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Infants’ ability to track temporarily occluded objects that moved on circular trajecto-
ries was investigated in 20 infants using a longitudinal design. They were first seen at
6 months and then every 2nd month until the end of their 1st year. Infants were pre-
sented with occlusion events covering 20% of the target’s trajectory (effective occlu-
sion interval ranged from 500–4,000 msec). Gaze was measured using an ASL 504
infrared eye-tracking system. Results effectively demonstrate that infants from 6
months of age can represent the spatiotemporal dynamics of occluded objects. In-
fants at all ages tested were able to predict, under certain conditions, when and where
the object would reappear after occlusion, moving gaze accurately to the position
where the object was going to appear and scaling their timing to occlusion duration.
The average rate of predictive gaze crossings increased with occlusion duration.
These results are discussed as a 2-factor process. Successful predictions are depend-
ent on strong representations, which are themselves dependent on the richness of in-
formation available during encoding and graded representations.

As objects move about in a cluttered natural environment, they go in and out of
view behind other objects. This poses a basic problem to the perceptuo-cognitive
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system. To be prepared to act on the objects as they reappear from behind the
occluder, the spatiotemporal continuity of those objects must be preserved. This
includes predicting where and when the object will reappear and its velocity and
direction of motion at that time. To solve this problem, the child needs to develop
an ability to represent moving objects over occlusion. The research reported here
investigated the properties of those evolving representations in a situation where
an object moved in a circular trajectory. Questions are asked about infants’ ability
to represent the circular motion of the object when it was occluded and how these
representations are affected by the duration of nonvisibility.

Two kinds of studies provide evidence on infants’ emerging ability to represent
object motion over temporary occlusion: violation-of-visual-expectancy studies
and visual tracking studies. Johnson et al. (2003) used the violation-of-expectancy
looking time procedure to investigate how infants perceive occlusion events. After
habituation, the infants were either shown the object traveling through the same
path without being occluded or were shown the object disappearing over the inter-
val where it had been occluded before. The rationale is that if infants perceive the
continuous motion behind the occluder, they will look longer at the test display
where the object disappears into thin air. Johnson et al. found that this was the case
for 6-month-old but not 2-month-old infants. Four-month-olds displayed an inter-
mediate pattern of performance.

In tracking studies, the tendency to move gaze to the correct reappearance po-
sition in anticipation of the arrival of the object there is used as a measure of the
ability to represent object motion over temporary occlusion. This paradigm was
first explored by Nelson (1971) and Moore, Borton, and Darby (1979). Although
it is not possible to smoothly pursue a moving object over occlusions (Kowler &
Steinman, 1979), it is important to move gaze to the reappearance site ahead of
time and be prepared to continue tracking the object when it reappears. Van der
Meer, van der Weel, and Lee (1994) found that 5-month-old infants moved their
gaze over an occluder before the object arrived to the other side of it. The occlu-
sion period in their study was 0.3 to 0.6 sec. Rosander and von Hofsten (2003)
found that 17- to 21-week-old infants anticipated the reappearance of an oscillat-
ing object that was occluded for 0.3 sec over the central part of its trajectory.
Rosander and von Hofsten also found that infants showed significant learning of
when to expect the reappearance of the object over a single trial consisting of
several occlusions.

If infants can represent the motion of objects that are temporarily occluded
and anticipate their reappearance, then it becomes important to investigate the
limitations of these representations. How spatially precise is the prediction of the
objects’ reappearance? How does the representation degrade with time of occlu-
sion? Munakata (2001), Scholl (2001), and Spelke and von Hofsten (2001) as-
sumed that infants’ representations of moving objects depend on the same mech-
anisms as those used to represent and attentively track objects in adults. Among
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other things, it is assumed that the representations of hidden objects will degrade
with time. The longer the object has been occluded the less precise its represen-
tation will be, and if the object has been hidden for a sufficient period, its repre-
sentation will no longer be able to guide looking. Another basic assumption is
that the representation of a hidden object will increase in strength with the num-
ber of times it is hidden.

How infants’ representation of object motion degrades over the occlusion inter-
val is relatively unknown. Jonsson and von Hofsten (2003) measured head tracking
of objects that were made nonvisible either by occlusion or blackout. The duration
of nonvisibility varied between 0.4 sec and 1.2 sec. They found that the head
lagged for the longer durations of nonvisibility at the earlier trials (Trials 1–3) but
that it was leading at the later trials (Trials 4–6). These results support the graded
representation hypothesis, but because head and not gaze direction was measured,
it is not quite clear how the results relate to gaze tracking.

Gredebäck, von Hofsten, and Boudreau (2002) presented 9-month-old infants
with a target that moved in a circular trajectory at four different frequencies (0.05,
0.1, 0.2, and 0.4 Hz). During each cycle the target disappeared behind an occluder
for a duration ranging from 0.25 sec to 5 sec. They found that out of all the trials on
which the participants tracked the object both before and after its occlusion, a ma-
jority were predictive; that is, gaze arrived either before or less than 0.2 sec (Engel,
Anderson, & Soechting, 1999) after the object reappeared. There was no effect of
duration of occlusion on the infants’ ability to anticipate the reappearance of the
object. After the object had disappeared the participants did not immediately make
a saccade over the occluder. On the contrary, longer occlusion durations made in-
fants wait longer at the disappearance edge. These results indicate that the spatio-
temporal continuity of the motion was relatively well preserved over occlusion for
all the durations tested. Another important result of Gredebäck et al. was that when
the infants predicted the reappearance of the object, they moved gaze to the correct
position of reappearance. Thus, the results indicate that the infants expected the
object to continue to move along the previously seen circular trajectory. In the most
extreme case, a quarter of the circular trajectory was occluded. The object then re-
appeared at a position perpendicular to the direction of motion at disappearance. In
spite of this, the participants made precise and correct anticipations of the reap-
pearance of the object.

Thus, the results of Gredebäck et al. (2002) indicate that 9-month-old infants
can successfully track temporarily occluded objects on circular trajectories also
when the occlusion covers a substantial part of the trajectory and lasts for several
seconds. This is not totally surprising given that 9-month-olds have been shown to
retrieve objects that have been hidden from view over much longer intervals than
those used in tracking experiments (Piaget, 1953). The question is when this abil-
ity develops. All earlier research on younger infants has used much shorter occlu-
sion durations than those used by Gredebäck et al.
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Another question relates to the form of the trajectory. Earlier research on youn-
ger infants has used exclusively linear motion. There is reason to believe that such
motion is easier to extrapolate than circular motion and that infants therefore might
master linear motion at an earlier age. There is some indirect evidence, however,
on infants’ ability to handle circular motion from reaching studies. Von Hofsten
(1980, 1983) used objects moving on a circular trajectory when investigating in-
fants’ catching abilities. It was found that the infants aimed their reaching move-
ments to future positions along its ongoing circular trajectory. Also, when it moved
rapidly, the object was caught by infants from the age of reaching onset, that is,
from 4 to 5 months of age.

In this research, we ask when the ability to predict circular motion develops dur-
ing the second half of the first year. Infants were presented with targets moving in
circular trajectories that were intermittently occluded for 0.5 sec to 4 sec. A longi-
tudinal design was used to follow infants from 6 to 12 months of age. The position
of gaze was measured continuously with an infrared corneal-reflection system.

METHOD

Participants

Twenty families with 6-month-old infants (10 male, 10 female) were invited to
visit the lab on four occasions, starting when the infants were 6 months old (M
days = 173, SD = 6). They were then seen every second month until the end of
their first year (M age = 237, 293, and 354 days; SD = 6.8, 5.1, and 6.0 days, re-
spectively). Each family was recruited using a complete set of vital birth records
in a greater metropolitan area, but the volunteers were for the most part from
middle-class families. Contact was established by a letter explaining the general
aim of the research project as well as the specifics of the study at hand. On each
visit the family received either two movie tickets or eight bus tickets as compen-
sation (total value = 20 euros).

Apparatus

Gaze was measured using the ASL 504 eye tracker (Bedford, MA), a remote track-
ing system that calculates gaze based on the reflection of near infrared light from
pupil and cornea (see Figure 1A) with a sampling frequency of 60 Hz (precision
0.5°, accuracy < 1°). The ASL system consists of four parts, the pan/tilt camera, a
control unit, two monitors, and a user interface PC. Linked to the ASL system is a
position recording system, the Flock of Birds (Ascension, Burlington, VT). The
purpose of this system is to supply the ASL control unit with information on head
position so that the pan/tilt can reposition the camera on the eye during or after
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head movements. The system generates a magnetic field via a magnetic transmitter
and records the position of the head (six dimensions) within this field with a small
sensor (miniBird, 18 mm × 8 mm × 8 mm) connected to the Flock of Birds control
unit by cable. A second PC holds a custom-made stimulus generation and data in-
tegration program (Visual Basic). It presents the visual stimuli to participating in-
fants on a 20-in. computer monitor (50 Hz) and auditory stimuli on PC speakers.
The experimenter viewed the stimuli and the infants’ gaze on the scene monitor.
Data on gaze and head position were read from the ASL control unit and integrated
with event-related information from the visual stimuli (target position and whether
the target is visible or occluded) and recorded at 85 Hz.

A semienclosed experimental room, 106 cm wide, 122 cm long, and 204 cm
high was used for the experiments. The stimulus presentation monitor was
mounted in an opening (30 cm × 30 cm) on the wall in front of the infant 100 cm
from the floor. The ASL pan/tilt camera was positioned on an adjustable shelf 82
cm from the floor, centered under the monitor. Two speakers were placed on the
outside of the wall, one above the upper left corner and the other below the lower
right corner of the monitor. On the outside of the opposite wall (behind the infant)
the magnetic transmitter was positioned (about 35 cm from the infant’s head). The
miniBird was positioned with Velcro on an infant cap above the right eye. During
the experiment the room was dark with the exception of the light emitted from the
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FIGURE 1 (A) The view displayed on the eye monitor with the reflection of an infant’s right
eye with center and discrimination outlines from cornea and pupil. (B) The display calibration
procedure. Points 1 and 2 were the two positions used in the calibration procedure and Points 3
to 6 are the points for checking the calibration quality. (C) The stimuli presentation displays
used with the four occluders indicated (a–d). Arrows indicate target trajectory, and the light
gray area in (C, b, c) shows the areas within which gaze had to arrive in predictive trials.



monitors. A light-blocking curtain covering the entrance of the experimental room
minimized the interference of these light sources.

Visual Stimuli

To attract the infant’s attention to each calibration point a blue-and-white spherical
target was used that expanded and contradicted (expanded radius = 1.4°) over a
white-dotted black background together with an attention-getting sound, using
Microsoft PowerPoint (see Figure 1B). This calibration stimulus was provided
courtesy of Scott Johnson (Cornell University).

During the experiment, infants tracked a small yellow happy face (radius = 1°)
with a red nose, a red mouth, and blue eyes that moved counterclockwise in a circu-
lar trajectory (radius = 8°). This face was oriented upward at all times and situated
on a light gray background (20° × 20°; see Figure 1C). During each cycle of the cir-
cular trajectory, the visibility of the target was obstructed by a stationary, opaque
black occluder that always covered the entire target for 20% of the trajectory. Two
different occluder types were used. One of them measured 12° × 9° and was either
situated over the uppermost or leftmost part of the trajectory. The other occluder
measured 9° × 9° and was either placed over the upper left corner or lower left cor-
ner of the circular trajectory. The four different occluder positions used can be seen
in Figure 1C. The target moved at four different frequencies (i.e., 0.05, 0.1, 0.2,
and 0.4 cycles/sec, corresponding to 2.5, 5, 10, and 20°/sec, respectively). All pre-
sentations lasted 20 sec (i.e., 1–8 cycles). Keeping presentation time and occlusion
size constant while varying the speed of the target resulted in four different occlu-
sion durations (4,000, 2,000, 1,000, and 500 msec) and from one to eight laps per
presentation (see Table 1). The starting position of the object at each trial was ar-
ranged so that half the trajectory of one circular lap was visible before occlusion.
When occluded, the object disappeared and reappeared gradually as in a real oc-
clusion event.

Procedure

The parents were informed about the experimental procedure and signed a consent
form. The infant was placed in a modified car seat on the parent’s lap with his or
her eyes approximately 80 cm from the monitor. During this setup procedure and
the time it took to attach the miniBird to the infant cap, to locate the right eye with
the pan/tilt camera, and set the appropriate threshold values for pupil and corneal
reflection, a Muppet Show movie was streamed from the Internet (featuring Kermit
dancing to music). The time it took from seating the infant until all parameters
were set rarely exceeded 2 min. The Flock of Birds head tracker was always cali-
brated prior to the arrival of the participant.
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TABLE 1
List of Stimuli Parameters With Proportion of Included Trials

Age in Months Stimuli
Duration of

Occlusion in Msec Speed 2D
No. of

Occlusions
No. of

Presentations
Total No. of
Occlusions

Proportion of
Included Trials

6 0.05 Hz 4,000 2.5°/sec 1 2 30 .37
6 0.1 Hz 2,000 5°/sec 2 2 60 .50
6 0.2 Hz 1,000 10°/sec 4 2 120 .46
6 0.4 Hz 500 20°/sec 8 2 240 .32

8 0.05 Hz 4,000 2.5°/sec 1 2 30 .53
8 0.1 Hz 2,000 5°/sec 2 2 60 .63
8 0.2 Hz 1,000 10°/sec 4 2 120 .52
8 0.4 Hz 500 20°/sec 8 2 240 .43

10 0.05 Hz 4,000 2.5°/sec 1 2 30 .77
10 0.1 Hz 2,000 5°/sec 2 2 60 .67
10 0.2 Hz 1,000 10°/sec 4 2 120 .69
10 0.4 Hz 500 20°/sec 8 2 240 .60

12 0.05 Hz 4,000 2.5°/sec 1 2 30 .77
12 0.1 Hz 2,000 5°/sec 2 2 60 .67
12 0.2 Hz 1,000 10°/sec 4 2 120 .62
12 0.4 Hz 500 20°/sec 8 2 240 .43



After the Muppet Show movie ended, the calibration procedure commenced. A
two-point calibration procedure was used. Because the stimuli presented to the in-
fant together with position of gaze are accessible to the experimenter from the
scene camera, an instant evaluation of calibration performance could be obtained.
Figure 1B displays the calibration procedure. The positions marked 1 and 2 were
shown during calibration, and points 3 through 6 were shown after calibration to
test the calibration quality. If calibration was unsatisfactory (gaze was outside the
blue-and-white object) the calibration procedure was repeated. The complete cali-
bration procedure seldom took longer than 30 sec. During the short interval be-
tween calibration and the start of the experiment (5 sec) a real-life puppet show
was shown directly in front of the monitor to maintain the attention of the infant in
the direction of the monitor. During the presentation, parents were encouraged to
talk or sing to their infant as well as maintain physical proximity by holding the in-
fant’s hands during presentations and playing with the infant between trials. Each
presentation lasted 20 sec, and before the start of each of them two auditory tones
(the Microsoft sound file ding.wav) sounded. The purposes of these tones were to
cue the infants to focus their attention in the direction of the monitor and to prepare
the parent for the upcoming trial, giving them time to remove their hands from the
visual field of the infant.

The experiment consisted of two parts. First, the infant was shown four non-
occluded trials in randomized order, one at each frequency. This was followed by
eight occluded trials. This article only considers the occlusion trials. These eight
trials were divided into two blocks with four presentations each. One block in-
cluded either the occluder placed at the uppermost or the leftmost part of the trajec-
tory, and the other block included either the occluder placed at the upper or the
lower left diagonal of the circular trajectory (see Figure 1C). The presentation or-
der of the two blocks was randomized between participants. Within each block all
four object velocities were presented in a randomized order. If the infant appeared
to lose interest in the task or expressed uneasiness, the real-life puppet show was
shown between trials to increase the pleasantness of the situation. If the puppet
show did not reassure the infant, then the experiment was temporarily interrupted.
Any interrupted trial was presented again at the end of the experiment.

Data Analysis

Only occlusion events in which the infants tracked the target both prior to and
immediately after occlusion were included in the final data. This meant three
things. First, target-related smooth pursuit had to be evident just before the oc-
clusion event. Second, the participant had to move gaze to the reappearance side
of the occluder defined by the part of the display covering the area in front of the
reappearance side. Two such areas are illustrated by the light gray areas in Fig-
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ure 1C. Third, the infant had to begin tracking the object again while it was
within that area.

To where and when the participant moved gaze over the occluder was evaluated.
Gaze was considered to have arrived at this side when it was within the light gray
area in Figure 1C or less than 2° of visual angle into the occluder. The 2° criterion
was based on the size of the target and the accuracy of calibration at the ages tested.
Furthermore, gaze had to stop and remain at the reappearing side of the occluder
for at least 200 msec. This was done to exclude transitions of gaze that just hap-
pened to pass the reappearing side of the occluder within the criterion time limit.

A gaze shift over the occluder was considered to be predictive if it arrived at
the reappearance side before the target had been visible for 200 msec. The 200
msec criterion was based on a conservative estimate of infants’ reaction time to
new stimuli. Engel et al. (1999) found this duration to be appropriate for reacting
to a sudden and unexpected shift in the motion of the target during visual track-
ing. Canfield and Smith (1996) found 5-month-old infants’ minimum saccadic
reaction time to be 200 msec. Similar findings were obtained by Canfield,
Smith, Brezsnyak, and Snow (1997), even though they also found that older in-
fants’ reaction time was even slightly lower in rare cases.

On all attentive trials, measures of timing and accuracy were taken, the first of
which measured the time infants waited before moving to the reappearance side of
the occluder and the second where along the occluder edge infants predicted the
target to reappear. All analysis was performed in MatLab (Mathworks). No differ-
ence with respect to success rate, timing, accuracy, or gaze lag at reappearance of
the target was observed between the occluders placed at the uppermost and
leftmost sides and those placed at the upper and lower diagonals of the circular mo-
tion. Therefore the data from the two occlusion types were merged in the analysis
described next. For the analysis of infants’ predictive responses, two categories
(6-month-old infants’ responses to 500-msec occlusion and 12-month-old infants’
responses to 4,000 msec occlusion) contained few data points. To avoid blurring
the data by merging important variables we therefore used multiple regression
analysis with age and occlusion duration as regressors. In all reports of multiple re-
gressions, multivariate analyses of variance were reported for the regression analy-
sis as a whole together with t tests for significantly (p < .05) contributing individual
factors. A comprehensive summary of these results can be viewed in Table 2.

RESULTS

Of the 20 infants participating in the study, 5 were excluded (3 boys, 2 girls) either
because of fussiness or an inability to participate at each of the three follow-ups. In
Figure 2 two examples of infants’ tracking can be seen. Figure 2A shows an
8-month-old infant’s repeated failure to predict the reappearance of the target over
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TABLE 2
Summary of Multiple Regression Analysis With Age and Occlusion

Duration as Regressors

Regressors Dependent Variable R2
adj β pF

Age Qualitative .175 .243 <.0001
Accuracy .073 .291 <.002
RT .225 –.490 <.0001

Occlusion duration Qualitative .175 .334 <.0001
Timing .259 .523 <.0001
RT .256 .540 <.0001

Note. RT refers to timing of nonpredictive attempts.

FIGURE 2 Two examples of infant tracking over occluders with separate graphs for horizontal,
vertical, and two-dimensional tracking. (A) An 8-month-old infant’s reactive tracking over a
500-msec occlusion. (B) A 10-month-old infant’s predictive tracking over a 2,000-msec occlusion.



12 sec at the highest frequency of 0.4 Hz (occlusion = 500 msec), and Figure 2B il-
lustrates a successful prediction of a 10-month-old infant tracking a target moving
at 0.1 Hz with an occlusion duration of 2,000 msec.

Qualitative Performance

On average, 51% of all presented trials were included in the analysis (see Table 1),
and out of these trials 36% were predictive. Figure 3 shows the distributions of in-
fants’ timing separate for each occlusion duration (4,000, 2,000, 1,000, and 500
msec) combined over age. For the three longest occlusion periods the distribution
is clearly bimodal (kurtosis = –1.48, –1.41, –0.55 for 4,000, 2,000, and 1,000
msec, respectively). Each of these graphs thus appears to contain two separate dis-
tributions: one in which infants move their gaze to the reappearance side while the
target is still behind the occluder (predictive), and another that contains reactive
saccades directed to a visible target after reappearance. In the shortest occlusion
period of 500 msec, the distribution of predictive and reactive saccades is less dis-
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FIGURE 3 Timing distributions for each occlusion size combined over age: 4,000 msec (up-
per left), 2,000 msec (upper right), 1,000 msec (lower left), and 500 msec (lower right). The
gray area in each graph represents the duration of occlusion.



tinguishable (kurtosis = 2.53). The impression of double distributions is further
supported by the skewness of the data (0.13, –0.33, –0.55, –1.14 for 4,000, 2,000,
1,000, and 500 msec, respectively). In Table 3, the timing is represented as separate
percentile distributions for each age.

The distribution of gaze shifts over the occluder is further displayed in Figure 4,
showing the proportion of successful predictions on included trials plotted as a
function of occlusion duration and age. Figure 4 demonstrates that the proportion
of predictive gaze shifts over the occluder increased with age, t(212) = 3.91, p <
.0002. This change is most distinct for the longest occlusion duration. Infants also,
regardless of age, succeeded more often with longer occlusion durations, t(212) =
5.36, p < .00001, than with brief occlusions, F(2, 213) = 23.77, p < .00001.

Timing and Spatial Accuracy at Predictive Trials

Figure 5 shows the time difference between target disappearance and gaze arriv-
als at the reappearance edge on predictive trials plotted against the duration of
occlusion. Infants at all ages adjusted the latency of their gaze shifts over the
occluder to the duration of occlusion, t(143) = 7.25, p < .00001, F(2, 143) =
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TABLE 3
Distribution of Predictive and Reactive Timing

Predictivea

Age in Months Stimuli >2,000
<2,000 to

>1,000
<1,000 to

>500
<500 to
>–200 Reactive

6 4,000 .33 .08 — — .58
6 2,000 — .13 .16 .06 .64
6 1,000 — — .05 .17 .78
6 500 — — — .17 .83

8 4,000 .24 .12 .06 .06 .52
8 2,000 — .39 .03 .08 .51
8 1,000 — — .27 .25 .47
8 500 — — — .19 .81

10 4,000 .56 .09 — .04 .30
10 2,000 — .38 .19 .05 .38
10 1,000 — — .21 .26 .52
10 500 — — — .41 .59

12 4,000 .65 .04 .09 .04 .17
12 2,000 — .37 .07 .10 .46
12 1,000 — — .06 .30 .64
12 500 — — — .27 .73

Note. Underlined numbers indicate the time range with the highest proportion of predictions for
each age and occlusion interval.

aEach category represents the time range of each of the four occluders.



26.3, p < .00001. At the shortest occlusion duration (500 msec), infants timed
their predictions well, with a range of average timing from 30 msec after target
reappearance at 6 months of age to 90 msec prior to reappearance at 8 months.
At the largest occlusion duration (4,000 msec) infants were not as precise, with
average delays ranging from 1,190 msec (10 months) to 1,840 msec (6 months).
No age effect was observed.

Accuracy refers to where along the reappearance edge of the occluder infants
fixated during predictive trials. Infants often fixated a position somewhat further
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FIGURE 4 Proportion of predictive trials plotted against occlusion size and age. Error bars
represent standard error.

FIGURE 5 Timing of predictive attempts plotted against occlusion size and age. Error bars
represent standard error.



into the trajectory of the target than the point of reappearance during predictive
trials (similar to the nonpredictive attempt in Figure 2A). The consequence of
this, as indicated by Figure 6, is a shift in the mean fixated position at the reap-
pearance side toward the inner edge of the occluder. With increased age infants
moved further toward the occluder’s inner edge, t(142) = 3.6, p < .0005, F(2,
142) = 6.68, p < .002.

Timing at Nonpredictive Trials

The timing of nonpredictive but attentive trials average 470 msec (see Table 4).
With increased age and duration of occlusion, the timing of these reactive saccades
changed. As infants grew older their reaction time to the reappearing target de-
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FIGURE 6 Accuracy in predictive attempts plotted against occlusion size and age. Error bars
represent standard error.

TABLE 4
Reaction Time in Nonpredictive Trials

Duration of Occlusion

Age in Months 4,000 2,000 1,000 500 M

6 1,229 640 594 519 597
8 676 557 462 432 471

10 509 586 435 367 412
12 435 439 422 391 408

M 743 559 481 420 469



creased from 600 msec at 6 months to 410 msec at 12 months of age, t(212) = 4.72,
p < .00001. A similar change in reaction time can be seen as a function of occlusion
duration, with decreased reaction time accompanying a decrease in occlusion du-
ration, t(212) = 5.01, p < .00001, F(2, 212) = 23.7, p < .00001.

Learning

The number of predictive occluder crossings was divided equally between the first
and last 10 sec of each trial for the three frequencies that contained at least two oc-
clusion events. This indicates that the data did not provide any evidence of learning
or habituation based on experiences within single trials. There appears to be nei-
ther learning nor habituation between trials, as measured by success rate over pre-
sentation order. Table 5 presents data related to the very first occlusion event en-
countered by the infant during the experiment.

At the very first occluder passage, all successful predictions at all age levels
were clustered at the two longest occlusions (4,000 and 2,000 msec), and no suc-
cessful predictions were achieved at the two shortest occlusions, χ2(3, N = XXX) =
11.83, p < .008. No other within-trial learning effects were observed.

DISCUSSION

The results give three kinds of evidence on the nature of infants’evolving represen-
tations of temporarily occluded object motions. First they show that the proportion
of occluder passages where the participant anticipated the reappearance of the ob-
ject increased with both duration of occlusion and age (Figure 4). Second, they
show that the latency of the predictive saccades over the occluder is geared to the
duration of the occlusion (Table 3 and Figure 5). Finally, they show that when pre-
dicting the reappearing object, gaze moves to positions at the reappearance point
or further ahead in the circular trajectory (Figure 6).
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TABLE 5
Percentages of Included Trials and Success Rates in the First

Presentation Compared to All Presentations at Each Age

All Occlusions First Occluder

Age in Months Included Trials Success Rate Included Trials Success Rate

6 38% 18% 40% 16%
8 49% 34% 60% 22%

10 64% 47% 66% 40%
12 53% 39% 60% 44%



Spatial Representation of the Occluded Object Motion

As shown in Figure 6 there was no tendency to assume that the velocity and direc-
tion of motion should be the same behind the occluder as at the point of disappear-
ance. The extrapolation biases are small and almost entirely in the direction of the
continuation of the circular trajectory rather than away from it as a linear extrapo-
lation would predict. The results can be compared with von Hofsten, Feng, and
Spelke (2000), who found that 6-month-old infants expected a temporarily oc-
cluded object moving on a linear path to reappear along the extension of that path.
This is according to the principle of inertia that says that an object will continue to
move in the same direction and at the same velocity unless affected by an external
force. This study indicates that from at least 6 months of age, infants extrapolate a
circular motion along its circular path. Reformulated in terms of inertial principles,
this implies that the infants assumed that the forces that acted on the object before
occlusion would continue to act on the object during occlusion; that is, an object
moving on a circular path will continue to move on that path, and an object moving
on a straight path will continue on as such. The result is also in accordance with re-
sults reported by von Hofsten (1980, 1983), who found that infants successfully
reached for future positions of fast targets that moved on a circular trajectory.

Predicting Object Reappearance

It is suggested here that two distinct factors affect the changes in proportion of
predictive gaze shifts over the occluder with time of occlusion; one has to do
with encoding and the other with representing the occluded motion. The encod-
ing factor that might be of importance here is the gradual deletion of the seen
object as it disappears behind the occluder. Gibson, Kaplan, Reynolds, and
Wheeler (1982) found that the visual accretion and deletion of an object as it
moves behind another one carries information about its continued existence be-
hind the other object. If the deletion of the seen object is of importance for in-
fants’ ability to perceive the continued motion behind the occluder, it would be
expected that the strength and clarity of the represented motion would improve
when the deletion was made more gradual. At the highest speed (500 msec of
occlusion) the target moved with 20°/sec. Given that the target had a radius of
1°, this deletion event only lasted 100 msec. At the slowest speed (4,000 msec of
occlusion) the deletion event lasted 800 msec. Thus, if this is a factor of impor-
tance, it would explain why the slowest object velocity gave rise to the highest
proportion of predictions of object reappearance.

The other factor that could potentially explain the distribution of predictive
gaze shifts over the occluder has to do with the graded character of infants’ repre-
sentation. It has earlier been suggested that the occluder itself represents a distract-
ing stimulus (Jonsson & von Hofsten, 2003; Munakata, McClelland, Johnson, &
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Sieger, 1997). Numerous studies of human adults provide evidence that multiple
visible objects compete for attention: As more attention is devoted to one object,
representations of other objects lose strength and precision (e.g., Rensink,
O’Regan, & Clark, 1997; Simons, 1996). If the occluder distracts attention, it
would be maximally distracting when the object disappears behind it. As the infant
continues to watch the uniformly black occluder it rapidly becomes uninteresting
and the infant then returns to the original task, looking for the object it previously
tracked. This would explain why the proportion of predictive gaze shifts over the
occluder would increase with longer occlusion durations, as long as the representa-
tion of the occluded object is still vivid enough to support visual behavior. This
was clearly the case for the infants at the oldest age but much less so for the same
infants at the youngest age. At 6 months of age, the infants predicted the object re-
appearance in 25% of the 4-sec occlusions, whereas at 12 months they did it in
85% of the 4-sec occlusions. Apart from predicting that the representation of an
occluded object will lose strength in the presence of the occluder it also predicts
that the representation will degrade with time. It is thus expected that when the du-
ration of occlusion exceeds a certain limit, it will no longer be able to guide the vi-
sual behavior of the child. These results indicate that the representation of the mov-
ing object is able to support visual behavior up to at least 4 sec of nonvisibility at
the older ages studied, but not quite at the youngest age. In a similar experiment by
Gredebäck et al. (2002), 9-month-olds were found to anticipate the reappearance
of circularly moving objects that were occluded for 5,000 msec.

In this study the two factors were confounded so that longer occlusions were al-
ways associated with more gradual deletions at the occluder edge. Future research
needs to disentangle these factors by also varying occluder width and object size.

Temporal Representation of the Occluded Object Motion

Neither infants nor adults are able to smoothly pursue an object that gets occluded
(Knowler & Steinman, 1979). This effectively rules out the possibility that the eyes
simply continue to make ocular sweeps along the path of the moving stimulus. On
the contrary, one or several saccades are made to the expected position of reappear-
ance. By examining the latency and direction of these saccades it is possible to get
insights into the cognitive processes involved in representing the occluded motion.

Is it possible that these saccades are geared to the disappearance of the object
rather than the reappearance? In other words, does the probability of making a
saccade to the reappearance point simply increase with time of occlusion? Such an
explanation requires the participant, at least, to represent the circular trajectory, but
it does not require any representation of the motion behind the occluder. If the in-
fants behaved according to this hypothesis, the distribution of predictive gaze
crossing latencies would be the same for all durations of occlusion because the
occluders were all of the same size in all conditions. This was clearly not the case.
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In fact, the infants waited longer before shifting their gaze over the occluder when
the object was occluded for a longer period. This is illustrated in Table 3, which
shows that in almost all conditions at all ages, most of the predictive gaze crossings
occurred during the period just before the object reappeared. For instance, when
the object was occluded for 1 sec, gaze arrived at the reappearance point within the
first half-second in 17%, 25%, 26%, and 30% of the attended trials for the 6-, 8-,
10-, and 12-month-old infants, respectively. When the object was visually absent
for 4 sec, gaze arrived at the reappearance point within the first half-second in only
0%, 6%, 4%, and 4% of the attended trials for the 6-, 8-, 10-, and 12-month-old in-
fants, respectively. That infants scaled the latency of their occluder crossings to the
duration of object occlusion can also be seen in Figure 6. This suggests that that in-
fants at all ages studied represent the occluded motion and track it with their
“mind’s eye.”

Methodological Considerations

A question raised in connection with the definition of predictive occluder behavior
has to do with the criterion for predictive tracking. Is it possible that some in-
stances of predictive occluder tracking were disqualified because they exceeded
the criterion of 200-msec delay between the reappearance of the object and the ar-
rival of gaze? The distributions of infants’ gaze timing presented in Figure 3, how-
ever, indicate that the temporal end criteria set for predictive tracking was a sound
choice. It closely approximates the intersection between two distributions, one
containing predictive and the other reactive occluder crossings. This is especially
clear for the longest occlusion duration (4,000 msec). For the shorter occlusions it
is possible that some gaze shifts toward the reappearance side of the occluder were
initiated by the disappearance of the object behind the occluder rather than the re-
appearance from it. This suggestion is supported by Table 3, which shows that the
mean reaction times on nonpredictive trials were systematically shorter for the
shorter occlusions. Furthermore, reactive saccade latencies decrease with age; rep-
licating Canfield et al. (1997), there are no similar effects for predictive saccades.

Overall, 51% of all trials were included in the analysis. This might at first ap-
pear minute, but a very thorough criterion was set for inclusion. Infants had to at-
tentively track the target with smooth pursuit prior to occlusion, attend to the actual
occlusion event, move gaze over the occluder, and continue tracking the target af-
ter it had emerged. This restricted the data set but made sure that data analyzed are
part of an attentive, goal-directed process. Only then can we with confidence use
such words as prediction and representation, knowing that these representations
were strong enough to guide action. Furthermore, infants rarely attend to an event
uninterrupted for a long time, except when they are between 2 and 4 months
(Mayes & Kessen, 1989; Stechler & Latz, 1966). On the contrary, they shift atten-
tion from one interesting object or event to another and back. If, as in this study, the
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trials are 20 sec long, there is only a small chance that the participants fulfill the
criterion for inclusion on all the occluder passages in a trial. The fact that about
half the passages in all the conditions could be included shows that the task of
tracking the happy face was a very attractive one. In later experiments we have,
however, replaced the computer display with a real three-dimensional object mov-
ing on a vertical flat screen. This increased the number of included occluder pas-
sages considerably.

Overall, the use of a system integrating eye and head tracking and target dynam-
ics provides a unique combination of accuracy and nonobtrusiveness. Most infants
adjusted well to the experimental setup, resulting in a low exclusion rate (75% of
the infants attended to the task at all four visits). This can be attributed to a number
of factors. One is the short duration of the experiment; infants rarely spent more
than 10 min in the experimental room. This time included adjusting the parameters
mentioned earlier, calibration, and all stimulus presentations. Another contribut-
ing factor was the placement of the infant in a car seat on the parent’s lap. Our early
attempts to get the method working included positioning the infants directly on the
parent’s lap, or placing them in the infant chair and leaving them alone in the ex-
perimental room. The first of these amplified the infants’ movements (sliding side-
ways on the parent’s lap) which resulted in much more data loss. In the later situa-
tion infants expressed some anxiety that obviously had a negative effect on both
the parent’s and infant’s experience. The final placement of the infant did not re-
strict the infants’movements beyond that of a normal car ride. Furthermore, the in-
fant cap with the magnetic tracker attached was the only item applied to the infant.
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