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Abstract

Driver distraction isone of the main causes of motor-vehicle accidents. Hewdve impact
on traffic safetyof tasks that impose cognitivenditvisual) distraction remains debated. One
particularly intriguing finding is that cognitive loagems to improve lane keeping performance
most often quantified as reduced standard deviatioratefdl positon (SDLR)The main
competing hypotheses, supported by current empiricidemse, suggest that cognitive load
improves lane keeping via either increased physicalsatoor higher gaze concentration
toward the road center, but views are mixed regaiitingnd how, these possible mediators
influence lane keeping performance. Hence, a simulatdy svas conducted, with participants
driving ona straight city road section whist completiagognitive task at different levels of
difficulty. Inline with previous studies, cognitive load lednmreased physical arousal, higher
gaze concentration toward the road centend higher levels of micro-steering activity
accompanied by improved lane keeping performahdae importantly during the high
cognitive taskboth physical arousal and gaze concentration chagaydielr in time than micro-
steering activity, which in turn changed earlier traelkeeping performance. In additiauyr
results did not show a significant correlation betwgeeze concentration and physical arousal
on the level of individual task recordings. Based @séfindings, various multlevel models
for micro-steering activity and lane keeping performaneeeveonducted and compared, and
the results suggest that all of the mechanisms prdpbgeexisting hypotheses could be
simultaneously involved. In other words, it is suggdghat cognitive load leads to: (ih a
increase in arousal, causing increased micro-steeritigtyaavhich in turn improves lane
keeping performance, and (i) an increase in gaze caadient causing lane keeping
improvement through both (a) further increased micro-steaatgity and (b) a tendency to
steer toward the gaze target.
Keywords: cognitive distraction; cognitive load; physical amiiggaze concentration; lane
keeping improvement; multlevel regression

1. Introduction

Driving is a highly complex task that requires corginmtegration of perception, cognition,
and motor response (Salvucci and Liu, 2002). Howéaveecent years, with the extensive
application ofin-vehicle inteligent systems such as navigationicgesvand mobile/cell phones,
driving is now regularly accompanied by engagemeather competing secondary tasks. For
instance, a North American survey conducte@da3 involving 6016 interviewees, shed
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that 48% of drivers reported answering their cell phonenadriving at least some of the time
(Schroeder and Meyers et al., 20I®)is induced driver distraction introduces many problems
for driving safety (Ranney and Mazzae et al., 2000). Atiog to a report by the National
Highway Traffic Safety Administration (National Center foatitics and Analysis, 2016), in
the US, distraction-affected crashes contributelD86 of fatal crashed,8% of injury crashes,
and16% of all police-reported motor vehicle traffic crashes iif/20More seriously, results
from the 100-Car Naturalistic Driving Study reported that 78% of crashed 65% of near-
crashes involved driver inattention, including secopdask distraction, driving-related
inattention to the forward roadway, drowsiness, andspatific eye-glances away from the
forward roadway (Klauer and Dingus et al., 2006). Hehéeof importance to investigateeth
impact of driver distraction on driving performance andéssation.

Driver distraction is commonly defined &be diversion of attention away from activities
critical for safe drivig toward a competing activity’ (Regan and Lee et al., 2008yvo main
components are cognitive and visual distractifescribed as “mind off road” and “eyes off
road” respectively (Victor, 2005). The effect of these activities on drivihgs been widely
explored in recent years (Lamble and Kauranen et &9; ®anney and Mazzae et al., 2000;
Engstrom and Johansson et al., 2005; Jamson and, i2@0&; Liang and Lee, 2010; Muhrer
and Volrath, 2011; Kountouriotis and Wikie et &015; Kountouriotis and Merat, 2016)
where the consequences of visual distraatotateral driving performance, and its causation
are relatively cleaihat is, compared to baseline conditions, visudtatition degrades lateral
control (Angell and Auflick et al., 2006; Liang andd,&010; Kountouriotis and Merat, 20.16)
leading to a significant increase in the standardadieni of lateral pstion (SDLP, Liang and
Lee, 2010; Kountouriotis and Merat, 2016), higher oElane departure (Liang and Lee, 2010),
and a reduction in tim&s-line crossing (Engstrém and Johansson et al., 200%se are
considered to be due to increasegseoff-road glances during completion of vidyal
distracting tasks (Liang and Lee, 2010; Kountouriatigl Merat, 2016).

However, the effect of cognitive distraction on drivipgrformance is currently unclear (He
and McCarley et al.,, 2014; Kountouriotis and Merat,6201n the experimental/laboratory
based studies, this kind of distraction is usualygered by sound-based, cognlivdoading
nontvisual tasksAlthough studies carried out on driving simulators galye suggest that
cognitive load impairs driving performance due to tegaheration in drivei®vent detection
performance (Patten and Kircher et al., 2006; Reyes aad2088; Haque and Washington,
2014) Naturalistic Driving Studies (NDS) show a mix of uaoged (Olson and Hanowski et
al., 2009) and reded(Victor and Dozza et al., 2015) crashrisk during (hdreis} listening
or talkking on a mobile phone, as reviewed by Carstéfegat (2015).

Thereis relatively consistent agreement across the majorithesfe studies in terms of lane
keeping, showing an improvement in performance durirgnitieely loading tasks, based on
reduced SDLP (Engstréom and Johansson et al., 2005pdaand Merat, 2005; Liang and Lee,
2010; Kaber and Liang et al, 2012; He and McCarlewnlet2014; Kountouriotis and
Spyridakos et al., 2016). Cognitive load has alsmiieund to lead to increased micro-steering
activity (Boer and Rakauskas et al., 2005; Markkula Emgstréom, 2006; Kountouriotis and
Spyridakos et al., 2016; Li and Merat et al., 20%igher gaze concentration to the forward
road center (Victor and Harbluk et al., 2005; Reimer, 2008ng and Reimer et al., 2014), and
higher physical arousal (Reimer and Mehler, 2011; MelmdrReimer et al., 2012).



Different hypotheses have been put forward to explaim d$kit of observations during
cognitively loading tasks (He and McCarley et al.,0Engstrom et al. (2017) provide an
overview in their review, and discuss which hypothasesain compatible with the available
empirical data. Here,we wil only consider those ligpses which remain unrefuted, as shown
in Fig. 1.

Engstrom et al. (2017) suggest the global arousadthgsis: that improvement in lane
keepingis abyproduct of increased cortical arousal dumegrautomatized tasks, such as those
caused by a cognitively loading tadkis increased arousal then allogss driver’s highly
automatized lane keeping and steering behawitbe more responsive to visual stimuli which
help support lane keeping in the driving environmegsulting in more frequent micro-steering
correctionsin turn leadingto reduced SDLP.

Alternatively, te active gaze hypothesis (Wikie and Wann et al. 8p08lso termed the
steer-where-you-ook hypothesis (Wison and Chatimgit al., 2008; Medeiros-Ward and
Seegmiller etal., 2010; He and McCarley et al., 20a4plains the lane keeping improvement
as a side effect of task-induced gaze concentratiatbined with drivers’ tendency to steer in
the direction of their gazé\ related suggestion, the visual enhancement hypst(iesgstrom
and Johansson et al., 2005; He and McCarley et(dl4; Boer and Spyridakos et al., 2016)
suggests that cognitive load causes gaze concenttatvard the road centesupportinga
better perception of visual information in the road ceated thus resulting in a performance
gain of steering which finally leads to lane keepmgrovement. As discussed by Engstrom et
al. (2017), if these gaze-mediated mechanisms are thegl, are not likely to be solely
responsible for SDLP reductions under cognitive loaagessuch reductions have been
observed both without associated reductions in gameentration (He et al., 2014) and in
conditions of experimentally controlled gaze direct{@wvoper et al, 2013). However, these
gaze-mediated mechanisms could still be in plagpmbination with othemon-gaze-mediated
mechanisms, such as global arousal.

Thus, the current understanding in this area is thghits@ load affects lane keeping
performance via a mediating factor of either physical alpgsze concentration toward the
road center, or both, with different predictions maddheythree competing hypotheses, as
shown in Fig. 1. This study presents the first dirests of these predictions, to investigate the
causalrelationship suggested by the three hypotheses

/ ””””””” Global arousal hypothess
“ Cognitive Increased | Increased micro- +| Improved
! load Arousal 7 steering activity " lanekeeping | |
Active gaze hypothesis
Cognitive i Gaze I mproved
load concentration > lane keeping
Visual enhancement hypothesis
Cognitive Gaze _ | Increased micro- Improved
load > concentration " steering activity ) lane keeping




Fig. 1. The main hypotheses used to explain the impréavmeel keeping performance observed
during cognitive load. All boxes are measurable meteosl the arrows represent predictions.
For example, the global arousal hypothesis predictsritisased physical arousal is associated
with increased micro-steering activity, which in tumproves lane keeping performance.

In an initial analysis ste time course method was used to investigate thaegekan lane
keeping performance, micro-steering activity, gaze aanation, and physical arousal during
cognitive task performance. This analysis of changetowe provided a first insight into the
possible causal relationships between these meabyragans of their temporal patterns of
change Second, pairwise associations between the measuresiwestigated by univariate
multlevel regression, on a sample by sample Jeteefurther constrain the possible causal
relationships Third, a series of multlevel models for micro-steeringvilg and lane keeping
performancewith explanatory variables as proposed by the thre@etimy hypotheses, were
conducted and then comparealowing a final conclusion regarding the possible szhu
relationships.

2. Method

2.1 Participants
35participants were recruited using aninternet-based fandhy via poster advertisements

distributed in Beijing, ChinaAll of them held a valid driving license for a minimuof 2 years,
and had normal or correctéaormal vision. A within-subjects design was used thar
experimentOur results are based on data from 27 participd@tienales and7 males), since
3 participants failed to complete the cognitive tasBeriment because of motion sickness,
participants’ eye movement data were not adequately recordexd 2 participants’ Skin
conductance data were also not adequately recordedentaining included participants were
aged between 20 and 60 years old (m8anears, SD=13.5 years).

2.2 Apparatus
The experiment was conducted on a 6 degfefeeedom motion-based driving simulator

recording data at 60 Hz, in the State Key Laboratonpuibmotive Safety and Energy at
Tsinghua University, China (see Fig.. B)is surrounded by 5 screepsoviding 200 degrees
horizontal and 50 degrees vertical view of the forward smahe, and 36 degrees horizontal
and 30 degrees vertical view of the rearward scenegihritie rear-view mirroiSensoMotoric
Instruments $MI) eye tracking glagscollected eye movement data, including gaze positi
pupil size, and gaze vector, at 30. ABIOPAC MP 150 device was used to record particifants
skin conductance level at 100 Hz, at the tips ofiefteforefinger and mid finger.



Fig. 2 Six degreeof-freedom motion-based driving Simulator

2.3 Secondary tasks

The n-back working memory task, first introduced in mil@i driving experiment by
researchers at MIT Agelab (Reimer, 2009; Reimer and Gaasth, 2014) was used as a
secondary task. This task reggiparticipants to perform delayed verbal recall of a seguen
of digits, which are played to them while driving. histstudy, the task was presented at three
levels of difficulty: O-back (low) requires participantsimmediately repeat the number they
hear, 1-back (medium) requires participants to reealhumber one backin the sequeiacel
2-back (high) requires participants to recall the nunilverback in the sequence.

At the start of the task, a message annountihdor 1, 2)-back task beginsw” was
presentedafter which 10 numbers were presented in turn, at a fat@eo every 2.25 s,
producing a total task length of 34 s.

2.4 Driving environment and experiment design

The driving scenario was a car following task, on aigtttasection of urban roaavhich
comprised of two motor-lanes, one bicycle-lane amdsitewalk, in each directioithe motor-
lanes were 3.5 m wide, with a speed limit of 70 kré#averal intersectisnwere located on the
road, with an interval of Bm, separating the drive into 4 main experimental bloBleticipants
were instructed to follow a lead vehicle, which wasimlyi at a constant speed of 55 kndha
comfortable distance, as they usually would duringr thegly driving. The traffic lights for all
intersections remained green at points where the kelaide and ego vehicle approached the
crossing. The purpose of the light-controlled intersestiwas to increase the realism of the
simulated driving, but the driving data from the intet&®s were not included in the analyses
here.

As outlined above, there were three levels of cognitask (driving with 0-back, 1-back, and
2-back) and a baseline driving condttion. As showrfig. 3, in each block (between two
intersections)the distraction task was repeated three times, anatémeal between every two
neighboring taskas longer than km (30 s), so that participants had enough time to e¥cov
from the previous task. One drive, with the four blocgpearing in a random order, lasted
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about 15 minutes.

|
Blockl

1 drive
|
Block2 Block3 Block4

3 repetitions of oneta

(baseline, O-back, 1-back, or 2-back)

Total 180 s
ST ET ST ET ST ET

—A A A A A A
@l {1 Random traffic ]

intersection

[ [ [ [
Pre-task Post-task

Fig. 3. Experiment design. ST means task start, EAnswask end.

2.5 Procedure

The whole experiment consisted of 4 drives, lasting rhiutes for each participant. Only
one drive was accompanied by the cognitive secortdaky which is the main focus of the
present studyHalf of the participants completed this drive first, dimel remainder completed
the task in their second drive, providing a countdarimeed studyEach participant’s other
drives required concurrent completionaofisually distracting task Arrow test (Engstrom and
Johansson et al., 2005), which wil not be repore=e h

After arriving atthe laboratory, participants were told that their dgivioehavior would be
examined in this experiment and they would competeining session and four experiment
drives. Thg then received training on the n-back task for 10 m&uas well as on the other,
visual, taskHere, participants were told that their main focus shdg on ensuring safe
completion of the driving task (as they would in a r@ling condition), performing the
secondary tasks when they felt safe to do so. Partisipeere then introduced to the simulator,
and provided with about 15 minutesaining. After a short break, participants were equipped
with eye tracking glags and the BIOPAC, and the study commendtdthe end of the
experiment, participants completed a questionnaireitabeir basic personal information, and
received 120 RMB for taking part in the study

2.6 Dataanalysis
2.6.1 Metricsof driving performance, physical arousal, and gaze concentration

Driving performance, physical arousal, and gaze condentraere measured and analyzed
in the present studyhe driving performance measures include lane keeprigrpence and
micro-steering activity. Lane keeping performance istrofien measured using SDLWith
lower SDLP interpreted as improved lane-keeping perforenéthe and McCarley et al., 2014)
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Micro-steering activity is measured using steering raleete (SRR) with a relatively low
threshold of 0.5 An increased SRRO.Signifies increased micro-steering activity (Markkula
and Engstrém, 2006; Kountouriotis and Spyridakos. e2@16).

Driver physical arousas usually measuredly skin conductance (Reimer and Mehler, 2011,
Braithwaite and Watson et al., 2013). The skin cotahee signal can be separaied a
background tonic component (Skin Conductance Level)&@Ha rapid phasic component
(Skin Conductance Responses: SCR), both of which resultsfyopathetic neuronal activity
(Braithwaite and Watson etal., 2013). Specifically, $€lates to the slower acting components
and background characteristics of the signal in theralesof SCR, whie SCR refers to the
faster changing elements of the signal elicited bfaattor stimulus Both SCL (Measured by
the absolute value) and SCR (Measured by the number of B@Rgenduration)havebeen
widely used to estimate arousal (Roth and Dawson,e2@l?2). In this study, SCL data were
first resampled with a frequency @D Hz then low-frequency movement artifacts were
manually removed (Mehler and Reimer et al., 2012), udiegSC analysis software Ledalab
(www.ledalab.de).

Here, the mean of a sliding-window standard deviagioskin conductance (MSDSCL) was
used to represent driver physical aroushé MSDSCL metric is obtained by, first, calculating
the standard deviation of skin conductance in aglid s time window moved by Oskteps
thus producing a time series of the standard deviaticgkin conductance. Then, MSDSCL is
obtained as the mean value of this time seriesa tesk recording (34 s). A higher value of
MSDSCL means that the driver was in a state of higharsal. In this way, this index could
capture both changes in the tonic component (SCL) hasigppchanges (SCR). By testing the

significance of distraction levels (within-subject desibaseline, 0-back, 1-back, and 2-back)
on the three arousal metrics with repeated measuresgjmear model, MSDSCIn£=0.235)

showeda larger effect size than both SG{2%€0.133) and SCR1£=0.207). Therefore, it is
more sensitive to cognitive load than both SCL and SR also more continuous in nature.
This metric as such wil be the subject of more dedadnalyses in a later paper (Li, 2017, in
preparation).

Driver visual attention toward the road center was mmeaksby standard deviation of
horizontal gaze position (SDGAZR)ith a lower SDGAZE representing more visual attention
concentragdon the road center, also known as increased gazemoation (Wang and Reimer
etal., 2014). For the gaze data, the SMI eye trackenwmtically considered low-quality data
asblanks, and ckdfied high-quality data into fixations, saccades, binks. In the present
study raw gaze data during blanks and blinks, were treatedalsl data. Gaze concentration
was calculated based on the remaining valid rawdmze when valid data occupied ovef60
of all data in that period, otherwise, gaze conceatratias treated as missing data and would
not be involved in the following analysis (Reimer, 200@nally, out of the 81 recordings per
task, there was one excluded recording for baselineg)L.&vo excluded for 1-back (2.5 %),
and one excluded for 2-back (1.2 %).

2.6.2 Time course analysis

Atime course method was used to investigate tempai#drns of change in the analyzed
measures before, during, and after the cognitive tagikdarS methods have been used
previously for analyzing lane changing maneuvers (VamsWih and de Waard et al., 1999;
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Salvucci and Liu, 2002) and further for investigating tfnanging pattern of eye movements,
and vehicle movements for a lane change (SalvucciLian@002) Here, only results from the
2-back task are presentsuhce the demand from the 2-back cognitively loadask was high
enough to illustrate significant changes in the fouasoees. The O-back and 1-back tasks
showedthe same trends as the 2-back tagien compared to baseline (See supplementary Fig.
S1), although this was weeaikas illustrated also in other such studies (Engstrondalmansson
et al., 2005; Reimer, 2009; Mehler and Reimer et al2)20

Inttially, we extracted aggregated data sequences of SDLP, SRROSDSCL, and
SDGAZE, including pre-task (from 25 sin advanceaotsif the cognitive taskbask (duration
34 s), and post-task (from the end of cognitive tasR3® later) data sequences, from the raw
data set. Only the second repetition of each tasksed, since the pre-task phase of the first
task repetition and the post-task phase of the thisk tepetition involved driving across
intersections, which may have infiwed drivers’ behavior. Then, we comped the four
metrics in a sliding 20 s time window, which was em\by 1 s stejp the pre-task, task, and
post-task data sequences separately. Finaly, adgrgggphs of those data were produced,
including both the mean and standard eofaill drivers’ data, in each time window.

2.6.3 M ultilevel regression

To determine associations between the analyzed me=asis possible indicators of a causal
relationship, we applied both univariate and mulai@rimultievel regressions to the measures
Here, crucially, data from all tasks (baseline, 0-bdekack, and 2-back) were included, to
cover as wide a range as possible of driver states|dvorintensity to high-intensity cognitive
load, and the associated effects on other meffios data in this study are of a longitudinal
format with multi-observations in individual, causiadpeterogeneity problem, which makes
the classical regression method unsuitable (Hox arerddek et al., 2010; Sniders, 2011;
Cohen and Cohen et al., 201Hence, regression analyses with a multievel modeh¢simes
referredto as a hierarchical model, inear mixed modeiralom effects model) with a random
intercept was used to investigate relationships bemvilee measures (Huang and Chin et al.,
2008; Huang and Abdel-Aty, 2010).

A 2-level multiievel model with random intercept waed. In level 1X;; represents the
explanatory variable ofth driver in thejth driving situation, and the corresponding response
variablesY;; is expressed as (Hox and Moerbeek et al., 2010; Snij@efs,):

Yij=Boi +BXi; +Ri; (D)

In level 2, the within-driver correlation was takemimtonsideration. That is, data from the
same driveri share the same intercefg;, while data from different drivers have different
intercepts. The formulation is:

Boi = Bo + Uoi (2

Specifically, this model has both fixed and random $efduang and Abdel-Aty, 2010). In
the fixed term, B, is the average intercepf is the fixed-effect coefficient of covariate®
on the response variable. In the random telig, is driver-dependent deviation, representing
between-driver variationR;; represents within-driver variation, and is the distncgaterm
associated with level 1 analysis. The maximumlifiked method was used for model
parameter estimation (Hox and Moerbeek et al., 201@) {hee analyses were conducted using
Matlab software.



To determine the best model for understanding lane inggemprovement, the model
comparison method (Victor and Dozza et al., 2015) wusedd, with Akaike Information
Criterion (AIC) as index. The model with lower AIC can bgamled as significantly better
(Akaike, 1998), when AIC difference between two modelsr & (Burnham and Anderson,
2004) For quantitative comparison of a set of nested motieddikelihood-ratio test was also
used (Wiks, 1938), with the full model (larger mode®ferable to the reduced model (simpler
model) if the test reaches p < 0.05 significance-level

3. Results
3.1 Time courseanalysis of driving performance, physical arousal and gaze concentration

Fig. 4 shows driver physical arousal, gaze conceoramnicro-steering activity, and lane
keeping performance as a function of time. MSDSCL and AIEsboth shoved notable
changes (44.5% and -39.2%, respectjvéigm the very start of the 2-back task, and these
levels remaiadrelatively constant throughout task engagem8RIR0.3 showeda smaller
increase (10.4%) at the beginning of the task, andwtieam on increasing until the end. SDLP
had aminor decrease (-3.7%) at task start, then resda@latively constant for a few seconds,
before showing a more notable decreasing trend untienldeof the task. After the task, all
values recovexdto their initial, pre-task levels.
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Fig. 4. Generalized time course of physical arousal (meaamdaitd deviation of skin conductance
level, MSDSCL) gaze concentration (standard deviation of gaze yaw aB8§I6AZE), micro-
steering activity (steering reversal ratea® level, SRR.Z), and lane keeping performance
(standard deviation of lane position, SDItRean and SE shown in all panels) before, during, and
after the 2-back task.



Paired t-tests with 0.05 significance level were usefttermine when the measures sthrt
showing a significant change during the task phasepared to the pre-task phase. Simoee
of the four measures shedsignificant differences between the 6 time steps efpite-task
phase (all p>0.05), the last data points of the priefhase (at -10 s in Fig. 4) were used to
represent data in the pre-task phase, and these wapaedwith the data in the ensuiidp
time steps in the task phase, as shown in Figh&.résults illustrate that, both MSDSCL and
SDGAZE showved a significant change from the start of the task phasee vasignificant
SRRO0.8 change was observedsafter the start, and SDLP 12 s after task start. (Corrections
for multiple comparisons have not been made here, $iecenain point is to illustrate the
general order of changes, not any exact timings.)

It can be noted that all three hypotheses mentiond¢ftkilntroduction suggest the following
sequence of causatidh): cognitive load, 2) increased arousal or gaze condentrd) possibly
increased micro steering, and 4) improved lane keepingther words, the order of effects
observed here is compatible for all three hypothesedoflgxample, micro steering would
have been visible before any changes to arousal orcgazentration, this would have been
problematic for the global arousal or visual enhancemgidtheses, respectively.)

0-8 - T T ’* _* o T T T T T T
075 ¥ =¥ * SDLP |

0.7 SRR0.5° |
0.65 \ SDGAZE | |

MSDSCL
0.6 7

0.55 \ .
0.5 1
0.45 * 1
04+ -
0.35 F \ 1
03 F E 3 ]
0.25 F \ .
0.2 X 1

015¢ ~& -Q s |

VAO %

P value

0.1 F o. N ]

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time(s)

Fig. 5. Time course of p-values for paired t-tests dutie 2-back task phase, compared to
the pre-task phase (Time in x aigighe same as that in Fig. 4).

It should be mentioned here that the choice of atB@eswindow of analysis moving in 1s
steps was made after we tried a series of time windstagjng from 30 s and narrowing until
20 s. A 30 s (or more) window has been commonly usetthése metrics in previous studies
(Engstrom and Johansson et al., 2005; KountouriotisSagridakos et al., 2016)Ve obtained
similar results as previous studies when using 3®es window. However, we found that this
window was too wide to capture the temporal changdble four variables. At shorter time
windows than 20 s, the patterns of temporal changeimehgasame as in Figs. 4 and 5, except
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for the SDLP and SRRO.®etric for very short time windows (less than 10 s3; thetric does
not work well for time windows shorter than a typicatige: of vehicle movement in the lane
(Ostlund and Peters et al., 2005; Li and Merat e2@17).

3.2 Pairwise assodation of driving performance measuresand mediators

To further study the possible causal relationships éetdriving performance measures and
the hypothesized mediators, pairwise associations w@rducted among SDLP, SRRQ.5
MSDSCL, and SDGAZE. Table 1 shows the descriptiegisticsof variables in our data set.
Here, we only considered the task phase, and ngiréhand post phases, such that we could
now include all three task repetitions per particip@me task phase produced one data point
for each variable, and across the four driving condit{baseline and three task difficulties)
eachparticipant thus producetl data points, for a total @24 data points from the7
participants in this study. These werdrauded in the univariate multievel regression.

Table 1.
Descriptive statistics of measures of task-driving datdor ML model
Measures Description Min Max Average SD Count
Standard deviation of vehicle's
SDLP(m) - 0.028 0.525 0.150 0.077 324
lateral position
SRR0.8(/min)  Steering reversal rate (level®5 0 86 23 12 324
Mean of standard deviation of ski
MSDSCL(uS) 0.004 0.748 0.164 0.136 324

conductance level

Standard deviation of horizontal
SDGAZE() . 0.400 14663 3.836 3.005 324
gaze position

Based on the hypotheses investigated here (tentasupfyorted by the time course analysis)
in the following pairwise association analyses, m&eering activity should be the response
variable for physical arousal and gaze concentrationeotigply Similarly, lane keeping
performance should be the response variable for physicata, gaze concentration, and
micro-steering activity respectively.

Table 2 shows results with slope and significanoesllof each univariate multievel
regression. The results shedthat, improved lane keeping performance (reduced SivaR)
significantly associgdwith increased micro-steering activity (increased SRR ,ncreased
physical arousal (increased MSDSCL), and increasedagaeentration (reduced SDGAZE).
Meanwhile, increased micro-steering activity was Bagmtly associad with increased
physical arousal and gaze concentratiblowever, gaze concentration did not show a
significant association with physical arous@hese results provide further support for the
predictions provided for the three hypotheses. Perhaps mmportantly, the lack o&
significant association between physical arousalgazé concentration suggests that the well-
documented effects of cognitive tasks on these meaauveetsvo at least partialy separate
phenomena, since, on a per-observation basis, physiousal and gaze concentrati@nied
independently of each other in our data.

Table 2.
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Results of univariate multievel regression in the preseaficognitive task (Significance level:
** n<0.001, * p<0.05)

Independent Variables
Slope & Significance
SRRO0.5 SDGAZE MSDSCL
SDLP -0.0015** 0.0045** -0.1002**
Response SRR0.8 -0.6527** 19.697**
Variables SDGAZE -1.946
MSDSCL -0.0034

3.3Application of multiple multilevel regression to the driving measures

To provide a further, more direct contrast between tteethypotheses, a series of multievel
models for micro-steering activity and lane keeping perdmce were constructed, based on
the hypotheses, and compared.

3.3.1 Micro-steering activity

According to the global arousal hypothesis, increas@do-steering activity during
cognitively loading tasks is caused by an enhamugdical arousal, whereas the visual
enhancement hypothesis suggests that this risecio-stieering activity is due to an increase
in gaze concentration towards the road ceftar results thus far, from the temporal analyses
and the pairwise regressions, are compatible with lngtotheses, but have suggested that
there is no causal link between the two involved iates, physical arousal and gaze
concentration. To test whether both mechanisms da@xisot, we therefore constructed three
multivariate models of micro-steering activity: @inivariate arousal-based model, suggested
by the global arousal hypothesis, with only physicauaabas the explanatory variabl®) a
univariate gaze-based model, suggested by the asimncement hypothesis, with only gaze
concentration as the explanatory variable, and (3)aaidte arousal-gaze model, based on the
hypothesis that both mechanisms are simultaneousiyea

Table 3.
Multilevel model of SRR0S
Model 1: Arousal-based model (Global arousal hypothesis)

Variables Fixed Effects Random Effects AIC R?
Coefficient SE DF tStat P_value Intercept variance Residual

(Intercept) 19.2830 2.0448 321 9.43 0.0000 9.6 (7.3,12.7) 6.8(6.2,7.3) 2248 0.66

MSDSCL  19.6970 4.7287 321 4.17 0.0000

Model 2: Gaze-based model (Visual enhancement hypothesis)

Variables Fixed Effects Random Effects AlC R?
Coefficient SE DF tStat P_value Interceptvariance Residual

(Intercept) 25.0140 2.0565 321 1216 0.0000 9.7 (7.3,12.8) 6.8(6.3,74) 2255 0.65

SDGAZE -0.6527 0.2040 321 -3.20 0.0015

Model 3: Arousal-gazemodel (Global arousal hypothesisand Visual enhancement hypothesis)
Variables Fixed Effects Random Effects AIC R?

Coefficient SE DF tStat P_value Intercept variance Residual
(Intercept) 21.7240 2.2781 320 9.54 0.0000 10.1(7.6,13.9) 6.6 (6.1,7.2) 2241 0.67
12



SDGAZE -0.6003 0.1996 320 -3.01 0.0028
MSDSCL  18.7920 46790 320 4.02 0.0001
Likelihood-ratio test: P(Model-3 vs. Model-1)=0.063Model-3 vs. Model-2)<0.001

As shown in Table 3, Model 1 and 2 are in fact theesas in the pairwise association tests
in the Section 3.2. Notably, however, the analstssved that Model 3 was preferable over
model 1 and, both in terms of having the lowest AIC rmgnthe three models, and the
likelihood-ratio test also showing this model to $ignificantly better than the other two.
Critically, these results suggest two separate cangadithways between cognitive load and
micro-steering activity, one involving arousal but gaize concentration, and one involving
gaze concentration but not arousal. Thus, both thleallarousal and visual enhancement
hypotheses could independently contribute to expipirthe variabiity of micro-steering
activity.

3.3.2 Lane keeping performance

As for the cause of reduction in SDLP, both the glabaiusal and visual enhancement
hypotheses suggest that it is caused by increasealsteering activity, while the active gaze
hypothesis suggests a direct causal link from incregaeel concentration tom reduced SDLP.
In Section 3.2associations were provided between SDLP and both SRRrtd SDGAZEas
llustrated by the univariate multievel regressions. Here, we foliggemith multiple muttievel
regressions, considering all three hypotheses.

Four main multievel models of SDLP were constructedhass in Table 4: (1) A univariate
steering-based model, suggested by both the glwbasal and visual enhancement hypotheses,
with only micro-steering activity as explanatory valdal{2) A univariate gaze- based model,
suggested by the active gaze hypothesis, with galge concentration as the explanatory
variable. (3)A bivariate steering-gaze model, suggested by thabjiiyssof all three causal
pathways being simultaneously active, with bothroagteering activity and gaze concentration
as the explanatory variables. To test whether physicalisal contributes to explaining the
variabilty of SDLP due to some other unknown meclmgjswe also tested (4) a trivariate
steering-gaze-arousal SDLP model, with micro-steeritiiyitg, physical arousal, and gaze
concentration as explanatory variables.

Table 4 shows the results for these multievel modeBSDLP. Comparing the four nested
multievel models, AIC values and likelhood ratiotteall indicate that Model 3 is preferable
over Models 1 and.However, Model 4 was not preferable over Model 3, aeittasedn
AIC (Model 3 -868, Model 4-869) or the likelihood-ratio test (p=0.051). This sigigahat
Model 3, the steering-gaze model, is preferable fora@wpl) the variability of SDLP, i.e., that
both increased micro-steering activity and gaze cdration contributed to the reduction in
SDLP, but without a direct link from arousal to reductio SDLP.

Table 4.
Multilevel model of SDLP
Model 1: Steering-based model (Global arousal hypothesis and Vi sual enhancement hypothesis)

Variables FixedEffects Random Effects AlIC R?

Coeffident SE DF tStat P_vaue Interceptvariance  Residual
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(Intercept) 0.1824 0.0136 320 1342 0.0000 0.05 (0.03,0.06) 0.06 (0.05,0.06) -865 0.41
SRR0.5°  -0.0015 0.0004 320 -3.51 0.0005

Model 2: Gaze-based model (Active gaze hypothess)
Variables Fixed Effects Random Effects AlC R?

Coeffident SE DF tStat P_value Interceptvariance  Residual
(Intercept) 0.1314 0.0120 321 1093 0.0000 0.05 (0.04,0.07) 0.06 (0.05,0.06) -863 0.41
SDGAZE 0.0045 0.0016 321 2.80 0.0055

Model 3: Steering-gaze model (Global ar ousal hypothesis, Visual enhancement hypothesisand Active gazehypothess)
Variables Fixed Effects Random Effects AlIC R?

Coeffident SE DF tStat P_vaue Interceptvariance  Residual
(Intercept) 0.1662 0.0158 319 1055 0.0000 0.05 (0.04,0.07) 0.06 (0.05,0.06) -868 0.42

SRR0.5° -0.0014 0.0004 319 -3.22 0.0014
SDGAZE 0.0036 0.0016 319 2.20 0.0285

Model 4: Steering-gaze-ar ousal model
Variables Fixed Effects Random Effects AlIC R?

Coeffident SE DF tStat P_value Interceptvariance  Residual
(Intercept) 0.1755 0.0164 318 1068 0.0000 0.05 (0.04,0.07) 0.06 (0.05,0.06) -869 0.43
SRR0.5° -0.0012 0.0004 318 -2.82 0.0050
SDGAZE 0.0034 0.0016 318 2.10 0.0368
MSDSCL  -0.0740 0.0377 318 -1.96 0.0507
Likelihood-ratio test: P(Model-3 vs. Model-1)=0.0%(Model-3 vs. Model-2)=00®; P(Model-4 vs. Model-3)=0.051; P(Model
4 vs. Model-1)=0.014; P(Model-4 vs. Model-2)=0.005

4. Discussion

The aim of the present study wagurther clarify why driverslane keeping performance is
improved by a concurrent cognitively loading task. Various authorsehauggested that
cognitive load affects lane keeping performance viaiphalyarousal or gaze concentration as
mediators, but hold mixed ideas about whether, laowd those mediators influence lane
keeping performancélere, three difficulty levels chcognitive task were presented to drivers
in a simulator study, and the hypothesized relatipasbetween driving performance measures
(lane keeping performance, micro-steering activity) dr possible mediators (physical
arousal and gaze concentration) were analyzed.

In line with previous studies, during performance of tlgngive tasks, we observed
improved lane keeping performance (Engstrom and Johaessbn2005; Jamson and Merat,
2005; He and McCarley et al., 2014; Kountouriotis lsliedat, 2016) increased micro-steering
activity (Boer and Rakauskas et al., 2005; Kountourmtisl Spyridakos et al., 2016), increased
gaze concentration to the forward road center (VictorHamtbluk et al., 2005; Reimer, 2009;
Wang and Reimer et al.,, 2014), and increased phyaicalsal (Reimer and Mehler, 2011;
Mehler and Reimer et al., 2012).

In addition atime course analysi®if the most demanding version of the cognitive task,
showed for the first time, the temporal dynamics of lane kegperformance, micro-steering
activity, gaze concentration, and physical aroudaadt s, before engaging ancognitive task,
driver lane keeping performance was more erratic, and rsieering actvity, gaze
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concentration toward the road center, and physicakaleuere at a relatively low level. The
start of the cognitive task caused an immediate as@an gaze concentration and physical
arousal, but the change in micro-steering activity land keeping performance was more
gradual. Results of paired t-tests showed that, darihigh cognitive task, gaze concentration
and physical arousal changed earlier than micro-steaciwgty, which in turn changed earlier
than lane keeping performance. This implies that tiieceof cognitive load on gaze
concentration and physical arousal precedes that ob+sieering activity which in turn affects
lane keeping performance. This aligns nicely with ithea of gaze concentration and/or
physical arousal being the cause of increased micesisgeactivity, and some or all of gaze
concentration, physical arousand micro-steering activity being the cause of lanepie
improvement, exactly as proposed by the three hypeghegestigated here: the global arousal,
visual enhancement, and active gaze hypothesesptbuiding support for constraining our
subsequent analyses to the specific causal relapsnptoposed by these hypotheses.

Using univariate multievel regression analyses, we then dstraied the existence of all
the pairwise associations between measures predigtdw lthree hypotheses. However, we
did not find any association between the two mewjatiariables physical arousal and gaze
concentration. This is interesting given that thesiteal cue utilization hypothesis (Easterbrook,
1959) suggests that increased arousal reduces the range wfilization, which has led some
authors to suggest that gaze concentration duringtiegload is caused by increased arousal
(Monk and Yang et al.,, 201.3We did not find any evidence for such an associatinal
therefore suggest that arousal and gaze concentratiaat &r@st to some extent, independently
affected by cognitive load. Further research on theioeddtip between gaze concentration and
arousal seems warranted.

Based on these findings, and further supported by additionuttlievel models two
independent pathways of cognitive load affecting le@eping performance were identified
here, as illustrated in Fig. 6: (1) Anincrease in arpasaising increased micro-steering activity,
which in turn improves lane keeping performance, asesigd by the global arousal
hypothesis. (2) Gaze concentration, causing improvesl Keeping performance both through
(a) increased micro-steering activity, as suggestdtidyisual enhancement hypothesis, and
(b) a tendency to steer toward the gaze target, asstieghby the active gaze hypothesis.

Global arousal > Increased

— Increased arous%! Y

/ YPOMESS | micro-steering—
Cognitive 06“6\ activity Improved
| lane
\\\load/)

S
Q.\9)9\ 6;0«\@ keeping
Fig. 6. Structure of causation of lane keeping improverdering cognitive load

Increased gaze ™ Active gaze hypothesis -

concentration

A

To further test this conclusion, some additional teste carried out. Firstf the causation
structure proposed in Fig. 6 is corraxtr best multivariate model, the steering-gaze miadel
SDLP, should perform at least as well or bedisa model predicting SDLP from cognitive task
difficutty. Therefore, we also constructed such a tag&tdased modeWith 0-back, 1-back,
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and 2-back as nominal variables (the same as thé&mosiin repeated measures general linear
model), and baseline driving asonstant variable (model intercept). As shown in &&blthis
model produces a similar but slightly higher (worse) Ai@ntthe steering-gaze modeB@7

and 868 respectively). This difference in Al€ not considered to be statistically significant
(Burnham and Anderson, 2004n other words, the steering-gaze mixed model does not
explain the variabilty of SDLP significantly betteatithe task-level-based model, but it does
explain it in a way that sheds more light on thelired mechanisms and mediators.

Table 5.
Task-level-based model of SDLP
Variables Fixed Effects Random Effects AlC R?

Coeffident SE DF tStat P_wvalue Interceptvariance Residual
(Intercept) 0.1674 0.0111 319 1505 0.0000 0.05(0.04,0.06) 0.06(0.05,0.06) -867 0.42
Oback -0.0173 0.0089 319 -1.94 0.0527
1back -0.0227 0.0089 319 -2.55 0.0113
2back -0.0349 0.0089 319 -3.91 0.0001

Second, w also applied Structural Equation Modelling (SEM further test the proposed
structure in Fig. 6The reader may note that in practice, the comparisonultiple multivariate
regressions is in fact very similar to an SEM analyBige reason we did not perform SEM
from the outset is that, we were not able to find agsting SEM software that would permit
our combination of discrete variables (cognitive load) aontinuous variables (the various
metrics). Thereforehe SEM included the full structure in Fig. 6, except tdugnitive load
variable, i.e., it started from gaze concentration andsal (in practice, since in our case all
variables were directly measured, this was a spedal aesSEM referred to as Path Analysis).
The fit indices of this SEM modehewed that it was acceptable, supporting the proposed
structure for understanding lane keeping improvemetiteipresent study.

In summary, this study has provided evidence suggettiat the phenomenon of reduced
lane position variability during cognitiye loading tasks is highly complex and multifaceted,
with all of the mechanisms shown in Fig. 6 beingummeously active. In other words, our
results suggest that all three of the main hypothesesidered in this paper are true.

However, it should be emphasized that our time coargkregression analyses do not
provide conclusive proof of causation. The reason we havertheless discussed our findings
in causalterms is because we departed from three @fieled causal hypotheses, which could
eachin theory have been refuteddoy data and analyses. What we have shown in prastice i
that our data were compatible with the idea of allehested causal hypotheses being true at
the same time. This does not, however, precludedbsible existence of other mechanisms or
hidden mediating factors. To further test whether thegs@p causal structure in Fig. 6 is
sufficient, one path forward would be to conduct morgeted experiments; e.g., manipulating
arousal and gaze concentration directly, to see if ithigself, leads to improvements in lane
keeping. In such studies one could also considestigating the time course of the involved
behaviors in even more detail than what has beenittnee For example, the difference in time
of onset between micro-steering increases and impravedkeeping observed here (Fig. 5) is
relatively large. Further research is warranted to edtablikis is because it takes a long time
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for these small steering actions to translate into an actual impact on the vehicle’s path, or
because the putative parallel effect of gaze concemtrain the lane keeping buids up
relatively slowly over time.

Also, with respectto the time course analysien though the overall pattern in 0- and 1-
back tasks were similar to those in the 2-back tesk the overall effects in the task phase are
pointing in same direction- but with smaller effecésiz See supplementary Fig. S1), there
were indications of possible time course patternswieae not presentin the 2-back data, such
as MSDSCL faling over time during O-back, and SRR8gemingly not increasing over time
in the 0-ard 1-back task (but still with indications of a sniadrease from the start of the task,
as in the 2-back data).

From a more applied perspective, our finding that paysarousal and gaze concentration
change earlier than driving performance measures (micrarsfesctivity, and lane keeping
performance) during a cognitive taskuggests that both physical arousal and gaze
concentration could be used for early detection of tegnload effects on driving, before
driving measures have started to chafige finding from (Reimer and Mehler et al., 2011)
that physiological measures such as physical aramskdjaze concentration are more sensitive
to changes in driver workload than driving performancasuee also aligns with this idea.
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