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Abstract
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Being able to predict the goal of other people’s actions is an important aspect of our daily lives.
This ability allows us to interact timely with others and adjust our behaviour appropriately.
The general aim of the present thesis was to explore which processes best explain our ability to
predict other people’s action goals during development. There are different theories concerning
this ability. Some stress the fact that observation of others actions activate the same areas of
the brain involved in our own action production, this way helping us to understand what they
are doing. Other theories suggest that we understand actions independently of our own motor
proficiency. For example, the ability to predict other peoples’ action goals could be based on
visual experience seeing others actions acquired trough time or on the assumption that actions
will be performed in a rational way.
The studies included in this thesis use eye tracking to study infants’ and adults’ action
prediction during observation of goal directed actions. Prediction is operationalized as predictive
gaze shifts to the goal of the action.
Study I showed that infants are sensitive to the functionality of hand configuration and predict
the goal of reaching actions but not moving fists. Fourteen-month-olds also looked earlier to the
goal of reaching actions when the goal was to contain rather than displace, indicating that the
overarching goal (contain/displace) impact the ability to predict local action goals, in this case
the goal of the initial reaching action.
Study II demonstrated that 6-month-olds, an age when infants have not yet started placing
objects into containers, did not look to the container ahead of time when observing another
person placing objects into containers. They did, however, look to the container ahead of time
when a ball was moving on its own. The results thus indicate that different processes might be
used to predict human actions and other events.
Study III showed that 8-month-old infants in China looked to the mouth of an actor eating
with chopsticks ahead of time but not when the actor was eating with a spoon. Swedish infants
on the other hand looked predictively to the mouth when the actor was eating with a spoon but
not with chopsticks. This study demonstrates that prediction of others’ goal directed actions is
not simply based on own motor ability (as assumed in Study I and II) but rather on a combination
of visual/cultural experience and own motor ability.
The results of these studies suggest that both own motor proficiency as well as visual
experience with observing similar actions is necessary for our ability to predict other people’s
action goals. These results are discusses in the light of a newer account of the mirror neuron
system taking both statistical regularities in the environment and own motor capabilities into
account.
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AOI
ASL
EEG
MNS
NIRS
PMV
STS
TMS

Area of interest
Associative sequence learning
Electroencephalography
Mirror Neuron System
Near infrared spectroscopy
Ventral premotor cortex, in the monkey brain referred
to as F5
Superior temporal sulcus
Transcrainal magnetic stimulation

Introduction

A brief background
Knowing what other people are doing and predicting the goals of their actions is an important aspect of our daily lives. We make these predictions on
a regular basis, for example, when we help someone who cannot reach the
cheese on the breakfast table, when we catch a ball someone throws to us,
when we open our mouth when someone is giving us a taste of his or her icecream or get hold of the glass a small child is aiming at wrongly before it
will spill. The ability to make these predictions and form expectations about
what will happen next makes it possible for us to interact smoothly in our
environment (Bertenthal, 1996; Hayhoe & Ballard, 2005; Henderson, 2003;
Land, 2009; Schütz-Bosbach & Prinz, 2007b; Hofsten, 1993, 2004).
The general aim of this thesis is to explore which processes best explain
our ability to predict other people’s action goals during development. Before
moving on to that, I will first discuss how infants come to understand and
see others’ actions as goal directed in the first place.

Action understanding in infancy
Already during the first half of their first year infants (the period from 1-24
months of age) show remarkable sensitivity to social stimuli in their environment. For example, from birth they show sensitivity to eye contact
(Farroni, Csibra, Simion, & Johnson, 2002), biological motion (Bardi,
Regolin, & Simion, 2011, 2014) and to hands moving towards objects
(Craighero, Leo, Umiltà, & Simion, 2011). This initial sensitivity to a particular set of social stimuli is expanding over the first few months of life to,
from 3 months of age, also incorporate a sensitivity to goals (Luo, 2011) and
other agents’ tendency to help or hinder others (Hamlin, Wynn, & Bloom,
2010). From 4 months of age infants show sensitivity to the rationality of an
action (rationality of an action refers to whether it is performed according to
the constraints of the situation, for example whether a hand takes the most
direct path to a goal or not, see also Section about teleological reasoning
later; Gredebäck & Melinder, 2011). Further, during the first half of their
first year infants become able to follow the gaze direction (Farroni, Johnson,
Brockbank, & Simion, 2000; Farroni, Massaccesi, Pividori, & Johnson,
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2004) and pointing gestures (Rohlfing, Longo, & Bertenthal, 2012) of other
people.
There is much evidence that infants start to understand the goal directed
nature of actions during their first year of life (Király, Jovanovic, Prinz,
Aschersleben, & Gergely, 2003; Phillips & Wellman, 2005; Woodward,
1998; 1999). That is, they actively process other people’s actions in relation
to goals (here goal refers to a functional endpoint of an action sequence actions refers to movements organized with respect to a goal). Action understanding (here defined as representing actions in terms of their goal directed
structure; Hamlin, Hallinan, & Woodward, 2008) is a crucial part of social
cognition helping us to generate appropriate responses while interacting with
others (Woodward & Gerson, 2014). In a seminal study Woodward (1998)
showed 6- and 9-month-old infants an actor repeatedly reaching for one of
two toys until infants significantly reduced their looking times to this event
(habituation). In the test phase the toys switched place and infants were
shown the actor either reaching for the old toy at the ‘new’ position or the
new toy at the ‘old’ position. Infants looked longer at the latter (dishabituation), but not the former, indicating that they expected the actor to continue
to reach for the same object as before and increased their looking time when
this expectation was violated. In other words, infants that previously had
become habituated with looking at a repetitive event increased their looking
times because they detected a change. In this case the actor had changed his
or her goal, implying that the infant expected the actor to continue to act on
the same object.
Later studies have extended these findings by showing that infants are
sensitive to many aspects of goal directed actions, in addition to being able
to see them as goal directed. To give some examples; infants prefer to play
with objects which another person has engaged with in a goal directed way
(Hamlin et al., 2008; Hauf, 2007) and they formulate expectations about
unseen object properties based on the configuration of a reaching hand
(Daum, Vuori, Prinz, & Aschersleben, 2009). Infants are sensitive to whether the agent performing the action is a human or a mechanical claw (Hofer,
Hauf, & Aschersleben, 2005), having a higher tendency to encode goals
when the action is performed by a human. Infants also differentiate between
complete and incomplete actions (measuring brain activity with electroencephalography (EEG); Reid, Csibra, Belsky, & Johnson, 2007).
Experience dependency
How do infants start to make sense of, and understand, other people’s action
goals? There is growing evidence that infants own active action experience
is crucial for the development of action understanding and cognitive development in general (Bertenthal, 1996; Hauf, 2007; Hunnius & Bekkering,
2014; Longo & Bertenthal, 2006; Rakison & Woodward, 2008; Hofsten,
2004; Woodward & Gerson, 2014). For example, infants that are able to
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perform different types of grasps (i.e. both whole hand and precision grip)
look longer to an unexpected final state of a grasping action compared to
infants that are unable to perform the same actions (Daum, Prinz, &
Aschersleben, 2011). Active experience also modulates brain activity. For
example crawling infants show stronger activation in motor areas of the
brain (measured with EEG) while observing videos depicting crawling compared to walking infants (van Elk, van Schie, Hunnius, Vesper, &
Bekkering, 2008). The authors suggested that this was due to the fact that
crawling is an action these infants have ample experience with. Walking on
the other hand, they have experience seeing but not doing. Similarly when 911 week old infants are given experience walking in water, inducing the step
reflex by making their feet touch the bottom, infants that received training
show more sensitivity to upright compared to inverted point-light walkers
than non-experienced infants (Reid & Kaduk, 2011).
The fact that experience changes infants’ understanding of others actions
has also been shown more directly in training studies. In these studies prereaching infants (i.e. infants younger than 3-4 months who do not reach effectively themselves) have been given training with sticky mittens. These
mittens are covered with Velcro providing the infant with the opportunity to
gain experience of successfully attaining a goal. When 3-month-olds received this training they were able to ascribe goals to the actions of others in
habituation paradigms similar to Woodward’s seminal studies described
above (Gerson & Woodward, 2014b; Libertus & Needham, 2010; Skerry,
Carey, & Spelke, 2013; Sommerville, Hildebrand, & Crane, 2008;
Sommerville, Woodward, & Needham, 2005). Comparable visual experience, with observing the experimenter successfully grasping toys or observing a recording of another infant reaching (yoked design), did not result in
the same learning (Gerson & Woodward, 2014b; Skerry et al., 2013;
Sommerville et al., 2008). It has been hypothesized that action experience
could help in directing infants’ attention to relevant aspects of others actions.
Further, having a goal structure of your own, developed through active experience, could make it possible to understand the action goals of others
(Hunnius & Bekkering, 2014; Woodward & Gerson, 2014).

Embodied perspective
The strong experience dependency reviewed above corresponds well with
the theory of embodied cognition. The theory of embodied, or situated, cognition emphasizes the role of the body and the environment in shaping cognition (Barsalou, 2008; Gallese & Sinigaglia, 2011; Wilson, 2002). According to the embodied account of social cognition, to understand the actions of
others we use the same perceptual, motor and introspective states that we use
when performing similar actions. That is, we understand others’ through a

13

simulation process that incorporates our own action plans and applies them
to others actions (Barsalou, 2008).
The embodied account has been used to explain a large variety of psychological phenomena (for example theory of mind, language comprehension,
memory; Barsalou, 2008; Wilson, 2002). The current thesis, however, focus
only on action understanding and more specifically action prediction, without making assumptions about a larger role of embodiment across different
aspects of human cognition.

Prediction
Already from early on infants’ own actions are structured around goals and
oriented into the future (von Hofsten, 2004). When infants reach for objects
they shape their hand to match the size of the object before contact
(Lockman, Ashmead, & Bushnell, 1984; von Hofsten & Rönnqvist, 1988).
This planning is evident in early stages of an action sequence, for example,
10-month-olds reach for an object faster if they are subsequently going to
throw the object away than if they are going to place it in a tube (Claxton,
Keen, & McCarty, 2003). To plan and execute an action takes time, making
prediction essential by the mere fact that we need to overcome the internal
processing lag of the visual-motor system (see next section). Thus, predicting future events, for example the path of a moving ball in order to catch it,
is a critical prerequisite for goal directed action (Hommel et al., 2001;
Nijhawan, 1994; Schütz-Bosbach & Prinz, 2007a; von Hofsten, 2004).
Perceptual prediction help us orient attention to upcoming events, select
appropriate responses and seems to be an integrated part of the perceptual
system (Schütz-Bosbach & Prinz, 2007b). Prediction during action execution
has the function of facilitating appropriate motor responses and of activating
future action plans (Johansson et al., 2001; Land & McLeod, 2000; Land,
2006; Sailer et al., 2005; von Hofsten, 2004). During social interaction, prediction is particularly important allowing us to fixate the goal of others actions before they are completed, in addition prediction helps us to coordinate
our actions timely with others and interact in an efficient manner (Csibra,
2007; Woodward & Cannon, 2013).
The studies included in this thesis use eye tracking to study infants’ action
prediction during observation of goal directed actions. Prediction is here
operationalized as predictive gaze shifts to the goal of the action (Gredebäck,
Johnson, & von Hofsten, 2010). Infants are suitable subjects for studying the
development of action prediction since infancy is a period of dramatic
changes both in the development of motor skills as well as in social cognition. Eye tracking is used since it is a detailed and non-invasive method, well
suitable for measuring action prediction in infants. Using this method it is
possible to see where infants look as events unfold and measure prediction in
real-time.
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The remainder of the Introduction will begin with a review of empirical
findings of predictive eye movements observed during goal directed actions.
Then some of the main theoretical perspectives of processes behind action
understanding will be reviewed in relation to predictive eye movements.

Predictive eye movements
Predictive gaze shifts have primary been studied in three contexts; during
observation of physical events, for example a ball rolling behind an occluder,
when we perform actions ourselves and when observing actions of others
(for other examples see also random stimulus appearance paradigms
[Canfield & Haith, 1991] or categorization paradigms [McMurray & Aslin,
2004]). Predictive eye movements in these three contexts will be described
below, focusing mostly on eye movements during action observation.
Already new-born infants are selectively looking at certain stimuli in their
environment, making gaze one of the most reliable dependent measures of
psychological mechanisms early in infancy (Gredebäck et al., 2010). To
focus an interesting object on our fovea we most often use saccades. Saccades are very fast eye movements moving our gaze from one position to
another (Rosander & von Hofsten, 2000; Zhao, Gersch, Schnitzer, Dosher, &
Kowler, 2012). To react to a change in the visual field and move the eyes to
this location takes about 150-200 milliseconds (Canfield & Haith, 1991;
Engel, Anderson, & Soechting, 2000; Gredebäck & von Hofsten, 2007).
During infancy the ability to reorient gaze is developing and at the age of 4-8
months it takes between 400-700 milliseconds to redirect gaze (Gredebäck,
Örnkloo, & von Hofsten, 2006).
Predictive eye movements can be defined from two perspectives. One is
whether gaze is directed to a certain location earlier than can be expected by
the internal processing lag of the visual-motor system (i.e. the time it takes to
react to a change in the visual field; often 200 milliseconds based on the
work on adult saccadic reaction times cited above; Engel, et al., 2000). Predictive eye movements can also be defined as gaze being directed to a certain location before an event occurs (for example before a hand reaches its
goal). These two operationalizations of predictive eye movements originate
from different paradigms and will be elaborated on in the following sections.

Predictive eye movements during observation of non-social
physical events
To be able to focus on a moving object one has to be able to produce smooth
eye movements (smooth pursuit). New-born infants cannot use smooth pursuit very well while following moving objects and use saccades to a large
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extent to redirect gaze to the object (Rosander & von Hofsten, 2000). The
ability to follow a moving object in a smooth predictive manner starts to
develop rapidly soon after birth. Already around 2-3 months of age infants
are able to stabilize gaze on, and track, a moving object rather smoothly.
This means that gaze is not lagging behind the object but is predictively directed towards it during the changes of its motion (Rosander & von Hofsten,
2000; 2002; von Hofsten & Rosander, 1996; 1997).
However, moving objects are not always in full view and often disappear
and reappear behind other objects – a phenomenon known as occlusion. During these events smooth pursuit is not sufficient to reorient gaze to the reappearance location (Gredebäck & von Hofsten, 2007). A base for the ability
to predict such physical events is that the world is governed by rules and
regularities, like physical laws (Spelke & Kinzler, 2007; von Hofsten, 2009).
Occluded objects tend to adhere to the law of inertia, that is, that objects
continue to move on the same trajectory as before (Baillargeon & Graber,
1987; Gredebäck & von Hofsten, 2007; Spelke, 1994). In this paradigm,
gaze is assumed to be predictive if arriving at the reappearance location of
the moving object no more than 150 or 200 milliseconds after the object has,
accounting for the internal processing lag of the adult visual-motor system
(Gredebäck et al., 2010).
Both adults and infants are able to represent objects that temporarily disappear from view and predict when and were they will reappear (Bertenthal,
Gredebäck, & Boyer, 2013; Kochukhova & Gredebäck, 2007; Hofsten,
Kochukhova, & Rosander, 2007) thus this is a basic ability grounded in early
infancy (Hespos, Gredebäck, von Hofsten, & Spelke, 2009). Infants younger
than 4 months do not predict the reappearance of an occluded object but they
do learn from experience by showing shorter reactive saccade latencies (e.g.
redirecting gaze to the object) over trials (Gredebäck & von Hofsten, 2007;
see aslo Johnson, Amso, & Slemmer, 2003). The sensitivity to these regularities get more precise with experience (Gredebäck & von Hofsten, 2007).
Initially infants extrapolate the trajectory of occluded objects based on how
the object moved before it became occluded, possibly relying on the notion
of inertia. If confronted with events that deviate from this principle (by
changing direction of motion behind a barrier), 6-month-old infants quickly
learn to adjust to this change (this ability is argued to be based on statistical
learning; Kochukhova & Gredebäck, 2007).
Together these studies show that infants are able to predict where a moving object will reappear, extrapolating its original path as well as quickly
learn from frequently occurring events and look predictively to a certain
location in space in anticipation of an event.
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Predictive eye movements during action production
Human adults gaze predictively to the goal of their own actions in most everyday situations. In these cases eye movements are usually seen as predictive
if arriving to the goal of the action before the hand arrives there. For example, we look at the tea pot before we take it and then at the cup before we
start to pour (Land, Mennie, & Rusted, 1999; Land & Hayhoe, 2001). Predictive gaze shifts are also performed while reaching for and manipulating
objects (Johansson et al., 2001; Rosander & von Hofsten, 2011), playing
sports (Land & McLeod, 2000; Rodrigues, Vickers, & Williams, 2002),
walking (Patla & Vickers, 2003) and while driving a car (Land & Lee,
1994). In all these situations gaze moved ahead of the action, in some cases
several hundred milliseconds earlier. The latency of these predictive gaze
shifts depend both on the type of task as well as the skill of the performer
(Land & Hayhoe, 2001). Land & McLeod (2000), for example, showed that
cricket players looked at the point where the ball would bounce before it did
and waited for it to bounce off in order to gain as much information as possible concerning the ball’s future path. Skilled players looked to the bouncing place 100 milliseconds before less skilled players. Similarly, when learning a new visual-motor task, the better participants got at performing the task
on a motor level, the earlier the goal was usually fixated (Sailer et al., 2005).
As already stated, actions are structured around goals in a predictive manner (von Hofsten, 2004). While performing an action our movements are
guided in part by perceptual information. As the reach evolves the perceptual
information changes and can be used in a predictive manner by the motor
system for adjustment and future control of the action (Bertenthal, 1996; von
Hofsten, 2004). Johansson, Westling, Backstrom and Flanagan (2001) concluded that gaze supports hand movement plans by marking key positions of
where the action is directed. Predictive eye movements to the goal of our
own ongoing actions thus serve the function of guiding the approach of the
hand to the goal (Johansson et al., 2001) suggesting that eye movements are
an integrated part of our motor plans (Land & Hayhoe, 2001). The consequences of our actions are also predicted at a proprioceptive level in order to
adjust and make sure we actually achieve what we intended to do (Flanagan,
Vetter, Johansson, & Wolpert, 2003; Izawa, Rane, Donchin, & Shadmehr,
2008; Shadmehr & Krakauer, 2008), for example we might apply less force
while grasping very fragile compared to non-fragile objects.
That gaze is directed predictively to the goal of our own actions seems to
be true early in development as well. Rosander and von Hofsten (2011)
showed that 10-month-old infants that have started placing objects into containers looked to the container ahead of the action, that is, before their hand
holding the ball arrived there (the same was true for adults). Gaze started to
move at the same time as the hand but arrived at the goal before the action
was completed. Although both infants and adults looked to the goal ahead of
17

their actions, adults did this earlier than infants, indicating that they have
better visual control of their actions.

Predictive eye movements during action observation
Flanagan and Johansson (2003) demonstrated that gaze patterns during action observation are strikingly similar to the gaze patterns observed during
action production (as reviewed above). Participants’ eye movements were
recorded both when they observed an experimenter building a block tower as
well as when the participant was building herself. The results showed that
participants looked to the goal of the action (i.e. to the position where the
block was going to be placed) before the hand reached this location, both
during action execution and during action observation. When participants
were shown the blocks moving on their own (the actor was invisible) the
goal was fixated after the block arrived at the particular location, suggesting
that hand-object interactions are viewed differently than self-propelled objects. The similarity of gaze pattern between action execution and action
observation has been shown in both adults and infants (Rosander & von
Hofsten, 2011). Below the literature measuring predictive gaze shifts during
action observation will be reviewed separately, first for adults and then for
infants. In most of these studies the definition of predictive gaze is not taking
into account the internal processing lag of the visual-motor system, instead
separating prediction and reactions based on whether gaze arrived before or
after the hand and/or object reached the goal (Gredebäck et al., 2010).
In adults
The principle finding reported by Flanagan and Johansson (2003), that adults
predict the goal of other people’s actions has been replicated (Falck-Ytter,
Gredebäck, & von Hofsten, 2006; Rosander & von Hofsten, 2011) and extended. Adult humans have been shown to predict a variety of actions performed by others. This ability is modulated by different factors.
One such is the kinematic information (kinematics refer to the description
of the mechanics of body movements and change in position as a function of
time). Adults anticipated point-light representations of human reaching actions but not non-biological (scrambled) versions of a point-light hand
(Elsner, Falck-Ytter, & Gredebäck, 2012). In this study it was noticeable that
8 of the 19 participants did not recognize the point light display as a hand but
there were no differences between these and those that did recognize the
hand when it came to predicting the goal. In line with this, Ambrosini,
Costantini and Sinigaglia (2011) demonstrated that prediction is also affected by hand configuration. Participants were presented with videos depicting
a hand reaching either for a small or a large object. The configuration of the
hand was varied so that it was shaped as if to grasp a small (precision grip)
or large object (whole hand grip) or not shaped at all (a closed fist). The
18

authors found that participants predicted that the hand would reach for the
goal of the appropriate size.
Another factor modulating predictive gaze shifts is the link to own motor
ability and being in position to act. Ambrosini, Sinigaglia and Costantini
(2012) showed that participants’ ability to perform an action, which was
manipulated by tying their hands behind their back, had a negative influence
on their predictive gaze shifts during action observation. The same effect has
been found during observation of grasping for objects out of reach, namely
that participants gazed later at targets just outside the actors’ reach than to
the ones within reach (Costantini, Ambrosini, & Sinigaglia, 2012b). In another study, if participants were instructed to perform power grips, the ability
to predict precision grips was impaired and the other way around
(Costantini, Ambrosini, & Sinigaglia, 2012a). Also recruiting participants
motor system, Cannon and Woodward (2008) gave adult participants a task
of either tapping their fingers in a special order or counting backwards while
observing goal-directed manual actions. Participants gaze latencies to the
goal were affected by finger tapping but not by the working memory task.
The authors suggested that the less predictive gaze shifts in the condition
inferring with motor processes suggest that these processes are involved in
action prediction.
Another factor affecting goal prediction is the saliency of the goal. In the
no-shape condition in the Ambrosini, et al. (2011) study described above,
where participants could not predict the goal based on the hand configuration, participants looked to the larger object ahead of time. The authors attributed this finding to goal saliency and suggested that when the goal cannot
be predicted based on motor cues, observers look at the larger object first. In
addition to size, sound effects also increase saliency. More proactive gaze
shifts are observed when an object is placed in a bucket with accompanying
sound than without sound (Eshuis, Coventry, & Vulchanova, 2009).
Another factor is goal certainty. When the goal is uncertain or if there are
multiple potential targets present and the goal cannot reliably be estimated
from prior trials, adults still predict the current action goal, but later in time
(Rotman, Troje, Johansson, & Flanagan, 2006). In the case when the object
goal was uncertain, the time when participants shifted gaze to the correct
object corresponded to the time when they were able to correctly guess
which object was going to be picked up (ibid.). Adults are also able to adapt
and predict even non-functional and unusual actions, like bringing a cup to
the ear instead of the mouth (Hunnius & Bekkering, 2010), however later in
time compared to functional actions.
Adults predict the goal of human actions as well as actions performed by
objects, however in the later case findings are rather inconsistent. Some studies show that adults are able to predict the goal or endpoint of non-human
objects. Kochukhova and Gredebäck, (2010) showed that adults look to the
goal (in this case the mouth), during observation of eating actions performed
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with a spoon both when the actor was performing the action as well as when
the spoon was flying by itself to the mouth. Further, adults have been shown
to predict reaching actions, performed both by hands as well as by mechanical claws (Kanakogi & Itakura, 2011). Other studies show that adults cannot
predict non-human actions. For example, adults predicted the goal during
observation of objects (toy frogs) being flicked by an actor and flying to the
container (Eshuis et al., 2009), but not when objects were flying by themselves (i.e. self-propelled) to a bucket (Eshuis et al., 2009; Falck-Ytter et al.,
2006) nor when blocks were moving by themselves to a block tower as in
the Flanagan and Johansson (2003) study.
In infants
There are many similarities between adults’ and infants’ ability to predict
action goals. However, early in development action prediction abilities
emerge close in time with action execution abilities, indicating a strong link
between action perception and motor abilities. Another difference in comparison with adults, is that infants, even when predicting action goals, often
look to the goal significantly later than adults (Hunnius & Bekkering, 2010;
Kanakogi & Itakura, 2011; Kochukhova & Gredebäck, 2010; Rosander &
von Hofsten, 2011).
Falck-Ytter et al. (2006) showed 6-month-olds, 12-month-olds and adults
movies were a female actor was placing objects in a bucket. Adults and 12month-olds looked to the bucket before the hand arrived, whereas 6-montholds tracked the hand holding the ball reactively. In a control condition involving self-propelled balls moving on their own to the bucket, none of the
groups (12-month-olds and adults) predicted the goal. The authors explained
the 6-month-old infants inability to predict the goal of the human action with
the fact that it is not until the end of the first year of life that infants master
this ability (i.e. to place objects into containers; Claxton et al., 2003;
Rosander & von Hofsten, 2011).
Following studies have shown that infants anticipate reaching actions at
6-months of age (Ambrosini et al., 2013; Kanakogi & Itakura, 2011) but not
at 4-months (Kanakogi & Itakura, 2011). When observing reaching actions
performed by mechanical claws, neither 6-month-olds in the study by
Kanakogi and Itakura (2011) nor 11-month-olds in a study by Cannon &
Woodward (2012) predicted the goal. Kochukhova and Gredebäck (2010)
showed that 6-month-olds looked to the mouth of an actor eating banana
with a spoon, but not if the spoon was self-propelled and not while observing
actions infants are unable to perform at the same age, like combing hair. In
the same study however, 10-month-old infants did predict the goal of selfpropelled spoons, but still not combing actions. The authors suggested that
feeding actions might be special in the sense that eating is biologically very
important. Eating is also something we have a lot of experience with from
early on. Further, 6-month-old infants have been shown to be sensitive to the
20

functionality of an action, and anticipate that a cup will be brought to the
mouth to a greater extent than that it will be brought to the ear. This indicates some knowledge of objects and the actions most often associated with
them (Hunnius & Bekkering, 2010), especially when it comes to mouth directed actions. From 12 months of age infants predict feeding actions (feeding someone else; Gredebäck & Melinder, 2010). By the age of two years,
children showed faster anticipation than 18-month-olds during observation
of placing puzzle pieces on a puzzle board (Gredebäck & Kochukhova,
2010).
Some of these studies have actually assessed infant’s motor ability prior
to measuring prediction, showing that there is a positive correlation between
predictive eye movements and the manual ability required to perform the
observed action. This is true for object manipulations (Cannon, Woodward,
Gredebäck, von Hofsten, & Turek, 2012), eating (Kochukhova & Gredebäck
2010), feeding (Gredebäck & Melinder, 2010) and reaching (Kanakogi &
Itakura, 2011). Similarly to adults, infants also show sensitivity to functional
hand configuration, predicting whole hand grasping actions at younger ages
than precision grasps, which is also reflected in their assessed manual abilities (Ambrosini et al., 2013).
In infancy, predictive gaze shifts to the goal are also influenced by other
factors in addition to infants’ own manual abilities. Infants are also sensitive
to the saliency of the goal, by looking earlier to a large compared to a small
object that is being grasped (Henrichs, Elsner, Elsner, & Gredebäck, 2012).
Twelve-month-old infants also learn from statistical regularities (frequently occurring events) of an observed action and predict the goal of
reaching actions that are directed towards the same object over multiple trials earlier compared to trials where different objects are grasped across trials
(Henrichs, Elsner, Elsner, Wilkinson, & Gredebäck, 2014). Along the same
line, Brandone, Horwitz, Aslin and Wellman (2014) showed infants an actor
reaching over a barrier and successfully retrieving an object or repeatedly
failing to retrieve the object. Both 8- and 10-month-old infants, as well as
adults, anticipated the successful actions, however not the first time. After
viewing unsuccessful actions, 10-month-olds and adults (but not 8-montholds) reevaluated their expectations about the actors’ goal and looked less
and less at the goal across unsuccessful reaching trials.
Two-year-olds are also able to look predictively to the correct location
where an object has been hidden based on the actors belief (in this case,
wrong belief) of where the object is hidden (Southgate, Senju, & Csibra,
2007). Further, in social situations it might be informative to attend to the
interaction between people to predict their action goals. A recent study on
18-month-old infants showed that infants took the type of interaction, collaborative or individual, between two actors into account when predicting
their goals. More specifically, when the actors were socially engaged with
each other infants predicted that they would place blocks at the location of
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the joint goal to a larger extent than when the actors had not engaged socially (Fawcett & Gredebäck, 2013).

Predictive eye movements during action observation and motor
cortex activation
The studies above suggest that one’s own motor ability is of central importance for the ability to predict other people’s action goals. Above this has
been corroborated by correlational studies with infants (reporting correlations between own ability to perform an action and the latency of goal directed gaze shifts during observation) and adults (reporting that performing
interference tasks effect the latency of goal directed gaze shifts during observation). Recently transcranial magnetic stimulation (TMS) studies have
shown more direct evidence that taxing the motor system does indeed affect
predictive gaze shifts. TMS stimulation has the effect of temporarily disrupting1 the activity in the area it is applied to (Elsner, D’Ausilio, Gredebäck,
Falck-Ytter, & Fadiga, 2013; Fadiga, Fogassi, Pavesi, & Rizzolatti, 1995).
Elsner, D’Ausilio, Gredebäck, Falck-Ytter and Fadiga (2013) stimulated
either the hand or the leg area of the primary motor cortex while the participants’ observed point-light displays of manual reaching actions. TMS over
the hand area of the motor cortex delayed predictive gaze shifts to the goal
but not TMS over the leg area, suggesting a causal link between motor activity and predictive gaze shifts. Similarly Costantini, Ambrosini, Cardellicchio
and Sinigaglia (2013) showed participants reaching actions and found that
applying TMS to the same areas involved in execution of similar actions
(here ventral premotor cortex [PMV]) affected goal directed gaze shifts.
Applying TMS to areas not involved in execution of actions (here superior
temporal sulcus [STS]) did not affect goal directed gaze shifts. Together
these studies suggest a causal connection between prediction and the motor
activation of the same action since the same areas involved in the production
of an action drive predictive gaze shifts to the target. Evidence for direct
involvement of motor cortex activation in the production of predictive eye
movements (other than brain areas controlling eye movements per se) comes
from a recent single cell study of gaze-dependent mirror neurons in macaque
monkeys. Maranesi et al. (2013) demonstrated that PMV neurons were more
active the more predictively the monkey gazed to observed action goals,
showing a connection between activity in single cells of the motor areas
involved in grasping and predictive gaze shifts during observation of reaching actions (Maranesi et al., 2013).

1

Note that TMS can also have the function of facilitating neural activity in stimulated areas.
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Processes behind action prediction
What are the underlying mechanisms that make it possible for us to understand and predict the actions of others? Here the main theoretical frameworks are divided into embodied accounts and alternative (non-embodied)
accounts.

Embodied accounts
There is much evidence that observation of actions performed by others activate the same motor areas in the brain as when we perform the same action
ourselves (Press, Cook, Blakemore, & Kilner, 2011; Rizzolatti & Craighero,
2004; Sebanz, Knoblich, & Prinz, 2003; Wolpert, Doya, & Kawato, 2003).
Similarly, studies of predictive eye movements in both infants and adults
demonstrate a clear reliance of own motor ability and current motor activity.
All of these findings support a general embodied account of action prediction. Embodied accounts argue that we rely on our own actions and motor
plans in order to understand others and predict their action goals. The use of
own motor plans during action observation is usually referred to as simulation (Blakemore & Decety, 2001). The cons of using simulation in this case
would be to obtain “experiential knowledge about what the other person is doing
at a basic level” (Rizzolatti & Sinigaglia, 2010, p. 516). In simulation accounts
goal directed gaze shifts during action observation are seen as a reflection of
a corresponding motor program activated in the observer – a phenomenon
known as direct matching (Ambrosini et al., 2011; Flanagan & Johansson,
2003). Since predictive goal directed gaze shifts are an integrated part of
individual action plans (as reviewed in the section Predictive eye movements
during action execution) activating the same motor plans during observation
of other peoples actions will inevitably result in similar predictive eye
movements (Flanagan & Johansson, 2003; Miall & Wolpert, 1996).
Here the dominant embodied account of action understanding, the mirror
neuron system (MNS), as well as the direct matching theory of predictive
gaze shifts will be described in more detail.

The mirror neuron system
Mirror neurons were originally discovered in the ventral premotor cortex, in
an area called F5 in the macaque monkey brain (Gallese, Fadiga, Fogassi, &
Rizzolatti, 1996; Rizzolatti, Fogassi, & Gallese, 2001b). About 17% of the
sampled cells in this area were found to be mirror neurons. About one third
of the mirror neurons fired during observation or execution of exactly the
same action and about two thirds fired for similar actions with the same goal
(Rizzolatti et al., 2001a). The main characteristic of the mirror neurons is
that they become active both when the monkey performs an action and when
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it observes someone else perform similar actions. As formulated by Gallese,
“for the first time a neural mechanism allowing direct matching between the sensory
perception and the motor execution of a motor act has been identified” (Gallese,
2009, p. 520). Since then mirror neurons have had a big impact on research

about social cognition (Rizzolatti et al., 2001a).
The conclusions made from these first findings were that mirror neurons
are not simply mirroring others but rather mirroring others intentions. The
logic was that if mirror neurons mediate action understanding, their activity
should reflect the meaning, i.e. the goal, of the observed action, not only the
observed actions motor and sensory features (Miall, 2003; Nelissen,
Luppino, Vanduffel, Rizzolatti, & Orban, 2005a; Rizzolatti & Craighero,
2004). To exemplify, one of the studies typically seen as leading to this conclusion measured mirror neuron responses when a monkey saw a reach directed towards an object, a reach directed towards an object hidden behind a
screen and a pantomimed reach (with no object present). When no object
was present there was no mirror neuron activity, but when the object was
hidden, more than half of the neurons responding in the fully visible action
still responded. Thus, the inference about the goal could be mediated by
mirror neurons in the absence of visual information, since the monkey knew
the object was there (Umiltà et al., 2001).
Since single neuron recordings, typically used in monkeys (but see
Nelissen, Luppino, Vanduffel, Rizzolatti, & Orban, 2005b), are not used
when studying the MNS in humans for ethical reasons (but see Mukamel,
Ekstrom, Kaplan, Iacoboni, & Fried, 2010), a variety of brain imaging techniques have been used instead (Iacoboni & Mazziotta, 2007). There is however rather strong consensus that similar areas in the human brain contain
mirror neurons compared to the macaque monkey, indicating that a similar
system exists in humans (Caspers, Zilles, Laird, & Eickhoff, 2010; Fadiga,
Fogassi, Pavesi, & Rizzolatti, 1995; Grèzes & Decety, 2001; Giacomo
Rizzolatti & Craighero, 2004). Characteristic of these areas is that they show
overlapping responses to both observed and executed actions (Arnstein, Cui,
Keysers, Maurits, & Gazzola, 2011; Gazzola & Keysers, 2009;
Muthukumaraswamy, Johnson, & McNair, 2004). Counted as part of the
main MNS areas are the PMV, the inferior parietal lobule and the STS
(Friston, Mattout, & Kilner, 2011) (see Molenberghs, Cunnington, &
Mattingley, 2012 for a review of other areas with mirror properties). The
MNS has been suggested to play a role in a number of capabilities in humans, for example in self-other differentiation (Keysers & Gazzola, 2014;
Keysers, Kaas, & Gazzola, 2010), language development (Rizzolatti &
Arbib, 1998), imitation (Iacoboni, 1999; Rizzolatti, Fogassi, & Gallese,
2001b; Rizzolatti & Craighero, 2004) and mind reading (Gallese &
Goldman, 1998).
In humans, the MNS has also been shown to code the goal of the action.
For example Gazzola, Rizzolatti and Wicker (2007) showed that adults born
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without hands recruit other (leg) motor areas in the brain when observing
actions with the same goal but performed by different means (i.e. hands).
The same is true for infants (Nyström, Ljunghammar, Rosander, & von
Hofsten, 2011; Nyström, 2008). By 8-months of age infants show a mu
rhythm suppression for goal directed actions compared to non-goal directed
actions (grasping a toy compared to touching the table; Nyström et al.,
2011). Mu rhythm is a commonly used EEG marker of MNS activity since it
indexes motor cortex activation and is typically observed during action execution as well as action observation (see Marshall & Meltzoff, 2011 for a
review of the infant MNS explored by EEG).
The amount of activation in the MNS during action observation is modulated by the observer’s own motor experience. In adults, the intensity of the
activation correlates with the similarity between the observed action and the
participants own motor repertoire as shown by for example expert dancers
(Calvo-Merino, Glaser, Grèzes, Passingham, & Haggard, 2005; Cross,
Hamilton, & Grafton, 2006) and piano players (Haslinger et al., 2005). Also, experience with tool use in the form of chopsticks has been found to correlate with activity in motor areas (Järveläinen, Schürmann, & Hari, 2004).
The same is true for expert players in basketball, but not for people with
comparable visual experience (for example coaches; Aglioti, Cesari,
Romani, & Urgesi, 2008). Cross et al. (2012) showed that visual experience
could contribute to enhanced motor activity as long as participants had at
least some prior sensorimotor experience with the task. Experience modulates MNS activity in infants as well, as shown by the study on crawling
infants explained in the introduction (van Elk et al., 2008). Eight-month-old
infants can also form nonvisual associations of observed actions. Infants that
saw their parents shake a rattle, later showed motor activity measured with
EEG to the sound of that rattle (Paulus, Hunnius, van Elk, & Bekkering,
2012).
Further, several studies show that the motor activity during action observation is predictive, starting before the observed action is completed in both
infants (Nyström, 2008; Southgate, Johnson, El Karoui, & Csibra, 2010) and
adults (Kilner, Friston, & Frith, 2007).
There is thus evidence that the MNS exists in adults as well as in infants,
however, how it develops is under debate (Bertenthal & Longo, 2007; Cook,
Bird, Catmur, Press, & Heyes, 2014; Ferrari, Tramacere, Simpson, & Iriki,
2013).
The properties of mirror neurons might be innate (although subject to
learning) (Rizzolatti & Arbib, 1998; Giacomo Rizzolatti & Craighero, 2004)
or arise from Associative Sequence Learning (ASL) (Barchiesi & Cattaneo,
2013; Catmur & Heyes, 2011; Catmur, Walsh, & Heyes, 2007, 2009; Heyes,
2010; for a highly similar account see Keysers & Gazzola, 2014). In the later
case the MNS (as argued by Heyes, 2010 and Keysers & Gazzola, 2014) is
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formed by experience and constitute learned connections (associations) between motor representations of actions and their sensory effects.

Direct matching and eye movements
The direct-matching hypothesis states that we understand the actions of another person by automatically mapping the observed action onto our own
motor representation of that action using the kinematic information we observe (Flanagan & Johansson, 2003; Hari et al., 1998; Rizzolatti et al., 2001;
Rizzolatti & Craighero, 2004). That is, observed actions can be understood
through an internal motor simulation process in the observer (Gallese &
Sinigaglia, 2011; Hamilton & Ramsey, 2013; Kilner, Paulignan, &
Blakemore, 2003; Rizzolatti et al., 2001). In this sense the activation of a
motor plan could trigger a goal representation since goals are embedded in
action plans (Flanagan & Johansson, 2003; Gallese, Keysers, & Rizzolatti,
2004; Press, Heyes, & Kilner, 2011; von Hofsten, 2004). The link between
motor experience and predictive eye movements and the connection between
activity in motor areas of the brain and predictive gaze shifts both provide
ample support for the direct matching theory (Elsner, et al., 2013; FalckYtter et al., 2006; Falck-Ytter, 2012; Flanagan & Johansson, 2003; Rizzolatti
& Sinigaglia, 2010).
Direct matching has been discussed more broadly with respect to MNS.
There are some differences in the literature about how direct matching is
interpreted and exactly what the input to the system should be. One way to
see it, is that the matching occurs at a kinematic level (Falck-Ytter, 2012b;
Press, Cook, et al., 2011; Rizzolatti, Fadiga, Fogassi, & Gallese, 1999). Another way to see it is that the matching occurs at the goal level since the
MSN is typically activated by goal directed actions, irrespective of the type
of agent preforming the action or the means to achieve the goal (Gazzola et
al., 2007; Umiltà et al., 2001). A third alternative is that both kinematic and
goal information is used for direct matching (Rizzolatti, Fadiga, Fogassi, &
Gallese, 2002; Rizzolatti & Sinigaglia, 2010).
In sum, there is much evidence for direct matching as a process to predict
the goals of other peoples actions, however exactly what is the input to the
system and what predictive gaze shifts during action observation reflect, the
goal, the kinematics or the evaluation of the kinematics is still under debate.

Non embodied accounts
The direct matching account of action understanding has been critiqued.
Although the motor system is most certainly active when people observe
others’ actions, it has been questioned exactly what is to be inferred from
this activity (Csibra, 2007; Jacob, 2009; Paulus, 2012; Phillips & Wellman,
2005; Victoria Southgate, 2013; Steinhorst & Funke, 2014). It has been ar26

gued that simulating observed actions would not necessarily provide us with
an understanding of the action goal since there are many means to reach the
same goal (Csibra, 2007).
A large part of the critique to simulation accounts of action understanding
comes from habituation studies showing that infants, as well as adults, can
represent goals and intentions of animated agents based on other cues than
kinematic ones (Csibra, 2008; Gergely & Csibra, 2003a; Hernik &
Southgate, 2012; Luo & Baillargeon, 2005; Luo, 2011). Thus, simulation
could not be the only way to understand actions (Csibra, 2007; Southgate,
Begus, Lloyd-Fox, di Gangi, & Hamilton, 2014). For example, Csibra
(2007) argues that since actions can be understood without simulation, action
understanding should happen outside the MNS (by teleological processes,
see below, or higher cognitive functions and prior knowledge about others
intentions) making MNS activity rather the result, and not the cause, of action understanding. The purpose of MNS activity would then be to help foresee future goals and movements, for example predicting how the action will
unfold (emulation) and assessing this prediction.
Others have argued that more general-purpose statistical learning mechanisms might be the driving force behind goal prediction. For example,
Southgate (2013) suggests that it is difficult to disentangle the growing ability to predict other peoples’ action goals from general motor and cognitive
development and that the correlation between action prediction and own
manual ability in infancy (as reviewed above) is not necessarily causal. Nonmotor accounts might also explain these findings. For example, the ability to
predict other people’s actions could be based on visual experience seeing
others actions acquired through time, which (along with motor abilities) is
also increasing with age. The two dominant non-embodied accounts of action understanding (teleological and statistical processes) will be reviewed
below.

Teleological reasoning
Background and theory
In habituation studies investigating what information is used to ascribe a
goal to an agent infants have often been shown a geometrical shape (an
agent) jump over an obstacle to reach another shape (the goal) repeatedly
until infants habituate. In the test event, infants have been presented with the
same scene but with the obstacle removed and the agent either continuing to
jump to the goal or moving on a straight path to the goal. Infants participating in the condition where the shape jumps as before, even though the
straight path is now available, have shown surprise by looking longer at these events relative to when observing the shape take the shortest path to the
goal (even though the jumping is most similar to what they were habituated
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to). This shows that infants generally look longer at events where the object
behaves irrationally in relation to the goal and the situational constraints.
This has been interpreted as indicating that infants expect the agent to perform the most efficient action to obtain the goal (Biro, Verschoor, &
Coenen, 2011; Csibra, Bíró, Koós, & Gergely, 2003; Gergely, Nádasdy,
Csibra, & Bíró, 1995; Gergely & Csibra, 2003b; Király et al., 2003).
Three main cues have been identified and thought to be necessary for goal
attribution to self-propelled objects. One is the behavior of the agent which
should show equifinal variation of action (i.e. vary its behavior in relation to
the goal; Biro & Leslie, 2007; Csibra et al., 2003; Luo, 2011). The other is a
salient state brought about in the goal object (for example that the object was
moved or moved on its own; Király et al., 2003). The third cue is the rationality of the action (that is, the agent should choose the most efficient approach to the goal given the situational constraints; Csibra et al., 2003;
Gergely et al., 1995; Gergely & Csibra, 2003b). If two of these aspects are
present (for example equifinality and rationality), the remaining one could be
inferred (in this case the future goal of the action; Csibra & Gergely, 2007).
The teleological reasoning account, also called teleological stance assumes that we have an innate tendency to view agents as intentional
(Gergely et al., 1995). This is a general reasoning system not acquired
through experience that is applied to both human and non-human agents. In
that sense it could also apply to actions infants cannot perform. Being a nonmentalistic process, it could be used by young infants that are not cognitively
sophisticated enough to attribute mental states to others, and thus be a precursor to mentalistic thinking (Gergely & Csibra, 2003b; Onishi &
Baillargeon, 2005). Infants show evidence of being able to make inferences
based on these rules already during their first year (Csibra, 2008; Gergely et
al., 1995). Even infants as young as 3- to 4-months have been shown to attribute goals to a self-propelled box (Luo, 2011) and react with surprise
when humans act in non-rational manners (Gredebäck & Melinder, 2012).
In relation to predictive gaze shifts
A few empirical studies have argued that predictive abilities might be governed by teleological processes. First of all, Southgate and Begus (2013),
presented 9-month-old infants with three conditions. In one condition a hand
moved forward to grasp an object. In another condition the hand was replaced with a mechanical claw. In the third condition the object was selfpropelled, moving in a similar path as the hand and the claw. In test trials,
infants were shown pictures of the initial part of the action, implying forthcoming action. In all conditions there was a decrease in the sensory-motor
alpha amplitude (another EEG marker similar to the mu-rhythm). The authors argue that the reported decrease in sensory-motor alpha during test
reflect predictive motor activity in the brain and that this phenomenon was
present for both actions that infants can perform (reaching) and events that
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cannot be represented in ones own motor repertoire (in this case movements
of mechanical claw and a self-propelled object). Based on these findings the
authors challenge the view that action prediction is driven by a corresponding motor representation of the action, as suggested by direct matching. Rather, they argue in line with Csibra (2007), that goal identification is independent of motor processes but that motor processes are subsequently recruited to generate predictions of how the action will unfold.
Secondly, Eshuis, Coventry and Vulcahnova (2009), also described
above, presented adult participants with movies similar to the ones used in
the study by Falck-Ytter et al. (2006). In one condition a human actor was
moving toy frogs to a container, in another the toy frogs were moving by
themselves to the container and in a third condition the human actor flicked
the frogs so that it flew to the container. The rationale behind the third condition was to have human intention, as in the first condition, but no human
goal directed movements. The results showed that adults predicted the goal
when the human actor moved the frog and when the human actor flicked the
frog. It was argued that human motion is not necessary for goal prediction to
occur and that predictive eye movements are driven by goals and not by the
MNS (i.e. direct matching).
Last but not least, Biro (2013), demonstrated that 13-month-old infants
predict the goal of self-propelled objects, by looking at the goal (another
ball) ahead of time. Infants were shown a ball moving in an efficient way to
the goal, i.e. another ball (jumping over an obstacle) and a ball moving to the
goal in an inefficient way (jumping when no obstacle is present). Infants
predicted the goal earlier in the rational than in the irrational condition.
The conclusions drawn from these studies pose a difficult challenge to the
direct matching account, raising interesting alternative interpretations of
what is driving prediction during action observation. However it is possible
to question these conclusions. In the first study described, predictive brain
activity but not predictive eye movements was measured. It is possible that
the sensory-motor alpha rhythm is present but that self-propelled objects are
not sufficient to elicit predictive eye movements2. In the second study it was
argued that goal representations are driving predictive eye movements to the
goal as opposed to a direct matching of the actors movement to the goal.
However, it is possible to argue that when participants saw the actor flick the
frog, this might have activated a corresponding motor representation of flicking frogs in the participant, making it hard to exclude the involvement of a
direct matching process. Thus the goal could still have been understood by
involving own action plans. In the last study, a second part of the experiment
2

Sensorimotor regions have been shown to not differentiate between object motion and actions like reaching or walking and could thus respond to all coherent motion. Further it has
been shown that hand actions and walking activate parietal regions in addition to the sensorimotor regions activated first (Virji-Babul, Rose, Moiseeva, & Makan, 2012)
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controlling for the possibility that infants extrapolated parts of the motion
and that the ball constituting the goal might have attracted gaze shifts, no
statistical differences between the conditions were found. Thus, there are
indications that teleological processes might drive predictive goal directed
gaze shifts however more research is needed in order to directly demonstrate
this.

Statistical learning
Background
Statistical learning allows us to extract patterns and structures from what we
perceive (Aslin & Newport, 2012; Bulf, Johnson, & Valenza, 2011). A fundamental task of language acquisition is segmentation of words from fluent
speech. This can be accomplished by 8-month-old infants based solely on
the statistical relationship between neighbouring speech sounds (ibid.). Statistical learning has been shown to play a role also in the ability to predict
sequences of images (Fiser & Aslin, 2002; Kirkham, Slemmer, Richardson,
& Johnson, 2007; Wentworth & Haith, 1998) or the reappearance of a temporary occluded object (as described above; Kochukhova & Gredebäck,
2007). Research in this area shows that infants can pick up on these regularities very quickly, implying that infants have access to a powerful mechanism
for the computation of statistical properties (Aslin & Newport, 2012; Fiser &
Aslin, 2002). Research on adults have shown that statistical learning can
facilitate action segmentation (Baldwin, Andersson, Saffran, & Meyer,
2008).
Statistical regularities might also have the potential to help infants learn
about causal events in their social environment. In fact, Cicchino, Aslin and
Rakison (2011) coded what kind of actions an infant (the study included one
infant tested at three occasions, 3-, 5- and 8-months of age) most frequently
observed in his natural environment by using a head mounted camera. The
infant saw people engaging in agentive actions (duration of total footage 9%)
to a larger extent than in self-propulsion (duration of total footage 3.5%). In
a subsequent habituation study it was shown that infants’ ability to understand causal agents and self-propelled motion was predicted by the frequency with which these occurred in the infants visual environment. The authors
suggested that the frequency of infants’ visual experience could affect what
they learn about what they see. As stated above, the authors also suggested
that the ability to understand causal events with age is reflected by the fact
that with age infants view more causal events, maybe because they also start
to perform more causal actions themselves in this age range (3 to 12
months).
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In relation to predictive eye movements
As described above, studies have shown that infants are able to move gaze to
a specific location in expectation of an event based on statistical regularities
(Kochukhova & Gredebäck, 2007; Wentworth & Haith, 1998). In line with
this it has been suggested that familiar actions could be recognized based on
their visual features not involving motor processes (Southgate, 2013) and
that statistical learning mechanisms might thus also explain the ability to
predict other people’s actions. There is not yet much empirical work done
with the specific question of how frequency information affects predictive
gaze shifts of ongoing actions. However, a few studies have examined this.
Henrichs et al. (2014) showed 12-month-old infants a hand reaching for
one of three objects. Infants gazed to the goal of the action significantly earlier when it was directed to the same object over trials compared to when it
was always directed to a different object. In addition, infants in the certain or
frequent condition showed learning effects over trials, suggesting that regularity in goal selection facilitates action prediction.
A study involving non-human agents also shows that we rely on statistical
regularities when predicting actions. Paulus et al. (2011) showed 9-monthold infants and adults an animated movie where an animated cow was acting
as agent. Two paths were possible and the agent was shown walking along
the long path since the short path was unavailable. Both looking times and
predictive gaze shifts were measured. After habituation, infants were shown
the test trial where the shorter path was available. In one condition the cow
took the old long path and in the other the new short path. There were no
looking time differences between the old and the new path trials; instead
infants in both conditions predicted that the agent would chose the long path,
in the sense that they first shifted gaze in that direction. This suggests that
infants predict actions based on frequency information. In addition adults but
not infants adjusted their expectations about which path the agent was going
to take after a few trials. The conclusions from this study were also used to
critique the teleological account, arguing that infants might rely on statistical
regularities more than on teleological reasoning (according to teleological
reasoning they should have expected the cow to take the shortest path to the
goal) when predicting future events.
These two studies described above measured prediction in different ways.
The study by Paulus and colleagues (2011) coded whether infants first
looked to the long or to the short path when the agent was temporarily hidden from view (i.e. correct or incorrect prediction). The study by Henrichs
and colleagues (2014) differentiated prediction from reactions based on the
time when the hand reached the goal, thus not accounting for the internal
processing lag of the visual-motor system.
Together these studies indicate that frequency information aids goal prediction both during observation of human and non-human goal directed ac31

tions. Further, in both studies learning occured during the experimental situation. More research is needed to answer how previous experience could
affect learning in the experimental situation as well as how own action production is related to this mechanism.

Summary
Most of the action prediction literature has been performed in the framework
of embodied cognition supporting the assumptions from the direct matching
account, namely that actions are understood through a process of simulation.
In line with this, there is a strong correlation between own motor capabilities
and the ability to predict observed actions as evidenced from studies on infants. Studies on adults further show that there seems to be a causal relationship between the ability to simulate an observed action and predictive gaze
shifts.
Since motor activity in the brain is also observed during non-human actions and since infants are able to ascribe goals to non-human agents it has
been suggested that teleological processes might also explain action understanding and prediction. There is substantial evidence for this account outside the prediction literature. Although not many, the few action prediction
studies demonstrating that infants predict non-human agents pose a difficult
challenge for the direct matching account explaining action understanding
through simulation.
There is also evidence that frequency information might be important for
the ability to predict goal directed actions. For example, statistical regularities in our environment could potentially explain some of the differences
found between action prediction when it comes to human and non-human
agents.
All these processes thus seam to be involved in action prediction, however, looking at previous research and the interpretations of the results, these
accounts appear rather incompatible. It is possible that one account is more
correct than the other, that they work together to facilitate action prediction
or that they all have individual contributions to this ability. Clearly more
information is needed in order to disentangle these mechanisms.
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Aims of the thesis

The general aim of this thesis is to learn more about what processes lie behind our ability to predict the goals of other people’s actions early in development. The starting point will be the embodied perspective, assuming that
actions goals are predicted by relying on simulation processes. Three eyetracking studies are included in the thesis.
Study I was motivated by studies showing that both infants and adults
look to the goal of other peoples’ actions in a predictive manner. The study
aimed to investigate how predictive gaze shifts are influenced by the functionality of the observed action as well as the type of goal the action aimed
to achieve in order to better understand the situations in which predictive
gaze shifts occur.
Study II aimed to investigate the discrepancy in prediction ability between paradigms measuring predictive gaze shifts during action observation
and studies measuring predictive gaze shifts during observation of non-social
physical events. The question asked was why infants predict some types of
events (objects moving behind barriers and human action) but less often
others (like self-propelled objects moving to a goal).
Study III aimed to investigate how cultural experience influences action
understanding and to bridge the gap between embodied accounts of action
understanding and non-embodied accounts. The aim was to investigate how
own experience with an action and how visual familiarity (from the cultural
context) influence action prediction. Thus, infants in Sweden and China
were presented with videos showing a person manipulating food as well as
eating food using the culture specific tool, that is, chopsticks in China and
spoon in Sweden.
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Methods

Participants
The three studies presented here all included Swedish infants; Study II also
included adults, and Study III Chinese infants, tested in China. The Swedish
infants were recruited from birth records and information letters were sent to
parents. Interested parents could then return a pre-paid letter of interest with
contact details, after which an appointment was made. Adults were recruited
from the university campus area. The Chinese infants were recruited with the
help of a local hospital in Chengdu. Parents of the infants and adults were
informed about the study and signed a consent form prior to participation.
All studies were approved by the Ethics Committee of the Research Council
within the Humanities and Social Sciences and followed the ethical standard
specified in the 1964 Declaration of Helsinki. Swedish participants received
a voucher worth 10 Euro as compensation. Chinese infants were given a toy
dog and 6 Euro, based on recommendations from our Chinese collaborators.
Study I included 36 10-month-old infants (16 girls) and 36 14-month-old
infants (18 girls). An additional ten 14-month-olds and nine 10-month-old
infants were tested but excluded due to failure to reach the inclusion criteria.
Study II included 26 6-month-old infants (12 girls), 28 10-month-old infants
(14 girls) and 28 adults (21 women). An additional eight 6-month-olds, 14
10-month-olds and four adults were tested but excluded due to failure to
reach the inclusion criteria or in the case of infants, due to fussiness or calibration problems. Study III included 28 8-month-old Swedish infants (15
girls) and 28 8-month-old Chinese infants (10 girls). An additional seven
infants in the Swedish sample and three infants in the Chinese sample were
tested but excluded due to failure to reach the inclusion criteria and one due
to disturbance (from older brother in the testing room).

Stimuli
The stimuli used in Study I-III consisted of movie clips presented on a computer screen showing different goal directed actions. In general these were
ecologically valid stimuli (that is, real actions performed by real people as
opposed to animated movies) recorded live with a digital camera (Sony
HDR-FX1; Sony Corporation, Tokyo, Japan for study I-II and Cannon EOS
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550D, Cannon Inc. Tokyo, Japan for study III). The recordings in study I-II
were edited in Sony Vegas (Sony Corporation, Tokyo Japan) and in study
III, in Adobe Premiere (Adobe Systems, San Jose, CA, USA).
The stimuli in Study I depicted a person standing behind a table and moving clay figures from one location to another. Infants saw the person grasping figures standing on one side of the table and transporting them to the
other side. In one condition, after having reached for and transported the
figures to the other side, the actor just placed the figures back on the table. In
another condition, the actor reached for the figure and placed them inside
small containers. In a final control condition the actor simply moved his
closed hand (fist) back and forth between the two sides, not performing any
goal-directed action. In Study I infants saw six repetitions of these videos,
each about 24 seconds long.
Study II included movies of balls being transported to a container. In one
condition a human actor moved the balls, in another condition the human
was sitting still behind the table and the balls moved by themselves to the
goal. In Study II infants saw six repetitions of these videos, each about 16
seconds long.
In Study III each stimulus movie demonstrated either a Caucasian or
Asian female sitting behind a table with a bowl full of crackers on one side.
With the use of either a spoon or chopsticks the actor picked up crackers
from the bowl and brought them to her mouth. In Study III the videos were
about 1 minute long and presented four times to each infant.

Apparatus
In all three studies participants’ gaze was measured and the recording technique was based on reflections of near infrared light from the cornea and
pupil of the eye (Tobii Technology, Stockholm, Sweden). The cornea (covering the outside of the eye) is the part of the eye that reflects light and the
pupil is the part of the eye where light enters the eye. The basic principle of
the Corneal Reflection technique is that the equipment illuminates the eye
with near infrared light. This kind of light is used because it is invisible to
the participant. From the image of the illuminated eye, the camera sees the
reflection of light from the cornea and the contour of the pupil. Algorithms
included in the software then relate the reflected light from the cornea to the
location of the pupil in order to locate participants’ gaze on the screen (that
is, where the participant was looking). To compensate for differences in the
shape of the eye and the spatial relation between the eye and the equipment,
calibration procedures are carried out (Gredebäck et al., 2010), for more
information see Procedure section below. The advantages of the corneal
reflection type of eye tracking is that it allows for some head movement
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making it a non-invasive method feasible to use in infants studies
(Holmqvist, 2011).
In Study I gaze was measured with a Tobii 1750 Eye Tracker, recording
gaze at 50Hz and in Study II and III with the help or a Tobii T120 Eye
Tracker, recording gaze at 60Hz.

Procedure
Participants in Sweden were tested in the lab (Uppsala Child and Baby Lab,
Department of Psychology, Uppsala University). Infants in China were tested at a local hospital (in the city of Chengdu). Infant participants came to the
lab or hospital with their caregiver. Before the experimental procedure began
the caregiver received a verbal description of the procedure, the aim of the
study and signed a consent form. The experimenter made sure the infant was
familiarized with the room as well as with the experimenter. Adult participants also received a verbal description of the procedure and signed a consent form, but were told the details about the questions investigated after the
experimental procedure. After the information part, infant participants were
placed on their parents lap and adult participants on a chair in front of the
eye-tracker monitor. The experimenter was seated behind the participants or
to the side behind a curtain. Before recording, the position of the participant
as well as the monitor was adjusted to obtain satisfactory gaze-tracking status. Then the calibration procedure was carried out which consisted of expanding-contracting checkerboard patterned spheres (provided by the courtesy of Scott Johnson) with accompanying sound, appearing one at a time in
each corner and in the centre of the screen. After calibration, subjects were
presented with movie clips (i.e. the stimuli used in the studies) interleaved
with attention grabbers (see next paragraph). In Study I-III as well as in other similar studies the same movie is usually presented a couple of times to
ensure that enough amount of data can be obtained.
In all studies half of the movies were mirrored, so that the action/event
started either from the left or the right side of the screen. Also, in all studies,
attention grabbers (i.e. brief animations designed to orient attention to the
screen) were used in between movies. Attention grabbers are used to make
the procedure more interesting and to increase attention to the screen.
The whole experimental procedure, that is welcoming and introducing the
participants to the procedure, signing consent forms, presentation of stimuli
and handing out compensation, took around 20 minutes in all three studies.

36

Data analysis
The data in Study I-III were analysed using custom-made MATLAB programs (MathWorks Inc, Natick, Massachusetts, USA). The data obtained
from the eye-tracker is a text file stored in the form of a matrix, where each
row corresponds to a sample. When recording in 60Hz, the system records
the position of both eyes separately on the screen in an x and y coordinate
system 60 times per second. The columns include different forms of data for
example gaze position on the screen. The principle of the custom made
MATLAB programs was very similar between all three studies. Data from
the columns with gaze position (unfiltered raw data was used) on the screen
from each eye was averaged. Using predefined areas of interest (AOI) the
program then plotted gaze position on the screen relative to what was shown
on the screen at that particular time. By visual inspection (i.e. by mouse
clicking in the custom MATLAB program (for an example see Figure 1)
showing gaze position as a function of time) the time when participants’
gaze entered the goal AOI was assessed. The program subtracted the point in
time when gaze entered the AOI (defined by visual inspection) from the
relevant point of time in the movie clip (for example when the hand of the
actor entered the goal AOI). This resulted in the dependent measure - gaze
latency. Gaze latency thus refers to when participants looked to the goal in
relation to when the action was completed (for example that the hand of the
actor arrived to the goal).
Suppose a subject looked to the goal 300 milliseconds before the hand entered the goal AOI. In order to say statistically if the subject gazed predictively to the goal the gaze latency is compared to a predefined reference
time. In study II and III gaze latency was counted as predictive if it arrived
to the goal AOI at the same time as the action (hand or object or tool depending on the study) or earlier. That is, gaze latencies to the goal AOI were
tested against the value of 0. This criterion is often used in studies of action
prediction in adults and infants (Biro, 2013; Elsner et al., 2012; Eshuis et al.,
2009; Gredebäck & Kochukhova, 2010; Kochukhova & Gredebäck, 2010).
In Study I gaze latency was tested against 200 milliseconds (i.e. if they
looked to the goal earlier than 200 milliseconds after the hand/object arrived
there). Using the 200 milliseconds criterion one ensures that infants fixate
the goal earlier than what can be expected from this internal processing lag
of the visual-motor system (see section about predictive eye-movements
during observation of non-social physical events in the introduction) allowing predictions launched during this time to be counted as predictive. This
threshold has been used in many studies targeting prediction of non-social
physical events, at the time when Study I (the second study to document
action prediction in infancy using eye tracking) was conducted it was still
unclear which threshold was most appropriate for action prediction studies.
Using the 0 threshold is more conservative and one would report more reac37

tive gaze shifts compared to the 200 milliseconds threshold, further this
threshold ensures that gaze entered the AOI before the critical part of the
action (Gredebäck et al., 2010). These two thresholds can be seen as different levels to measure prediction. Additionally, and maybe more importantly,
gaze latencies between conditions should differ from each other for an effect
to count, and not only from the ‘zero’ threshold used. In order to make sure
gaze shifts are not simply related to the saliency of the goal object predictions should also be faster than in visually similar control conditions (like for
example the self-propelled and human action condition in the Falck-Ytter et
al. 2006 study). The first type of prediction criterion is usually performed
using single sample t-tests. The other type is assessed using a t-test or
ANOVA.

Figure 1. Example from the analysis program (of Study III), modified to serve illustrative purpose (the AOIs and time scale is not perfectly matched in this figure).
Gaze position on the screen is plotted separately for x (read line) and y (blue line)
coordinates as a function of time. The first vertical green line shows when the hand
with the tool started moving to the bowl, the second; when it entered the bowl AOI;
the third when it left the bowl. The red vertical line is when the tool entered the
Mouth (head) AOI. The grey vertical line shows when gaze entered the head AOI
(which is assessed by visual inspection). This happened just before the tool came to
the mouth (the read vertical line) meaning that the infant looked to the goal of the
action predictively. The output from the program is the dependent measure gaze
latency, that is, the difference between the assessed time of when gaze came to the
AOI and the time when the action came to the AOI.
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In Study I-III, as well as in most action prediction studies described in the
section about predictive gaze shifts during action observation, the AOL is
defined in the form of a rectangle with borders close to, but slightly larger
than the goal, about 1 visual degree. This is done to take into account measurement errors and noise in the eye-tracking system.
Statistical analyses in study I were performed using Statistica (StatSoft
Inc, Tulsa) and in study II and III using SPSS (IMB corp. Armonk NY).
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Study I

Study I was motivated by the increasing number of studies showing that
infants can ascribe goals to other peoples’ actions (Sommerville et al., 2005;
Woodward, 1998) as well as look to the goal of these actions ahead of time
(Falck-Ytter et al., 2006). The aim of Study I was to replicate the original
finding by Falck-Ytter et al. (2006) as well as to extend these, from single
actions to overarching goals. This was done by manipulating the goal (reaching for objects with the intent to place on a board or reaching with the intent
to place into containers) as well as the functionality of the action. Functionality was determined by the shape of the hand, either formed as a closed fist
(not functional with respect to reaching for objects) or as a precision grip
(suitable for grasping small objects). At the same time, infants’ eye movements were measured.
As described in the first parts of the introduction (see section about prediction and predictive eye movements during action observation) Falck-Ytter
et al. (2006) suggested that the inability of 6-month-olds infants to predict
the goal of an actor placing balls in a container was due to the fact that at this
age infants have not yet started to perform this kind of actions themselves
(Claxton et al., 2003). Twelve-month-olds, more experienced with placing
objects into containers, did predict the action goal. Thus the results were in
line with the assumptions from the direct matching theory, namely that a
motor representation of one’s own of the observed action is needed for prediction to occur. Study I represents the first attempt to replicate the FalckYtter study.
With respect to functionality, previous looking time studies (see section
about action understanding), have demonstrated that infants encode the goals
of manual reaching actions (Woodward, 1999). However, when similar
events were performed with the back of the hand (Woodward, 1999) or with
a mechanical claw (Woodward, 1998), infants failed to perceive the events
as goal directed. Similarly, studies on infants (Phillips & Wellman, 2005)
and also macaque monkeys (Rochat, Serra, Fadiga, & Gallese, 2008) have
shown that intentionality is attributed to goal directed reaching actions but
not to hand movements that lack a goal. Together these studies suggest that
infants ascribe goals to functional reaching actions but not to non-functional
actions (back-of-hand) or non-human actors (mechanical claws). At the time
of Study I it was unclear whether infants’ predictive gaze shifts to the goal of
an action are modulated by the functionality of the observed hand.
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With respect to overall action sequence goals, previous studies measuring
action production show that planning of the overall goal of an action is evident at early stages of the action sequence. Claxton et al. (2003) demonstrated that 10-month-old infants reached with different speed for an object depending on the overarching goal of the action, to place in a bucket or throw
away (faster for throw), illustrating that the overall intention behind an action sequence (reaching to throw or reaching to place) impact how initial
parts of the action sequence (in this case the reaching) is carried out. It is
currently unclear if the overall goal behind an action sequence also impacts
predictive goal directed eye movements.
In Study I 10 and 14-month old infants were presented with a person performing manual actions, reaching for objects and moving them to the other
side of the table, moving them to small containers, or just moving his fisted
hand back and forth. It was hypothesized that when the goal is to insert the
objects in small containers placed on the board compared to placing the objects directly on the board would increase the specificity of the goal, by making the goal more salient as well as by constraining and specifying the potential actions that could be performed on the goal. Increasing the specificity of
the goal in this manner is assumed to result in earlier gaze shifts to the goal
in this case. Further, in line with previous studies, older infants (14-montholds) were expected to predict functional actions to a larger extent than
younger (10-month-olds). Functional actions should also be predicted to a
larger extent than non-functional actions (closed fists). Study I thus aimed,
more specifically, to investigate whether 10- and 14-month old infants differentiate between different hand configurations and if the overarching action goal has an impact on prior action units.

Design
Ten- and 14-month old infants were presented with movies in which an actor, standing behind a table, performed a set of manual actions. Two black
boards were placed on each side of the table. On one of them 5 objects were
placed. In the displacement condition the actor reached for the objects (one
at the time) and moved them to the board on the other side. In the containment condition the actor also reached for the objects on the board but subsequently placed them inside small containers standing on the board on the
other side. In the control condition the actors’ hand was fisted and, never
actually moving any objects, the actor moved his fisted hand back and forth
between the two boards. In this condition each movement ended with the
hand touching the table at the side of the black board and remained stationary for a brief period, thus the overall movement path was similar to the path
in the other conditions (see Figure 2). In all conditions the head of the actor
was not shown, the reason for this was to avoid distraction from the action,
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since infants find faces highly interesting (Farroni et al., 2002) as well as to
avoid possible cues of the goal from the actors gaze shift. In all conditions
the first part of the action (when the actor reached for the object) was called
reach action, and the part when the actor moved the object, was called
transport action. The study was a between subjects design and each infant
was presented with six videos from one of the three conditions. These were
interleaved with brief attention grabbers (as described in the methods section
under procedure).
The dependent variable was gaze latency (see data analysis section above),
calculated by subtracting the time when infants first looked inside the goal
AOI (to which the current action was directed) from the time when the observed hand and object first entered the same AOI. The between subjects
variables were goal type (condition; displacement, containment and control)
and age (10- and 14-month-olds). Within subject variables was action type
(reach and transport). General Linear Models and Fisher’s least significant
difference post hoc tests were used to test the hypotheses statistically. One
sample t-tests were used to test if latencies to the goal were predictive. Here
the 200 milliseconds threshold was used, that is gaze latency was considered
predictive if it arrived to the goal within 200 milliseconds after the hand
arrived to the goal AOI (see data analysis section).

Figure 2. Snapshots from the three conditions: (A) the reaching action in the displacement condition, (B) the transport action of the containment condition (C) the
control condition and (D) the areas of interest as well as gaze plot.

Results
The main analysis reviled three interaction effects. The first was between
age and goal type F(2,66) = 4.04, p < .05. Post hoc comparisons demonstrated that infants in the containment condition fixated the goal AOI earlier at
14-months of age than at 10-months of age. Further 14-month-olds also fixated the goal earlier in the containment condition than both 14-month-olds
and 10-month-olds in the displacement and control conditions. The second
interaction was between age and action type, F(1,66) = 7.76, p < .01. Post
hoc comparisons demonstrated that 14-month-olds shifted their gaze earlier
to the goal during reaching than during transport actions. Further, 14-montholds shifted their gaze earlier to the goal than 10-month-olds during both
types of actions. The third interaction was between goal type and action type
42

F(2,66) = 13.52, p < .0001. Post hoc comparisons demonstrated that infants
shifted their gaze earlier to the goal AOI when observing the reach action in
the containment condition than when observing the reach action in the displacement and control conditions. Infants also shifted their gaze earlier when
observing the transport action in the containment condition than during observation of the same action in the displacement and control conditions.
Looking at predictions, fourteen-month-olds looked at the goal AOI
ahead of the action during observation of reaching actions in both the displacement t(1,12) = 4.24, p < .001 and containment t(1,12) = 5.12, p < .0005
conditions (see Figure 3).

Figure 3. Average goal area of interest latencies for the three conditions. The horizontal line differentiates predictive from reactive gaze shifts. Filled circles represent
14-month-olds, and open squares represent 10-month-olds. The y-axis depicts latency (negative numbers indicate that participants on average looked at the goal before
the hand reached the goal). Error bars represent standard errors.

Discussion Study I
The results from Study I showed that 14-month-olds looked ahead of time to
the goal for reaching actions, whereas they tracked transport actions and
moving fists (in the control condition) reactively. Fourteen-month-olds also
looked to the goal earlier while observing the transport part of the action in
the containment compared to displacement condition. Further, 14-montholds looked earlier to the goal of the reaching part of the action when the
subsequent goal was to place objects inside containers (containment condition) than to the goal of reaching actions when the subsequent goal was to
simply displace the object (displacement condition). Ten-month-olds were
reactive in all conditions. Thus, 14-month-old infants ability to predict action
goals is dependent on the type of action being observed, where 14-month43

olds predict reaching actions and look earlier to the goal for transport actions
when the goal is to contain rather than displace. Most interestingly, 14month-olds seem to be able to incorporate information about the future intentions of observed actions (transport to contain compared to transport to
displace) by looking earlier already during the reach part of the action.
In Study I 14-month-old infants predicted reaching actions (latencies
around -100) but not transport actions, compared to the study by Falck-Ytter
et al. (2006) where 12-month-olds predicted transport actions (latencies
closer to -200, please note that Falck-Ytter et al. (2006) originally denote
prediction with positive values (here reversed) whereas Study I denotes prediction using negative numbers). Latencies during reaching were not measured by Falck-Ytter et al. (2006). There are several possible reasons for the
latency differences between the two studies and why infants in the current
study failed to predict transport actions.
One reason might be the number of potential objects and goals. Study I
included several small goals whereas the study by Falck-Ytter and colleagues (2006) included a large bucket and fewer objects. Previous studies
have shown that when adults observe reaching actions for one of multiple
goals gaze latencies increase (i.e predictions come later in time; Rotman et
al., 2006). Later studies support these conclusions showing that goal certainty, (if the actor reaches for the same object repeatedly), results in earlier gaze
shifts to the goal than situations with a less certain goal (Henrichs et al.,
2014).
Another reason relates to the saliency of the goal. The fact that 14-montholds looked to the goal AOI earlier for reaching actions than for transport
actions could be modulated by properties of the goal. Later studies have
shown that goal saliency influences infants goal directed gaze shifts. For
example Henrichs, Elsner, Elsner and Gredebäck (2012) showed that infants
shift gaze earlier to the goal when observing reaching for a large compared
to a small object. In line with this, when the actor reaches for an object, its
position is well defined. On the other hand, when the actor transports the
object to the other side (in the displacement condition) there is nothing that
specifies possible goal positions, making the transport part of the displacement condition extra hard to predict compared to the reaching part of the
action.
The finding that 14-month-olds look earlier for the reach part of the action when the subsequent goal was to contain rather than displace is particularly interesting in the light of prior findings by Claxton, Keen and McCarty
(2003). In that study infants were shown to adjust the velocity of their reaching movements depending on the future intention of the action. That is, when
the intention was to pick up an object to throw compared to placing it inside
a container, the reaching movement of the arm was faster. The authors suggested that this reflects motor planning, to throw does not demand a very
accurate grasp compared to if the object is subsequently going to be fitted
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into a container. The fact that infants seem to include the overall goal of the
action both during action execution as well as during observation parallels
studies which showed similarities between eye-movements during action
observation and execution (Flanagan & Johansson, 2003; Rosander & von
Hofsten, 2011). This suggests that the overall goal of an action could indeed
be reflected in gaze latencies during observation. The importance of overarching goals during execution and observation of action chains receives
support from studies on monkeys as well. A study recording mirror neuron
activity in monkeys found mirror neurons to be sensitive to the subsequent
goal of an action. These neurons responded differently during the reach for
an object depending on whether it was going to be placed in the mouth of the
monkey or in a container (Fogassi et al., 2005).
Study I aimed to provide a richer understanding of the conditions under
which prediction occur. It was not designed to specifically test the different
processes of action understanding, however the results fit nicely with the
direct-matching hypothesis of action understanding. The fact that reaching
actions but not other types of actions were predicted corresponds to the development of action production. Reaching is an action that develops earlier
in life (Kanakogi & Itakura, 2011) while the ability to place objects into
containers develops later (Claxton et al., 2003; Rosander & von Hofsten,
2011). Around 10 months of age infants start to purposefully place objects
into containers, as well as look to the goal of this action ahead of time while
producing the action themselves and while observing it performed by others
(Rosander & von Hofsten, 2011). Thus, at 14-months of age there should be
a strong and functional motor plan for this action3. The fact that non functional actions are not predicted (i.e. moving fists) is also in line with later
studies, for example a study by Loucks & Sommerville (2012) showing that
10-month-old infants’ sensitivity to functional grasps of objects is related to
infants’ own grasp production.
In summary, Study I shows that 14-month-olds ability to predict action
goals is sensitive to functional hand configurations and the overall action
goal.

3

The fact that 14-month-old infants did not predict containment actions is not well explained
by a direct-matching hypothesis; however, a series of differences in the stimulus (as reviewed
above) might have made the current task more difficult than prior studies (Falck-Ytter, et al.,
2006).
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Study II

Study II aimed to investigate the discrepancy between findings from different paradigms that have investigated predictive gaze shifts in infancy. Infants
are able to predict human actions, at least from an age when they are able to
perform the same action (Falck-Ytter et al., 2006; Kanakogi & Itakura,
2011). At the same time, infants and adults are not able to predict selfpropelled objects that mimic the movement path of the human action, at least
not to the same extent as for human actions (Eshuis et al., 2009; Falck-Ytter
et al., 2006; Kochukhova & Gredebäck, 2010). These differences are rather
puzzling in the light of other studies, measuring prediction during physical
occlusion events. As reviewed above (under the section about predictive eye
movements during observation of non-social physical events) these studies
demonstrate that both infants and adults are able to extrapolate the motion
path and predict the reappearance of self-propelled objects already from 4
months of age (Gredebäck & von Hofsten, 2007; Rosander & von Hofsten,
2004; von Hofsten et al., 2007).
How come infants predict the reappearance of temporarily occluded objects and the goal of manual actions but fail to predict the future path or goal
of self-propelled objects mimicking the movement path of human actions?
Are different processes used to facilitate prediction when observing nosocial physical events on one hand and goal-directed actions performed by
agents? A potential alternative is that stimuli differences (see next paragraph) between studies measuring action prediction and prediction of nosocial physical events (from here on also referred to as occlusion studies)
might account for the fact that infants predict some events (i.e. human goaldirected actions and balls moving behind screens), but not others (i.e. selfpropelled objects).
One such stimuli difference involves the presence of a human actor in the
scene. In action prediction studies (showing human or self-propelled objects
acting) a human actor is usually present, even if not preforming any action in
the later case. Occlusion studies however typically do not involve human
actors. In these studies a ball is usually moving over a uniform background
without social cues.
A second difference is the path of the moving object. In occlusion studies
the path is usually linear and extrapolation processes can be used to predict
the future path. In action prediction studies, the path is usually curved, like
when a ball is lifted and placed it in a container.
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A third difference is the presence or absence of an occluder. In occlusion
studies an occluder temporarily blocks parts of the movement trajectory
from view. Action prediction studies, on the other hand usually present fully
visible movement paths (for exceptions see; Costantini et al., 2012b; Elsner
et al., 2012, however in these studies the occluders were present at the end of
the movement path).
In Study II 6- and 10-month-old infants as well as adults were presented
with videos showing either a human actor moving balls to a goal or balls
moving on their own to the goal (a cone shaped container). In both conditions the path of the balls was held constant, that is, the balls were moving in
a linear trajectory not lifting from the table. Further, in both conditions an
actor was present as well as an occluder in the middle of the movement trajectory.
The aim of Study II was to provide a middle ground between action prediction and occlusion studies and directly compare predictions in the context
of actions and non-social physical events. If the discrepancy depends on
stimulus differences, controlling for these should reveal equivalent ability to
predict human actions as well as self-propelled objects actions. If, on the
other hand, different processes are used to predict human actions and physical objects, then there should be a discrepancy in prediction ability even
when controlling for the differences between paradigms.
It was hypothesized that different mechanisms are used to predict physical and social events. In the case of physical objects the ability to predict
would depend on the degree to which these events could be extrapolated.
Infants can extrapolate linear motion already from 3 months of age
(Rosander & von Hofsten, 2004) and this process should help infants predict
objects moving on linear trajectories. Independent of this, in the case of human actions, we argued that direct matching is used and that it should facilitate prediction of human action goals only when the observer has the ability
to perform the perceived action (in this case only from 10 months of age;
Falck-Ytter et al., 2006). As such it was hypothesized that young infants
should be able to predict only non-social physical events but that older infants and adults should be able to predict both (due to the presence of both
extrapolation and sufficient motor abilities).

Design
Six-month-olds, 10-month-olds and adults were presented with videos where
a woman was sitting behind a table. On one side of the table three colourful
balls were laying and on the other side there was a red cone-shaped container. After 3 seconds, a grey screen slid down from the upper part of the screen
to the lower part of the video frame. In the hand condition (i.e. human actor)
the actor reached for one ball at a time and moved them on a horizontal tra47

jectory to the container, not lifting the balls from the table. In the ball condition (i.e. self-propelled/physical object) the balls moved to the container by
themselves, using identical trajectories and movement durations as in the
hand condition. In both conditions the balls passed behind the central occluder on their way to the goal (see Figure 4). The design was between subjects, each subject was presented with six videos (3 action events x 6 movies
= 18 trials) from one of the two conditions interleaved with brief animations
in order to orient attention to the screen.
The dependent variable, gaze latency to the goal, was similarly to that
used in Study I, calculated by subtracting the time when infants first looked
to the goal AOI from the time when the (current) ball reached the goal AOI
(the actor held the ball in such a way, that the ball was first to contact the
goal the Hand condition). However note that the scale was inverted so that
predictions had positive values compared to Study I, where predictions had
negative values. The independent variables were age (6-, 10-month-olds and
adults) and condition (hand or ball). A Two-way ANOVA and Tukey HSD
post hoc comparisons were used to test the hypothesis statistically. Planned
comparison t-tests between the conditions for each age group were performed since it was expected that especially the youngest age group might
show a difference between conditions. One sample t-tests were used to test
group data against the predefined value of zero (where zero was the time the
object arrived at the goal AOI), in order to assess if infants and adults predicted the observed events.

Figure 4. Photos showing the two conditions. First an actor was shown sitting behind a table (A). After 3 seconds a screen slid down covering the central part of the
action. In the hand condition (B) the actor moved the balls one at a time to the goal
(red container). In the ball condition (C) the balls moved to the goal in a similar
way, but by themselves. The two rectangles (A) demonstrate the Goal and Ball AOIs
used in the analysis.

Results
The Two-way ANOVA showed a main effect of age F(2,81) = 8.89, p <
.001. Post hoc comparisons (Tukeys HSD) demonstrated that adults shifted
their gaze to the goal earlier than both infant groups (p < .001). Six- and 10month-old infants did not differ in gaze latency to the goal (p = .800). There
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was also a main effect of condition F(1,81) = 4.24, p < .05. Post hoc comparisons showed that participants shifted their gaze earlier to the goal in the ball
condition than in the hand condition (M=241 ms, SD = 376 ms) (see Figure
5). No interaction effect between age and condition was observed.
Planned comparisons for the different age groups showed that there was a
difference between conditions in gaze latencies to the goal only in the 6month-old group, t(24) = -.28, p < .01.
Looking at predictions, adults shifted their gaze to the goal before the ball
arrived in both conditions; t(1,13) = 5.61, p < .001 in the ball condition and
t(1,13) = 5.59, p < .001 in the hand condition. Ten-month-olds predicted the
goal in the ball condition t(1,13) = 3.56, p < .01 and in the hand condition,
marginally significant t(1,12) = 1.80, p < .097. Six-month-olds looked to the
goal ahead of the action in the ball condition t(1,12) = 5.58, p < .001, but not
in the hand condition t(1,11)=.14, p=.892.

Figure 5. Mean gaze arrival latency times to the goal relative to the arrival of the
object for the two conditions. The arrival of the object at the goal is represented by a
horizontal line at 0. The y-axis depicts latency in milliseconds, with positive numbers indicating that the participant looked at the goal before the ball reached it. Error
bars represent the standard errors of the mean.
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Discussion Study II
The results from study II showed that 6-month-olds shifted gaze earlier to
the goal when the balls were self-propelled than when a human actor moved
them. Adults predicted both types of events and overall looked to the goal
significantly earlier than infants. This means that the discrepancies reported
in the literature remained even after keeping stimuli differences small, suggesting, in line with the hypothesis, that different processes mediate the ability to predict future events when observing human actions on one hand (i.e.
direct-matching) and self-propelled objects (extrapolation) on the other.
When infants observed self-propelled objects moving in a linear way extrapolation of the movement path was possible. Both 6-, 10-month olds and
adults in Study II predicted the goal when observing self-propelled objects.
This is in line with results from occlusion studies demonstrating extrapolation abilities in infants as young as 3 months (Rosander & von Hofsten
2004). Compared to self-propelled objects in other action prediction studies,
the movement path of the objects in Study II was linear and possible to extrapolate which could explain the differences in findings when it comes to
prediction ability (Eshuis et al., 2009; Falck-Ytter et al., 2006).
When observing human actions the fact that 6-month-olds do not predict
the action goal is in line with previous studies and with the assumptions of
direct-matching theory. That is, since 6-month-olds do not yet have a motor
plan for placing objects into containers (Falck-Ytter, 2006; Rosander & von
Hofsten, 2011), they did not predict the goal of human actions. Thus, when it
comes to human actions, the movement path does not seem to matter for
prediction to occur, suggesting a different mechanism is used for prediction
in this case. In 10-month-olds the ability to predict the goal of human actions
was only marginally significant. This result fits quite well with previous
studies showing that it is around this age that infants start performing similar
actions themselves (Rosander & von Hofsten, 2011).
An intriguing question is why 6-month-old infants could not use the extrapolation process to predict human actions? One reason could be that the
hand is free to move in many ways and that human actions are not usually
moving in linear ways. In this context relying on extrapolation would usually
not be the best strategy to predict goals of human actions. From a Bayesian
and predictive coding4 perspective it has been argued that both familiar and
unfamiliar actions might lead to MNS activity (Kilner, Friston, & Frith,
2007a). Unfamiliar actions the observer has no prior (physical) experience
4

The basic principle of these accounts is that we, during action observation, constantly compare a prediction about the goal of the action with what we actually observe in a forward
manner involving different levels of action hierarchies (kinematic, goal and intentional level).
Observation of unfamiliar or unexpected actions could result in a larger prediction error and
lead to stronger motor activation (Flanagan et al., 2003; Kilner et al., 2007; Kilner, 2011;
Körding & Wolpert, 2006; Miall, 2003; Miall & Wolpert, 1996; Neal & Kilner, 2010).
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with might place higher demands on the system (leading to stronger activation) while trying to learn from, process and predict what is observed,
(Cross, Liepelt, et al., 2012; Grossmann, Cross, Ticini, & Daum, 2013;
Kilner et al., 2007). This is in line with available data (Stapel-Kaars,
Hunnius, Elk, & Bekkering, 2010; van Elk et al., 2008). Applied to the results from Study II this interpretation suggests that since the motor system
will always activate when processing human actions, the higher demands on
the system resulting from processing unfamiliar actions not represented in
the motor system of the observer could disturb or involuntarily inhibit other
processes like extrapolation. Using the more appropriate process, even when
it is not yet developed, could be a precondition for learning and interpreting
human actions.
An alternative explanation for why infants in Study II predicted the goal
of self-propelled objects could be that they saw the balls as agents according
to teleological reasoning processes (see section about teleological reasoning
in the introduction). Important to note, Study II was not designed to target
teleological processes, further it is hard to say for sure if the balls in Study II
displayed the relevant cues to be perceived as agents. Assuming the balls
were seen as agents according to the teleological stance, humans should have
been seen as agents as well. But human actions were not predicted at the
youngest age making teleological reasoning not a plausible explanation of
the results in Study II. If the objects in Study II were not seen as agents, then
the predictions from the teleological stance and direct matching concerning
the differences between conditions would probably be the same. As suggested by one of the proponents of teleological reasoning (Csibra, 2007), when it
comes to observation of human actions (actors with similar motor constraints
as the observer), simulation could indeed be the most effective way to predict the future actions of the actor (assuming that the goal is already identified). How own motor proficiency might influence teleological reasoning is
not generally specified in the teleological account.
Even when controlling for stimuli differences the difference in prediction
ability remained, suggesting that when the path is linear 6-month olds can
extrapolate the movement of physical objects but not human actions. This
suggests that different processes mediate prediction during observation of
physical and social events. In the case of human actions extrapolation could
be inhibited or simply not used in order to allow the potentially more reliable
process for predicting these types of events, direct matching, to take place.
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Study III

Study III investigated the cultural specificity of action prediction and aimed
to bridge the gap between embodied simulation accounts of action prediction
and non-embodied accounts. As discussed in the introduction (see section
about non-embodied accounts) one central critique to the direct-matching
account is that infants’ emerging ability to predict other peoples’ actions is
maybe not dependent on infants own motor development bur rather dependent on their growing visual experience seeing goal directed actions through a
process of statistical learning (Csibra, 2007; Southgate, 2013). That is, statistical regularities in one’s surrounding could be used to formulate expectations about upcoming events in a manner facilitating goal prediction (Aslin
& Newport, 2012). The aim of Study III was to compare direct matching
with statistical learning in the context of action prediction. One possibility is
that direct matching alone explains predictive gaze shifts during observation
of goal directed action. Another possibility is that prediction might be accomplished by relying on statistical regularities. A third possibility is that
these processes work together. It is conceivable that own motor plans can be
used to predict actions that are commonly occurring in the environment (or
cultural context) in which an infant grows up.
In order to test these alternative mechanisms responsible for prediction of
other people’s goals Chinese and Swedish 8-month-old infants were presented with two types of actions, eating and picking up food (the later here referred to as object manipulation) performed with a spoon or chopsticks.
From the direct matching perspective infants should predict the goal of
actions that they have ample experience performing. In this case infants have
much experience placing objects in their mouth (Gredebäck & Melinder,
2010; Juberg, Alfano, Coughlin, & Thompson, 2001; Kochukhova &
Gredebäck, 2010). Already newborns move their thumbs to their mouth, and
open the mouth in anticipation (Lew & Butterworth, 1995). Eight-month-old
infants have, on the other hand, less experience manipulating and picking up
objects. The difference between actions directed towards the mouth and external objects should be particularly prominent when tools are used to
achieve these goals. This claim is based on the finding that infants at nine
months of age are unable to rely on tools to interact in a goal directed manner with external objects, while being able to use tools to bring objects to
their own mouth (McCarty, Clifton & Collard, 2001; McCarty & Keen,
2005). According to the direct matching hypothesis it was hypothesized that
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having a motor representation for bringing objects to the mouth and the ability to open the mouth prior to the arrival of the object (Lew & Butterworth,
1997) could create a functional asymmetry that might make mouth oriented
goal directed actions easier to predict than other actions (Kochukhova &
Gredebäck, 2010). This might further facilitate prediction of mouth-oriented
actions even during observation of tool use. Thus, according to the direct
matching hypothesis 8-month-old infants should predict the goal of eating
actions but not object manipulation actions.
According to the cultural hypothesis5 (here culture is operationalized as
statistical regularities in one’s environment) infants should predict the goal
of actions that they often observe in their social setting. Chinese infants have
regular exposure to chopsticks and Swedish infants do not. At the same time,
the spoon used in the current study is highly similar to the average Swedish
spoon (long handle, round bowl) and quite different from the typical Chinese
spoon (short handle, flat bowl). From a cultural perspective it was hypothesized that infants should anticipate tools that they are highly familiar with,
that is, spoon-use in Sweden and chopsticks-use in China. Since food needs
to be manipulated before being placed in the mouth, the cultural hypothesis
would predict that both of these actions should be anticipated to an equal
degree.
Though not discussed in the literature it is possible that both substantial
cultural exposure and the ability to perform the observed action is needed in
order to facilitate prediction. The Direct Matching plus Culture hypothesis
requires that both above mentioned requirements are fulfilled. That is infants
should predict action goals when observing actions that they are highly proficient in performing (placing objects in mouth) and that are often occurring
in the cultural context in which the infants live. That is, chopsticks to eat in
China and spoons to eat in Sweden.
Before moving on to the design of Study III, I will briefly discuss what is
known about tool use and understanding of others tool use in infancy.

Tool use development in infancy
During development infants are engaging in a number of spontaneous
movements, which subsequently lead to more efficient and precise movements. This kind of activity, like for example banging, is suggested to be
adaptive for skilled tool use (Kahrs, Jung, & Lockman, 2012; Lockman,
2000). Infants also develop their ability to plan tool use actions. For example
McCarty, Clifton and Collard (1999) presented 9-, 14-, and 19-month-olds
infants with a spoon loaded with food. The handles where either pointing in
the direction of 3 or 9 o’clock, the younger infants tended to grasp the tool
5

Note that cultural hypothesis and statistical hypothesis will sometimes be used interchangeably.
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with their dominant hand and adjust it later, whereas the older infants planed
their action and grasped the tool with correct radial grip from the beginning.
Infants are also better at planning their tool use when self-directed than away
form the body, for example using a spoon to feed themselves compared
pouring water in a toy (Claxton, McCarty, & Keen, 2009).
There is support for the view that tools can be seen as an extension of the
arm. Hofer, Hauf, and Aschersleben (2005) showed that 9-month-old infants
did not interpret an action performed by a mechanical claw as goal-directed.
However when the claw was perceived as a tool hold by a hand, even when
the hand was not visible, infants did interpret the action as goal directed.
Further, active experience with a tool, here a cloth used to retrieve a toy,
facilitated 10-month-old infants ability to identify the goal of tool use actions
(Sommerville et al., 2008). It has also been shown that already from 6months of age infants have acquired rudimentary knowledge about everyday
functional objects. Hunnius and Bekkering (2010) (also described in the
introduction) showed infants, ranging from 6 to 16 months movies where a
person used 3 different everyday objects in a usual as well as an unusual
way. Already 6-month-old infants showed more anticipatory looks to the
mouth of an actor when the actor was moving a cup towards the mouth area
compared to a brush. At six months of age infants predicted eating actions
performed with a spoon (Kochukhova & Gredebäck, 2010). Infants are also
able to use the initial part of a tool use action in order to predict which object
a tool will be used on (Paulus, Hunnius, & Bekkering, 2011). These authors
showed 14- and 20-month old infants a tool that could be used to insert it
into a box or to hit a bell depending on how it was hold. Twenty-month-old
infants looked to the correct goal depending on how the actor grasped the
tool. These results are in line with the results of McCarty et al. (1999) showing that 19-month-old infants were able to grasp a spoon, prospectively adjusting for its orientation. However, when a spoon compared to a novel object was used to perform a novel action, inside a container, infants (12- to
18-month-old) tended to grasp the spoon in the way a spoon is usually
grasped although the bowl part of the spoon did not fit into the container
(Barrett, Davis, & Needham, 2007). Together these studies show that infants
practice tool use and have some knowledge about tools and objects that they
incorporate in their action production as well as action perception (see also
van Elk, van Schie, & Bekkering, 2014, for a review).
Tool use can lead to functional reorganization of limb representations in
the brain and is suggested to involve higher perceptual areas (Johnson-Frey,
2003). Costantini, Ambrosini, Sinigaglia and Gallese (2011) showed that
when participants engaging in tool-use observation were themselves holding
the same tool, their own reaching space was remapped, making objects further away perceived as reachable. In humans it has been shown that mere
tool observation can lead to activity in left premotor cortex (Grafton, Fadiga,
Arbib, & Rizzolatti, 1997). Tool use is observed also in monkeys, and the
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same neurons as for grasping with the hands are active when grasping with a
tool (Rochat et al., 2010; Umiltà et al., 2008).
Taken together, this evidence suggests that an action performed by a tool
can be perceived as an extension of a human agent. It has also been suggested that the ability to develop tools is rooted in humans social cognitive skills
and that the knowledge about them is culturally transmitted (Tomasello,
Carpenter, Call, Behne, & Moll, 2005).

Design
Eight-month-old infants living in Sweden and China were presented with
one of two conditions. In the chopsticks condition the actor ate puffed corn
snack crackers with chopsticks and in the spoon condition the same food was
eaten with a spoon.
Each movie clip began with a model sitting behind a table with the tool
(spoon or chopstick) in one hand and a bowl with puffed corn snack crackers
on the other side of the table (see Figure 6 and 7). In the beginning of each
clip the actor looked up and waved, looked down at the tool in the hand, said
“oh”, and moved the hand holding the tool back and forth in a rotating manner in order to get the infants attention to the tool. Then the screen went
black and an attention grabbing sound was heard. When the actor became
visible again she reached for a puffed corn snack cracker with the tool (object manipulation) put it in her mouth (eating) and while chewing put the
hand with the tool back to the starting position. Then the screen went black
and a brief sound was heard after which, the same thing was showed again
two more times. Each of the three object manipulations and eating actions
within each clip were different, that is, there were three consecutive action
sequences with small variations in path and duration of motion. After these
three actions, the screen went black, a boing was heard and then the actor
was shown again for a short time waving goodbye to the observer.
The design was between subjects, infants in the chopsticks condition were
presented with 4 different movies (3 eating events x 4 movies = 12 trials) all
using chopsticks but with two different models and the action presented towards the right and left. The same was true for infants in the spoon condition, but all actions were performed with a spoon instead. The first two clips
always showed the action starting to the left side of the table from the actors’
point of view and the last two to the right. Infants in the Swedish sample
were first presented with the Caucasian model and then the Asian in alternating order. Chinese infants were first presented with the Asian model and
then the Caucasian in alternating order. This was done to ensure that infants
were initially presented with a familiar looking model. In addition, parents of
infants were also asked a few questions about their child’s feeding and tool
experience.
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Figure 6. Snapshots from move clips showing different phases of the stimuli, letters
A – H indicate the ordering of snap-shots in the movie with a Caucasian (A-D) and
Asian (E-H) model.

Figure 7. Figure showing the areas of interest (Tool, Mouth and Bowl AOI) used in
the analysis.

The dependent variables, gaze latency to the goal (mouth or bowl), was calculated by subtracting the time when infants first looked to the goal AOI
from the time when the tool held in the hand reached the goal AOI. Like in
Study I, predictions had negative values. The independent variables were
culture (Sweden and China) and tool (spoon or chopsticks). First a multivariate General Linear Model repeated measures with action direction (to mouth
or bowl) as the within subject variable and culture (Sweden and China) and
tool (chopsticks and spoon) as between subject variables was performed.
These were followed by separate two-way ANOVAs, one for gaze shifts to
the mouth and one for gaze shifts to the bowl and by planned comparison ttests comparing the different tools within a culture (i.e. separately for Sweden and China), again separately for mouth and bowl directed actions. One
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sample t-tests were used to test group data against the predefined value of
zero (where zero was the time the object arrived at the goal AOI).

Results
Parents in Sweden were asked how often their child might have seen them
eat with chopsticks; 3 infants were reported seeing that once a week, 5 once
a month, 11 a few times (range 1-5) and 9 never. The parents in China were
also asked the same question and all infants were reported seeing their parents eating with chopsticks every day. The Chinese parents were also asked
whether their children ever saw them eat with knife and fork, and none of the
infants were reported seeing this. Infants in the Swedish sample started being
fed by a spoon around the age of 4.7 months. Infants in the Chines sample
started being fed by a spoon around the age of 4.4 months and with chopsticks around 5.7 months. Further parents were asked if their children were
eating by themselves using their hands. In the Swedish sample 79% and in
the Chinese sample 71% of the infants did this. Fifty percent of the Swedish
infants and 29% of the Chinese infants were allowed to hold a spoon while
fed. Only 7 % of the Chinese infants were allowed to hold Chopsticks while
fed (the Swedish parents were not asked this question). Of the Swedish infants 79% were given AD (vitamin drops usually given on a daily basis) with
a spoon and the corresponding number in China was 18%.
Analysis including latencies to Mouth and Bowl
A multivariate General Linear Model GLM revealed a significant effect of
action direction (mouth or bowl) F(1,52)=32.105, p <.001, η2part=.382. There
was a marginally significant interaction effect of action and culture
F(1,52)=2.936, p =.093, η2part=.053. Between subject effects showed a significant interaction between tool and culture F(1,52)=14.435, p <.001,
η2part=.217. In order to further investigate the nature of these statistical effects
separate analysis were performed for the two action directions (mouth and
bowl).
Gaze latencies to the Mouth
For gaze latencies to the mouth a two-way ANOVA showed an interaction
effect between culture (China and Sweden) and tool (chopsticks and spoon),
F(1,52)=10.79, p =.002, (see Figure 8).
Planned comparisons t-tests demonstrated that Swedish infants shifted
gaze to the goal earlier when observing spoons (M = -339 ms, SE = 14 ms)
than when observing chopsticks (M = 76 ms, SE = 70 ms), t(1,12)=2.62,
p=.015. The same test demonstrated the opposite results for Chinese infants
that shifted their gaze to the goal marginally earlier in the chopsticks condi-
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tion (M = -284 ms, SE = 68 ms) than in the spoon condition (M = -60 ms, SE
= 90 ms), t(1,12)=1.99, p=.057.
Looking at prediction, Swedish infants predicted eating actions performed
with a spoon, t(1,13) = 2.38, p=.033, and the Chinese infants predicted eating actions performed with chopsticks t(1,13)=4.19, p=.001. Swedish infants
did not predict chopsticks (t(1,13)=-1.09, p=.30) and Chinese infants did not
predict spoons (t(1,13)=.66, p=.52).

Figure 8. Mean gaze latency (negative numbers = prediction) to arrive at the goal
when observing actions directed towards the mouth (first graph from the left) and
towards the bowl (second graph from the left) using a spoon (black squares) and
chopsticks (grey circles) in China and Sweden. Line at 0 represents the time when
the tool arrived to the goal AOI. Error bars represent standard errors. Note the different scales in the two graphs (where in the Mouth analysis gaze is mostly predictive and in the Bowl reactive).

Gaze latencies to the Bowl
The same analysis with gaze latencies to the bowl also demonstrated an interaction effect between country and tool type, F(1,52)=4.42, p = .040 as
well as a marginally significant main effect of country p = 0.056, with later
latencies for Chinese (M = 368 ms, SE = 87 ms) than Swedish (M = 156 ms,
SE = 69 ms) infants.
In the Swedish sample, planned comparison t-tests demonstrated that
there was no difference in latency of goal directed gaze shifts between
spoons (M= 93 ms, SE= 95 ms) and chopsticks (M= 223 ms, SE= 100 ms),
t(1,12)=-.941, p=.355. In the Chinese sample the same test demonstrated a
marginal significant difference between the latency of gaze shifts to the
bowl, with earlier gaze shifts when the action was performed with chopsticks
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(M = 207 ms, SE = 134 ms) than with spoons (M = 530 ms, SE = 97 ms),
t(1,12)=-1.95, p=.062.
Looking at prediction, none of the infants predicted the goal of spoons
moving to bowls. Single sample t-tests demonstrate that Swedish infants did
not predict the goal of spoons to bowls, t(1,13) = .980, p=.345, nor chopsticks moving to bowls, t(1,13)=2.23, p=.044 (significantly reactive). Chinese infants did not predict the goal of chopsticks to bowls, t(1,13)=-1.542,
p=.147 nor spoons to bowls t(1,13)=5.491, p<.001 (significantly reactive).

Discussion
Study III demonstrated that Swedish infants predict eating actions performed
with spoons and Chinese infants predict eating actions performed with chopsticks. Neither infants in China nor in Sweden predicted the goal of object
manipulation actions. Thus, goal prediction seems to be constrained by the
cultural context but also, in line with prior findings, by the fact that infants
need to have the ability to perform similar actions themselves. In other
words, culture appears to work together with the observers own motor plans
in order to facilitate goal prediction. Thus infants in both cultures predict the
same basic goal (i.e. eating), just the context (i.e. culture specific tool) differs.
Along the lines of prior prediction studies only actions infants have experience with (in this case placing objects inside the mouth) were predicted.
This is in line with the direct matching hypothesis and prior studies demonstrating a clear dependency on active experience in action prediction tasks
(Ambrosini et al., 2013; Cannon et al., 2012; Falck-Ytter et al., 2006;
Gredebäck & Kochukhova, 2010; Kanakogi & Itakura, 2011; Kochukhova &
Gredebäck, 2010; Melzer et al., 2012; Rosander & von Hofsten, 2011). These studies have also demonstrated that substantial experience is needed with
performing the action, in the case of feeding interactions, 200 days
(Gredebäck & Melinder, 2010). The experience from performing actions is
probably both motoric and visual. Learning and taking advantage of all the
information available to understand other people’s actions should be the
most effective way to develop ones social cognitive capabilities.
On the other hand the culture specific tool was predicted, irrespective of
whether infants were able to use this tool or not. This supports the cultural/statistical hypothesis in the sense that commonly occurring events in the
surrounding seem to have an influence on predictive gaze shifts. It also goes
against the direct matching hypothesis, since actions outside the infant’s
behavioral repertoire were predicted. Several studies have compared the
influence of active experience with visual experience and showed that active
experience has a stronger effect on infants’ action understanding (Gerson &
Woodward, 2014c; Rakison & Krogh, 2012; Skerry et al., 2013;
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Sommerville et al., 2008). It has been suggested that action experience can
enhance infants’ knowledge directing attention to relevant aspects of an action indicating a bidirectional relationship between motor experience and
observational experience (Bertenthal, 1996; Gerson & Woodward, 2014c;
Loucks & Sommerville, 2012). The fact that 8-month-olds in China, although almost never having held chopsticks in their hand could predict these
action goals, could be explained with the fact that they have both substantial
experience placing things in their mouth (Lew & Butterworth, 1997) as well
as substantial visual experience seeing this action being performed in their
visual cultural environment.
One manner in which these results can be reconciled is, as suggested in
the introduction to Study II, to assume that more than one process can explain prediction. In some cases, like in Study III two processes might be
needed at the same time. That is both ample visual experience from the surrounding cultural context and one’s own motor capabilities work together to
facilitate goal prediction during action observation. The fact that both visual
and motor experience is required in order to predict action goals might potentially align with one of the newer mirror neuron accounts. According to
the associative sequence learning account (ASL) the human mirror neuron
system acquires its capability to match observed events onto the motor system by integrating sensory and motor information. This suggests that learning is driven by experience in which specific actions, those to which the
system will subsequently be responsive, are concurrently observed and executed (Catmur et al., 2009; Cecilia Heyes, 2010, 2013). In this view the input
to the system gets a rather prominent role. This input, in relation to study III,
would be both the cultural context and proprioception from own actions,
making mirror neurons not only a product but also a process of social interaction (Heyes, 2010).
From a Bayesian (Kilner et al., 2007b) as well as statistical and teleological perspective (Csibra, 2007; Eshuis et al., 2009; Southgate, 2013) one
could argue that the context, a person sitting behind a table and a bowl of
crackers present, would be enough to assume eating is going to take place
(independent of tool used). In that sense, the present result rime well with
training studies failing to show transfer effects to other situations or objects
(Gerson & Woodward, 2014c; Rakison & Krogh, 2012). Indicating a slow
process, at least not a direct process, of integrating information from different modalities (embodied and non-embodied) for action prediction (see
Hunnius & Bekkering, 2014; Woodward & Gerson, 2014).
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General discussion

The general aim of this thesis was to learn more about the processes behind
action prediction in infancy starting from the embodied perspective. Using
eye-tracking infants’ gaze was measured during observation of videos showing goal directed actions.
Study I revealed that 14-month-old infants are sensitive to the functionality of hand configuration and predict the goal of reaching actions but not of
moving fists. Fourteen-month-olds also looked earlier to the goal of reaching
actions when the goal was to contain rather than displace, indicating that the
overarching action goal (place/displace) impact the ability to predict local
action goals, in this case the goal of the initial reaching action.
Study II demonstrated that 6-month-olds did not predict the goal of a human actor moving balls to a container but they looked to the container ahead
of time when balls were moving there by themselves. The fact that 6-montholds did not predict human actions was interpreted as evidence for the directmatching theory because 6-month-olds have not yet started performing similar actions themselves and thus lack a motor representation to match the
observed action onto. The ability of 6-month-olds to look predictively to the
goal while observing the balls moving on their own was suggested to rely on
extrapolation mechanisms. The marginally significant result of prediction in
10-month-olds for human actions supports the notion that direct matching
comes on-line once the ability to perform an action has developed. This
study is the first to demonstrate that multiple mechanisms can be used to
predict future events (extrapolation to predict non-social physical events and
direct matching to predict human actions).
Study III showed that both visual experience from the cultural environment as well as own motor capabilities influence goal prediction during action observation in infancy. That is, infants in both Sweden and China predicted eating actions when these were performed with the culture specific
tool (that is spoons in Sweden and chopsticks in China). None of the infants
predicted object manipulation actions. This study demonstrates that prediction of others goal directed actions is not simply based on own motor ability
and a direct matching process (as assumed in Study I and II) but rather on a
combination of visual/cultural experience and own motor ability. Based on
these findings some of the conclusions from Study I and II might need to be
modified.
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Processes behind action prediction
As summarized above the results from Study I-III demonstrate that action
prediction can be accomplished and mediated by different processes. Physical objects are predicted with extrapolation and as shown by Study III, goal
directed actions are predicted using a combination of own motor ability and
statistical regularities derived from the cultural context in which we live.
This suggests that more information than suggested by the direct matching
hypothesis is needed for prediction. There is little room for this in the formulations of direct matching (assuming that actions are predicted by mapping
the observed movements to own corresponding motor acts; Rizzolatti &
Sinigaglia, 2010). However, newer accounts of the MNS might be applied to
the results from this thesis taking this type of information (i.e. statistical
regularities in the environment and own motor capabilities) into account,
reformulating the direct matching hypothesis of predictive eye movements.

Direct matching revisited
According to ASL (the associative sequence learning account), mirror neurons are shaped by sensorimotor experience of concurrently observing and
executing actions. It is through this kind of learning that mirror neurons acquire their matching properties of responding when we see someone else
perform an action (Barchiesi & Cattaneo, 2013; Catmur et al., 2009; Heyes,
2010). An illustrative example of how this is supposed to work is given by
Heyes (2010a); “whenever a monkey performs a grasping action with visual guidance, the activation of motor neurons (involved in the performance of grasping) and
visual neurons (involved in the visual guidance of grasping) is correlated. Trough
associative learning, this correlated activation gives the grasping motor neurons
additional, matching properties; they become mirror neurons, firing not only when
grasping is executed, but also when it is observed” (Heyes, 2010a, p. 577).

Central to ASL are the concepts of contiguity as well as contingency.
Contiguity refers to observing and executing the same action at the same
time and contingency refers to the predictive relationship between the two
events (i.e. execution and observation; Heyes, 2010b). Since the motor
command (grasping) comes before the sight of the grasping, these two
events will have a predictive relationship (contingency). According to this
perspective, these associations can be seen as reflecting something similar to
a goal memory representation of the already formed associations between
the motor and the perceptual aspects of an action (Keysers & Gazzola, 2014;
Press, Heyes, et al., 2011)6. This shows how early visual responses and mo6

There are similar accounts stressing the association between actions and their effects, see
Hebbian learning; (Keyeses & Gazzola 2014), and ideomotor theory; (Elsner & Hommel,
2001; Elsner, 2007; Paulus, 2012; Shin, Proctor, & Capaldi, 2010). These accounts all high-
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tor activity could be coded by the same neuron placing cognition and perception in overlapping modules (Cisek & Kalaska, 2010). Automaticity is
stressed in this account suggesting that once an association is formed the
activation of the sensory representation of an action could automatically
activate the motor representation (Heyes & Bird, 2008).
ASL explains mirror neuron data well, by for example more explicitly accounting for how the goal of an action and not just the means could be mirrored. For example, aplasic (without arms) individuals might, with sensorimotor experience, come to associate the sight of hand actions with own
motor programs for mouth and foot actions (Gazzola et al., 2007). Further,
mirror neurons have been shown to fire both when a monkey observes a
hand reaching for an object and (although fewer) as well as when this object
is hidden behind an occluder (Umilta et al., 2001). According to ASL this is
explained by the fact that not seeing the whole movement of the hand (as
long as the monkey knows there is an object behind the screen) just reflects
what is frequently occurring in a natural noisy environment. Thus, the fact
that fewer neurons fired when the object was occluded can be explained by
the difference in similarity between the present event and what was observed
when the mirror neurons were acquiring their properties (at that time probably the whole action was visible; Heyes, 2010a). These examples also illustrate that what is most frequently observed (i.e. statistical regularities in our
environment) in combination with motor experience and motor capabilities
can be represented in the firing pattern of mirror neurons.
From this perspective, one suggestion could be that direct matching does
work but that the process that gives rise to simulation requires strong connections between proprioceptive and visual7 information to be formed. In
line with the interpretation of direct matching suggested here, goal prediction
during action observation would require both substantial motor as well as
visual experience with an action. Goal prediction would occur at the same
time infants’ have developed the motor skill associated with a particular
action as well as when they have acquired substantial visual experience with
the same and similar actions forming associations that could be used for
prediction. According to this interpretation own ability to perform an action
would be necessary but not sufficient input needed to predict other peoples
actions. Applying this interpretation to the present results, direct matching
might thus not be based solely on own motor experience with an action as
suggested in Study I and II, in addition it might rely on substantial visual
light the associative link between actions and their effects, but differing in their level of explanation.
7
Although visual experience is being stressed in this ASL account, training studies show that
associations can be made between an event (for example a geometrical shape) and a motor
representation (moving a finger) even when participants are not able to see their own actions,
indicating that these associations can be non-visual (Press et al., 2012).
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information about goal completion as suggested in Study III. That is, both
visual and motor experience, of performing as well as observing own and
others actions, might need to be substantial to allow prediction.
The fact that associations between actions and goals could be acquired
through own experience and trough observation of others highlights the
power of social and cultural influences on our action understanding abilities
(Heyes, 2010; see also Ferrari et al., 2013). For example there should be
more associations between actions and goals frequently occurring (both by
observation and through own experience) in our environment. This view
would be comparable to what is proposed in several studies stressing the
bidirectional aspect of own and observational experience (Bertenthal, 1996;
Gerson & Woodward, 2014c; Loucks & Sommerville, 2012; SchützBosbach & Prinz, 2007a; Sommerville et al., 2008), suggesting that both
types of experience might alter infants’ attention to different aspects of an
action. In that way ASL provides a plausible explanation for the difference
in prediction ability of eating actions between the cultures in Study III. In
line with ASL the visual aspects of a tool (and its statistical occurrence in the
environment) together with own motor capabilities could be associated with
eating to a larger degree than non-frequently observed tools (an alternative
or complementary theory to the culture specific tool sensitivity would come
from the affordance theory; Bach, Nicholson, & Hudson, 2014). Study I and
II were not designed to disentangle visual experience from motor experience.
However, the fact that infants gazed earlier for the reaching part of the action
in the containment compared to the displacement condition in Study I could
indicate that a clear goal could imply action and be more strongly associated
with reaching than the absence of a clear goal, in line with predictions from
ASL.
To summarize, a direct matching process based on mirror neurons shaped
by sensorimotor experience and associative learning places the goal of an
action in a more prominent position compared to the classical direct matching view. The present proposal also better accounts for how visual learning
from the regularities in our environment together with motor experience
could interact and aid goal prediction.
This view further makes embodied accounts and statistical learning hard
to disentangle. That is, actions frequently observed in our environment
would also (especially in social situations) be actions we frequently perform
ourselves. Experience stemming from our own action production and from
observation of our own and others actions could build up a general inference
base where statistical regularities would be represented on a motor level. In
fact, Barsalou (2008) argues that statistical regularities (concerning actions)
could be viewed as stored multimodal information generating simulation and
guiding situated action (Barsalou, 2008). I will elaborate on this below.
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More about the motor development
Early in infancy, it is easy to imagine motor development as having a particularly large effect on the statistical regularities of what we observe. Indeed
there is evidence that the regularity of occurrence of certain events in our
environment changes through development8. For example it has been suggested that in infancy, we might view more causal events when we start to
perform causal actions ourselves (Cicchino et al., 2011). Kretch, Franchak
and Adolph (2013) suggest that infants’ embodied experiences and transition
from crawling to walking changes what they see and perceive by changing
their perspective, tying visual experience to infants posture. Further, infants
take time to explore objects and their properties, they slap, hit and tip objects
to give some examples (Lockman, 2000; Paulus & Hauf, 2011). Learning
about some object properties would probably be hard to do on a mere visual
level. Thus motor skills could be seen as involved in the process of development and not only as a product of the same (Bertenthal, 1996; 2008). In
studies of adult experts it has also been shown that it can be hard to disentangle motor from visual experience. Experts usually have both more motor
and more sensorimotor experience with an action than non-experts (CalvoMerino et al., 2005; Press, Gillmeister, & Heyes, 2007; Press, Heyes, et al.,
2011; Press, 2011). Together with habituation studies showing strong effects
of action experience on the ability to see actions as goal directed (see section
about action understanding in the introduction) this suggests that associations between actions and goals would at least early in infancy most often be
based on motor processes and not just visual statistical learning.
More about simulation
A couple of studies show that simulation can effect action production. Longo
& Bertenthal (2006) had 9-month-olds participate in an A not B task (originally developed by Jean Piaget to study sensory-motor development in infancy; Marcovitch & Zelazo, 1999). In this paradigm an object is hidden at
location A and the infant is encouraged to search for it. This is repeated a
number of times and then the object is hidden at location B. Up to a certain
age, infants have a tendency to continue to search for the object at location A
(i.e. perseverate) although they saw where the object was hidden
(Marcovitch & Zelazo, 1999). Infants were shown the experimenter search
for an object with either an ipsilateral or contralateral reach (contralateral
reaches are crossing the body midline, ipsilateral reaches are usually preferentially performed by infants this age). The results showed that infants perseverated more after seeing the experimenter perform an ipsilateral search in
8

An aspect not elaborated on here but most certainly playing a role would be that genetic
predispositions could somehow interact and influence the development of general motor
development (which would also be relevant for the development of ASL; Ferrari et al., 2013).

65

A trials than after seeing a contralateral search. This was suggested to indicate that infants simulate the observed action, since observation of ipsilateral
reaches (more close to infants motor capabilities) resulted in perseveration
(ibid.). Similarly Melzer et al. (2012) showed that the better 12-month-olds
were at producing contralateral reaches the better they were at predicting
observed contralateral reaches. Further, also indicating simulation, Paulus,
Hunnius, Vissers and Bekkering (2011) used a rational imitation paradigm9
to show that infants tended to imitate the goal of the actor (compared to the
means) to a larger degree if the action was performed in accordance with
infants’ motor capabilities. For example like when the actor had his or her
hands on the table for support. In adults it has also been shown that the ability to simulate an action affects action prediction (see section about predictive eye movements in adults and activation in the motor cortex). From a
statistical point of view this makes sense, since actions performed by humans should be more frequently represented in our environment and thus
simulating actions on a kinematic level would be rather informative (Csibra,
2007; Kilner et al., 2007a; Neal & Kilner, 2010). Actually the kinematics of
an action is what changes the most as a function of time compared to other
aspects of an action and should thus be a great source of information for
prediction. This would be supported by studies on adults showing that the
kinematic information from point light hands reaching for objects could provide enough information for goal prediction (Elsner et al., 2012). Further, as
suggested in Study II, extrapolating human actions based on their direction
might not be the most liable way to predict human action goals, in this sense
simulation might be preferably chosen since it would statistically most often
lead us right.

Teleological reasoning
The studies included in the present thesis did not specifically aim to test
predictions from the teleological account. Thus, whether teleological processes might explain prediction is still not resolved. However Study III
shows that some of the critique against direct matching might be correct (see
section about non-embodied accounts in the introduction). From a teleological perspective it has been argued that simulation could not be the only way
to action understanding (Csibra, 2007). Rather the tendency to see actions as
9

It has been shown that infants show sensitivity to the rationality of an action and tend to
imitate the actors goal rather than the means by taking into account situational constraints For
example when shown an actor turn on a light button with their hands tied, infants imitated the
goal and turned on the light with their hands. If however the actors hands were not tied, infants imitated the means (Gergely, Bekkering, & Király, 2002). In general rational imitation
paradigms have been seen as support for teleological reasoning processes, but this has lately
been critiqued. Also attention distraction mechanisms have been brought forward as plausible
explanations for differences between conditions (Beisert et al., 2012).
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structured around goals should foster prediction (Csibra & Gergerly 2005).
Csibra (2007) further argues that action mirroring is a predictive simulation
process enabling us to verify and revise goal attribution. Assuming that goals
are understood outside the motor system and then the means to the goal are
predicted using simulation makes teleological reasoning both compatible and
not with the ASL account. Compatible with the view that the primary function of mirror neurons would not be for action understanding (based on their
development trough phylogeny) but that that mirror neurons would still be
very useful for the same (Heyes, 2010). Incompatible in the sense that from
the ASL perspective mirror neurons could indeed inform us about the goal of
an action. That is, the visual representation of a goal and the typical actions
associated with it could in this account provide action cues paralleling those
proposed by the teleological account. When strong enough associations have
been formed between these aspects of an action we could use these cues for
goal prediction
Since there is substantial support for the teleological account from habituation studies but not many studies have shown predictive gaze shifts for selfpropelled objects, it has been suggested that to perform these gaze shifts a
certain amount of experience might be needed (Gredebäck & Melinder,
2010; Melzer et al., 2012). In this sense teleological reasoning might be primary for rational evaluation of actions in a retrospective way (Gredebäck &
Melinder, 2010). For example, 4-, 6- and 12-month-olds showed surprise
(measured by pupil dilation) while observing a person feeding another person in a strange way (i.e. placing food on the hand of the other person;
Gredebäck & Melinder, 2010; 2012). However, only 12-month-olds were
able to look to the goal of these actions ahead of time (ibid.). These last studies suggest that teleological processes might be more oriented to evaluating
consequences of actions than predicting action goals. This way, teleological
processes could possibly also be seen as involved in strengthening the associations between actions and goals.

Action understanding and prediction
What is meant with action understanding varies between studies, for example whether it implies ascribing an intention to the person performing the
action or not. The term is discussed and critiqued in the literature, both in
general (Cook et al., 2014; Jacob, 2009; Paulus, 2012) and from a developmental perspective (Caron, 2009; Marshall & Meltzoff, 2011; Uithol &
Paulus, 2013). In the introduction the development of action understanding
in infancy was reviewed, possibly implying that we need to understand an
action as goal directed in order to predict it (as also implied by Csibra,
2007). It is easy to imagine these concepts as closely related. However, we
cannot know that if someone looked predictively to the goal of an action
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necessarily means that the action was understood or seen as goal directed
(Cannon & Woodward, 2012; Csibra, 2007; Hunnius & Bekkering, 2014). A
gaze shift to the goal could also just reflect a gaze shift to the endpoint of a
motion trajectory (but see; Krogh-Jespersen & Woodward, 2014). Study II,
would indicate this, that prediction in some cases could happen without goal
ascription (assuming the balls were seen as physical objects and not agents).
At the same time habituation studies cannot answer if the difference in looking time reflects an expectation the infant had about the actors goal or just a
post hoc realization it was performed in a strange way (Hunnius &
Bekkering, 2014; for a discussion about differences between what
habituation and gaze latency desings measure see Daum, Attig, Gunawan,
Prinz, & Gredebäck, 2012). Uithol and Paulus (2013) suggest that in infancy
action understanding can take different forms and that these can all contribute to infants’ ability to react appropriately and that all these parts or competencies contribute to the understanding of an action. The same authors also
suggest that only rarely the intention of the action is not matching the goal.
Further, when it comes to intentions, an extensive review points in the direction that the MNS is rather involved in the processing of familiar actions
including action stimuli (i.e. a goal; Van Overwalle & Baetens, 2009).
It has been suggested that predictive eye movements during action observation could reflect more than goal prediction. Since the goal is in many
instances known from the beginning (Flanagan et al., 2013), predictive eye
movements could be used to verify if our prediction about the goal was actually correct or to learn about and evaluate object properties (Csibra, 2007).
In line with this Hesse, Sparing and Fink (2009) suggest that in addition to
identifying the goal, the MNS could have the function of predictively monitoring the action means (i.e. how an action is achieved) allowing timely interactions with others (see also; Ambrosini et al., 2012; Borghi & Cimatti,
2010). The study described earlier by Maranesi and collegues (2013) that
found mirror neurons firing predictively when the monkey gazed predictively to the goal of the action also found non-predictive mirror neurons active
during observation. These were suggested to indicate that understanding
could happen also without predictive eye movements. Or in other words, that
these neurons could code understanding even when the monkey did not look
directly at the action. Exactly how these aspects, goal understanding and
prediction, are related to each other will hopefully be answered in the future.

Conclusions
The studies presented in this thesis show that different mechanisms can affect prediction. Extrapolation is sufficient when predicting non-social physical events. Prediction of social events, particularly others goals seem to be
dependent on own motor experience, as suggested by the direct matching
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account, but also on visual input from our social environment. That is, prediction is driven by a combination of factors, visual and motor experience,
each providing a necessary piece of information but none being sufficient on
its own. This conclusion is compatible with the associative sequence learning view of the MNS, stressing the role of sensorimotor experience in the
formation of mirror neurons. Whether teleological processes might generate
predictive eye movements is not yet clear from the data.

Future directions
The present proposal, that both own motor proficiency as well as visual experience with goal completion is necessary for action prediction needs validation. Future studies should also investigate more exactly how these different processes interact.
In order to be able to say something about the causal effect of own motor
experience on action perception a growing amount of studies have started to
both asses infants motor skills as well as use training to enhance infants motor skills (see section about action understanding in the introduction). A possible development of Study III would be to train Swedish infants to use
chopsticks or provide them with visual experience by asking their parents to
eat with chopsticks on a daily basis. Further infants’ skill of eating as well as
picking up food with tools (or with their hands) could be assessed. Comparing the effect of these types of experience would make it possible to come
closer to disentangling their individual contributions on infants’ ability to
predict action goals. An interesting future modification of Study II could be
to somehow tax the motor system of 6-month-olds in order to see if infants
would then use extrapolation to predict human actions when not able to use
(or try to use) direct-matching (suggestion from J. Sommerville, personal
communication, February 27, 2014).
Not only the ability to predict other people’s action goals is developing
through infancy. Developing are also executive functions, attention, inhibition, working memory and language to give some examples. Future studies
could look at how these competencies as well as individual differences in the
same interact with action prediction during development (Gerson &
Woodward, 2014a; Kilner & Blakemore, 2007; Southgate, 2013). For example, are those infants that are better at predicting the goal of an observed
action also the ones that have better inhibition?
Other factors or cues, that could influence prediction is the actors’ gaze
direction and the value of the goal. These aspects have not been investigated
in the present thesis but might have had an influence on the results. These
factors could also be possible to implement in the view of direct matching
proposed here. Study I-II did not show the actors face (and thus neither the
gaze) showing that prediction is still possible without this information. Also
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it is possible to imagine many daily situations when we do not se the gaze of
the person performing the action. However, since during action execution,
gaze is usually moved to the goal of the action and closely connected to what
is attended and perceived this relationship might be very informative and
used by the person observing the action (Bach et al., 2014; Jellema, Baker,
Wicker, & Perrett, 2000; Phillips, Wellman, & Spelke, 2002; Rizzolatti et
al., 2001; Treue, 2001; Woodward & Gerson, 2014). Information from gaze
could also have the potential to fool an observer about the goal of the action
or as showed in social interactions, be informative of the social goal (Csibra
& Volein, 2008; Fawcett & Gredebäck, 2013). Another aspect would be the
value of the action goal. Mirror neurons in monkeys have been found that
seem to code for the subjective value of an observed action (Caggiano et al.,
2012). In Study I, placing objects inside containers could from this perspective bee seen as a more rewarding activity for infants (than placing the objects on a board) this way increasing the value of the whole action sequence.
This could probably also apply to eating in Study III. Considering the overall
engagement and attention an action can result in could be a potential factor
in addition to (or embedded in) the statistical and direct matching processes
enhancing both predictive gaze shifts to as well as learning about goals.

“I hear and I forget. I see and I remember. I do and I understand.”
Confucius
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Summary in Swedish

I denna avhandling har vår förmåga att förutse andras handlingar och mål
undersökts närmare. Att förutse vad andra tänker göra är något vi gör hela
tiden och har stor nytta av i vår vardag. Till exempel när vi sitter vid matbordet och någon försöker nå mjölken, då kan vi flytta fram den så att de ska
kunna nå. Om vi inte hade denna prediktiva förmåga så skulle vi till exempel
inte kunna förbereda oss och bli träffade av bollen någon kastar till oss istället för att fånga den. Att förutse målet för andras handlingar hjälper oss alltså
att interagera med andra och med vår omgivning på ett smidigt sätt. Syftet
med denna avhandling var därför att ta reda på hur denna förmåga utvecklas
och vilka processer som gör den möjlig.
Tre studier ingår i avhandlingen och i dessa mättes små barns, 6-14 månader, och vuxnas blick medan de tittade på filmer. Filmerna visade enkla
handlingar som att äta, lägga bollar i en hink eller flytta saker från ett ställe
till ett annat. Blicken mättes med hjälp av en utrustning som kontinuerligt
mäter var på skärmen deltagaren tittar. På så sätt kan man sedan räkna ut om
deltagaren tittade till målet för handlingen i förväg eller inte, alltså om de
förutsåg målet för handlingen.
Studie I visar att barn kan förutse andras handlingar om de är funktionellt
riktade mot mål. Om en hand är formad som för att gripa så tittar barn till
objektet i förväg, innan det plockas upp. Om handen är formad som en knuten näve så följer barnen handen med blicken reaktivt. Fjorton månader
gamla barn kan även se till handlingens övergripande mål på ett tidigt stadium av en handling. De tittar tidigare till objektet som personen på filmen
griper efter om objektet senare ska stoppas i en liten burk jämfört om det
bara ska flyttas till andra sidan bordet. Studie II visar att innan barn har börjat utföra en viss sorts handling själva, t.ex. lägga bollar i burkar så tittar de
inte i förväg till målet när de ser andra lägga bollar i burkar. De förutser
dock att en boll, när den rullar själv, kommer att hamna i burken, vilket tyder
på att olika processer används för att förutse mänskliga handlingar och andra
typer av händelser. Studie III visar att den kultur barn växer upp i påverkar
deras förmåga att förutse andras handlingar. Åtta månader gamla barn i Kina
tittade i förväg mot munnen när de såg en person äta med pinnar men inte
med sked och barn i Sverige tittade mot munnen i förväg när de fick se en
person äta med sked men inte med pinnar. Dessa resultat tyder på att vad
man ofta ser i sin sociala omgivning (kultur) tillsammans med vad man kan
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utföra för handlingar själv (som studie I och II visade på) har en stor inverkan på vår förmåga att förutse andras handlingar.
Det finns olika teorier om vilka processer som gör det möjligt för oss att
förutse andras handlingar. En är att vi speglar eller förkroppsligar andras
handlingar och att vi på så sätt kan förstå dem. Sett ur ett utvecklingsperspektiv skulle vi då alltså bara kunna förstå och förutse mål för handlingar vi
börjat utföra själva. Andra teorier utgår från att vi kan förutse handlingar
oavsett våra egna motoriska förmågor. Antingen baserat på vad vi ofta har
sett förut, t.ex. att vi ofta ser andra gripa efter saker med handen formad på
ett visst sätt. Eller att vi antar att handlingar utförs på ett rationellt sätt och
att vi utifrån detta kan sluta oss till vad målet för handlingen är. Detta rationella antagande antas vara automatiskt och inte baserat på inlärning.
Slutsatserna från studierna i denna avhandling tyder på att både vår egna
motoriska förmåga och erfarenhet tillsammans med visuell erfarenhet av att
ha sett liknande handlingar utföras ligger till grund för vår förmåga att förutse andras handlingar. Dessa resultat diskuteras också utifrån ett av de nyare perspektiven på spegelneuronsystemets utveckling.
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