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Abstract Sports involving fast visual perception require
players to compensate for delays in neural processing of visual
information. Memory for the final position of a moving object
is distorted forward along its path of motion (i.e., “represen-
tational momentum,” RM). This cognitive extrapolation of
visual perception might compensate for the neural delay in
interacting appropriately with a moving object. The present
study examined whether experienced batters cognitively ex-
trapolate the location of a fast-moving object and whether this
extrapolation is associated with coincident timing control.
Nine expert and nine novice baseball players performed a
prediction motion task in which a target moved from one
end of a straight 400-cm track at a constant velocity. In half
of the trials, vision was suddenly occluded when the target
reached the 200-cm point (occlusion condition). Participants
had to press a button concurrently with the target arrival at the
end of the track and verbally report their subjective assessment
of the first target-occluded position. Experts showed larger
RM magnitude (cognitive extrapolation) than did novices in
the occlusion condition. RM magnitude and timing errors
were strongly correlated in the fast velocity condition in both
experts and novices, whereas in the slow velocity condition, a

significant correlation appeared only in experts. This suggests
that experts can cognitively extrapolate the location of a
moving object according to their anticipation and, as a result,
potentially circumvent neural processing delays. This process
might be used to control response timing when interacting
with moving objects.
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Introduction

How a moving object is processed, and how the processed
information is used for motor control of intercepting (e.g.,
catching, hitting) the moving object, is a major concern in
understanding the human visuo-motor system. The visual
system has some limitations, particularly concerning good
performance in sports requiring fast visual perception (e.g.,
baseball and tennis).

One limitation of the visual system is neural delay, that is,
the time interval between stimulation and resultant change in
neural activity at the relevant brain site (Nijhawan, 2008;
Zago, McIntyre, Senot, & Lacquaniti, 2009). The initial stages
of visual processingmay necessarily incur a delay greater than
tens of milliseconds, which may induce an error between the
physical position of an object and its perceived position: more
than 4 ft (1.2 m) for a tennis ball travelling at 60 mph
(96.6 kph), and 13.2 ft (4.02 m) for a cricket ball traveling at
90 mph (144.84 kph) (Nijhawan, 2008; Nijhawan & Wu,
2009). Another primary limitation relates to our visual hard-
ware. For instance, Hubbard and Seng (1954) reported that the
line of gaze for professional baseball batters is decoupled from
the ball 240 ms prior to bat–ball contact. This is because the
angular velocity of the pitched ball exceeds the limit of angu-
lar velocity of pursuit eye movement (see also in other sports,
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Croft, Button, & Dicks, 2010; Lee, 2010; Ripoll & Fleurance,
1988; Singer, Williams, Frehlich, Janelle, Radlo, Barba, &
Bouchard, 1998). A large anticipatory saccade is thus needed
to shift gaze direction along the anticipated trajectory of a
pitched ball until the point of bat–ball contact (Bahill &
LaRitz, 1984; Land & McLeod, 2000; Ripoll & Fleurance,
1988; Singer et al., 1998). During saccadic eye movement,
visual information is suppressed and/or degraded (Campbell
& Wurtz, 1978; Volkmann, Schick, & Riggs, 1968).

Therefore, at least physically, no batter is able to obtain the
correct information of the real ball position due to neural
processing delays and limits to visual hardware. Nonetheless,
timing control in the interception of a fast-moving object is
often accurate and does not lag behind the real-world object
position. Thus, it is likely that expert athletes compensate for
delays in neural processing and fill perceptual gaps in order to
interact optimally with a fast-moving target.

One possible cognitive mechanism that could overcome
such limitations is cognitive extrapolation in appropriately
anticipating the future location of a moving object (DeLucia
& Liddell, 1998; Hubbard, 2005; Nijhawan, 2008; Nijhawan
&Wu, 2009; Tresilian, 1995). Memory of the final position of
a moving object is displaced forward along its path of motion;
this effect is referred to as representational momentum (RM;
Freyd, 1983; Freyd & Finke, 1984; Hubbard & Bharucha,
1988). In the seminal work by Hubbard and Bharucha (1988),
observers were presented with objects that continuously
moved either horizontally or vertically and then suddenly
vanished. After the target had vanished, the observers operat-
ed a computer mouse to position a cursor on the computer
display where they perceived that the target had vanished.
They found that observers were more likely to place the cursor
at a location slightly further along the anticipated trajectory.
Further, RM magnitude for moving objects is modulated by
several visual and/or cognitive factors, such as conceptual
knowledge about target identity (e.g., RM magnitude for the
moving figure of a church was smaller than that for moving
figure of a rocket because the typical immobility of the church
overrides a general bias for RM; Reed & Vinson, 1996),
expectations regarding future target motion (Hubbard &
Bharucha, 1988; Verfaillie & d’Ydewalle, 1991), and an ob-
ject’s motion velocity (Hubbard & Bharucha, 1988; Munger
& Minchew, 2002). These studies suggest that the human
visual system extrapolates the future location of a moving
object on the basis of both the object’s physical characteristics
and the observer’s knowledge base. This forward displace-
ment may be the mechanism needed to overcome the limita-
tions of the visuo-motor system when participating in fast ball
sports (Hubbard, 2005; Marinovic, Plooy, & Arnold, 2012;
Nijhawan, 2008; Nijhawan & Wu, 2009).

Recent studies have shown that the domain-specific nature
of expertise also modulates RM magnitude. It has been re-
ported that when participants watched scenes of simulated

road driving or aircraft landing scenes, experienced automo-
bile drivers and aviation pilots had a larger forward displace-
ment than did inexperienced individuals (Blättler, Ferrari,
Didierjean, van Elslande, & Marmèche, 2010; Blättler,
Ferrari, Didierjean, & Marmèche, 2011; Blättler, Ferrari,
Didierjean, & Marmèche, 2012). In the sports domain,
Gorman, Abernethy, and Farrow (2011) reported that when
expert basketball players were provided with a static schemat-
ic or a moving video from their domain of expertise, the
players perceived the next likely state of the play pattern
(see also, Didierjean&Marmèche, 2005; Gorman, Abernethy,
& Farrow, 2012). These studies indicate that knowledge ac-
quired through years of experience with a particular behavior-
al domain (e.g., sports) modulates RM magnitude on percep-
tual judgments in the domain of expertise, and that experts in a
particular domain have a more refined ability to extrapolate
future events than do novices. In fact, several studies assessing
expertise in sports have shown that experts develop the antic-
ipation ability that allows anticipation of a few hundred mil-
liseconds (for reviews, see Williams & Ericsson, 2005; Wil-
liams, Davids, & Williams, 1999). Therefore, it is likely that
experts in fast ball sports develop their cognitive extrapolation
ability to anticipate the future location of a fast-moving object,
thus overcoming limitations in the visual system. However,
the question of whether cognitive extrapolation for fast-
moving objects is modulated by expertise in fast ball sports
has not yet been studied [however, see Gilis et al. (2008) for
similar studies with soccer].

Althoughmost studies using an RMparadigm for a moving
target have involved perceptual judgments that require partic-
ipants to represent the vanished location only of a moving
target, the tasks (e.g., prediction-motion tasks; PM) have often
been used to understand visuo-motor coordination for
interceptive timing control. In a PM task, participants view a
moving target that is subsequently occluded, and participants
then respond when the moving target would arrive at a goal if
the target continued moving even after it was occluded from
the observer’s sight. A number of studies using the PM task
have revealed that experts have superior timing ability com-
pared with novices (Akpinar, Devrilmez, & Kirazci, 2012;
Ripoll & Latiri, 1997; Tenenbaum, Sar-El, & Bar-Eli, 2000)
due to accurate estimation of the time-to-contact (TTC), which
is one of the critical factors for correctly intercepting a moving
object (Tresilian, 1995). DeLucia and Liddell (1998) reported
that cognitive motion extrapolation for the future location of a
moving target after it disappears is associated positively with
TTC estimation. That is, superior timing control among expert
athletes during a PM task may be attributable to appropriate
cognitive extrapolation of the moving target.

Gray and Thornton (2001) reported that TTC underestima-
tion (i.e., early response), which often occurs in PM tasks, did
not occur when the RM was absent by using a display that
disambiguated the location of target disappearance. In other
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words, there is a link between RM (i.e., localization errors)
and TTC, although their study showed that cognitive motion
extrapolation of a future target position induces larger tempo-
ral error during a PM task. However, Gray and Thornton’s
study was conducted with a longer TTC duration (>1 s) that
did not require the fast perception necessary in, for instance,
baseball batting (<0.4 s). TTC underestimation is often greater
within a longer TTC (i.e., a slow target) relative to a shorter
TTC condition (i.e., a fast target) (Schiff & Detwiler, 1979;
Schiff & Oldak, 1990). Moreover, RM magnitude increases
with increasing target speed (Freyd & Finke, 1985). If cogni-
tive extrapolation is the mechanism compensating for neural
delays in fast visual perception, it becomes more useful in
interacting with a faster-moving object. Thus, if cognitive
extrapolation develops with sport experience to avoid neural
delays, there would be a stronger positive link for TTC esti-
mation accuracy of a fast-moving object than of a slow-
moving object.

Thus, the purpose of the present study was to determine
whether experience with fast ball sports helps to develop
cognitive extrapolation ability, and whether this ability is
related to superior coincidental timing performance, especial-
ly when facing a fast-moving object. To this end, a button-
press PM task was used, as performance would be determined
entirely by the ability to accurately estimate the TTC of the
moving target that might be determined by RM and response
onset timing (Tresilian, 1995). If experience with fast ball
sports develops cognitive extrapolation ability, expert fast ball
sport athletes who excel at the PM task should show larger
RM magnitude compared with novices. Moreover, if expert
athletes compensate for delays in neural processing and fill the
perceptual gap with cognitive extrapolation, the extrapolated
information should be used to interact optimally with a mov-
ing target. That is, we predicted that there would be a strong
correlation between RMmagnitude and PM task performance.
Moreover, the correlation will be more prominent in response
to fast-moving objects compared with relatively slow moving
objects.

Methods

Participants

Eighteen male college students aged 20–22 years participated
in this experiment. All participants had normal or corrected-
to-normal vision. Nine students belonged to the official col-
lege baseball team (more than 10 years playing experience).
Participants generally spent 20 h per week practicing or
playing actual games. The other nine participants were college
students who played baseball but had not received any special
baseball training. Participants consented to take part in this
experiment after being informed of the experimental

procedures; however, participants were not informed about
the goals of the experiment. The ethics committee of the
National Institute of Fitness and Sports in Kanoya approved
this study; the experiment was conducted in accordance with
the principles set forth in the Declaration of Helsinki.

Experimental apparatus

The experimental device used for the RM/PM task was a
horizontal electronic trackway (400 cm in length, located
90 cm above the ground), with 200 light-emitting diodes
(LEDs: φ5 mm in size) that simulated the linear motion of
objects (Fig. 1) (AO-5N model; Applied Office, Tokyo, Ja-
pan). The LEDs, spaced at 2-cm intervals, were turned on and
off rapidly in sequence (i.e., ISI = 0), and participants were
able to perceive the continuous motion of an approaching
target. The target velocity was modified by instantaneously
changing the LED on and off times (i.e., each LED was
illuminated for one two-hundredth of the total time of target
motion). In addition, a manual switch (10 cm high, 3 cmwide,
and 2 cm deep) that fit in the palm of an adult handwas used to
register participants’ coincident timing response (i.e., when
the light reached the end of the track, participants were asked
to push the button with their thumb).

Experimental task and procedure

The moving target moved from one end of the trackway at a
constant velocity (slow: 10 m/s or fast: 15 m/s) after the
presentation of a warning stimulus for 3 s. In half of the trials,
the target was not occluded (non-occlusion condition), and in
the other half, the target was suddenly occluded halfway down
the trackway (i.e., 200 cm), irrespective of stimulus velocity
(occlusion condition). The viewing time periods for the mov-
ing target in each occluded condition are summarized in
Table 1. Previous studies show that after a pitch is delivered
in baseball, the ball reaches the batter in around 400–800 ms
(Frohlich, 1984; Selin, 1959; Williams & Underwood, 1986).
Therefore, the total time of the target presentation was devised
in such a way as to create a time scale similar to that which a
baseball batter generally faces in actual batting (i.e., slow
condition). In this case, however, the actual velocity in the
batting task was not replicated in the experiment task because
the actual target (i.e., baseball) traveling distance is about
16 m, whereas the distance in the present task was 4 m.
Therefore, in order to create a relatively faster condition
within the visual reaction time, the degree of velocity differ-
ence between the slow (10 m/s) and fast (15 m/s) conditions
was set at 50 %, well above the threshold value that is
generally found to be sufficient to allow the perception of a
velocity difference (Benguigui, Ripoll, & Broderick, 2003; Le
Runigo, Benguigui, & Bardy, 2005).
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In both the non-occlusion and occlusion condition, the
primary experimental task involved a PM task that required
a manual button press coinciding with the arrival of an appar-
ent moving target at the end of the trackway (in the occlusion
condition, although the target disappeared at the halfway point
of the trackway, participants responded with a manual button
press when they felt that the moving target would have arrived
at the end of the trackway after it disappeared). The secondary
task involved judgment of subjective vanishing location (i.e.,
RM task) after the coincident timing response (in the non-
occlusion condition, although the target always continued
until the end of the trackway, participants had to indicate the
last location on the trackway (if this was their perception) in
order to standardize the method of response between the
conditions).

Participants were seated comfortably to the right side of the
edge of the trackway at a distance of 100 cm and held a push-
button in their dominant hand (Fig. 1). Participants were
familiarized with the experimental procedure before providing
written informed consent. Next, participants practiced four
stimulus conditions (occluded and non-occluded conditions
in each velocity condition). Each condition comprised 10
trials (40 practice trials in total) in a random order.

Participants were provided 80 experimental trials in a ran-
dom combination of each stimulus condition; 40 trials were
performed in the occlusion and 40 in the non-occlusion con-
dition (there was no difference between the occluded trials and

the non-occluded trials except for the occlusion). This
established a 50 % chance of target occlusion, which
prevented confounding the effects of occlusion with differ-
ences in a priori probability or subjective expectancy predict-
ed by the participants. In order to estimate subjective
vanishing location, participants verbally reported where the
moving target vanished with a card number placed beside the
electrical trackway (Fig. 1) after the coincident timing re-
sponse with a button press (the card number of the physically
vanishing location in occlusion trials was 40). The cards were
located at 5-cm intervals from the start points of the moving
target. Therefore, subjective vanishing location was computed
by multiplying the reported card number by 5 cm. When
participants perceived that the target had reached the end of
trackway, they reported verbally the card number 80 placed
beside the end of electrical trackway (i.e., 400 cm from the
start point). In order to determine appropriate intervals for the
measurement of the vanishing location, we used a variable
interval starting at 1 cmwith 1-cm increments as a preliminary
study. In this case, participants were required to recall both the
subjective vanishing location and their level of confidence in
their response (“confident,” “neither,” or “not confident”).
“Not confident” and “neither” responses disappeared above
the 5-cm interval. Therefore, we used a 5-cm interval in the
present experiment. Moreover, in order to eliminate differ-
ences in visual target-tracking strategies between participants,
participants were required to track the moving target from the
start to the end of the track during the task. Participants were
not informed of the results regarding temporal errors or
vanished locations for each trial.

Measurements and analysis

RM magnitudes were calculated by subtracting the actual
vanishing location (i.e., 200 cm) from the reported subjective

Fig. 1 The position of the study participant in relation to the electronic
trackway during displacement of the visual target. Participants manually
pressed a button coinciding with the arrival of an apparent moving target

at the end of trackway, which ran on a straight trackway. After the button
press, participants verbally reported where the moving target vanished by
indicating the card number placed beside the electronic trackway

Table 1 Summary of visible and invisible time in the slow and fast
conditions with target occlusion

Velocity condition Visible time Invisible time Total time

Slow condition 200 ms 200 ms 400 ms

Fast condition 133 ms 133 ms 266 ms
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vanishing location in the occlusion condition. Mean RM
magnitudes were subjected to mixed measures (group: base-
ball vs. control) × 2 (velocity: slow vs. fast) ANOVAs, with
group as a between-subjects factor and velocity as within-
subjects factor.

Constant timing error (CTE) was defined as the duration
between the target arrival signal generated by the computer
controlling the trackway and the button press signal (i.e., a
bias in the response timing of when the target would reach the
end of the trajectory). Positive CTE values indicate a late
response, and negative values indicate an early response. To
calculate CTE, we measured the duration from the target
arrival signal to the button press signal, which was sampled
at 1,000 Hz. Mean CTEs were subjected to mixed measures
(group: baseball vs. control) × 2 (velocity: slow vs. fast) × 2
(occlusion: occlusion vs. non-occlusion) ANOVAswith group
as a between-subjects factor and velocity and occlusion as
within-subjects factors. Degrees of freedom for all F ratios
were adjusted using the Greenhouse-Geisser procedure.

A correlation analysis for RM magnitude and CTEs in the
occlusion condition was performed in order to investigate
whether RM magnitude influenced coincident timing
performance.

Results

Expert–novice differences in RM magnitude

Figures 2 and 3 show the probability of a specific response as
a function of distance and the mean subjective vanishing
location, respectively, for the baseball and control groups.
The mean RM magnitude that was calculated by subtracting
the actual vanishing location (i.e., 200 cm) from the reported
subjective vanishing location in the occlusion condition was
subjected to a two-way mixed ANOVA. There were signifi-
cant main effects of velocity [F(1,16) = 9.97, P < .01, ηp

2 =
.38] and group [F(1,16) = 21.88, P < .001, ηp

2 = .58], but no

interaction [F(1,16) = 3.09, P = .098, ηp
2 = .16]. These results

indicate that expert baseball players subjectively perceived a
farther target location (i.e., more target motion) after the target
vanished as compared with the control group.

Next, the constant occlusion of the stimulus at 200 cm
might lead to a large learning effect. Given that participants
no doubt became aware of the fact that the stimulus would
either vanish halfway along its trajectory or vanish at the end
of its trajectory, participants were able to improve their per-
formance with practice on the task. If practice effects exist in
judgments of the target vanishing location, the assertion that

Fig. 2 Probability of response for the subjective vanishing location within the occlusion condition. Vertical dashed line Actual vanishing location

Fig. 3 Mean subjective vanishing location and representational
momentum (RM) magnitude in each velocity condition. Vertical bars
Standard deviation, horizontal dashed line actual vanishing location. RM
magnitudes were calculated by subtracting the actual vanishing location
(i.e., 200 cm) from the reported subjective vanishing location in the
occlusion condition
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experts in fast ball sports can extrapolate the future location of
a fast-moving object might be compromised. Therefore, in
order to preclude the possibility of practice effects, we ana-
lyzed RM magnitude in the occlusion condition from the
initial trial to the final trial (data only in the occlusion condi-
tion were extracted from random trial sequences). RM mag-
nitude was subjected to a mixed measures 2 (group: baseball
vs. control) × 2 (velocity: slow or fast) × 10 (trial: first trial
through final trial) ANOVA. There was no significant main
effect of trial [F(9,144) = 1.26, P = .26, ηp

2 = .07], nor were
there any significant interactions regarding the trial factor.
According to these results (see also Fig. 2), practice effects
did not exist in the present study with regard to RM
magnitude.

Relationship between RM magnitude and temporal errors

Figure 4 shows the mean CTE of button-press responses for
both groups. The mean CTE was subjected to a mixed three-
way ANOVA. There was a significant main effect of velocity
[F(1,16) = 62.67, P < .001, ηp

2 = .80], as well as significant
velocity × group [F(1,16) = 8.47, P < .01, ηp

2 = .35] and
velocity × occlusion × group interactions [F(1,16) = 7.72, P <
.05, ηp

2 = .33]. In order to deconstruct the significant 3-way
interaction, separate 2 (occlusion) × 2 (group) ANOVAs for
each velocity condition were conducted. No significant main
effects or interaction emerged in the slow velocity condition,
but a significant interaction was observed in the fast velocity
condition, F(1,16) = 6.93, P < .05, ηp

2 = .30. For the fast
velocity condition, a simple main effects analysis indicated
that the CTE of the baseball group in the occlusion condition
was smaller than it was in the control group (P < .05).
Moreover, the control group exhibited significantly larger
CTE in the occlusion condition compared with the non-

occlusion condition (P < .01). This tendencywas not observed
in the baseball group.

Next, in this experiment, there was not any random delay
between the onset of target motion and the warning stimulus.
Therefore, participants in the baseball group might have easily
learnt the time interval from onset to arrival of the target
motion depending on the target velocity condition. Thus, this
might have enabled them to time their response without hav-
ing to pay attention to the real motion as soon as they knew
whether it is fast or slow. In order to test this possibility, we
analyzed CTEs in the occlusion condition from the initial trial
to the final trial (data only in the occlusion condition were
extracted from random trial sequences). CTE was subjected to
a two-way repeated measures 2 (velocity: slow vs. fast) × 10
(trial: first trial through final trial) ANOVA. There was no
significant main effect of trial [F(9, 72) = 0.82, P = .60, ηp

2 =
.09], nor were there any significant interactions regarding the
trial factor. According to these results, practice effects did not
occur here.

Finally, to investigate whether RM magnitude influenced
coincident timing performance, correlation coefficient analy-
sis between RM magnitude and CTE in the occlusion condi-
tions for each group and velocity conditions were performed
(Fig. 5). The baseball group exhibited a significant negative
correlation between RM magnitude and CTE in the slow (r =
–.83, P < .01) and fast velocity conditions (r = –.66, P < .05).
The control group exhibited a significant negative correlation
between RMmagnitude and CTE, but only in the fast velocity
condition (r = –.69, P < .05), and not in the slow velocity
condition (r = –.06, n.s.).

Discussion

The purpose of the current study was to clarify whether
experiences with fast ball sports influence the development
of cognitive extrapolation for a moving object. We also sought
to clarify the development of cognitive extrapolation as relat-
ed to coincidental timing performance, especially during in-
teraction with a fast-moving object. Results from the subjec-
tive vanishing location (Figs. 2, 3) revealed a larger RM effect
in the baseball group compared to the control group. These
results appear to suggest that experts in fast ball sports can
extrapolate the location of a fast-moving object a few hundred
milliseconds into the future. Furthermore, RM magnitude and
timing errors were strongly negatively correlated in the fast
velocity condition in both baseball and control groups, but this
negative correlation was observed only in the baseball group
in the slow velocity condition (Fig. 5). These negative corre-
lations appear consistent with the idea that cognitive extrapo-
lation is related to controlling response timing as a means of

Fig. 4 Mean constant timing error (CTE) in the baseball and control
groups within each stimulus condition. Positive CTE values indicate a
late response, and negative values indicate an early response. Vertical
bars Standard deviation
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compensating for delays caused by visuo-motor processing
(Hubbard, 2005; Nijhawan, 2008).

Previous studies concerning sports expertise effects on RM
have reported that experts can perceive the next likely state of
a play pattern, while novices cannot (Didierjean &Marmèche,
2005; Gorman et al., 2011). In addition to this qualitative
difference, recent evidence from driving (Blättler et al.,
2010, 2012) and basketball activities (Gorman et al., 2012)
has shown that experts can perceive states further in the future
than can novices (i.e., quantitative difference; see Gilis,
Helsen, Catteeuw, & Wagemans, 2008 for an exception).
Consistent with these findings, the present study demonstrated
that both baseball and control participants exhibited cognitive
extrapolation for a moving target, but the baseball group
showed a farther subjective vanishing location than did the
control group.

This finding (i.e., that both groups exhibited RM effects)
demonstrates that the cognitive extrapolation of a moving
target might be a basic primitive function of the visual system.
In the present study, moreover, the group differences in RM
magnitude were greater in the fast condition than they were in
the slow condition (Fig. 3). It has been proposed that the RM
effect is modulated by a participant’s prior knowledge of an
object’s typical movement properties stored in long-term
memory (Reed & Vinson, 1996). According to this notion,
baseball players in present study might have possessed more
refined knowledge regarding the movement properties of a
fast-moving target. Therefore, the larger group differences in
RM magnitude in the fast velocity condition imply that base-
ball players may have more developed skills as a function of
their experiences in fast ball sports and, consequently, higher
resultant knowledge of fast motion properties. On the other
hand, the control group may have developed through growth
or daily experiences of visual motion perception. Thus,
knowledge that contributes to extending farther the subjective

vanishing location of a moving target is likely acquired as a
function of experiences with increased movement velocity
(Akpinar, Devrilmez, & Kirazci, 2012).

Alternatively, people who do not play fast ball sports may
have no need for the more rapid extrapolation required by
faster velocities. Thus, they are unpracticed (and thus perhaps
unable) to extrapolate at faster velocities. Experience and
practice with faster velocities might increase the ability to
extrapolate at those faster velocities. Thus, the difference
may be not due to learning differences inmovement properties
per se, but rather to more experience with increased velocities,
which subsequently leads to better skill at extrapolating those
velocities. Further studies are needed to clarify the properties
acquired by the expert to develop cognitive extrapolation.

Oddly, there was a peak at 400 cm (extreme point) for the
baseball group in the fast velocity condition (i.e., 24.1% of the
time). One possible reason for this is that the participants
confused the occluded and non-occluded trials fairly regularly.
However, the current task presented the stimulus randomly,
and the peak at 400 cm did not occur in the slow condition.
Another possibility is that some participants in the baseball
group reported seeing the moving target go beyond the end of
trackway. That is, in the fast velocity condition, experts may
have reported the maximum number (i.e., card number 80,
indicating a location of 400 cm) even when they felt the target
went beyond the end of trackway. This may explain the high
response probability at 400 cm. In any case, this is a very large
RM magnitude, even the mean values, compared with RM
magnitude in a typical RM experiment. Therefore, we have
calculated the visual angle from the occluding location to the
subjective vanishing location if participants showed an RM
magnitude from 41.6 cm (average in control group) to
124.1 cm (average in baseball group) in the fast velocity
condition. As a result, the visual angle was from 5.7 to
25.8°. According to these values, if the participants sit directly

Fig. 5 Relationship between RM magnitude and CTE in each velocity condition
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in front of a computer monitor at a distance of 50 cm, which is
typically used in RM paradigms, the RM magnitudes would
be 5.0–22.9 cm. These values are still larger than previous
studies (e.g., Gray & Thornton, 2001), even in the case of the
control group (<1°). This may be because the velocity of
moving targets was very high comparedwith previous studies.
In any case, this indicates that baseball players develop cog-
nitive extrapolation for moving targets.

Fast ball sports, such as baseball, are characterized by
severe time constraints on intercepting a moving target. If
there is no visual function for anticipating or perceiving the
future location of a fast-moving ball, neural delays in the
visuo-motor system could necessarily cause performance dec-
rements in interceptive timing control. Therefore, if cognitive
extrapolation functions to circumvent neural processing de-
lays in timing control, then a larger RM magnitude (i.e., more
future extrapolation) enables athletes to circumvent a delay of
response errors in interceptive timing control for a fast-
moving target (Hubbard, 2005). The present results support
this assumption; the significant negative correlation coeffi-
cients between RM magnitude and timing errors appeared in
the fast velocity condition, which induced a larger positive
CTE (i.e., delayed response) in both the baseball and control
groups (Fig. 5). That is, cognitive extrapolation becomes more
critically functional for timing control when the impact of
neural delays is crucial when interacting with the environment
(e.g., intercepting a fast-moving ball). Previous studies have
reported that TTC underestimations often observed in a slow
velocity condition of a PM task (Schiff & Detwiler, 1979;
Schiff & Oldak, 1990) were effectively eliminated when RM
was absent as a function of manipulating the display (Gray &
Thornton, 2001). This evidence also suggests that as time
constraints become more severe, the involvement of cognitive
extrapolation increases for circumventing neural processing
delays in RM tasks with timing control. That is, the introduc-
tion of cognitive extrapolation as a compensatory system for
timing control would depend on the extent of the induced
delay by time constraints.

One of the critical factors for intercepting a moving target is
response onset timing (Tresilian, 1995; Tyldesley & Whiting,
1975). The onset is determined by a visually perceived vari-
able associated with the target. When the perceived variable
reaches a criterion value (sometimes called time margin or
time threshold relative to the expected interception and/or
collision), a motor command is produced (Marinovic, Plooy,
& Tresilian, 2009a, 2009b; Tresilian, 2005; Zago et al., 2009).
Marinovic et al. (2009b) reported that movement was pre-
pared in advance and triggered by a visual stimulus event that
occurred about 150 ms before movement onset. In the present
study, the elapsed time from the target disappearance to target
arrival in the fast condition was 133 ms. In this case, partic-
ipants should prepare motor processes for an intercepting
response before the onset of a response during observation

of the target motion (before the target vanishes). As a result,
participants are forced to depend on limited information (e.g.,
extrapolation information) for interceptive timing control.

However, the introduction of a compensatory system for
timing control might be a feature of expertise in fast ball
sports. In other words, experts rely more heavily on the
cognitive extrapolation for executing successful timing con-
trol of a motor act compared with novices. Alternatively,
experts and novices each rely on extrapolation, but the ability
to do so appropriately is better among experts. This is evi-
denced by the significant within-group correlations between
RM and CTE for both the slow (r = –.83) and fast (r = –.66)
conditions in the baseball group, but only in the fast condition
in the control group (r = –.69). These results indicate that
participants in the control group did not effectively use and/or
tune cognitive extrapolation for timing control (Gray &
Thornton, 2001) in the slow condition, and that participants
in the baseball group used and/or tuned cognitive extrapola-
tion for timing control irrespective of target velocity.

Moreover, temporal errors in the control group significant-
ly increased in the occlusion condition compared with the
non-occlusion condition (Fig. 4). This result may suggest that
participants in the control group required at least raw visual
information in the coincident timing response, as this increase
in temporal errors was not observed in the baseball group. The
timing control in the occlusion condition requires sufficient
cognitive load to estimate the TTC (DeLucia & Liddell, 1998;
Jagacinski, Johnson, & Miller, 1983; Tresilian, 1995). The
general consensus across numerous studies is that a shorter
visible length will yield substantial timing errors, as partici-
pants must respond without a continuous view of the moving
target, while a longer visible length will yield more accurate
responses, as individuals can acquire more detailed informa-
tion about the target (e.g., Harrold & Kozar, 2002; Payne,
1986; Whiting, Gill, and Stephenson, 1970). Therefore, larger
RM (i.e., longer visible length) after the midpoint of the
trajectory (i.e., after the target vanished) would aid timing
judgment of the end of the trajectory. That is, our findings
suggest that the baseball group may have relied more on and/
or was better tuned to cognitive extrapolations for response
timing control than the control group. Taking into account
these considerations, RM effects are essentially related to the
perception of the future location of a moving object (i.e., TTC
estimation), as both groups showed forward extrapolation. On
the other hand, information transmitted by cognitive extrapo-
lation working in collaboration with the motor system requires
expertise in fast ball sports, which necessitates the interaction
of perception and action.

There are two competing theories for understanding the
interception of a moving target: the ecological view and the
constructivism view (Zago et al., 2009). The former has
emphasized that online adjustment during interception is
achieved by a continuous coupling between the perceptual
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and motor systems by directly perceiving optical variables
such as tau (Bootsma, Houbiers, Whiting, & van Wieringen,
1991; Bootsma & van Wieringen, 1990; Le Runigo et al.,
2005; Tresilian, 1995) and controlling the required velocity of
effector movement (Montagne, Laurent, Durey, & Bootsma,
1999; Peper, Bootsma, Mestre, & Bakker, 1994). That is, this
theory does not emphasize the use of internal representation of
future target motion, but rather, it emphasizes the use of
current visual information of target motion to estimate the
TTC. In contrast, the latter theory emphasizes that visual cues
alone are insufficient for predicting the time and place of
interception. Individuals need to be supplemented with prior
knowledge or internal representations regarding several fea-
tures of the dynamic interaction with the moving object
(Ikudome, Nakamoto, Yotani, Kanehisa, & Mori, 2013;
Tresilian, 1995; Zago et al., 2009). The present findings
suggest that the cognitive extrapolation of a moving target is
used and/or tuned by experts in fast ball sports in part for
timing control. In contrast, participants in the control group
did not effectively use and/or tune cognitive extrapolation for
timing control. Rather, they may have partly relied on raw
visual information because the CTE in the occlusion condition
increased compared with the non-occlusion condition. There-
fore, the availability of cognitive extrapolation and/or raw
visual information might depend on the individual’s expertise
and/or time constraints influencing the estimated neural delay
in perceptual and motor processing. Specifically, the present
study suggests that several different sources of information
and strategies are used and integrated to interpret a moving
target, depending on intervening variables (Hubbard, 1997;
Tresilian & Plooy, 2006; Zago & Lacquaniti, 2005; Zago
et al., 2009).

Limitations

Although the present task was, to some extent, domain-
specific to fast ball sports, the movement properties of the
moving target in this experiment did not replicate the actual
properties of a baseball game (e.g., no deceleration with
gravity). Furthermore, baseball players’ expertise is likely to
be closely attuned to and influenced by factors such as the
movement kinematics of the pitcher, the flight path of the ball,
and the intention of the batter to actually strike the ball. That
is, the present task did not completely capture domain-specific
properties of fast ball sports. Although the results showed
some degree of an expertise effect, the extent to which this
effect was influenced by the lack of specificity within the
experimental design is unclear. Further experiments (e.g.,
comparison between groups under some level of specificity
in RM task) are needed to fully understand expertise effects in
RM in fast ball sports.

In order to account for this limitation, an additional control
task was conducted using less domain-specificity compared

with the present task. The task was an RM task with rotating
targets (see Fig. 6). The moving target moved continuously in
a circular motion and vanished at a pre-specified location.
Then, a probe stimulus appeared after 250 ms at the various
locations (–6, –4, 0, +2, +4, and +6°). Participants (11 baseball
players, 9 non-baseball players) were required to make a
judgment as to whether the moving target vanished at the
same location as a presented probe stimulus. Figure 7 shows
the probability of a “same” response at each probe stimulus
location. The probability was subjected to a 2 (group: baseball
or non-baseball) × 7 (probe location: –6, –4, 0, +2, +4, +6
degrees) mixed measures ANOVA. There was a significant
main effect of probe location [F(6, 120) = 19.89, P < .001, ηp

2

= .50], but no significant main effect of group [F(1, 20) = 1.25,
P = .27, ηp

2 = .05]. Further, there was no significant interac-
tion [F(6, 120) = 0.59, P = .74, ηp

2 = .03). Post-hoc compar-
isons showed that the –6 and –4 degree conditions had a
smaller probability than the other conditions (P < .01). That
is, both groups showed RM effects, but there was no differ-
ence between groups. These results indicate that domain-

Fig. 6 Schematic representation of experimental stimuli in additional
control task. The moving target moved continuously in a circular motion
and vanished at a pre-specified location. Participants judged as to whether
the moving target vanished at the same location as a presented probe
stimulus (–6, –4, 0, +2, +4, and +6 degrees relative to the vanished
location)

Fig. 7 Probability of “same” response for each probe location. Vertical
bars Standard error

Atten Percept Psychophys (2015) 77:961–971 969



specific experience influences the development of RM mag-
nitude in baseball group.

The difference in acuity that resulted from the vanishing
location being visually close or distant might affect RM mag-
nitude. In order to clarify this potential problem, we calculated
the visual angle at the occlusion location and at the end of the
track. The visual angle of the 5-cm bin oblique to the observer
at 200 cm on the trackway (i.e., occlusion location) is 1.3° and
2.9° at 0 cm on the trackway (i.e., end of the track). The
minimum angle of resolution in humans with normal vision
such as the present participants is around 0.02° at a distance of
500 cm according to a Landolt ring chart. Therefore, if par-
ticipants were allowed to track the target, the resolution is
thought to be sufficient to discriminate the visual angle of the
5-cm bin. On the other hand, if the participants were not
allowed to track the target (i.e., participants looked at the
target within their peripheral vision), acuity decreased. In
our experiment, although we instructed participants to pursue
the moving target from the start to the end of the track during
the task, we cannot completely rule out the possibility that
some participants (and/or some trials) could not track the
moving target. The best solution in this case is to record eye
movements using an eye-tracking system and/or electro-
oculogram during the task. Further experiments are necessary
to clarify the extent to which this affected the RM magnitudes
in this experiment.

Conclusions

We can conclude that experts in fast ball sports appear to
extrapolate the future location of a fast-moving object, and
this RM development might relate to coincident timing con-
trol. It has been suggested that cognitive extrapolation is
required in fast ball sports because of the significant delay in
transforming sensory information of a moving target and body
motion into a timed motor response (Hubbard, 2005;
Nijhawan, 2008; Zago et al., 2009). The present findings
further suggest that human visual perception for action
depends not only on raw visual information, but also on
internal representations that include the expectation for a
future object location, perhaps based on prior knowledge
(see also, Azevedo Neto & Teixeira, 2009, 2011; Zago
et al., 2009). This cognitive extrapolation of visual percep-
tion could compensate for neural delays and physical lim-
itations when following a moving object, anticipating its
forthcoming position, and interacting with it appropriately.
These findings support evidence from recent behavioral
and cognitive neuroscience studies (Blättler et al., 2010,
2011, 2012; Gorman et al., 2011, 2012; Nijhawan, 2008;
Nijhawan & Wu, 2009).
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