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Abstract 24 

The current study was aimed at evaluating the effects of age on the contributions of head and eye 25 

movements to scanning behavior at intersections. When approaching intersections, a wide area 26 

has to be scanned requiring large lateral head rotations as well as eye movements. Prior research 27 

suggests older drivers scan less extensively. However, due to the wide-ranging differences in 28 

methodologies and measures used in prior research, the extent to which age-related changes in 29 

eye or head movements contribute to these deficits is unclear. Eleven older (mean 67 years) and 30 

18 younger (mean 27 years) current drivers drove in a simulator while their head and eye 31 

movements were tracked. Scans, analyzed for 15 four-way intersections in city drives, were split 32 

into two categories: eye-only (consisting only of eye movements) and head+eye (containing both 33 

head and eye movements). Older drivers made smaller head+eye scans than younger drivers 34 

(46.6° vs. 53°), as well as smaller eye-only scans (9.2° vs. 10.1°), resulting in overall smaller all-35 

gaze scans. For head+eye scans, older drivers had both a smaller head and a smaller eye 36 

movement component. Older drivers made more eye-only scans than younger drivers (7 vs. 6) 37 

but fewer head+eye scans (2.1 vs. 2.7). This resulted in no age effects when considering all-gaze 38 

scans. Our results clarify the contributions of eye and head movements to age-related deficits in 39 

scanning at intersections, highlight the importance of analyzing both eye and head movements, 40 

and suggest the need for older driver training programs that emphasize the importance of making 41 

large scans before entering intersections. 42 

 43 

Keywords: Aging, Driving, Scanning, Head and Eye Movements, Driving Simulation 44 

  45 
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1. Introduction 46 

Before entering an intersection drivers must visually scan a wide field of view. For example, stop 47 

controlled T-intersections typically have a clear sight triangle subtending about 170° of visual 48 

angle (AASHTO 2011). This means that drivers need to scan approximately 85° to their left and 49 

right in order to fully inspect the intersection before pulling out. Humans have a maximal 50 

oculomotor extent of around 55° (Guitton 1992, Haggerty et al. 2005); however, eye movements 51 

of such magnitudes are extremely infrequent as they are uncomfortable and most naturally 52 

occurring eye saccades rarely exceed 15° (Bahill et al. 1975). Scans of about 85° require large 53 

lateral head rotations as well as eye saccades. Therefore in order to fully quantify scanning 54 

behavior at intersections it is important to track a driver’s head-in-world and eye-in-head 55 

movements as well as their gaze-in-world, the combination of the head-in-world and eye-in-head 56 

movements (referred to as gaze, head and eye, respectively, throughout the rest of the paper). 57 

The goal of the current study was to evaluate the effects of age and following a Lead Car on the 58 

relative contributions of eye and head movements to scanning at intersections. 59 

Although prior studies reported that older drivers scan less extensively at intersections 60 

than younger drivers (Bao and Boyle 2009, Romoser and Fisher 2009, Romoser et al., 2013, 61 

Bowers et al. 2019), several questions remain unanswered. Firstly, it is unclear whether age-62 

related deficits in scanning occur primarily in the head movement component of scans, or in the 63 

eye movement component. Secondly, older drivers might attempt to compensate for deficits in 64 

head movements by using increased eye movements but this has not been systematically 65 

investigated. Thirdly, following a Lead Car might have contributed to a lack of scanning or 66 

exacerbated age-related deficits in scanning at intersections in some driving simulator studies 67 

(e.g., Romoser et al., 2013). Following a Lead Car requires the driver to remain vigilant of the 68 

Lead Car’s distance, speed, and brake lights, which may cause the driver to spend more time 69 
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looking straight ahead and reduce the number of scans on approach to intersections. Addressing 70 

each of these questions is relevant to providing a better understanding of the scanning deficits of 71 

older drivers as well as to the design of training programs aimed at improving scanning.  72 

The methods and metrics with which scanning behavior at intersections have previously 73 

been quantified vary greatly across studies making it difficult to determine the relative 74 

contributions of eye and head movements to scanning deficits of older drivers. Some studies 75 

tracked only head movements (Bao and Boyle 2009, Bowers et al. 2014, Bowers et al. 2019), 76 

some tracked both eye and head movements and reported them separately (Rahimi et al. 1990) or 77 

combined (Kito et al. 1989), while others tracked only the point of gaze within the scene 78 

(Romoser et al. 2013). Any studies that tracked only head movements would have failed to 79 

detect scans where the driver moved their eyes without moving their head (eye-only scans) and 80 

for scans where subjects moved their head and eyes (head+eye scans), the full extent of the gaze 81 

movement would not have been measured. Thus, it is likely that both the amount and the 82 

magnitude of scanning at intersections would have been underestimated. By comparison, in 83 

studies that tracked the point-of-gaze in the virtual world, but did not track head position 84 

separately, it is unknown whether reported age effects were primarily a result of age-related 85 

differences in head or eye movement behaviors. Therefore, the aim of the current study was to 86 

investigate the effects of age on the relative contributions of eye and head movements to gaze 87 

scanning behavior. We focus on scans made before entering the intersection, sometimes called 88 

primary scans, as distinct from scans made after entering the intersection, sometimes called 89 

secondary scans (Romoser and Fisher, 2009). 90 

We hypothesize that age effects will be more apparent in the head than the eye movement 91 

components of scanning because older drivers may have age-related reductions in neck 92 
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flexibility, which could reduce maximum head rotation extent (Isler et al. 1997, Dukic and 93 

Broberg 2012, Chen et al. 2015). In support of this, Bowers et al (2019) previously found that 94 

older drivers made fewer head scans and had smaller maximum head scan magnitudes close to 95 

the intersection than middle-aged drivers, and Bao and Boyle (2009) reported that older drivers 96 

head scanned over a narrower area than middle-aged drivers. One way to compensate for a 97 

reduction in head scan magnitudes and numbers might be to make more and larger eye-only 98 

movements and fewer head+eye scans. However, older subjects were reported to make smaller 99 

eye saccades than younger subjects in a real-world walking task (Dowiasch et al. 2015). In order 100 

to better understand age-related differences in gaze scanning behavior at intersections, in the 101 

current study scans were classified in two categories: scans which were predominately eye-only, 102 

and scans which had a substantial head component as well as an eye component head+eye  (see 103 

Table 2). We analyzed both the number as well as the horizontal size of eye-only, head+eye and 104 

all-gaze (combined eye-only and head+eye) scans. Our main hypotheses were:  105 

1) Older subjects would have a smaller head movement component and a smaller eye 106 

movement component to head+eye scans than younger subjects;  107 

2) Older subjects would make fewer head+eye scans than younger subjects but might make 108 

more eye-only scans in an attempt to compensate; 109 

3) Following a Lead Car would reduce the numbers of scans (eye-only and head+eye), 110 

compared to driving with very simple GPS navigation instructions, but would not affect 111 

scan magnitudes. Simple auditory GPS instructions were used as the comparison for the 112 

Lead Car condition because they had been used to guide participants in prior simulator 113 

studies investigating scanning at intersections (Bowers et al. 2014, Bowers et al. 2019), 114 
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and auditory navigation systems are used by both older and younger drivers in real-world 115 

driving (Jenness et al. 2008). 116 

 117 

2. Methods 118 

2.1 Design 119 

This study implemented a 2 (Age – Young vs. Old - between) x 2 (Guidance type – GPS vs. 120 

Lead Car - within) mixed design. The dependent variables were the numbers and horizontal 121 

magnitudes of scans (see head and gaze measures section).  122 

2.2 Subjects 123 

We recruited a total of 51 subjects in two age groups: 28 older (11 female and 17 male; 61-81 124 

years) and 23 younger (10 female and 13 male; 22-41 years) with visual acuity that met the 125 

requirements for a driver’s license in MA (at least 20/40 corrected or uncorrected). The age 126 

ranges were selected to provide good separation between the older and younger groups, and were 127 

based on age ranges used in prior studies investigating the effects of age on driving performance 128 

(Wood et al. 2009, Bao and Boyle 2009). Subjects were required to be current drivers (have a 129 

valid driving license and drive on at least one day per week), have at least two years of driving 130 

experience and have no adverse ocular history (self-reported) of eye disease that might affect 131 

visual acuity or visual fields.  132 

Sixteen subjects did not complete the study either because of simulator discomfort (N= 133 

10; 2 younger and 8 older) or because of eye tracking software issues (N= 6; 2 younger and 4 134 

older) and were excluded. The remaining subjects completed the study; however, 6 subjects (1 135 

younger and 5 older) were discarded prior to running our analyses due to excessive noise in their 136 

gaze data. Therefore a total of 11 older and 18 younger subjects (Table 1) were included in 137 
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analyses. Both groups had good visual acuity and contrast sensitivity (Table 1) and there was no 138 

statistical difference in the number of miles driven per year between older and younger subjects 139 

(W= 76.5; p= .12). The study followed the tenets of the Declaration of Helsinki and was 140 

approved by the institutional review board at the Schepens Eye Research Institute. Informed 141 

consent was obtained from each subject prior to data collection. 142 

Table 1. Characteristics of study subjects  

Factor Older (N=11) Younger (N=18) 

Age [years], mean 

(SD) 

67.5  

(6.7) 

26.5 

(5.9) 

Male [N] 

(%) 

7  

(64) 

9  

(50) 

Visual acuity [logMAR1], mean 

(SD) 

0.00 (0.07) 

20/20 

-0.07 (0.05) 

20/17 

Contrast sensitivity [log], mean 

(SD) 

1.70 

(0.09) 

1.78 

(0.07) 

Annual mileage [miles], median 2860 1170 

Driving experience [years], median 49 6 

1 logMAR – Logarithm of the minimum angle of resolution  

2.3 Materials  143 

2.3.1 Driving simulator 144 

The driving simulator (LE-1500, FAAC Corp, Ann Arbor, MI) consisted of five 42-inch LCD 145 

monitors yielding approximately 225° horizontal field of view. The central screen (~64° 146 

horizontally) provided the view through the windshield, while the screens to the left and right of 147 

the central screen provided the view through the side windows. Rear- and side-view mirrors were 148 

inset on the LCD monitors simulating their real positions in a car. The dashboard was displayed 149 

at the bottom of the central monitor and contained the speedometer and a clock. The controls and 150 

dashboard resembled a fully automatic transmission Ford Crown-Victoria along with a motion 151 

base seat with 3 degrees of freedom (Figure 1). Driving simulator data, including the position of 152 
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the subject’s vehicle, its speed and heading, as well as information about other scripted vehicles, 153 

were collected at 30Hz.  154 

Head and eye movement data were recorded using a remote, digital 6-camera tracking 155 

system at 60 Hz (SmartEye Pro Version 6.1, Goteborg, Sweden, 2015 - Figure 1), which allowed 156 

for natural eye and head movements. The system tracked head and eye movements across 157 

approximately 180° (90° to the left and right), enabling us to capture the large scans that drivers 158 

make before entering an intersection. Data from the head and eye tracker and driving simulator 159 

were synchronized into a single text file using custom software in MATLAB®.  160 

 

Figure 1. FAAC® driving simulator with SmartEye® 6-camera head and eye tracking system 

(yellow circles). 

2.3.2 Driving scenarios 161 

All driving scenarios were scripted with Scenario Toolbox software (version 3.9.4. 25873, 162 

FAAC Incorporated). The scenarios were set in a light industrial virtual world with the roads 163 

primarily laid out on a grid system. The world included high rise office buildings, business parks, 164 

small shopping precincts, and residential houses such as bungalows and town houses. In the 165 
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current study, subjects drove along one route with 42 intersections, which took about 12 to 15 166 

minutes to complete (depending on the subject’s driving speed). Data were analyzed for 15 167 

intersections along the route which were all four-way intersections with cross streets 168 

perpendicular to the street along which the subject’s car was approaching the intersection. The 169 

remaining 27 intersections were not included in analyses either because there was a motorcycle 170 

hazard at the intersection (data will be reported in a future paper), the intersection configuration 171 

was asymmetric (incoming road on only one side), or the cross street was not perpendicular.  172 

As summarized in Table A1 (appendix), the 15 intersections for which data were 173 

analyzed included a variety of maneuvers (turn left, turn right, go straight), signage (stop, yield, 174 

traffic lights, no signage) and non-hazardous cross traffic.  Since the presence of other traffic 175 

may affect scanning behaviors at intersections (Rahimi et al. 1990, Keskinen et al. 1998), cross 176 

traffic was programmed to behave in the same manner for all subjects. Cross traffic was 177 

triggered to start moving when the subject’s vehicle was a predetermined distance from the 178 

intersection, and the number of vehicles on the cross street was the same for every subject (see 179 

Table A1). If the cross-traffic vehicle was scripted to cross the intersection, then it did so well 180 

before the subject’s vehicle reached the intersection (to avoid unnecessary crashes). Otherwise, if 181 

the cross-traffic was scripted to stop at a traffic light or stop sign, it did not move again until the 182 

participant drove past the intersection. There were many buildings along the route such that the 183 

view of the cross street was obscured on either one or both sides at 11 of the 15 intersections (see 184 

Table A1).  185 

2.4 Procedure 186 

The driving simulator session began with two acclimatization drives. The first took place on a 187 

rural highway without other vehicles. This allowed subjects to get used to the controls and 188 
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handling of the simulated vehicle and the simulated environment. The second acclimation drive 189 

took place in the same simulated city as the experimental drives and allowed subjects to practice 190 

controlling the vehicle within the city, making 90° turns and stopping at the appropriate signage. 191 

For these two acclimation drives, subjects were given as much time as they needed in order to 192 

become comfortable maneuvering the simulated vehicle. After the acclimation drives, we 193 

adjusted the six cameras of the SmartEye tracking system and calibrated the subject’s head 194 

position. Next, subjects completed a practice drive which included all the elements of the 195 

experimental drives. During the practice drive the SmartEye system automatically built a profile 196 

of the subject and tracked their facial features. Eye position was calibrated after the final practice 197 

drive by means of a five point calibration procedure on the center screen.  198 

After calibration, subjects completed two experimental drives. Eye and head data were 199 

collected and analyzed for these two experimental drives. Subjects drove the same route twice in 200 

counterbalanced order, once with GPS instructions and once while following a Lead Car (Figure 201 

2). Between the two experimental drives, subjects drove an unrelated scenario in a different 202 

virtual world and were offered an opportunity to take a break. If the subject stepped out of the 203 

simulator for a break, eye position was re-calibrated before the second experimental drive. 204 

In the GPS drive, simple pre-recorded auditory navigation instructions were used to guide 205 

the subject along the route. Navigation instructions were only given when the participant needed 206 

to make a turn (“Turn left/right at next intersection”), with the instruction delivered when the 207 

subject’s vehicle was approximately 70 meters from the intersection. In the Lead Car drive, 208 

subjects followed a car that was scripted to drive at 35 mph. The Lead Car made periodic stops 209 

to ensure that subjects did not lose sight of it and would have to monitor the Lead Car’s speed 210 

and braking behavior. Subjects were instructed to drive as they normally would and follow all 211 
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normal traffic rules. They were not, however, given any specific instructions about how to scan. 212 

In the Lead Car drive they were instructed to follow the Lead Car at a safe distance, as they 213 

would when following a friend’s car in an unfamiliar city.  214 

  

Figure 2. Examples of the scene on the center screen for each of the guidance methods within 

the light industrial city, taken from the point of view of the subject’s vehicle. Left 

panel shows the view when driving in the GPS condition. The right side panel shows 

the view when following a Lead Car in the Lead Car condition. Screenshots were 

taken from the center screen of the driving simulator.  

2.5 Quantifying scanning at intersections 215 

In order to quantify the breadth of scanning when approaching an intersection, our 216 

analysis focused on lateral scanning (yaw movements). Vertical head and eye movements are 217 

needed when checking the rear view mirror and speedometer, but contribute little when scanning 218 

a wide horizontal field of view at intersections. We therefore chose to focus only on lateral 219 

scanning. 220 

On approaching an intersection, subjects made multiple lateral gaze movements that took 221 

the gaze point away from the travel direction toward the left or right side with a subsequent 222 

movement that brought gaze back to the travel direction (Figure 3). These gaze movements could 223 

be composed of a single saccadic eye movement or a series of sequential saccadic movements 224 

headed in the same direction (i.e. towards the left or right) either with or without an associated 225 

lateral head rotation (Figure 3). A gaze scan was thus defined as the whole series of lateral eye 226 
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and head movements that took gaze away from the travel direction (0°) to the maximum 227 

eccentricity on the left or right (Figure 3 bottom row) so that the full lateral extent of the gaze 228 

scan was quantified. In analyses, only gaze scans larger than 5° (four times the size of the 229 

SmartEye manufacturer’s accuracy under ideal conditions) headed away from the subject’s 230 

direction of travel were used.  231 

 

Figure 3. Examples of lateral gaze (blue) and head (red) movements on approach to an 

intersection. The top left figure serves as a reference, with the car’s travel path 

being left to right (i.e. increasing in time). Movements towards the left have a 

negative eccentricity and movements towards the right have a positive eccentricity. 

The top row provides two examples of the head and gaze data; each plot is data for 

one subject at one intersection, selected to demonstrate representative scanning 

behaviors. The bottom row shows the same data with the gaze scans (green) 

detected using the gaze scan algorithm superimposed. In the plot on bottom right, 

gaze scan G1 is an eye-only scan comprising 2 saccades, G2 is eye-only with 3 

saccades, G3 and G4 are eye-only with one saccade, G5, G6 and G7 are head+eye 

scans each comprising a large lateral head rotation with 2 or more saccades.  

A custom algorithm (the ‘gaze scan algorithm’ Swan et al., in press) was used to 232 

automatically detect and quantify the magnitude of gaze scans from 100 – 0 m before the 233 

intersection (Bowers et al., 2014). In brief, the algorithm first detected saccades and then merged 234 
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sequential saccades into gaze scans. Saccades were defined as movements with a velocity greater 235 

than 30 °/s (Hamel et al. 2013, Bahnemann et al. 2015), a magnitude greater than 1° and a 236 

duration longer than 30ms (Beintema et al. 2005). In order to be merged, the saccades had to be 237 

headed in the same direction, on the same side of the travel direction, and close in time 238 

(separated by no more than approximately 400 ms). Full details of the algorithm are given 239 

elsewhere (Swan et al. in press). Each marked gaze scan had a start and end point (in eccentricity 240 

and time), which was used to link the gaze scan to the eccentricity of the head scan (see below) 241 

and to characteristics of the driver’s vehicle (e.g. speed of the car and distance of the car to the 242 

intersection).  243 

Head scans were defined with respect to gaze scans, which meant every gaze scan had a 244 

corresponding head scan component. The start of the head movement was set to coincide with 245 

the start of the gaze scan. The end of the head movement was defined as the local maximum of 246 

head eccentricity around the end of the marked gaze scan. Head magnitude was the absolute 247 

difference between the start and end eccentricities for the head movement, and represented the 248 

head component of the gaze scan. The eye movement component of each gaze scan was 249 

computed as the difference between the end eccentricity of the gaze scan and the end eccentricity 250 

of the corresponding head scan (Figure 4).  251 
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Figure 4. Example of lateral gaze (blue line) and head (red line) movements for one subject on 

approach to an intersection with the head and eye movement components marked for 

one of the large head+eye scans. The vertical green dashed line demarks the start of 

a large leftward gaze scan, the horizontal red dashed line demarks the maximum 

eccentricity of the head and the horizontal blue dashed line demarks the maximum 

eccentricity of gaze. The plot is data for one subject at one intersection, selected to 

demonstrate representative large gaze scans with eye and head movement 

components. 

Gaze scans were classified into two major categories: 1) scans which comprised 252 

predominately eye movement only (eye-only scans); and 2) scans which contained both a 253 

substantial head and eye movement component (head+eye scans). The classification was based 254 

on the magnitude of the head scan component of each gaze scan. A three-tier head magnitude 255 

threshold (4°, 6° and 10°) was used depending on the distance of the subject’s car to the 256 

intersection (Table 2). These threshold magnitudes were the same as those used to define a head 257 

scan in prior driving simulator studies (Bowers et al. 2014, Bowers et al. 2019). They were based 258 

on the minimum size of head movement required to turn the head to the center of the incoming 259 

traffic lane on the same side of the intersection as the subject was driving, given their distance to 260 

the intersection, when the cross street had two lanes in each direction. If the head movement 261 
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component of the scan was equal to or greater than the minimum threshold, the scan was 262 

classified as head+eye, otherwise it was classified as eye-only (Table 2). 263 

Table 2. Classification of gaze scans based on the size of the head movement component and the 

subject’s distance to the intersection.  

Distance to Intersection [m]  Size of Head movement [°] Classification of Scan 

100 – 50 
≥ 4 

< 4 

head+eye 

eye-only 

50 – 20  
≥ 6 

< 6 

head+eye 

eye-only 

20 – 0  
≥ 10 

< 10 

head+eye 

eye-only 

2.6 Statistical Analyses 264 

Prior to conducting statistical analyses we first excluded gaze scans which were artifacts 265 

resulting from noise in the gaze data and were physically impossible (removed 2.4% of scans). 266 

We then excluded single intersections on a per-subject basis where there was excessive noise in 267 

the gaze data for that intersection (removed 5.4% of all intersections and 14.3% of scans). 268 

Ultimately 823 intersections and 7486 scans were included in analyses.  269 

Our main analyses evaluated the effects of age (older vs. younger) and guidance type 270 

(GPS vs. Lead Car) on the numbers and magnitudes of eye-only scans, head+eye scans and all-271 

gaze scans (eye-only and head+eye combined) and, for head+eye scans only, the magnitude of 272 

the head movement component and the eye movement component. In addition, in a second set of 273 

analyses we included distance to the intersection as a factor because scanning behaviors may 274 

change as the driver comes closer to the intersection (e.g., scans become larger; Figure 3). Thus 275 

three distance bins were created (close, medium and far; Table 3) which contained roughly equal 276 

numbers of observations (and were the same as the distance bins used in the three-tier minimum 277 

head magnitude threshold used when categorizing scans as eye-only or head+eye; Table 3). 278 
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Table 3. Number of scans for each distance bin used in analyses  

Distance Bin Range [m] Mean [m]* Number of scans 

Close 0– 20 9.6 2438 

Medium 20-50 35.0 2506 

Far 50-100 75.5 2542 

* Mean distance to the intersection at which scans within each bin were made 279 

For the analyses of magnitudes (continuous numerical data) Linear Mixed Models (LMMs) 280 

were constructed in the R statistical programming environment (Version 3.5 - (R Development 281 

Core Team 2019)). LMMs are particularly well suited to datasets such as those collected in this 282 

study because they can combine continuous and categorical factors within the same model and 283 

they can be used to account for differences in effects between subjects and items simultaneously 284 

(Kliegl et al. 2012). Prior to analyzing the data, numerical continuous outcome variables were 285 

checked for normality (histograms, boxplots and normal quantile-quantile plots). We opted for 286 

visual inspection rather than statistical tests of normality, such as the Shapiro-Wilks test, because 287 

our linear mixed models were complex and run on a large number of data points, a situation in 288 

which traditional tests of normality are not as useful as when assessing the distributions of means 289 

per condition (or subject) as would be done for an ANOVA or t-test (Loy et al. 2017). The data 290 

for magnitudes of eye-only scans, head+eye scans and all-gaze scans were not normally 291 

distributed. The data for these three variables were normalized with a log transform prior to 292 

entering them into our models. Next, we removed outliers for numerical continuous data by 293 

removing all values which were greater than ± 3 standard deviations from the mean (in transformed 294 

units). When reporting the data for normalized variables, we transformed them back to their raw 295 

unit format for ease of understanding. 296 
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In order to assess the overall effect of age and guidance type we created a model in which 297 

we entered age (younger vs. older) and guidance type (GPS vs. Lead Car) as fixed factors. Next, 298 

in order to evaluate the effects of the subject’s distance to the intersection, we entered age, 299 

guidance type, and distance bin (close, medium, far) as fixed factors. As described in Section 2.3.2 300 

(Driving scenarios), the view of the cross street was obstructed by buildings at some of the 301 

intersections which might have affected scanning behaviors. Therefore obstruction on the side of 302 

the scan (yes/no) was included as a fixed factor in all analyses of scan magnitudes. In addition, in 303 

all of our LMMs we entered the event number as a random factor to account for any variance 304 

contributed by the individual intersections as well as a random effects structure for subject to 305 

account for the variability contributed by individual differences.  306 

P-values for main effects were estimated by means of the lmerTest package (Kuznetsova 307 

et al. 2017). P-values for any interactions between age, guidance type and distance bin were 308 

calculated by means of model comparisons. We compared the simplest form of each model (with 309 

all interactions removed) with the same model plus the interaction of interest. The interaction 310 

model and baseline model were then compared using an analysis of variance (ANOVA), with the 311 

resulting p-value derived from our χ2 statistic representing the significance of the interactions of 312 

interest. 313 

For the analyses of scan numbers we ran a series of ANOVAs on the aggregated scan 314 

numbers datasets. First a 2 (age) x 2 (guidance type) mixed design ANOVA was run to test the 315 

overall effects of age and guidance type on the number of scans. Next, in order to assess the 316 

effects the distance of the subject’s car to the intersection we ran a 2 (age) x 2 (guidance type) x 317 

3 (distance bin – close, medium & far) mixed design ANOVA.  318 
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In order to assess the effects and interactions of age (a binomial categorical variable) and 319 

the distance to the intersection (3 level categorical variable) on the counts of scans considered 320 

eye-only and head+eye we fit a series of log-linear models to multidimensional contingency 321 

tables by iterative proportional fitting using the loglm() from the “MASS” package (Venables and 322 

Ripley 2002).  323 

 324 

3. Results 325 

3.1 Speed on approach to intersections 326 

Average speed on approach to an intersection did not differ between GPS (17.1 mph) and Lead 327 

Car drives (17.5 mph; p = .4). However younger subjects approached the intersection at a higher 328 

speed, on average, (18.1 mph) than older subjects (15.9 mph; p = .006). 329 

3.2 Composition of eye-only and head+eye scans 330 

Eye-only scans comprised, on average, 2.25 saccades per scan with no significant difference 331 

between older and younger drivers (means 2.4 and 2.09, respectively, F(1, 25)= 2.86; p= .1). 332 

Head+eye scans comprised a single lateral head rotation with, on average, 4.2 saccades per scan. 333 

Again, the number of saccades per scan did not differ between older and younger drivers (means 334 

4.33 and 4.07, respectively, F(1, 25)= 1.9; p= .18) 335 

3.3 Scan magnitudes  336 

Average magnitudes for eye-only, head+eye and all-gaze scans can be seen plotted in Figure 5. 337 

Older subjects made smaller eye-only, β= -.07, SE= .03; t= -2.57; p= .016, smaller head+eye 338 

scans, β= -.24, SE= .06; t= -3.5; p= .002, and smaller all-gaze scans, β= -.18, SE= .06; t= -2.93; 339 

p= .007, than younger subjects. A follow up analysis on eye-only scans confirmed that each eye 340 
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saccade within eye-only scans was smaller, on average, for older than younger subjects (5.4° and 341 

6.4°, respectively, β = .07, SE= .03; t= 2.09; p= .04). By comparison, guidance type had no 342 

significant effects on the magnitudes of eye-only, β= .01, SE= .02; t= .07; p= .48, head+eye, β= 343 

.06, SE= .04; t= 1.54; p= .13, or all-gaze scans, β= .03, SE= .03; t= 1.05; p= .3. A significant 344 

interaction between age and guidance type was only found for eye-only scans, χ2(1, 8)= 5.56; p= 345 

.018. The difference between older and younger subjects’ eye-only scan magnitudes was slightly 346 

greater in the Lead Car as compared to the GPS condition.  347 

 

Figure 5 Average magnitudes for eye-only, head+eye and all-gaze scans plotted separately for 

GPS and Lead Car drives and split by older and younger subjects. Error bars 

represent the SEM 

3.3.1 Changes in scan magnitudes with distance to the intersection 348 

Eye-only and head+eye scan magnitudes are plotted separately for older and younger subjects at 349 

each of the three distance bins in Figure 6 (left - eye-only; right - head+eye). Both eye-only and 350 
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head+eye scans became larger on approach to the intersection. Eye-only scans were larger in the 351 

medium as compared to the far distance bin, β= .15, SE= .03; t= 5.58; p< .001, and larger in the 352 

close as compared to the medium distance bin, β= .24, SE= .03; t= 8.01; p< .001. Similarly, 353 

magnitudes of head+eye scans were larger in the medium than in the far distance bin, β= .7; SE= 354 

.05; t= 13.06; p< .001, and larger in the close than in the medium, β= .35, SE= .04; t= 7.87; p< 355 

.001. For eye-only scans we found no significant interaction between guidance type and distance 356 

bin, χ2(2, 11)= 1.41; p= .49, or age and distance bin, χ2(2, 11)= 2.27; p= .32. This indicated that 357 

the rate of change in the size of eye-only scans on approach to the intersection differed neither 358 

between younger and older drivers nor between GPS and Lead Car conditions. Similarly for 359 

head+eye scans we did not find an interaction between distance bin and age, χ2(2, 11)= 4.17; p= 360 

.12; or distance bin and guidance type, χ2(2, 11)= .18; p= .91.  361 

  

Figure 6. Eye-only (left panel) and head+eye (right panel) scan magnitudes on approach to 

the intersection plotted separately for older and younger subjects at each of the 

three distance bins to the intersection. Data collapsed across GPS and Lead Car 

conditions. Note: the different scale on the y-axes: head+eye scans were much 

larger than eye-only scans. Error bars represent the SEM.  
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All-gaze scan magnitudes for younger and older subjects are plotted for each of the three 362 

distance bins in Figure 7. All-gaze scan magnitudes were larger in the medium as compared to 363 

the far distance bin, β = .52, SE= .04; t= 12.15; p< .001, and larger in the close as compared to 364 

the medium distance bin, β = .52, SE= .04; t= 12.8; p< .001. There was a significant interaction 365 

between age and distance bin, χ2(2, 11)= 8.15; p= .02, but no interaction between guidance type 366 

and distance bin, χ2(2, 11)= 4; p= .13. The age by distance interaction was because younger 367 

subjects’ all-gaze scan magnitudes increased at a faster rate on approach to the intersection than 368 

older subjects.  369 

 

Figure 7. Average all-gaze scan magnitudes on approach to the intersection plotted separately 

for older and younger subjects. Error bars represent the SEM.  
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component, β= -.11, SE= .05; t= -2.11; p= .036, and also a significantly smaller eye movement 373 

component than younger subjects, β= -3.24, SE= .78; t= -4.16; p< .001. We found no evidence 374 

that guidance type affected the size of the head movement component, β= .04, SE= .03; t= 1.2; 375 

p= .24, or the eye movement component, β= .45, SE= .34; t= 1.33; p= .19. We also found no 376 

interaction between age and guidance type for either the head, χ2(1, 8)= .005; p= .94, or the eye 377 

movement component, χ2(1, 8)= .18; p= .67. Interestingly, the age-related difference was greater 378 

for the eye component (difference = 7.15°; 18.65% of total eye component) than for the head 379 

component (difference = 4.75°; 10.62% of total head component).  380 

 

Figure 8. Stacked bar graph of average magnitudes of the head and eye movement 

components for older and younger subject’s head+eye scans. The total size of the 

stack is the overall average head+eye scan magnitude.  
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in Figure 9. The magnitude of both the head and the eye components increased on approach to 384 

the intersection. The head component was larger in the medium compared to the far distance bin, 385 

β= .56, SE= .04; t= 13.93; p< .001, and larger in the close compared to the medium distance bin, 386 

β= .41, SE= .03; t= 11.9; p< .001. Similarly, the eye component was larger in the medium 387 

compared to the far, β= 5.13, SE= .73; t= 7.03; p< .001, and also larger in the close compared to 388 

the medium distance bin, β= .41, SE= .03; t= 11.9; p< .001. We found no interactions for the 389 

head movement component between age and distance, χ2(2, 13)= 1.69; p= .43, or guidance type 390 

and distance, χ2(2, 13)= .61; p= .74. We also found no interactions for the eye-movement 391 

component between age and distance, χ2(2, 11)= .13; p= .94, or guidance type and distance, χ2(2, 392 

11)= 2.06; p= .36. 393 

  

Figure 9. Average magnitudes of head (left panel) and eye (right panel) movement components 

of head+eye scans on approach to the intersection plotted for older and younger 

subjects. Error bars represent the SEM.  
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3.5 Scan Numbers  394 

Average number of eye-only, head+eye and all-gaze scans per intersection can be seen plotted 395 

for older and younger subjects as well as for Lead Car and GPS conditions in Figure 10. Older 396 

subjects made more eye-only, F(1, 27)= 11.96; p< .001, and fewer head+eye scans, F(1, 27)= 397 

20.54; p< .001. This resulted in no effect of age on the total number of all-gaze scans, F(1, 27)= 398 

1.07; p= .31. Guidance type had no effect on the number of eye-only scans, F(1, 27)= .18; p= .67, 399 

the number of head+eye scans, F(1, 27)= .17; p= .68, or the total number of all-gaze scans F(1, 400 

27)= .32; p= .5. Furthermore we found no interaction between age and guidance type for eye-401 

only, F(2, 27)= .6; p= .54, head+eye, F(2, 27)= .03; p= .86, and all-gaze scans, F(2, 27)= .45; p= 402 

.51.  403 

 

Figure 10. Average number of eye-only, head+eye and all-gaze scans per intersection plotted 

separately for older and younger subjects, split by GPS and Lead Car conditions. 

Error bars represent the SEM.  
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Average numbers of eye-only (left panel) scans and head+eye (right panel) scans for older and 405 

younger subjects are plotted in Figure 11 for each of the three distance bins. Eye-only scans 406 

became less frequent on approach to the intersection, F(1, 27)= 6.81 p= .001, whereas head+eye 407 

scans became more frequent on approach to the intersection, F(2,54) = 56.68; p< .001. For eye-408 

only scans we found no interaction between distance bin and age, F(2, 54)= .1.44: p= .25, or 409 

distance bin and guidance type, F(2, 54)= :24 p= .78, indicating that the decrease of eye-only 410 

scans on approach to the intersection differed neither between older and younger subjects nor 411 

between GPS and Lead Car drives. For head+eye scans we found no significant interaction 412 

between distance bin and age, F(2, 54)= .89; p= .46 or between distance bin and guidance type, 413 

F(2,54)= .26; p= .77 (Figure 12, right).  414 

  

Figure 11. Number of eye-only (left panel) and head+eye (right panel) scans made on 

approach to the intersection split by older and younger subjects. Error bars 

represent the SEM. 
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bin on all-gaze scan numbers because the distance bins were created to have an approximately 417 

equal number of all-gaze scans in each bin. Age did not interact with distance to the intersection, 418 

F(2,54)= .24; p= .79. However, we did find a significant interaction between distance bin and 419 

guidance type, F(2, 54)= 4.56: p= .015, because the number of all-gaze scans increased slightly 420 

when approaching the intersection in the GPS condition whereas in the Lead Car condition the 421 

number of all-gaze scans decreased slightly on approach to the intersection.  422 

  

Figure 12. Average number of all-gaze scans on approach to the intersection plotted separately 

for older and younger subjects (left panel) and for the Lead Car and GPS conditions 

(right panel). Error bars represent the SEM.  
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made overall less frequent and smaller scans. If so, whether the reduction in the number and size 428 

of scans was due to older subjects having smaller head and /or eye contributions to their scans, 429 

and whether following a Lead Car resulted in fewer scans, especially for older subjects.  430 

4.1 Effect of age on scanning behavior 431 

4.1.2 Scan Magnitudes 432 

Overall we found that older subjects made smaller all-gaze scans (combined eye-only and 433 

head+eye scans) than younger subjects. This was a consequence of older subjects making 434 

smaller eye-only scans as well as smaller head+eye scans. For scans that contained a meaningful 435 

head movement (head+eye scans) we were especially interested in determining the effects of age 436 

on the relative contribution of both the head and the eye movement components. As predicted, 437 

older subjects had a smaller head movement component, similar to the finding of smaller 438 

maximum head scan magnitudes in the prior study by Bowers et al. (2019). These smaller head 439 

movements are consistent with older subjects having less neck rotation flexibility than younger 440 

subjects (Isler et al. 1997, Dukic and Broberg 2012, Chen et al. 2015), making it more difficult 441 

to execute very large head movements. In addition, we found that older subjects had a smaller 442 

eye movement component to their head+eye scans and did not compensate for smaller head 443 

movements with a larger eye movement component. 444 

The finding that older subjects had a smaller eye component in head+eye scans is 445 

consistent with the finding that they also had smaller eye-only scans. As the number of eye 446 

saccades per head+eye scan and also per eye-only scan did not differ significantly between older 447 

and younger subjects, smaller eye movement components must have resulted from smaller 448 

magnitude eye saccades. This is consistent with findings from a real world walking study by 449 

Dowiasch et al. (2015) in which the authors found that older subjects had significantly smaller 450 
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eye saccade amplitudes than younger subjects. In contrast, Hamel et al. (2013) reported that age 451 

did not affect the magnitude of gaze scanning when performing a hazard detection task while 452 

driving in a simulator. One reason for this difference may be that we assessed gaze movements 453 

on approach to intersections in a simulator with 225° horizontal field of view whereas Hamel et 454 

al. (2013) analyzed scanning across the whole drive (not specifically at intersections) on a single 455 

screen with a narrower, 58° horizontal field of view.  456 

Eye-only as well as head+eye (both head and eye components) and all-gaze scans 457 

became larger in magnitude as a wider field of view had to be scanned on approach to the 458 

intersection, as previously reported for head scans (Bowers et al. 2014). There was no significant 459 

interaction between age and distance bin for eye-only scans suggesting that although older 460 

subjects made smaller eye-only scans, the rate at which eye-only scan magnitudes increased on 461 

approach to the intersection was similar for older and younger drivers. Similarly, we found no 462 

significant interaction between distance bin and age for head+eye scan magnitudes. However, 463 

all-gaze scan magnitudes of younger subjects increased slightly more rapidly on approach to the 464 

intersection than those of older subjects. Taken together, our findings suggest that older drivers 465 

scan a narrower area than younger drivers when approaching an intersection, which is consistent 466 

with previous research (Bao and Boyle 2009, Romoser and Fisher 2009, Pollatsek et al. 2012, 467 

Romoser et al. 2013).  468 

4.1.3 Number of Scans 469 

Overall, subjects made more eye-only scans than head+eye scans, typically about 6.7 vs 2.4 per 470 

intersection. We found that, in line with our hypothesis, older subjects made fewer head+eye 471 

scans but more eye-only scans such that we found no effect of age on the total number of all-gaze 472 

scans. Previous studies have quantified scanning at intersections by examining head (e.g. 473 
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(Bowers et al. 2014, Bowers et al. 2019), eye (Kosaka et al. 2005) or head and eye (Kito et al. 474 

1989, Rahimi et al. 1990) movements. However none of these previous studies looked at the 475 

relative contribution of both the eye and the head to overall gaze scanning behavior. Whereas 476 

some prior studies (Romoser and Fisher 2009, Pollatsek et al. 2012, Romoser et al. 2013) 477 

reported that older drivers did not scan as often as younger drivers, to date the underlying cause 478 

of the reduction in visual exploration was unclear because eye-only and head+eye scans were not 479 

considered separately. In the current study, we found that older subjects made fewer scans with a 480 

significant head component, which is consistent with previous work by Bowers et al. (2019) who 481 

reported that older drivers made fewer head movements than younger drivers. However, 482 

importantly, we found evidence that older subjects made more eye-only scans than younger 483 

subjects. This seems to suggest that older subjects may be trying to compensate for their lack of 484 

neck flexibility by making more eye-only as compared to head+eye scans. Thus splitting all-gaze 485 

scans into eye-only and head+eye scans reveals a more nuanced picture of the effects of age on 486 

scanning behavior while driving.  487 

When looking at eye-only scans our analyses revealed a significant decrease in the 488 

number of scans on approach to the intersection. This decrease was independent of age in that 489 

the rate of eye-only scans dropped in equal measures in younger and older drivers on approach to 490 

the intersection. By contrast, the number of head+eye scans increased as distance to the 491 

intersection decreased. As we approach an intersection, the area across which a driver needs to 492 

scan becomes greater requiring large gaze scans. This explains why we see both a reduction in 493 

the number of eye-only and an increase in number of head+eye scans when coming closer to the 494 

intersection.  495 

4.2 Effect of guidance type on scanning behavior 496 
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4.2.1 Scan Magnitudes 497 

Consistent with our expectations, we found no main effect of guidance type on scan magnitudes 498 

(all-gaze scans, eye-only scans, head+eye scans), indicating that following a Lead Car did not 499 

significantly alter the overall extent of scanning as compared to following GPS instructions.  500 

4.2.2 Number of Scans 501 

We found no main effects of guidance type on scan numbers (eye-only, head+eye and all-gaze 502 

scans), and no interaction between age and guidance type for eye-only and head+eye scans. 503 

However, we did find a weak age by guidance type interaction for all-gaze scans. Consistent 504 

with our hypothesis, the number of all-gaze scans gradually decreased on approach to the 505 

intersection in the Lead Car condition but gradually increased in the GPS condition. It should be 506 

noted, however, that the magnitude of the effect was quite small.  507 

Our results suggest that the Lead Car paradigm we used did not substantially impair 508 

scanning behaviors and did not exacerbate scanning deficits of older drivers. The effect of the 509 

Lead Car on the number of scans was less than we had initially anticipated, possibly because we 510 

instructed subjects to follow the Lead Car at a safe distance, as if following a friend’s car, and 511 

told them that the Lead Car would wait for them. We did not require subjects to maintain a 512 

specific following distance or to keep as close to the Lead Car as possible, which might have 513 

resulted in subjects spending more time looking at the Lead Car and making fewer scans on 514 

approach to intersections. Our findings suggest that using a Lead Car paradigm similar in nature 515 

to the one we implemented is likely to have only small effects, if any, on scanning behaviors. 516 

4.3 Study Limitations  517 

A number of study limitations need to be considered. First, a relatively high proportion of older 518 

subjects (29%) compared to younger subjects (9%) experienced simulator discomfort and were 519 
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unable to complete the study. Higher rates of simulator discomfort are expected in older 520 

populations (Brooks et al. 2010) and may have been exacerbated by the left and right turns along 521 

the driving route. Simulator discomfort is an unfortunate limitation of all driving simulator 522 

studies. Gaze data from five older subjects had to be excluded as it was excessively noisy and 523 

could not be analyzed. This again is an unfortunate limitation of driving simulator studies in 524 

which eye or gaze movements are tracked across a wide field of view. The final data set included 525 

eleven older subjects. While this was fewer older subjects than initially planned, large numbers 526 

of gaze scans, about 250 per subject, were included in analyses. The older subjects in the final 527 

data set were predominantly in the young-old, rather than the old-old, age range, thus the extent 528 

of age-related scanning deficits may have been underestimated. 529 

As with any driving simulator study, there are limitations regarding the generalizability 530 

of the findings to real-world driving. Simulated driving does not capture all aspects of on-road 531 

driving, but does provide a safe, repeatable environment in which to evaluate driving 532 

performance and gaze scanning behaviors. We used a wide-field driving simulator with a 533 

horizontal field of view of 225° and head and eye tracking across 180°. As such, we were able to 534 

display realistic four-way intersection scenarios without restrictions in the field of view (which 535 

can be a limitation in other simulators with a smaller field of view). Although we have not 536 

directly compared scanning in the driving simulator and on-road driving, we expect that drivers 537 

who scan less extensively in the driving simulator will likely also scan less extensively in real-538 

world driving. In a study by Romoser and Fisher (2009), older drivers with higher rates of failing 539 

to make secondary scans in a driving simulator also had higher rates of failing to make secondary 540 

scans at intersections when driving their own vehicle along a 30-minute, self-chosen route  541 

without a researcher in the vehicle. 542 



EFFECT OF AGE ON HEAD AND EYE MOVEMENTS 

32 

4.4 Conclusions  543 

In the current study we evaluated the effects of age and guidance type (Lead Car or GPS 544 

instructions) on gaze scanning on approach to intersections. Following a Lead Car slightly 545 

reduced the number of scans close to the intersection, but the magnitude of the effect was small. 546 

In contrast, age effects were much greater, especially for the large head+eye scans (comprising a 547 

substantial head movement as well as eye movements). Older drivers made fewer head+eye 548 

scans and the average scan magnitude was smaller than was the case for younger drivers. 549 

Furthermore, older drivers did not compensate for deficits in the head movement component of 550 

head+eye scans by making larger eye movements.  551 

Overall, our results suggest that older drivers may be at increased risk for intersection 552 

collisions because they do not adequately scan the full width of the field of view at intersections.  553 

Romoser and Fisher (2009) demonstrated the efficacy of a training program for older drivers 554 

which focused on the importance of making secondary scans to check for hazards after entering 555 

an intersection. Our findings suggest that training programs also need to raise awareness of the 556 

importance of scanning the full width of an intersection before entering it. Training should 557 

encourage older drivers to make large lateral scans before entering intersections, which may be 558 

helped by the use of body and shoulder movements, as well as head and eye movements.  559 

Our findings not only provide strong evidence that older subjects scan less extensively on 560 

approach to intersections but also underline the importance of tracking both head and eye 561 

movements to determine the relative contributions of each to scanning deficits.  The next step 562 

will be to determine the extent to which scanning predicts the safe detection of hazards at 563 

intersections and to evaluate the relative importance of eye-only and head+eye scans to timely 564 

detection of hazards by older and younger drivers.  565 
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6. Appendix I 644 

Table A1. Inventory of 4-Way Intersections  

 

INT # Obstruction 

(Left / Right) 

Signage Cross Traffic 

(Left / Right) 

Intersection 

maneuver 

1 Open / Open None None / U-Haul Turn right 

2 Open / Obstructed None None / Red Van Straight 

3 Open / Open Stop None / Police Car Turn right 

4 Obstructed / Open None None / Car Straight 

5 Obstructed / Obstructed None None / None Turn left 

6 Obstructed / Obstructed None Car / School Bus Straight 

7 Open / Open Traffic Light Ambulance / Car Straight 

8 Open / Open Yield None / None Straight 

9 Obstructed / Open None None; Motorcycle Straight 

10 Open / Obstructed None None / None Turn right 

11 Obstructed/ Obstructed Yield None / Car Straight 

12 Obstructed / Open Traffic Light U-Haul / None Turn left 

13 Obstructed / Open None Car / None Straight 

14 Obstructed / Obstructed None None / Car Straight 

15 Open / Obstructed none None / Car Turn left 
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