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Professor Mark Williams
Editor in Chief, 
Human Movement Science

Dear Professor Williams

Attached is a copy of the manuscript Ref: HMS_2019_678_R1 which is now titled “Beyond 

visual fixations and gaze behaviour.  Using pupillometry to examine the mechanisms in the 

planning and motor performance of a golf putt”.  This title has been revised from the original 

title “Pupillometry: an examination of the allocation of attention in the planning and motor 

performance of a golf putt.  A preliminary investigation.” in accordance with suggestions 

made by the reviewers.    This is a second revision of the manuscript that has adhered to 

minor revisions suggested by the reviewers.

Once again, my co-authors and I would like to thank yourself and the reviewers for your 

professional handling of our manuscript and, for deeming the paper acceptable for 

publication once suitable minor revisions have been addressed.  We feel the review process 

has added much value to the paper and have sought to respond positively to the reviewer’s 

comments throughout.  Once again to facilitate your evaluation of the second revision of the 

manuscript we have also directed you to the exact place in the manuscript where the revision 

can be located. We have also highlighted additions and changes to the manuscript in red text 

in the new main document. 

Finally, thank you once again for this opportunity. If you require any further information, 

please let us know. We look forward to hearing from you.

Yours sincerely

Dr Evelyn Carnegie
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Human Movement Science

Reviewer 1 Comments: Response: Location
Specific Comments New Line 

after 
changes

1 Precision and complexity. 

My previous comment did not question the need for 
precision in golf putting. It questioned the fact that 
requirements on precision were not manipulated 
despite that the model presented in the Introduction 
is based on the manipulation of both complexity and 
precision. The need to manipulate both complexity 
and precision to evaluate this model should be 
addressed in the limitations and future directions 
section.

Thank you, we have now 
acknowledged the need for future 
research to consider manipulation 
of both complexity and precision 
to provide a more comprehensive 
examination of the allocation of 
attention during motor 
performance.   

669-671

2 Inhibition. 

I do not see how these findings support the inhibition 
hypothesis. The authors stated that longer QE 
duration and larger pupil constrictions “(…) offer 
evidence of this distinctive concentration of cognitive 
activity at the point immediately prior to skill 
execution (…)” (L658-659). First, why would pupil 
constriction reflect greater inhibition and not any 
other cognitive process that has nothing to do with 
inhibition? 

Second, the authors have misinterpreted their QE 
measure as reflecting only the period prior to skill 
execution. However, as they have also acknowledged 
in their response letter, their measure of QE mixes the 
phases before and after movement execution. 

Reflecting further on the question 
of inhibition we agree with the 
observation made and have 
removed reference to pupil 
constrictions (L658-659). This 
sentence has been amended to 
read ‘The significantly longer QE 
duration exhibited by the LHG 
during the QE period in this study 
offers additional evidence of this 
distinctive concentration of 
cognitive activity at the point 
immediately prior to skill 
execution characterised by highly 
automated processes’.

Apologies for not rectifying this 
oversight in our resubmission.  
Whilst we did provide clarification 
in our previous response that the 
QE measure used in this study 
related to total QE duration and 
not different phases of movement, 
we neglected to adjust our 
description in the text.  This has 
now been rectified.

Sentence has been amended to 
read: ‘The QE for golf putting was 

656-659

325-326
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defined by Vickers (2007) as the 
final fixation toward the ball’. 

Reviewer 2 Comments: Response:
Specific Comments

1 I like the new title too and think this works much 
better for the manuscript.

Thanks for confirming that the 
proposed title better reflected the 
nature of the work.  The paper title 
has now been amended to:

‘Beyond visual fixations and gaze 
behaviour.  Using pupillometry to 
examine the mechanisms in the 
planning and motor performance 
of a golf putt’

1-2



1 Abstract

2 The present study assessed the potential value of using pupillometry to explore skill 

3 level differences in the allocation of attention during planning and performance of a 

4 golf putt across three putting conditions of varying complexity.  Although numerous 

5 studies have reported on skill level differences in performers’ visual search behaviours, 

6 performance accuracy and quiet eye duration (QE) across a range of performance 

7 settings, few have provided an objective measure of the allocation of attention during 

8 task performance.  Fourteen participants were assigned to two groups [low handicap 

9 (LHG) and high handicap (HHG)] completing ten putts in three conditions; right to left 

10 (RL), left to right (LR) and straight (ST) from 1.75m while wearing a mobile eye 

11 tracker.  Skill based differences in the allocation of attention during green exploration 

12 and skill execution were observed. Pupil constriction observed for both groups during 

13 the QE period provides evidence of increased workload directly related to the increased 

14 motor task precision required in the physical performance of the putt.  LHG had 

15 significantly more fixations of longer duration than their HHG counterparts. Distinct 

16 differences were also evident between skill levels in relation to number of fixations, 

17 fixation duration and QE duration on each putting condition.  The significantly longer 

18 QE duration and larger pupil constrictions exhibited by skilled performers offer 

19 evidence of a distinctive concentration of cognitive activity characterised by highly 

20 automated processes.  

21

22 Key Words: pupillometry, cognitive effort, visual perception, eye-tracking

23
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26 Abstract

27 The present study assessed the potential value of using pupillometry to explore 

28 skill level differences in the allocation of attention during planning and 

29 performance of a golf putt across three putting conditions of varying complexity.  

30 Although numerous studies have reported on skill level differences in performers’ 

31 visual search behaviours, performance accuracy and quiet eye duration (QE) 

32 across a range of performance settings, few have provided an objective measure 

33 of the allocation of attention during task performance.  Fourteen participants were 

34 assigned to two groups [low handicap (LHG) and high handicap (HHG)] 

35 completing ten putts in three conditions; right to left (RL), left to right (LR) and 

36 straight (ST) from 1.75m while wearing a mobile eye tracker.  Skill based 

37 differences in the allocation of attention during green exploration and skill 

38 execution were observed. Pupil constriction observed for both groups during the 

39 QE period provides evidence of increased workload directly related to the 

40 increased motor task precision required in the physical performance of the putt.  

41 LHG had significantly more fixations of longer duration than their HHG 

42 counterparts. Distinct differences were also evident between skill levels in relation 

43 to number of fixations, fixation duration and QE duration on each putting 

44 condition.  The significantly longer QE duration and larger pupil constrictions 

45 exhibited by skilled performers offer evidence of a distinctive concentration of 

46 cognitive activity characterised by highly automated processes.  

47

48 Key Words: pupillometry, cognitive effort, visual perception, eye-tracking

49

50
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51 Introduction

52 Perception action research in the sport domain has seen an increased focus on 

53 empirical research related to gaining an in-depth understanding of visual search 

54 strategies and processes employed by performers across a range of sports performance 

55 contexts utilising varied eye tracking systems.  Sports related research employing eye 

56 tracking technology dates back more than forty years to research on gaze behaviour in 

57 basketball by Bard and Fluery (1976).  Since this early work, an extensive body of 

58 research exists exploring expert-novice differences in varying aspects of gaze behaviour 

59 during performance. More specifically, expert-novice differences in the allocation of 

60 attention during performance of a range of motor control tasks has received much 

61 attention (see Discombe & Cotterill, 2015 for a review).  With specific reference to the 

62 task of golf putting, the early work by Vickers (1992) demonstrated that low-handicap 

63 golfers were found to display a visual search strategy which allocated a larger 

64 proportion of fixations to the ball and target which were of longer duration than those 

65 allocated to the club and surface, in contrast with the high-handicap performers. 

66 Subsequent research has typically supported the general consensus that expert 

67 performers employ different visual search strategies than their novice counterparts.  

68 Higher skill level performers have displayed visual search behaviour that involved 

69 fewer fixations of longer duration compared to less skilled performers in task specific 

70 self-paced aiming tasks such as basketball free throw and pistol shooting (Vickers, 

71 1996b; Lee, Kim, & Park, 2009) and video-based anticipation tasks in soccer, 

72 volleyball, and golf putting (Canal-Bruland, Lotz, Hagemann, Schorer & Strauss, 2011; 

73 Piras, Pierantozzi, & Squtrito, 2014; Campbell & Moran, 2014).  

74 The differences observed in perceptual-cognitive skills measured by analysis of 

75 visual search strategies are considered to provide an index of performers allocation of 
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76 attention during task performance, (Mann, Williams, Ward & Janelle, 2007).  More 

77 specifically, the underlying assumption of researchers has been that fixations of longer 

78 duration are viewed as indicative of the amount of information that is being extracted 

79 and the number and placement of those fixations indicative of the principle information 

80 sources informing the decision-making process, (Mann, et al., 2007).   Using a 

81 simulated green reading task, Campbell & Moran (2014) concluded that in contrast to 

82 novice performers, skilled performers had fewer fixations in three of the six viewing 

83 positions, and fixation duration for two of the six viewing positions increased among 

84 the skilled group.  The authors interpreted these findings as evidence that ‘expert golfers 

85 display distinctive periods of visual cognitive activity while inspecting aspects of the 

86 golf putt’, p 370.  They also considered this finding as providing further evidence in 

87 support of Vickers (1992) conclusion that more highly skilled golfers employed a 

88 search strategy which involved fewer gaze combinations to specified areas of interest in 

89 the task environment in combination with longer fixation durations than their less 

90 skilled counter parts on a golf putting task.   Such findings, the authors conclude, offer 

91 further evidence of an economy of visual search patterns displayed by expert performers 

92 when planning movements. 

93 In contrast, however, experts were found to have more fixations of shorter 

94 duration than novices in tasks involving reading of medical images and assessment of 

95 video-based simulations of soccer game situations (Litchfield, Ball, Donovan, Manning 

96 & Crawford, 2008 and Roca, Ford, McRobert, & Williams, 2013). These contrasting 

97 findings may in part, as suggested by Mann et al. (2007), be explained by the differing 

98 nature of the type of task involved, the research paradigm utilised, the method of 

99 stimulus presentation, and a reliance on a different perception-action coupling, as a 

100 result of task simulation, rather than physical performance.



5

101  When task complexity was increased within offensive simulations in soccer 

102 play, Vaeyens, Lenoir, Williams, Mazyn, & Philippaerts (2007a, 2007b) found that in 

103 more complex sets, players were found to employ a higher number of fixations of 

104 shorter duration.  Similarly, Roca et al. (2013) found that skilled soccer players 

105 employed different visual search strategies dependent upon task constraints.  Skilled 

106 players had more fixations of shorter duration toward more locations in the visual 

107 display on the far compared to the near viewing condition.  Less skilled players tended 

108 to spend longer periods of time focusing on player in possession or ball flight in both 

109 viewing conditions.  

110 Attempts to understand further the gaze behaviour aspects of task performance, 

111 particularly in relation to motor preparation, have focused on the period defined by 

112 Vickers (1996a) as Quiet Eye (QE).  This is defined as the final fixation that is located 

113 on a specific target or object within 3° of visual angle for at least 100ms before 

114 movement initiation (Vickers 1996a).  The QE period has been accepted as the time-

115 period when task-relevant cues are processed helping to refine and guide motor 

116 response execution, (Vickers, 1996b).  Extensive research has focused on this concept 

117 leading to QE emerging as a key predictor of skilled performance in targeting and 

118 interceptive tasks, (Walter-Symons, Wilson & Vine 2017).  Research has shown experts 

119 to have longer QE durations than novice performers across a variety of tasks such as 

120 shooting (Janelle, et al. 2000; Causer, Bennett, Holmes, Janelle & Williams, 2010), 

121 darts (Rienhoff, et al. 2013), billiards (Williams, Singer & Frehlich, 2002), table tennis 

122 (Rodrigues, Vickers & Williams, 2002) and football (Piras & Vickers, 2011).

123 However, whilst this growing research base appears to offer consistency of 

124 research findings, there is a paucity of research to explain the underlying cognitive 

125 mechanisms of QE as highlighted by Gonzalez et al. (2015).  As emphasised by Frank 
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126 & Schack (2016), to date the theoretical explanations proposed to describe the 

127 mechanisms of QE can be categorised as either cognitive or ecological approaches.  

128 Within the cognitive domain, aligned to Vickers (1996a) location-suppression 

129 hypothesis, the programming hypothesis considers QE as the period of time for the 

130 programming and fine tuning of a response (Vickers, 2009).   Supporting this 

131 hypothesis, Williams et al. (2002) found increases in QE duration in line with increases 

132 in task complexity with longer QE durations observed on successful as opposed to 

133 unsuccessful shots irrespective of the performers skill level.  

134 Adopting an ecological approach Oudejans, van de Langenber & Hutter, (2002), 

135 suggested the possibility of continued detection of visual information throughout the 

136 final stages of movement execution countering the suppression aspect of the location-

137 suppression hypothesis.  Using a temporal occlusion paradigm, Oudejans et al found 

138 that basketball shooting percentage with late-vision shooting was similar to shooting 

139 percentages when full vision was available. This, they suggest, implies that the QE 

140 period might not be critical when movements are controlled using the continuous 

141 detection and use of visual information during the final phase of task execution. 

142 Similarly, Causer, Hayes, Hooper & Bennett (2017) found that on a golf putting task the 

143 period defined as ‘pre-programming duration’ (starting at QE onset and ending at 

144 backswing initiation) was significantly longer during the occlusion condition whereas 

145 the components defined as ‘dwell duration’ (starting at the point of contract of the putter 

146 on the ball and ending with gaze deviation of 1°) and ‘on-line duration’ (starting at the 

147 initiation of the backswing and ending when the putter contacted the ball or gaze 

148 deviated by 1°) were significantly longer during the full vision condition.  They 

149 concluded that whilst pre-programming increased when vision was occluded this was 
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150 not sufficient to compensate for the need for online visual control which they state as 

151 critical to performance.  

152 Addressing specifically the question of the underlying cognitive mechanisms of 

153 QE, Moran et al. (2016) employed the use of pupillometry as a means of providing an 

154 objective measure of the role of attentional effort in QE.  This study used 11 show 

155 jumping athletes categorised by three skill levels, expert, intermediate and novice.  

156 Study findings indicated that pupil dilation increased during QE, however, 

157 inconsistencies were noted in relation to skill level differences.  The authors highlighted 

158 the small n value in each skill category (n = 4 in novice and intermediate groups and n = 

159 3 in expert group) as contributing to the observed pupillary differences between expert 

160 and novice performers.     

161 Whilst some degree of caution should be applied to the application of finding 

162 from the above study, the use of pupillometry in studies of this nature is worthy of 

163 further consideration.    The validity of pupillometry as an accurate measure of increases 

164 in cognitive effort (mental activity), has been long established (Hess & Polt, 1964; 

165 Kahneman & Beatty, 1966).  Pupillometry has been found to be an objective measure of 

166 the online allocation of attention during performance and thus, as a mechanism by 

167 which cognitive processing can be better understood (Laeng, Sirois & Gredeäck, 2012; 

168 Alnæs, et al. 2014; Eckstein, Guerra-Carrilo, Miller Singley & Bunge, 2017).  The 

169 changes in pupil diameter are considered to provide an objective measure of the 

170 processing demands of a cognitive task.  There currently remains a lack of consensus in 

171 regarding the direction of pupillary change reflecting these increased processing 

172 demands.  For example increased pupil dilation has been shown to reflect increased 

173 processing demands (Alnæs et al, 2014; Moran et al, 2016).  Changes in pupil diameter 

174 during physical performance on a power grip task were shown to track the invested 
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175 level of effort regardless of whether that effort was physical or mental.  (Zénon, Sidibé 

176 & Olivier, 2014).  This, the authors conclude, supports the use of pupillometry as valid 

177 measure of effort across a range of tasks.     

178 In contrast, Fletcher, Neal and Yeo (2017) indicated that decreases in pupil 

179 dilation (constriction), particularly in tasks of motor precision, should be interpreted as 

180 indicative of increases rather than decreases in workload.  Using a Fitts’ Law movement 

181 task, which enabled motor response precision to be manipulated in low-precision, 

182 medium-precision, and high-precision conditions, changes in pupil diameter were 

183 assessed.  The study found that ‘increased task precision appeared to cause a decrease in 

184 pupil diameter in the period between response planning and response execution of a 

185 discrete movement task’, p 314.  As such, pupil diameter characteristics may respond 

186 differently depending upon the cognitive and motor characteristics of a task.  Following 

187 this line of reasoning it would, therefore, be reasonable to assume that on tasks, such as 

188 golf putting, requiring a high level of motor precision, pupil dilation during QE would 

189 decrease in accordance with the degree of precision required for task completion.  Such 

190 characteristics are predicted to be evident in highly skilled (automated) athletes 

191 performing accuracy tasks such as golf putting, target shooting darts and archery. 

192 To date, research aimed at understanding the cognitive processes underpinning 

193 skilled motor performance, has tended to focus on either visual search behaviour as 

194 assessed through analysis of visual fixations, duration and location of fixations or the 

195 concept defined by Vickers (1996a) as QE.  As highlighted by Campbell & Moran 

196 (2014), future research should seek to combine these analyses in an effort to provide a 

197 more detailed assessment of a complete perception-action cycle. In an effort to better 

198 understand the underpinning mechanisms of QE, Campbell et al. (2019) used task-

199 evoked pupillary response measurement to assess cognitive load during QE on a golf 



9

200 putting task.  The study did not find any differences between the low handicap group 

201 (LHG) and high handicap group (HHG) in relation to cognitive effort, pupillary dilation 

202 and QE durations with increased task difficulty (putt distances 1.83m and 3.66m). The 

203 authors did however, acknowledge the potential lack of distinction in task difficulty as 

204 an area for consideration in future studies.  Nonetheless, the increased pupillary dilation 

205 (from baseline) noted on both putting distances was concluded to provide evidence of 

206 the cognitive demands of the task and the allocation of cognitive effect during 

207 performance preparation and execution, regardless of performer’s skill level. 

208 Whilst acknowledging the contrasting interpretations of pupil dilation vs. pupil 

209 constriction as an indication of processing demands, as highlighted above, the present 

210 study sought to assess the potential value of using pupillometry to explore skill level 

211 differences in planning, visual perception and execution of a golf putting task. Across 

212 varying putting conditions, and different from typical laboratory putting tasks, 

213 participants were challenged in terms of putting angle and force selection by ‘single 

214 break’ or ‘double break’ green environments.  Specifically, the study aimed to add 

215 further to existing literature by using task-evoked pupillary response measures to 

216 investigate the interaction between visual search behaviour as a measure of the 

217 decision-making process, QE as an indicator of motor preparation, performance 

218 outcome and cognitive effort required during skill exploration and execution.  This 

219 approach aims to provide a richer understanding of cognitive load during performance 

220 and task execution.  The combining of these standard indices of visual search behaviour 

221 within a single study offers a preliminary insight into the potential links between 

222 previously reported gaze behaviours during planning and task execution phases of a 

223 self-paced motor task. To date research has tended to focus on specific phases rather 

224 than employ a whole process approach.  This study provides an initial insight into the 
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225 interplay of previously reported findings relating to visual search patterns, QE and 

226 cognitive demands (assessed using pupillometry) on a golf putting task.   

227 In keeping with current literature, this study employed an in situ design which is 

228 considered to more clearly demonstrate the impact of skill level in perceptual 

229 performance (Mann, et al. 2007).  Based on previous research, the following hypothesis 

230 were formed:  Hypothesis 1: skilled golfers (LHG) would display a significantly greater 

231 level of performance accuracy on each of the three putt conditions.  Hypothesis 2: LHG 

232 would display fewer fixations of longer duration (as per Vickers, 1996b; Lee, Kim, & 

233 Park, 2009; Canal-Bruland, Lotz, Hagemann, Schorer & Strauss, 2011; Piras, 

234 Pierantozzi, & Squtrito, 2014; Campbell & Moran, 2014), most notably on putting 

235 conditions of increased complexity.  Hypothesis 3: LHG would display significantly 

236 different patterns of gaze behaviour (areas of interest viewed) compared to novice 

237 performers across the varying putting conditions (Vickers, 1992; Campbell and Moran, 

238 2014).  Hypothesis 4: more difficult putts [Left to Right (LR) and Right to Left (RL)] 

239 would require more cognitive effort as evidenced through changes in pupil diameter 

240 during both the QE period and throughout skill execution (Alnæs et al, 2014; Moran et 

241 al, 2016).  Hypothesis 5: LHG would have significantly longer QE duration on each putt 

242 condition  (Janelle, et al. 2000; Causer, Bennett, Holmes, Janelle & Williams, 2010; 

243 Rienhoff, et al. 2013; Williams, Singer & Frehlich, 2002; Rodrigues, Vickers & 

244 Williams, 2002; Piras & Vickers, 2011).

245

246 Method

247 Participants

248 Fourteen participants (11 males and 3 females) of two different golf ability 

249 levels volunteered to take part in the study.  Adopting similar procedures to Campbell et 
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250 al. (2018) participants were assigned to either the low handicap group (LHG) (n=7, 

251 mean age 26.3 yr, SD 9.9) with a single figure handicap ranging from +1 to 9 (mean 

252 =5.57, SD = 2.64) or a high handicap group (HHG) (n=7, mean age 27.4 yr, SD 10.1) 

253 with a handicap of 10+ (mean = 17.29, SD = 3.86).  Power analysis using G*Power 

254 (3.1.9.4) (Faul, Erdfelder, Lang & Buchner, 2007) indicated that based on a small to 

255 moderate effect size of p
2 = 0.31 (based on data from Campbell et al., 2019 given the 

256 similarity of task and performance setting) fourteen participants was considered 

257 sufficient to achieve power of 0.8 in an F test, given α 0.05.  This sample size is also in 

258 keeping with sample sizes generally found in pupillometry based studies of between 10 

259 to 22 participants as reported by O’Shea & Moran (2018).  The partial eta squared 

260 values generated for between group differences were used to generate effect size f 

261 values to subsequently calculate statistical power. This power analysis identified that 

262 the sample size (n = 14) was sufficient for this study. Participants were provided with 

263 written information about the study and all provided written informed consent.  

264 Experimental procedures were approved by a university ethics committee.  On 

265 completion of the putting task participants were fully briefed on the purpose of the 

266 study.

267

268 The Putting Task

269 Artificial putting greens (birdieball, UK) were used to create three different 

270 putting conditions via the placement of ‘wedges’ under sections of each putting mat to 

271 create varying slope conditions (right to left (RL), left to right (LR) and straight (ST).  

272 The RL and LR putts added an element of ‘break’ to the putt, as a consequence of the 

273 added slope, which increased task complexity through the requirements for the golfer to 

274 make a judgement on the ‘pace’ of the putt to ensure the ball followed the chosen putt 
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275 line and the ‘abstract and ill-defined’ nature of the target given the added dimension of 

276 ‘break’,  (Wilson & Moran, 2009).  For right handed golfers, McLean (2013) postulates 

277 that the most difficult putt is one breaking left to right. The selected putts therefore, 

278 provide varying degrees of complexity with the ST putt the easiest and the LR putt the 

279 hardest.  Participants putted regular-sized (4.27 cm diameter) white golf balls from 1.75 

280 m to a regulation hole (10.8 cm diameter) using their own golf putter.  Participants were 

281 instructed to follow their normal putting routine in reading the green, lining up and 

282 taking their putt.  For consistency gaze analysis for each putt began a consistent five 

283 seconds prior to the backswing and ended when the ball left the club face.  No time 

284 limits were placed on the participants in performing the task.  Similar to the simulated 

285 task used by Campbell & Moran (2014), participants had to make a perceptual 

286 judgement as to how the varying slope conditions would affect the line of travel of the 

287 ball towards to hole.  However, unlike the simulated task used in the Campbell & 

288 Moran study, participants in this study, having engaged in the green-reading task, lined 

289 up and physically engaged in striking the putt towards the target hole. 

290

291 Measures

292 Performance Outcome 

293 For each participant, the performance outcome of each putt was recorded using a 

294 simple success (holed putt), miss (putt not holed) coding system.  This system was 

295 chosen to reflect the accuracy of golf scoring whereby performance is assessed on total 

296 number of shots taken from tee to holed putt.  The use of a scoring system of 1 for a 

297 holed putt and 0 for a missed putt is consistent with that used by Campbell et al. (2019).

298

299 Visual Search Behaviour
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300 The Tobii Glasses 2™ mobile eye tracking system was used to measure and 

301 record gaze behaviour at sampling rate of 50Hz.  This binocular tracking system 

302 captures gaze location, using corneal reflection and dark pupil techniques utilising near-

303 infrared illumination to generate reflection patterns on the cornea and pupil.  The scene 

304 camera captures the participant’s view of the environment (with a field of view 82 deg. 

305 horizontal/48 deg. vertical) and images of the eyes and corneal reflection patterns are 

306 captured via a series of eye tracking sensors in each lens.  These captured images are 

307 used to identify participants point of gaze within the recorded scene image.  The 

308 wearable head unit is connected to a small recording unit, using a HDMI cable, which 

309 stores captured data on an SD card for processing at a later stage using Tobii Pro Lab 

310 Analyser™ software.  The recording unit is controlled remotely via a tablet running 

311 Tobii Glasses Controller™ software.  

312 Tobii Pro Lab Analyser™ software (v1.86) was used to identify participants’ 

313 visual search behaviour identified through point of gaze throughout performance and 

314 task execution phases of the putting tasks.  The software enables captured data to be 

315 analysed producing a series of metrics for further analysis.  Following analysis of all 

316 participants trials, individual participant output reports were created with this data 

317 prepared for further analysis.

318 Measures of search behaviour were examined, namely, the mean number of 

319 fixations per trial, the mean duration of each fixation (in milliseconds), the mean 

320 number of fixations to a specified area of interest (AOI) and the mean duration of 

321 fixations to each AOI (in milliseconds).  The specified AOI were ball, hole, centre 

322 portion of green, right side of green and left side of green. 

323

324 Quiet Eye Duration
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325 The QE for golf putting was defined by Vickers (2007) as the final fixation 

326 toward the ball.  Using the parameters defined by Vickers, (2007) and Wilson, Vine & 

327 Wood (2009), QE onset was recorded as the commencement of the final fixation before 

328 initiation of the backswing with QE offset recorded when gaze deviated from the ball by 

329 more than 1° visual angle for more than 100 ms (Vine, Lee, Wlaters-Symons & Wilson, 

330 2015).  Videos captured using the Tobii Glasses Controller™ software were analysed 

331 using the Tobii Pro Lab Analyser™ software (v1.86) using the timeline tools feature to 

332 identify and define QE onset and QE offset, as defined above, for each participant trial.  

333 This data was then exported to Excel to enable the calculation of QE duration.    

334

335 Pupil Dilation

336 Mean pupil diameter (mm) was calculated using the pupil dilation scores from 

337 participants left and right eye for each fixation and QE period on each performance trial 

338 for each of the three putting conditions.  In line with the procedures adopted by 

339 Hochmann & Papeo (2014) and Moran et al. (2016), trials where pupil dilation data was 

340 available for a minimum of 75% of total trial duration were included in data analysis.  

341 Where these conditions where not meet two participants were excluded from the study 

342 (one HHG and one LHG).  For trials retained for further analysis, missing data were 

343 replaced using the linear interpolation process reported by Porter et al. (2007) and also 

344 utilised by Campbell et al (2016).  This process uses valid pupil diameter scores on 

345 either side, filling the gap with composite scores.  This process was used to replace less 

346 than 3% of the total data set.  Adopting a similar approach to Campbell et al. (2019) 

347 mean pupil diameter during initial calibration served as baseline pupil diameter.  To 

348 account for individual differences in absolute pupil diameter between participants, 

349 percentage change score from baseline was used to control for this variability (Moran et 
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350 al., 2016; Mathot et al., 2018).  Therefore, changes in pupil diameter, including those 

351 during QE, are reported relative to baseline pupil diameter (Moran et al. 2016).  

352

353 Procedure

354 Participants attended a single testing session and after reviewing written 

355 information about the study, each provided written informed consent.  A Tobii Glasses 

356 2™ mobile eye tracking system was fitted on the participant and an initial calibration 

357 using the Tobii calibration card (1-point system) was conducted.  Final calibration was 

358 conducted using a nine-point calibration system which involved participants directing 

359 gaze to each of the nine points within the scene prior to beginning the familiarisation 

360 phase.   Eye tracking calibration was performed prior to each putting condition and 

361 repeated as necessary.  Prior to performance for each putt condition participants 

362 completed 10 familiarisation putts. Participants then completed 10 putts towards the 

363 target hole for each putting condition, right to left (RL), left to right (LR) and straight 

364 (ST), in a random order, with a 1-minute rest between trial blocks.  To control for 

365 unwanted pupil dilation effects the ambient light in the room was kept constant 

366 throughout all testing procedures and carefully monitored using a Lux light meter (CEM 

367 DT-1300, Shenzhen, China). Following completion of the task, participants were 

368 thanked for their time, debriefed on the purpose of the study and offered an opportunity 

369 to discuss their performance with the experimenter.  

370

371 Data Analysis

372 The six dependent variables of outcome accuracy, number of fixations, fixation 

373 duration, QE duration, changes in mean pupil diameter from baseline throughout 

374 performance and changes in mean pupil diameter from baseline during the QE period 
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375 were analysed separately using 2 x 3 mixed-model ANOVA.  Participant skill level 

376 (LHG, HHG) was the between-participant factor and putting slope condition (RL, ST, 

377 LR) were the within-participant factors.  

378 Separate three-way mixed ANOVA was used to investigate the effects of skill 

379 level (LHG, HHG), putting slope condition (RL, ST, LR) and AOI location (Ball, Hole, 

380 Centre, Right, Left) on AOI fixation count and percentage viewing time to each AOI 

381 location.  Skill level (LHG, HHG) was the between-participant factor and putting slope 

382 condition (RL, ST, LR) and fixation location (ball, hole, centre, right, left) as within-

383 participant factors.  For any repeated measures ANOVA, violations of the sphericity 

384 assumption were corrected using Greenhouse-Geisser procedures.  Effect sizes were 

385 reported as partial eta squared (p
2).  Significant main and interaction effects were 

386 followed up using Bonferroni corrected pairwise comparisons and Tukey’s HSD post 

387 hoc tests, the alpha level was set at p < .05.  

388

389 Results

390 Performance Outcome 

391 Using a 2 (participant skill level) x 3 (putting condition) mixed-model ANOVA 

392 there was no significant skill level X condition interaction for performance outcome, F 

393 (1, 24) = 2.323, p = 0.143, p
2 = .162.   There was a significant main effect of skill level 

394 for performance outcome which showed HHG (mean and SD) were poorer performers 

395 compared to LHG (mean and SD), F (1, 12) = 9.749, p = 0.009, p
2 = .448.  The means of 

396 ‘performance outcome’ scores for RL, ST and LR were (M = 43.57, SE = 7.24, M = 

397 44.57, SE = 6.57 and M = 29.55, SE = 9.03) for LHG and (M = 4.28, SE = 7.24, M = 

398 27.14, SE = 6.57 and M = 20, SE = 9.03) for HHG, respectively.  Performance outcome 

399 for the RL putting condition was associated with a mean score 11.93 (95% CI, 1.55 to 
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400 22.1) points lower than outcome for the ST putting condition, a statistically significant 

401 difference, p = .05.  

402

403 Visual Search Behaviour

404 Fixation Count

405 ANOVA revealed a significant interaction between putting condition and skill 

406 level on fixation count, F(2, 266) = 5.770, p = 0.01, p
2 = .043.  There was a statistically 

407 significant difference in fixation count between skill levels on the RL putting condition 

408 F(1, 133) = 13.347, p = 0.001, p
2 = .090 and LR putting condition F(1, 133) = 33.734, p = 

409 0.001, p
2 = .150, (Figure 1).  There was no statistically significant difference in 

410 fixation count between skill levels on the ST putting condition F(1, 133) = 0.779, p = 

411 .379, p
2 = 0.006.  There was no statistically significant effect of putting condition on 

412 fixation count for the HHG F(1, 133) = 0.850, p = .430, p
2 = .012.  There was a 

413 statistically significant effect of putting condition on fixation count for the LHG F(1, 133) 

414 = 0.850, p  0.001, p
2 = .160.  LHG had significantly more fixations for the RL (M = 

415 19.212, SD 0.730) and LR (M = 19.303, SE 0.779) than the ST putting condition (M = 

416 15.864, SE 0.854).  *Figure 1 near here*

417

418 Fixation Duration

419 ANOVA revealed a significant interaction between putting condition and skill 

420 level on fixation duration, F(2, 266) = 11.968, p = 0.001, p
2 = .083.  There was a 

421 statistically significant difference in fixation duration between skill levels on the RL 

422 putting condition F(1, 133) = 48.215, p  0.001, p
2 = .263, on the ST putting condition F(1, 

423 133) = 65.319, p = 0.001, p
2 = .323 and on the LR putting condition, F(1, 133) = 18.278, p 

424 = 0.001, p
2 = .120, (Figure 1).  There was no statistically significant effect of putting 
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425 condition on fixation duration for the HHG F(1, 133) = 1.145, p = 0.315, p
2 = .017.  

426 There was a statistically significant effect of putting condition on fixation duration for 

427 the LHG F(1, 133) = 12.248, p = 0.001, p
2 = .159.  LHG had significantly shorter 

428 fixation durations for the RL (M = 457.983, SE 17.359) and LR (M = 444.251, SE 

429 22.036) than the ST putting condition (M = 562.209, SE 29.115).

430

431 Fixation Count to AOI 

432 ANOVA revealed a statistically significant three-way interaction between 

433 putting condition, skill level and fixation count to AOI, F(8, 1064) = 3.635, p = 0.001, p
2 

434 = .0.27, (Table 1).  There was a statistically significant simple two-way interaction 

435 between putting condition and fixation count to AOI for both HHG, F(8, 544) = 58.282, p 

436 = 0.001, p
2 = .462 and LHG, F(8, 520) = 66.516, p = 0.001, p 2 = .506.  There was a 

437 statistically significant simple main effect of condition for both HHG, F(4, 272) = 45.578, 

438 p = 0.001 and LHG F(4, 268) = 65.331, p = 0.001 on fixation count on the RL putting 

439 condition.  Data are mean ± standard deviation unless otherwise stated. For each skill 

440 level all simple pairwise comparisons were run between different putting slope 

441 conditions and fixation locations (ball, hole, centre, right, left).  For both HHG and 

442 LHG the greatest number of fixations on each putting slope condition was on the ball.  

443 For HHG performers there was a statistically significant mean difference between 

444 number of fixations on the ball and number of fixations on hole, centre, right and left 

445 AOI, between the hole and the right and left AOI, between the centre and right and left 

446 AOI and between the right and left AOI across all three putting slope conditions p = 

447 0.001.  For LHG there was a statistically significant mean difference between number of 

448 fixations on the ball and number of fixations on hole, centre, right and left AOI, 
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449 between the hole and the right and left AOI and between the centre and left AOI across 

450 all three putting slope conditions, p = 0.001.  *Table 1 near here*

451

452 Percentage Viewing Time to AOI

453 ANOVA revealed a statistically significant three-way interaction between 

454 putting condition, skill level and percentage viewing time on fixation location, F(8, 96) = 

455 2.582, p = 0.013, partial p
2 = .177.  There was a statistically significant simple two-

456 way interaction between putting condition and fixation location for both HHG, F(8, 48) = 

457 5.001, p = 0.001, p
2 = .455 and LHG, F(8, 48) = 3.951, p = 0.001, p

2 = .397. There was 

458 a statistically significant simple main effect of condition for both HHG, F(2, 12) = 

459 23.724, p = 0.001 and LHG F(2, 12) = 8.198, p = 0.006 on percentage viewing time to the 

460 left of the green.  For HHG the percentage time fixated on the left portion of the green 

461 was 25.05 ± 5.48 on LR putting slope condition, 6.70 ± 5.87 on the RL putting slope 

462 condition and 14.30 ± 5.14 on the ST putting condition.  There was a statistically 

463 significant mean difference between the LR and RL putting conditions of 18.35 (95% 

464 CI, 9.24 to 27.46) ms, p = 0.002 and the LR and ST putting conditions of 10.74 (95% 

465 CI, 2.30 to 19.19) ms, p = 0.017, but not between the RL and ST putting conditions, 

466 7.61 (95% CI, 1.23 to 16.44) ms, p = 0.090.  For LHG the percentage time fixated on 

467 the left portion of the green was 16.13 ± 5.40 on LR putting slope condition, 5.99 ± 6.85 

468 on the RL putting slope condition and 6.65 ± 3.51 on the ST putting condition.  There 

469 was a statistically significant mean difference between the LR and ST putting 

470 conditions of 9.48 (95% CI, 2.52 to 16.45) ms, p = 0.013, but not between the RL and 

471 ST putting conditions, 0.65 (95% CI, 9.48 to 10.97) ms, p = 0.095 or the RL and LR 

472 putting conditions, 10.14 (95% CI, 0.02 to 10.14) ms, p = 0.05.  All other simple main 
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473 effect of condition and percentage viewing time to specified fixation locations were not 

474 significant, p = 0.05.

475

476 QE Duration

477 The interaction effect between skill level and QE Duration was not statistically 

478 significant, F (2, 248) = 1.783, p = 0.174, p
2 = .014, (Figure 2).  The main effect of 

479 putting condition showed a statistically significant difference in QE duration, F(2, 248) = 

480 7.853, p = 0.001, p
2 = .060 between putting conditions.  QE durations on the RL (M = 

481 2135.472, SE 80.194) were significantly longer than on the ST (M = 1832.156, SE 

482 63.025) and the LR condition (M = 2022.539, SE 81.784).  The main effect of skill level 

483 showed a statistically significant difference in QE duration, F(1, 124) = 17.288, p = 0.001, 

484 p
2 = .122.  LHG revealed significantly longer QE durations (M = 2249.717, SE 83.977) 

485 than HHG (M = 1743.728, SE 88.075). *Figure 2 near here*

486

487 Change in Pupil Dilation

488 There was no statistically significant interaction between skill level and putting 

489 condition on changes in mean pupil dilation from baseline, F(2, 266) = 0.285, p = 0.752, 

490 p
2 = .002.  ANOVA revealed that the main effect of skill level showed a statistically 

491 significant difference in the percentage change in mean pupil diameter from baseline, 

492 F(1, 133) = 5.653, p = 0.019, p
2 = 0.041 between LHG and HHG.  Data are mean ± 

493 standard error, unless otherwise stated.  The marginal means for changes in pupil 

494 diameter from baseline were -2.548 ± 0.484 for LHG and -4.160 ± 0.474 for HHG, a 

495 statistically significant mean difference of 1.611 (95% CI, 0.271 to 2.952), p = 0.019, 

496 (Figure 2).  

497
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498 Change Pupil Dilation during QE

499 There was no statistically significant interaction between skill level and putting 

500 condition on changes in mean pupil dilation from baseline during the QE period, F(2, 

501 248) = 2.470, p = 0.094, p
2 = .020.  The main effect of putting condition was not 

502 statistically significant, F(2, 248) = 1.595, p = 0.205, p
2 = .013.  Similarly the main effect 

503 of skill level was not statistically significant, F(1, 124) = 1.258, p = 0.264, partial η² = 

504 .010, (Figure 2).  

505

506 Discussion

507 Adopting a novel approach, this study combined standard indices of visual 

508 search behaviour, namely, number and duration of visual fixations with assessment of 

509 QE, cognitive effort throughout skill execution as assessed using pupillometry and 

510 location of visual fixations and performance outcome.  Using pupillometry the broad 

511 aim of the study was to assess the potential value of this measure to better understand 

512 the interaction between each of these variables and their relationship with skilled 

513 performance and task complexity in an effort to provide a richer understanding of 

514 cognitive load during performance and task execution.    Results demonstrated 

515 differences in cognitive processes, as evidenced by differences in the number of 

516 fixations, fixation duration, QE duration and pupillary constrictions as a function of 

517 skill level and task complexity.  

518 Based on the research findings outlined previously we predicted that skilled 

519 performers (LHG) would display a significantly greater level of performance accuracy 

520 across the three putting conditions which would be underpinned with significantly fewer 

521 visual fixations of longer duration, significantly longer QE duration and significantly 

522 different patterns of gaze behaviour compared to less skilled performers (HHG) across 
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523 the three putt conditions.  Differences in cognitive effort, as assessed via changes in 

524 pupillary dilations, between putt conditions were also predicted for both groups.  A 

525 significant main effect of skill level on performance accuracy confirmed that LHG had 

526 significantly greater performance accuracy than HHG on the RL slope condition.  

527 Although not found to be statistically significant the LHG also had a greater number of 

528 successful putts on the ST and LR putting conditions.  Hypothesis 1 was not supported.  

529 It should be noted, however, that whilst not statistically significant the LHG were 

530 consistently more accurate than the HHG across all putting conditions.   

531 For the cognitive aspects of the task as assessed by visual search behaviour there 

532 was a significant interaction between skill level and putting condition and number and 

533 duration of visual fixations.  LHG displayed significantly more fixations on both the RL 

534 and LR conditions which were significantly shorter in duration to those of HHG 

535 rejecting Hypothesis 2.   These findings are contrary to those of Campbell and Moran 

536 (2014) who found that lesser skilled performers had more fixations of shorter duration 

537 than the more skilled performers on their simulated golf putting task.  Similarly, higher 

538 skill level performers were found to display visual search behaviour that involved fewer 

539 fixations of longer duration compared to less skilled performers in sports such as soccer, 

540 volleyball, (Vickers, 1996; Lee et al., 2009). 

541 Studies by Piras et al., (2014) and Canal-Bruland et al., (2011) employed the use 

542 of simulated activities having participants view video-clips of the sport skill (basketball 

543 and shooting respectively) rather than undertake physical performance of the task.  This 

544 approach may have impacted on visual search rates of performers who were placed in 

545 passive situations of viewing video simulations rather than physically conducting 

546 movement within a more natural dynamic sporting environment.  Whilst previous 

547 literature does not present an agreed position on expectations in this area, the findings of 
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548 this study support those of Litchfield et al. (2008) and Roca et al. (2013) who reported 

549 experts to have more fixations of shorter duration than novices when identifying novel 

550 task-relevant information.  Similarly, the observed increased number of fixations of 

551 shorter duration when task complexity was increased offers further support to the 

552 findings of Vaeyens et al. (2007a, 2007b).   The conflicting findings between studies 

553 employing in situ versus simulated tasks needs to be acknowledged when attempting to 

554 interpret study findings.  

555 The initial analysis of general visual search behaviour in this study offers 

556 preliminary evidence of the adoption of different visual search behaviours by skilled 

557 performers dependent on their perception of task complexity, in this case the need to 

558 explore more fully the green to identify the correct putting line on the RL and LR 

559 putting conditions. Such findings might be considered to offer preliminary support for 

560 Williams and Burwitz (1993) suggestion that expert performers seek the areas of the 

561 display which offer the most information to assist in extraction of task-relevant cues.  

562 Considered alongside Mann et al’s observation that the nature by which testing is 

563 conducted has been shown to impact on fixation durations the findings of this study 

564 suggest a need for future research to examine further visual search behaviour using an 

565 in-situ approach to better understand the decision-making processes at play during 

566 complex task performance.     

567 Further exploration of visual search behaviours through analysis of data relating 

568 to fixation count and percentage viewing time of these fixations to specified areas of 

569 interest on the green, again provided some contrasting findings to those of Campbell 

570 and Moran (2014).  Of notable interest is that both groups dedicated the greatest number 

571 of fixations and percentage viewing time on the ball followed by focus on the hole in 

572 each putting condition.   These findings revealed statistically significant differences in 



24

573 the number of fixations to specified AOI for both groups on each of the putting 

574 conditions.  Furthermore, significant differences in the percentage viewing time to 

575 specified AOI were identified for HHG on the LR compared to RL and ST putting slope 

576 conditions and for LHG on the LR compared to ST putting condition. In each of these 

577 cases the differences were associated with the percentage time focused on the left 

578 portion of the green.  

579 In relation to these conditions for both groups the pattern of visual search 

580 behaviour remained consistent between the RL and ST putting conditions with the most 

581 notable differences evident between skill levels on the LR putting condition with an 

582 increased percentage viewing time to the left portion of the green.  However, on the LR 

583 putting condition there was a significant increase in the number and duration of 

584 fixations to the left portion of the green for both groups. In contrast, whilst there was 

585 some increase in focus towards the right portion of the green on the RL condition these 

586 increases were not found to be significant.  Taken together these findings are considered 

587 to offer further support that there are distinct differences in visual search strategies 

588 between golfers’ dependent upon skill level supporting Hypothesis 3.  HHG typically 

589 spend less time focused on the ball and instead focus more on each of the other AOI 

590 compared to LHG. We consider these findings to suggest that LHG are more efficient in 

591 their analysis of the putt, that is, LHG are quicker to extract task relevant cues from 

592 AOI enabling more time for movement programming as confirmed by their significantly 

593 longer QE durations (Williams, 2002).  

594 We also explored changes in pupillometry as a mechanism to gauge the on-line 

595 allocation of attention during green exploration and skill execution.  (Laeng et al. 2012; 

596 Alnæs et al. 2014; Eckstein et al. 2017).   Given the complexity of this measure and the 

597 task in general, analysis focused firstly on skill level differences from baseline, in pupil 
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598 diameter throughout the completion of the golf putting task as an initial indication of 

599 shifts in cognitive effort throughout performance. Results indicated that LHG displayed 

600 a significantly lower percentage change in pupil dilation than the HHG during task 

601 performance.  These findings suggest that the LHG demonstrated greater efficiency in 

602 the allocation of cognitive effort during task performance which is interpreted as further 

603 indication of their greater control in allocating cognitive resources to task relevant 

604 information.   For both groups, the percentage change from baseline indicated a 

605 reduction in pupil diameter i.e. pupil constriction rather than increased dilation, for each 

606 putting condition.  These results are seen as offering further support to the suggestion of 

607 Fletcher, Neal & Yeo (2017), that in motor tasks of increased precision demands, pupil 

608 constriction rather than dilation may be observed and should ‘be interpreted as 

609 indicating an increase, rather than a decrease, in workload’ p.314.   

610 Following this line of enquiry further, analysis of percentage changes in pupil 

611 diameter from baseline during the period defined by Vickers (1992a) as QE, showed no 

612 significant skill level differences across each of the putting conditions. However, whilst 

613 both groups were found to have pupil constriction during the QE period, LHG displayed 

614 more consistent percentage changes in mean pupil diameter from baseline compared to 

615 HHG.   These findings are at odds with those of Moran et al (2016) who concluded that 

616 longer QE periods were associated with increases in pupil dilation which they 

617 interpreted as providing evidence of attentional effort during the QE period.  Such 

618 contrasting findings are perhaps not surprising given, as previously noted, the differing 

619 nature of the task, simulated vs. performance.  Results of this study are however, in line 

620 with those of Fletcher et al (2017) which concluded that decreases in pupil diameter 

621 should be interpreted as an indication of increases rather than decreases in workload 

622 particularly in tasks with increased motor task precision and high levels of automaticity.  
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623 Whilst these findings support hypothesis 4, they also add further to the debate on the 

624 precise interpretation of pupil dilation vs pupil constriction in different performance 

625 contexts and as such offer a line of enquiry worthy of further exploration.

626 When coupled with data relating to QE durations which showed experts to have 

627 significantly longer QE durations on each putting condition (supporting Hypothesis 5), 

628 our findings add further to the early suggestions by Vickers (1996), that the QE period 

629 represents a time period when task-relevant cues are processed and motor plans are 

630 coordinated for successful completion.  Offering a cognitive theoretical explanation for 

631 this, Vickers (2009), suggested that the longer QE duration of expert groups reflected 

632 the time required to cognitively process visual information picked up ‘in order for the 

633 complex neural systems underlying control of the limbs to be assembled and activated’, 

634 p283.  The longer QE durations displayed by both groups on the RL and LR putting 

635 conditions support Williams et al (2002) finding that QE duration increased in line with 

636 increases in task complexity. Findings of this study also indicate that pupil constriction 

637 demonstrates other dynamic processes during this perceptual phase of action 

638 preparation.

639 As reported by Laeng, Sirois & Gredeäck (2012) pupillometry has been used 

640 within psychology research for more than 50 years and can be used to provide ‘clues 

641 about the real-time structuring of cognitive processing’ p 24. Although statistical 

642 significance was not observed in relation to changes in pupil dilation during the QE 

643 period, we consider the greater pupil constriction of the skilled performers, observed in 

644 this study during the QE period, as indicative of the use of more automated motor 

645 processes. This may reflect the suppression of irrelevant neural activity thereby 

646 reflecting reduced cognitive load during this period, Fletcher et al. (2017).  Indeed, as 

647 an indicator of global neural activation, Just, Carpenter & Miyake, (2003) and Fletcher 
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648 et al. (2017) suggest a reduction in pupil diameter in motor preparation may well reflect 

649 the neural and neuromuscular quieting associated with expert motor preference of 

650 precision tasks (e.g., Vine et al., 2011, Cooke, et al., 2014). 

651 Such findings are considered to offer further support for the inhibition 

652 hypothesis proposed by Klostermann, Kredel and Hossner (2014), which suggests that 

653 the longer QE durations reflect ‘the need for inhibiting alternative movement variants 

654 so that only the optimal variant gets parameterized (in movement preparation as well as 

655 during movement execution)’, p 398.  The significantly longer QE duration exhibited by 

656 the LHG during the QE period in this study offers additional evidence of this distinctive 

657 concentration of cognitive activity at the point immediately prior to skill execution 

658 characterised by highly automated processes.  This is in keeping with Vickers’ (2009) 

659 proposal that the longer QE duration of experts is indicative of the time required to 

660 programme and fine tune a movement before execution.  

661 Whilst the present study reports skill levels differences in the allocation of 

662 cognitive effort during task performance it fails to provide a specific analysis of when 

663 shifts in cognitive effort happen throughout the performance.  Future studies should 

664 look to overcome this limitation by assessing pupillary changes for each fixation in a 

665 time ordered manner to gain an in-depth insight into the mechanisms underpinning the 

666 control of visual information in the planning, visual perception and execution of 

667 movement.  Furthermore, future studies should also give greater consideration to the 

668 manipulation of task complexity and precision to enable more comprehensive 

669 examination of the allocation of attention during task performance.  

670 In conclusion, the present study provides evidence of skill level variances in the 

671 adoption of different visual search behaviours dependent on visual perception of task 

672 complexity, resulting in skilled performers having more fixations of shorter duration, 
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673 differences in fixation count and percentage viewing time to specified AOI and 

674 significantly longer QE durations than their less skilled counterparts.  In contrast to the 

675 findings of Moran et al (2016), who concluded that increased pupil dilation during the 

676 QE period provided evidence of attentional effort, the findings of this study, suggest 

677 that the observed pupil constriction of both skill level groups during the QE period 

678 provides evidence of increased cognitive effort directly related to the increased motor 

679 task precision required in the physical performance of this putting task. The greater 

680 level of consistency displayed by skilled performers across putting conditions is 

681 considered to be representative of increased automaticity of motor processes. Further 

682 research is required to develop a greater understanding of the underlying mechanisms of 

683 visual perception throughout task performance.  Such an insight can be provided 

684 through analysis of pupillometry changes throughout task performance which would 

685 help provide a greater level of understanding of visual cognitive activity which could be 

686 used for performance enhancement through more focused and informative instruction.  

687 Whilst attempts were made within this study to mimic the unevenness of the putting 

688 green, future research should also consider the use of natural outdoor settings to 

689 improve further the ecological validity and transferability of research findings to 

690 performance settings.    

691
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Figure 1 (A) Mean and SD fixation count. (B) Mean and SD fixation duration.   *p <0.05  
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Table 1 Mean (SD) Number of Fixations to AOI across putting conditions

AOI Location HHG LHG
RL St LR RL St LR

Ball 6
(4.19)

5.32 
(3.61)

5.33 
(2.82)

6.68 
(2.95)

6.27 
(3.92)

7.14 
(3.46)

Hole 2.92 
(2.34)

2.94 
(1.96)

1.74 
(1.54)

4.03 
(3.01)

2.97 
(2.35)

2.56 
(2.25)

Centre 2.96 
(1.93)

3.61 
(2.97)

1.33 
(2.06)

3.00 
(2.43)

2.79 
(2.21)

2.56 
(2.39)

Right 1.59 
(1.96)

0.51 
(0.92)

0.14 
(0.43)

1.38 
(1.88)

0.44 
(0.91)

0.32 
(0.88)

Left 0.57 
(1.29)

1.45 
(1.68)

4.38 
(2.67)

0.80 
(1.23)

0.98 
(1.52)

3.82 
(2.98)
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