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Effect of Manipulating Advanced Kinematic Information on Hitting Movement 
Prediction, Perception, and Action
Ryota Takamido, Keiko Yokoyama, and Yuji Yamamoto

Nagoya University

ABSTRACT
Purpose: This study examined the effect of manipulating advanced kinematic information about 
opponents’ pitching movement on ball speed prediction, ball speed perception, and impact timing 
errors under strict temporal constraints (i.e., a softball game). Method: Three experiments were 
conducted using visual stimuli consisting of varied kinematic information—different pitching 
movements with the same ball trajectory. In Experiment 1, participants observed the pitching 
movement of the visual stimuli and predicted pitched ball speed as a two-interval forced choice 
discrimination task (2IFC). In Experiment 2, participants observed both the pitching movement and 
ball trajectory, and evaluated the pitched ball speed as a 2IFC. In Experiments 3a and 3b, they tried 
to swing against the pitched ball presented on the screen as accurately as possible with regard to 
timing. Results: Batters tended to predict the ball was moving faster when the pitching movement 
was faster (Experiment 1). Incorrectly predicting the ball speed due to the difference in advanced 
kinematic information also biased batters’ perception of the speed (Experiment 2), and this biased 
prediction yielded congruent impact timing (Experiment 3a). The impact timing error of naive 
participants also was affected by kinematic information (Experiment 3b). Conclusion: Limitations of 
this study (representative task design, sample size, and experimental procedures) notwithstanding, 
results indicate that, under strict temporal constraints, batters’ perceptions and actions are sensitive 
to advanced kinematic information, which could lead to biased perceptions and actions.

ARTICLE HISTORY 
Received 28 October 2019  
Accepted 16 May 2020 

KEYWORDS 
Anticipatory visual cues; 
sport; visual perception

The interceptive task such as catching a ball with a hand 
or hitting a ball with a racket is highly complex human 
motor behavior, because it requires performers to guide 
the interceptive effector (e.g., hand, racket) to contact 
a moving target based on the perceived visual informa-
tion (e.g., position, velocity) of it (Tresilian, 2005). 
Therefore, the interceptive task could be a good vehicle 
which allows us to investigate the relationship between 
human perception and action. Among the many inter-
ceptive tasks, the hitting movement in the interceptive 
sports, such as baseball and cricket is one of the most 
difficult tasks that is close to the limit of human cogni-
tive and motor capacities.

One main factor that makes hitting movement diffi-
cult is the spatio-temporal constraints, such as the tem-
poral limitation for perception and the spatio-temporal 
accuracy for interceptive action. In interceptive sports, 
the ball travel time from being released by the pitcher to 
arriving at the hitting point of the hitter is less than 0.5 s 
(Adair, 2002). Within this very short duration, the hitter 
must accurately perceive the arrival position and timing 
of the ball, perform a hitting movement as a complex 
whole-body movement, and finally make the hitting tool 

(e.g., bat) contact the ball with spatio-temporal accuracy 
of several centimeters (Higuchi et al., 2016) and milli-
seconds (Kidokoro et al., 2019).

When a hitter hits the ball thrown by the opposing 
pitcher, he or she can use and integrate multiple infor-
mation resources such as situational probabilities (e.g., 
the number of balls and strikes), opponents’ kinematic 
information (e.g., pitching movement), and visual tra-
jectory information (e.g., pitched ball speed) (Gray & 
Cañal-Bruland, 2018). In particular, under such strict 
temporal constraints, it is important to predict the ball- 
flight trajectory before the ball is released based on the 
opponents’ kinematic information such as pitching 
movement, because if the hitting movement is initiated 
before the ball is released, it can increase the effects of 
the bat-ball contact (i.e., impact).

Therefore, using the temporal occlusion paradigm, 
many previous researchers investigated players’ predic-
tive skill based on their opponents’ advanced kinematic 
information. The results demonstrated that expert 
players could predict more quickly and make decisions 
more accurately using advanced visual information 
compared to novice players (e.g., Brenton et al., 2016), 
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and their initiation timing of their hitting movement 
was also earlier than that of novice or non-experts 
(e.g., Müller et al., 2014). Müller and Abernethy (2012) 
reviewed these studies and proposed a preliminary 
model for expert anticipatory skill. According to their 
model, the accuracy of the anticipation increases as 
opponents’ movement progresses. Hitters’ movement 
is coupled with opponents’ kinematics and ball-flight 
information. Hence, experts who can couple their move-
ment with earlier kinematic information will initiate 
their movement earlier than will their counterparts.

Müller and Abernethy’s model is a good representa-
tion of experts’ predictive skill. In sport situations, when 
predictions about upcoming events based on advanced 
information match the actual events, it is helpful for 
players to overcome the strict temporal constraints and 
achieve the task. However, if not, the incongruence 
between the prediction and the event becomes an obsta-
cle that prevents them from achieving task goals.

In neuroscience, when the sensory input obtained 
from a certain event includes uncertainty, the perception 
of the event is biased to match the prediction of it (e.g., 
Stocker & Simoncelli, 2006). This is a function of the 
human nervous system to optimize perception in uncer-
tain environments, and it has been interpreted based on 
the Bayesian integration (e.g., Vilares & Körding, 2011). 
These prediction biases have also been considered 
regarding interceptive sports, where ball trajectory 
information is limited and has uncertainty due to strict 
temporal constraints. Hence, in interceptive sports, it 
can be assumed that incongruence between the predic-
tion of the pitched ball trajectory and the actual ball 
trajectory bias the player’s perception in order to 
match their prediction. Take baseball as an example— 
when a pitcher pitches a change-up, the batter may 
incorrectly predict that the pitch is a fastball based on 
the pitcher’s kinematics. In this case, the batter over-
estimates the pitched ball speed; that is, the batter pre-
dicts a fastball when a change-up ball is actually coming, 
and this incongruence biases the batter’s perception of 
ball speed to match their prediction. In other words, the 
batter perceives the ball to have a faster speed than 
actually occurs.

Moreover, it is also useful to understand human motor 
control under strict temporal constraints and whether 
action is biased congruent with perception .The relation-
ship between perception and action has been discussed by 
using visual illusions (Cardoso-Leite & Gorea, 2010), 
which is represented by Goodale and colleagues’ work 
(e.g., Aglioti et al., 1995). However, recent studies showed 
that whether action is biased congruent with perception 
depends on the attributes of perceived information (De la 
Malla et al., 2019, 2018). Using interceptive tasks, de la 

Malla and colleagues showed that, when performers per-
ceive bias in the position and velocity of a moving object, 
the interceptive timing error is also biased congruent; that 
is, when the speed of a moving object is perceived as slow, 
the performer’s interceptive timing is delayed as com-
pared to the correct timing. Thus, like the prediction bias 
discussed previously, the timing error of the interceptive 
action would also be biased to the same direction.

However, in the interceptive task used in their studies 
(De la Malla et al., 2019, 2018), the participants tapped the 
moving object (i.e., Gabor patches) at the fixation position 
on the screen. Hence, the visual stimuli and motor 
response is relatively simple compared to the situations in 
interceptive sports activities that require performing 
whole-body hitting movement based on the more complex 
visual stimuli (e.g., opponent’s body kinematics). 
Therefore, no studies have examined the perceptual and 
behavioral biases due to incorrect predictions based on 
advanced kinematic information in interceptive sports 
activities.

Therefore, in this study, we examined these variables 
using softball as an example, which is expected to be 
more affected by the advanced kinematic information 
among the interceptive sports because it has especially 
strict temporal constraints (Takamido et al., 2019). 
Specifically, we manipulated the speed of the video clip 
of a pitching movement until ball release while the ball 
speed was, in fact, kept constant. The differences in 
advanced kinematic information, that is, the speed of 
the pitching movement, induces the batter to hold dif-
ferent predictions about the ball speed even when the ball 
speed is constant. These different predictions about the 
ball speed depending on the advanced kinematic infor-
mation would additionally bias the batter’s perception of 
the ball speed. In general, faster pitching movements 
coincides with faster pitches. Accordingly, batters will 
overestimate the ball speed and perceive it is traveling 
faster than it is. This, in turn, will bias the hitting move-
ment and the impact timing will be earlier than correct 
timing. These relationships are illustrated in Figure 1.

In sum, to clarify the effects of manipulating advanced 
kinematic information on perception and action for 
upcoming events under strict temporal constraints, we 
conducted three experiments. Using video clips of soft-
ball pitching movements, we investigated the relation-
ships between pitching movement speed and predicted 
ball speed (Experiment 1), perceived vs. real ball speed 
(Experiment 2), and impact timing error (Experiment 
3a). In addition, to verify the carryover effects of prior 
participation in Experiments 1 and 2 on Experiment 3a, 
we confirmed the effect of pitching movement speed on 
the impact timing error of naive participants who had no 
experience in Experiments 1 and 2 (Experiment 3b).
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Experiment 1

Purpose

In Experiment 1, we verified the relationship between 
pitching movement speed and batters’ prediction about 
ball speed, that is, the relationship between advanced kine-
matic information and prediction for an upcoming event. 
We hypothesized that the faster the pitcher moves, the 
faster the batter will predict the ball speed and vice versa.

Method

Participants
Eight male softball players (seven right-handed batters 
and one left-handed batter) aged 19–28 years participated. 
Three played on amateur softball teams and five played in 
a college softball club. They applied for our experiments 
through the Sona system, an online participant manage-
ment system, and were paid 1000 yen per hour for their 
participation. Participants mean years of experience play-
ing softball was 4.7 ± 2.6 years. All participants had 
normal or corrected-to-normal vision. The participants 
were free to withdraw from the study at any time.

This study was approved by the university’s 
Institutional Review Board for Human Subjects 
Research and conformed with the principles of the 
Declaration of Helsinki. All study participants provided 
informed written consent.

Visual stimuli
To make the visual stimuli, we recorded the pitching 
movements of a skilled pitcher and the pitched ball tra-
jectory. The skilled pitcher (a woman, 25-years-old, 
12 years of experience) pitched toward a 60-fps video 

camera (Sony HDR-XR550), which was positioned behind 
a clear acrylic plate. The distance from the pitcher to the 
video camera was 13.11 m, which mirrors the distance 
from the pitching plate to home plate in a real softball 
game. Frames of the video clip are shown in Figure 2. 
There were 254 frames (4.23 seconds). From the start of 
the image (a) to ball release (e), the duration of pitching 
movement was 215 frames (3.58 seconds). In addition, we 
defined the ball arrival time as (g)—when 30 frames 
(0.5 seconds) had passed after the release (Figure 2e; 
245th frame).

Using video editing software EDIUS (Neo version 
2.5, Grass Valley Co. Ltd.), we removed the frames 
after the ball release (Figure 2e) from the visual sti-
muli and used only the pitching movement (first to 
215th frame) and changed the playback speed. That 
is, we created visual stimuli with differences in pitch-
ing movement speed. The participants could use the 
pitching movement information only to perform the 
experimental task; that is, they could not see the ball 
trajectory. We created seven conditions. Three had 
faster pitching movement than the original—2.98 s 
(−600 ms), 3.28 s (−300 ms), and 3.43 s (−150 ms) 
—three had slower pitching movement than the ori-
ginal—4.18 s (+600 ms), 3.88 s (+300 ms), and 3.73 s 
(+150 ms)—and the original 3.58 s (0 ms) was used as 
reference stimuli. These experimental stimuli have 
been submitted as Online Supplemental Materials.

Experimental system
Figure 3 shows the schematic image of the experimental 
system in this study. We presented the visual stimuli on 
a screen (2.2 m × 1.7 m, Kikuchi Science Laboratory Inc, 
MBR-100) that ran at 60 Hz using a projector (NEC, 

Figure 1. A schematic diagram for the effect of different kinematic information on batters’ prediction of ball speed, perception of ball 
speed, and impact timing error using softball as an example. (a) If the pitcher’s movement speed is fast and the batter overestimates 
the ball speed, the batter perceives the ball speed as faster than it is, which results in too early impact timing; (b) If the pitcher’s 
movement speed is slow and the batter underestimates the ball speed, the batter perceives the ball speed as slower than it is, which 
results in too late impact timing.
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NP-U321HJD), which was controlled by the MATLAB 
Psychotoolbox. A batters’ box and home plate (real-life 
scale) were set in front of the screen. The distance 
between the screen and home plate was set at 2.0 m, 
and we maintained the visual angle (7.2°) that is nor-
mally experienced in softball. When measuring the hit-
ting movement or swing trajectory, the position 
information of the reflective markers attached to the 
joint and bat (bat tips and knob) was acquired by 15 
motion capture cameras (OQUS, Qualysis Inc) at 
500 Hz. Using the MATLAB Data Acquisition 
Toolbox, we sent the synchronization signal to the 
motion capture cameras through QTM (Qualisys Track 
Manager), and we synchronized the screen and cameras.

Task and procedure
In Experiment 1, participants predicted the ball speed 
based on advanced kinematic information only, without 
any ball trajectory information. In actual game situa-
tions, while a batter makes a prediction regarding 
a pitched ball, he or she simultaneously must initiate 

a preparatory movement (e.g., stepping movement) 
based on that prediction (Ranganathan & Carlton, 
2007). Therefore, in Experiment 1, when participants 
observed visual stimuli presented on the screen, they 
performed preparatory movements regarding their 
future interceptive action against the pitched ball to 
ensure the representative experimental design (Araújo 
et al., 2007).

In the experimental trial, participants predicted the 
pitched ball speed based on the pitching movement of 
the visual stimuli presented on the screen as a two-interval 
forced choice discrimination task (2IFC). Participants 
made a batting stance in the batter’s box with a bat 
(length = 840 mm, mass = 710 g; Mizuno Co., Osaka, 
Japan); then, a beep was played, and, one second later, the 
first visual stimulus was presented. At this time, the par-
ticipants performed preparatory movements toward the 
pitcher based on their prediction of the pitched ball, but 
they did not swing because no images of ball trajectory 
were presented. Next, a beep was played again, and, 
one second later, the second visual stimulus was 

Figure 2. A part of the windmill pitching and ball trajectory: (a) stretch position, (b) preparatory movement, (c) weight-shift initiation, 
(d) raising throwing arm, (e) ball release, (f)–(h) ball trajectory, (g) 0.50 sec has passed since the ball was released.
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presented; the participants again performed preparatory 
movements. After presentation of the two visual stimuli, 
“Which ball speed was faster, please say 1st or 2nd” was 
presented on the screen, and participants verbally 
responded. Thereafter, “Please rate your confidence in 
your answer on a scale from 1 (not confident at all) to 7 
(very confident)” was presented on the screen, and parti-
cipants responded.

The reference stimuli and other visual stimuli were 
presented in random order. There were seven combina-
tions of visual stimuli: −600 ms and 0 ms, −300 ms and 
0 ms, −150 ms and 0 ms, 0 ms and 0 ms, +150 ms and 0 ms, 
+300 ms and 0 ms, and +600 ms and 0 ms (including 
switching the presented order). For simplification, combi-
nations such as +150 ms and 0 ms are indicated as 
“+150 ms condition.”

The experiment procedure was as follows. First, 
participants were provided with an explanation 
about the experiment; then, to get used to the experi-
mental system, they practiced. In the practice trials, 
the conditions were set at random, and they could 
practice as long as they wanted. In the experimental 
trial, participants performed 168 trials comprising 
seven blocks of 24 trials in a random combination 

of seven conditions. They could take a short break 
(about 3–5 minutes) after every block.

Statistical analysis
The percentage of trials in which the participant pre-
dicted a faster ball speed than the reference stimuli and 
the average confidence ratings of each condition were 
calculated for each participant. To verify whether parti-
cipants’ responded varied from chance (50 %), we per-
formed one-sample t-tests, the percentage data were 
arcsine transformed. To verify the differences in the 
confidence ratings between conditions, we performed 
a one-way repeated measures analysis of variance 
(ANOVA), and post-hoc (Holm-Bonferroni) pairwise 
comparisons were used to determine if there were sig-
nificant differences between conditions. The psycho-
metric function was fitted for the average percentage of 
predictions among participants using Wichmann’s 
method (Wichmann & Hill, 2001), and the evaluation 
of the fitness of the model was performed by calculating 
root mean squared error (RMSE) and R2 values. These 
analyses were conducted with R Statistical Software (R 
Development Core Team, 2016), and significance was 
set at .05.

Figure 3. Schematic image of the experimental system.
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The effect size (Cohen’s d) was calculated, and we also 
performed power analysis to calculate the smallest pos-
sible effect size that could be detected with our sample 
(eight participants). We decided that an alpha error 
probability would determine statistical significance less 
than 0.05 and power was set to greater than 0.80. The 
results revealed the smallest possible effect size for both 
tests were 1.15. The calculation effect size and power 
analysis were performed with G*Power Software v 3.1 
(Faul et al., 2007). In addition, we calculated the 95% 
confidence interval (95% CI) of effect size (Grissom & 
Kim, 2005). In the case that the CI of effect size spans 
zero, the null hypotheses should not be rejected (Coe, 
2002). In other words, in our study, if the CI of the effect 
size does not include zero, there are effects of experi-
mental manipulation.

Results

The results of Experiment 1 are shown in Figures 4 and 5a. 
As shown in Figure 4, consistent with our hypothesis, 
batters tended to predict a faster ball speed as the pitcher’s 
movement speed increased and vice versa. The one-sample 
t-test revealed that there were significant differences from 
chance in the percentage of trials where ball speed was 
predicted to be faster than the reference stimulus, and 
that the effect size was large enough to ensure the desired 
statistical power, and there are no CIs of effect size below 
zero: +600 ms condition (M = 2 ± 2 %, t(7) = − 64.7, 
p = 5.6 × 10−11, d = 22.86, 95% CI [14.33, 31.38]), +300 ms 
condition (M = 7 ± 5 %, t(7) = − 27.4, p = 2.2 × 10−8, 
d = 9.68, 95% CI [5.96, 13.40]), +150 ms condition (M 
= 23 ± 13 %, t(7) = − 5.7, p = 7.3 × 10−4, d = 2.02, 95% CI 
[0.78, 3.25]), −150 ms condition (M = 83 ± 7 %, t(7) = 9.4, 
p = 3.3 × 10−5, d = 3.32, 95% CI [1.75, 4.89]), −300 ms 
condition (M = 93 ± 5 %, t(7) = 10.1, p = 2.1 × 10−5, 
d = 3.56, 95% CI [1.92, 5.20]), and −600 ms condition (M 
= 99 ± 2 %, t(7) = 20.3, p = 1.8 × 10−8, d = 7.18, 95% CI 
[4.34, 10.01]). There was no significant difference and zero 
crossed CI of effect size in the 0 ms condition (M 
= 52 ± 10% (percentage of trials where ball speed was 
predicted to be faster than the reference stimulus), t 
(7) = 0.71, p = .5, d = 0.25, 95% CI [−0.73–1.23]). One- 
way repeated measures ANOVA revealed significant dif-
ferences among the confidence ratings between conditions 
(F(6,42) = 42.6, p = 2.2 × 10−16), and post-hoc (Holm- 
Bonferroni) pairwise comparisons revealed that the parti-
cipants had significantly higher confidence levels, with 
a larger effect size and positive CI of effect size in the 
+600 ms condition than in the +150, 0, and −150 ms 
conditions (p = 9.6 × 10−4, d = 3.10, 95% CI [1.59–4.61], 
p = 1.2 × 10−4, d = 2.75, 95% CI [1.34–4.16], p = 1.8 × 10−3, 
d = 2.82, 95% CI [1.39–4.25], respectively); in the −600 ms 
condition than in the +300, +150, 0, and −150 ms condi-
tions (p = .03, d = 1.99, 95% CI [0.76–3.21], p = 5.5 × 10−5, 

Figure 4. The percentage where ball speed was predicted or 
perceived as faster than the reference stimuli (circles, Experiment 
1; triangles, Experiment 2). The horizontal dotted line represents 
the chance level (50%).

Figure 5. The confidence ratings of each condition. (a) Experiment 1, (b) Experiment 2. *p <.05, **p <.01.
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d = 3.28, 95% CI [1.72–4.84], p = 6.5 × 10−6, d = 3.64, 95% 
CI [1.97–5.30], p = 1.1 × 10−4, d = 3.21, 95% [CI 1.66–4.75], 
respectively); and in the −300 ms condition than in the 
0 ms condition (p = .04, d = 3.0, 95% CI [1.51–4.48]). The 
model showed a good fit (R2 = 0.99, RMSE = 8.3 × 10−3).

These results showed that, as we hypothesized, when 
they observed the faster pitching movement, they pre-
dicted faster ball speed, while they predicted slower ball 
speed for the slower pitching movement. In other words, 
the batters predicted the pitched ball speed based on the 
advanced kinematic information about the pitching 
movement speed.

Experiment 2

Purpose

In Experiment 2, we investigated the relationship 
between the pitching movement speed and the perceived 
ball speed; that is, the effect of the manipulating 
advanced kinematic information on the ball speed per-
ception. We hypothesized that the faster the pitching 
movement speed, the faster the batter predicts and per-
ceives the ball speed, and vice versa. In other words, if 
the prediction bias occurs based on the pitching move-
ment speed, the perception of ball speed would also be 
biased to match the prediction bias.

Method

Experiment 2 was conducted on a different day from 
Experiment 1. The participants and experimental system 
were the same as in experiment 1.

Visual stimuli
In Experiment 2, we used visual stimuli that had differ-
ent pitching movement speed (± 600 ms, ± 300 ms, ± 
150 ms, and 0 ms) but the same ball speed. For this 
scenario, we only changed the playback speed of the 
pitching movement of the original visual stimuli (1 to 
215 frames) while we kept the playback speed of the ball 
trajectory (216 to 254 frames) constant. In Experiment 1, 
the participants could only use the pitching movement 
information; however, in Experiment 2, they could use 
both pitching movement and ball trajectory informa-
tion. The duration of the visual stimuli was 3.63 s 
(−600 ms), 3.93 s (−300 ms), 4.08 s (−150 ms), 4.23 
s (0 ms), 4.38 s (+150 ms), 4.53 s (+300 ms), and 4.83 s 
(+600 ms).

Task and procedure
In Experiment 2, participants performed the ball speed 
evaluation task assuming actual game situations. In 

softball games, batters are not required to swing at all 
pitched balls. At times, they intentionally watch 
a pitched ball, evaluate its speed, and use that informa-
tion to plan how to hit the next pitch. This is an impor-
tant ability to successfully hit the ball. Therefore, as in 
Experiment 1, this experimental task also represents 
actual game situations.

In the experimental trial, the reference stimuli and other 
visual stimuli were presented in random order, and parti-
cipants compared the ball speeds; they then verbally 
responded to the same question as in Experiment 1 
(“Which ball speed was faster, please say 1st or 2nd”). 
While in Experiment 1 participants only used pitching 
movement information to predict ball speed, they could 
use both pitching movement and ball trajectory informa-
tion to evaluate ball speed. When visual stimuli were pre-
sented on the screen, participants performed preparatory 
movement toward the pitcher and pitched ball but as in 
Experiment 1, they did not swing. As in Experiment 1, 
there were seven combinations of visual stimuli: −600 ms 
condition, −300 ms condition, −150 ms condition, 0 ms 
condition, +150 ms condition, +300 ms condition, and 
+600 ms condition (including switching the presented 
order). The experiment procedure and statistical analysis 
were identical to Experiment 1.

Results

Figures 4 and 5b display the results of Experiment 2. As 
shown in Figure 4, participants tended to perceive faster 
ball speed in −600, −300, and −150 ms conditions— 
which had faster pitching movement—than the refer-
ence stimuli (M = 85 ± 19 %, t(7) = 4.5, p = 2.8 × 10−3, 
d = 1.59, 95% CI [0.45–2.73], M = 79 ± 11 %, t(7) = 4.5, 
p = 2.9 × 10−3, d = 1.58, 95% CI [0.44–2.72], M = 71 ± 9 
%, t(7) = 5.7, p = 7.1 × 10−4, d = 2.02, 95% CI [0.79–3.25], 
respectively); and they tended to perceive a slower ball 
speed in the +600, +300, and +150 ms conditions— 
which had slower pitching movement—than the refer-
ence stimuli (M = 17 ± 19 %, t(7) = − 5.0, p = 1.5 × 10−3, 
d = 1.77, 95% CI [0.59–2.94], M = 24 ± 22 %, t 
(7) = − 3.31, p = .01, d = 1.17, 95% CI [0.10–2.24], M 
= 33 ± 15 %, t(7) = − 3.20, p = .02, d = 1.13, 95% CI 
[0.06–2.20], respectively). There were no significant dif-
ferences in the 0 ms condition (M = 43 ± 13 %, t 
(7) = − 1.58, p = .16, d = 0.56, 95% CI [−0.44–1.56]). 
The one-way repeated measures ANOVA revealed sig-
nificant differences among the confidence rating of each 
condition (F(6,42) = 7.7, p = 1.1 × 10−5); and post-hoc 
(Holm-Bonferroni) pairwise comparisons revealed that 
the participants had significantly higher confidence in 
the −600 ms condition than in the 0, and +150 ms 
conditions (p = 5.7 × 10−4, d = 1.27, 95% CI [0.18–2.36], 
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p = .04, d = 1.30, 95% CI [0.21–2.39], respectively). The 
model was a good fit (R2 = 0.98, RMSE = 0.01).

The results supported our hypothesis—that even 
when actual ball speed is the same as the reference 
stimuli, batters perceive faster ball speed and their con-
fidence in their perception increases when the pitching 
movement speed is faster, and vice versa. In other words, 
even when the ball speed is constant, if the advanced 
kinematic information differs, the perceived ball speed 
of the batter is biased to match the batter’s incorrect 
prediction.

Experiment 3a

Purpose

In Experiment 3a, we investigated the relationship 
between pitching movement speed and impact timing; 
that is, the relationship between the advanced kinematic 
information and interceptive action for the upcoming 
event. We hypothesized that the impact timing is biased 
congruent with the bias of ball speed perception. Hence, 
we posited that, as the pitching movement speed 
increased, the impact timing would be too early, and 
vice versa.

Method

Experiment 3a was conducted on a different day from 
Experiment 2. The experimental system was same as 
Experiment 1. In Experiment 3a, one of the participants 
from Experiments 1 and 2 did not participate; therefore, 
we analyzed data from seven participants in 
Experiment 3a.

Visual stimuli
In Experiment 3a, among the visual stimuli used in 
Experiment 2, we used the one with the fastest 
(−600 ms; “fast condition”) and slowest (+600 ms; 
“slow condition”) pitching movement speeds and the 
reference stimuli (0 ms; “normal condition”). The ball 
flight information of each condition was the same and 
we defined the correct impact timing (ball arrival tim-
ing) as 0.50 seconds after the ball was released by the 
pitcher (Figure 2g).

Task and procedure
The experimental task involved the participants per-
forming the hitting movement corresponding to the 
presented visual stimuli that includes both pitching 
movement and ball trajectory same as Experiment 2. 
We defined the center of the front part of the home 
plate as the impact point (Figure 3), and the participants 

performed the hitting movement so that the bat passed 
the impact point as close to 0.50 sec as possible after the 
pitcher’s ball release. The impact timing was defined as 
the time when the line connecting bat tips and knob first 
passes the impact point after the pitcher’s ball release 
with an accuracy of ± 2 ms based on the position data of 
reflective markers on the bat tips and knob. The stan-
dard deviation of the position data was 1.4–1.8 mm.

The experimental procedure was as follows. 
Participants received explanations about the experiment 
and warmed up by doing stretching exercises and prac-
ticing their swing without visual stimuli for about 20— 
30 minutes; then, they performed practice trials. Practice 
trials were only conducted under the normal condition, 
and bandwidth feedback on the impact timing was given 
on the basis of 500 ± 33 ms (too early, correct, and too 
late); that is, when the impact timing was longer than 
533 ms, “too late” was verbally provided; when the 
impact timing was shorter than 467 ms, “too early” 
was provided; and when the impact timing was within 
the range of 467 and 533 ms, “correct” was provided.

The primary advantage of bandwidth feedback for 
motor learning is to promote movement stability during 
practice and retention phases (Lee & Carnahan, 1990; 
Schmidt & Lee, 2011; Sherwood, 1988). Therefore, in 
this study, we used bandwidth feedback to promote the 
stability of impact timing against the reference stimulus 
(normal condition) in the test trial. The bandwidth is 
usually set ± 5–10% for the feedback criteria (e.g., Badets 
& Blandin, 2005; Smith et al., 1997), and we set ours to ± 
6.6% (i.e., ±33 ms, corresponding to two frames of 
images). This band is relatively large compared to the 
required temporal accuracy for successful hitting (e.g., 
±7.9–10.7 ms (Kidokoro et al., 2019)). However, because 
of the lack of actual ball flying information, variance of 
the impact timing for the 2D video stimuli is larger than 
for real-world impact timing (e.g., about ±20–40 ms 
(Ranganathan & Carlton, 2007)). Hence, we set the feed-
back band so that the difficulty of the task was appro-
priate for the participants. Participants could only 
proceed to the test trials after completing at least 10 
practice trials, including three consecutive correct 
responses.

In the test trials, we aimed to examine the manipulat-
ing conditions after adapting to the normal condition. 
Considering this, we presented the normal condition 
two or three times, and then presented the fast and 
slow conditions and promoted the adaptation for the 
normal condition. Prior to the six trials of the fast and 
slow conditions, the normal condition was presented 
twice, continuously (N (normal)-N-S (slow), 
N-N-F (fast) sequence), and before the other six trials, 
then normal condition was presented three times 
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(N-N-N-S, N-N-N-F sequence). These four sequences 
were presented in a random order. As a result, the 
experimental conditions were set so that the number of 
fast, normal, and slow conditions was 12, 60, and 12 
trials, respectively. Further, we analyzed the 36 normal 
condition trials whose previous trial was the normal 
condition (N-N sequence) as “normal.”

When participants performed test trials, they made 
a batting stance in the batter’s box with a bat. Then, 
a beep sound was played. One-second later, one of the 
three stimuli were presented on the screen, and they 
performed a hitting movement for the pitched ball. As 
in the practice trials, we provided participants band-
width feedback about their impact timing (too early, 
correct, and too late; based on 500 ± 33 ms) based on 
the capture data of the bat. The interval between trials 
was conducted at participants’ own pace, and they could 
take a break (about 10–20 minutes) every 21 trials.

Statistical analysis
The average impact timing error from the correct timing 
of each condition was calculated for each participant. 
Trials that showed deviations of impact timing error 3 
SD above or below the mean were excluded from 
analyses.

To verify whether the average impact timing error 
among participants in each condition was significantly 
different from the correct timing (0 ms, no error), we 
performed one-sample t-tests to compare against the 
correct timing. Significance was set at .05. The effect 
size (Cohen’s d) and its 95% CI was also calculated, 
and we calculated the smallest possible effect size with 
alpha error probability 0.05 and statistical power 0.80. 
The results revealed the smallest possible effect size that 
could be detected with our sample (seven participants) 
was 1.27.

Results

Figure 6 shows the results of Experiment 3a. The average 
timing error among participants in the fast, normal, and 
slow conditions was −9 ± 16 ms, 0 ± 4 ms, and 
22 ± 11 ms, respectively (Figure 6b). The results of the 
one-sample t-test revealed that impact timing was sig-
nificantly later than correct timing in the slow condition 
(t(6) = 3.27, p = .01, d = 1.8, 95% CI [0.53–3.07]). 
Although the results trended in the predicted direction, 
as five of the seven batters’ timing was earlier for the fast 
condition, this effect was non-significant and had 
a smaller effect size in the fast condition (t(6) = − 1.58, 
p = .16, d = 0.5, 95% CI [−0.57–1.57]).

In sum, these results partially supported our hypoth-
esis—when the perceived ball speed was biased in the 
direction of a slower ball speed, the impact timing was 
also biased congruently, but for a faster ball speed, this 
effect was not observed. Hence, there was an asymmetric 
effect of perceptual bias on hitting movements in fast 
and slow conditions.

Experiment 3b

Purpose

The results of Experiment 3a show the effect of manip-
ulating advanced kinematics information on the impact 
timing. However, the participants of Experiment 3a had 
the experience of Experiment 1 and 2. The visual stimuli 
used in Experiment 3a was also used in Experiment 2. 
Hence, it is possible that prior participation in 
Experiment 1 and 2 affected the results of Experiment 
3a (i.e., carryover effects).

Therefore, in Experiment 3b, to verify the carryover 
effects on Experiment 3a, we confirmed the effect of the 
pitching movement speed on the impact timing error of 

Figure 6. The results of Experiment 3a. (a) Average impact timing error of each participant in each condition. (b) Average timing error 
among participants in each condition.
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naive participants who had no experience in 
Experiments 1 and 2. Eight naïve male softball players 
(seven right-handed batters and one left-handed batter, 
aged 20–24 years, mean years of experience of 
4.1 ± 1.2 years) who were not included in the previous 
experiment participated. Six played on a recreational 
softball team, one played on an amateur softball team, 
and the other played in a college softball club.

Method

The visual stimuli, task, and procedure of Experiment 3b 
were identical to those of Experiment 3a.

Statistical analysis
We defined participants in Experiment 3a as Group 1 (n 
= 7) and participants in Experiment 3b as Group 2 (n 
= 8). To verify the carryover effect of prior participation 
in Experiments 1 and 2, a two-way ANOVA (2 groups × 
3 conditions) was performed.

Results

Figure 7 shows the results of Experiment 3b, which are 
quite similar to those of Experiment 3a. The average 
timing error among participants in the fast, normal, 
and slow conditions was −9 ± 15 ms, 2 ± 8 ms, and 
31 ± 27 ms, respectively. When the data were measured 
by a two-way ANOVA (2 groups × 3 conditions), the 
result showed that the effect of the condition was statis-
tically significant (F(df = 2,44) = 20.83, p = 1.5 × 10−3), 
but the effect of the group was not (F(df = l,44) = 0.498, 
p = .49). There was no interaction between the two 
factors (p = .67).

Therefore, these results show that, regardless of the 
experience of participation in Experiments 1 and 2, the 

differences in manipulating advanced kinematic infor-
mation biases the impact timing.

Discussion

We investigated the effect of manipulating advanced kine-
matic information on predictions about an upcoming 
event and perception and action for the event under strict 
temporal constraints such as game situations in intercep-
tive sports. To verify this, we performed three experi-
ments concerning softball hitting. First, in Experiment 1, 
we examined the relationship between pitching move-
ment speed and batters’ prediction about ball speed. The 
results revealed that batters tend to predict faster ball 
speed as the pitching movement speed increases, and 
vice versa. This means that batters will predict ball speed 
before the ball release using advanced kinematic informa-
tion about the pitching movement speed; that is, the faster 
the pitcher moves, the faster the ball speed will be, and 
vice versa.

These predictive skills for upcoming events based on 
advanced kinematic information are derived from adapt-
ing to strict temporal constraints (Müller & Abernethy, 
2012). However, when the actual event does not match 
the prediction, this results in a perceptual bias. In 
Experiment 2, we used a combination of visual stimuli 
consisting of varying kinematic information—different 
pitching movement speeds with a constant ball speed. 
The results showed that batters tend to perceive faster 
ball speed as the pitching movement speed increases, and 
vice versa; that is, batters’ perception is biased to match 
the incorrect prediction based on the different kinematic 
information.

In neuroscience, this relationship is interpreted 
through Bayesian theory (Vilares & Körding, 2011). In 
Bayesian theory, our perception about an occurring 
event (posterior) is formed by integrating the prior 

Figure 7. The results of Experiment 3b; a comparison with the results of Experiment 3a. (a) Average impact timing error of each 
participant in each condition (circle with black line: Group 1, triangle with red line: Group 2). (b) Average timing error among 
participants in each condition.
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knowledge (prediction) and current sensory input about 
the event; and this theory is applied to many sensory 
motor tasks such as tapping (Miyazaki et al., 2005), 
reaching (Körding & Wolpert, 2004), and so on. It also 
suggests that the more uncertain the sensory input is, the 
more the posterior is biased by the prior knowledge. 
Therefore, because of the strict temporal constraints, 
batters obtain limited sensory input from the flying 
ball; hence they compensate for the shortage of ball flight 
information with their prediction, resulting in the per-
ceptual bias to match their prediction.

Moreover, the incorrect prediction also biases the 
interceptive action for the occurring event. In 
Experiments 3a and 3b, the participants performed hit-
ting movement for the pitched ball under three condi-
tions determined by the pitching movement speed (fast, 
normal, and slow). The results showed that batters 
swung too late in the slow condition. This bias of impact 
timing corresponded to the bias of ball speed perception.

As mentioned above, whether the perceptual bias 
affects the action depends on the attributes of biased 
information (De la Malla et al., 2019, 2018). Hence, in 
this study, the speed of the ball, which is a critical source 
of information to make the correct impact, is biased by 
the incorrect prediction in Experiment 2, and this may 
cause the bias in same direction in Experiment 3a and 
3b. However, because of the differences in verbal 
(Experiment 1 and 2) and motor response (Experiment 
3a and 3b), the relationship of results in each 
Experiment needs to be carefully discussed. Many pre-
vious studies report that sports experts show differences 
in prediction and perception between verbal and motor 
response (e.g., Farrow & Abernethy, 2003). Hence, to 
clarify the causal relationships between perception bias 
and action bias, we need to examine the action in 
Experiment 1 and 2 in the future.

Previous studies also reported that increasing the 
duration for movement corrections would eliminate 
the bias of the action (Bruno & Franz, 2009). Hence, 
the strict temporal constraints of an experimental task 
also contribute to the bias of impact timing. Although 
these are very slight differences, they may be a factor that 
determines success or failure in hitting under the strict 
constraints of interceptive sports (Kidokoro et al., 2019).

Another interesting finding in the results of this study 
is that the asymmetric bias between the fast and slow 
conditions in Experiment 3a and 3b. This has not yet 
been reported from the previous studies (De la Malla 
et al., 2019, 2018). It is considered that this derived from 
the ability to time correction of hitting movements. 
Some previous studies have shown that an experienced 
batter can adjust the impact timing for a ball that is 
slower than they expected. For example, Fortenbaugh 

et al. (2011) analyzed the weight-shift behavior of expert 
batters through measuring the ground reaction forces in 
a common practice setting, not under the official rule, 
but minimally representative. They have shown that 
experts can adjust the impact timing for a ball that is 
slower than they expected. However, no research has 
shown the adjustment ability for a faster ball. 
Additionally, some research shows when the batter did 
not know what kind of pitch will be next (e.g., a fast ball 
or change-up ball), they tend to perform hitting move-
ments that assume a faster ball, as a “sitting on a fast- 
ball” strategy (Cañal-Bruland et al., 2015). Hence, it is 
considered that it is more difficult for the batter to 
correct impact timing for a ball that is faster than they 
expected, namely, in slow conditions, than for a slower 
ball, namely, in fast conditions.

Another possibility for explaining the asymmetric 
impact timing is that the faster video may benefit the 
experienced batters. Previous researches have shown 
that sports experts identify faster video as more game- 
like than normal or slower videos (Lorains et al., 2011). 
In addition, this also promotes the automaticity of their 
decision-making process and improves accuracy of 
decision (Lorains et al., 2013). Hence, the decrease 
timing error from desired value (500 ms) in fast con-
dition compared to slow condition may be due to these 
benefits of faster videos. Furthermore, this suggests that 
slower videos may disturb individuals’ automatic per-
ception action processes, which would lead to the larger 
timing error in the slow condition than in the fast 
condition.

It is important to discuss whether the results of this 
study are applicable in actual sport situations, that is, 
representative task design. In actual sports situations, 
due to the opponents’ “deceptive movements,” players 
sometimes make incorrect predictions about up-coming 
events (e.g., movement direction of opponents) 
(Güldenpenning et al., 2017). Therefore, it is possible 
that incorrect predictions bias the perception and action 
for upcoming event in actual sports situations. In addi-
tion, some anticipation studies that do not explicitly 
manipulate deception show no ceiling effect of predic-
tion in the advanced cue condition (e.g., Brenton et al., 
2016). Hence, it is also possible that even in “non- 
deceptive” situations, we can observe a perceptual and 
behavioral bias due to the incorrect prediction. 
However, the visual stimulus we used in this study 
does not include deceptive movements in a strict sense, 
because the deceptive movement used in sports situa-
tions includes some kinematic cues that show the 
player’s true intentions (Mann et al., 2013). Hence, the 
results of this study may lack representative task design 
regarding deceptive movement.
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However, we believe that the results of this study have 
a certain level of representative task design for the fol-
lowing reasons. First, in actual game situations, differ-
ences in the grips of the ball lead to incongruences with 
the apparent throwing arm speed and pitched ball speed 
(e.g., change-up balls). Furthermore, differences 
between the stimuli used in this study are up to about 
600 ms; considering the differences between individuals 
in pitching movement times (wind-up pitch and slide 
step pitch), this can reflect actual situations. Therefore, 
we need to carefully discuss whether the results of this 
study can apply to actual game situations.

This study has some limitations. First, the sample size 
of our experiments is relatively small, hence, interpreting 
the results must be done carefully. Using the sensitivity 
analysis, we define smallest possible effect size that can be 
detected in our sample size (Experiment 1 and 2: 1.15, 
Experiment 3a: 1.27), and all of the results used in our 
claims exceed this criterion, so we considered that certain 
level of statistical power (>0.80) is ensured concerning our 
claims. Additionally, positive 95% CI of effect size indi-
cates there are effects of experimental manipulation (Coe, 
2002). However, the criteria of effect size is relatively large 
compared to that generally used (Cohen, 1992), hence, 
regarding the results that do not show significant differ-
ences or enough statistical power, there is a risk of over-
looking small effects below our criteria. Hence, to further 
generalize the results of this study, it will be necessary to 
verify with a larger sample size based in the future.

Second, the validity of the bandwidth feedback range 
used in Experiment 3a and 3b (±33 ms band) needs to be 
carefully examined. The band may be too wide for experi-
enced batters and would cause a negative effect on per-
formance in experimental trials. However, the average 
timing error among participants of normal condition in 
Experiment 3a showed a stable value of 0 ± 4 ms, so we 
considered this band to be valid. Third, in Experiment 3, 
we focused on impact timing error, and we did not 
measure spatial error. Both spatial and temporal accuracy 
are required to successfully complete interceptive tasks 
(Gray, 2002); therefore, these should be studied in com-
bination when examining the effect of manipulating 
advanced kinematic information. Finally, we only focused 
on impact timing and the effect of varied kinematic 
information on action; hence, it is necessary to examine 
these relationships from a kinematic/kinetic perspective.

What does this article add?

In conclusion, under strict temporal constraints, such as 
an interceptive sports situation with limited information 
about a pitched ball, batters’ perceptions and actions are 
sensitive to advanced kinematic information, and this 

could lead to perceptual bias and undesirable actions. In 
addition, this suggests that sensory-motor systems 
under strict temporal constraints may differ from those 
under loose temporal constraints, such as daily activity, 
because of the high sensitivity of the perceptions and 
actions regarding advanced information, which is 
needed to compensate for the shortage of current infor-
mation under strict temporal constraints.
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