretto, M. (2006). The mirror neuron system
and the consequences of its dysfunction. Nature Reviews
Neuroscience, 7, 942-951.

Johansson, R. S., Westling, G., Bickstrom, A., & Flanagan, J. R.
(2001). Eye-hand coordination in object manipulation.
Journal of Neuroscience, 21, 6917-6932.

Johnson, S. P., Amso, D., & Slemmer, J. A. (2003). Development
of object concepts in infancy: Evidence for early learning
in an eye-tracking paradigm. Proceedings of the National
Academy of Sciences, USA, 100, 10568-10573.

Kanakogi, Y., & Itakura, S. (2011). Developmental correspon-
dence between action prediction and motor ability in early
infancy. Nature Commumnications, 2, Article 341.

Keysers, C., & Gazzola, V. (2014). Hebbian learning and predic-
tive mirror neurons for actions, sensations and emotions.
Philosophical Transactions of the Royal Society B: Biologi-


http://journal.frontiersin.org/article/10.3389/fpsyg.2012.00370/full
http://journal.frontiersin.org/article/10.3389/fpsyg.2012.00370/full
http://journal.frontiersin.org/article/10.3389/fpsyg.2012.00391/full
http://journal.frontiersin.org/article/10.3389/fpsyg.2012.00391/full

598

Gredebdick, Falck-Ytter

cal Sciences, 369, Atticle 1644. Retrieved from http://rstb
.royalsocietypublishing.org/content/369/1644/20130175

Keysers, C., & Perrett, D. I. (2004). Demystifying social cogni-
tion: A Hebbian perspective. Trends in Cognitive Sciences,
8, 501-507.

Kochukhova, O., & Gredebick, G. (2007). Learning about occlu-
sion: Initial assumptions and rapid adjustments. Cognition,
105, 26-46.

Kochukhova, O., & Gredebick, G. (2010). Preverbal infants
anticipate that food will be brought to the mouth: An eye
tracking study of manual feeding and flying spoons. Child
Development, 81, 1729-1738.

Land, M. F. (2009). Vision, eye movements, and natural behav-
ior. Visual Neuroscience, 26, 51-062.

Land, M. F., & Hayhoe, M. (2001). In what ways do eye move-
ments contribute to everyday activities? Vision Research,
41, 3559-3565.

Land, M. F., & Lee, D. N. (1994). Where we look when we steer.
Nature, 369, 742-744.

Land, M. F., & McLeod, P. (2000). From eye movements to
actions: How batsmen hit the ball. Nature Neuroscience, 3,
1340-1345.

Land, M., Mennie, N., & Rusted, J. (1999). The roles of vision
and eye movements in the control of activities of daily liv-
ing. Perception, 28, 1311-1328.

Mahon, B. Z., & Caramazza, A. (2008). A critical look at the embod-
ied cognition hypothesis and a new proposal for grounding
conceptual content. Journal of Physiology-Paris, 102, 59-70.

Melzer, A., Prinz, W., & Daum, M. M. (2012). Production and per-
ception of contralateral reaching: A close link by 12 months
of age. Infant Bebavior & Development, 35, 570-579.

Metta, G., Natale, L., Nori, F., Sandini, G., Vernon, D., Fadiga, L.,
. . . Montesano, L. (2010). The iCub humanoid robot: An
open-systems platform for research in cognitive develop-
ment. Neural Networks, 23, 1125-1134.

Molenberghs, P., Cunnington, R., & Mattingley, J. B. (2012).
Brain regions with mirror properties: A meta-analysis of
125 human fMRI studies. Neuroscience & Biobebavioral
Reviews, 36, 341-349.

Myowa-Yamakoshi, M., Scola, C., & Hirata, S. (2012). Humans
and chimpanzees attend differently to goal-directed actions.
Nature Communications, 3, Article 693.

Patla, A. E., & Vickers, J. N. (1997). Where and when do we
look as we approach and step over an obstacle in the travel
path? NeuroReport, 8, 3661-36065.

Paulus, M., Hunnius, S., & Bekkering, H. (2011). Can 14- to
20-month-old children learn that a tool serves multiple
purposes? A developmental study on children’s action goal
prediction. Vision Research, 51, 955-960.

Rizzolatti, G., Fogassi, L., & Gallese, V. (2001). Neurophysiological
mechanisms underlying the understanding and imitation of
action. Nature Reviews Neuroscience, 2, 661-670.

Rosander, K., & von Hofsten, C. (2011). Predictive gaze
shifts elicited during observed and performed actions in
10-month-old infants and adults. Neuropsychologia, 49,
2911-2917.

Rotman, G., Troje, N. F., Johnson, R. M., & Flanagan, J. R.
(2000). Eye movements when observing predictable and
unpredictable actions. Journal of Neurophysiology, 96,
1358-1309.

Sailer, U., Flanagan, J. R., & Johansson, R. S. (2005). Eye-hand
coordination during learning of a novel visuomotor task.
Journal of Neuroscience, 25, 8833-8842.

Sciutti, A., Bisio, B., Nori, F., Metta, G., Fadiga, L., & Sandini, G.
(2012, March). Anticipatory gaze in human-robot interac-
tions. Paper presented at the 7th ACM/IEEE International
Conference on Human-Robot Interactions, Boston, MA.

Senju, A., Southgate, V., Snape, C., Leonard, M., & Csibra, G.
(2011). Do 18-month-olds really attribute mental states to
others? A critical test. Psychological Science, 22, 878-880.

Southgate, V. (2013). Do infants provide evidence that the mirror
system is involved in action understanding? Consciousness
and Cognition, 22, 1114-1121.

Southgate, V., Senju, A., & Csibra, G. (2007). Action antici-
pation through attribution of false belief by 2-year-olds.
Psychological Science, 18, 587-592.

Vernon, D., Fadiga, L., & von Hofsten, C. (2011). A roadmap
for cognitive development in humanoid robots. Cognitive
Systems Monographs (Vol. 11). Cham, Switzerland: Springer.

Vickers, J. N. (1996). Visual control when aiming at a far target.
Journal of Experimental Psychology: Human Perception
and Performance, 22, 342-354.

von Hofsten, C. (2004). An action perspective on motor devel-
opment. Trends in Cognitive Sciences, 8, 266-272.


http://rstb.royalsocietypublishing.org/content/369/1644/20130175
http://rstb.royalsocietypublishing.org/content/369/1644/20130175

