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Traveling is leaving home, 

it’s leaving friends 
it’s trying to fly; 

to fly discovering other branches 
crossing paths 

it’s trying to change. 
 

To travel is dressing like a crazy person 
it’s saying ‘I don’t care’ 
it’s wanting to go back. 

To return appreciating the small things 
savoring a cup, 

it’s wanting to start over. 
 

To travel is to feel like a poet, 
to write a letter, 

it’s wanting to hug. 
To hug once you reach the door 

longing for calm 
it’s to let yourself be kissed. 

 
To travel is to become mundane 

it’s meeting other people 
it’s to start over again. 
To start reaching out, 

learning from the strong ones, 
is to feel loneliness. 

 
To travel is to leave home, 

is to dress like a crazy person 
saying everything and nothing in a postcard. 

Sleeping in another bed, 
to feel that time is short, 

to travel is to return. 

 
 
 
 

Gabriel García Márquez 
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ABSTRACT 

The general purpose of this investigation was to study the differences between high-skill 

and intermediate-skill tennis players in gaze behaviors while performing tennis serve returns. 

Participants were asked to return 40 serves in four different serve locations while wearing a mobile 

eye-tracker. Their return performance was measured using a point system based on the ball’s first 

bounce that gave higher values to deep and angled returns. The study examined fixation onset and 

duration to four distinct locations: ball before bounce, the bounce area, ball after bounce, and 

impact zone. In addition, quiet-eye (QE) onset and durations were analyzed. Furthermore, the 

location of the racket-ball contact in relation to an egocentric frame of reference was calculated. 

Two-way and RM ANOVAs were used to test the hypotheses related to gaze behaviors. In 

addition, an analysis of coordinates and centroids were used to analyze egocentric gaze. Results 

indicated that high-skill players and shots classified as high score were characterized by fewer 

fixations of longer durations. Likewise, high-skill players displayed earlier QE onset and longer 

QE durations, in comparison to their less skilled counterparts. A comparison in QE between high-

scores and low-scores shots revealed that the former were also characterized by an earlier QE 

onsets and longer QE. Pertaining to egocentric gaze, it was observed that high-skill players had a 

higher number of racket-ball contacts that occurred in central vision. Moreover, forehand and 

backhand racket-ball contacts were closer to the center in high-skill players, whereas intermediate 

skill players had racket-ball contacts further from the midpoint. Gaze behavior findings are 

discussed in the framework of the established relationship between QE periods, expertise, and 

performance. Egocentric gaze findings are discussed in relation to expertise-based differences in 

head stabilization and prediction of the ball-racket location. Limitations of the current study and 

suggestions for future studies are presented. To the author’s knowledge, this study is the first to 

analyze QE gaze behaviors in situ and the first to empirically test the role of egocentric gaze in 



x 

tennis serve returns. Findings provide valuable insight into the relationship between gaze 

behaviors, QE periods, egocentric gaze, and expertise in a fast pace interceptive sports.
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CHAPTER 1 

INTRODUCTION 

 “In the game of tennis there are two important things to know. The first is where the ball 

is. The second is where the racket head is. From the time anyone begins to learn tennis, he 

[or she] is told the importance of watching the ball. It’s very simple: you come to know 

where the ball is by looking at it. You don’t have to think, “Oh, here comes the ball; it’s 

clearing the net by about one foot and coming pretty fast. It should bounce near the 

baseline, and I’d better hit it on the rise. No, you simply watch the ball and let the proper 

response take place” (Gallwey, 1974, p.24). 

The ability of expert tennis players to make perfect contact with a ball under circumstances 

of temporal constraints is a refined skill that is developed over years of practice (Goulet, Bard, & 

Fleury, 1989). This incredible display of hand-eye coordination that allows players to consistently 

make contact with a fast approaching ball is an achievement that tests the limits of the human 

neuromuscular and visual systems (Bootsma & van Wieringen, 1990). Among the various factors 

that differentiate experts from novices, the adequate acquisition and use of visual information may 

provide answers to the methods used by expert athletes to achieve these feats.  

Research findings in the domain of perception and cognition have revealed the crucial role 

of gaze behaviors across sports (see a review by Mann, Williams, Ward, & Janelle, 2007, and 

Lebeau et al., in preparation). Among the numerous advantages, a key finding is that expert 

performers exhibit a heightened perceptual-cognitive ability, which enables better attention 

allocation to the relevant cues for the appropriate amount of time (Mann et al., 2007). The ability to 

select and utilize visual information effectively and activate performance schemas appropriately 

from long-term memory is a key factor in decision-making processes and ultimately superior 
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performances in sports (Ericsson & Delaney, 1999; Marteniuk, 1976; Tenenbaum et al., 2009; 

Tenenbaum & Land, 2009; Williams and Ward, 2012). 

The rapid development of technology has made possible the analysis of visual search 

strategies and gaze behaviors of experts with the use of eye-tracking technology (Williams, 

Davids, & Williams, 1999). Literature within this field has systematically highlighted the 

expertise-based differences of fixation location and duration that are postulated to reflect the 

perceptual strategy used to obtain task-relevant information from the environment. This, in turn, 

has led to the recurrent finding that experts use fewer fixations but for longer durations of time 

(Mann, et al., 2007; Vickers, 1992). Visual orientation and scanning findings led to the 

identification of one of the most important perceptual-cognitive phenomenon named the quiet-eye 

(QE; Vickers, 1996a). 

The accumulated knowledge on gaze behaviors emphasizes the crucial role of eye 

movement strategies in reaching and maintaining higher performance level. Although a substantial 

amount of research was conducted in the past decades, there are still some limitations that must be 

considered. One of the main limitations in the measurement of and training for expertise is the use 

of “real-life” situations (Farrow & Abernethy, 2003). Despite the technological advances that have 

allowed the development of lighter, less bulky, and more accurate eye-tracking systems, laboratory 

research is still the most prevalent methodology used to study gaze behaviors. The second 

limitation in this vein is related to the QE offset. By definition, the QE period does not necessarily 

end with movement initiation; nevertheless, most researchers have defined it as such, and 

consequently stopped measuring gaze behaviors upon movement initiation. Thus, gaze behaviors 

that occur during and after the initiation of movement were being left almost undocumented. 

Furthermore, recent analyses of hitting sequences have shown that elite tennis players maintain 

their head still and in the direction of the contact zone, even after racket-ball contact (Lafont, 
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2008). Previous research suggested that the head stabilization happens in order to maintain the ball 

in an egocentric frame of reference. It seems that experts in many sports show a similar fixation 

behavior prior, during and immediately preceding the hitting phase in interceptive tasks such as 

football, baseball, cricket or tennis (Lafont, 2007; Mann, Spratford & Abernethy, 2013). However, 

this claim of egocentric gaze has not been empirically tested. 

The primary purpose of the proposed study is to contribute to the knowledge accumulated 

in the area by examining gaze behavior in high-skill and intermediate-skill tennis players in situ. 

Particularly, studying gaze behaviors throughout the hitting motion (i.e., the ball before it bounces, 

the bounce area, the ball after bounce, and the impact) and to test the hypothesis of an egocentric 

gaze during the racket-ball contact moment. 
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CHAPTER 2 

LITERATURE REVIEW 

Expert Performance 

For many years, expert performance across domains has captivated the attention of 

scientists. In the past decades, attempts to put forth theoretical frameworks that can help us 

understand the underlying mechanisms that set apart novices from experts have been developed. 

Although the different levels of proficiency in sports can be attributed to the use of various sources 

of information (e.g., auditory or proprioceptive), visual information is the most important source to 

acquire and maintain expert execution (Ericsson & Lehmann, 1996).  

The systematic observation and study of perceptual-cognitive abilities that characterize 

expertise can provide an insight into the underlying mechanisms that separate expert from novice 

performance. Expert performance, among other characteristics, involves a superior ability to 

recognize sport-relevant patterns and superior perception of relevant cues. 

Recognition of Sport-Relevant Patterns 

Expert performance encompasses a superior ability to acknowledge and recall structured 

information while performing within a specific domain. This is a result of advanced knowledge 

structures that allow the transformation of small bits of information into bigger and more 

meaningful components (Ericsson & Delaney, 1999). The ability to recognize and recall cues that 

are specific for sport performance is fundamental to memory structures in which information 

previously acquired is encoded into short-term memory and stored in a retrievable manner in long-

term memory (Tenenbaum et al., 2009; Tenenbaum & Land, 2009; Woo Sohn & Doane, 2003). In 

sport contexts, researchers have used recall paradigms to highlight the superiority of experts in 

terms of recognizing sport-relevant patterns. In a seminal study, Chase and Simon (1973) 

demonstrated that master chess players were able to recognize chess positions more accurately 
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after viewing them for a short period of time in comparison to novice players. Interestingly, the 

authors found that these master chess players were not superior to less experienced players in 

recalling random chess positions. Other researchers have continued this work with recall 

paradigms. Allard, Graham, and Paarsalu (1980) studied the speed and accuracy of pattern 

recognition in basketball players and non-basketball players. Their study revealed that experts were 

better at recalling structured game formations compared to the non-player group. In the following 

years, other studies have corroborated these findings in sports such as snooker (Abernethy, Neal, & 

Koning, 1994) and football (Williams, Davids, Burwitz, & Williams, 1992; Williams & Davids, 

1995). Notably, these results were confirmed in a study where the memory recall capabilities were 

examined in relation to the skill levels of gymnasts (Tenenbaum, Tehan, Stewart, & Christensen, 

1999).  

These empirical findings of expert advantage in recall and pattern recognition have been 

theoretically explained by the notion that long-term working memory is needed to meet the 

particular information-processing demands of domain-specific expertise (Ericsson & Delaney, 

1999). The accumulation of knowledge in this field led to the development of the Elementary 

Perceiver and Memorizer theory (EPAM; Richman, Gobet, Staszewski & Simon, 1996), which 

claims that expertise is characterized by an ample knowledge base that simplifies not only stimulus 

recognition but also subsequent motor performance. 

Superior Perception of Relevant Cues 

Occlusion paradigm has been an experimental approach frequently used to examine 

perceptual basis of expert anticipation in sport settings. This paradigm involves the editing of 

dynamic images in order to provide selective vision to different time periods or to the omission of 

predetermined stimuli (Farrow, Abernethy, & Jackson, 2005). The first studies using occlusion 

paradigm showed that experts select relevant cues quicker and more accurately than their 
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counterparts. The use of advance cues by experts facilitates their anticipation speed and accuracy. 

For example, Jones and Miles (1978) published a pioneering work where they assessed 32 

professional tennis coaches and 60 undergraduate volunteers on their ability to predict the direction 

of tennis serves. Participants looked at a screen and viewed serves that were presented in a random 

fashion using various conditions of temporal occlusion. The authors found that occluding the ball 

at any point during the serving kinematics impaired anticipatory performance in both groups. 

However, significant differences were observed between groups in two particular conditions, 

showing that tennis coaches were significantly better at predicting the direction of the tennis serves 

in the conditions where the image was occluded one frame before contact and occlusion just three 

frames after contact. Similar results were reported in later studies of tennis serves (Isaac & Finch, 

1983) and tennis passing shots (Buckholz, Prapavessis, & Fairs, 1988). 

Similarly, in their study with badminton players, Abernethy and Russell (1987) expected 

that expertise-based differences would be evident as a result of experts’ ability to pick up task-

relevant cues earlier in the movement sequence. They hypothesized that relevant cues may be 

overlooked by novice players, and in turn, affect their performance under spatial information 

constraints. Based on the results obtained, Abernethy and Russell (1987) concluded that expert 

players focused mainly on the racket and arm of the opponent, and that they derived task-relevant 

information from this area, which resulted in faster and more accurate responses, ultimately 

leading to enhanced decision-making under circumstances of time constraints. 

Lastly, Tenenbaum, Sar-El, and Bar-Eli (2000) investigated the manner in which these 

anticipatory capabilities develop and the role of expertise. They found that high skill players 

anticipated more precisely the ball’s final location than low-skill players, but within the first six to 

seven years of experience in tennis, skill differences are prominent and after this point do not 

change dramatically with experience. 
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Gaze Tracking in Sports 

Early Studies in Gaze Tracking 

Advancements in technology enabled researchers to study gaze behaviors in athletes during 

the performance of a task with the use of eye-tracking equipment. An early study in the field of 

visual search was performed by Bard, Fleury, and Paarsalu (1980). They analyzed the visual search 

patterns of expert and novice gymnastics judges and observed that both groups differed in visual 

fixation location and duration. Expert judges made more fixations on the gymnasts’ upper body, 

while novice judges mainly focused on the gymnasts’ legs (Bard et al., 1980). Williams and Davids 

(1998) also used eye-tracking technology to assess the relationship between expertise and search 

strategies. High-level and low-level football players were asked to physically respond (i.e. move in 

the direction of the play) to offensive 11-on-11, 3-on-3, and 1-on-1 simulation plays that were 

shown on a screen. Players with more experience were able to effectively change search strategies 

in accordance with the situational constraints. Williams and Davids (1998) argued that this was 

attributed to the higher amount of information needed to anticipate and make correct decisions in 

more complex situations (i.e., 11-on-11).  

Research using eye-tracking technology has proliferated in the past three decades. 

Furthermore, the advancements in technology have allowed researchers to accurately analyze 

complex and dynamic scenarios such as those encountered in fast interceptive sports. 

Fast Interceptive Sports 

In dynamic scenarios like fast pace interceptive sports (e.g., cricket, baseball, or tennis), 

significant challenges players must face is that the location of relevant information changes 

continuously from one moment to the next. Therefore, performers need to either constantly pursue 

the object with their eyes or rapidly reorient their gaze towards the object’s new location to acquire 

information that may be critical for capturing the visual scene (Müller & Abernethy, 2006).  



8 

Keeping the eyes fixated on fast moving objects is an almost impossible task due to 

inherent physical limitations (Bahill & LaRitz, 1984). This is unachievable primarily because the 

object is too fast to be tracked by the eyes when approaching the athlete. In a study with baseball 

players, gaze behaviors were recorded as they tracked a ball that was thrown towards them at a 

speed of 145km/h. Elite players began tracking the ball as soon as the flight-path was initiated and 

were able to track it for a longer distance (e.g., up to 1.5 meters before the ball reached the plate) 

than college players. Additionally, elite players were able to track the ball with their eye at an 

angular speed of 120°/s; however, when the ball trajectory approached the players, the ball’s 

angular speed exceeded 1000°/s, which made tracking the ball to the plate impossible (Bahill & 

LaRitz, 1984).  

The continued reorientation of the eyes to new locations is limited as well, because it often 

requires big jumps from one gaze position to the next one (i.e., saccades). These leaps of eye 

movement need to be made in succession, which is especially important when the observed target 

is moving in a rapid and continuous manner (Taya, Windridge, & Osman, 2013). Although these 

rapid eye movements are efficient in redirecting the performer’s gaze, during saccades there is a 

suppression of visual processing, known as the saccadic suppression (Ross, Morrone, Goldberg, & 

Burr, 2001). Due to the active suppression of information processing, the use of saccades limits the 

information acquisition present in dynamic scenarios.  

In order to perform at a high level, expert athletes have developed efficient gaze control and 

visual search patterns to strategically maximize the information that is acquired and to minimize 

the information that is being lost (Taya et al., 2013). Among the gaze behavior patterns, empirical 

examinations have repeatedly found that fewer fixations of longer duration are a characteristic of 

expert performance (Lebeau et al., in preparation; Mann, et al., 2007). Of particular importance has 

been the introduction of a gaze behavior phenomenon termed the quiet-eye (QE; Vickers, 1992). 
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The “Quiet-eye” 

The QE is a particular gaze that is defined as the final fixation or pursuit tracking gaze 

before the initiation of a specific motor response (Vickers, 1996a, 2007). In other words, it is the 

elapsed time between the last visual fixation on a target before motor movement initiation, and the 

next saccade that moves the gaze away from the specific location in the athlete’s visual field 

(Vickers, 1996a).  

Numerous studies have confirmed that the QE of expert players is significantly longer than 

the one observed by lower skilled players (see review by Vickers, 2009). The results obtained have 

constantly shown that athletes achieving higher levels of performance implemented gaze behavior 

patterns that were more efficient. In short, expert players tend to fixate or track critical objects for 

longer periods of time (Vickers, 1992). 

In addition, an earlier QE onset has been proposed to be a reflection of expertise (e.g., 

Vickers, 1996a). Experienced players fixate on critical information earlier in order to process as 

much information as possible before movement initiation (McPherson & Vickers, 2004). 

Furthermore, studies have shown that experts exhibit ideal durations of QE given the restrictions of 

the task-at-hand (see Vickers, 2009). 

The findings related to the QE onset and duration consist of a wide range of self-paced 

tasks such as shooting and free throws in basketball (Janelle, Hillman, & Hartfield, 2000; Oliveira, 

2007; Oudejans, Koedijker, Bleijendaal, & Bakker, 2005; Vickers, 1992, 1996b, 2004; Vickers and 

Williams, 2007; Williams, Singer, & Frehlich, 2002), as well as in externally paced interceptive 

sports such as cricket and table tennis (Adolphe, Vickers, & LaPlante, 1997; McPherson & 

Vickers, 2004; Panchuk & Vickers, 2006; Rodrigues, Vickers & Williams, 2002; Vickers & 

Adolphe, 1997), and tactical tasks such as ice hockey goaltending and speed skating (Martell & 

Vickers, 2004; Vickers, 2006, 2007). 
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A meta-analysis (Mann et al., 2007) revealed that there were only three significant 

predictors of perceptual-motor expertise: fixation location, fixation frequency, and QE. Likewise, 

in the first meta-analysis that exclusively studied QE, a large effect size (d = 1.06) was attributed to 

skill-level (i.e., experts vs. novices), and a moderate effect size (d = .50) was obtained when 

analyzing QE periods within subjects comparing successful and unsuccessful performances 

(Lebeau et al., in preparation). More recently, a systematic review of QE and motor performance 

highlighted the robust nature of QE in sports and the large impact on performance, especially in 

aiming tasks (Rienhoff, Trip, Strauß, & Baker, 2016). 

By definition, the QE period does not end when the athlete begins the motor response 

required for the task. In a review paper by Vickers (2009), it is clearly stated that “the quiet eye can 

carry through and beyond the final movement of the task” (p. 280). Nevertheless, due to different 

interpretations of the QE offset, the vast majority of studies refrained from analyzing the data 

following the action initiation. In the original QE work, Vickers (1992) studied QE periods of 

golfers not only until the ball-putter contact time, but also gaze behaviors which followed the 

movement initiation. The players with higher success at the putting task maintained a steady 

fixation on the green where the ball and putter made contact. Quiet-eye dwell was the name given 

to this fixation that starts prior to movement initiation but carries even after movement initiation. In 

golf it was defined as “the portion of the quiet eye that occurs after the club contacts the ball” 

(Vickers, 2007, p. 100).  

Despite early interest and promising results of gaze behavior analyses during or after 

movement initiation, few studies have been conducted analyzing the gaze behaviors of the full 

movement process (i.e., before, during, and after the motor response began). Vine, Lee, Moor, and 

Wilson (2013) conducted one of the studies that analyzed QE durations after movement initiation 

to test the effects of anxiety on gaze behaviors in golf. The QE fixation was divided into three 
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separate parts: QE-pre (fixation duration prior to movement initiation), QE-online (the fixation 

duration during the movement), and QE-dwell (the fixation duration after the movement initiated). 

Results showed that the overall QE duration was significantly longer on successful putts in 

comparison to missed putts. The duration of the QE-pre section was similar across successful and 

unsuccessful shots; however, the QE-online and QE-dwell were significantly longer on the holed 

putts (Vine et al., 2013). 

The seminal QE paper (Vickers, 1992), and recent studies interested in QE fixations that 

are not restricted to movement initiation (Vine, et al., 2013) signal a possible positive effect on 

performance of longer and steady fixations on relevant stimuli during and after movement 

initiation (e.g., the impact zone after the putter makes contact with the ball). Furthermore, an 

analysis of gaze behaviors (QE included) before, during and after movement initiation could 

provide additional characteristics that distinguish expert from novice performances. Indeed, recent 

studies analyzed gaze behaviors in critical moments such as when the participant makes contact 

with a stationary object in golf (Vine, et al., 2013) or when the participant intercepts a moving 

object (Zaal & Michael, 2003). 

Egocentric Gaze and Head Stabilization 

In interceptive sports, successful performance requires the acquisition of visual information 

about the approaching object. Making contact with fast approaching objects in a consistent and 

accurate manner is a skill that requires high degrees of visual-motor coordination paired with 

remarkable perceptual-cognitive skills (Regan, 1997). Under these circumstances, athletes who are 

able to look in the right place at the correct time have better chances to predict the ball’s trajectory 

and time of arrival (Rodrigues, Vickers, & Williams, 2002). In order to assess these expertise-

based skills, several studies have analyzed gaze behaviors during different parts of ball flight to 

identify distinct strategies of gaze and head control. 
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Mann et al. (2013) studied cricket batsmen and found that elite players exhibited eye 

movement strategies allowing a better prediction of bat-ball contact. By moving the eyes away 

from the ball and into the contact zone, elite players were able to accurately determine where the 

ball would be located at impact based on the ball’s trajectory. As stated by Mann and colleagues 

(2013), in experienced players, these predictive saccades into the contact zone “could simplify the 

hitting task to one where they must simply determine the time-to-contact necessary to successfully 

intercept the target” (p. 7). 

The predictive saccade towards the contact zone is a plausible explanation to video and 

photographic evidence showing that elite tennis players keep their head still and in the direction of 

the contact zone in some shots, even after racket-ball contact (Lafont, 2007, 2008). Furthermore, it 

seems that experts in many sports show a similar impact zone fixation immediately preceding, 

during, and the hitting phase in interceptive tasks such as cricket, football, or golf. Evidence has 

shown that the head movements may occur in order to ensure that the desired stimuli is in a 

consistent direction relative to the head (i.e., in an egocentric frame of reference). For instance, 

catching studies have shown that participants mainly rotate their eyes during tasks where they 

passively watch where a fly-ball will land (Oudejans 1990). Conversely, people tend to rotate their 

eyes and head when trying to catch a ball (Zaal & Michaels, 2003). Additional evidence of the 

gathering of egocentric information on visual-motor task has been found in basketball players 

(Ripoll, Bard, & Paillard, 1986) and skilled racing car drivers (Land & Tatler, 2001). 

The benefits of adopting head movements that allow the alignment of the foveal 

(egocentric) vision to stimuli may be related to the complexity of the sport environment. In fast 

interceptive tasks, there is a relative motion between athlete and the visual scene. In virtually all 

sports, either the athlete or the object(s) of interest is moving, and, frequently, both are moving at 

the same time. These dynamic situations demand that the athlete is able to pick up detailed 
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information from the visual scene (Williams & Davids, 1998). This ability is referred as the 

dynamic visual acuity (DVA; Miller and Ludvigh 1962). The DVA is dependent on an effective 

combination of eye movements to identify the object and to foveally register the object’s the object 

in order to discriminate fine elements that would allow an accurate prediction of the flight-path 

(Uchida, Kudoh, Higuchi, Honda, & Kanosue, 2013). 

High-level athletes’ performances suggest that there are certainly fundamental benefits in 

adopting head movements that allow the alignment of the foveal (egocentric) vision to the area of 

bat-ball contact in cricket (Mann et al., 2013). However, the identification of these gaze behaviors 

in other sports is not yet available and the underlying mechanisms are not clear. There is a current 

need to not only study gaze behaviors prior to contact, but also during racket/bat – ball contact.  

Gaze Behaviors in Tennis 

In the particular case of tennis, to the author’s knowledge only few studies have analyzed 

gaze behaviors in tennis using real scenarios such as returning serves (Reina, Moreno, Sanz, 2007; 

Singer et al., 1998, Williams, Singer, & Weigelt, 1998) and returning volleys (del Campo, Reina, 

Sabido, & Moreno, 2012 and Park, 2005), rather than watching tennis videos on a screen (e.g., 

Taya et al., 2013). Tennis studies have been mainly interested in analyzing visual search strategies 

directed to the server. That is, gaze behaviors on various body areas were calculated in order to 

understand the most salient stimuli that allowed better prediction of the serve. Furthermore, out of 

the three studies, only Park’s (2005) study tested the QE period. However, the offset of the QE was 

defined as the forward movement of the racket and gaze behaviors were not analyzed immediately 

prior, during or after racket-ball contact. In this study elite Korean players were asked to return 

volleys in a laboratory setting. High accuracy shots, in comparison to missed shots, were 

characterized by an earlier QE onset, longer QE duration, and a longer eye-head stabilization 
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duration. Moreover, no study up-to-date has conducted a thorough analysis of the gaze behaviors 

throughout a tennis task and no study has analyzed gaze behaviors during contact. 

It should be noted that an additional study used table tennis to study the QE phenomenon. 

Rodrigues and colleagues (2002) showed that low skill table tennis players had a later QE onset 

during misses in comparison to hits, whereas high skill players showed similar QE onset for both 

hits and misses. Fixations were not analyzed during or after ball contact, and interestingly the 

movement initiation was defined as the backward movement of the racket, rather than the forward 

movement used by Park (2005). 

Summary of Limitations and Gaps in the Literature 

Although there are a few studies that set the basis for understanding the relationship between the 

QE and performance, there are still some unanswered questions. There are some methodological 

limitations, and a lack of attention to understanding of the role of gaze behaviors throughout the 

trial and impact zone gaze behaviors. 

Methodological Limitations 

One of the main limitations in the measurement and training of expertise is the lack of use 

of “real-life” situations (Farrow & Abernethy, 2003). Despite the technological advances that 

allowed the development of eye-tracking systems that are less heavy, less bulky, and more 

accurate, laboratory research is still the most prevalent methodology used to study gaze behaviors. 

Of the 25 non-intervention QE studies identified by Lebeau et al. (in preparation), only nine were 

performed in the field. Although several studies used field settings (e.g., golf putting: van Lier, van 

der Kamp, & Savelsbergh, 2008; football penalty kicks: Nagano, Kato, & Fukuda 2006), 

researchers preferred the laboratory as their primary location for gaze-behavior studies. 

In the case of tennis, the most recent studies of gaze tracking and tennis have been 

conducted in labs which are not as ecologically valid as an actual tennis courts. It is true that the 
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advanced technology has allowed the use of more realistic simulations; nevertheless, studies in the 

laboratory cannot fully duplicate the same environmental conditions and constraints of live 

competitions and practices (Williams & Ward, 2007). It is important to note that Ruffault, 

Guichard, Mann, and Fournier (2014) failed to replicate the previously described results obtained 

by Vine and colleagues (2014) analyzing golfers’ gaze behaviors in the natural setting. Although 

the golfers used in their study were not as anxious on the golf course as they were in the laboratory, 

Ruffault et al. (2014) concluded that moving a task into the laboratory may have the potential to 

greatly change the results of experiments as compared to natural settings. Consequently, 

laboratory-based studies in perception and cognition may have limited value by failing to 

accurately replicated performance levels that could be analyzed in more ecologically valid 

environments.  

In short, studies have provided initial support to the notion that using field-based settings is 

better than laboratory settings in capturing expert performance (Ruffault et al., 2014). Future 

research must take advantage of the technological advancements in eye movement technology to 

scientifically examine the exquisite skills of expert performers in situ. 

Gaze Behaviors and Impact Zone 

The ability to intercept an object is critical in many sports and it is a feat that challenges the 

limits of neuromuscular and cognitive-perceptual systems. Given the constraint previously 

described that makes it impossible for the eyes to continuously track a fast moving object (Bahill & 

LaRitz, 1984), athletes in fast interceptive sports are required to use appropriate gaze and head 

control strategies. In sports like baseball and cricket, researchers have found that hitters follow the 

ball with eye-movements during the first part of the flight and then make a saccade to a point in 

space just ahead of the ball. After that predictive saccade, the ball is again in foveal vision, and it is 

tracked with a smooth pursuit until contact is made (Bahill & LaRitz, 1984; Mann et al., 2013). 
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Results obtained from cricket batsmen showed that this predictive saccade strategy is used twice: 

once to predict the ball bounce, and then in the contact area. Although this has not been tested in 

tennis, cricket and tennis share the same characteristics of a ball bouncing in front of the player 

before they make contact with the ball. Furthermore, Land and McLeod (2000) found that the 

predictive saccade occurred earlier as the skill level increased, highlighting the superior ability of 

experienced players to predict the anticipated landing point.  

These results suggest that there may be functional advantages of having early saccades 

when trying to intercept a moving object. Furthermore, this may be also true for predicting the 

impact zone, facilitating the contact between the ball and bat in the ‘sweet spot’ to produce better 

performances (Mann et al., 2013). However, these mechanisms are not fully understood because 

most gaze behavior research stops when the athlete initiates the movement (Grey, 2009). The eye-

movement strategies that may contribute to skill development in hitting/batting sports need to be 

studied in other fast interceptive sports and during the course of the task’s whole length.  

The Current Study 

In the current study I examined the relationship among gaze behaviors that occurs prior, 

during, and beyond movement initiation and performance in situ in high-skill and intermediate-

skill tennis players. Specifically, my aim was to expand the knowledge regarding the perceptual 

cognitive characteristics of high skill and intermediate skill tennis players while returning serves in 

situ. Specifically, gaze behaviors were assessed using eye-tracking technology to examine the 

underlying mechanisms underlying successful shot execution. Moreover, the relationship between 

egocentric gaze behaviors and performance was examined. 

Hypotheses 

The seven main hypotheses postulated in the current study were: 



17 

1. High-skill players will perform better (i.e., better return service scores) than less-skilled 

players. 

2. High-skill players and shots classified as high-score will have fewer number of 

fixations on all four areas of interest. 

3. High-skill players and shots classified as high-scores will have longer fixations 

throughout the whole trial (i.e., ball pre-bounce, bounce, ball post-bounce and impact). 

4. High-skill players will display earlier QE onsets and longer QE durations than the 

intermediate-skill group. 

5. In both levels of expertise, shots classified as high-score will be characterized by earlier 

QE onsets and longer QE fixations. 

6. The location of the racket-ball contact will be visible and more egocentric in a higher 

percentage of shots in the high-skill group. 

7. Racket-ball contact will be more central in both shot types (i.e., forehand and backhand) 

in high-skill players and shots classified as high-score, in comparison to intermediate-

skill players and low-score shots.  
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CHAPTER 3 

METHOD 

Participants 

The participants were 21 male and female tennis players, comprising 10 high-skill (M age = 

21.6 ± 2.12) and 11 intermediate-skill (M age = 22.45 ± 3.50). High-skill participants were 

recruited from three NCAA Division-I tennis teams located in the Southeastern region of the 

United States of America. Intermediate-skill participants were undergraduate students that 

belonged to one of the university’s recreational tennis club. Exclusion criteria for all participants 

included (a) being injured and (b) wearing eye-glasses (contact lenses were permitted). All 

participants used their own personal tennis rackets, wore normal tennis attire and the study was 

performed in the main tennis courts of each university’s campus. 

 

Table 1 
Demographic information by skill level: Range, Means and SDs 

 

    Intermediate-skill   High-Skill   Total 

 Variable   Range M SD   Range M SD   M SD 

Age   19 - 29 22.45 3.50   17 - 25 21.60 2.12   22.05 2.89 

Years of 

experience 
  4 - 16 9.27 4.56   8 - 20 13.90 3.81   11.45 4.75 

Subjective 

Evaluation 
  2 - 4 3.36 0.81   4 - 6 5.10 0.57   4.19 1.12 

 
 

To remain consistent with the tenants of the expert-novice paradigm, it was intended that 

the groups were distinctively different. High-skill players had on average over three more years of 
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tennis experiences and participants in this group subjectively rated their skill 1.74 points higher on 

a seven-point Likert type scale (see Table 1). Although the mean values revealed more years of 

experience and a higher evaluation, two participants in the intermediate-skill group reported some 

similarities to high-skill players, which is reflected in the “range” parameter (see Table 1). 

Pertaining the practice frequency, there was a clear distinction between both skill groups. All the 

participants classified into the high-skill group practiced at least every other day, whereas most of 

the intermediate-skill participants practiced only once or twice per week. Lastly, all but two 

participants from the high-skill group were right handed (see Table 2). 

 

Table 2 
Participant’s demographic information by skill-level and totals: Number and percentages 

Category  

Intermediate-

skill 
  High-Skill   Total 

 n %   n %   n % 

Gender  		 		 		 		 		 		 		 		

  Female  5 45.5   5 50.0   10 52.4 

  Male  6 54.5   5 50.0   11 47.6 

Hand dominance  		 		 		 		 		 		 		 		

  Right  11 100.0   8 80.0   19 90.5 

  Left  0 0.0   2 20.0   2 9.5 

Practice Frequency 	 		 		 		 		 		 		 		 		

  Less than once per month  1 9.1   0 0.0   1 4.8 

  Once or twice per month  2 18.2   0 0.0   2 9.5 

  Once or twice per week  8 72.7   0 0.0   8 38.1 

  About every other day  0 0.0   5 50.0   5 23.8 

  Every day  0 0.0   4 40.0   4 19.0 

  More than once a day  0 0.0   1 10.0   1 4.8 



20 

Power Analysis and Sampling 

With the use of G*Power 3 (Faul, Erdfelder, Lang, & Buchner, 2007), an a priori power 

analysis was employed to determine the number of participants required for the study (see 

Appendix D). For the current study, the effect size was set at 0.5. This effect size was estimated 

based on the recent meta-analysis by Lebeau et al. (in preparation) showing a large inter-skill level 

effect size in several sports, including racket sports, and a moderate effect size in a previous meta-

analysis by Mann and colleagues (2007). The α level was set at .05 and the power at 0.80 for two 

skill-level groups (high-skill vs. intermediate-skill) and 40 trials per participant (10 serve returns 

per serve location). The power analysis using an RM ANOVA, revealed a total sample size of 20 

participants to detect a medium effect size with a power of 83%. 

Tennis Task 

The task consisted of returning a total of 40 serves, split into four different blocks of 10 

serves each. The four blocks were aimed at different locations: wide in the deuce side (DW), wide 

in the advantage side (AW), to the middle in the deuce side (DT), and to the middle in the 

advantage side (AT; See Figure 1). Participants were instructed to approach each serve as a second 

serve, attack the ball and try to produce a winner shot in whichever direction they deem 

appropriate. Each shot was scored using a point system that was clarified verbally to the 

participants, the scoring system awarded higher values on angled and deep returns (see 

Performance below). Participants were asked to score as many points as possible throughout the 40 

shots. 

The trials were served by different tennis players (i.e., the feeder) according to the group 

level and the location where the study took place. All the intermediate-skill tennis players were 

from the same university, therefore the feeder for this group was an experienced player (i.e., 15 

years playing tennis) who is part of the tennis club. For the high-skill players, the feeder was either 
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(a) a same gender teammate or (b) a team’s assistant coach. Different feeders were used because of 

convenience due to the different data collection locations and, more importantly, it was done to 

ensure that all the participants were familiar with the feeder and shared a similar skill level in order 

to reproduce real-life situation where players face opponents of similar level of expertise (i.e., 

serves that are no too slow for high-skill players or too fast for intermediate-skill participants). 

Feeders were asked to land each block’s serves on the four different service areas (i.e., DW, 

DT, AW, and AT) with the same force (i.e., approximately 75% of the feeder’s full power) and the 

same spin (i.e., flat serves) on each serve. The power of the serve was set to be 75% of full power 

because that is the usual power of a second serve. Likewise, a ‘flat’ spin was selected because with 

this type of spin there is a higher consistency within and between feeders. Throughout the study, 

participants were able to call a bad serve, if that was the case, the ball was canceled for scoring and 

another ball was served. 

 

 

Figure 1. Graphic depiction of the task. 
Note. SC = Score Camera, S = Server, P = Participant. 
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Although other studies have used ball machines to obtain a higher standardization across 

feeds (e.g., Landin & Hebert, 1999), this study used experienced tennis players to feed each trial. 

As a fast ball sport, tennis has temporal demands that exceed the intrinsic limitations of visual-

motor and movement times (van der Kamp, Rivas, van Doorn, & Savelsbergh, 2008), information 

that is necessary to predict the ball’s landing point and guide their actions for successful 

performance. Consequently, tennis players must cope with such task constraints by using advanced 

kinematic information from their opponents (Shim, Carlton, Chow, & Chae, 2005). Therefore, a 

feeder was chosen over a ball machine as it allows the participants to obtain critical advance cues 

and early flight ball information that is required to make planned guesses of the ball’s path and 

time to contact (Pinder, Davids, Renshaw, & Araújo, 2011; Prigent, Hansen, Baurès, Darracq, & 

Amorim, 2015). Furthermore, the intent of this study was to simulate tennis situations that are as 

close as possible to reality. 

The overall task took between 25 and 35 minutes per participant. Differences in task 

duration were due to some difficulties with the eye-tracker (e.g., recording the eyes of participants 

properly, calibration issues and connection problems with the eye-tracker). 

Court Preparation 

To calculate the accuracy of each groundstroke shot, a regular-dimension outdoor tennis 

court (International Tennis Federation [ITF], 2015) was used. In addition to the court’s lines, three 

lines were added within the court’s singles playing area. Perpendicular to the net, two lines at a 

distance of 2.06 meters from the sideline towards the center of the court were marked with a visible 

color tape. By adding these lines, both service boxes were divided into two equidistant rectangles 

with a total area of 13.18m2 each. With the addition of one line at a distance of 2.75m from the 

baseline, the area behind the service line was divided into four zones, the outer zones had an area 

of 5.67 m2 and the central areas had an area of 11.33m2 (see dashed lines in Figure 1). 
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Measurements and Apparatus  

Demographic Questionnaire and Eye-tracker Interference 

A brief demographic questionnaire was used to collect information on each participant’s 

age, gender and hand dominance. The demographic questionnaire also included a section in which 

the tennis experience (e.g., years of competition and frequency of practice) was assessed. The 

expertise within the two skill levels was assessed by inquiring the team’s racket number on the 

high-skill players and the club team for the intermediate-skill players. In addition, participants 

were asked to subjectively rate their tennis skill on a 7-point Likert scale where higher numbers 

represented superior skills. Furthermore, before the initiation of the task, participants were asked if 

they have any knowledge regarding gaze behaviors in tennis. Lastly, after completing the tennis 

task, participants responded to a question assessing the possible disruption of performance caused 

by wearing the eye-tracking system. Participants were asked to rate on a scale from 1 (‘not at all’) 

to 5 (‘completely’) if they thought wearing the eye-tracker affected their performance (see 

Appendix E). 

Performance 

Scoring was assessed using a modified version of the ITF International ‘Number on Court’ 

Assessment (ITN; ITF, 2004). Points were awarded based on where the ball landed on its first 

bounce, offering high scores to returns that are away from the middle and/or had depth and angle. 

Points were awarded as follows (see Figure 2):  

• No points were awarded when the ball landed outside the singles’ court or hit the 

net.  

• One point was awarded when the ball landed on either of the service box’s inner 

rectangles or on the first middle half of the area following the service line.  



24 

• Two points were awarded when the ball landed on the second half of the inner 

rectangle after the service line. 

• On deuce side serves, three points were awarded on the left outer rectangle of the 

service box, or the right outer area after the service line. On advantage side serves, 

three points were awarded on the right outer rectangle of the service box, or the left 

outer area after the service line. 

• On deuce side serves, four points were awarded on the right outer rectangle of the 

service box, or the left outer area after the service line. On advantage side serves, 

three points were awarded on the left outer rectangle of the service box, or the right 

outer area after the service line. 

 

Figure 2. Score system. Left image score system for advantage side serves (BW: Backhand wide, 
FT: Forehand middle), right image for deuce side serves (BT: Backhand middle, FW: Forehand 
wide). 
Note. This image describes shot type (i.e., forehand or backhand) for right handed participants. The 
opposite is true for left handed tennis players. 
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One camera (i.e., score camera; GoPro 3+; GoPro, San Mateo, CA, USA) with a wide lens 

video output of 100fps and a resolution of 960P was placed 2.5 meters behind the baseline, in the 

center of the court at a height of 2.3 meters. This camera recorded all the shots and it was used to 

determine each participant’s score after their performance completion. A high speed frame rate 

(i.e., 100fps) was chosen to facilitate the scoring of near lines shots or shots that were not clearly 

inside one of the score areas. Participants did not receive immediate scoring of their shots and only 

received visual feedback of their shots. 

Performance was defined as each shot’s score obtained in the modified ITN. For analyses 

purposes, each shot’s individual score was classified into two clusters: A Low-score classification, 

which included all the shots with a score equal or lower than 2-points. The second classification 

was a High-score group, which included shots with a score higher or equal than 3-points. 

Lastly, to facilitate interpretation, the four serve directions were analyzed in relation to the 

produced shot type. That is, DW and AT serves yielded forehand shots (i.e., FW and FT, 

respectively), and DT and AW serves generated backhand shots (i.e., BT and BW, respectively). 

Although the opposite shots were produced by left-handed participants, their serve directions were 

reversed in order to have the same shot types throughout all the participants. 

Video Treatment 

Each block was deconstructed into 10 sections (i.e., for each shot) to analyze gaze 

behaviors. Each video was edited in a way that it began at the moment the ball was released from 

the feeder’s racket and ended 500ms (i.e., 35 frames) after the ball-racket contact. This procedure 

secured identical starting points for all shots. However, it should be noted that not all shots had the 

same length due to the possible differences in speed and height of the feed, in addition to variances 

in the location of ball-racket contact (i.e., ‘attacking the ball’ vs. ‘waiting for the ball’). 
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For each video, four annotations were created to guide the analysis of gaze behaviors. Start 

was the moment when the ball left the feeder’s racket, Bounce was the precise moment when the 

ball bounced in the participant’s location, Hit was the exact moment when the participant’s racket 

made contact with the ball, and End was created 35 frames (500ms) after the Hit. To ensure that 

the annotations reflected the precise moments, the Start annotation was created via a visual 

inspection of the videos, and the Bounce and Hit annotations were created with the aid of the audio 

track from the eye-tracker’s built-in microphone. 

Gaze Behaviors 

Gaze behaviors were recorded using a SensoMotoric Instruments Eye Tracking Glasses 2 

Wireless system (SMI ETG 2w; Teltow, Germany). The SMI ETG 2w is a lightweight (47g) non-

invasive video based glasses-type eye tracker with a binocular sampling rate of 60 Hz. The system 

has a gaze tracking accuracy of 0.5° over all distances and has a tracking range of 80° horizontal 

and 60° vertical. In addition to the binocular eye-tracking cameras, the ETG 2w has a built-in scene 

camera that records at a resolution of 960x720 at 30 fps. The scene camera’s field of view is 60° 

horizontal and 46° vertical. 

The ETG 2w was connected through a USB cable to a Smart Recorder (an adapted Galaxy 

Note 4; Samsung, Seoul, South Korea) that runs SMI software (BeGaze; SMI, Teltow, Germany). 

Each participant was fitted with the ETG 2w glasses and the Smart Recorder attached to their 

lower backs, allowing a completely wireless recording of gaze behaviors. The smart recorder in 

combination to the external battery pack and cables had a total weight of about 300g. 

Gaze behavior studies dealing with dynamic stimuli have often relied on the use of Areas of 

Interest (AOI). This video analysis tool consists of programing one or several areas surrounding 

the relevant stimulus (e.g., a tennis ball, the racket, the feeder). On each occasion where the gaze 

maintains on a particular AOI, the software can automatically calculate the number of fixations and 
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their duration (Vansteenkiste, van Hamme, Veelaert, Philppaerts, Cardin, & Lenoir, 2014). This 

tool is very useful in screen based experiments or studies where the stimuli across trials is similar. 

One of the greatest benefits is that once AOI are programed for one stimulus, the same settings can 

be used for several participants. Therefore, the use of AOI is prevalent in the study of gaze 

behaviors in sports (e.g., Hagemann, Schorer, Cañal-Bruland, Lotz, & Strauss, 2010).  

In tasks where the scenario or the participant is in constant motion, the AOI must be 

manually moved on every single frame of film in order to correctly represent the new location. 

This technique is called dynamic AOI and it is very common among gaze behavior studies in 

sports since it allows the analysis of dynamic scenarios (e.g., Howard, Troscianko, Gilchrist, 

Behera, & Hogg, 2013). However, a significant constraint in using the frame by frame approach is 

the considerably high amount of time required to analyze the data in field settings. Due to these 

practical disadvantages, many researchers have chosen screen-based eye-tracking designs (e.g., 

Cummins, Tirumala, & Lellis, 2011) or fairly static scenarios in tennis such as watching an 

opponent serve (Singer et al., 1998) or volleys near the net (Park, 2005) where relevant stimuli 

does not change radically out of position, and more importantly the participant remains stationary. 

Having in mind the time-consuming nature of frame by frame quantitative analysis of eye-tracking 

data and the dynamic nature of the task, this study used a new method called ‘Fixation-based’ 

analysis using the Semantic Gaze Mapping (SGM) function of BeGaze software (SMI, Teltow, 

Germany). 

The SGM method uses ‘AOI Mapping’ which is similar to the frame by frame analysis but 

it has two main differences that considerably reduces the amount of time required for the 

quantitative analysis. First, SGM uses AOI, however they are not programmed on the film video 

but rather on a ‘reference view’ (see Figure 3). The reference image represents all the important 

parts of the scene (i.e., AOI) that will be tracked for all participants. After the represented areas 



28 

were defined, all the data from each participant was mapped onto the reference view. Second, the 

BeGaze software automatically computes several indicators of each fixation (e.g., onset and 

duration), in that way the AOI were mapped to the corresponding areas of the reference view and it 

advanced fixation by fixation, rather than frame by frame. 

AOI mapping provided an efficient and less time consuming method to map visual intakes 

by allowing the researcher to work on the reference view by clicking somewhere in the pre-

established AOI and jump from fixation to fixation (that may include multiple frames), rather than 

frame by frame. Although this technique is fairly recent, research done with surgeons (Tien et al., 

2014) and cyclists (Vanteenkiste et al., 2014) has successfully employed the technique. 

Furthermore, Vansteenkiste, Cardon, and Lenoir (2013) compared the frame by frame and the 

fixation-based analysis using the same data. These authors found a Pearson’s correlation of 0.93 

between the two methods and concluded that the fixation-based method is a good alternative to the 

time-consuming frame by frame method of gaze data analysis (Vansteenkiste et al., 2013). 

 

 

Figure 3. Screenshot of a computer running BeGaze software using a SGM analysis. On the left 
the ‘reference view’ and on the right the live video from the eye-tracker. 
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Areas of Interest (AOI). For this study the AOI that were represented on the reference 

image were: (1) the Ball before bounce (Pre), which included all the pursuit tracking fixations on 

the ball prior to its bounce, (2) the Bounce area (Bounce), which represented all the fixations 

towards the bounce area, (3) the Ball after bounce (Post), which represents all the pursuit tracking 

fixations of the ball after it bounces, (4) the Impact Zone (Impact), and (5) the fixation After ball-

racket contact (See Figure 3). 

For each AOI, the measures available for analysis were: Onset, which corresponded to the 

moment when the fixation at a particular AOI started, First Fixation which corresponded to the 

duration of the first fixation on a particular AOI, Average Duration which corresponded to the 

average length of all the fixations on an AOI, and Count which corresponds to the number of times 

during a clip that a participant moved the eyes and fixated on a particular AOI. Note that for the 

count measure it is possible that the player might failed to fixate on an AOI (i.e., zero counts), 

therefore the average of this variable could be any positive rational number.  

For the Pre AOI, the indicators analyzed were: onset (which corresponded to the QE onset, 

See QE below), first fixation (which corresponded to the QE duration, see QE below), average 

duration and count. For the Bounce, Post and Impact AOI only the average duration and count 

measures were analyzed. The onset of these AOI are irrelevant for analysis because earlier onset on 

the high-skill group are due to an expected higher speed of the serves in this group, rather than 

higher cognitive-perceptual skills. Additionally, in these three AOI an analysis of the first fixation 

does not provided additional information. Lastly, for the After AOI only the onset indicator was 

used in the summary (see Results below) as visual aid, the other indicators were not used due to the 

lack of relevance (i.e., first fixation) or the indicators were beyond the end of the trials (i.e., 

average duration and count).   
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Quiet-eye (QE). The QE period has been operationally defined as the final fixation on the 

ball within 3° of visual angles for a minimum of three frames (0.99ms) before the hitting 

movement. The QE had an onset that occurred before the initiation of the hitting movement. In 

regards to the offset, there is currently no consensus of what movement constitutes the final 

movement in racket-sports. Rodrigues et al. (2002) defined the QE offset in table tennis as the 

initiation of the backward movement of the racket, whereas Park (2005) defined this movement in 

tennis volleys as the forward movement of the racket. Irrespective of the lack of consensus, the 

purpose of this study is to evaluate QE periods that do not necessarily stop when the movement of 

the player begins. Therefore, the only criteria to define the QE offset is the deviation of gaze from 

the ball for more than 3° of visual angle or more than three frames (Vickers, 2007). 

The main variables regarding the QE are: QE onset, the time elapsed between the beginning 

of the video (i.e., the ball leaving the feeder’s racket) and the beginning of the QE fixation before 

movement initiation. QE duration was the elapsed time between the QE onset and the end of the 

fixation. Systematic observations have established that earlier onsets and longer QE durations are a 

reflection of expertise (see review by Vickers, 2016a). In a similar way, late QE onsets are related 

to poor performance since the period of cognitive processing during which parameters of the 

movement are programmed is too short (Williams, et al., 2002). Furthermore, late and short QEs 

may not contain late information of the ball’s flight-path that is critical for the development of the 

effective motor program (Vickers, Rodrigues, & Edworthy, 2000). 

Egocentric Gaze.  One of this study’s aims was to examine the role of head position during 

the hitting phase and explore whether there were differences in egocentric gaze towards the racket-

ball contact between high- and intermediate skill players. To capture the possible differences 

between skill levels, an analysis of the egocentric gaze was performed. To achieve this goal, the 

scene camera’s videos (located in the eye-tracker’s bridge between the eyes) were analyzed to 
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calculate the location of the racket-ball contact, similar to the procedures used by Oudejans et al. 

(1999). Coordinates of the racket-ball contact were obtained using a custom designed Matlab (The 

MathWorks Inc., Natick, MA, USA) image processing algorithm in which the center of the image 

was considered the origin. For those impacts in which the ball-racket contact was not visible (i.e., 

no central vision), the coordinates were not calculated. In cases where the impact was not clear 

(recordings were at a sampling rate of 30 fps), the midpoint between the center of the ball and the 

racket was calculated as the impact’s coordinate. 

Once the impact’s coordinates were obtained, scatter plots of the XY coordinates were used 

to illustrate how central was the racket-ball contact in relation to the participant’s central vision. 

Due to the large amount of coordinates and to simplify the understanding and interpretation, two 

measures were used following Hancock, Butler, and Fischman (1995) guidelines to deal with two-

dimensional scores. First, centroids were computed to represent the average X values and average 

Y values of the impacts aggregated by participant and type of shot (i.e., forehands for DW and AT 

blocks, and backhands for DT and AW blocks). Additionally, centroids per shot type were 

aggregated for all participants in each skill level. Lastly, a computation of the centroids per shot 

type, per skill level differentiated by score group was performed. Specifically, all the coordinates’ 

centroids were calculated by: 
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 The centroid by itself is not a measure of bias in two dimensions, and solely represents the 

average magnitude and direction of the impact for each participant’s type of shot. However, it does 

not offer a magnitude of bias (i.e., how far it is from the center). Given that the images were 

processed using the desired center of the image as the origin (0, 0), the subject-centroid radial error 

(SRE) was computed by: 

./0 = 	 (!23 + $23)      (2) 
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The SRE represents the skill level’s radial distance from the centroid to the origin of the 

image over multiple shots in the same shot type. Smaller numbers indicate closer distance to the 

origin. 

Procedure 

Approval for this study was obtained from the researcher’s university ethics committee (see 

Appendix A and B). Participants read and signed the informed consent where the task was 

explained and the risks and benefits of participating in this study were outlined (see appendix C). 

Participants were allowed to withdraw from the study at any point without any consequences. 

Upon arrival to the tennis court, participants were asked to provide demographic 

information (see Appendix E), and were informed about the task and point system. Participants 

were not informed about the purpose of using an eye-tracker prior to the task. Each participant was 

given a warm-up time (maximum 15 minutes) without the eye-tracker. During this time, they were 

instructed to perform their usual warm-up, to be ready to return second serves in all the four 

directions.  

Once the participants had completed their warm-up routines, they were fitted with the eye 

tracker system. Participants were asked to put on the ETG as if they were using a normal pair of 

glasses. The ETG was secured using a head strap, allowing it to be comfortable for the participant 

but also making sure the glasses are tightly attached and not moving. The ETG was connected to 

the Smart Recorder using a USB cable and it was placed inside a waist pack that the participants 

had securely attached to their lower back. The waist pack with the Smart Recorder inside, was 

attached in a way that it does not affect any tennis movement. 

Once the ETG and Smart Recorder were fitted, an initial three-point calibration was 

performed. During the calibration, each player was asked to stand on the baseline, equidistant 

between center mark and the singles sideline (See Figure 4). Participants were asked to keep their 
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head stable and only move their eyes in the direction of the three pre-established target points on 

the court. The calibration points were highlighted by using three black circles of 13.6 cm of 

diameter (i.e., twice the size of the tennis ball). The position of the calibration points was: (1) On 

the white stripe of the net over the center service line (i.e., at a height of 1.07 meters), (2) On the 

service line, halfway between the center service line and singles sideline, and (3) On the white 

stripe of the net over the singles sideline (i.e., at a height of 1.07 meters) (See Figure 4). This 

calibration was performed at the beginning of each block of shots to ensure that the system was 

calibrated properly throughout the task. 

 

 

Figure 4. Participant’s perspective of the 3-point calibration for each court side. 

 

After calibration, players were given practice shots until they felt comfortable swinging 

with the ETG and waist pack. Once the participants declared that they felt comfortable to return 

serves, the tennis task started. Each participant was randomly assigned the serve direction order. 

After each block, participants were given a one-minute break, followed by a 3-point calibration. 

Once the break and calibration were finished, participants began the next block of shots. After the 

final block, the eye-tracker system and waist pack was removed. Participants were asked about 

possible interference with their performance by wearing the eye-tracker. Lastly, participants were 
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debriefed and thanked for their participation. Each participant was offered access to the task’s final 

score and their videos once they were analyzed. 

Data Analyses 

To test the skill-level and serving direction differences in performance, a two-way ANOVA 

was calculated with skill level (high vs. intermediate) and serve direction (FW vs. FT vs. BW vs. 

BT) as the between-subject variables and score as the dependent variable. 

To test the skill-level and score classification differences in the onset and average fixation, 

RM ANOVAs were used to analyze each variable. Skill level (high vs. intermediate) and score 

classification (high vs. low) were the between-subject factors for each analysis and the four 

different AOI were considered the within-subject factors.  

QE skill level differences were tested using a RM ANOVA to analyze the QE onset and QE 

duration. Skill-level (high vs. intermediate) was used as the between-subject factor and the four 

serving directions (FW vs. FT vs. AT vs. AW) were the within-subject repeated factor. To test the 

QE onset and QE duration difference by score-classification, RM ANOVAs were calculated using 

the QE onset and QE duration as dependent variables, serve direction as the within-subject 

repeated measure and score classification as the between subject factor. 

Pertaining to the egocentric gaze data, due to the dichotomous nature of the presence or 

absence of foveal vision, contingency table analysis was performed to test possible differences 

between skill levels and score classifications. In addition, a graphical description of the coordinates 

and centroids are presented. An independent-sample t-test was used to compare the centroids’ X-Y 

coordinates.  Lastly, the SRE measures met the assumption of normality and a one-way ANOVA 

was calculated to explore differences based on skill-level. Effect size coefficients (partial eta 

square) were used to estimate the effect’s magnitude where necessary.  
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To facilitate interpretation of the results, graphs were presented using the raw scores and 

not in estimated marginal means. Additionally, error bars represent +1/-1 SE. All the statistics were 

analyzed using SPSS Statistics 23 (IBM Corporation, Armon, NY, USA). 
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CHAPTER 4 

RESULTS 

Before presenting the inferential statistical analyses, a descriptive analysis of the final 

number of shots considered in the analysis is presented. Due to data collection complications (i.e., 

difficulties with the eye-tracker, calibration issues, weather conditions, or exclusions due to the 

lack of fixations throughout the video), the final percentage of shots analyzed was 94.2% (n = 791) 

of the total shots sample. 

Performance 

A point-biserial correlation was calculated to determine the relationship between 

performance (i.e., each shot’s score) and skill-level. The correlation between performance and 

score level was rpb = .103, n = 791, p < 0.01. 

To test the hypothesis that pertained to skill-level differences in performance (i.e., score), a 

two-way ANOVA was conducted. Results supported the prediction postulating that high skill 

players will outperform their less-skilled counterparts. Specifically, results revealed that high-skill 

players attained significantly higher scores per shot (M = 2.03, SD = 1.49) than the intermediate-

skill players (M = 1.45, SD = 1.48.; d = 0.39), F (7, 783) = 28.273, p < 0.001, ηp
2 = 0.035). The 

assumption of equality of error variance was met, F (7, 533) = 1.952, p = 0.059. 

 

Table 3 
Score’s means and SDs by serve direction and skill-level 

		 Intermediate-Skill High-Skill Total 

Serve Direction M SD M SD M SD 

BW 1.24 1.48 2.00 1.49 1.62 1.49 

FT 1.61 1.49 2.03 1.49 1.82 1.50 

BT 1.37 1.48 2.03 1.49 1.70 1.48 

FW 1.48 1.49 2.20 1.48 1.84 1.49 
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Pertaining to the four serving directions, results revealed a non-significant main effect, F 

(7, 783) = 0.917, p = 0.432, ηp
2 = 0.004. Although non-significant, higher scores were observed in 

serve directions that yielded forehand shots in comparison to serves that produced backhand shots 

(for descriptive statistics see Table 3). 

Additionally, the skill-level by service direction interaction was non-significant, F (1, 783) 

= 1.713, p = 0.163, ηp
2 = 0.007. Even though a non-significant interaction was evident, results 

revealed a trend showing higher scores for high-skill players in comparison to their less-killed 

counterparts in all the four serve directions. Wider differences were observed especially in the AW, 

DT and DW serve directions (See Figure 5). 

 

 

Figure 5. Mean scores and SEs on each serve direction by skill-level. 

 

 The post-task question, asking for possible effects in performance of the eye-tracker, 

revealed that on average participants scored the interference 1.19 on a 5-point Likert-type scale 

that ranged from 1 (not at all) to 5 (completely). 
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Gaze Behaviors 

Fixation Count 

Hypothesis 2 stated that high-skill players and shots classified as high-score would have 

fewer fixations than the intermediate-skill players in all the AOI. The mean number of fixations on 

each AOI was tested using a RM ANOVA with skill-level and score-classification as the between 

subject factors, and the four AOI as the within subject repeated factor (see Table 4). Mauchly’s test 

indicated that the assumption of sphericity had been violated, χ2 (5) = 443.340, p < 0.001, therefore 

degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity (ε = .775). 

 

Table 4 
Means and SDs for the number of fixations by skill level and score classification 

  Intermediate-Skill High-Skill Low Scores High Scores 

AOI M SD M SD M SD M SD 

1 1.096 0.875 0.863 0.840 1.020 0.889 0.966 0.853 

2 0.661 0.473 0.715 0.452 0.696 0.461 0.681 0.467 

3 0.721 0.722 0.500 0.571 0.601 0.646 0.626 0.676 

4 0.098 0.297 0.097 0.296 0.142 0.350 0.071 0.267 

Total 0.650 0.328 0.547 0.309 0.619 0.310 0.577 0.311 

Note. AOI 1 = Pre-bounce, AOI 2 = Bounce, AOI 3 = Post-bounce and AOI 4 = Impact.  

 

Main effects analysis showed that intermediate-skill players displayed significantly more 

fixations than high-skill players (for descriptive statistics see Table 4; F (1, 787) = 20.873, p < 

0.001, ηp
2 = 0.026) supporting the hypothesis of fewer fixations in high-skill players. Moreover, 

main effect analysis for the different AOI showed significant differences in the number of 

fixations, F (2.33, 865.31) = 267.901, p < 0.001, ηp
2 = 0.254. It was revealed that the highest 

number of fixations were located on the ball pre-bounce (M = 0.986, SD = 0.866), followed by the 

bounce area (M = 0.687, SD = 0.464), the ball post-bounce (M = 0.617, SD = 0.665), and the 
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impact zone (M = 0.097, SD = 0.297). A score classification main effect was non-significant, F (1, 

787) = 3.418, p = 0.065, ηp
2 = 0.004. It was observed that the low score shots had on average a 

higher number of fixations per shot as opposed to high score shots (for descriptive statistics see 

Table 4). 

 

 

Figure 6. Mean number of fixations, SEs and significance level on each AOI by skill-level.  
* p <0.05. *** p <0.001. 

 

The AOI by skill level interaction was significant, F (2.33, 1829.75) = 10.237, p < 0.001, 

ηp
2 = 0.013 (for descriptive statistics see Table 4; see Figure 6). Post hoc tests revealed that high-

skill players fixated significantly less on the pre-bounce AOI in comparison to the intermediate-

skill players, F (1, 787) = 15.041, p < 0.001, ηp
2 = 0.019 (d = 0.27). Likewise, high skill players 

fixated significantly less on the ball post-bounce AOI than their less skilled counterparts, F (1, 

787) = 17.135, p < 0.001, ηp
2 = 0.021(d = 0.23).  On the contrary, high-skill players had more 

fixations on the bounce area in comparison to their less-skilled counterparts (d = 0.12), however 

this difference was non-significant, F (1, 787) = 2.245, p = 0.134, ηp
2 = 0.003. The impact zone 
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had similar number of fixations in both skill levels but this difference was also non-significant, F 

(1, 787) = 0.524, p = 0.469, ηp
2 = 0.001 (see Error! Reference source not found.).  Results 

pertaining to the second hypothesis were equivocal and did not fully support the prediction. 

Outcomes supported the hypothesis pertaining to the ball pre-bounce and ball post-bounce AOI, 

but were contrary to expectations in the bounce area and impact zone.    

Lastly, the AOI by score classification was non-significant, F (2.33, 1829.75) = 0.928, p = 

0.407, ηp
2 = 0.001 (for descriptive statistics see Table 4). Results showed a trend with similar 

number of fixations between shots classified as high-scores and low scores on three AOI (i.e., ball 

pre-bounce, bounce area and ball post-bounce). Pertaining to the impact zone AOI, shots classified 

as low-scores had twice the number of fixations than shots classified as high-scores (d = 0.23) (for 

descriptive statistics see Table 4). These results partially support the second hypothesis for the first 

three AOI, but were conflicting with the expectations for the impact zone. 

Mean Fixation Duration 

To test the hypotheses of longer fixation duration in high skill players and high score shots 

a RM ANOVA was performed. Mean and SDs of fixation duration per trial and AOI, classified by 

skill-level and score-classification are presented in  

Table 5. 

Differences in average fixation duration were calculated using a RM ANOVA with the four 

AOI as the within subject repeated factor, and skill-level and score-classification as the between 

subject variables. Mauchly’s test of sphericity indicated that the normality assumption was 

violated, χ2 (5) = 892.93, p < 0.001, and therefore degrees of freedom were corrected using 

Greenhouse-Geisser estimates of sphericity (ε = .644). 
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Main effect analyses for skill-level and score-classification indicated that high-skill players 

and high-score shots had longer mean fixations than their counterparts (i.e., intermediate-skill 

players, and low-score shots (d = 0.05 and d = 0.06, respectively; for descriptive statistics see  

Table 5), however these differences were not significant, F (1, 787) = 2.066, p = 0.151, ηp
2 

= 0.003 and F (1, 787) = 1.170, p < 0.280, ηp
2 = 0.001, respectively. Results that failed to support 

the hypothesis that high-skill players sustain longer fixations than the intermediate-skill players.  

 
Table 5 
Means and SDs of fixation duration (in ms) by skill-level and score classification 

  Intermediate-Skill High-Skill Low Scores High Scores 

AOI M SD M SD M SD M SD 

1 210.144 116.825 239.928 171.232 229.244 118.267 256.646 163.809 

2 310.748 209.040 332.794 213.529 320.732 198.959 322.046 218.858 

3 224.060 127.356 199.619 88.667 204.075 90.725 219.635 124.612 

4 149.756 111.799 118.447 50.692 129.593 81.091 141.749 99.449 

Total 223.677 223.805 236.197 219.265 220.911 201.638 235.019 245.334 

Note. AOI 1 = Pre-bounce, AOI 2 = Bounce, AOI 3 = Post-bounce and AOI 4 = Impact.  

 

Mean fixation durations significantly differed in the four AOI across both skill levels, F 

(1.9, 1521.2) = 242.672, p < 0.001, ηp
2 = 0.236. Specifically, longer fixations were produced in the 

bounce area (M = 321.771ms, SD = 161.812), followed by the ball pre-bounce (M = 252.036ms, 

SD = 163.395), the ball post-bounce (M = 211.839ms, SD = 164.467) and the impact zone (M = 

134.102ms, SD = 162.130).  

Lastly, the AOI by skill-level interaction was significant, F (1.9, 1521.2) = 5.391, p < 0.05, 

ηp
2 = 0.006 (See Figure 7). Results indicated that high-skill players fixated significantly longer than 

the intermediate-skill players in the ball pre-bounce AOI, F (1, 787) = 16.746, p < 0.001, ηp
2 = 

0.021; d = 0.20).  In a similar way, high-skill players fixated longer on the bounce area than their 
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less-skilled counterparts (d = 0.10). However, this difference was non-significant, F (1, 787) = 

3.371, p = 0.067, ηp
2 = 0.004. In contrast, intermediate-skill players fixated significantly longer in 

comparison to the high-skill players on the ball post-bounce, F (1, 787) = 8.933, p < 0.01, ηp
2 = 

0.011 (d = 0.22), and the impact zone, F (1, 787) = 4.757, p < 0.05, ηp
2 = 0.006 (d = 0.36). These 

results are equivocal with hypothesis 3. In the omnibus test, high-skill players fixated longer 

throughout the trial. However further analyses on the AOI revealed that high skill players fixated 

longer on the ball pre-bounce and bounce area, but intermediate-skill players fixated longer on the 

ball post-bounce and impact zone area. 

 

 

Figure 7. Mean fixation duration on each AOI by skill-level. 
* p <0.05. **p <0.01. *** p <0.001. 

 

The AOI by score classification interaction was non-significant, F (1.9, 1521.2) = 0.571, p 

= 0.560, ηp
2 = 0.001. Results indicated that on average high score shots were characterized by 



43 

longer average fixations on the four AOI; differences were more evident in both ball AOI (i.e., ball 

pre- and ball post-bounce; for descriptive statistics see  

Table 5Table 4). These outcomes partially support, the hypothesis that shots classified as 

high scores will rely on longer gaze fixations. 

Quiet Eye 

Onset 

To test the hypothesis that high-skill players will display earlier QE onsets, a RM ANOVA 

with skill-level as the between-subject factor and serve direction as the within-subject repeated 

factor was computed. Mauchly’s test indicated that the assumption of sphericity was met, χ2 (5) = 

6.173, p = 0.290. 

Main effect analysis for the four different serve directions showed non-significant 

differences in the QE onset, F (3, 354) = 0.528, p = 0.663, ηp
2 = 0.004. Likewise, although high-

skill players had earlier QE onsets (M = 181.250ms, SD = 68.195) than intermediate-skill players 

(M = 202.702ms, SD = 68.197; d = 0.31), the main effect for skill-level was non-significant, F (1, 

118) = 2.915, p = 0.090, ηp
2 = 0.024. Lastly, the skill-level by serve direction was non-significant, 

F (1, 354) = 1.120, p = 0.341, ηp
2 = 0.009. Results indicated that in all the serve directions, but 

BW, high-skill players had earlier QE onsets than their less-skilled counterparts (for descriptive 

statistics see Table 6). The results failed to support the hypothesis that high-skill players would 

have earlier QE onsets; however, the effect size (i.e., Cohen’s d) revealed a moderate effect size 

between the two skill-levels. 

 

Table 6 
Means and SDs for the QE onset by serve direction and skill-level 

		 Intermediate-Skill High-Skill Total 

Serve Direction M SD M SD M SD 
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FW 204.650 134.961 170.382 92.777 189.000 119.310 

BT 221.122 174.116 181.495 87.868 203.951 144.107 

FT 210.684 168.010 183.031 107.524 198.701 145.041 

BW 174.350 124.790 190.093 102.787 181.172 115.573 

 

To test hypothesis 5, a RM ANOVA was conducted to examine the effect of score 

classification (between-subject factor) on the mean QE onset having the serve direction as the 

within-subject repeated factor. Mauchly’s test indicated that the assumption of sphericity was met, 

χ
2 (5) = 5.741, p = 0.332. 

 

Table 7 
Means and SDs for the QE onset by serve direction and score classification 

		 Low-scores High-scores Total 

Serve Direction M SD M SD M SD 

FW 195.020 128.933 177.94 112.187 185.226 119.479 

BT 203.134 104.315 202.961 160.45 203.025 141.705 

FT 182.668 94.1296 177.14 129.319 179.361 116.054 

BW 180.518 109.823 195.924 156.771 190.903 142.933 

 

The main effect for score classification was non-significant, F (1, 529) = 0.025, p = 0.875, 

ηp
2 < 0.001. Descriptive statistics showed that shots classified as high score had a slightly earlier 

onset (M = 189.408ms, SD = 142.191) than shots classified as low score (M = 191.173ms, SD = 

110.842; d = 0.01). Moreover, main effect analysis for the four different serve directions showed 

non-significant differences in the QE onset, F (3, 529) = 0.698, p = 0.554, ηp
2 = 0.004. Results also 

revealed that earlier onsets were observed in the forehand shots (i.e., FW and FT), which had 

earlier onsets than backhand shots (for descriptive see Table 7). Serve direction by score 

classification also yielded a non-significant interaction, F (3, 529) = 0.335, p = 0.800, ηp
2 = 0.002. 



45 

Results pertaining to the fifth hypothesis failed to support to the prediction of shots classified as 

high scores will be characterized by early onsets. 

QE Duration 

Hypothesis 4 stated that high skill players would have longer QE durations than their less 

skilled counterparts. To test this hypothesis, a RM ANOVA with skill-level as the BS factor and 

serve direction the WS repeated factor was performed (see Table 8). The hypothesis was confirmed 

revealing that high-skill players had longer QE durations that their less-skilled counterparts (d = 

1.18).  

 

Table 8 
Means and SDs for the QE duration by serve direction and skill-level 

		 Intermediate-Skill High-Skill Total 

Serve Direction M SD M SD M SD 

DW 194.110 110.800 288.386 178.794 234.963 151.040 

DT 191.969 99.224 277.468 148.170 229.018 129.469 

AT 194.145 95.816 291.917 209.137 236.513 162.115 

AW 205.279 136.738 286.123 160.788 240.312 152.398 

 

Mauchly’s test indicated that the assumption of sphericity was met, χ2 (5) = 6.708, p = 

0.243. Main effect analysis for the four different serve directions showed non-significant 

differences in the QE duration, F (3, 354) = 0.132, p = 0.941, ηp
2 = 0.001 (see Table 8). In contrast, 

a skill-level main effect was significant, F (1. 118) = 40.769, p < 0.001, ηp
2 = 0.257 - high-skill 

players had a significantly longer QE duration (M = 285.973ms, SD = 76.171) than intermediate-

skill players (M = 196.376ms, SD = 76.170; d = 1.18). Additionally, the skill-level by serve 

direction was non-significant, F (1, 354) = 0.092, p = 0.965, ηp
2 = 0.001. In all the serve directions, 

high-skill players sustained longer QE durations than their less-skilled counterparts. 
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To test the hypothesis of longer QE durations in shots classified as high scores, a RM 

ANOVA was performed with score classification as the between-subject factor and serve direction 

as the within-subject repeated factors. Mauchly’s test indicated that the assumption of sphericity 

was met, χ2 (5) = 9.708, p = 0.084. 

A non-significant main effect for serve direction was revealed, F (3, 529) = 0.228, p = 

0.877, ηp
2 = 0.001, indicating that QE durations had similar lengths in the four serve directions (for 

descriptive statistics see Table 9). Main effect analysis showed that shots classified as high score 

had a significantly longer QE duration (M = 252.639ms, SD = 168.985) than shots classified as low 

score (M = 220.157ms, SD = 127.867, d = 0.22) F (1, 529) = 5.270, p < 0.05, ηp
2 = 0.010). 

Furthermore, the score-classification by serve direction interaction was non-significant, F (3, 529) 

= 0.161, p = 0.922, ηp
2 = 0.001. These results lend support to the prediction that high-score shots 

would be characterized by longer QE durations. 

 

Table 9 
Means and SDs for the QE duration by skill-level and totals 

		 Intermediate-Skill High-Skill Total 

Serve Direction M SD M SD M SD 

DW 217.467 122.782 236.406 164.675 228.327 148.077 

DT 218.294 124.878 262.945 173.689 246.280 158.268 

AT 223.862 124.448 253.194 167.598 241.411 151.849 

AW 222.173 145.161 256.759 170.942 245.487 163.257 

 

Egocentric Gaze 

Central Vision Counts 

To test the hypothesis postulating higher frequencies of racket-ball contacts in central 

vision for high skill players and high score shots, a contingency table analysis was performed to 
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estimate the relation between skill level and the number of shot that had central vision on the ball-

racket impact.  

Of the 791 shots available for the analysis, in 555 (70.2%) the racket-ball contact occurred 

within the limits of the scene camera (i.e., performed in central vision). Contingency analysis 

revealed that in 297 (79.6%) of the shots high-skill level players occurred central vision (i.e., 35.3 

more cases than expected) while the intermediate-skill players used 258 (61.7%) times central 

vision. The differences between the two skill-level players was significant, χ2 (1) = 30.176, p < 

0.001 (see Figure 8). 

 

 

Figure 8. Egocentric gaze counts of central vision by skill-level. 
Note. Error bars = 95% CI. 

 

Pertaining to the score-classification, 360 high score shots (71%) had central vision; this is 

only 4.3 more counts than expected. Interestingly, 68.7% (195) of shots classified as low score 
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resulted in central vision strategy. Yet, the differences between the two score classification in 

central vision was non-significant, χ2 (1) = 0.478, p = 0.489 (see Figure 9). 

These results support the predictions. Contingency tables analysis revealed that a higher 

percentage of racket-ball contacts occurred in central vision for high-skill players, in comparison to 

intermediate-skill players.   

 

 

Figure 9. Egocentric gaze counts by score classification. 

Note. Error bars = 95% CI. 

 

Racket-ball Contact Centroids 

The hypothesis of more egocentric racket-ball contacts in high-skill players and shots 

classified as high-score, was tested by calculating the centroid of each shot type and compared with 

their radial error from the origin of the image by calculating the SRE.  
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The raw coordinates were graphed using a scatter plot that is presented in Figure 10. To 

facilitate interpretation of the raw coordinates, the centroids for each shot type (i.e., forehands and 

backhands) per participants were calculated. In the centroid per participant plot (see Figure 11), it 

can be seen that the high-skill players seem to locate their eye-gaze closer to the zero in the Y-axis 

and even a couple of shots were very close to the image’s origin. On the forehand side, it can be 

observed that the high-skill players fixated their eye-gaze closer to zero in both the X- and Y-axes. 

 

Figure 10. Raw coordinates for each player by skill level and shot-type. 
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Figure 11. Forehand and backhand centroids for each player by skill-level 
 

Each shot type was further classified into a centroid representing the two skill levels (see 

Figure 12). Pertaining to backhand shots, an independent-sample t-test was computed to test the 

differences in X- and Y-centroids by skill level. Results indicated that the differences between the 

two skill levels were significant in the Y-axis, t (37) = -3.032, p < 0.01, but non-significant on the 

X-axis, t (37) = 0.745, p = 0.461. Specifically, high-skill backhands were close to the zero point in 

the Y-axis and displaced to the left of the origin (X = -209.82, Y = 3.69). In contrast, intermediate-

skill backhands were characterized by a racket-ball contact that was higher and closer to the left 

edge (X = -236.16, Y = 117.96). In forehand shots (see Figure 12), the independent samples t-test 

revealed significant differences in centroids between high- (X = 241.43, Y = -3.19) and 

intermediate-skill players (X = 355.20, Y = 119.38) in both the X-axes, t (34) = 2.357, p < 0.05 and 

Y-axes, t (34) = -3.501, p < 0.01. That is, high-skill forehands were very close to the zero point in 

the Y-axis, whereas the intermediate-skill players had significantly higher racket-ball contacts. 



51 

Likewise, high-skill players were significantly closer to the origin in the X-axis, whereas the 

intermediate-skill players made contact almost at the edge of the scene camera. 

 

Figure 12. Forehand and backhand centroids means by skill-level. 
 

Finally, a comparison of centroid by skill level and shot-type was graphed and presented in 

Figure 13. It can be observed that backhand shots for both skill-levels (i.e., triangles in Figure 13) 

and forehand shots only for high-skill players (i.e., black circles in Figure 13), showed a pattern of 

racket-ball contacts closer to the center in shots classified as high-score (i.e., solid colors) in 

comparison to low-score shots. In contrast, in forehand shots for the intermediate skill, shots 

classified as high-score had a greater proximity to the origin in the Y-axis, but were more distant in 

the X-axis. 
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Figure 13. Mean centroid by skill-level and score classification. 
Note. Triangles represent backhands and circles represent forehands. Grey icons represent 
intermediate-skill and black icons represent high-skill participants. Filled colors represent high 
score shots and outline colors represent low score shots. 
 

Subject-centroid Radial Error 

Following the descriptive analysis of the plots, a numerical measurement of the centroids 

error in relation to the origin (i.e., SRE) was calculated. A two-way ANOVA was performed to test 

the effects of skill-level and score-classification on mean SRE. The test of homoscedasticity 

showed that the variance between the groups was equal, F (3, 73) = 0.10, p = 0.961 (see Figure 

14). 

 



53 

 

Figure 14. Mean SREs by skill-level and score classification 
* p < 0.05. 

 

Results indicated a significant main effect of skill-level on SRE, F (1, 73) = 11.874, p < 

0.01, d = 0.791. High-skill players demonstrated racket-ball contacts closer to the center of the 

scene camera (M = 272.652px, SD = 92.12), in comparison to their less skilled counterparts (M = 

345.457px, SD = 91.99). In contrast, main effect analysis of score classification on SRE revealed 

that although high-score shots had smaller radial errors (M = 300.734px, SD = 92.81) than low-

score shots (M = 317.375px, SD = 92.43), these differences were not statistically significant, F (1, 

73) = 0.62, p = 0.433, d = 0.189. Lastly, results showed a non-significant interaction between skill-

levels and score-classification on Mean SRE, F (1, 73) = 0.75, p = 0.390.  

The obtained results partially support hypothesis 7. Significant differences in SRE between 

high-skill and intermediate-skill players were obtained, signifying that high skill players had 

racket-ball contacts closer to the origin than their counterparts. In relation to score-classification, 
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shots classified as high showed a trend of smaller radial errors from the center, however the 

differences were not significant. 

Summary of Results 

In general, and as predicted, the findings revealed a clear distinction in gaze behaviors 

between high- and intermediate-skill level tennis players returning serves. Figure 15 is a visual 

summary of the gaze behaviors of intermediate-skill (upper panel Figure 15) and high-skill players 

(lower panel Figure 15) across trials. High-skill players had on average shorter trials in comparison 

to their less skilled counterparts, highlighting the importance of having an effective gaze strategy 

due to the higher temporal constraints of the task.  In addition, the mean fixations on the ball pre-

bounce and bounce area were longer for high-skill players, however only the former difference 

reached statistical significance. Interestingly, the mean fixations on the ball post-bounce and 

impact zone were significantly longer for intermediate-skill players than for high-skill players. 

Furthermore, the onset of the ball pre-bounce –which corresponds to the QE onset- occurred earlier 

in high-skill players than in their less-skilled counterparts, however, this difference in QE onset 

was not significant. Lastly, although not presented in Figure 15, the QE duration was significantly 

longer for high-skill players. 

 Pertaining to the egocentric gaze, it was observed that high-skill players had a higher 

percentage of trials in which the racket-ball contact occurred in central vision compared to the 

intermediated-skill group. Moreover, both forehand and backhand shots were on average closer to 

the origin (i.e., more egocentric) in the high-skill players than in the intermediate-skill players.  

In addition, the measurement of SRE confirmed the descriptive centroid analysis that high 

skill players and shots classified as high score had racket-ball contacts closer to the center of the 

visual field of view in comparison to their counterparts. 
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Figure 15. Summary of gaze behaviors. Upper panel intermediate-skill players. Lower panel high-skill players. 
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CHAPTER 5 

DISCUSSION 

The purpose of this study was to examine gaze behaviors and egocentric gaze in 

intermediate-skill and high-skill tennis players in situ. Eye-tracking technology was used to 

analyze gaze behaviors during the course of a serve return. Gaze behaviors were divided in four 

areas of interest: the ball before bounce, the bounce area, the ball after bounce, and the impact 

zone. Furthermore, the coordinates of the ball-racket impact location were analyzed in relation to 

the participant’s egocentric gaze. Tennis players of both genders were assessed in a serve returning 

task with their gaze behaviors being recorded using a mobile eye-tracking system, while the 

performance of the returns were measured in relation to the ball’s first bounce. Of the seven 

hypotheses tested, results obtained in this study fully supported two hypotheses (i.e., Hypotheses 1 

and 6), whereas for the remaining results were equivocal. 

Performance 

The correlation between performance and skill-level yielded a positive and significant 

relation between these two variables. As expected, high-skill level was related to higher scores, 

however the correlation between the two variables was not sufficiently high to consider that only 

one metric was needed for analysis purposes. Consequently, both factors were used throughout the 

study to analyze skill- and performance-based differences in gaze behaviors. 

An analysis of return serve’s performance revealed that, as expected, high-skill players 

obtained higher scores on each shot in comparison to their less-skilled counterparts. Additionally, 

performance data indicated that for both skill groups, forehand shots were characterized by higher 

scores, in contrast to the backhand shots. Higher performance displayed by high-skill players is a 

consequence of an ampler knowledge base, a higher ability to recognize and process stimuli, and 
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ultimately, a better reaction to task specific demands (Ericsson & Lehmann, 1996; Richman et al., 

1996). 

The higher performance observed in forehand shots is attributed to the importance placed 

for this shot – being considered the most important stroke after the serve (Seeley, Funk, Denning, 

Hager, & Hopkins, 2011). High-skill players typically use forehand shots to dictate the game by 

trying to hit as powerful and precisely in well-placed court locations (Landlinger, Lindinger, 

Stöggl, Wagner, & Müller, 2010). Thus, as a consequence of several years of experience and 

practice, both skill level players have developed a higher accuracy in forehand shots. 

Although the results pertaining to performance were significant, the differences between 

skill levels were expected to be larger than what the task’s measurement revealed. There are two 

possible explanations for the lack of clear differentiation that may have affected the score-based 

differences throughout the study. First, although the participants were recruited from two 

distinctive groups (i.e., Division-I teams and recreational club teams), there was some overlap in 

the years of experiences and the subjective skill evaluation. Although the average of these 

indicators were different, it is possible that the better players in the intermediate-skill group 

possessed similar skill to the less-skilled players of the high-skill group. Future studies should 

include participants from more distinctive groups such as elite players and complete novices to 

fully capture the skill-based differences in gaze behaviors. 

Additional possible explanation is related to the method used to assess performance in the 

current study. The ITN (ITF, 2004) method gives a score of zero points to any shot missed or that 

hits the net, however it does not take into account the degree of the mistake. For example, most of 

the zero-point shots in the intermediate-skill group missed the court by several meters, and few of 

them missed the ball with the racket. Moreover, zero-point shots in the high-skill players were 

usually shots that missed the lines by a few centimeters. Furthermore, the misses in the high-skill 
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group may reflect an aggressive playing style and going for the lines, in comparison to more 

conservative playing styles. A new standardized measure of performance is required that not only 

evaluates outcome, but also the provides partial scoring to shots that are marginally out. Lastly, 

there is a need to assess gaze behaviors of truly elite tennis players in order to fully understand the 

relationship between gaze behaviors and expertise development. 

Gaze Behaviors 

It should be noted that the high-skill trials were over 120 milliseconds shorter due to the 

serves’ higher speed. Although these differences were expected and were successful in establishing 

ecological validity for the tennis serves (i.e., higher serve speeds for high-skill players), the gaze 

behavior results may be biased due to different time constraints. However, despite of the more 

restrictive time constraints of the high-skill players, they still displayed superior gaze behaviors 

and higher performance than their less skilled counterparts. 

Fixation Onset 

As expected and in line with previous studies (e.g., Vickers, 1992), high-skill players 

displayed on average less fixations on each shot. Several reported experiments (see review by 

Mann et al., 2007) have established that high-skill players are able to extract more task-relevant 

information from each fixation than lesser skilled performers. The results obtained in the current 

study support the notion of higher performance characterized by a fewer number of fixations. 

Although the overall differences pertained to skill-level failed to reach statistical 

significance, the analysis regarding the number of fixations by location indicated interesting 

results. Further analyses revealed significantly fewer fixations were required by high-skill players 

when looking at the ball (before and after bounce). Since the main stimuli in a serve returning task 

is the ball, one could argue that the notion of fewer fixations of high-skill players was verified in 

the current study.  
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In comparison, high skill players fixated more times on the bounce area compared to 

intermediate skill players. Although these differences were not significant, the trend observed may 

contradict the notion of fewer fixations in higher levels of expertise. However, previous studies in 

sports where the ball bounces before reaching the player (e.g., cricket or tennis) have shown that 

high level performers usually rely on predictive saccades to anticipate the ball-bounce location 

(Mann, et al., 2013). Consequently, a higher number of fixations (following a saccade into the 

bounce area) may be expected in high-skill players.  

Lastly, the impact zone location shows a similar number of fixations between the two skill 

levels. In general, less than 10% of the trials showed an impact zone fixation. This may be due to 

the fact that the ball reaches very high speeds as it approaches the player (Bahill & LaRitz, 1984), 

making it impossible to produce fixations in such temporal constraints. Furthermore, in 

interceptive sports like baseball (Gray, 2009) and cricket (Mann, et al., 2013), some players may 

use predictive saccades to lag the gaze behind the location of ball-bat contact. Taking this evidence 

in consideration, fixations on the impact zone may not only be difficult to produce, but also it may 

be detrimental for performance. Therefore, there is a need to study ball-racket gaze behaviors that 

go beyond fixations, like for example head-eye coupling or egocentric gaze (see below). 

Fixation Duration 

Consistent with the study’s hypothesis, the current results revealed that high-skill players 

fixate longer than intermediate-skill players. Likewise, shots classified as high-score were 

associated with longer fixations on all the AOI. These results are consistent with previous findings 

with hockey goalkeeping (e.g., Bard & Fleury, 1981) and golf (e.g., Vickers, 1992). 

When the mean fixation duration was decomposed into the different AOI, results revealed 

that high skill players fixated for longer durations than intermediate ones on the ball pre-bounce 

and the bounce area. This pattern of longer fixations on the ball pre-bounce was also observed in 
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shots classified as high-score, but not on the bounce area where shots classified as low- and high-

scores obtained similar fixation durations. Interestingly, intermediate-skill players fixated longer 

on the ball post-bounce and impact zone. These results promote the notion that gaze behaviors 

facilitate the preprograming of motor responses (Janelle et al., 2000; Mann et al., 2011). However, 

to formulate a precise motor program, early information is more important than information 

acquired later. Late ball-flight information may be superfluous for the performance of the hitting 

action (Land & McLeod, 2000) due to the time that is required to make changes in the motor 

program while the ball is rapidly approaching. 

It was evident that without the sufficient time to process task-relevant cues, either by 

having later fixation onsets or shorter fixation durations, omissions and incorrect decisions were 

inevitable as it was observed by the inferior performance of intermediate-skill players. Moreover, 

literature within this field has systematically highlighted the expertise-based differences of fixation 

location and duration that are postulated to reflect the perceptual strategy used to obtain task-

relevant information from the environment. From an information-processing perspective, experts’ 

gaze behaviors are more efficient and effective because the pieces of information are effectively 

grouped together, allowing superior associations and inferences (Woo Sohn & Doane, 2003). In 

short, results from the current study regarding fixation onset and mean fixation duration, support 

the regularly reported result of higher performance characterized by fewer fixations for longer 

durations (Vickers, 1992). 

The “Quiet-eye”  

The gaze behavior data obtained in the current study supported the notion that high-

skill players maintain longer QE periods. This pattern was also observed in shots classified as high 

scores compared to low-score shots. Concerning the QE onset, the results confirmed the hypothesis 

that high-skill players displayed an earlier QE onset. Likewise, shots classified as high-scores had 
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earlier QE onsets, however this difference was not significant. These results coincide with several 

studies that have shown the similar results (e.g., Panchuk & Vickers, 2006; Rodrigues et al., 2002; 

Vickers & Adolphe, 1997). The literature has consistently established that longer QE durations in 

high-skill players are associated with enhanced performance (e.g., Adolphe, et al., 1997; 

McPherson & Vickers, 2004; Vickers, 1996a). 

An analysis of the QE onset by skill-level and score-classification showed very similar 

durations in the two pairs of comparisons. However, in relation to the QE duration, a clear 

distinction between shots classified as low- and high-scores was observed. The QE duration of low 

score shots was significantly shorter than the shots classified as high for both skill levels, although, 

as expected the differences were more pronounced in high-skill players. Nonetheless, it was 

interesting to observe that there was an increase in QE duration for high-score, but less for low-

score shots in the intermediate-skill group. These results confirmed the relevance of the QE period 

and its influence on performance, not only between levels of expertise, but also within each of the 

two skill-level players. 

The QE role in performance was explained by the three neural networks needed for 

optimal vision control proposed in Posner and Raichle’s (1997) theory. The first neural network is 

the orienting attentional network, which is responsible for guiding the attentional resources to the 

relevant environmental cues. In the case of tennis, this neural network is in charge of allowing the 

player to only devote his or her attention to the tennis ball once it leaves the feeder’s racket. The 

second neural network is the executive attentional network, which entails recognizing that a 

specific cue fulfills the particular goal the player is aiming for. It is in the neural network where the 

tennis player makes sure that his/her focus point (i.e., the ball) is an essential part of the goal 

he/she intends to achieve (i.e., hit a return winner). Finally, the third neural network, which is 

the vigilance network, helps maintain the attention on the critical cue and ‘protects’ the player from 



62 

distractions. Under this circumstance, longer QE durations are a consequence of a better 

coordination of the available attentional resources by the vigilance network. The QE allows the 

player to quiet his/her mind and solely fixate on an object prior to movement initiation. 

Furthermore, it prevents performance from being disrupted by environmental cues that are not 

relevant to the task at hand. Under this theory, the QE duration is a reflection of the organization of 

the necessary critical neural networks for the optimal control of visual attention (Vickers, 1996a).  

An alternative explanation of the underlying mechanism of the QE is related to the 

development and preparation of motor programs. In their study with rifle shooters, Janelle et al. 

(2000) found that experts demonstrated a longer QE period than non-experts. The longer period of 

fixation was accompanied by a pronounced hemispheric asymmetry. The authors claimed that the 

organization of the visual system parameters may lead to, or are a reflection of, increased 

activation of relevant cortical pathways (Janelle et al., 2000). In another study that compared low 

versus high handicap golfers, Mann et al. (2011) found that the low-handicap athletes had longer 

QE periods and greater amplitudes on an action potential called Bereitschafts (or “readiness 

potential” in German). Action potential is a characteristic of greater movement preparations that is 

measured in the motor cortex and supplementary motor areas of the brain that lead up to voluntary 

muscle movement.   

Other studies have experimentally manipulated the task demand or the QE duration by 

manipulating the onset of the last fixation. Klostermann, Kredel, and Hossner (2013) found that in 

comparison to simpler tasks (i.e., short presentation of the stimulus that affected the predictability 

of the final target position), more complex tasks required longer QE duration such as longer 

presentation of the stimuli. However, they found that the longer QE periods were only beneficial 

under a high-information processing load. Consequently, the authors concluded that the facilitation 

of information processing is an important underlying mechanism of the QE benefits. 
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Overall, as this study’s results and previous studies in interceptive sports have suggested 

(see review by Vickers, 2016a), an early onset and longer QE durations are critical to successfully 

intercept fast-approaching objects. Earlier onsets help maximize the tracking time and allows the 

processing of early flight information, while longer QE durations provides ample time to 

accurately calculate the flight trajectory, which in turns leads to higher performance. 

Egocentric Gaze 

An analysis of egocentric gaze indicated that a higher number of shots occurred in foveal 

vision in high-skill players and shots classified as high-scores in comparison to intermediate-skill 

players and shots classified as low-score. Additionally, a visual and statistical inspection of the 

ball-racket centroids revealed that high skill players gazed closer to center of the image, more so 

than the intermediate-skill players. This was observed for both forehand and backhand shots. 

Likewise, it was observed that in shots classified as high-scores, the centroids were closer to the 

origin, than shots with lower performance. It may be possible that the egocentric gaze which 

reflects the head direction, may play an important role in the guidance of the hitting movements 

like the one performed by tennis players returning serves. With experience, tennis players may 

decrease the likelihood of misjudging the precision and accuracy of the interceptive action. 

The best information pertaining the position and speed of approaching objects comes from 

the fovea and its immediate vicinity (Hallett, 1991). Therefore, it is expected that whenever the 

fovea is directed to the specific location of ball-racket contact, better information regarding the 

impact is acquired, and subsequently a better shot is produced (Land & McLeod, 2000). Although 

these claims require further examination, it is possible that through years of experience tennis 

players are able to better predict the ball’s flight-path, allowing them to have foveal vision of the 

ball-racket contact and ultimately have better performance outcomes. This hypothesis was partially 
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tested using video and photographical evidence of the world’s best tennis players (Lafont, 2007, 

2008).  

In addition to the previous possible explanation of the role of the predictive saccades to the 

impact zone, the role of peripheral vision is unknown. Although players had foveal vision to the 

expected zone of racket-ball contact, in most cases it was observed –via the scene camera of the 

eye-tracking system– that peripheral vision could be used to monitor whether the ball is 

approaching the expected area. Some studies (e.g., Herlihey & Rushton, 2012) have tried to further 

understand the peripheral visions’ characteristics and underlying mechanisms in relation to 

performance. However, to date none of those studies has been done in the sporting contexts and 

there are no clear answers of the peripheral vision’s role in motor performance. This is mainly due 

to the inability to accurately determine where a person is truly focusing when eye-tracking systems 

only offers a representation of central (i.e., foveal) vision.  

Limitations and Future Research 

Although this study tried to recreate all the combinations of serve returns, future 

studies must include other shots, like for example groundstrokes, serves, and volleys. Moreover, 

the current technology allows the analysis of full points in which the participant performs a variety 

of shots. Although, calibration issues and a very time consuming analysis would be expected in 

more complex tasks, these changes in methodology are required to further discern the gaze 

behaviors characteristics leading to successful performance and expertise-based differences in 

tennis. Furthermore, the availability of new technologies that allow the monitoring of eye 

movements at higher sample rates (i.e., more than 100 Hz) could provide a better look at the 

perceptual-cognitive strategies that are used in tennis. 

Gaze behaviors in interceptive sports depend on the time it takes the ball to approach the 

player, therefore it is possible that variations in the observed data may be related to inconsistencies 
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in the feeds between and within participants. Although the inclusion of the feeder allowed the 

participants to use advance kinematic information and the lack of consistency may reflect what 

happens in real tennis matches, the results obtained pertaining to gaze behaviors may be affected 

by differences in feed quality. More studies must maintain a good balance between higher 

consistency in the feeds and the availability of advance cues for the participants. Fortunately, 

technological advancements have allowed the development of ball-machine systems that are 

synchronized with real life projections of feeders. Although currently this system is only available 

for cricket and was used in the research by Mann et al. (2013), it provides some ideas into how to 

best handle the effect of feeders and ball-machines in gaze behavior studies. Changes in the 

method will allow a higher ecological validity that will help fully capture the gaze behaviors that 

lead to superior performance and to the development of expertise (Williams & Ericsson, 2005). 

To the author’s knowledge, this study is the first empirical examination of egocentric gaze 

behaviors in tennis. Although promising results were obtained, there are a few limitations on the 

method used to analyze egocentric gaze. First, the sample rate of the scene camera (30fps) may not 

be the best system to determine whether the racket-ball contact occurred in egocentric gaze. The 

ball and racket angular speed is very high when the objects are closer to the participant’s body, 

therefore fast speed cameras are required to clearly distinguish the location of the egocentric gaze. 

Additionally, other technologies may be relevant in the measurement of egocentric gaze. For 

example, eye-tracking systems can be combined with motion analysis systems in order to 

accurately assess head-eye couplings. There may be some difficulties with these highly complex 

arrangements, namely the high costs of equipment and the fact that most motion analysis systems 

are not for outdoor use. Nonetheless, technological advancements may allow the development of 

such systems in the near future. On a similar note, researchers should explore the use of virtual 

reality (VR) systems that allow the real-time recording of eye movements in immerse virtual 
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environments (Diaz, Cooper, Kit, & Hayhoe, 2013). Controlled studies in laboratories may use VR 

systems displaying footage obtained in real world scenarios; this would allow an ideal method in 

which highly controlled studies are done without losing the ‘reality’ of actual tennis scenarios. In 

sum, there is a need for more studies to either corroborate or contradict the results obtained in the 

present study, as well to understand the possible functional advantages of egocentric gaze that may 

result in more efficacious hitting and/or reduce the likelihood of misjudging the accuracy of the 

interceptive action. 

Applications 

Eye-tracking studies in-situ involve several technical and logistical challenges that need to 

be addressed in order to obtained accurate results. In addition, technological advancements 

constantly make available higher sample-rates in eye-tracking technology, producing massive 

amounts of data. Therefore, it is paramount for researchers to plan carefully their observations to 

allow for appropriate data management and analysis. 

Prior to the beginning of data collection, researchers must be mindful of several external 

factors that may affect the data collection. Although advanced eye-trackers are designed to reliably 

work outdoors, the location’s lighting can have a crucial impact on the quality of data. 

Additionally, wireless eye-trackers allow the capture of gaze behavior while participants are 

executing the task, however abrupt movements may affect the wireless equipment, which still 

relies on physical connections between the glasses and the digital recorder.  

In interceptive sports like tennis, the ball’s flying time affects the onset and duration of 

gaze behaviors. Therefore, the constant debate between ecologically valid (i.e., feeders) versus 

controlled tasks (i.e., ball machines) needs to be solved in a manner that helps controlled the speed 

and consistency of the feeds, while also providing early cues to the returner. Luckily, in a few 

sports (e.g., cricket) new systems have been developed to facilitate both objectives. Whenever 
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possible, feeding systems that provide consistency and early cues would facilitate the data 

collection process of eye-tracking studies. 

In a recent paper (Vickers, 2016b) argued that researchers are recommended to use absolute 

measures of accuracy (e.g., putts holed vs. putts missed), rather than combining hits and misses 

(e.g., radial error) in order to produce clearer results. In the particular case of tennis, it is difficult 

to set an absolute criterion for performance. Not all shots that land inside the court are ‘good’ shots 

and there is certain variability in the way that performance is measured in tennis. There is a need to 

better establish performance outcomes in tennis that are sport-relevant and at the same time 

facilitate the understanding of the relationship between performance and gaze behaviors. 

Once data is collected, researchers must be prepared to handle big amounts of data. The use 

of data management techniques using specialized software (e.g., Matlab) facilities the process of 

data reduction which is more manageable and understandable. Newer techniques like the one used 

in the current study (i.e., SGM) not only facilitates the processing and analysis of information, but 

also reduces significantly the amount of time required to process eye-tracking data. Furthermore, 

some studies have used a complex set-up that combined eye-tracking and motion analysis 

technology to objectively calculate the gaze vector in a three-dimensional space (Kredel, 

Klostermann, Lienhard, Koedijker, & Michel, 2011). Although this set-up is complex and 

expensive, it could automatize data collection and analyses, making the study of gaze behaviors 

more objective and technologically robust. 

Conclusion 

This study, the first tennis QE study done in situ, continues building evidence that shows 

the relationship between QE and performance, and the strong link between longer QE periods and 

expertise. Moreover, it opens the door to a whole new field of tennis studies that are interested in 

describing gaze behaviors across the whole task. Furthermore, the findings of this study in 
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combination with results from similar studies in the field, indicate that it is possible to capture and 

measure gaze behaviors using eye-tracking systems in situ while players are executing fast-pace 

dynamic drills. 

The unique and advanced perceptual skills of expert players can be used to provide 

important information to better understand the development of expertise. Additionally, this field of 

study must focus on applying the knowledge from this and future studies to develop better training 

methods that help young players enhance their perceptual-cognitive abilities by mimicking the 

gaze behaviors that high skill tennis players display. 

Great tennis is not simply a matter of watching the ball. The location, duration of fixations 

on the ball and possibly the ability to keep the eyes (and head) in the appropriate location may 

appears to be a key component in the quest to become a world class player.  
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APPENDIX A 

IRB APPROVAL 

The Florida State University 
Office of the Vice President For Research 
Human Subjects Committee 
Tallahassee, Florida 32306-2742 
(850) 644-8673, FAX (850) 644-4392 
 
APPROVAL MEMORANDUM 
 
Date: 2/27/2015 
 
To: Cristian Saenz-Moncaleano [ccs13d@my.fsu.edu]  
 
Address: 1114 W. Call Street, Tallahassee, FL 
Dept.: EDUCATIONAL PSYCHOLOGY AND LEARNING SYSTEMS 
 
From: Thomas L. Jacobson, Chair 
 
Re: Use of Human Subjects in Research 
Impact Zone Quiet Eye Periods (IZQEP) in Tennis 
 
The application that you submitted to this office in regard to the use of human subjects in the 
proposal referenced above have been reviewed by the Secretary, the Chair, and one member of the 
Human Subjects Committee. Your project is determined to be Expedited per 45 CFR Â§ 46.110(7) 
and has been approved by an expedited review process. 
 
The Human Subjects Committee has not evaluated your proposal for scientific merit, except to 
weigh the risk to the human participants and the aspects of the proposal related to potential risk and 
benefit. This approval does not replace any departmental or other approvals, which may be 
required. 
 
If you submitted a proposed consent form with your application, the approved stamped consent 
form is attached to this approval notice. Only the stamped version of the consent form may be used 
in recruiting research subjects. 
 
If the project has not been completed by 2/26/2016 you must request a renewal of approval for 
continuation of the project. As a courtesy, a renewal notice will be sent to you prior to your 
expiration date; however, it is your responsibility as the Principal Investigator to timely request 
renewal of your approval from the Committee. 
 
You are advised that any change in protocol for this project must be reviewed and approved by the 
Committee prior to implementation of the proposed change in the protocol. A protocol 
change/amendment form is required to be submitted for approval by the Committee. In addition, 
federal regulations require that the Principal Investigator promptly report, in writing any 
unanticipated problems or adverse events involving risks to research subjects or others. 
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By copy of this memorandum, the Chair of your department and/or your major professor is 
reminded that he/she is responsible for being informed concerning research projects involving 
human subjects in the department, and should review protocols as often as needed to insure that the 
project is being conducted in compliance with our institution and with DHHS regulations. 
 
This institution has an Assurance on file with the Office for Human Research Protection. The 
Assurance Number is FWA00000168/IRB number IRB00000446. 
 
Cc: Gershon Tenenbaum, Advisor 
HSC No. 2015.14863 
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APPENDIX B 

IRB RE-APPROVAL 

 
The Florida State University 
Office of the Vice President For Research 
Human Subjects Committee 
Tallahassee, Florida 32306-2742 
(850) 644-8673, FAX (850) 644-4392 
 
RE-APPROVAL MEMORANDUM 
 
Date: 12/7/2015 
 
To: Cristian Saenz-Moncaleano [ccs13d@my.fsu.edu]  
 
Address: 1114 W. Call Street, Tallahassee, FL 
Dept.: EDUCATIONAL PSYCHOLOGY AND LEARNING SYSTEMS 
 
From: Thomas L. Jacobson, Chair 
 
Re: Re-approval of Use of Human subjects in Research 
Impact Zone Quiet Eye Periods (IZQEP) in Tennis 
 
Your request to continue the research project listed above involving human subjects has been 
approved by the Human Subjects Committee. If your project has not been completed by 12/5/2016, 
you must request renewed approval by the Committee. 
 
If you submitted a proposed consent form with your renewal request, the approved stamped 
consent form is attached to this re-approval notice. Only the stamped version of the consent form 
may be used in recruiting of research subjects. You are reminded that any change in protocol for 
this project must be reviewed and approved by the Committee prior to implementation of the 
proposed change in the protocol. A protocol change/amendment form is required to be submitted 
for approval by the Committee. In addition, federal regulations require that the Principal 
Investigator promptly report in writing, any unanticipated problems or adverse events involving 
risks to research subjects or others. 
 
By copy of this memorandum, the Chair of your department and/or your major professor are 
reminded of their responsibility for being informed concerning research projects involving human 
subjects in their department. They are advised to review the protocols as often as necessary to 
insure that the project is being conducted in compliance with our institution and with DHHS 
regulations. 
 
Cc: Gershon Tenenbaum, Advisor [gtenenbaum@admin.fsu.edu] 
HSC No. 2015.17157 
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APPENDIX C 

INFORMED CONSENT 

 
Florida State University 

Gaze Behaviors in Tennis 

The purpose of this research is to better understand post shot gaze behaviors on tennis 
players. Participants will be recruited through the Educational Psychology and Learning Systems 
(EPLS) Subject Pool or through tennis varsity teams, clubs or academies. You will be awarded 1 
credit points for participating in the study if you have signed up for the study through the COE 
subject participation pool. Your participation in this study is strictly voluntary and there are no 
consequences if you decide not to participate in the study or if you decide to withdraw at any 
point (you will still receive full credit). This study is being conducted under the supervision of 
Dr. Gershon Tenenbaum of the Department of Educational Psychology and Learning Systems. 

During this study, you will be asked to hit deep groundstroke balls while you are wearing 
eye-tracker glasses. While engaging in the task your gaze behavior will be analyzed by the camera 
directed at your eyeball. In addition to playing tennis, your participation will involve completing a 
demographic questionnaire. The whole session will last approximately 1 hour. Although it is not 
expected, you may feel some discomfort by the eye-tracking glasses or symptoms of dizziness 
may occur. If any of these conditions arise, please inform the researcher and your participation in 
the study will stop. 

You may stop participating in the research project at any point in time. You can also be 
assured that all answers to questionnaire and videos will be kept confidential to the extent allowed 
by law. Responses to the demographic form and videos will be stored in a secure personal 
computer and destroyed on February 15, 2017. In addition, all identifying information on the 
demographic form filled out for the purpose of this study will be removed from the researcher’s 
copy of the demographic form. 
Participants’ responses will only be identified by a randomly assigned identification number. 
Results of the study may be published, but your name will not appear on any of the results. In 
addition, individual responses will be combined with group findings for reporting purposes. 

Although there are no direct benefits to your participation in the study, your participation 
will aid in the advancement of research on gaze behaviors in tennis. If you have any further 
questions please contact me, Camilo Sáenz-Moncaleano, at (850) 345-3144 or                              , 
or Dr. Gershon Tenenbaum (850) 644-8663 or gtenenbaum@fsu.edu. 

If you have any questions about your rights as a participant in this, or if you feel you 
have been placed at risk, you can contact the Chair of the Human Subjects Committee, 
Institutional Review Board, through the Vice President for the Office of Research at (850) 644-
7900 or humansubjects@fsu.edu. 

 
Please indicate whether you understand the risks and benefits associated with the present study? 
Please check Yes or No. 
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FSU	Human	Subjects	Committee	approved	on	12/7/2015.	Void	after	

12/5/2016.	HSC	#	2015.17157 

 

  

Please describe one of the benefits associated with this study: 

I have read the information in this consent form and agree to participate in this study. I have had 
the chance to ask any questions about this study, and they have been answered for me. Although 
the investigator will make every effort to maintain confidentiality, I understand the research 
records must be available to FSU’s IRB, if they are requested. 

Printed Name: 

Signature:  

Date: 



74 

APPENDIX D 

POWER ANALYSIS 

 
F tests -   ANOVA: Repeated measures, between factors 
Analysis:  A priori: Compute required sample size  
 
Input:   Effect size f                  = 0.5 
   α err prob                      = 0.05 
   Power (1-β err prob)           = 0.80 
   Number of groups               = 2 
   Number of measurements       = 40 
   Corr among rep measures       = 0.5 
 
Output:  Noncentrality parameter λ      = 9.75 
   Critical F                      = 4.41 
   Numerator df                   = 1.00 
   Denominator df                 = 18.00 
   Total sample size              = 20 
   Actual power                   = 0.83 
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APPENDIX E 

DEMOGRAPHIC QUESTIONNAIRE 

 
IZQEP Demographic Questionnaire 

 

Age 
 
Sex 
Male (1) 
Female (2) 
 
Hand dominance: 
Right (1) 
Left (2) 
 
Tennis Experience 
 
Please select the group you belong to: 
University Team (1) 
Club Team (2) 
 
How long have you been playing tennis? (Years) 
 
Answer If Please select the group you belong to: FSU Varsity Is Selected 
How many years of competitive tennis experience do you have? 
 
Answer If Please select the group you belong to: FSU Varsity Is Selected 
What is your racket number? 
 
Answer If Please select the group you belong to: FSU Club Is Selected 
To which FSU Club team you belong? 
A (1) 
B (2) 
C (3) 
D (4) 
 
In the past year, how frequently have you practiced tennis? 
Less than once per month (1) 
Once or twice per month (2) 
Once or twice per week (3) 
About every other day (4) 
Every Day (5) 
More than once a day (6) 
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To the best of your ability please rate your tennis skill: 

Beginner       
ATP/WTA 

Level 
1 2 3 4 5 6 7 8 

 
 
Do you have knowledge on the gaze behavior (eye movements and location of gaze) in tennis? 
Yes (1) 
No (2) 
 
Answer If Do you have knowledge on the gaze behavior (eye movements and location of gaze) 
in tennis? Yes Is Selected 
Explain your knowledge on gaze behaviors (eye movements) in tennis: 
 
Do you think wearing the eye-tracker affected your performance? 
 

Not at all    Completely 
1 2 3 4 5 

THANK YOU! 
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