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Visual events are defined by a number of dimensions—their location in space, con-
tent (color, shape, etc.), and time tags (onset, duration, etc.). The role of time in in-
fants’ performance in the Visual Expectation Paradigm (VExP) was studied to evalu-
ate whether infants encode in their expectation representation the timing of events in
addition to their spatial location and content. In Experiment 1, 3-month-olds pro-
duced more anticipations in a temporally predictable condition than in an unpredict-
able condition, suggesting that their expectations included a timing component. No
evidence was found, however, that infants processed events’ precise timing, but they
instead appeared to process events’ average temporal flow rate. This was supported
in Experiment 2, in which infants trained with a shorter flow rate exhibited an in-
crease in anticipations after being shifted to a longer flow rate, whereas those trained
with a longer flow rate exhibited a decrease when shifted to a shorter flow rate. These
findings indicate 3-month-olds encode in their expectation representation the aver-
age temporal flow rate rather than the precise timing of events. The findings also sug-
gest that the VExP may be useful for exploring infants’ ability to make time estimates
that involve action.
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The past, present and future are only illusions, even if stubborn ones.
—Albert Einstein (quoted in Davies, 2002)

Within the physical realm, there is no known quantity that corresponds to the pas-
sage of time (Davies, 2002). Yet, we perceive the world and events as embedded in
the flow of time. The question then needs to be raised, what cognitive mechanisms
are responsible for our perception and processing of time? Certainly, we have
memories for events that occurred in the past, which include information about
when they occurred, such as how old we were, what time of day it was, and perhaps
how long the event lasted. We also predict and plan future events that are set to oc-
cur at a particular time in the future. Thus, although physics does not identify any
quantity that specifies time, it is not an illusion but a real and ever-present charac-
teristic of our cognitive processing.

When we consider everyday tasks, the processing of time plays a role in many
of our behaviors, particularly those requiring anticipation and planning. For exam-
ple, musicians process the duration of and interval between notes in order to plan
and execute the playing of a piece of music. Many other tasks also require precise
perception and processing of time in order to anticipate relevant events and plan
appropriate motor behavior, such as typing, driving a car, walking across the street,
and catching an object. Even infants’ behavior, such as feeding and social interac-
tions, requires the processing of time in order to match their execution to the timing
of expected components of those events.

To date, research into infants’ ability to process time has focused on their sensi-
tivity to temporal parameters of events, for example, temporal markers for events
that indicate their onset, duration, and offset. Furthermore, these temporal markers
are likely encoded in their representations of the events, resulting in infants’ capac-
ity to discriminate between events that have difference temporal characteristics.
Research that has shown temporal sensitivity in infancy has included investiga-
tions of conditioning (e.g., Fitzgerald, Lintz, Brackbill, & Adams, 1967), the de-
velopmental foundations of speech perception and auditory perception in general
(Benasich & Tallal, 1993; Jusczyk, Pisoni, Walley, & Murray, 1980; Trehub,
1993), and the discrimination of auditory and visual frequency and sensitivity to
auditory-visual synchrony for object motion and sound (e.g., Kuhl & Meltzoff,
1988; Spelke, 1979; see Lewkowicz, 1989, 1992 for literature reviews). Further-
more, recent research has demonstrated that young infants’ attentional processing
is sensitive to the time estimation of stimulus event occurrence (Colombo &
Richman, 2002). Other studies have investigated a time-related processing capac-
ity, namely, that of sequential order. Infants of various ages process, encode, and
remember the sequential order in which events or event components occur rela-
tively through time (Bauer, Hertsgaard, Dropik, & Daly, 1998; Carver & Bauer,
1999), even as young as 3 months of age (Gulya, Rovee-Collier, Galluccio, &
Wilk, 1998).
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Although the above studies and others demonstrate that young infants have a
sensitivity to the temporal parameters of experienced events, they do not address
the issue of whether infants have the ability to guide adaptive behavior that is
based on temporal parameters—a capacity that would seem to be required in or-
der to efficiently plan and execute event-appropriate behaviors. A few studies re-
lated to the issue of temporally guided adaptive behavior have been conducted.
Studies by von Hofsten and colleagues (von Hofsten, 1980; von Hofsten,
Vishton, Spelke, Feng, & Rosander, 1998), for example, have examined infants’
anticipatory reaching to the predictable movement of targets, which requires
adapting their reaching behavior to match the temporal characteristics of the
moving object. Additional studies have also documented infants’ anticipatory re-
sponding, both with reaching (Jonsson & von Hofsten, 2003; Spelke & von
Hofsten, 2001) and eye movements (Johnson, Amso, & Slemmer, 2003), to the
reappearance of targets that move behind an occluder. Although the anticipatory
responding exhibited in these studies requires adaptation to the temporal dynam-
ics of the target, the timing and temporal predictability of the target were not
manipulated as independent variables. Moreover, these studies did not examine
the ability of infants to track two distinct timings simultaneously. These studies,
therefore, were not designed to assess the guidance of infants’ adaptive behavior
by the specific temporal dynamics of events. Consequently, understanding the
nature, extent, and development of infants’ temporal processing in the adaptation
of responses is still in its early stages. Considering that time has been theorized
to be an important factor in the development of cognitive processing
(Lewkowicz, 1989; Rovee-Collier, 1995), the present study sought to extend
these findings of temporally guided adaptive behavior by manipulating the tem-
poral predictability of events and by examining infants’ capacity of adapt their
behavior to two distinct but simultaneously presented timings. That is, the pres-
ent study was designed to assess infants’ temporal processing within the context
of forming expectations for when two distinct events would occur.

That infants form expectations in the first place has been established by previ-
ous studies that have reported that young infants rapidly learn to anticipate visual
events that occur in a regular spatial pattern even when the appearance of these
events is separated by a time interval. Specifically, evidence for the cognitive con-
struct of expectations comes from infants’ anticipatory eye movements to a spatial
location before the forthcoming event appears or, in the absence of an anticipatory
eye movement, a faster reactive eye movement to event onset than if the event was
unpredictable (Haith, Hazan, & Goodman, 1988; Haith & McCarty, 1990; for re-
views, see Haith, 1997; Haith, Wentworth, & Canfield, 1993). In the prototypic ex-
ample of the Visual Expectation Paradigm (VExP), infants watch pictures that ap-
pear in a simple left-right (L-R) alternating sequence with an intervening time
interval; picture duration is 700 msec, and the interstimulus interval (ISI) is typi-
cally 1000 msec. After several cycles of alternation, the infant typically moves her
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eyes during the ISI from the side on which the picture just disappeared to the oppo-
site side before the next picture appears. When the infant fails to make an anticipa-
tory eye movement, she still produces a faster reactive eye movement to the next
picture’s onset than when the picture sequence is not predictable. Enhancement of
both anticipation frequency and reduction in the latency of the reactive eye move-
ments during an alternating sequence, compared to an irregular sequence, have
typically been taken as empirical evidence for the infants’ formation of the cogni-
tive construct of expectations. However, recent research suggests that anticipations
and the facilitation of reactive eye movements may be at least partially dissociated,
so these categories of eye movement may be controlled by different levels of infor-
mation processing (Adler & Haith, 2003).

Other VEXP studies have revealed that, in addition to simple spatial alterna-
tions, infants encode and form expectations for more complex spatial sequences
(Canfield & Haith, 1991). For example, Canfield and Haith (1991) demonstrated
that young infants can form expectations for events in an asymmetric (e.g.,
left-left-right) spatial sequence. Furthermore, 3-month-old infants form expecta-
tions for the content of visual events (Adler & Haith, 2003; Wentworth & Haith,
1992). Visual events in the world such as the appearance of mom or the availability
of food or, as in expectation studies, the occurrence of a geometric stimulus, as
well as having spatial and content components, also consist of a time component.
That is, certain parameters that define events, including their duration and the tim-
ing of their onset and offset, occur in the temporal domain. Moreover, many events
are time-locked such that behavior in anticipation and in reaction to those events is
based on their particular temporal characteristics (Friedman, 1990; Haith, 1997).
Accordingly, if infants can process timing information of events that occur on a
millisecond scale, they might be able to form expectations for these events that in-
clude their temporal structure.

The present study, rather than varying picture location or number, focused on
variations in picture timing. To address the issue of the development of time pro-
cessing, three experimental questions were asked: Do infants’ expectations for
each event include a timing component? Can infants keep track of two time inter-
vals simultaneously? Can infants form expectations for events that appear in asym-
metric timing patterns? Three-month-olds were chosen as the population to an-
swer these questions because there is extensive knowledge about this-age infants’
encoding of event information, such as location and content, in their expectation
representations (Adler & Haith, 2003; Canfield & Haith, 1991; Haith et al., 1988;
Haith & McCarty, 1990; Wentworth & Haith, 1992). Consequently, direct compar-
isons at the same age can be made for the encoding of the different components of
events in the formation of expectations. Additionally, 3 months of age has been
recognized as a transition from environment-driven to endogenously driven, “vol-
untary” behavior (Atkinson, 2000; Johnson, 1996). Considering that expectations
are manifested as voluntary behavior in the form of anticipatory eye movements,
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examining the contribution of different event components to the expectation repre-
sentation at 3 months is crucial for understanding the transition to endogenously
driven behavior.

To answer the questions of the present investigation, therefore, in the first ex-
periment 3-month-old infants were presented with sequences of visual events in
which those events could occur with one of two different timings. Whether infants
exhibited differential expectation behavior when those two timings occurred in a
predictable manner versus when they were unpredictable was assessed. In the sec-
ond experiment, 3-month-old infants were presented with a sequence of events that
occurred with an average timing value, rather than each event having a predictable
specific timing, and then they were switched to a new average timing value. This
procedure was implemented in order to assess whether infants’ expectation forma-
tion and temporal processing consisted of the timing of individual events or of the
average temporal flow rate at which those events occur.

EXPERIMENT 1

Though numerous infant expectation studies (Adler & Haith, 2003; Canfield &
Haith, 1991; Haith et al., 1988; Haith & McCarty, 1990; Wentworth & Haith,
1992) have documented the ability of very young infants to form expectations
for where future events will occur and what those events will be, they have not
determined whether infants expect when those events will occur. The main limi-
tation of the previous studies in determining expectations for event timing is that
they have used a single, constant timing interval between picture presentations—
typically around 1000 msec. Even if the timing of infants’ anticipatory eye
movements (the primary measure of the underlying expectations) is measured
relative to the timing of picture onset, the use of a single timing interval pre-
cludes distinguishing whether infants form a expectation for the exact timing of
the event which would require discrimination of and differential performance to
at least two distinct timings.

In the classic visual expectation studies (e.g., Haith et al., 1988), infants’ antici-
patory responding is compared between events for which the spatial component is
sequentially regular and predictable versus when it is sequentially random and un-
predictable. Infants exhibit more anticipations to the future location of events
when they are spatially predictable than when they are not, demonstrating that in-
fants form an expectation for the spatial component of events. A comparable ap-
proach is taken in this experiment to determine whether 3-month-old infants form
expectations for the time component of events. In this experiment, therefore, in-
fants’ performance is compared for events whose onset timing is regular and pre-
dictable or is random and unpredictable. If infants form expectations for the timing
of events, then they should exhibit more anticipatory eye movements and faster
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reactive eye movements when the timing of the events is predictable than when it is
not. Furthermore, similar to previous VEXP studies demonstrating expectations for
two different spatial locations, two different picture onset timing values are used
here. If infants form expectations for the different onset timings, then the timing of
their eye movements should be related to the two different onset values.

Method

Participants. The data from 32 infants at 3 months of age (range: 85-110
days; M =97.3, SD = 6.9) were used in the analyses. Infants and mothers were re-
cruited through a standing arrangement with the Colorado Department of Health.
Once names were provided, parents were sent a letter and self-addressed postcard
to inquire about their interest in having their infant participate in studies at the Uni-
versity of Denver. If they returned the postcard, they were contacted by phone and
participated if they were interested in the study. The sample consisted primarily of
infants from middle to upper SES white families and who were full-term at birth
with no reported complications and who appeared to be in good health. An addi-
tional 16 infants participated, but the data from 1 of these infants were not used be-
cause of equipment problems. Insufficient data (i.e., data on less than 65% of the
pictures) were collected from the remaining 15 infants because they were fussy (n
=7), fell asleep (n = 3), were inattentive (i.e., disinterested or looked at their hands
or other parts of the visual field; n = 4), or had no recorded reason (n = 1).

Stimuli.  The stimuli were computer-generated graphic images of checker-
boards, schematic faces, vertical stripes, concentric circles, and diamond shapes in
various combinations of green, red, yellow, blue, black, and white. The particular
image type and colors were randomly determined for a given trial and counterbal-
anced across trials for a given infant. The infant viewed the images by mirror re-
flection on a Sony color monitor (model 1302) that was 20.3 cm high x 25.4 cm
wide, at a distance of 40 cm. The stimuli were approximately 4.5° square and their
centers were 5.7° to the left or right of the infant’s visual center. Each stimulus
moved vertically at a rate of 4.4°/sec, completing one up/down cycle for each pre-
sentation, which lasted 700 msec. The variations in stimulus objects and colors
were combined with stimulus motion to maximize the infant’s attention. All in-
fants saw an alternating sequence of pictures that appeared on the left and right
sides, and the pictures were preceded by an ISI of either 800 or 1200 msec. There
were a total of 70 pictures presented, with the first 10 constituting a baseline phase
during which the stimuli appeared randomly on either the left or the right sides and
were randomly preceded by an ISI of either 800 or 1200 msec. The remaining 60
pictures constituted the experimental phase during which the stimuli alternated
spatially between the two sides, and the two ISIs were used equally in either a pre-
dictable or a random sequence.
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Apparatus. The infant lay supine on a mattress and viewed the stimuli by re-
flection from a visible-reflecting, infrared-transmitting mirror (Libby-Owens No.
956; for details, see Haith et al., 1988). The image of the infant’s right eye (in a
camera field of approximately 3.8 cm?2) was videotaped by a Panasonic CCD TV
camera (model WV-CD20) from which the infrared lens filter was removed. (Un-
filtered CCD elements are quite sensitive to near infrared light.) Light for televis-
ing this eye image was provided by an infrared source and collimator whose beam
reflected from an infrared-transmitting, visible-reflecting mirror which was in the
same optical path as the recording video camera (for details, see Haith et al., 1988).
Part of the source light was reflected from the retina back through the pupil, and
part was reflected from the corneal surface of the eye and formed a small, bright,
white spot that served as a reference point for the center of the visual field. The eye
image was combined with the output of a video time/date generator, which pro-
vided time increments of 1/100 sec for video recording.

Procedure. When camera focus and positioning of the infant were estab-
lished, the experiment began. Initially, all infants saw 10 pictures that were pre-
sented in an irregular spatial and temporal sequence in order to collect baseline re-
active latency data before expectations were formed. The infants then saw one of
two sequences of pictures depending on their group assignment: 1) The temporally
predictable group of infants (n = 16) saw a spatially alternating sequence of 60 pic-
tures in which IST alternated (e.g., 800-1200-800-1200) from picture to picture
(see Figure 1); 2) The temporally unpredictable group of infants (n = 16) also saw a
spatially alternating sequence of 60 pictures but the ISI, 800 or 1200 msec, varied
randomly from picture to picture, with the restriction that the same ISI could not
occur more than three trials in a row. For both groups, whether the experimental
phase began with a picture on the left or on the right or began with an ISI of 800 or
1200 msec was counterbalanced across infants.

Data Reduction. To determine the eye movement locations from the video-
tape, an eye tracking computer program completed multiple runs on a given in-
fant’s video record to average out machine and tape noise in the detection of the
pupil and corneal reflection. This system produced an eye movement timing reso-
lution of 16.6 msec. Specially developed software displayed eye location data as a
graph representing the horizontal and vertical locations of the infant’s eye for each
16.6-msec sample and the video fields on which pictures were on and off.

A secondary computer program then identified which eye movements belonged
to which of two measurement categories that were used to reflect what we have re-
ferred to as anticipation and facilitation (Haith et al., 1988). Anticipation refers to
an appropriate eye movement that is triggered prior to a visual event, whereas fa-
cilitation refers to the latency of an eye movement following the event and to what
degree that latency is reduced, presumably by knowledge about it (spatial location
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FIGURE 1 Example of the picture sequences of the predictable and unpredictable temporal
conditions used in Experiment 1. In both conditions, the pictures appeared in a left-right alter-
nating spatial sequence and each picture had a duration of 700 msec. In the predictable temporal
sequence, the IST alternated from 800 to 1200 msec. In the unpredictable temporal sequence, the
ISI was randomly either 800 or 1200 msec.
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and/or timing). An eye movement was categorized as an anticipation if it occurred
during the ISI preceding an event or within 167 msec following its onset (i.e., faster
than the lower limit of a reactive eye movement) and if the movement was direc-
tionally appropriate. Furthermore, in order for an anticipatory eye movement to be
considered valid, it could not be transitory but had to remain at the anticipated lo-
cated until the upcoming stimulus appeared. A percent of anticipation measure
was computed by the formula:

Number of anticipation trials

Number of anticipation trials + Number of reactive trials

with the denominator reflecting the total number of pictures for which the scorer
judged the infant to be looking. For those occasions on which the infant did not an-
ticipate the event, but did make a directionally appropriate eye movement 168
msec or later, a reactive latency was recorded. Overall, in Experiment 1, infants re-
sponded on an average of 89% of the baseline trials and 82% of the experimental
trials.

Prior studies have established the reliability in identifying the critical saccades
between manual, frame-by-frame coding by a human coder and the computer cod-
ing system used in the present study by double coding 20% of the participants with
a conventional manual, frame-by-frame, reduction method and the current com-
puter coding system. Reliability was found to be well above 90% for both the di-
rection and the timing of infant eye movements (e.g., Adler & Haith, 2003).

Results and Discussion

Before addressing the key question of whether infants process and encode the pre-
cise timing of visual event onset, we first addressed whether infants provided evi-
dence, via anticipatory fixations and reduced reactive latencies, that they formed
more expectations for the predictable temporal sequence than for the unpredictable
temporal sequence.

Anticipatory eye movements. An analysis of variance (ANOVA) was con-
ducted on the percentage of anticipations with predictability (predictable vs. un-
predictable) as a between-subject variable and ISI (800 msec and 1200 msec) as a
within-subject variable. The predictability factor was significant, F(1,60)=4.43, p
< .05, with a higher frequency of anticipations during the predictable than the un-
predictable temporal condition (see Figure 2). Even though the 1200-msec ISI pro-
vided 50% more time for an anticipation than the 800-msec side, there was little
difference in the percentage of anticipations to the two sides, with a slightly higher
percentage of anticipations to the short than the long side (p > .45). The interaction
between predictability and ISI was not significant (p > .75). Thus, infants made
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FIGURE 2 Percentage of anticipations (left graph) and median reactive latencies (right
graph) as a function of temporal group (predictable and unpredictable) in Experiment 1. Verti-
cal error bars indicate +/— SE.

more anticipations and expectation formation was more strongly supported in the
predictable temporal condition than in the unpredictable condition.

Although the absolute level of anticipatory responding exhibited by the infants
(see Figure 2) may seem low, it is consistent with previous expectation studies con-
ducted for over 20 years (for reviews, see Haith, 1997, and Haith et al., 1993). One
must also ask why infants would show an increase in anticipations in the temporal
predictable condition relative to the unpredictable condition in the first place.
There are a number of issues that address this question and highlight the remark-
able fact that infants would even bother to anticipate. First, there is no easily identi-
fiable reinforcer that distinguishes between the temporal predictable and unpre-
dictable conditions that would support differential levels of anticipations.
Furthermore, in this regard, there is no penalty for infants not anticipating since
they will still be able to view and process the stimulus. Moreover, that infants an-
ticipated at a greater rate in the predictable condition is impressive since the unpre-
dictable condition was in fact equally spatially predictable, which has repeatedly
been shown to be a strong factor in support of anticipations (e.g., Haith et al., 1988;
Haith & McCarty, 1990). Finally, infants exhibited 43.4% more anticipations in
the temporal predictable condition than in the unpredictable condition. This is a
considerably greater difference than is found in preference studies where a differ-
ence of 10% (for example, looking 53% vs. 47% of the time at two stimuli) is
touted as indicating remarkable perceptual and cognitive capacities. Consequently,
that infants would anticipate at all and that they would anticipate at a greater rate
simply based on the temporal predictability of the picture sequence even though all
sequences were spatially predictable is remarkable.
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Latencies of reactive eye movements. An ANOVA was conducted on the
median latency of infants’ saccadic eye movements after picture onset with pre-
dictability (predictable vs. unpredictable) as a between-subject variable and ISI as
a within-subject variable. The predictability factor was not significant, with laten-
cies being only slightly faster for the predictable than for the unpredictable tempo-
ral condition (455.2 msec vs. 468.7 msec; see Figure 2), F(1,60)=0.46,p=.5. The
ISI factor was significant, F(1, 60) = 6.29, p < .02, with shorter latencies after a
1200-msec than an 800-msec ISI (436.9 msec vs. 486.9 msec). The interaction of
predictability and ISI was not significant (p > .9), however, indicating that the
faster eye movements after a 1200-msec ISI was not due to stronger expectation
formation on those trials. Instead, the faster eye movements after a 1200-msec ISI
was most likely due to infants having more time on those trials to prepare the eye
movement system to make an eye movement when the stimulus eventually ap-
peared, regardless of whether it was predictable or not.

Interestingly, contrary to the hypothesis that both anticipations and facilitation
of reactive eye movement latencies represent the same underlying cognitive con-
struct of expectation (Haith, 1997; Haith et al., 1993), these results showed no evi-
dence of an effect of predictable timing on reactive eye movement latencies. This
dissociation between the presence of an effect of temporal predictability on antici-
pations versus absence of an effect on reactive eye movement latencies, however,
is consistent with a similar dissociation found when examining expectation forma-
tion for predictable stimulus content (Adler & Haith, 2003). The failure to find la-
tency differences as a function of timing predictability, whereas a difference was
found in anticipations, suggests that the two measures are differentially sensitive to
expected event timing.

Reactive eye movements are sensitive to sensory input and may be controlled
by neural mechanisms such as the superior colliculus, which represents a spatial
map of possible stimulus locations (Krauzlis, Liston, & Carello, 2004; Robinson &
Kertzman, 1995; Schiller, 1995). Consequently, reactive latencies may be sensitive
to the predictability of spatial location and less sensitive to event information that
is not necessary for reacting to its onset, such as its timing or content. In contrast,
anticipatory eye movements occur prior to sensory input and require involvement
of distinct neural mechanisms, such as the frontal eye fields, which have been im-
plicated in the generation of predictive saccades (Hanes, Patterson, & Schall,
1998; Keating, 1991). Considering that areas thought responsible for processing
time are adjacent to frontal eye fields and project to it, differences in temporal pre-
dictability may be reflected in differences in anticipations. Thus, the facilitation of
reactive latencies and the production of anticipations may reflect separate and dis-
tinct processing mechanisms, a differential sensitivity to event timing.

Analysis of time processing and discrimination. Although the prior anal-
yses indicated that temporal predictability facilitates infants’ formation of expecta-
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tions for visual events, they did not address the primary question of whether infants
processed and discriminated the different timing of the two ISIs. If infants were en-
coding the differential timing, then one might expect to see differential anticipatory
behavior to the two temporal sides, especially in the predictable temporal condition,
but there was not. The lack of a difference could be due to infants making their antici-
pations early in the ISI, in which case they were not separately adapting to the shorter
and longer ISIs.

To address this possibility, how long infants waited after a picture offset to make
an anticipatory fixation as a function of the ISI was analyzed. This analysis indi-
cated that infants waited longer to make an anticipatory fixation for the 1200-msec
side (M = 942 msec) than for the 800-msec side (M = 828 msec), #(15) =2.27,p <
.05. Unfortunately, a confound exists which almost necessarily produces these re-
sults. Because infants had 400 more msec to make an anticipatory eye movement
for the 1200-msec than for the 800-msec side, the timing of anticipations could be
biased toward longer elapsed times for the 1200-msec side. To negate this con-
found, the time frame for anticipations was equalized by establishing a 1000-msec
timing cutoff for the inclusion of anticipations for both the 800-msec and
1200-msec trials. If infants were differentiating the interval timing for the two ISIs,
we would expect them to make relatively fewer anticipations before the 1000-msec
cutoff for the 1200-msec side, because they had 400 msec left to do so. The proba-
bility of the number of infants having a higher percentage of fast anticipations on
either ISI in each temporal condition was subjected to a binomial probability test,
with the null hypothesis being that 50% of infants in a given condition would have
a higher percentage of fast anticipations on 800-msec trials.

The results are shown in Table 1. For the temporally predictable condition, con-
sistent with the prediction, 13 infants (81.25%) had more fast anticipations on
800-msec trials than on 1200-msec trials, whereas 3 had the reverse (p < .025). For
the temporally unpredictable condition, contrary to the prediction, the number of
subjects was 13 (86.7%) and 2 (p < .01), respectively. So, when an early cutoff cri-
terion was employed, the percentage of anticipations differed for the two sides.

These results are not definitive concerning the primary question of whether in-
fants encode the precise timing of the expected events. If infants had been encod-

TABLE 1
Number of infants who had a higher percentage of anticipation prior to the
1000 msec cutoff during the 800 and 200 msec ISI trials.

Interstimulus Interval

Temporal Group 800 msec 1200 msec

Predictable 13 3
Unpredictable 13 2
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ing the precise timing, then a greater number of infants would have exhibited more
fast anticipations on 800-msec trials in the temporally predictable condition but
not in the temporally unpredictable condition. That more infants in the temporally
unpredictable condition exhibited more fast anticipations on 800-msec trials, even
though they viewed the two ISI values in random order and thereby could not have
known when a particular timing was to be presented, suggests that the different
event timings were not encoded during expectation formation. Instead, infants
must have based the timing of their anticipations on some other factor or cue in the
sequence.

One such cue might be the overall temporal rate that visual information is pre-
sented in the sequence. Since the average ISI was 1000 msec and picture duration
was 700 msec, the average temporal rate occurred at a value of 1700 msec. Conse-
quently, infants, having experienced a particular ISI on one trial (e.g., 1200 msec),
might expect the next trial to occur with an ISI (e.g., 800 msec) that preserves the
expected temporal rate, regardless of the actual value of the ISI on the next trial. To
test this possibility, we segmented consecutive pairs of events for the temporally
unpredictable condition according to the ISI sequence (i.e., 800-800 msec, 800-
1200 msec, 1200-800 msec, 1200-1200 msec), and then assessed the number of
fast anticipations (before the 1000-msec cutoff) for the second picture in each pair.
Results indicated that 73.7% of infants’ fast anticipations in the temporally unpre-
dictable condition occurred when the preceding trial had a 1200-msec ISI. Because
an 800-msec trial was 50% more likely than a 1200-msec trial to follow a
1200-msec trial, the greater percentage of fast anticipations on trials following a
1200-msec trial produced the previous data, indicating that more infants had a
greater number of fast anticipations on 800-msec trials than on 1200-msec trials
even in the temporally unpredictable condition. Apparently, infants did use the
timing of the previous trial as a predictive cue for the timing of the subsequent trial,
suggesting that infants encode the average flow rate and not the precise timing of
individual events, and pace their anticipatory behavior accordingly.

EXPERIMENT 2

In relation to the finding of the previous experiment that infants might be process-
ing the temporal rate at which information flows, there has been some previous re-
search, both adult and developmental, that has addressed the issue of information
flow. This research, however, has typically been concerned with the processing of
information flow in the context of motion perception and optic flow (Cutting &
Readinger, 2002; Johnson & Mason, 2002), intermodal perception (Lewkowicz,
1992; Walker-Andrews, 1997), or perception of causality (Leslie, 1984; Scholl &
Tremoulet, 2000) of singular, unitary events. In contrast, the interesting suggestion
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from the previous experiment was that infants may be able to process the informa-
tion flow rate across multiple events as well.

Although the preceding results suggested that infants may have encoded the av-
erage temporal rate at which information flowed across a sequence of events, the
first experiment was not designed to specifically test this type of temporal process-
ing. To test the possibility that infants were processing the temporal rate of infor-
mation flow, the second experiment was designed in a manner similar to that of a
typical learning paradigm used in examining the discrimination of reinforcement
schedules by training with one rate and then switching to either a greater or a lesser
rate (e.g., Church, Meck, & Gibbon, 1994; Herrnstein, 1970; McSweeney &
Weatherly, 1998; Williams, 2002). To examine infants’ ability to encode the tem-
poral flow rate, therefore, infants were trained with an alternating sequence of pic-
tures in which the ISIs and picture durations each varied among three possible val-
ues, and, therefore, the timing of individual events was unpredictable, but in such a
way that the overall timing of every two events (picture-ISI-picture-ISI) in the se-
quence always equaled some total value or flow rate. After this particular average
rate of information flow was learned, the rate was switched to either a longer or a
shorter value. If infants form temporal expectations for information flow rate, then
switching from a long information flow rate to a shorter one should result in a re-
duction in the number of anticipations because the events would more often pre-
cede the anticipation for their later temporal onset. Infants who are switched from a
short rate to a longer rate should have the opposite effect—an increase in the num-
ber of anticipations.

Method

Participants. The data from 36 infants who participated in the study at 3
months of age (range: 87—111 days; M =98.2, SD =7.5) were used in the analyses.
Infants and mothers were recruited and contacted as in Experiment 1. The sample
consisted primarily of infants from middle to upper SES white families and who
were full-term at birth with no reported complications and who appeared to be in
good health. An additional 15 infants participated, but the data from these infants
were not used because of insufficient data (i.e., data on less than 65% of the pic-
tures) due to fussiness (n = 5), falling asleep (n = 3), or disinterest (i.e., looking at
their hands or other parts of the visual field; n = 7).

Stimuli and apparatus. The stimuli and apparatus were the same as used in
Experiment 1. The only difference in the stimuli was in their timing parameters.
That is, infants viewed spatially alternating picture sequences that had three possi-
ble durations and ISIs that combined to equal one of three possible flow rates
(2600, 3400, or 4200 msec; see Table 2) for every two-picture event sequence
(picture-ISI, picture-ISI). For example, for a flow rate of 2600 msec, a two-picture
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TABLE 2
The three possible picture durations, three possible interstimulus intervals (ISls),
and samples of two-picture event sequences for the three different temporal flow
rates used in Experiment 2.

Temporal Flow Rates

Short - 2600 msec ~ Medium - 3400 msec Long - 4200 msec

Picture durations 400, 600, 800 600, 800, 1000 800, 1000, 1200
ISIs 500, 700, 900 700, 900, 1100 900, 1100, 1300

Sample two-picture event sequences  800-500-400-900 800-900-600-1100 1000-1100-800-1300
(Duration-ISI-Duration-ISI) 600-700-800-500 600-1100-1000-700  800-1300-1200-900
400-900-600-700 1000-700-800-900 1200-900-1000-1100

event sequence might consist of a picture with duration of 600 msec followed by an
IST of 700 msec, and then the second picture with a duration of 800 msec followed
by an ISI of 500 msec. Additional examples of timings for two-picture event se-
quences for each flow rate are listed in Table 2.

Procedure. The procedure was essentially the same as in Experiment 1 except
that instead of viewing pictures, each of which with predictable timing, infants
viewed picture sequences whose temporal flow rate was predictable. Initially, all in-
fants again saw an alternating sequence of pictures that appeared on the left and right
sides. There was a total of 70 pictures presented, with the first 10 constituting a base-
line phase during which the stimuli randomly appeared on either the left or the right
side and were randomly presented in one of three durations and ISIs. The next 40 pic-
tures constituted the flow rate training phase during which the stimuli spatially alter-
nated between the two sides, and the three possible durations and ISIs combined to
equal one of three possible flow rates (2600, 3400, or 4200 msec) for every
two-picture event sequence (picture-ISI-picture-ISI; see Table 2 and Figure 3). After
the flow-rate training phase, infants were switched to one of the other flow rates, de-
pending on their assigned condition, for a testing phase of 20 pictures.

Which flow rates infants experienced depended on their assigned condition. In
the Long/Medium Flow Group, infants (n = 12) first viewed a long flow rate (4200
msec) and were then switched to a shorter flow rate (3400 msec). In the Short/Me-
dium flow, infants (n = 12) first viewed a short flow rate (2600 msec) and were then
switched to a longer flow rate (3400 msec). In the Medium/Medium Flow Group
(control condition), infants (n = 12) consistently viewed a steady flow rate of 3400
msec. A schematic of temporal flow rates in each condition is presented in Figure
3. Note that in each condition, infants ended with the same temporal flow (3400
msec) and, therefore, any differences in performance after the flow rate switch
could not be due to differences in the final flow rate.
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FIGURE 3 Schematic of the picture sequences and temporal flow rates of the Long/Medium
and Short/Medium Flow Groups in Experiment 2. For both groups, the pictures appeared in a
left-right alternating spatial sequence. Each group viewed 40 pictures at one flow rate (the tem-
poral span of each picture-ISI-picture-ISI pair) and then were shifted for 20 pictures at a differ-
ent flow rate. For each flow rate, three different picture durations and three different ISIs were
used to produce that flow rate. The 4200-msec flow rate was produced from a combination of
800-, 1000-, and 1200-msec durations with 900-, 1100-, and 1300-msec ISIs. The 2600-msec
flow rate was produced from a combination of 400-, 600-, and 800-msec durations with
500-,700-, and 900-msec ISIs. The 3400-msec flow rate was produced from a combination of
600-,800, and 1000-msec durations with 700-, 900-, and 1100-msec ISIs. The Long/Medium
Flow Group first viewed a flow rate of 4200 msec and was then shifted to a shorter flow rate of
3400 msec. The Short/Medium Flow Group first viewed a flow rate of 2600 msec and was then
shifted to a longer flow rate of 3400 msec. A control condition, the Medium/Medium Flow
Group (not depicted here), viewed a consistent flow rate of 3400 msec across the entire picture
sequence.
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Results and Discussion

Anticipatory eye movements. To assess whether the different groups, all of
whom initially viewed a different flow rate, exhibited equivalent levels of anticipa-
tions before the flow rate shift, a one-way ANOVA was conducted on the percent-
age of anticipations during the 40 pictures of the pre-shift flow rate, with flow
group (Long/Medium, Short/Medium, and Medium/Medium) as the be-
tween-subject variable. Results indicated that the different flow-rate groups did
not differ in their level of anticipation during the pre-shift flow rate, F(2, 33) =
0.42, ns, even though each group viewed a different flow rate value during the ini-
tial 40 pictures (see Figure 4). The relatively low rate of anticipation in each group
most likely reflects the relatively complex temporal structure in these picture se-
quences compared to those of Experiment 1. This possibility is supported by the
anticipatory behavior of the Medium/Medium group whose percentage of antici-
pations continued to increase, though not significantly, in the post-shift phase (see
below and Figure 4). Regardless, this finding indicates that any difference exhib-
ited by the groups after the flow-rate shift was not due to differences in anticipation
rate that existed before the shift to the final flow rate.

To assess whether a shift in flow rate produced a change in anticipation perfor-
mance, a repeated measures 3 x 2 ANOVA was conducted on the percentage of an-
ticipations with flow group (Long/Medium, Short/Medium, and Medium/Me-
dium) as the between-subject variable and phase (pre-shift and post-shift) as the
within-subject variable. Neither the main effect of flow group, F(2, 33) = 2.49, nor

Flow Rate Shift —a— Medium/Medium

25 - -
—e— Long/Medium
2 s i
-% —a— Short/Medium
g 15} . 115
g :
< 10} 110
E Z
g 5 :\{ 1
0 0

Pre-Shift Post-Shift

FIGURE 4 Percentage of anticipations as a function of flow group (Medium/Medium,
Long/Medium, and Short/Medium), and phase (pre-shift and post-shift) in Experiment 2. Verti-
cal error bars indicate +/- SE
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phase, F(1, 33) = 0.84, was significant. This result indicates that across all trials
(pre- and post-shift combined), the groups did not differ in their level of anticipa-
tory eye movements and that across all groups there was an equivalent level of an-
ticipations before the flow rate shift and after. The interaction of flow group and
phase, however, was significant, F(2, 33) =7.90, p < .002, indicating that the num-
ber of anticipations after the shift relative to the number before the shift was not
equivalent for the three groups. That is, the significant interaction suggests that the
average number of infants’ anticipations changed from pre-shift to post-shift and
that the direction of this change differed between the groups.

In order to examine this interaction effect in more detail, independent paired
t-tests were conducted comparing the percentage of anticipations before the shift
to the percentage of anticipations after the shift for each group. For the Me-
dium/Medium flow group, this analysis revealed no significant difference between
the percentage of anticipations in the post-shift phase (M = 16.04%, SD = 10.15)
relative to the pre-shift phase (M = 12.04%, SD = 5.71), #(11) = 1.85, ns, with a
95% confidence interval of 22.48—15.67%. The slight increase in anticipations ex-
hibited by this group, however, as mentioned before, was most likely due to contin-
ued learning of the spatiotemporal picture sequence whose temporal structure was
relatively complex. For the Long/Medium flow group, the percentage of anticipa-
tions in the post-shift phase (M =5.71%, SD = 8.31) decreased significantly rela-
tive to the pre-shift phase (M = 13.74%, SD = 5.00), #(11) =2.92, p < .015, with a
95% confidence interval of 10.99-16.96%. This result suggests that infants in this
group had formed an expectation for the longer flow rate during the pre-shift phase
and delayed their eye movements during the shorter flow rate of the post-shift
phase, resulting in a decrease in the number of anticipations. For the Short/Me-
dium flow group, the percentage of anticipations in the post-shift phase (M =
20.70%, SD = 14.72) increased significantly relative to the pre-shift phase (M =
11.72%, SD = 6.55), t(11) = 2.19, p = .05, with a 95% confidence interval of
30.06—15.89%. Infants in this group apparently formed an expectation for the
shorter flow rate during the pre-shift phase, and when the flow rate changed to a
longer one, infants based their anticipations on the pre-shift flow rate, leading to an
increase in the number of anticipations.

Latencies of reactive eye movements. To assess whether the different
groups showed comparable saccadic reactive latencies, a one-way ANOVA was
conducted on the median reactive latencies for the 40 pictures of the pre-shift flow
rate phase, with flow group (Long/Medium, Short/Medium, and Medium/Me-
dium) as the between-subject variable. The reactive latencies of the different flow
groups did not differ during the pre-shift flow rate, F(2, 33) = 0.42, ns, of 40 pic-
tures (see Figure 5). Thus, any difference between the groups that might occur after
the flow-rate shift could not be due to differences in performance before the shift.
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FIGURE 5 Median saccadic latencies as a function of flow group (Medium/Medium,
Long/Medium, and Short/Medium), and phase (pre-shift and post-shift) in Experiment 2. Verti-
cal error bars indicate +/— SE.

To assess whether shifting infants from one flow rate to another led to a
change in median reactive latencies, a repeated measures 3 x 2 ANOVA was
conducted on the infants’ saccadic latencies after picture onset with flow group
(Long/Medium, Short/Medium, and Medium/Medium) as the between-subject
variable and phase (pre-shift and post-shift) as the within-subject variable. The
main effect of flow group, F(2, 66) = 3.98, p < .05, was significant. Post-hoc
t-tests indicated that the Long/Medium group had longer latencies overall than
either the Short/Medium group, #22) = 2.46, p < .05, or the Medium/Medium
group, #(22) = 2.53, p < .02 (see Figure 5). However, the Short/Medium and the
Medium/Medium groups did not differ from each other, #(22) = 0.81, ns. Neither
the main effect of phase, F(1, 66) = 0.91, nor the interaction of flow group with
phase, F(2, 66) = 0.78, was significant (see Figure 5). These results indicate that,
as in Experiment 1, the manipulation of temporal information in this experiment
had no systematic effect on infants’ saccadic reactive latencies, even though it
did on their anticipations.

Both the current finding of an anticipation/latency dissociation and the one
found by Adler and Haith (2003) is contrary to the theoretical assumptions and
previous findings outlined in Haith et al. (1993) in which anticipations and facilita-
tion of eye movement latencies were both considered as measures of the same ex-
pectation process. The current findings, in conjunction with those of Adler and
Haith (2003), call into question the theoretical assumptions of Haith et al. (1993)
regarding the relation of anticipation and reactive eye movements to the construct
of expectations, and suggests that a rethinking of this relation is required.
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GENERAL DISCUSSION

The purpose of the current study was to examine how time information affects in-
fants’ behavioral efficiency. Findings from both experiments in this study indicate
that 3-month-old infants do process time information of event onset and that their
behavioral efficiency in terms of the frequency of anticipatory eye movements re-
flect temporal processing. Specifically, Experiment 1 demonstrated that infants
were more efficient when the timing of events was predictable than when it was un-
predictable, resulting in a higher frequency of anticipations in the temporally pre-
dictable condition. In Experiment 2, infants’ anticipation frequency was sensitive
to their processing of the temporal flow rate, which became manifest through its
dependence on the direction of change in the temporal flow rate. These studies
demonstrate that infants’ cognitive mechanisms include the capacity to process
time on a millisecond scale and that their subsequent behavior is in part based on
the encoded event timing.

The developmental existence of such temporal processing and its importance
in the development of cognitive processing and behavior has been contemplated
since practically the beginning of the field of developmental science, as
Lewkowicz (1989) noted. Though a few studies have demonstrated infant capac-
ities related to time processing, including the sensitivity to audiovisual syn-
chrony (e.g., Kuhl & Meltzoff, 1988; Spelke, 1979; for literature reviews, see
Lewkowicz, 1989, 1992) and remembering events’ temporal order (e.g., Bauer et
al., 1998; Gulya et al., 1998), they have not assessed the processing of specific
timing information as opposed to relative timing information. The present study
was designed, therefore, to address whether young infants can process specific
time information by allowing infants to respond differentially to two different
timings with a behavior (i.e., anticipatory eye movements) that could be tempo-
rally matched to the timing information in the event. Initially, findings indicated
that infants did indeed match the timing of their anticipations to the timing of
event onset in the temporally predictable condition in Experiment 1. That is, in-
fants’ anticipations occurred later and therefore closer to the onset of the ex-
pected event when the ISI was 1200 msec than when it was 800 msec. This find-
ing suggested that 3-month-old infants were capable of processing and encoding
the specific timing of event onset and did so for two timings simultaneously.
Analysis of the temporally unpredictable condition, in which infants also appar-
ently delayed the timing of their anticipations on 1200-msec ISI trials relative to
800-msec trials, although they had no basis for knowing the forthcoming ISI for
a picture, however, made the conclusion from the temporally predictable condi-
tion untenable. Instead, another temporal parameter in the event sequence must
have been supporting the timing of infants’ anticipations in both the temporally
predictable and unpredictable conditions.
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It seemed likely that the cue that enabled infants to match their anticipatory tim-
ing to picture events was the ISI timing of the previous event. That is, if the previ-
ous timing was long (1200 msec) then the infants expected the next event to have a
short timing onset (800 msec) and thereby timed the execution of the anticipation
accordingly, and vice versa. This analysis suggested that infants were processing
not the timing of individual events, but the average timing at which events flowed
in the sequence. That infants were processing the average flow rate and not specific
event timing was supported by the findings of Experiment 2, in which infants who
were trained with one flow rate and were then switched to either a shorter or longer
flow rate exhibited either a decrease or an increase in anticipations, reflecting the
carryover of their expectation for the training flow rate to the new flow rate. Thus,
though the present study failed to find evidence that 3-month-old infants process
and encode the timing of individual events, they do seem capable of processing the
average flow or timing rate of event sequences and can time their anticipations ac-
cordingly, demonstrating a sophisticated temporal processing capacity.

The temporal processing capacity identified in the present study might be a ba-
sis for infants’ cognitive processing of their natural environment which typically
consists of event flow rather than the occurrence of individual events. Predators,
for example, depend on the flow rate of the motion of prey for successful attack
rather than on the anticipated appearance of a target at a specific time and
place. Lee (1980) has elegantly described the diving performance of the Gannett as
it fishes. In free fall, the Gannett processes the flow rate of the visual expansion of
reflections on the water so that it can fold its wings just milliseconds before it hits
the water, thereby preventing breaking the wings on impact. Infants also seem to
process event flow in order to detect and anticipate nipple presentation in coordi-
nation with mouth opening or to track and catch objects in motion (Berthier,
Bertenthal, Seaks, Sylvia, Johnson, & Clifton, 2001; Spelke & von Hofsten, 2001;
von Hofsten, Kochukhova, & Rosander, 2007) or to blink or otherwise avoid ob-
jects approaching the face before contact (Kayed & van der Meer, 2007; Nanez &
Yonas, 1994; Schmuckler, Collimore, & Dannemiller, 2007; Yonas, 1981). Fur-
thermore, whether infants appreciate the animate motion from point-light displays
likely relies on the processing of the temporal flow rate of the set of point lights
rather than individual ones (Arterberry & Bornstein, 2002; Bertenthal, 1993;
Bertenthal, Proffitt, Spetner, & Thomas, 1985).

Similarly, one of the more important cognitive capacities that requires the pro-
cessing of information flow occurs during language development, where the tempo-
ral rate of speech sounds needs to be processed in order to detect and discriminate
phonemes, words, and sentences (e.g., Jusczyk, Rosner, Reed, & Kennedy, 1989).
Further support of the critical role of temporal flow rate processing during language
acquisition comes from the fact that disruption of the capacity to process the flow of
temporal information has been suggested to be related to language disorders such as
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dyslexia (Benasich, 2002; Benasich & Tallal, 2002). Thus, the capacity to process
temporal flow rate information in infancy seems to underlie the cognitive processing
of varied types of information involved in infants’ detection and interaction with an
array of natural events, including feeding, probable collisions, and language. The
present modification of the VExP has demonstrated that the processing of events’
temporal flow rate information is present in infants at 3 months and likely serves as
an important mechanism in their detection and learning about the regularity of and
consequential interaction with environmental events.

The present modification of the VExP, which taps the ability of infants to form
expectations for temporal regularity of events, also contributes to an articulation of
the constituents of infants’ expectations and points to cognitive functioning. The
findings from several studies indicate that infant performance in the VEXP reflects
cognitive activity. Infant performance in the VEXP is related to early childhood
performance on IQ tests (DiLalla, Thompson, Plomin, Phillips, Fagan, Haith,
Cyphers, & Fulker, 1990; Dougherty & Haith, 1997), to the 1Q of the infants’ par-
ents (Benson, Cherny, Haith, & Fulker 1993), and to fetal exposure to teratogens,
such as alcohol, that are thought to affect cognitive functioning (Jacobson, Jacob-
son, & Sokol, 1994). Wentworth and Haith (1992) discussed the what, where, and
when of expectations in a study that demonstrated that infants form expectations
for event content (also see Adler & Haith, 2003) as well as for location and time.
Previous visual expectation studies have focused primarily on expectations for
events’ spatial, or where, information (e.g. Haith et al., 1988), and a couple of stud-
ies have investigated expectations for events’ content, or what, information (Adler
& Haith, 2003; Wentworth & Haith, 1992). Perhaps future investigations with the
VEXP will permit investigators to assess not only the precision of infants’ time es-
timates but also to what extent individual differences in the formation of expecta-
tions reflect processing of the time, space, and content components.

This study began by posing three questions: (1) Do infants’ expectations for
each event include a timing component? (2) Can infants process and encode two
time intervals simultaneously? (3) Can infants form expectations for events that
appear in asymmetric timing patterns? The answer to the first question is that in-
fants’ expectations clearly contain a time component. However, in answering no to
the second question, the time component did not take the form of processing and
encoding the specific timing of two individual events but was in the form of pro-
cessing and encoding the average temporal flow rate at which events occurred in
the sequence. Finally, in answer to the third question, infants were able to form an
expectation for events that had asymmetric timing patterns. Future research into
the development of infants’ temporal processing capacity will determine when in-
fants are able to process and encode the timing of individual events and what the
relation is between infants processing of specific event timing and other aspects of
their temporal cognition. In the end, for the infant, time is not an illusion but a real
parameter in their information processing.
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