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We investigated infants’ sensitivity to spatiotemporal structure. In Experiment 1, circles appeared in a statistically
defined spatial pattern. At test 11-month-olds, but not 8-month-olds, looked longer at a novel spatial sequence.
Experiment 2 presented different color/shape stimuli, but only the location sequence was violated during
test; 8-month-olds preferred the novel spatial structure, but 5-month-olds did not. In Experiment 3, the
locations but not color/shape pairings were constant at test; 5-month-olds showed a novelty preference.
Experiment 4 examined “online learning”: We recorded eye movements of 8-month-olds watching a
spatiotemporal sequence. Saccade latencies to predictable locations decreased. We argue that temporal order
statistics involving informative spatial relations become available to infants during the first year after birth,

assisted by multiple cues.

An important aspect of the ability to perceive the
visual environment as coherent and intelligible is an
understanding of objects’ spatial locations and what
their present locations might predict about future
events. Acquisition of this type of knowledge is
essential for motion perception and for the produc-
tion of action sequences, because one has to learn not
only which actions are appropriate, but also where
and when they should be performed. For example, if,
while looking out the window of your house, you see
your partner walking up the path to the front door,
you can reasonably predict that you will see him next
in the doorway of your house. You can use this
information to guide appropriate anticipatory behav-
ior, such as moving to a location that provides a view
of the door to greet your partner as he or she comes
inside. In other words, each visual event is temporally
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related both to the previous event and to the future
event and occurs within a spatial context.

Spatiotemporal Sequence Learning in Adults

Recognition and exploitation of patterns of events
to guide behavior relies on spatiotemporal sequence
learning. Adults are competent at learning many kinds
of complex spatiotemporal sequences (e.g., Chun &
Jiang, 1998; Cleeremans, Destrebecqz, & Boyer, 1998;
Conway & Christiansen, 2005, Howard, Mutter, &
Howard, 1993; Mayr, 1996). Many of these studies
were designed to examine sensitivity to the statistical
or probabilistic structure of the input. In serial reac-
tion time studies, for example, observers view a single
repetitive stimulus presented sequentially at different
locations and respond to each position by pressing
a corresponding key (e.g., Nissen & Bullemer, 1987).
Stimulus locations may follow a particular spatial and
temporal pattern that a participant may be unable to
describe explicitly, yet reaction times typically
decrease reliably across trials. In contrast, reaction
times show no improvement when stimuli are pre-
sented in a random order (Cohen, Ivry, & Keele, 1990;
Curran & Keele, 1993; Nissen & Bullemer, 1987).
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There is evidence, as well, that learning is indepen-
dent of the specific motor response (e.g., a button
press): Mere observation of a sequential pattern can
lead to knowledge of serial order (Howard et al.,
1993), and there appears to be no special benefit to
learning imparted by manual responses, relative to
oculomotor responses (Heyes & Foster, 2002).
Perception of scenes can be guided by statistical
information and other contextual cues (Chun, 2000).
Fiser and Aslin (2001, 2002), for example, presented
adults with probabilistically structured sequences of
single shapes and shape arrays and found that
observers were sensitive to the statistical correlations
among multipart objects presented simultaneously as
well as to the joint and conditional probabilities of
successive shape pairs. Participants viewed a series of
multiple shape-pair displays, and were asked to rate
familiarity of a previously seen shape pair in either
a familiar or novel spatial arrangement during a test
phase (Fiser & Aslin, 2001). The spatial structure of
the object displays was encoded readily on the basis of
presentation sequence, and performance was
improved further when more cues were available to
guide familiarity choices (e.g., if a novel test pair
differed in both local and absolute spatial arrange-
ment). In a subsequent study of temporal sequence
learning in adults, Fiser and Aslin (2002) reported
sensitivity to both the joint and conditional (predic-
tive) probabilities of successive shape pairs. When
joint probabilities were uninformative, participants
used conditional probabilities to guide performance.

Temporal Sequence Learning in Infancy

Research concerned with the development of
sequence learning has revealed a capacity to pick up
temporal patterns under many conditions. Saffran,
Aslin, and colleagues have found, for example, that 8-
month-old infants can parse a stream of auditory
stimuli based solely on the transitional probabilities
within and between the syllables (Aslin, Saffran, &
Newport, 1998; Saffran, Aslin, & Newport, 1996).
Gomez and Gerken (1999) exposed 12-month-olds to
a subset of strings produced by one of two artificial
grammars and then tested the infants on their ability
to discriminate new strings from both the familiar and
the unfamiliar grammar. Infants preferred to listen to
new strings from their training set relative to strings
from the novel grammar, suggesting discrimination
of the two grammars based on familiarity. These
grammars differed only in terms of the ordering of
word pairs: Individual words in the two sets and the
starting and ending words were always the same. The
only cues to the grammar, therefore, were contained

in word order, implying that the infants encoded the
temporal patterns of word co-occurrences. Infants’
ability to extract regularities in sequential input does
not seem to be a language-specific mechanism, but
exists broadly across audition as well. Infants parse
auditory streams based on statistical probabilities
even when the stimuli are tones (Saffran, Johnson,
Aslin, & Newport, 1999), and at least one species of
nonhuman primates, cottontop tamarins (which
never develop humanlike language skills), can learn
statistically structured sounds (Hauser, Newport, &
Aslin, 2001).

Domain generality of infants’ statistical learning
was investigated further by Kirkham, Slemmer, and
Johnson (2002), using visual stimuli. Two-, 5-, and 8-
month-olds were familiarized with a series of six
discrete colored shapes that loomed from the center
of a display monitor. Presentation order was defined
in part by statistical regularities: The shapes were
organized into pairs, and the pairs were ordered
randomly. That is, the first shape in a pair reliably
predicted the second, but the next shape to appear
could be any of the first members of a pair. As in
experiments that probe implicit learning in adults and
auditory statistical learning in infants and tamarins,
the only cue to stimulus sequence lay in its statistical
nature: There were no pauses between pairings, each
discrete stimulus was the same duration, and there
was no a priori relation between stimuli to provide
further information for co-occurrence. Infants
showed a reliable postfamiliarization preference for
random sequences that violated the statistical stimu-
lus grouping viewed initially. Interestingly, there
were no age differences in performance, implying
that visual statistical learning of simple temporal
sequences is available early and may remain constant
across development. Performance in this study was
likely based on a true sensitivity to the transitional
probabilities defining color/shape pairs, rather than
to the frequency of occurrence of these pairs (Aslin,
Slemmer, Kirkham, & Johnson, 2001).

Spatiotemporal Sequence Learning in Infancy

These experiments are important in providing
evidence for statistical learning of temporal sequen-
ces early in development, but leave open the question
of the capacity to learn spatial sequences. There is
evidence from other paradigms, however, that infants
show some sensitivity to spatial relations among
repetitive events under certain conditions. For exam-
ple, young infants learn simple (two-location), pre-
dictable spatial sequences in the visual expectation
paradigm, which uses oculomotor anticipation as the



index of learning (Haith, 1993). There is some evi-
dence as well for infants’ sensitivity to spatial
contingency in temporal sequences: Wentworth,
Haith, and Hood (2002) presented 3-month-old in-
fants with a spatiotemporal sequence in which
a stimulus appeared on the left, in the center, or on
the right of a computer monitor. Infants viewed
either a fixed or a random pattern of locations, and
in some cases there was a contingent relation
between the identity of the central stimulus and the
location of the next peripheral picture. The fixed
sequence of three locations resulted in more eye
movement anticipations, and there were more antic-
ipatory saccades to the correct location when there
was a contingent relation between central and
peripheral events.

Notably, responses to event predictability in the
visual expectation paradigm seem to be rather poor
considering that infants view spatiotemporal patterns
that are perfectly predictable, and there is little
improvement across infancy (2-12 months): Typi-
cally, performance is correct on only 15%-30% of
trials, depending on the specific procedure (Canfield,
Smith, Brezsnyak, & Snow, 1997). Young infants’
performance in anticipation paradigms is higher
when the event is part of a repetitive trajectory, as
when an object emerges from behind an occluder at
a predictable time and place (Johnson, Amso, &
Slemmer, 2003), implying that spatial sequence learn-
ing can be facilitated by context, such as a multi-
element scene. Further support for this notion comes
from experiments that examine infants’ responses to
statistical structure in displays of greater complexity
than the simple two- and three-location events
described previously. Upon exposure to a sequence
of static multi-element scenes, for example, 9-month-
olds appeared to acquire the underlying statistical
structure of the scene layout, attending longer fol-
lowing habituation to isolated element pairs that had
co-occurred with a higher frequency within the
familiar scenes (Fiser & Aslin, 2003). The infants also
responded to the predictability (conditional proba-
bility) of co-occurrence of individual members of the
pair. Additionally, Richardson and Kirkham (2004)
demonstrated that 6-month-olds bind audiovisual
information to moving locations when presented in
a context of repetitive, predictable events. Infants
were familiarized with two different animated ob-
jects on a computer screen, each accompanied by
a distinct sound and appearing in a specific location
in one of two square frames. The frames then moved
to different positions on the screen and remained
empty while the two sounds associated with each of
the objects were played sequentially. The infants
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looked significantly longer at the frame associated
with the test sound, even though it was empty, and
occupied a new location in space. This finding
suggests that the infants exploited cross-modal reg-
ularities to learn about the locations of the events,
and that those location representations were up-
dated dynamically.

Rationale for the Present Experiments

As the results of these experiments reveal, spatio-
temporal information plays a key role in perceptual
development. In all of these studies, however, stimuli
were presented either in static scenes or in fixed
versus random locations. More subtle statistical reg-
ularities, which infants are demonstrably capable of
encoding across time (Kirkham et al., 2002; Saffran
et al., 1996), have not yet been employed to examine
infants’ sensitivity to spatial structure.

In the current study, we adapted the Kirkham et al.
(2002) visual statistical learning paradigm to examine
spatiotemporal statistical learning in which spatial
statistics were informative with respect to the location
of subsequent elements in the sequence. The goal was
to explore whether infants could extract spatiotem-
poral correlations from a sequence that has distinctive
statistics in both spatial and temporal dimensions,
and if so, at what age, and under what conditions.
Infants as young as 2 months of age appear to be
sensitive to the serial order of a set of discrete objects
(Kirkham etal., 2002), and by 9 — 11 months of age they
encode spatial relations (Fiser & Aslin, 2003) and
spatiotemporal action patterns (Baldwin, Baird,
Saylor, & Clark, 2001). Can infants also detect the
statistics of spatiotemporal sequences when the stim-
ulus locations are changing?

Experiment 1
Method
Participants

Thirty-two full-term infants (20 girls) composed
the final sample: sixteen 8-month-olds (M age = 8.2
months, SD = 0.4 months), and sixteen 11-month-
olds (M age = 11.3 months, SD = 0.3 months). An
additional 3 infants were observed but not included
in the analyses, 2 due to fussiness (11-month-olds),
and 1 fell asleep during the task (8-month-old). The
infants were recruited by letter and telephone from
hospital records and birth announcements in the local
newspaper. Parents and infants received a small gift
(a baby T-shirt or toy) for their participation.
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Apparatus and Stimuli

A Macintosh G4 computer and 53-cm color mon-
itor were used to collect looking time data and to
present stimuli. An observer viewed the infant on
asecond monitor and entered looking time judgments
with a keypress on the computer keyboard. The
observer was unaware of the stimulus sequence
viewed by the infant. The computer presented dis-
plays, recorded looking times, calculated the habitu-
ation criterion for each infant, and changed displays
after the criterion was met. Stimuli consisted ofa 3 x 2
grid (38.5 x 25.8 cm, 22.9° x 15.5° visual angle)
defined by white lines on a black background, and
ared circle that appeared sequentially. In each square
of the grid, the circle was presented for 1 s and loomed
from 4 cm to 24 cm in diameter (2.4° to 14.6°). At no
time did the circle loom outside of its box in the grid,
so there was never any spatial overlap between
individual circles. The stream of stimuli was shown
as long as the infant attended to the monitor. A trial
ended when the infant looked away for 2 continuous
seconds, or had looked for 60 s. Between trials,
a beeping target was shown to attract attention back
to the screen.

Procedure

Infants were tested individually and sat on a pa-
rent’s lap 95 cm from the computer monitor. The
parent was instructed not to interact with the infant or
watch the monitor. The red circles appeared in
a continuous stream of randomly ordered location
pairs (e.g., Pair 1: top middle, followed by top left; Pair
2: bottom middle, followed by top right; Pair 3:
bottom left, followed by bottom right) with only
transitional probabilities defining boundaries within
and between pairs (see Figure 1). As in the Kirkham
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Figure 1. An example of a possible spatial sequence in Experi-
ment 1. Red circles appeared one at a time during the familiarization
and test trials, but are shown altogether here for the purpose of
illustrating the transitional probabilities.

et al. (2002) study, the transitional probability within
pairs was 1.0 and between pairs was 0.33. For each
infant the location pairings were randomized by the
computer. The initial stimulus location of a location
pair always predicted the next stimulus location, and
the next stimulus location after a pair was constrained
to be the initial location of one of the three allowable
pairs. For an individual infant, the location pairs were
always the same, but the order of the pairs within the
sequence was random. The infants viewed this
sequence until habituation of looking occurred or 12
trials had elapsed. The habituation criterion was
defined as a decline in looking times across a block
of four trials adding up to less than 50% of looking
times during the first four trials.

After habituation, infants viewed six test displays
alternating between familiar sequences (composed of
the same three location pairs) and novel sequences
(produced by randomly ordering the same locations).
In the novel sequences, the single constraint on
stimulus order was that the red circle never appeared
in the same location two times in a row. The only
difference between familiar and novel sequences was
the transitional probabilities between the locations. In
the novel sequences there were no predictable loca-
tion changes. This ensured that any looking time
difference observed would necessarily be related to
the statistical structure of the sequence. Ordering of
test trials was counterbalanced across infants so that
half the infants saw a familiar trial first and half the
infants saw a novel trial first.

Results
Habituation Looking Times

Eleven infants (two 8-month-olds and nine 11-
month-olds) did not habituate. There were no reliable
age differences in total looking time during the
habituation phase of the experiment (M looking time
for 8-month-olds = 163.67 s, SD = 94.72; M looking
time for 1l-month-olds = 179.32 s, SD = 122.48),
t(30) = .40, ns, nor were there differences in test
display looking times between infants who habitu-
ated and those who did not, in combined data, and
within each age group (all ts < .93, ns).

Test Sequence Looking Times

Infants in the 11-month-old age group, but not in the
8-month-old age group looked longer at the novel
sequence, relative to the familiar sequence (see Fig-
ure 2). Thirteen of the sixteen 11-month-olds showed
this preference (Wilcoxon matched pairs test z = 2.84,
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Figure 2. Experiment 1: Mean looking time (in milliseconds), by age
group, to test trials.

p < .01), but only nine of the sixteen 8-month-olds
exhibited this preference (z = 1.09, ns). A Mann Whit-
ney U-test showed that these preferences were signif-
icantly different from each other (z = 2.26, p < .05).

These conclusions were confirmed with paramet-
ric analyses. Looking time data in some cells were
positively skewed (which is often the case in visual
habituation procedures with young infants), and all
data in the three experiments in this report were
therefore log-transformed prior to analysis (data
shown in the figures are based on raw scores). Pre-
liminary analyses did not reveal any reliable sex
differences in performance in any of the experiments,
nor any pertinent effects of trial block, so these
variables were removed from subsequent analyses.
A 2 (age group: 8 or 11 months) x 2 (order: familiar or
novel sequence seen first after habituation) x 2 (test
display: familiar or novel sequence) mixed ANOVA
yielded a significant main effect of test display, F(1,
28) = 11.16, p < .01, the result of longer looking
overall at the novel sequence relative to the familiar
sequence. There was also a significant interaction
between age group and test display, F(1, 28) = 5.10,
p < .05, and no other significant main effects or
interactions (Fs < 1.83, ns). Post hoc comparisons
(simple effects tests) revealed a reliable preference
for the novel sequence by the 11-month-olds,
F(1, 28) = 15.67, p < .001, but not the 8-month-olds,
F(1,28) = .59, ns.

Discussion

Only the infants in the 11-month-old age group
showed longer looking time to the novel sequence of
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locations; 8-month-olds did not look longer at either
test trial sequence. Given that the only difference
between the test trials was the pattern of locations of
the identical red circles, it is reasonable to assume that
only the 11-month-olds encoded the statistical pattern
of locations during the habituation phase of the
experiment.

Infants as young as 2 months of age can extract
simple statistical associations in a temporal sequence
(Kirkham et al., 2002), and so it seems surprising that
8-month-olds cannot extract the same pairwise statis-
tics in a spatiotemporal pattern. But there is an
important difference between the two paradigms. In
the present experiment, the only available cue to
predict the second location in a pair was the previous
location, because the visual stimuli were all identical
red circles. In contrast, in the Kirkham et al. experi-
ment the stimuli differed in both shape and color (e.g.,
a turquoise square predicted a purple diamond;
a yellow circle predicted a red octagon; a blue cross
predicted a green triangle). The infants in that study
may have encoded a pattern of colors, a pattern of
shapes, or both. Perhaps the younger infants in the
present experiment needed both kinds of featural cue
in order to discover the pattern, if cue redundancy
supported learning of the sequence (cf. Christiansen,
Allen, & Seidenberg, 1998).

With this possibility in mind, we designed a sec-
ond experiment that combined color and shape cues
with location, presenting the color/shape pattern of
Kirkham et al. (2002) in the location patterns of
Experiment 1. Because our interest is in spatiotem-
poral encoding, color/shape patterns were main-
tained whereas the spatiotemporal patterns were
violated during the novel test trials. Our hypothesis
was that multiple feature cues would strengthen the
representation of a spatiotemporal pattern and facil-
itate its acquisition by infants younger than 11
months.

Experiment 2
Method
Participants

Thirty-two full-term infants (13 girls) composed
the final sample: sixteen 5-month-olds (M age = 5.2
months, SD = 0.3 months), and sixteen 8-month-olds
(M age = 8.4 months, SD = 0.4 months). An addi-
tional 9 infants were observed but not included in
the analyses due to fussiness (2) or procedural error
or equipment failure (7). The infants were recruited in
the same manner as infants in Experiment 1.
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Apparatus, Stimuli, and Procedure

The testing apparatus and procedure were the
same as in Experiment 1. Stimuli consisted of a 3 x
2 grid, defined by white lines on a black background,
and six colored shapes (turquoise square, blue cross,
yellow circle, pink diamond, green triangle, and red
octagon) appearing sequentially. In each square of the
grid, a colored shape was presented for 1 s and
loomed from 4 cm to 24 cm in height (visual angle:
2.4° to 14.6°). The colored shapes appeared in a con-
tinuous stream of randomly ordered location pairs.
Individual stimulus elements always appeared in the
same location during habituation, resulting in two
kinds of simultaneous pairing: pairing by color and
shape (as in Kirkham et al., 2002) and pairing by
location (as in Experiment 1; see Figure 3). The color/
shape/location conjunctions were randomized by the
computer for each infant. For an individual infant, the
color/shape/location pairs were always the same,
but the order of the pairs within the sequence was
random.

As in Experiment 1, infants were first habituated
and then viewed six test displays alternating
between familiar sequences, composed of the same
three color/shape/location pairs, and novel sequen-
ces, produced by randomly ordering of locations. In
novel-sequence test trials, as in the familiar sequen-
ces, the color/shape pairings were maintained.
Importantly, the only change in the novel test
trials was the location of the shapes. Because the
color-shape pairings did not change across test
trials, discrimination of test sequences required
sensitivity to the location changes. The single con-
straint on stimulus order in novel sequences was
that shapes did not occur in the same location twice
in a row.
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Figure 3. Example of the spatial structure of the stimuli in Exper-
iment 2.

Results
Habituation Looking Times

Eight infants (three 5-month-olds and five 8-
month-olds) did not habituate. There were no reliable
age differences in total looking time during the
habituation phase of the experiment (M looking time
for 5-month-olds = 163.80s, SD = 104.39; M looking
time for 8-month-olds = 210.81 s, SD = 104.85),
t(30) = 1.27, ns, nor were there differences in test
display looking times between infants who habitu-
ated and those who did not, in combined data, and
within each age group (all ts < 1.7, ns).

Test Sequence Looking Times

Infants in the 8-month-old age group, but not in the
5-month-olds, looked longer at the novel sequence
relative to the familiar sequence (see Figure 4). Thir-
teen of the sixteen 8-month-olds showed this prefer-
ence (Wilcoxon matched pairs test z = 2.37, p < .05),
as opposed to only seven of the sixteen 5-month-olds
(Wilcoxon matched pairs test z = .53, ns). These
preferences were significantly different from each
other (Wilcoxon matched pairs test z = 2.37, p <
.05). A 2 (age group: 5 or 8 months) x 2 (order) x 2
(test display) mixed ANOVA yielded a significant
main effect of age group, F(1, 28) = 4.23, p < .05,
resulting from longer looking overall by the 8-month-
olds, and a significant interaction between age group
and test display, F(1, 28) = 541, p < .05. There
were no other reliable effects (Fs < 3.51, ns). Post
hoc comparisons (simple effects tests) revealed a
reliable preference for the novel sequence by the
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Figure 4. Experiment 2: Mean looking time (msec), by age group, to
test trials.



8-month-olds, F(1, 28) = 8.42, p < .01, but not the
5-month-olds, F(1, 28) = .15, ns.

Discussion

As predicted by the multiple cue hypothesis, the 8-
month-olds we observed discriminated between the
two test trials when the familiarization phase
included color and shape cues in addition to the
location pattern. It is worth stressing that during the
test phase, the color/shape patterns were never
violated; only spatiotemporal predictability was dis-
rupted. Apparently the 8-month-olds were able to use
the redundancy across color, shape, and location to
discriminate familiar from novel spatiotemporal pat-
terns. It is not clear whether successful performance
was based on a true sensitivity to location statistics or
on detection of a violation of expected location of
individual stimulus elements (or both). Either way,
the results of Experiment 2 suggest a burgeoning
ability to keep track of stimuli over numerous loca-
tions by 8 months of age, when stimuli appear in
a context of dynamic and complex multi-element
scenes.

In contrast to 8-month-olds, 5-month-olds did not
appear to recognize violations of the spatiotemporal
pattern seen during habituation despite the availabil-
ity of multiple cues, although 5-month-olds have been
shown to be sensitive to statistical information from
color and shape when location is held constant
(Kirkham et al., 2002). This age difference suggests
that spatiotemporal sequence learning may be limited
in young infants by difficulty in accessing spatiotem-
poral information. Adults represent locations using
a variety of spatial reference frames (e.g., egocentric
and allocentric), and coordinate those reference
frames across modalities (Stein, 1992). Gilmore and
Johnson (1997, 1998) have proposed, in contrast, that
infants younger than 6 months represent location only
relative to their current eye position. Locations en-
coded within this retinocentric reference frame become
invalid once a saccade is made, which would make
spatiotemporal sequence learning difficult, if not
impossible. An egocentric reference frame combines
retinal and eye position information to represent the
location of targets relative to the body, and is the bare
minimum required in order to keep track of spatial
locations of objects in dynamic events.

Gilmore and Johnson (1997) used a “double-step”
saccade paradigm, in which two visual targets were
flashed briefly in a dark visual field, to document the
emergence of egocentric reference frames in infants.
The temporal and spatial parameters of target appear-
ance were more complex than the simple two- and
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three-location sequences presented in the visual
expectation paradigm described in the Introduction
(Haith, 1993). Targets were flashed one after the other
with an interval short enough that the second target
had already disappeared before the saccade to the
first target had finished, so that a retinocentric refer-
ence frame would result in an incorrect saccade to the
location of the second target. Gilmore and Johnson
found that a progression from predominantly retino-
centric reference frames to predominantly egocentric
reference frames takes place between 4 and 6 months
of age.

Analysis of our task at this level provides a ready
explanation for the failure of the 5-month-olds to
respond to location statistics in Experiment 2, and
leads to a prediction. If 5-month-olds cannot recruit
an appropriate reference frame to predict the location
in which a stimulus element will appear in a complex
sequence, then spatial position is actually irrelevant
to spatiotemporal sequence learning in young in-
fants. This prediction was tested in Experiment 3.
Five-month-olds were habituated to the color/
shape/location display employed in Experiment 2,
and then viewed two test trial sequences. The famil-
iar sequence was identical to the habituation
sequence, as in the design of the first two experi-
ments. The novel sequence, in contrast, preserved the
location pairings and randomized the color/shape
pairings. If the 5-month-olds’ failure to discriminate
familiar from novel sequences in Experiment 2 was
centered specifically in the spatiotemporal aspect
of the task, they should discriminate between the
two test trials in the present experiment. This is be-
cause location statistics are hypothesized to provide
no contribution to event predictability for this
age group, whereas color and shape are cues to
which 5-month-olds are known to respond in a visual
statistical learning paradigm (Kirkham et al., 2002).
In the present case, therefore, violation of loca-
tion statistics should have no negative impact on
performance. This possibility was examined in
Experiment 3.

To be confident that the results we have obtained
are informative with respect to infants’ (in)sensitiv-
ities to statistically probabilistic spatiotemporal pat-
terns, it is necessary to rule out another alternative
hypothesis. It is possible that our experiments tap
into infants’ ability to pick up on shape-location
correlations, rather than sensitivity to a higher order
probabilistic pattern of location change. Perhaps the
8-month-olds showed a novelty preference because
they noticed a violation of the shape-location pairings
in the novel test trials (e.g., the blue star was no longer
in the top right position), and not because they noticed
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a higher-order pattern of location changes. This alter-
native explanation was investigated in Experiment 4.

Experiment 3
Method
Participants

Sixteen full-term 5-month-old infants (4 girls)
composed the final sample (M age = 5.3 months,
SD = .6 months). One additional infant was observed
but not included in the analyses due to persistent
inattention to the displays. The infants were recruited
in the same manner as infants in Experiments 1 and 2.

Apparatus, Stimuli, and Procedure

The testing apparatus and procedure were the
same as in the first two experiments. The habituation
sequence was the same as in Experiment 2, as well as
the familiar test sequence (the statistics of both spatial
location and color/shape of the stimulus elements
were preserved). In the novel test sequence, location
statistics were maintained but the color/shape pair-
ing was randomized, with a single constraint on
stimulus order: Shapes did not occur in the same
location twice in a row. That is, stimulus elements
appeared in location-based pairs, the second member
of which was predictable from the first, but which
color/shape combinations composed the members
was random.

Results
Habituation Looking Times

Three infants did not habituate. There were no
differences in test display looking times between
infants who habituated and those who did not (all
ts < .45, ns).

Test Sequence Looking Times

Thirteen of the sixteen 5-month-olds looked longer
at the novel test display (Wilcoxon matched pairs test
z =3.00, p < .01). A 2 (order) x 2 (test sequence)
mixed ANOVA yielded a significant main effect of test
sequence, F(1, 14) = 31.52, p < .0001: Looking time
was longer to the novel test sequence than to the
familiar sequence (see Figure 5). The effect was more
pronounced in the group that viewed the novel
sequence first (order x test display interaction F(1,
14) = 8.36, p < .05). Post hoc comparisons (simple
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Figure 5. Experiment 3: Mean looking time (in milliseconds) to test
trials.

effects tests) revealed that the preference for the novel
sequence was reliable in infants who viewed it first,
F(1, 14) = 36.18, p < .001, and marginally reliable in
infants who viewed it second, F(1,14) = 3.71,p = .07.
However, there were no reliable differences in pref-
erence between the two groups for either the novel or
the familiar sequence (Fs < 1.57, ns). The main effect
of order was not statistically significant, F < .07, us.

Discussion

In a replication of Kirkham et al. (2002), and as
predicted, 5-month-olds demonstrated sensitivity to
the statistical structure of the color/shape pairings
and ignored violations of location statistics. Their
failure to discriminate familiar and novel spatiotem-
poral patterns in Experiment 2, therefore, may have
been due to an immature spatial reference system
incapable of processing location pairings, a spatial
reference system that is sufficiently functional by
8 months to support computation of shape/color/
location statistics.

Experiment 4

Previously, we suggested that the 8-month-olds’
performance in Experiment 2 demonstrated sensitiv-
ity to the probabilistic pattern of location changes. It is
possible, however, that the infants responded on the
basis of specific shape-location pairings, and showed
a novelty preference when those pairings were vio-
lated. For example, say in Experiment 2 an infant was
habituated to a blue cross in the top left followed by
ared square in the bottom right. During the test phase



the infant may have viewed a blue cross in the top left
followed by a red square in the bottom left. The infant
may have looked longer to this display either because
she learned a spatiotemporal pattern that was vio-
lated, or because she had never seen a red square in
that location. To distinguish between these two pos-
sibilities, we designed an experiment in which we
recorded infants’ oculomotor latencies as they viewed
spatiotemporal sequences. We reasoned that detec-
tion of spatiotemporal patterns would facilitate gaze
shifts to predictable locations. In the structured
sequence pairs employed in Experiments 1-3, the
second shape was always predicted by the first.
Therefore, if infants keep track of spatiotemporal
patterns, they should show shorter saccade latencies
to the location of the second shape in a pair.

In Experiment 4, 8-month-old infants were pre-
sented with the structured sequence used in Exper-
iment 2. After they had seen 24 pairs, we began to
record their eye movements. The infants saw the
same spatiotemporal structure throughout the
whole experiment (there was no violation of
shape-location pairings). Therefore any differences
in fixation latencies to the predictable and unpre-
dictable events must be due to online learning of
spatiotemporal structure, rather than other differ-
ences between responses to structured and unstruc-
tured sequences. Note that we do not expect infants
to make anticipatory eye movements to the upcom-
ing locations (as shown by Johnson et al., 2003). In
the current display, stimuli loom one after another
without pause, and so an anticipatory eye move-
ment would require the infant to look away from
a very salient event toward a blank region of the
screen. Rather, we predicted that infants would have
some expectation of the upcoming location while
looking at the first member of a stimuli pair, and
that this spatiotemporal knowledge would show
itself in decreased fixation latencies to the second.

Method
Participants

Sixteen full-term 8-month-old infants (8 girls)
composed the final sample (M age = 8.2 months,
SD = 0.3 months). Twelve additional infants were
observed but not included in the analyses due to
persistent inattention to the displays or problems in
calibrating the eye tracker to their gaze. The infants
were recruited from a database of parents who had
previously agreed to participate in research. They
received and infant T-shirt and/or toy as a parting
gift.
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Apparatus, Stimuli, and Procedure

The stimuli were presented with a Macintosh G5
computer and 152-cm rear projection screen. Infants
sat on their caregiver’s lap 180 cm away from the
screen. An Applied Science Laboratories Model 504
corneal reflection eye tracking system was used to
collect eye movement data as infants were shown the
stimulus displays. A remote pupil camera with
a pan/tilt base was placed on the table below the
projection screen. The stimuli viewed by the infant
were imported directly into the eye tracker from the
Macintosh. The eye tracker also fed a signal into a mini
digital video recorder in the form of crosshairs super-
imposed on the stimulus. Stimulus dimensions were
the same as in Experiments 1-3.

Each session required two experimenters, an “eye-
tracking experimenter” (ET experimenter) and
a “stimulus presenter,” both of whom sat behind the
rear projection screen out of sight of the infant. The ET
experimenter worked the eye-tracking system,
watching an image of the infant’s pupil, the infant’s
point of gaze (POG), and the stimulus on a split screen
monitor. If and when the infant’s eye moved away
from the presented stimuli, the ET experimenter used
a remote control to redirect the pupil camera. The
stimulus presenter controlled presentation of the
calibration and experimental stimuli based on when
the infant was attending to the projection screen.

Before the stimulus presentation, the room lights
were turned off and the infant was shown a cartoon
clip to engage attention. During this time, the pupil
camera was directed toward the infant’s left eye. After
the infant’s left eye was in view, the ET experimenter
placed the eye-tracking computer in “automatic”
mode, during which the camera remained directed
at the pupil despite small displacements of the
infant’s head (via an algorithm built into the eye
tracker). If the infant moved his or her head more
quickly than the camera could follow, such that the
pupil was lost from view, the ET experimenter
changed the computer to manual mode, located the
pupil in the camera, and automatic control was
resumed.

Following acquisition of the pupil image, as the
infant watched the cartoon, adjustments were made
on the eye tracker to maximize robustness of the POG.
This varied somewhat from infant to infant with
respect to reflectance of infrared and visible illumi-
nation (corneal and pupil reflection, respectively).
The infant was then shown a series of looming cartoon
movies that made fun noises (e.g., cartoon-style
musical noises) to attract her attention and calibrate
the POG. The eye tracker was calibrated on each
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infant’s left eye using a two-point calibration routine
(i.e., the POG for upper left and lower right locations
were used; other locations were interpolated by the
computer) and then checked against two different
points at the end of the calibration. If the calibration
check was successful, the experiment began.

The stimulus sequence was identical to that
described in Experiment 2.

Each infant was first familiarized with a sequence
of 48 looming shapes. This sequence contained eight
exposures of each of the three pairs of color/shape/
location conjunctions. Pilot data suggested that this
48-s exposure was long enough perhaps for the
infants to learn something of the statistical structure
of the sequence, yet short enough to allow further
testing before they grew restless. The looming
sequence continued seamlessly after the familiariza-
tion period, and we recorded infants’ eye movements
until they became disinterested.

Results

Infants watched an average of 72 looming shapes
(5D = 9.6) following the familiarization trials. We
compared saccade latencies to the first member of
the pair, the location of which was unpredictable, to
saccade latencies to the second member of the pair,
which was predictable. Latencies to the predictable
locations (M = 569 ms, SD = 111) were faster than
those to the unpredictable locations (M = 645 ms,
SD = 82), #(15) = 2.27, p < .05. Eleven of the 16
infants produced faster saccades to the predict-
able location (Wilcoxon matched pairs test z = 1.82,
p < .05).

What were these infants learning? One possibility
was that the infants were only sensitive to such
spatiotemporal contingencies over a short time span,
when the same pair of shapes was repeated in the
sequence. When such instances of repetition were
excluded from the analysis, however, the latency to
predictable trials remained over 70 ms faster than
unpredictable trials, and this difference was signifi-
cant, £(15) = 2.13, p < .05. Another possibility was
that infants had just learned a single sequence pair,
and this limited spatiotemporal learning accounted
for the overall differences we observed. We calculated
that 59% of the pairs had shorter latencies for the
predictable member, and hence showed evidence of
learning (p < .05 with a sign test).

Discussion

After watching a probabilistic sequence for a short
period of time, 8-month-olds responded differently to

unpredictable and predicable events: Saccade laten-
cies were faster to a new shape when its location had
been predicted by the previous shape. This provides
evidence that the infants responded to the higher
order pattern of location changes, not simply the
novelty of seeing the particular shapes occur in new
locations.

General Discussion

These four experiments present evidence concerning
a fundamental cognitive skill in infancy: the ability to
learn probabilistic event sequences across space and
time. We also obtained evidence of important devel-
opmental limitations in learning: Only the oldest
infants we observed (11-month-olds) responded
solely on the basis of location statistics, showing
a posthabituation novelty preference to a display in
which the positions of stimulus elements were ran-
domly placed. The youngest infants we tested (5-
month-olds), in contrast, appeared largely insensitive
to location statistics, although they were able to detect
probabilistic sequences based on a combination of
color and shape. Infants at an intermediate age (8
months) provided evidence of learning location sta-
tistics only when color and shape contributed addi-
tional (redundant) cues for the spatiotemporal
sequence. This latter finding was supported by an
on-line eye-tracking experiment and accords with
a view stressing an important role for integration of
multiple information sources in sequence learning. In
the present case, these information sources are mul-
tiple visual features. A mechanism capable of learn-
ing simple temporal associations, therefore, appears
to be available even to very young infants (Kirkham
et al.,, 2002), but extraction of purely location-based
associations seems to be more complex, perhaps
requiring the maturation of dedicated spatial repre-
sentation systems.

We propose a developmental theory of multiple
cue integration, which highlights acquisition of spa-
tiotemporal information within a statistical learning
framework. In the adult vision literature, theories of
multiple cue integration, or weighted sum models,
have been offered as explanations for how observers
combine redundant stimulus property cues (e.g.,
Kinchla, 1977) and multiple depth cues (e.g., Landy,
Maloney, Johnston, & Young, 1995) while viewing
visual stimuli. Investigations of depth perception, for
example, have determined that the wide range of
available cues (such as object motion, disparity, and
texture gradients) are integrated effortlessly and
quickly to produce coherent visual percepts of objects,



surface layout, and scenes (e.g., Jacobs, 2002; Mayhew &
Frisby, 1980; Sperling, Landy, Dosher, & Perkins, 1989;
Todd & Akerstrom, 1987). Recent findings from
infants converge to reveal early development of
sensitivities to some kinds of spatiotemporal event
structure (Canfield et al., 1997; Haith, 1993; Kirkham
et al., 2002; Saffran et al., 1996; Johnson et al., 2003;
Smith, Loboschefski, Davidson, & Dixon, 1997). A
question that surfaces when considering these sensi-
tivities concerns the role of the precise spatiotemporal
context when learning about structure in the visual
environment. As adult observers inspect a series of
visual scenes, the spatiotemporal information that is
available across repeated exposures composes a larger
context within which the observers have continually
greater access to available structure (Chun & Jiang,
1998; Olson & Chun, 2001). It may be that rich scenery,
with many cues available to highlight environmental
structure, is processed more efficiently by infants than
a scene with sparser features. If this is so, then this
implies that nascent spatiotemporal sensitivities
might require more contextual support in order to
glean structure from the environment. The results
from the present experiments are consistent with this
suggestion, with 11-month-olds outperforming the
younger infants in a comparatively barren context.

Nevertheless, even young infants integrate multi-
ple perceptual cues to organize the visual world.
Johnson et al. (2003) found that 4-month-olds” per-
ception of object trajectories is improved dramatically
when cues of temporal and spatial predictability were
provided. In addition, when viewing partially
occluded objects, 2- to 4-month-olds integrate avail-
able cues such as edge alignment, synchronous
motion, and depth to support perception of unity
(Johnson, 1997, 2004; Smith, Johnson, & Spelke, 2003).
That is, young infants exploit the regularities in their
environment to complete occluded objects, and to
predict their trajectories.

Concurrently, researchers investigating language
acquisition have provided similar kinds of multiple
cue hypotheses as possible answers to the speech
stream segmentation problem (e.g., Christiansen et al.,
1998; Johnson & Jusczyk, 2001, Mattys, Jusczyk,
Luce, & Morgan, 1999). Christiansen and colleagues
have proposed that the integration of multiple acous-
tic cues can help infants parse an ostensibly continu-
ous stream of sound into word segments. The
combination of these cues provides evidence about
aspects of linguistic structure that is not available
from any single source of information, a notion that
receives added support from connectionist modeling:
Providing a simple recurrent network with a combi-
nation of cues supported correct word segmentation,
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but none of the cues in isolation was effective in this
task (Christiansen & Dale, 2001).

Given the probabilistic nature of the environment
across all perceptual domains, it is not surprising that
there might be commonalities between language
learning and visual learning. Christiansen et al.
(1998) speculated that associations between visual
and auditory stimuli may provide possible cues for
more sophisticated kinds of segmentation relative to
parsing the speech stream. For example, if an infant
notices the temporal correlation between the speech
sound “ball” with the actual physical object when
playing with a parent, he or she could use that
information to isolate ““ball” from the speech stream
during subsequent encounters.

It seems natural, then, that infants would take
advantage of the regularities in the environment,
and use them to support understanding of a dynamic
spatiotemporal situation. The somewhat lengthy
developmental trajectory in perceiving spatiotempo-
ral structure revealed by our experiments is striking
in this context. We speculate that the richness of
environmental stimulation may provide a significant
challenge to developing perceptual systems, whose
task is to discern statistical and abstract patterns
across a wide range of input. When viewing relatively
simple displays or events typical of much research on
perceptual development, young infants often are able
to detect information relevant to task success with
little difficulty. In the present experiments, in contrast,
spatiotemporal statistics in isolation were insufficient
to guide perception of event structure until 11 months.
This seems surprising given the importance of spatial
location to visual guidance of behavior, and suggests
that development of spatial cognition may be more
complex than previously envisioned.
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