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a  b  s  t  r  a  c  t

The  goal  of  the  present  study  was  to test  the  influence  of  the  spatial  and  temporal  dynamics
of  observed  manual  actions  on infants’  action  prediction.  Twelve-month-old  infants  were
presented  with reach-and-transport  actions  performed  by  a human  agent.  Movement  dis-
tance, duration,  and  – resulting  from  the  two  – movement  velocity  were  systematically
varied.  Action  prediction  was  measured  via  the latency  of gaze  arrival  at  target  in  relation
to  agent’s  hand.  The  results  showed  a general  effect  of  all parameters  on the  infants’  percep-
tion  of  goal-directed  actions:  Infants  were  more  likely to predict  the  action  goal  the  longer
the  movement  distance  was,  the  longer  the  movement  duration  was,  and  the slower  the
movement velocity  was.  In  addition,  they  were  more  likely to predict  the goal  of  a  reach-
ing  than  a  transport  action.  The  present  findings  extent  previous  findings  by  showing  that
infants  are not  only  sensitive  to  differences  in  distances,  durations,  and  velocities  at  early
age but  that these  factors  have  a  strong  impact  on the  prediction  of  the  goal  of  observed
actions.

© 2016 Elsevier  Inc. All  rights  reserved.

1. Introduction

When performing as well as when observing goal-directed actions, human adults and infants shift their gaze to the
goal of the action in advance of its completion (Falck-Ytter, Gredebäck, & von Hofsten, 2006; Flanagan & Johansson, 2003;
Rosander & von Hofsten, 2011). A considerable number of developmental studies on action prediction have focused on the
relation between action prediction and the ability to perform the respective action. This research has shown that the ability
to predict an action goal is functionally related to the observer’s competence to perform the same action. The better infants
are in performing a respective action, the more likely they are to predict the goal of a similar observed action (e.g., Cannon,
Woodward, Gredebäck, von Hofsten, & Turek, 2012; Gredebäck, Stasiewicz, Falck-Ytter, von Hofsten, & Rosander, 2009;
Melzer, Prinz, & Daum, 2012). The basis for this functional relation is thought to be reflected by a process of direct matching
(Green, Kochukhova, & Gredebäck, 2014) where observed actions are mapped onto one’s own motor system in order to
predict forthcoming consequences and goals of the action (e.g., Flanagan & Johansson, 2003). However, actions vary not
only in their practicability and the observer’s competence to perform them but also on their temporal and spatial dynamics;
actions are executed over different distances and with different movement velocities. The goal of the current study was to
investigate the influence of the spatial and temporal dynamics of observed manual actions on infants’ action prediction.
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So far, little attention has been devoted to aspects such as movement kinematics and stimulus properties when mea-
suring online predictions. In one recent study, Henrichs, Elsner, Elsner, and Gredebäck (2012) showed that the saliency of a
goal object influences infants’ action prediction: When observing goal-directed grasping actions, infants shifted their gaze
significantly earlier to a salient compared to a less salient goal object. The present study addressed a yet different unex-
plored factor: the influence of spatial and temporal characteristics of the observed action – movement distance, movement
duration, and movement velocity – on the observers’ action prediction.

While little is known about the effects of spatial and temporal dynamics on the online prediction of action goals, more is
known about infants’ ability to discriminate temporal and spatial dynamics such as duration, distance and velocity. We  will
briefly review major findings of infants’ discrimination of these three aspects. Already at a very early age, infants are sensitive
to different durations of events (Brannon, Suanda, & Libertus, 2007; VanMarle & Wynn, 2006). These authors showed that
already 6-month-olds discriminate brief durations, and that their discrimination function is characterized by Weber’s Law:
successful discrimination is determined by the proportionate difference rather than absolute difference between stimuli of
different duration. The proportion of two stimulus magnitudes (e.g. duration) that are just noticeably discriminable is not fix
over the course of development. In contrast, sensitivity for duration differences increases over the first year of life. While at
the age of 6 months infants are sensitive to 1:2 ratios, this sensitivity increases to 2:3 ratios at the age of 10 months (Brannon
et al., 2007). Accordingly, sensitivity to even subtle differences in durations increases as a function of age. This sensitivity
is not stimulus specific. The temporal discrimination, for example, has been suggested to follow the same developmental
progression as that of number discrimination in infancy (Lipton & Spelke, 2003).

Less work has focused on infants’ discrimination of distances or sizes. One study has shown that 6-month-old infants
discriminate different sizes at ratios between 1:2 to 1:4 but failed to discriminate a change at the ratio of 2:3 (Brannon, Lutz, &
Cordes, 2006). These results suggest that, similar to the discrimination of durations, infants are sensitive to the proportionate
difference rather than absolute difference between stimuli with respect to area discriminations in infancy as well.

Finally, objects exist in time and space and they often change their position in space. When an object moves from
location A to location B, the ratio of the change of position over time determines its velocity of travel. Previous work has
shown that already infants are sensitive to the fact that objects continuously exist in time and space (Spelke, Kestenbaum,
Simons, & Wein, 1995) and that infants are able to individuate objects based on the velocity of motion (Wilcox & Schweinle,
2003). Evidence for the fact that infants are sensitive to velocity comes from findings demonstrating that 4- to 8-month-
olds match auditory and visual information, but that this ability is disrupted when the velocity of object movement varies
(Lewkowicz, 1992). More recent findings indicate that at 6 months, similar to the sensitivity to distance and duration, infants
discriminate between velocity ratios of 1:2, and at 10 months, and even between velocity ratios of 2:3 (Möhring, Libertus,
& Bertin, 2012). Although intriguing and fascinating, findings from older children suggest that the mechanisms underlying
velocity discrimination continue to develop beyond the age 5, an aspect that has particularly been shown for the processing
of slower velocities (Ahmed, Lewis, Ellemberg, & Maurer, 2005).

Taken together, the reviewed literature suggests that infants are in general sensitive to different aspects of dynamic
events, such as distances, durations, and velocities. All the studies that have been referred to so far used looking-time
paradigms in which infants learned information about one physical aspect (distance, duration, or velocity) and their looking
behavior to this learned stimulus was then compared when presented with a novel stimulus of different distance, duration,
or velocity. However, everyday social interactions involve to a great extent the processing of events online, that is, while
the event is about to unfold. In contrast to the measurement of infants’ discrimination of different magnitudes, the online
prediction of action goals is a rapid process that is highly constrained by the time and the information that is available
(e.g., Gredebäck & Daum, 2015). Hence, the manipulation of the temporal as well as the spatial aspects of observed actions
might substantially influence gaze behavior with respect to the action goals. First evidence for an effect of spatio-temporal
properties on the prediction of moving physical objects comes from a set of studies by von Hofsten and colleagues in which
the prediction of the reappearance of a briefly occluded moving object was  measured. They showed, for example, that the
prediction rate increased with increasing durations of occlusion, from 250 to 5000 ms  (Gredebäck, von Hofsten, & Boudreau,
2002). Similarly, at the age of 3–4 months already, gaze was shifted later to the reappearance location when the occluder
was wide compared to when it was narrow and at the age of 5 months, infants were found to be sensitive to velocity change
(Rosander & von Hofsten, 2004). In this age range, the tendency to make predictive gaze shifts largely depends on the duration
of occlusion until the object reappears and that movement speed is represented even if the object is invisibly moving behind
an occluder (von Hofsten, Kochukhova, & Rosander, 2007). Further evidence for the impact of action characteristics on the
online action prediction comes from a study with 10- and 14-month old infants (Gredebäck et al., 2009). In this study, infants
showed better goal prediction with respect to reaching than transport movements, which is indicative for the discrimination
between different movement types. While infants start to reach and grasp around the age of 3–4 months (e.g., Bertenthal &
Clifton, 1998; von Hofsten & Lindhagen, 1979), it is some months later that they start to transport objects and release them
at a certain location (Bruner, 1970; Elsner, Hauf, & Aschersleben, 2007; Falck-Ytter et al., 2006). Accordingly, infants have a
longer experience in grasping than in transporting and releasing objects that is one possible explanation for their increase
in predictions of grasping compared to transport actions.

The main question of the present study was whether spatio-temporal aspects such as movement distance, duration,
velocity, and movement type have an impact on infants’ online prediction of observed everyday actions. To answer this
question, we conducted an eye-tracking study and measured the latency of infants’ arrival of gaze at a goal location with
respect to the arrival of the model’s hand at the goal. We  presented infants with repeated reach-and-transport actions: An
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