

[image: image1]
Visual Strategies for Eye and Head Movements During Table Tennis Rallies












	
	ORIGINAL RESEARCH
published: 17 May 2022
doi: 10.3389/fspor.2022.897373






[image: image2]

Visual Strategies for Eye and Head Movements During Table Tennis Rallies

Ryosuke Shinkai1, Shintaro Ando2, Yuki Nonaka2, Tomohiro Kizuka2 and Seiji Ono2*


1Graduate School of Comprehensive Human Sciences, University of Tsukuba, Ibaraki, Japan

2Faculty of Health and Sport Sciences, University of Tsukuba, Ibaraki, Japan

Edited by:
Alessandro Piras, University of Bologna, Italy

Reviewed by:
Kenji Kunita, Sapporo International University, Japan
 Yapeng Gao, University of Tübingen, Germany
 Ziemowit Bankosz, University School of Physical Education in Wroclaw, Poland

*Correspondence: Seiji Ono, ono.seiji.fp@u.tsukuba.ac.jp

Specialty section: This article was submitted to Movement Science and Sport Psychology, a section of the journal Frontiers in Sports and Active Living

Received: 16 March 2022
 Accepted: 12 April 2022
 Published: 17 May 2022

Citation: Shinkai R, Ando S, Nonaka Y, Kizuka T and Ono S (2022) Visual Strategies for Eye and Head Movements During Table Tennis Rallies. Front. Sports Act. Living 4:897373. doi: 10.3389/fspor.2022.897373



The purpose of this study was to clarify the properties of visual strategies for gaze, eye, and head movements in skilled table tennis players during rallies. Collegiate expert and semi-expert table tennis players conducted forehand rallies at a constant tempo using a metronome. Two tempo conditions were used in the order of 130 and 150 bpm. Participants conducted a 20-stroke rally under each tempo condition. Horizontal and vertical angles between the gaze point and ball positions at the time the ball bounced (gaze-ball angle) were analyzed with the image that was recorded by an eye tracking device equipped with Gyro sensor. Eye and head movements during rallies were also recorded with the eye tracking device and Gyro sensor, respectively. The results showed that the gaze-ball angle of expert players was significantly larger than that of semi-expert players. This result indicates that expert players tended to keep their gaze position on the ball shorter than semi-expert players. We also found that eye movements of expert players were significantly smaller than that of semi-expert players. Furthermore, as the result of multiple regression analysis, the effect of eye movements on the gaze-ball angle was significantly higher than that of head movements. This result indicates that the gaze-ball angle during table tennis rallies could be associated with eye movements rather than head movements. Our findings suggest that the visual strategies used during table tennis rallies are different between expert and semi-expert players, even though they both have more than 10 years of experience.
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INTRODUCTION

Table tennis is a sport in which players face each other across a 2.74-meter-long court and hit a ball at each other. One of the characteristics of table tennis is that the hitting ball speed feels relatively fast as in other sports despite the relatively small court size. In fact, it has been reported that table tennis players have a better ability to adjust their timing to fast-moving visual targets than badminton or tennis players (Akpinar et al., 2012). Eye-hand coordination is also recognized as one of the important factors in table tennis (Faber et al., 2014). The studies mentioned above suggest that a higher level of visual cognitive ability is required through daily skill training in table tennis. In addition, the speed of the racket hitting a ball is thought to be one of the important factors to improve competitive performance (Kidokoro et al., 2019). It has also been reported that the higher the competition level, the higher the hitting ball speed (Sheppard and Li, 2007; Mansec et al., 2016). Thus, it is considered that the higher the competition level of the opposite player, the more instantaneous visual perception is required during rallies. Therefore, skilled table tennis players would have a specific visual strategy to ensure successful performance under severe time constraints during fast rallies. In the present study, visual strategy is defined as how to control gaze position with eye and head movements.

Ripoll and Fleurance (1988) have indicated that it is not necessary to keep one's eyes on the ball throughout the entire trajectory during the ball-tracking in table tennis because of the severe time constraints during table tennis rallies. Moreover, Ishigaki (2007) has reported that the visual strategy during table tennis rallies at a constant tempo differs between competition levels. Concretely, the higher the competition level, the earlier the player shifts his eyes from the ball to the opposite player. These findings are consistent with those of Ripoll and Fleurance (1988). However, in the previous study of Ishigaki, a high-speed camera was used to estimate the gaze point rather than an eye-tracking device. Moreover, there were few participants as the maximum number of participants was one or two in each skill group. Thus, it is necessary to analyze the detailed gaze patterns during table tennis rallies between different competition levels to clarify the property of visual strategy.

Regarding cricket batting, Mann et al. (2013) have used the gaze-ball angle as one of the parameters to examine the difference in visual strategy between world level and club level players. The gaze-ball angle is defined as the angle between the gaze point and the ball during the ball tracking phase. Their study has found different visual strategies when the ball bounces between two subject groups. Although the angle between the gaze point and the ball at the time the ball bounces is one of the phases in ball tracking, this angle may reflect the characteristics of gaze position during the ball tracking. Rodrigues et al. (2002) have also calculated the gaze-ball angle during the ball-tracking in table tennis. However, this angle was only used to define the “Quiet eye” and was not assessed between different skill levels. Therefore, we attempted to assess the gaze-ball angle at the time the ball bounces to clarify the visual strategy during table tennis rallies between different competition levels.

Furthermore, it is important to evaluate not only gaze behavior but also eye and head movements since gaze behavior is determined by eye-head interactions (Roy and Cullen, 2003; Pallus and Freedman, 2016). Therefore, if gaze behavior is different between competition levels, the eye and head movements related to gaze behavior may also show different properties. That may reveal differences in detailed visual strategies that cannot be assessed only by the gaze behavior alone. Regarding eye and head movements during intercept performance, it has been reported that skilled players do not move their head before or after hitting (LaFont, 2007; Nakata et al., 2012) and that stable and minimal eye movements are important in ball tracking for skilled baseball batters (Higuchi et al., 2018). These findings suggest that the properties of eye and head movements during the interceptive performance are different depending on the competition level. The control of eye and head movements would be an effective gaze strategy during intercept performance. However, it is still uncertain whether eye and head movements contribute differently to gaze behavior during table tennis rallies.

Therefore, the purpose of this study was to clarify the properties of the visual strategies for the gaze-ball angle, eye and head movements in skilled table tennis players during table tennis rallies. In this study, we quantified not only the horizontal components of gaze-ball angle, eye and head movements but also their vertical components. The mean angular velocity was utilized to quantify the participant's visual strategy to examine the properties of the eye and head movements. These data were compared with two groups, including expert and semi-expert table tennis players.



MATERIALS AND METHODS


Participants

The participants were thirteen college students belonging to a table tennis team with a mean age of 21.4 years (range 18–23) and they reported having normal or corrected to normal vision and no known motor deficits. We categorized them into two groups (experts and semi-experts) based on their tournament experience. Six male players who participated in the All-Japan tournament (mean age: 20.8 ± 1.2 years, table tennis experience: 13.8 ± 1.7 years, height: 170.9 ± 6.8 cm, body mass: 63.3 ± 6.1 kg, five right-handed and one left-handed) were defined as an expert group, and another seven male players who had more than 10 years of experience but had no tournament experience (mean age: 21.9 ± 0.8 years, table tennis experience: 10.1 ± 1.1 years, height: 171.0 ± 3.3 cm, body mass: 66.2 ± 5.7 kg, six right-handed and one left-handed) were defined as the semi-expert group. They were diagnosed neither as a stereoscopic problem nor strabismus. All participants gave their informed consent to participate in the experiment.



Experimental Procedure

Participants wore an eye-tracking device (Tobii Pro glasses 2, Tobii Technology, Stockholm) to record eye movements during experimental tasks, and the calibration was performed before the experiment. Head movement was recorded by the built-in gyro sensor (frequency: 100 Hz) with the eye-tracking device. The experimenter (Figure 1A-①) conducted the forehand rallies as experimental tasks with participants (Figure 1A-②). The experimenter delivered a ball to one target (diameter: 24 cm, Figure 1A-③) on the participant's side, and the participant would aim to hit the ball to the circular target (diameter: 30 cm, Figure 1A-④) on the experimenter's side. Participants conducted several trials to become familiar with this task. A metronome speaker (Creative MUVO 2c, CREATIVE, Japan, Figure 1A-⑤) was set on the table near the net to accurately control the timing of the hits. The two tempo sound conditions were conducted in the order of 130 and 150 bpm. In each tempo condition, they conducted a total of 20 shots (two trials). The previous study by Ishigaki (2007) set 120 bpm for regular tempo rallies. This tempo condition shows that one rally is conducted in just 1 s. In this study, we wanted to examine visual strategy at faster tempo thresholds. Therefore, we used 130 and 150 bpm during the rallies, since this tempo indicates one rally <1 s (130 bpm, 0.92 s/rally; 150 bpm, 0.8 s/rally). The experimenter was the same person in all experiments.


[image: Figure 1]
FIGURE 1. Overview of experimental task (A) and measurement of the gaze-ball angle (B). (A) ① participant, ② skilled experimenter, ③ participant-side circle targets, ④ experimenter-side circle target, ⑤ speaker, ⑥ high speed camera, ⑦⑧ LED light, ⑨ control box for gyro sensor, ⑩ waveform generator. (B) The gaze position coordinates were subtracted from the ball position coordinates to estimate the gaze-ball angle.


To synchronize the impact time of the scene camera of the eye-tracking device and the high speed camera (Figure 1A-⑥), an acceleration sensor was attached to the rear of the racket of the experimenter, and the LED lights (Figure 1A-⑦,⑧,) were set to provide the signal output from the acceleration sensor (MP-A0-01A, MicroStone, Japan, Figure 1A-⑨) through the waveform generator (SG-4211, IWATU, Japan, Figure 1A-⑩). Therefore, the LED lights were flashed by the vibration at the moment of the experimenter's impact. The delay from the hitting time to LED flash was <10 ms. The time when the LED light (Figure 1A-⑧) flashed was captured from each image of the high-speed camera (frame rate = 120 fps, EX-ZR200, CASIO, Japan, Figure 1A-⑥). The high-speed camera was set to reflect the LED flash (Figure 1A-⑧) meant the impact time of the experimenter and the stroke movement of participants. Therefore, we could capture the impact time of both players accurately. Furthermore, we confirmed the impact time of the participants from the high-speed camera (Figure 1A-⑥). The images from the scene camera of the eye-tracking device were recorded at a sampling frequency of 25 Hz, and the head and eye movements were recorded at a sampling frequency of 100 Hz.



Data Analysis

To evaluate the gaze position, the gaze analysis software (Tobii Pro lab, Tobii Technology, Stockholm) was used to extract the gazing point. The gaze-ball angle was calculated using motion analysis software (Frame-DIASIV, DKH, Japan) based on images of gaze positions at the time when the ball bounced. These images were converted into two-dimensional data, and we digitized them to calculate the coordinates (pixel) of the ball and gaze position. After the digitizing process, the gaze position coordinates were subtracted from ball position coordinates to estimate the gaze-ball angle (Figure 1B). Finally, the pixel values of the coordinates were converted to angles based on the specifications of the eye-tracking device (horizontal angle: 82 deg/1920 px, vertical angle: 52 deg/1080 px). Through these processes, we obtained both the horizontal (Gaze-Ball Angle X) and vertical angles (Gaze-Ball Angle Y). Figure 2 shows a typical pattern of the gaze-ball angles in a single rally. These angles at the time the ball bounces (solid black line) were significantly different between the experts (blue) and semi-experts (red) players. Thus, we averaged the gaze-ball angle for three frames (pre-bounce, bounce, post-bounce). The gaze-ball angle was calculated as the mean absolute value for each participant.


[image: Figure 2]
FIGURE 2. Typical waveform patterns of the gaze-ball angle in X (A) and Y (B) directions. The broken gray lines indicate the time when the experimenter hits the ball, and the solid gray line indicates the time when the participant hits the ball. The solid black line indicates the mean time when the ball bounced.


The mean angular velocities of the pitch (downward and upward) and yaw (rightward and leftward) movements were calculated to evaluate the head movement during the rallies. At the same time, the mean angular velocities of the vertical (downward and upward) and horizontal (rightward and leftward) eye movements were calculated to evaluate the eye movement during the rallies. These data were filtered with 3rd order low pass filter using Jupyter Lab 3.2.1.

Figure 3 shows typical traces of the head angular position and velocity. The broken lines indicate the time when the experimenter hits the ball, and the vertical solid lines indicate the time when the participant hits the ball. The mean head angular velocity was calculated as the mean of the absolute values of a single trial (between the broken lines in Figure 3). The downward and rightward velocity phases correspond to the ball tracking phase (between the broken and solid lines in Figure 3), and the upward and leftward velocity phases correspond to the post-hitting phase (between the solid and broken lines in Figure 3).


[image: Figure 3]
FIGURE 3. Typical head angular position and velocity traces in the pitch (left column) and yaw (right column). Head angular position in the pitch (A) and yaw (B), and head angular velocity in the pitch (C) and yaw (D) axes are shown. All traces were obtained from a single trial (10 rallies a trial). The broken lines indicate the time when the experimenter hits the ball, and the vertical solid lines indicate the time when the participant hits the ball. The downward and upward velocity phases correspond to the ball tracking and hitting phases, respectively. Upward deflections indicate upward or leftward movements.


Figure 4 shows typical eye position and velocity traces. The definitions of the vertical lines are the same as in Figure 3. The mean eye velocity was calculated as the mean values of a single trial (between the broken lines in Figure 4).


[image: Figure 4]
FIGURE 4. Typical eye position (top) and velocity (bottom) traces. Eye position in the horizontal (A) and vertical (B) directions, and eye velocity in the horizontal (C) and vertical (D) directions are shown. All traces were obtained from a single trial (10 rallies a trial). The definition of the vertical lines is the same as in Figure 3. Upward deflections indicate upward or leftward movements.




Statistical Analysis

We compared the gaze-ball angle, head and eye velocities between the different subject groups using mixed-design analysis of variance with repeated measures with factors of the tempo sounds (130 and 150 bpm) and skill levels (experts and semi-experts). When a significant interaction was found, a simple main effect test was conducted for each level of the factors. When a significant main effect was found, a multiple comparison test using the Bonferroni method was conducted.

To examine the contribution of head and eye movements to the gaze-ball angle, a multiple regression analysis using stepwise regression was conducted with the gaze-ball angle as the dependent variable and head angular velocity and eye velocity as the independent variables. When the horizontal gaze-ball angle was the dependent variable, the rightward head angular velocity and eye velocity were the independent variables, and when the vertical gaze-ball angle was the dependent variable, the downward head angular velocity and eye velocity were the independent variables.

Statistical significance was set at p < 0.05 for all tests. Bonferroni adjustments were used for multiple comparisons. All statistical tests were conducted by IBM SPSS software version 27 (SPSS Inc, USA). Unless noted otherwise, data are presented as mean ± SD.



Consistency of Experimental Conditions

We analyzed the hitting accuracy of the experimenter and the impact time to confirm the consistency of the experimental conditions. For the hitting accuracy of the experimenter, we calculated the distance (cm) from the center point of the circular target to the bounce point of the ball in all strokes by using a motion analysis software (Frame-DIASIV, DKH, Japan). A high-speed camera (frame rate = 120 fps, EX-ZR200, CASIO, Japan, Figure 1A-⑥) was used for capturing the bounce point of the ball. A black board with 42 white circles (radius: 1.0 cm) marked at 25.4 cm intervals was used to improve the accuracy of coordinate detection for the calibration. To confirm the consistency of the impact timing, we calculated the time (ms) from the impact of one player to that of another player based on the images of the high-speed camera (frame rate = 120 fps, EX-ZR200, CASIO, Japan, Figure 1A-⑥).

These data were calculated as the mean ± SD for each subject group in each tempo condition (Table 1). To examine the effect of the hitting accuracy of the experimenter and impact time on the main results, the Pearson correlation coefficient was calculated to examine the correlation between the hitting accuracy (distance) and the gaze-ball angle, eye and head movements, and between the impact time and the gaze-ball angle, eye and head movements. As a result, there was no significant relationship between them (Tables 2, 3). Therefore, this indicates that there is no effect of the hitting accuracy of the experimenter and impact time on the main results.


Table 1. Results of distance (A,B) and impact time (C,D) in each group.
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Table 2. Pearson correlation between distance and the gaze-ball angle, eye velocity, and head velocity in each tempo.
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Table 3. Pearson correlation between impact time and the gaze-ball angle, eye velocity, and head velocity in each tempo.
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In addition, we analyzed Pearson correlations between the height of participants and the gaze-ball angle, eye and head movements. As a result, there was no significant relationship between them (Table 4).


Table 4. Pearson correlation between the hight of participants and the gaze-ball angle, eye velocity, and head velocity in each tempo.

[image: Table 4]




RESULTS


Gaze-Ball Angle

The analysis of variance for the gaze-ball angle X showed that there were significant main effects for the subject group [F(1,11) = 16.5, p < 0.01, η2 = 0.60, power = 0.96] and tempo condition [F(1,11) = 88.7, p < 0.01, η2 = 0.89, power = 1.0]. Multiple comparison tests showed that the gaze-ball angle X at 130 bpm was significantly smaller than that at 150 bpm (p < 0.05). There was no significant interaction in any of the combinations (Figure 5A).


[image: Figure 5]
FIGURE 5. Comparison of the gaze-ball angle X (A) and Y (B) of the expert and semi-expert groups in the two tempo conditions.


The analysis of variance for the gaze-ball angle Y showed that there were significant main effects for the subject group [F(1,11) = 12.2, p < 0.01, η2 = 0.53, power = 0.89] and tempo condition [F(1,11) = 38.1, p < 0.01, η2 = 0.78, power = 1.0]. Multiple comparison tests showed that the gaze-ball angle Y at 130 bpm was significantly smaller than that at 150 bpm (p < 0.05). There was no significant interaction in any of the combinations (Figure 5B).



Eye and Head Movements

The analysis of variance for head movements did not show significant main effects for the subject group [rightward: F(1,11) = 3.5, p = 0.09, η2 = 0.24, power = 0.40, leftward: F(1,11) = 0.02, p = 0.89, η2 = 0.002, power = 0.05, downward: F(1,11) = 4.2, p = 0.07, η2 = 0.27, power = 0.46, upward: F(1,11) = 3.8, p = 0.12, η2 = 0.35, power = 0.61] and tempo condition [rightward: F(1,11) = 3.4, p = 0.09, η2 = 0.24, power = 0.39, leftward: F(1,11) = 3.0, p = 0.11, η2 = 0.22, power = 0.36, downward: F(1,11) = 0.13, p = 0.73, η2 = 0.01, power = 0.06, upward: F(1,11) = 1.1, p = 0.31, η2 = 0.09, power = 0.17]. There was no significant interaction in any of the combinations (Figure 6).


[image: Figure 6]
FIGURE 6. Comparison of the head velocity of the expert and semi-expert groups in the two tempo conditions. (A) Comparison of the rightward head velocity (right head vel), (B) leftward head velocity (left head vel), (C) downward head velocity (down head vel) and, (D) upward head velocity (up head vel) between the experts and semi-experts in the two tempo conditions are shown.


The analysis of variance for eye movements showed significant main effects for the subject group [rightward: F(1,11) = 41.3, p < 0.01, η2 = 0.97, power = 1.0, leftward: F(1,11) = 21.5, p < 0.01, η2 = 0.66, power = 0.98, downward: F(1,11) = 23.0, p < 0.01, η2 = 0.68, power = 0.99, upward: F(1,11) = 13.6, p < 0.01, η2 = 0.55, power = 0.92] and tempo condition [downward: F(1,11) = 8.4, p < 0.05, η2 = 0.43, power = 0.75, upward: F(1,11) = 8.8, p < 0.05, η2 = 0.45, power = 0.77]. There was no significant interaction in any of the combinations (Figure 7).


[image: Figure 7]
FIGURE 7. Comparison of the eye velocity of the expert and semi-expert groups in the two tempo conditions. (A) Comparison of the rightward eye velocity (right head vel), (B) leftward eye velocity (left head vel), (C) downward eye velocity (down head vel) and, (D) upward eye velocity (up head vel) between the experts and semi-experts in the two conditions are shown.


The multiple regression analysis described significant regression equations (Table 5A). There were significant negative correlations between the gaze-ball angle and head velocity only in the right direction (Figures 8A–D), and between the gaze-ball angle and eye velocity (Figures 9A–D) in each tempo condition. The valuables of head velocity in all conditions were excluded from equations by stepwise regression. The standardized coefficients (β) in all conditions are shown in Table 5B. The standardized coefficients of the eye velocity were significantly higher than that of head velocity. The VIFs were all <10.0 and there was no problem with multicollinearity. These results indicate that the effect of eye velocity on the gaze-ball angle is significantly higher than that of head velocity.


Table 5. Results of multiple regression analysis. (A) Significance of the regression equations, (B) Standardized coefficients.
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[image: Figure 8]
FIGURE 8. The relationship between the gaze-ball angle and head velocity in each tempo condition. The top two panels (A,B) show the data at 130 bpm. The bottom two panels (C,D) show the data at 150 bpm.



[image: Figure 9]
FIGURE 9. The relationship between the gaze-ball angle and eye velocity in each tempo. The top two panels (A,B) show the data at 130 bpm. The bottom two panels (C,D) show the data at 150 bpm.





DISCUSSION

In this study, we examined the properties of visual strategies in table tennis players of different skill levels while they conducted rallies. We found significant differences in the gaze-ball angle, and eye movements between the expert and semi-expert groups. This finding indicates that the visual strategies during table tennis rallies are different between the expert and semi-expert players. Furthermore, the multiple regression analysis showed that the effect of eye velocity on the gaze-ball angle was significantly higher than that of head velocity. Our results suggest that eye movements are more tightly associated with gaze position than head movements during table tennis rallies.


Gaze-Ball Angle

The gaze-ball angle of the expert players in each direction was larger than that of the semi-expert players. This finding indicates that the visual strategy of expert players was different from that of semi-expert players during fast rallies. Concretely, this result reflects that the expert players tend to keep watching the ball shorter than the semi-expert players during rallies. This result supports the previous results reported by Ishigaki (2007). Moreover, the higher the tempo, the larger the gaze-ball angle. Therefore, our result suggests that the higher the tempo, the earlier table tennis players take their gaze position away from the ball in ball-tracking. The advantage of the large gaze-ball angle is that the player can acquire not only the ball, but also surround visual information such as the opposite player. Understanding the stroke motion of the opposite player during rallies is important to determine the stroke timing and predict ball speed.

There are several previous studies on visual strategy in terms of eye and head movements during interceptive sports, such as table tennis (Ripoll and Fleurance, 1988; Rodrigues et al., 2002), cricket (Croft et al., 2010; Mann et al., 2013), and baseball (Higuchi et al., 2018; Kishita et al., 2020a,b). However, the results of this study regarding the gaze-ball angle of the expert table tennis players in the ball-tracking phase have never been demonstrated. Higuchi et al. (2016) have suggested that the hitting performance does not change even though there is no visual information of the ball flight for the latest 150 ms before the time of ball-bat contact. Although the expert players in this study did not watch the ball clearly for 100–200 ms before the ball hit the racket, they could be able to predict the ball trajectory for successful hitting. Nakamoto et al. (2015) suggests that it is possible that expert players control motor timing based on the future target trajectory constructed by the brain without acquiring online visual information. Since the expert players in this study had a mean of 13.8 years of table tennis experience, their brains might have predictive visual perception mechanisms obtained through training.



Eye and Head Movements

There was no difference in head velocity between the subject groups. This finding suggests that head movements are not associated with competition levels. Our results are consistent with a previous study showing individual differences in head movement when pursuing the ball in baseball batting (Higuchi et al., 2018). In addition to the result obtained by Higuchi et al. (2018), head movements may not have a characteristic observed in the skilled player's performance. Furthermore, the contribution of head velocity was significantly lower than that of eye velocity as the result of multiple regression analyses. This result suggests that head velocity is not associated with the gaze position based on visual strategy during rallies. Kishita et al. (2020b) have reported that eye and head movements for baseball batting are determined temporally in relation to body movements. Therefore, in table tennis situations, it is also possible that head movements are related to body movements independent of visual strategy.

In contrast to the head velocity, there were significant differences in the eye velocity between the subject groups. Concretely, the eye velocity of the expert players was significantly smaller than that of the semi-expert players. These results reflect that the gaze-ball angle of expert players is significantly larger than that of semi-expert players. The advantage of the small eye velocity is also to acquire visual information about surroundings other than the ball, as well as the large gaze-ball angle. This result is also consistent with a previous study by Higuchi et al. (2018) suggesting that “excessive changes in the eyes” position may increase the batter's chance of mis-hitting the ball. They also suggest that the eye movements of skilled baseball players are more stable during the ball tracking phase. Therefore, the small velocity of eye movement could contribute to the successful performance in regular tempo rallies. In addition, the result of multiple regression analysis showed that the effect of eye velocity on the gaze-ball angle was significantly higher than that of head velocity. Thus, it is most likely that eye velocity is associated with the gaze position based on visual strategies during rallies. It is well-known that in gaze control, eye and head movements interact with each other. However, our study demonstrated that gaze angle during table tennis rallies was associated with eye movements rather than head movement. This result is consistent with Kishita et al. (2020b) showing that head movement during rallies is affected by stroke movements. Therefore, eye movements may contribute to gaze position more than head movements, while head movements could be more associated with stroke movements during table tennis rallies. We have clarified the description in the discussion to address this point.

Furthermore, there were significant differences in the vertical eye velocity between the different tempo conditions. This result indicates that vertical eye movements are affected by the tempo conditions. Although there are few previous studies that assessed eye and head movements in a vertical direction during the interceptive performance (Land and McLeod, 2000; Mann et al., 2019; Fogt and Persson, 2020), the present study is the first study to quantitatively clarify significant differences in vertical eye movements between two different skill levels. The tendency of the vertical eye movement is similar to that of horizontal eye movement, the head moves obliquely during a table tennis rally, which often induces horizontal and vertical eye and head motion, simultaneously.




CONCLUSION

Visual strategies of the two different table tennis players groups during fast rallies were examined. The results showed that the gaze-ball angle of expert players was significantly larger than that of semi-expert players. We also found that the eye velocity of expert players was significantly smaller than that of semi-expert players. These results indicate significant differences in gaze position and eye movements between the competition levels. Furthermore, the effect of eye velocity on the gaze-ball angle was significantly higher than that of head velocity, regardless of competition level. Our results mentioned above suggest that the visual strategies in table tennis rallies are associated with eye movements rather than head movements.
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