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19 Abstract

20 Driving is an everyday task involving a complex interaction between visual and
21  cognitive processes. As such, an increase in the cognitive and/or visual demands can lead
22  to a mental overload which can be detrimental for driving safety. Compiling evidence
23 suggest that eye and head movements are relevant indicators of visuo-cognitive demands
24 and attention allocation. This study aims to investigate the effects of visual degradation
25 on eye-head coordination as well as visual scanning behavior during a highly demanding
26  task in a driving simulator. A total of 21 emmetropic participants (21 to 34 years old)
27  performed dual-task driving in which they were asked to maintain a constant speed on a
28 highway while completing a visual search and detection task on a navigation device.
29  Participants did the experiment with optimal vision and with contact lenses that
30 introduced a visual perturbation (myopic defocus). The results indicate modifications of
31 eye-head coordination and the dynamics of visual scanning in response to the visual
32  perturbation induced. More specifically, the head was more involved in horizontal gaze
33  shifts when the visual needs were not met. Furthermore, the evaluation of visual scanning
34  dynamics, based on time-based entropy which measures the complexity and randomness
35 of scanpaths, revealed that eye and gaze movements became less explorative and more
36 stereotyped when vision was not optimal. These results provide evidence for a
37 reorganization of both eye and head movements in response to increasing visual-
38 cognitive demands during a driving task. Altogether, these findings suggest that eye and
39 head movements can provide relevant information about visuo-cognitive demands

40  associated with complex tasks. Ultimately, eye-head coordination and visual scanning
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41  dynamics may be good candidates to estimate drivers’ workload and better characterize

42  risky driving behavior.

43 Keywords: eye-head coordination, transition entropy, driving, visuo-cognitive
44  demands
45

46 Introduction

a7 Vision is one of the most important sensory input used when driving [1], and as such
48  intact visual processing and functions are a prerequisite for driver’s license application.
49  The most widespread vision assessment comprises measurements of visual acuity and the
50 extent of visual field. However, not all drivers are subject to the same regulations since
51 legal visual requirements for driving can vary between, and sometimes within, countries.
52  For instance, the minimum visual acuity imposed in the United States ranges between
53  20/40 and 20/100 depending on the jurisdiction [2], whereas Canadian vision standards
54  aresetto 20/50 except for the provinces of New Brunswick and Nova Scotia which require
55  aminimum of 20/40, in accordance with the recommendation of the International Council
56  of Ophthalmology [3,4].

57 Although focus has been primarily directed to the vision standards for driving, to date
58 studies have shown relatively weak or inconsistent relationships between stationary
59 visual acuity by itself and motor vehicle collision involvement [1,5-10]. Besides, the
60 likelihood of road accidents is not increased in drivers with visual acuity less than 20/40

61 compared to those with better vision [8,11]. Given the highly visual complexity of driving,
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62 it is not surprising that visual acuity alone does not reflect all the capacities necessary to
63  safely operate a motor vehicle.

64 In contrast, visual attention and cognitive functions appear to be better predictors of
65  driver safety behavior. The Useful Field of View (UFOV) test for example, has been
66 designed to evaluate visual speed processing and divided as well as selective attention.
67  Previous research has revealed that the impaired performance on the UFOV observed in
68 older adults is indeed related to greater crash risk [5,10,12—-14] and poorer driving
69 performance [15-17]. Similarly, it has been reported that diminished cognitive functions
70 are associated with unsafe driving [18-20]. And more recently, perceptual-cognitive
71  abilities measured using 3-Dimensional Multiple Object Tracking (3D-MOT) have been
72  shown to predict the performance of older adults in driving simulator [21,22].

73 Therefore, driving is a cognitively demanding task that requires not only proper visual
74  but also cognitive functions. As a result of the limited human brain capacity, the increased
75 mental workload associated with multitasking results in impaired behavioral performance
76  [23-25]. Distracted driving refers to any concurrent activity that can withdraw attention
77  from the primary task of driving and includes but is not limited to eating, texting,
78 interacting with passengers or using entertainment and navigation systems [26]. Indeed,
79  about 21% of fatalities and 27% of serious injuries that happened in 2016 involved some
80 form of distracted driving according to Transport Canada’s National Collision Database.
81 The use of in-vehicle devices has been shown to increase drivers’ cognitive resources,

82  resulting in a reduced ability to control their car [27-29]. Performing concurrent tasks
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83  whiledriving is thus a major concern for road safety as it is likely to disrupt visual attention
84  allocation [30-32].
85 The coupling between eye movements and attention has been well-documented,
86  showing that attention is deployed to the location of a future saccade [33-35]. As a
87 consequence of greater mental workload, the attentional resources available to visually
88  explore the environment are drastically reduced. In the context of driving, it results in
89  spatial gaze concentration as well as more frequent and longer fixations away from the
90 road, which can affect the detection of potential hazards [36—39]. In addition to classical
91 eye movement metrics, including fixation rate and duration, entropy has been derived
92 from information theory [40] to provide a quantitative analysis of gaze behavior in
93  naturalistic environments such as flight simulation [41-44], surgery [45-47] and driving
94  [48-51]. The entropy captures visual scanning complexity and, by extension, the spatial
95  distribution of visual attention using two measures. The stationary entropy characterizes
96 the overall gaze dispersion across the visual scene whereas the transition entropy reflects
97  the randomness (or the predictability) in the scanning pattern [52-54].
98 Previous research has shown decreased gaze entropy in pilots during high-complexity
99 flights [42,44] and when performing a subsidiary task while driving [48]. Thus, increasing
100 cognitive demands seem to be associated with lower entropy, which indicates less
101  exploration and a more predictable pattern of visual scanning [54]. In contrast, more
102  traditional eye metrics such as saccade amplitude and fixation duration were not found
103  to be as sensitive to the modulation of mental workload in these situations. Furthermore,

104  pilots’ electroencephalographic (EEG) recordings revealed that the reduction of gaze
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105 entropy induced by flight complexity is accompanied by enhanced frontal theta
106  oscillations [41]. Interestingly, EEG frontal theta power is known to be a
107 neurophysiological index of cognitive and attentional demands [55-58]. These results
108  suggest that entropy measures reflect changes of the ocular behavior in response to the
109 task workload. However, it should be noted that the calculation of transition entropy in
110 the aforementioned studies relies on the spatial discretisation of the visual space and is
111 therefore highly dependent on the visual content of the scene. This can be problematic
112 inthe case of dynamically changing stimuli that can modify fixation probabilities and thus
113  entropy measures. An alternative method that has been put forward this limitation is to
114  investigate eye movements over multiple temporal segments, instead of spatial areas of
115 interest [59]. The benefit of this time-based entropy measure is that it is less sensitive to
116  shifts of the visual scene in more naturalistic settings, where head and body movements
117  occur.

118 When driving, as opposed to less naturalistic environments, head movements are
119 likely to be involved [60]. Indeed, gaze shifts greater than 15° usually rely on a
120 combination of both eye and head movements [61-64]. Moreover, it has been shown
121  that the processing of visual stimuli is enhanced when presented in the straight-ahead
122  direction, independently of gaze direction [65,66]. These results suggest that there is a
123  relationship between visuospatial attention and head movements, as was described for
124  eye movements. Using a driving simulator, different eye-head coordination dynamics
125 have been recorded following exogenous (i.e., stimulus-driven) and endogenous (i.e.,

126  goal-oriented) attention shifts [67]. Furthermore, progressive lens wearers have been
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127  shown to modify their eye-head coordination in real-world driving [68] or when presented
128  with driving-related scenes [69], providing evidence that eye-head movements are
129 modulated by the quality of visual inputs. Altogether, these findings show that
130 coordinated movements of the eyes and head are related to visuo-cognitive processing
131 [70].

132 As stated above, driving is a complex activity and if the associated visuo-cognitive
133  needs are not met, driver’s safety can be compromised. The present study aims to
134  investigate the effects of increasing visual and cognitive demands on eye-head
135  coordination as well as visual scanning behavior in a driving simulator scenario. The
136  driving task load was manipulated by introducing a concurrent visual search and detection
137  task while visual demands were challenged by an experimental visual degradation
138 induced by contact lens wear. The spatial distributions of eye-head movements were
139 analyzed as well as the coordination between the eyes and the head. For this study, in
140 contrast to traditional entropy measures which describe the spatial distribution of
141  movements, entropy was computed based on temporal dynamics. Consequently, time-
142  based entropy metrics were implemented for the gaze, but also the eyes and the head
143  signals in order to better describe the changes in scanning behavior as a result of greater
144  visuo-cognitive demands.

145

146  Material and methods

147  Participants
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148 Twenty-one participants (15 males, 6 females) aged between 21 and 34 years old
149 (mean £ SD =24.8 + 3.7) were recruited for this study. They all had a valid driver’s license
150 for at least 5 years and they had normal vision or corrected with contact lenses (i.e., far
151  visual acuity of 4/10 or better in ETDRS chart, stereoscopic acuity of minimum 50 seconds
152  of arc in Randot test and a visual field of at least 100 continuous degrees along the
153  horizontal meridian and at least 10 continuous degrees above and 20 continuous degrees
154  below fixation). Participants did not suffer from any visual, vestibular, neurological,
155  musculoskeletal or cardiovascular impairment. In addition, scores on the UFOV test
156 showed that all individuals were classified in the low or very-low risk groups for
157  probability of driving difficulties. All participants provided informed written consent and
158 received a compensation of 15$ after the completion of the experiment. This study and
159  all the experimental procedures were approved by the ethics committee of Université de
160  Montréal (Comité d’éthique de la recherche clinique CERC; certificate N°18-090-CERES-

161 D).

162  Apparatus

163 The Virage VS500M car driving simulator (Virage Simulation Inc.®, Montréal, Canada)
164  was used for the driving tasks. The cockpit consisted of real car parts including a seat, a
165 force feedback steering wheel, accelerator and brake pedals, a dashboard and automatic
166  transmission and controls. The visualization system included a PC 5-channel image
167  generator as well as three 50-inch high-resolution (1280 x 720 pixels) overhead projection
168 screens providing 180° front views. In addition, two smaller lateral screens were

169  positioned in the back to replicate blind spot and mirror visualization. Rearview and side
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170  mirrors were projected on the central screen at their approximate locations in a real car.
171  The driving cabin of the simulator was mounted on a three-axis platform with electric
172  actuators that recreated the haptic feedback of acceleration, braking, engine-induced
173  vibrations and road texture. A stereo sound system provided realistic engine and external
174  road sounds, and Doppler effects were used to generate naturalistic sounds of
175  surrounding traffic. All auditory information was adjusted to the driving speed. The
176  navigation device consisted of an 8-inch LCD monitor (1024 x 768 pixels) which was
177 located on the car center console, at the level of the air vents and approximately 70 cm
178  away from participants’ head.

179 Head movements were recorded using an OptiTrack motion capture system and the
180 Motive software (NaturalPoint Inc., Oregon, USA) at a sampling rate of 120 Hz.
181  Participants wore a helmet with 4 retro-reflective markers located above the head. The
182 3D positions of the markers were recorded by a camera placed on top of the simulator's
183  centerscreen, in order to track yaw, pitch and roll rotations of the head while participants
184  were driving. Eye movements were recorded using SMI Eye Tracking Glasses 2 Wireless
185 (SensoMotoric Instruments, Teltow, Germany) which provide native, binocular tracking
186  with a sampling rate of 120 Hz. The infrared light emitted by the glasses allowed two
187  cameras located in the lower frame to track the corneal reflections and determine the

188  center of the pupils. Eye rotations were recorded in yaw and pitch.

189 Procedure

190 In the driving scenario, participants were on a highway and the task consisted of

191 maintaining their speed at 90 km/h, as accurately as possible. They were instructed to
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192  drive normally, as they would in real life and respect road signs, speed limits and other
193  road users. While driving, participants were asked to perform a visual search task on a
194  navigation device located in periphery, on the center console. One trial of the visual
195  search task proceeded as follows. The navigation device turned on and displayed a picture
196  of direction road signs with multiple information (Figure 1.A) for 6 seconds and then the
197  device was turned off. Participants had to verbally report the number associated with the
198 city “Montréal” which appeared on each road signs among other directions. They were
199 not given any cue to the onset of a given trial; however, no time limit was imposed and
200 they were allowed to respond during and after the stimuli presentation. A total of 7 visual
201  search trials were randomly distributed in time throughout the driving scenario, which
202 lasted approximately 6 minutes and 30 seconds (Figure 1.B).

203 Each participant performed the experiment in two conditions: with normal or
204  corrected-to-normal vision (Optimal vision) and with reduced visual acuity (Degraded
205 vision). The order of both experimental conditions was counterbalanced across
206  participants to control for practice effects. For the degraded vision condition, participants
207  were divided into two different groups. In the “lower degradation” group, the contact
208 lenses power was chosen so that participants’ visual acuity would approach 4/10 at 3 m
209 distance whereas for the “higher degradation” group, the targeted visual acuity was still
210  4/10 but at a distance of 1m20. Eleven out of the 21 participants (8 males, 3 females; age
211 = 24.2 + 3.5 years old) were in the lower perturbation group and the remaining 10
212  participants (7 males, 3 females; age = 25.5 + 3.9 years old) were in the higher

213  perturbation group. Disposable soft contact lenses (CooperVision Inc.®) were used to

10
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214  reduce participants’ visual acuity. The power of contact lenses was defined by calculating
215 the difference between the target threshold visual acuity and the visual acuity without
216  correction of the participant.

217

218 Figure 1. A. Example of a direction road sign presented on the navigation device
219  during the visual search task. Participants were asked to give the number associated with
220  the city “Montréal” (here 76). B. Temporal sequence of the driving scenario. Driving
221  speed, head rotation and eye rotation as a function of time. Grey shaded areas depict the

222 7 visual search trials. Yaw rotations are represented in red and pitch rotations in blue.

223

224 Variables

225 Head rotations were recorded in the world coordinate system whereas eye rotations
226  were measured in the head coordinate frame. In addition, gaze (eye-in-space) rotations
227  were computed afterwards by using the head-in-space and the eye-in-head recorded
228  signals. For the purpose of this study, yaw and pitch rotations were analyzed. Negative
229 yaw angles indicate left and positive yaw angles indicate right. On the other hand,
230 negative pitch angles correspond to downward rotations whereas positive pitch rotations
231  describe upward rotations in the corresponding coordinate system.

232 Eye-head coordination was investigated by considering the linear regression of head
233 versus eye rotations. If the eyes move without any head rotation, the slope would equal

234 0.Incontrast, the bigger the slope, the more involved the head is in coordinated eye-head

11
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235 movements. In both visual conditions, linear regressions slopes were computed for each
236  individual and then averaged across participants within the same degradation group. In
237  order to exclude potential outliers and data artefacts from the regression analysis, data
238  with low-density distribution (less than 20 occurrences per 1x1 degree bin) were
239 removed. Eye-head coordination was analyzed only during the visual search trials,
240  separately for yaw and pitch rotations.

241 In contrast to eye-head coordination, entropy was evaluated throughout the whole
242 driving scenario, and not only during the visual search task. In order to evaluate time-
243  based entropy, eye and gaze data were divided into time bins of 120 ms, which
244  approximates the minimum fixation duration. Because head movements are slower, data
245  were binned into 800 ms windows. Time-based transition entropy was then calculated by

246  using the conditional entropy equation [71] as follows:

247 Entropy = = ) pi Y p(i)logap(if)
=1 =1

248  Where p; is the probability that one fixation is found in time bin i and p(i,j) the probability
249  to find the same fixation in time bins i and j. By analogy to traditional transition entropy,
250 where p; represents the probability that one fixation is in the area of interest i and p(i,))
251  the probability to transition from area i to j. The entropy calculated was then normalized
252 by the maximum entropy so that it ranged between 0 and 1. As supported by previous
253  research, higher entropy depicts a more complex and less predictable pattern of visual

254  scanning. On the other hand, lower entropy suggests a more structured and less random

12
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255  pattern of scanning behavior [52-54]. All data processing and computations were
256  performed using a custom-written Matlab® toolbox (The MathWorks, Natick, MA, USA).

257

258  Statistical analyses

259 In order to compare the distributions of eye, head and gaze rotations between
260  optimal and degraded vision, two-sample Kolmogorov-Smirnov tests were used, where
261  the null hypothesis assumes that the two samples come from the same continuous
262  distribution. Two-way mixed ANOVAs were conducted to explore the effect of the visual
263  condition (within-subjects factor — optimal and degraded vision) and the severity of the
264  visual perturbation (between-subjects factor — lower and higher degradation groups).
265 Non-normal data were corrected for distribution skew using the Box-Cox transformation
266  [72]. Tukey’s HSD post-hoc tests were used to further explore significant main effects and

267 interactions. Statistical threshold was set to 0.05.

268

269 Results

270 The density distributions of head, eye and gaze rotations during the visual search task
271  are depicted in Figure 2. In optimal vision (Figure 2.A), most of the eye, gaze and head
272  rotations in yaw and pitch were centered around the origin (yellow areas). These
273  observations indicate that both the head and the gaze were primarily oriented towards
274  the middle of the central driving simulator screen (i.e., the road ahead). In addition, it

275  shows that the eyes were mostly in the primary position — in other words, the visual axis

13
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276 s parallel to the sagittal plane of the head. Furthermore, the distributions of eye, head
277  and gaze rotations appear to stretch out to the bottom right quadrant (blue green areas)
278  which roughly corresponds to the position of the car center console. This demonstrates
279  that participants were actually involved in the visual search task displayed on the
280 navigation device located in periphery. Interestingly, the distributions of rotations
281 seemed to be modified by the visual degradation induced by the contact lenses (Figure
282  2.B). These differences are better captured through the kernel density estimates depicted
283  in Figure 3. Two-sample Kolmogorov-Smirnov tests revealed that the distributions of
284  rotations between the optimal and degraded vision conditions were significantly different
285  for the eye and the gaze in pitch, and for the head in yaw (all p < 0.01). Similar to the
286  optimal vision condition; head, eye and gaze rotations in degraded vision were mostly
287  aligned with the origin. This shows that, irrespective of the visual perturbation,
288  participants tend to keep their head and eyes directed towards the road straight ahead
289  while driving and performing the concurrent visual search task in periphery. However, as
290 a result of the visual degradation, rotations around 0 were reduced and more rotations
291  were observed around -12° in pitch for the eyes (Figure 3.A), +20° in yaw for the head
292  (Figure 3.B) and -15° in pitch for the gaze (Figure 3.C). These findings suggest that, in
293  presence of the visual degradation, participants are more likely to direct their eyes and
294  head towards the navigation device located on the car center console.

295

296 Figure 2. Density distributions of rotations in optimal vision (A) and degraded vision

297  (B) during the visual search task. Pitch rotations are plotted as a function of yaw rotations

14
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298 forthe eye (left column), the head (middle column) and the gaze (right column). The color
299 scale depicts the number of data points from all participants (n = 21) for a given
300 combination of yaw-pitch angles.

301

302 Figure 3. Kernel density estimates of eye (A), head (B) and gaze (C) yaw and pitch
303 rotations depicted in Figure 2, in the optimal and degraded vision conditions. **p < 0.01,
304 ***p<0.001

305

306 The coordination between eye and head rotations was first analyzed in the yaw axis
307 (Figure 4). In the optimal vision condition, the average slope of the linear regression
308 between head yaw and eye yaw was -0.47 £ 0.43 for the lower degradation group and -
309 0.22 +0.29 for the higher degradation group. In the degraded vision condition, the slopes
310 were-0.50+0.32 and -0.66 + 0.43 for the least and most impaired group, respectively. A
311  two-way ANOVA revealed a significant main effect of the visual perturbation showing that
312 the average linear regression slope was steeper in the degraded vision condition
313  compared to the optimal vision condition (F(1,38) = 5.07, p = 0.030, n? = 0.11). However,
314  there was no significant main effect of the degradation group (F(1,38) = 0.25, p = 0.617)
315 and nosignificant interaction (F(1,38) = 2.98, p =0.092). The eye-head coordination in the
316  pitch axisisillustrated in Figure 5. When vision was optimal, the average slopes were very
317 close to O for both degradation groups (lower degradation group: -0.01 + 0.09 and higher
318 degradation group: 0.00 + 0.08). In the degraded vision condition, the slope for the lower

319 degradation group was -0.11 + 0.21 and -0.07 + 0.24 for the higher degradation group.

15
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320 The two-way ANOVA conducted showed neither significant main effects of the visual
321  degradation (F(1,38) =2.73, p =0.107) and degradation severity (F(1,38) = 1.00, p = 0.323),
322  nor a significant interaction (F(1,38) = 0.28, p = 0.598). These findings suggest that the
323  eye-head coordination in yaw, but not in pitch, is modified in response to the visual
324  degradation introduced. More specifically, when vision is not optimal, more head
325 movements are recruited to perform the visual search task while driving. However, eye-

326 head coordination does not seem to reveal differences between the two degradation

327  groups.
328
329 Figure 4. Eye-head coordination in the yaw axis, in optimal (right column) and

330 degraded vision (right column) for the lower degradation group (top row) and the higher
331  degradation group (top row) during the visual search task. Head rotations are represented
332  as a function of eye rotations (grey data points). Average slopes of the linear regression
333 (red lines) are reported in each plot. Ellipses represent the joint probability distributions
334  and colored lines correspond to iso-probability contours.

335

336 Figure 5. Eye-head coordination in the pitch axis, in optimal (right column) and
337  degraded vision (right column) for the lower degradation group (top row) and the higher
338 degradation group (top row) during the visual search task. Head rotations are represented
339 as a function of eye rotations (grey data points). Average slopes of the linear regression
340 (red lines) are reported in each plot. Ellipses represent the joint probability distributions

341 and colored lines correspond to iso-probability contours.
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342

343 In order to further explore the scanning behavior of participants, the time-based
344  entropy was computed across the entire driving scenario and the resulting measures are
345 presentedin Table 1. Transition entropies for the eye, the head and the gaze are depicted
346 in Figure 6. For the eye signal, the two-way ANOVA revealed a main effect of the visual
347  condition (F(1,38) = 17.1, p < 0.001, n? = 0.29) showing that eye entropy was significantly
348 reduced in the presence of the visual perturbation, compared to the optimal vision
349  condition. In contrast, no main effect of the degradation severity (F(1,38) = 3.28, p =
350 0.078) and no significant interaction (F(1,38) = 1.07, p = 0.307) were reported. Analyses
351 on the head entropy showed no significant main effects of the visual condition (F(1,38) =
352 3.35, p = 0.075) or the severity of the degradation (F(1,38) = 1.27, p = 0.267) and no
353  significant interaction (F(1,38) = 0.06, p = 0.816). As for the gaze, the ANOVA revealed a
354  significant main effect of the visual condition (F(1,38) = 6.78, p = 0.013, n? = 0.15) where
355 entropy was decreased when vision was degraded. However, no main effect of
356 degradation severity (F(1,38) = 0.29, p = 0.593) and no significant interaction (F(1,38) =
357 0.05, p = 0.820) were found. These results show that the scanning dynamics of both the
358 eyes and the gaze are similarly affected by the visual perturbation induced.

359

Optimal vision Degraded vision

Lower Higher Lower Higher

degradation

degradation

degradation

degradation

Eye entropy

0.477 (+ 0.016)

0.470 (+ 0.013)

0.448 (+ 0.045)

0.422 (+ 0.030)

Head entropy

0.397 (+ 0.010)

0.394 (£ 0.010)

0.392 (+ 0.014)

0.388 (£ 0.007)
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Gaze entropy 0.476 (+ 0.014) 0.478 (+ 0.018) 0.449 (+ 0.047) 0.458 (+ 0.027)

360

361 Table 1. Average (+ standard deviation) entropy values calculated for the eye, the
362 head and the gaze in optimal and degraded vision conditions, for both lower and higher
363  degradation groups.

364

365 Figure 6. Entropy values computed for the eye, the head and the gaze as a function
366  of the visual condition and the degradation group. The histograms represent the average
367 entropy across participants. The error bars represent the SEM and the light grey circles

368  depict the entropy for each individual. *p < 0.05, ***p < 0.001

369

370 Discussion

371 This study was designed to explore the effects of increasing visual and cognitive
372 demands on eye-head movements and visual scanning pattern while driving. Participants
373  in a driving simulator were asked to maintain constant speed and perform a concurrent
374  visual search and detection task on a navigation device located in the periphery. A visual
375  perturbation was experimentally induced by the wear of contact lenses. The distributions
376  of eye and gaze movements in the pitch axis, and head movements in the yaw axis were
377 found to be affected by the introduction of the visual degradation. Namely, rotations
378  were modified in such a way that participants directed their eyes and head more towards

379 the navigation device on the car center console, where the visual search task was
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380 displayed. Nevertheless, in both the optimal and the degraded vision conditions, the head
381 andthe gaze were mostly directed on the road ahead as shown by the maxima of density
382 estimates which were centered around 0°. These observations resemble the findings
383 reporting that more gaze concentration towards the road center area as the driving task
384  difficulty increases [38,73]. Furthermore, eye-in-head rotations revealed that the eyes
385 remained somewhat aligned with the front head direction. This is consistent with
386  previous studies that have shown that eye fixations are strongly biased towards the head
387 orientation and that eye-head misalignments can result in impaired visual processing
388 [70,74]. Taken together, these findings suggest that although our participants were
389 performing a visual search in the periphery, their focus remained largely centered on the
390 roadin front of the car. One possible explanation could be that participants were able to
391 complete the subsidiary task on the navigation device faster than the maximum 7-second
392 window allowed and, then shifted their eyes and head back to the road for the main
393  driving task. The examination of reaction times to the visual search task, which we did not
394 measure in the present study, would have been helpful to confirm or refute this
395 hypothesis.

396 The analysis of eye-head coordination showed that, participants exhibited head
397 movements of greater amplitude in the horizontal plane (i.e., yaw angle), when wearing
398 the contact lenses compared to when vision was optimal. Considering more specifically
399 the degraded vision condition however, no significant difference was observed between
400 the lower and higher degradation groups. Moreover, the eye-head coordination in the

401  pitch axis was not significantly modified when vision was impaired by contact lens wear.
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402 These results highlight the specific reorganization of horizontal eye-head movements in
403 response to the visual degradation, while performing a subsidiary visual search task. Our
404  results are in accordance with the observation that participants tend to make more head
405 movements towards the visual stimuli of interest when task difficulty increases [75].
406  Nevertheless, the slope of the linear regression of head versus eye rotations never
407  exceeded -1. This implies that overall, the eyes contribute more than the head to gaze
408  shifts, as previously described for the discrimination of visual targets in the periphery [76].
409 Interestingly, the change in eye-head strategy highlighted in the present study echoes
410  earlier work that has reported more and larger vertical head movements in participants
411  adapting to progressive addition lenses [69,77]. This is attributed to the gradual change
412  in power from the top to the bottom of progressive lenses, necessary to provide clear
413  vision at all distances. In our study, however, horizontal movements were more likely to
414  be involved as the secondary visual search task was displayed on the car center console.
415 That would explain why our visual perturbation specifically affected the eye-head
416  coordination across the horizontal, and not the vertical, plane.

417 The present study sought to investigate drivers’ scanning behavior by means of the
418  entropy. We adopted a new approach which takes into consideration the temporal rather
419  than the standard spatial features of eye and head movements, which are typically used
420  forthe calculation of entropy. Our modified entropy measures revealed that the scanning
421  pattern of the head was not strongly affected by the visual perturbation induced by the
422  contact lenses. This difference may be due to slower head movements compared to the

423  eyes, thus requiring the use of longer time windows for the calculation of time-based
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424  head entropy. However, for the sake of this study we decided to use the same time
425  window of 120 ms for the eyes, the gaze and the head in order to compare entropy
426  measures between all three effectors. On the other hand, both eye and gaze entropies
427  were found to be significantly decreased when vision was impaired, compared to when it
428  was optimal. However, similar to eye-head coordination, the entropy of the eye and the
429  gaze did not differ between the least and the most impaired groups. Reduced eye and
430 gaze entropies while wearing contact lenses demonstrate that increasing visual demands
431  altered drivers’ visual scanning pattern, which became less explorative and more
432  stereotyped. These results are similar to those reporting a reduction in gaze transition
433  entropy when portions of visual stimuli are blurred [78]. Unfortunately, the authors did
434  not discuss this result and it remains unclear why and how a visual perturbation can
435  influence scanning patterns. Two non-mutually exclusive explanations can be advanced.
436  The first is that transition entropy is dependent on the visual scene complexity, as
437  suggested by Shiferaw and colleagues [54]. In that case, the loss of high spatial frequency
438  content due to the blur induced by the contact lenses would result in reduced visual
439  complexity and thus, in lower transition entropy. The second is that non-optimal vision
440  substantially increases the overall cognitive task load. There again, a reduction in
441  transition entropy is expected as it has been shown to decrease during high-complexity
442  flights, complex pattern recognition tasks or dual-task driving [41,42,44,48,79]. Transition
443  entropy is considered to be an indicator of visual scanning efficiency and to reflect the

444  top-down modulation of gaze control [54]. As a consequence, the reduction in transition
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445  entropy related to task difficulty or distraction is likely to demonstrate impaired allocation
446  of resources for gaze control, due to overall greater cognitive demands.

447 Ultimately, our present findings demonstrate that the calculation of entropy based
448  on temporal characteristics of the scanpath provides some advantages over the more
449  traditional entropy measures considering spatial distribution. Indeed, transition entropy
450 as commonly used to characterize scanning patterns quantifies the transition of fixations
451 between different areas of interest that divide the visual scene [52,53,80]. However,
452  under normal viewing conditions, eye movements are for the most part stimulus-driven
453  and attracted to salient elements of the environment [81-83]. This thus suggests that
454  transition entropy, assessed using regions of interest, might be highly dependent upon
455  the visual scene composition and how the visual space is been discretized [54]. Under
456  those circumstances, it makes it difficult to compare transition entropies between
457  paradigms in which visual stimuli are more dynamic and change over time, such as in
458  driving simulator. Furthermore, it has been acknowledged that fixation durations are also
459  relevant to describe scanning patterns and can vary as a function of task difficulty [84,85].
460 Hence, the use of time-based entropies would allow to minimize the confounding effects
461  of various visuospatial task demands [59]. Our modified measures of entropy have been
462 shown to vary in the same way as traditional transition entropy does in aviation and
463  driving [41,42,48], therefore providing evidence that this particular method constitutes a
464  valid approach to quantify visual scanning behavior in complex environments. In addition,
465  transition entropy so far has been derived from gaze shifts which combine eye and head

466  signals and to our knowledge, this is the first study to examine the entropy related to eyes
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467 and head, separately. These findings suggest that transition entropy can be applied to eye
468 and head recordings as well and, this would allow a better understanding of the
469 relationship between eye and head scanning behaviors and strategies. Although further
470 research is needed to strengthen the present findings, this is of particular interest for
471  studies using more naturalistic or real-world settings in which the head is not restrained.
472 In this study, we introduced a blur in emmetropic participants in order to challenge
473  theirvisual system and increase the visuo-cognitive demands of the task. For this purpose,
474  they wore contact lenses with a positive addition which impose myopic defocus, thus
475  resulting in a reduction of visual acuity. As a result of the lenses power, a change in
476  accommodative demand occurred leading to a mismatch between the vergence and the
477  accommodative responses, referred to as vergence-accommodation conflict. Although
478  young adults have sufficient accommodative reserve to partially compensate for this
479  mismatch [86—88], vergence-accommodation conflict has been shown to interfere with
480 cognitive executive functions [89]. It is speculated that the neural correlates between
481  cognitive control and the vergence-accommodation coupling partially overlap at the level
482  of the frontal and parietal lobes. Consequently, both processes compete for visual
483  attention resources when disrupting the balance between vergence and accommodation.
484  This underscores the importance of the quality of vision during highly demanding
485  cognitive tasks, such as driving for example. That said, it would be interesting to test older
486  adults in order to investigate whether the decline of the accommodative ability
487  exacerbate the effect of the visual degradation on their eye-head coordination and visual

488  scanning behavior while driving. Finally, it has been reported that the visual system can
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489  better handle changes in accommodative than in vergence demand [86,90]. This could
490 account for why we did not observe significant differences between the lower and the
491  higher visual degradation groups in our study. It is likely that participants were able to
492 somewhat compensate, even for stronger addition and that would explain why we found
493  no effect of the severity of visual degradation. This presumes that the modulation of the
494  vergence response, such as prism-induced disparity for example, would have a greater
495 impact on the visual system and would potentially allow to reveal distinct effects as a

496 function of the extent of the visual perturbation.

497

498 Conclusions

499 To conclude, this study has provided evidence that when performing a highly
500 demanding driving task, drivers adapt their eye-head coordination in order to meet the
501 increasing visual demands related to vision degradation. By contrast, the overall spatial
502 distribution of eye and head movements appears to be rather insensitive to perturbations
503 of the visual input. Lastly, time-based transition entropy measures have revealed that the
504  scanning behavior of the eyes and the gaze is modified by the visual perturbation induced.
505 This modification in transition entropy suggests a decline in visual scanning efficiency in
506 response to increased visuo-cognitive demands, which can be potentially detrimental for
507 drivers’ safety on the road. These findings demonstrate that quantitative measures of
508 visual scanning provide relevant information about the visuo-cognitive demands and

509 possibly the mental workload involved in performing complex tasks such as driving. If so,
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510 time-based entropy could be used in upcoming research to help better identify distraction
511 in fields where traditional entropy measures are currently being used, such as driving,
512  aviation or surgery. Ultimately, dynamic visual scanning assessed through time-based
513  entropy might be able to discriminate between safe and unsafe behaviors during these

514  complex and demanding tasks.

515
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