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What determines drivers’ speed? A replication of three behavioural adaptation
experiments in a single driving simulator study
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?Faculty of Mechanical, Maritime and Materials Engineering, Delft University of Technology, Delft, the Netherlands; *Faculty of Aerospace
Engineering, Delft University of Technology, Delft, the Netherlands

ABSTRACT

We conceptually replicated three highly cited experiments on speed adaptation, by measuring
drivers’ experienced risk (galvanic skin response; GSR), experienced task difficulty (self-reported
task effort; SRTE) and safety margins (time-to-line-crossing; TLC) in a single experiment. The three
measures were compared using a nonparametric index that captures the criteria of constancy
during self-paced driving and sensitivity during forced-paced driving. In a driving simulator, 24
participants completed two forced-paced and one self-paced run. Each run held four different lane
width conditions. Results showed that participants drove faster on wider lanes, thus confirming
the expected speed adaptation. None of the three measures offered persuasive evidence for speed
adaptation because they failed either the sensitivity criterion (GSR) or the constancy criterion
(TLC, SRTE). An additional measure, steering reversal rate, outperformed the other three measures
regarding sensitivity and constancy, prompting a further evaluation of the role of control activity in
speed adaptation.
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Practitioner Summary: Results from a driving simulator experiment suggest that it is not
experienced risk, experienced effort or safety margins that govern drivers’ choice of speed. Rather,
our findings suggest that steering reversal rate has an explanatory role in speed adaptation.

1. Introduction safety benefit (i.e. safer driving due to better visibility) is
partially negated by the risks of increased driving speed.

1.1. The eff f f
e effects of speed on road safety Such decreases in safety as a result of a higher adopted

Worldwide, 1.3 million people die in traffic each year,
making road traffic accidents the eighth leading cause
of death (Lozano et al. 2013). Excessive speed has long
been considered a primary cause of traffic accidents (Aarts
and van Schagen 2006; Elvik, Christensen, and Amundsen
2004; Treat et al. 1979). An increase of speed does not only
relate to an increased probability of being involved in an
accident, it also aggravates the severity of accidents (Elvik,
Christensen, and Amundsen 2004).

When considering the aforementioned dangers of
speeding, it is disconcerting that drivers tend to drive
faster when receiving technological support or when
encountering a less demanding environment. For exam-
ple, drivers have been found to drive with higher speeds
on well-lit roads than on reference roads without light-
ing (Assum et al. 1999), as a result of which the attainable

speed are manifestations of a more general phenomenon
called behavioural adaptation (Elvik 2013; Hiraoka, Masui,
and Nishikawa 2010; OECD 1990; Oviedo-Trespalacios et
al. 2017; Saad 2006; Sullivan et al. 2016). Although behav-
ioural adaptation manifested as speeding has often been
found (e.g. Dragutinovic et al. 2005; Janssen and Nilsson
1993), the underlying psychological mechanisms of speed
adaptation are still poorly understood (Vaa 2007).

1.2. The need for understanding behavioural
adaptation

There are several reasons why the determinants of speed
adaptation need to be understood. First, a good under-
standing is important for designing effective educational
and enforcement measures. Second, knowledge about
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speed adaptation may benefit the design of new ADAS
to strike a more favourable balance between technology
mediated safety improvement and motivationally inspired
consumption of the offered safety. For example, we have
previously shown that haptic steering feedback does not
yield speed adaptation if the system disables itself when
driving above a threshold speed (Melman, de Winter, and
Abbink 2017). A good understanding of behavioural adap-
tation may allow for improvements of the algorithms and
threshold settings of such technology. Third, knowledge
of the determinants of speed choice may prove useful in
the design of automated driving technology that behaves
in a human-like (anthropomorphic) manner, rather than
to adhere rigidly to a particular speed limit. It is expected
that automated driving systems are better accepted if they
behave anthropomorphically (e.g. Elbanhawi, Simic, and
Jazar 2015; Kolekar, De Winter, and Abbink 2017; Waytz,
Heafner, and Epley 2014).

1.3. Three previous experiments on speed
adaptation

A large number of motivational theories of behavioural
adaptation have been proposed, but the impact of three
theories has been particularly large (Vaa 2007): (1) the
risk homeostasis theory (Wilde 1982), (2) the task diffi-
culty homeostasis theory (Fuller 2005) and (3) the field
of safe travel theory (Gibson and Crooks 1938). These
three theories, in turn, have received support from three
well-cited experiments, respectively: (1) Taylor (1962), (2)
Fuller, McHugh, and Pender (2008) and (3) Van Winsum
and Godthelp (1996). In each of these three experiments,
it is was found that an internal or external variable is
sensitive to changes in driving speed, or alternatively,
remains constant if drivers’change their speed. These three
experiments, which are the focus of the present study, are
detailed below.

1.3.1. Experiment 1: constancy of galvanic skin
response (GSR) in self-paced driving (Taylor 1964)
Taylor (1962, 1964) proposed that experienced risk (i.e.
anxiety level or tension) is the variable being regulated
by drivers. In his research, Taylor measured the galvanic
skin response (GSR, also known as electrodermal activity,
as an indicator for experienced risk) of 12 participants who
each drove 100 km on roads near London. Results showed
that the mean GSR level per road segment did not exhibit
a substantial correlation (r = —0.04) with the mean speed
per road segment (Figure 1, left). In other words, the mean
GSR was about the same regardless of whether partici-
pants were driving slowly in a busy shopping area with a
high police-recorded accident rate per kilometre, or fast
in a country road with a low accident rate per kilometre.

These findings together with the fact that the mean GSR
did correlate with driver experience (i.e. novice drivers had
a higher mean GSR rate), led Taylor (1962) to conclude
‘that drivers adjust their speed so that the apparent acci-
dent risk, as indicated by their rate of production of the
GSR, tends to remain constant whatever the conditions.
The work of Taylor has been influential. For example, in a
review, Vaa (2007) discussed Taylor’s‘GSR-constancy’prin-
ciple, whereas Wilde (1982, 2009) used Taylor’s findings to
support his risk homeostasis theory (Figure 1, left). Indeed,
according to Wilde (1982), ‘these findings were very instru-
mental in the development of the theory"

1.3.2. Experiment 2: sensitivity of self-reported task
difficulty in forced-paced driving (Fuller, McHugh, and
Pender 2008)

In a more recent paper, Fuller (2005) introduced ‘task dif-
ficulty homeostasis’ as a key sub-goal in driving, stating
that ‘what drivers attempt to maintain is a level of task
difficulty’ (p. 461). Fuller pointed out that task difficulty is
equivalent to the construct mental workload, as can be
measured using self-reports such as the six-item NASA-TLX
or the unidimensional Rating Scale Mental Effort (RSME).
Fuller further argued that speed is the primary means for
drivers to keep their experienced task difficulty at a desired
level, and found support for this theory in two experiments
in which participants watched videos played at differ-
ent speeds (Fuller, McHugh, and Pender 2008). In one of
these experiments, forty participants answered after each
video 'How difficult would you find it to drive this section
of road at this speed? on a scale from 1 (extremely easy)
to 7 (extremely difficult). The results of this forced-paced
(i.e. non-interactive) task showed a sensitivity to different
road types, and a monotonic relationship between video
speed and participants’ ratings of task difficulty (Figure
1, middle). More recently, Lewis-Evans and Rothengatter
(2009) replicated the results of Fuller (2005) in a driving
simulator, in which participants steered themselves and
the results showed a similar but non-linear association
between speed and reported task difficulty.

1.3.3. Experiment 3: constancy of time-to-line-
crossing in self-paced driving (Van Winsum and
Godthelp 1996)

In 1938, Gibson and Crooks defined a ‘field of safe travel’
that defines the possible paths that the car may take with-
out being obstructed. Gibson and Crooks argued that driv-
ers attempt to control their car to keep it in the middle
of this field. In the 1930s, the field of safe travel was not
operationalised, but recently, time-based safety margins
have been proposed as a suitable candidate. In a review,
Summala (2007) explained: ‘Gibson and Crooks (1938) ...
demonstrate how roadway, obstacles and other road users
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Figure 1. Relationship between speed adaptation theory (i.e. a non-operationalised set of statements), testable hypotheses and
experimental observations (framework based on Meehl, 1990) Left = Experiment 1: Mean GSR level as a function of average speed on 40
road segments. Data from Taylor (1962). Middle = Experiment 2: Mean ratings of task difficulty (1 = extremely easy, 7 = extremely difficult)
as a function of driving speed in videos. Data from Fuller et al. (2008, Figure 6, assuming N = 40). Right = Experiment 3: Mean minimum
TLC as a function of mean minimum speed in curves of different radius (Van Winsum and Godthelp 1996). Speed increased substantially
(60%) with increasing curve radius, while TLC showed only a moderate increase of 14% between the minimum and maximum curve radii.

modify this space - safety zone. They also implied that
safety zone - and stopping distance within it —is an objec-
tively measurable concept' One time-based operational-
isation of this field is the measure time-to-line-crossing
(TLC), defined as the time it takes for the vehicle to cross
the lane markers if holding the steering wheel in a steady
position at the same speed (Summala 2007; van Winsum,
Brookhuis, and De Waard 2000). Put differently, TLC repre-
sents the amount of time a driver has for‘error neglecting’
(Godthelp 1988) or ‘satisficing’ (Goodrich and Boer, 2000;
Summala 2007) until a corrective action is needed. Van
Winsum and Godthelp (1996) showed in a driving sim-
ulator study that the minimum TLC in curves remained
approximately constant with curve radius (see Figure 1,
right), and they suggested ‘TLC to be a regulating mech-
anism that determines how speed is controlled’ (p. 439).

1.4. Present Study

As explained above, three influential speed adaptation
theories have received corroboration from three now-clas-
sic experiments (Figure 1). In the present paper, we are

not concerned with evaluating these three theories per
se. Rather, our aim is to systematically test the three cor-
responding hypotheses in one single experiment.

The three experiments (Figure 1) were concerned with
either constancy or sensitivity. We argue that a measure
purporting to describe speed adaptation should meet
both criteria. That is, the measure under consideration
needs to remain constant when task demands change
during self-paced driving (i.e. when speed adaptation is
an option). This criterion was satisfied for GSR and TLC
in Figure 1 left and right, respectively, as these variables
remained approximately constant when the task demands
(speed) changed. Second, the measure needs to be sensi-
tive when task demands change during forced-paced driv-
ing (i.e. when speed is fixed and speed adaptation is not
an option). Sensitivity was demonstrated for self-reported
reported task difficulty in Figure 1 (middle), where speed
adaptations were restricted.

Sensitivity alone is insufficient to validate a measure
of speed adaptation, because sensitivity is uninformative
about whether drivers actually use the variable to adjust
their speed in self-paced conditions. Constancy alone is
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insufficient, as even random data or an entirely irrelevant
measure would satisfy this criterion. This latter point was
already recognised by Taylor (1962), who admitted that his
results are ‘of course consistent with the radically different
assumption that the time rate of production of GSRis con-
stant because it has nothing to do with the risk of driving’

The present study examined which of the three hypoth-
eses [(1) regulation of experienced risk, (2) regulation of
experienced task difficulty or (3) regulation of safety mar-
gins] provides the most appropriate description of speed
adaptation, in terms of both sensitivity and constancy. We
performed a driving simulator experiment in which partic-
ipants drove on a road with cones demarcating the entire
driving lane. Participants completed two forced-paced
runs (i.e. fixed speed of 90 and 130 km/h, respectively) and
one self-paced drive, each run at four different lane widths.
We selected lane width as independent variable because
lane width is a salient indicator of task demand, which,
by virtue of the speed-accuracy trade-off, was expected
to exhibit a strong relationship with self-paced driving
speeds (De Vos, Godthelp, and Kappler 1999; Lewis-Evans
and Charlton 2006; Liu, Wang, and Fu 2016; Zhai, Accot,
and Woltjer 2004).

Participants reported every 20 s how much effort their
current task took (cf. Fuller, McHugh, and Pender 2008),
and we measured their TLC (cf. Van Winsum & Godthelp
1996) as well as their GSR (cf. Taylor 1964) while driving.
Other psychophysiological measures (i.e. heart rate and
heart rate variability) were recorded as well. The measures
were compared with each other regarding constancy and
sensitivity. Because different measures have different scale
characteristics (e.g. self-reported task difficulty ranges
from 0 to 10, while TLC can range from 0 to infinity on a
straight road) and can be expected to respond nonlinearly
to changesin lane width or speed (Lewis-Evans, De Waard,
and Brookhuis 2011), we introduce a purely nonparametric
method to compare the measures.

2. Methods
2.1. Participants

Twenty-four participants (17 male, 7 female) between
19 and 31 years old (M = 24.6, SD = 2.4) with normal or
corrected-to-normal vision volunteered for this study. In
response to the question of how often they drove in the
past 12 months, one participant reported to drive every
day, four drove 4-6 days a week, six drove 1-3 days per
week, seven drove once a month and six drove less than
once a month. Regarding mileage in the past 12 months,
the most frequently selected answers were 1001-5000 km
(8 respondents) and 1-1000 km (8 respondents), followed
by 10,001-15,000 km (4 respondents), 5001-10,000 km

(3 respondents) and 20,001-25,000 km (1 respondent).
Twenty participants reported prior experience in a driv-
ing simulator, with a mean among all 24 participants of 5.3
times (SD = 10.6 times). All participant held a valid driver’s
licence (M = 5.8 years, SD = 2.5).

No exclusion criteria were applied regarding behaviours
that are known to influence heart rate variability (HRV)
and GSR, such as coffee consumption less than 2 h before
the start of the experiment (11 participants), or being a
smoker (2 participants) (Barutcu et al. 2005; Manzano et
al. 2011; Villarejo, Zapirain, and Zorrilla 2012). However, it
was not permitted to smoke or drink coffee in between
the experimental sessions.

2.2. Apparatus

Participants drove in a fixed-base simulator at the Control
and Simulation Department at the faculty of Aerospace
Engineering, Delft University of Technology (Figure 2). Self-
aligning torques of the steered front wheels were provided
by a MOOG FCS ECol8000 S steering motor running at
2,500 Hz. A single-track model (heavy sedan of 1.8 m wide)
was used to simulate the vehicle dynamics. The simulated
vehicle had an automatic gearbox and its maximum attain-
able speed was 210 km/h. The environment was shown
using three DLP projectors (BenQW1080ST 1080p Full HD),
together providing a horizontal and vertical field-of-view
of, respectively, 180° and 40°. The images were displayed
with a frame rate of 60 Hz, whereas the simulation and data
logging were updated at 100 Hz. The front of the driver’s
car was visualised to facilitate more accurate perception of
the car’s position relative to the road boundaries. Constant
car vibrations (‘road rumble’) were simulated with a seat
shaker implemented in the driver’s seat.

Figure 2. The fixed-based driving simulator used for the
experiment.



The GSR and electrocardiographic (ECG) data were
measured at 1,000 Hz using a wireless hub (Plux Wireless
Biosignals S.A., Portugal). The physiological sensors were
synchronised with the simulator using a 5-volt synchro-
nisation pulse, which was initiated by the simulator at
the start of each run. For the GSR measurement, one pre-
gelled Ag/AgCl electrode was placed inside the hand palm
and one on the side of the wrist (see also Strong 1970). The
ECG local triode configuration was placed on the middle
of the left chest.

2.3. Speed conditions

All participants completed three runs, each run in a differ-
ent speed condition:

(1) A forced-paced condition in which the driving
speed was fixed at 90 km/h (FP90).

(2) A forced-paced condition in which the driving
speed was fixed at 130 km/h (FP130).

(3) A self-paced condition in which participants
could adjust their speed by means of the gas and
brake pedals (SP).

These conditions counterbalanced

participants.

were across

2.4. Lane Width Conditions and Road Environment

All participants drove each of the three runs on a sin-
gle-lane 25-km long road. During each run, the partici-
pant encountered four segments of 6 km, each having a
different lane width: 3.6, 2.8, 2.4 and 2.0 m. Cones were
placed on the white lines to avoid that drivers would use
the area outside the white lines or the hard shoulders.
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The lane widths allowed for a lateral deviation from the
lane centre of 0.9, 0.5, 0.3 and 0.1 m, respectively, on
each side of the 1.8-m-wide car before a line crossing.
The lane width order was counterbalanced between
runs, such that each of the 24 runs had a unique lane
width order.

Each lane width segment (6 km long) consisted of five
curves with 750-m inner radius and two curves with 500-m
inner radius, yielding a curve/straight distance ratio of 32/68
per segment. Segments 1-4 were identical, except that the
curves of Segments 1 and 3 were left/right mirrored with
respect to the curves in Segments 2 and 4. A transition of
lane width took place in a curve of 750-m radius. A road
sign was placed 20 m before the lane-width transitions
to support driver’s awareness of the upcoming transition
(Figure 3).Trees and cones were placed alongside the road
to enhance participants’ perception of speed. The cones
were placed with a distance of 8 m between cones. A cone
hit (defined as an incidence where the lateral error become
greater than 0.9, 0.5,0.3 or 0.1 m, depending on road width)
was both visualised (i.e. red dot on the side where the car
hit the cone) and made audible (a loud tone was played).
No on-road obstacles and no traffic were simulated.

In order to make the driving task more challenging,
the simulated car was subjected to a lateral force pertur-
bation, applied to the car’s centre of gravity. This lateral
force was an unpredictable multi-sine signal consisting of
five frequencies ranging from 1/15 to 1/4 Hz, and having
maximum amplitude of 1000 N for the summed signal. The
lateral force ensured participants needed to steer actively
also on straight segments, but was not consciously noticed
by most of the participants (the experimenter asked this
after the experiment).

Figure 3. Simulator environment including the car front, transition signs and cone hit warning (i.e. red dot accompanied by a sound of

82 dB).
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2.5. Procedures

Participants read and signed an informed consent form,
which explained the purpose, instructions and procedures
of the study. The consent form stated that ‘the purpose
of this driving-simulator study is to investigate driving
behaviour, subjective experience, physiological activity,
workload and comfort while driving under different task
demands (i.e. lane widths) Participants were asked to keep
both hands on the steering wheel in a ten-to-two position
at all times, and were instructed to minimise the number of
cone hits. The consent form further stated that every 20 s
a beep would be produced to indicate that the participant
had to orally report a number to the following question:
‘From 0 to 10, how much effort does the current driving
task takes you?;, where 0 is No effort, 5 is Moderate effort
and 10 is A lot of effort. The answers were audio-recorded
and typed down by the experimenter during the experi-
ment. The instructions (driving task and effort question)
were also orally explained to ensure that all participants
understood this. No speed advice was provided and partic-
ipants’questions regarding speed were not answered. The
speedometer was visible to the participants (see Figure 2).

Before entering the driving simulator, participants com-
pleted a questionnaire regarding their driving experience
as well as a Driver Behaviour Questionnaire (DBQ) consist-
ing of seven violation items (De Winter and Dodou 2016).
A previous meta-analysis indicated that the DBQ violations
scale has a moderately strong relationship (r = 0.24) with
recorded measures of speed and speeding (De Winter,
Dodou, and Stanton 2015). After completing the ques-
tionnaires, the GSR and ECG electrodes were placed and
a 1-min‘rest’state was measured for the physiological var-
iables (i.e. GSR and ECG).

Prior to the experiment, participants were familiarised
with the simulator by means of a forced-paced training
run followed by a self-paced training run. In the forced-
paced training run, the speed was fixed at 110 km/h, the
average speed of the two forced-paced test conditions.
During the second training run, a beep was played every
20 s in order familiarise the participant with answering
the ‘effort’ question. The roads of the two familiarisation
runs (3.7 km each) contained the same curves and lane
widths as the experimental runs. In both training runs, the
four lane widths were presented in ascending order. This
allowed the participants to get an indication of the range
of lane widths in order to calibrate their self-reported effort
ratings.

The main experiment consisted of three runs, one
speed condition per run. The three speed conditions and
the four lane widths were counterbalanced across partic-
ipants. After each run, the participant was informed about
the number of cone hits and requested to step out of the

simulator for a 10-min break and to complete two ques-
tionnaires: a NASA Task Load Index (NASA-TLX) (Hart and
Staveland 1988) to assess workload, the short version of
the Dundee Stress State Questionnaire (DSSQ) to assess
stress and fatigue (Matthews et al. 1999), and a simulator
sickness item. In the latter, participants indicated whether
they were feeling simulator sickness on a scale from 1 to
6 (1 = not experiencing any nausea, no sign of symptoms,
2 = arising symptoms [like a feeling in the abdomen], but
no nausea, 3 = slightly nauseous, 4 = nauseous, 5 = very
nauseous, retching, 6 = vomiting). The experimenters
would ask the participant to leave the experiment in case
that he or she provided a response of 4 or higher. The
entire experiment, including placing the electrodes and
completing all questionnaires, took approximately 1.5 h
per participant.

2.6. Dependent measures

2.6.1. Measures per lane width

The data corresponding to the first 500 m and last 400 m of
each lane width segment of 6 km were discarded in order
to exclude transition effects (i.e. accelerations and decel-
erations) between lane widths. The following measures
were calculated per lane width across 5.1 km of driving
per segment.

2.6.1.1. Speed and accuracy

« Mean Speed (km/h).

« Percentage Time Off-Road (%). This is the percent-
age of time that the car drove outside the cone
boundaries.

« Mean and Maximum Absolute Lateral Error (m). The
absolute lateral error was defined as the distance
between the middle of the car and the centre of the
lane. The absolute lateral error and percentage time
off-road are measures of lane-keeping accuracy.

2.6.1.2. Regulation of experienced effort

« Mean Self-Reported Task Effort (SRTE) (0-10).
Participants reported every 20 s how much effort
the current task takes from 0 (No effort) to 10 (A lot
of effort). Note that we did not use Fuller, McHugh,
and Pender’s (2008) original wording (‘How difficult
would you find it to drive this section of road at this
speed?’) because (a) Fuller’s specific wording does
not apply to a self-paced task and (b) our observa-
tions from a pilot test suggested that participants
tended to interpret the word ‘difficult’ in relation
to the objective task demands (i.e. the lane width)
rather than subjective experience. In order to better



comply with Fuller’s hypothesis, we used the word
‘effort, which appears to be more in line with how
difficult the participants subjectively experience
the task at a particular moment (and see Kahneman
1973, for a treatise of the effort construct).

2.6.1.3. Regulation of safety margins

« Median Time-to-Line-Crossing (TLC) (s). The TLC
was computed using a trigonometric method (van
Winsum, Brookhuis, and De Waard 2000). TLC repre-
sents the time it would take for part of the vehicle
to leave the lane under the assumption of constant
speed and constant steering wheel angle. The TLC
was assumed to be 0 s when driving outside the lane
boundaries.

« 15th percentile of Time-to-Line-Crossing (TLC15th)
(s). This measure represents the 15th percentile of
the raw TLC values (Godthelp, Milgram, and Blaauw
1984). A low TLC15th or low median TLC means that
drivers adopted small safety margins.

2.6.1.4. Regulation of experienced risk

« Mean Galvanic Skin Response (GSR) (uS). The raw GSR
signal from the left and right hands was averaged.
This averaged signal was filtered using a low-pass
filter (cut-off frequency of 5 Hz) to reduce extrane-
ous noise.

« Mean GSR Rate (uS/min). The rate was obtained by
subtracting two adjacent sampling points of the
combined mean GSR signal (explained above),
taking the absolute value, and dividing this by the
timestep in minutes (cf. Taylor 1964). The mean GSR
may be regarded as a measure of the tonic level of
the skin response, changing within tens of seconds
to minutes. The mean GSR rate is a measure of the
faster phasic response (Alberdi, Aztiria, and Basarab
2016; Figner and Murphy 2011; Nagai et al. 2004).

« Mean Heart Rate (HR) (bpm).

« SDNN (ms). This time-domain heart rate variability
measure is defined as the standard deviation of the
normal-to-normal (NN) intervals in the ECG signal. A
low SDNN is indicative of high workload (Fallahi et al.
2016; Heikoop et al. 2017).

« LF/HF Ratio. This frequency-domain heart rate vari-
ability measure is defined as the ratio between the
low frequencies and high frequencies of the NN
intervals in the ECG signal, and offers information
about sympathetic and parasympathetic activ-
ity (Berntson et al. 1997). An increase in the LF/HF
ratio is indicative of increased workload (Hayashi et
al. 2009; Hjortskov et al. 2004). The LF/HF ratio and
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SDNN were calculated after applying an NN artefact
filter using software provided by Vollmer (2016).

2.6.1.5. Auxiliary measures

« Steering Reversal Rate (reversals/s). This is the fre-
quency with which the steering wheel reversed
direction. It was calculated by determining the local
minima and maxima of the steering wheel angle;
if the difference between two adjacent peaks was
greater than 2 deg, it was counted as a reversal. The
steering wheel angle was first filtered with a low-
pass Butterworth filter with a cut-off frequency of
2 Hz.

2.6.2. Measures per speed condition
The following measures were calculated per speed
condition.

« NASA-TLX (%). After each run, participants were
asked to indicate their perceived workload for the
entire run on six items: Mental Demand, Physical
Demand, Temporal Demand, Performance, Effort
and Frustration. Items were scored on a 21-point
scale from Very low (0%) to Very high (100%), except
for Performance, which ranged from Perfect (0%)
to Failure (100%). The overall workload was calcu-
lated as the arithmetic mean of the six items (Byers,
Bittner, and Hill 1989).

« Dundee Stress State Questionnaire (DSSQ). The
short multidimensional DSSQ is an operationalisa-
tion of stress and fatigue. Thirty statements were
asked regarding engagement, distress and worry
(Matthews et al. 1999). Items were scored from 0
(Definitely false) to 4 (Definitely true). The overall
engagement, distress and worry scores ranged from
0 (minimum possible) to 32 (maximum possible).

2.7. Statistical analyses for assessing the effect of
lane width and speed

For each dependent measure and for each of the three
speed conditions, a matrix of 24 X 4 numbers was computed
(24 participants x 4 lane width conditions). This matrix was
rank transformed according to Conover and Iman (1981) to
account for possible violations of the assumption of nor-
mality. The rank-transformed matrix, consisting of num-
bers from 1 to 96, was submitted to a repeated measures
ANOVA with lane width as within-subject factor. Similarly,
for each of the dependent measures, the scores for FP90
and FP130 were rank transformed according to Conover
and Iman (1981). The resulting matrix, consisting of num-
bers from 1 to 48 (24 participants x 2 speed conditions),
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was submitted to a repeated measures ANOVA with the
two speed conditions as within-subject factor.

2.8. Nonparametric index design to evaluate speed
adaptation

We defined the amount of speed adaptation explained by
a given measure using Kendall's coefficient of concordance
(W), which ranges from 0 to 1 (Kendall and Smith 1939). A
perfect measure of speed adaptation meets the following
four criteria:

2.8.1. Constancy

(1 Wsp = 0: no concordance during self-paced driv-
ing. For example, for SRTE, Wsp = 0 means that
participants rated the SRTE of the 2.0-, 2.4-, 2.8-
and 3.6-m-wide lanes in no consistent order, and
thus lane width had no consistent effect on SRTE.

2.8.2. Sensitivity

(2) W= 1: full concordance during forced-paced

driving at 90 km/h. For example, for SRTE,

Wi, = 1 means that participants driving in the
FP90 condition unanimously rated the 2.0-, 2.4-,
2.8- and 3.6-m-wide lanes in the same order. That
is, for SRTE, all participants found the 2.0-m lane
more effortful than the 2.4-m lane, the 2.4-m
lane more effortful than the 2.8-m lane and the
2.8-m-wide lane more effortful than the 3.6-m
lane.

(3) Weppp=1: full concordance during forced-paced
driving at 130 km/h.

(4) WAFp = 1: full concordance between FP130 and
FP90. For example, for SRTE, WAFp =1 means that

all participants regarded FP130 as more effortful

than FP90.

The above four concordance values were used to calcu-
late an overall speed adaptation (OSA) score (Equation
1), which applies equal weight to sensitivity (W,,;, Wy,
& W,.,) and constancy (W,,). OSA can range between —1
(i.e. poorest possible speed adaptation measure with
constancy 1 and sensitivity 0) and 1 (i.e. perfect speed
adaptation measure with constancy 0 and sensitivity 1).
A score of 0 occurs if the measure were uncorrelated with
the experimental conditions (e.g. if totally random data
were measured) or if the measure were equally sensitive
during SP and FP.

W

OSA = FP130 + W

+ W
FP90 AFP
3 - WSP (1)

3. Results

All participants finished the experiment; none of the par-
ticipants responded a score of 3 (slightly nauseous) or
higher for the simulator sickness item. Specifically, from
72 responses (24 participants x 3 runs), there were 68
responses ‘Not experiencing any nausea; and 4 responses
of ‘Arising symptoms.

3.1. Descriptive statistics and effects of lane width

Tables 1-3 show the means and standard deviations per
lane width and per dependent measure, for the FP130,
FP90 and SP conditions, respectively. These tables also
contain the results of the repeated measures ANOVAs
regarding lane width.

Tables 1-3 show that the wider the lane, the higher the
mean absolute lateral error and maximum lateral error.
Lane width also had strong effects on the TLC measures
and on SRTE. For the five physiological measures (mean
GSR, mean GSR rate, HR, SDNN, LF/HF ratio), the effect of
lane width was substantially weaker. Only the effects of
SDNN were statistically significant in all three speed con-
ditions, with the 3.6-m-wide lane yielding higher SDNN
(indicative of lower workload) than the 2.0-m-wide lane.

Figure 4 shows (1) the mean speed, (2) the cumulative
number of cone hits, (3) the mean SRTE, (4) the mean TLC
and (5) the mean GSR as a function of travelled distance.
It can be seen that over the entire trajectory, partici-
pants adopted a higher mean speed for the wider lanes.
Furthermore, for the three widest lanes (i.e. 3.6, 2.8 m
and 2.4 m) participants had similar mean acceleration
(on straight segments) and deceleration (before curved
segments) patterns. For the 2.0-m-wide lane, however,
participants adopted a relatively constant mean speed
across the 5.1-km-long segment. Figure 4 and Tables 1-3
further show that substantially more cones were hit for the
2.0-m-wide lane than for the three wider lanes.

Figure 4 shows that GSR does not clearly differentiate
between the different lane widths, nor between the three
speed conditions. The TLC and SRTE, however, are both
clearly sensitive to lane width, with wider lanes yielding
higher TLC and lower SRTE. Furthermore, SRTE shows to
be a measure of speed adaptation. To illustrate, for the
narrowest road (blue lines), SRTE was higher for FP130
than for SP, whereas for the widest road (red lines), SRTE
was lower. Put differently, it appears that participants in
the SP condition, to some extent, homogenised their own
task demands. A similar pattern is seen for the median TLC
across participants (Figure 4). These speed adaptations are
described in further detail in the following section.
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Table 1. Means (M), standard deviations (SD) and results of the repeated measures ANOVA (p, F) per dependent measure and lane width,
for the self-paced condition (SP).

2.0 m lane width 2.4 m lane width 2.8 m lane width 3.6 m lane width
Dependent measures M (SD) M (SD) M (SD) M (SD) p value, F(3,69)
Mean speed (km/h) 91.7 123.5 1353 148.4 p=727e-24
(21.1) (15.7) (16.9) (18.6) F=90.49
Percentage time off-road (%) 15.64 1.69 0.25 0.31 p=2.17e-28
(7.48) (1.54) (0.64) (0.77) F=130.65
Mean absolute lateral error (m) 0.057 0.097 0.116 0.203 p=1.73e-36
(0.012) (0.017) (0.027) (0.046) F=241.07
Maximum absolute lateral error 0.305 0.391 0.439 0.781 p=2.17e-28
(m) (0.166) (0.092) (0.138) (0.358) F=130.65
Self-reported task effort (SRTE) 6.99 3.81 3.30 232 p=9.50e-24
(0-10) (1.35) (1.48) (1.54) (1.38) F=89.61
Median TLC (s) 1.24 2.15 2.57 2.96 p=7.94e-25
(0.46) (0.43) (0.60) (0.67) F=98.04
TLC15th (s) 0.23 1.14 1.39 1.65 p=142e-30
(0.33) (0.22) (0.26) (0.30) F=154.81
Mean GSR (uS) 7.38 7.70 7.62 7.74 p=0.664
(3.34) (3.32) (3.21) (3.44) F=0.530
Mean GSR rate (uS/min) 8.73 8.71 8.75 9.75 p=0.550
(8.57) (8.18) (6.07) (8.82) F=0.71
Mean HR (bpm) 79.73 78.49 78.54 78.94 p=0.282
(11.61) (10.63) (11.70) (11.11) F=1.30
SDNN (ms) 47.43 51.97 55.92 55.46 p=0.047
(16.20) (17.31) (20.30) (22.75) F=279
LF/HF ratio 1.09 1.09 1.07 1.10 p=0.935
(0.39) (0.45) (0.40) (0.45) F=0.142
Steering reversal rate (rever- 0.79 0.63 0.63 0.61 p =1.34e-05
sals/s) (0.24) (0.19) (0.20) (0.18) F=10.10

Table 2. Means (M), standard deviations (SD) and results of the repeated measures ANOVA (p, F) per dependent measure and lane width,
for the forced-paced condition at 90 km/h (FP90).

2.0mlane width 2.4 mlanewidth 2.8 mlane width 3.6 m lane width

Dependent measures M (SD) M (SD) M (SD) M (SD) p value, F(3,69)
Mean speed (km/h) 20 90 90 90
(0) (0) (0) (0)
Percentage time off-road (%) 16.62 0.79 0.05 0.02 p=1.01e-28
(7.37) (1.00) (0.15) (0.08) F=134.07
Mean absolute lateral error (m) 0.059 0.091 0.112 0.179 p=2.10e-29
(0.011) (0.020) (0.025) (0.047) F=141.43
Maximum absolute lateral error (m) 0.294 0.331 0.386 0.547 p=1.02e-28
(0.114) (0.063) (0.084) (0.151) F=134.07
Self-reported task effort (SRTE) 6.73 3.31 1.76 0.86 p=6.81e-29
(0-10) (1.77) (1.39) (1.27) (0.97) F=135.91
Median TLC (s) 1.15 2.77 3.76 4.88 p=5.65e-55
(0.28) (0.37) (0.50) (0.60) F=884.63
TLC15th (s) 0.17 1.53 2.12 2.75 p =5.04e-62
(0.25) (0.20) (0.17) (0.22) F=1430.17
Mean GSR (uS) 7.86 7.56 7.70 7.76 p=0.200
(4.52) (4.29) (4.34) (4.14) F=1.59
Mean GSR rate (uS/min) 7.51 6.81 6.55 6.57 p=0.74
(6.99) (5.85) (4.81) (4.22) F=0.42
Mean HR (bpm) 77.62 78.22 76.80 77.22 p=0.661
(11.31) (11.50) (9.68) (11.19) F=0.53
SDNN (ms) 49.92 64.05 60.83 58.35 p=1.90e-4
(23.59) (37.46) (28.75) (18.50) F=757
LF/HF ratio 1.08 1.22 1.18 1.27 p=0.005
(0.43) (0.45) (0.56) (0.42) F=4.65
Steering reversal rate (reversals/s) 0.78 0.53 0.45 0.41 p=9.12e-21
(0.21) (0.17) (0.15) (0.16) F=69.21
3.2. Comparing the speed adaptation measures need to be evaluated for the forced-paced conditions rela-

tive to the self-paced condition, as shown in Table 4. Here,
the index of interest is the overall speed adaptation (OSA)
score, as defined in Equation (1).

Tables 1-3 and Figure 4 described the sensitivity of the
measures to lane width, for each speed condition. However,
to assess speed adaptation, the effect sizes for a measure
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Table 3. Means (M), standard deviations (SD) and results of the repeated measures ANOVA (p, F) per dependent measure and lane width,

for the forced-paced condition at 130 km/h (FP130).

2.0 m lane width 2.4 m lane width

2.8 m lane width

3.6 m lane width

Dependent measures M (SD) M (SD) M (SD) M (SD) p value, F(3,69)
Mean speed (km/h) 130 130 130 130
(0) 0) 0) (0)

Percentage time off-road 25.99 2.76 0.28 0.03 p=1.47e-37
(%) (11.03) (2.41) (0.44) (0.12) F=260.62
Mean absolute lateral 0.075 0.106 0.123 0.197 p=2.88e-30
error (m) (0.022) (0.020) (0.023) (0.042) F=151.21
Maximum absolute lateral 0.411 0.448 0.467 0.643 p=5.81e-12

error (m) (0.199) (0.149) (0.106) (0.132) F=28.02
Self-reported task effort 7.77 4.46 3.26 1.41 p=5.83e-32
(SRTE) (0-10) (1.54) (1.53) (1.69) (1.16) F=172.10
Median TLC (s) 0.65 2.00 2.72 3.53 p =5.66e-48
(0.28) (0.42) (0.43) (0.56) F=545.73
TLC15th (s) 0.02 0.95 1.43 1.88 p =1.60e-55
(0.07) (0.19) (0.17) (0.15) F=918.50
Mean GSR (uS) 7.56 7.40 7.35 743 p=0.787
(3.08) (3.00) (3.14) (3.44) F=035
Mean GSR rate (uS/min) 7.92 6.71 7.38 8.33 p=0.446
(5.44) (4.15) (5.90) (7.16) F=0.90
Mean HR (bpm) 79.49 77.50 7745 77.14 p=0.152
(12.57) (11.43) (11.50) (11.82) F=1.82
SDNN (ms) 52.92 54.61 51.48 61.92 p=0.029
(25.86) (19.53) (19.04) (28.92) F=3.19
LF/HF ratio 1.09 1.13 1.05 1.14 p=0.265
(0.49) (0.47) (0.32) (0.33) F=135
Steering reversal rate 0.93 0.67 0.58 0.50 p =8.40e-19
(reversals/s) (0.28) (0.24) (0.20) (0.18) F=57.83

Table 4 shows that both the SRTE and median TLC are
somewhat successful in describing speed adaptation, with
OSA scores for these measures being greater than 0 (0.06
and 0.17, respectively). However, the GSR and GSR rate do
not perform much better than random chance, with OSA
values of 0.01 and 0.03, respectively. The measures of heart
rate variability (SDNN, LF/HF ratio) yield OSA values greater
than 0 as well (0.07 and 0.09, respectively). It is noteworthy
that the highest OSA among all measures (0.43) occurred
for the steering reversal rate (Table 4).

Figure 5 shows the means across participants per lane
width and per speed condition for six selected measures.
In agreement with Table 4 and Figure 4, SRTE is a relatively
successful measure of speed adaptation (i.e. OSA > 0) as
it dropped less strongly with lane width for SP than for
FP. Similarly, the increase of TLC with lane width was less
steep for SP than for FP. Figure 5 further shows that the
GSR measures were insensitive to lane width in all three
speed conditions. Overall, steering reversal rate is the most
successful measure of speed adaptation, as SRR remained
relatively constant in the SP condition (i.e. low W), while
being sensitive to lane width (i.e. high W0 and Wiepg,)
(Table 4).

3.3. Supplementary analyses

As shown above, the physiological measures exhibit low
sensitivity to lane width, which may suggest that these
measures are statistically unreliable. However, this was
clearly not the case. Figure 6, for example, illustrates that

the heart rate reliably reflected individual differences
(o = 0.90). Furthermore, a temporal effect can be dis-
tinguished: the mean heart rate decreased from Run 1
(M=80.6 bpm,SD=11.3)toRun 3 (M=76.5,SD=10.8). This
run effect was further analysed by submitting a 24 x 3 (24
participants x 3 speed conditions) matrix with rank-trans-
formed numbers to a repeated-measures ANOVA, but now
with the run number as within-subject factor. The results,
which can be found in the supplementary materials, show
that from the 17 measures, the mean HR and DSSQ Worry
are significantly different between Run 1 and Run 3.

Finally, the correlation matrices in the supplementary
material reveal several noteworthy patterns. In particular,
participants with a higher mean HR tend to have a lower
SDNN and a higher LF/HF ratio. Additionally there are
strong correlations between mean GSR and mean GSR
rate, as well as between DSSQ Distress and the NASA TLX
(o between 0.61 and 0.84). In addition, driving experience
(yearly mileage) correlated with the NASATLX (o = —-0.35,
—0.17,-0.48 for SP, FP90 and FP130, respectively). Low cor-
relations were found between the physiological measures
and mileage (|p| < 0.15).

4. Discussion

4.1. Main findings regarding the three speed
adaptation hypotheses

We aimed to test which of three regulatory hypotheses
[(1) experienced risk, (2) experienced task difficulty or (3)
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Figure 4. Selected variables as a function of travelled distance per lane width. Colours correspond to the four lane widths, and line styles
correspond to the three speed conditions (for clarity, the bottom three plots do not show the FP90 condition, and the bottom two do
not show the 2.8-m lane width). From top to bottom: (1) curvature (1/curve radius), (2) mean speed across participants, (3) cumulative
number of cone hits summed across, (4) mean self-reported task effort (SRTE) across participants (sampled every 20 s) and (5) median
TLC across participants. For visualisation purposes, the median TLC was low-pass filtered with a cut-off frequency of 0.005/m, (6) mean

galvanic skin response (GSR) across participants.

safety margins] best describes the phenomenon that driv-
ers adopt a higher speed when task demands are lowered.
The three hypotheses were tested on both constancy: does
the corresponding measure (i.e. GSR, SRTE, TLC) remain
constant during self-paced driving?, and sensitivity: does
the corresponding measure change as a function of lane
width (4 lane widths) and imposed speed (2 fixed speeds)
forced-paced driving? Previous research on this topic
never tested the constancy criterion (GSR and TLC) and

the sensitivity criterion (SRTE) in a single experiment, and
compared the results.

Our driving simulator experiment showed that the task
demand manipulation was successful in evoking speed
adaptation: participants drove faster when the lane was
wider. This effect, which is represented by a Kendall W of
0.81 (Table 3), serves as a useful confirmation that speed
adaptation occurs when task demands are lowered (Lewis-
Evans and Charlton 2006).
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Table 4. Kendall’s coefficient of concordance (W) and overall speed adaptation (OSA) per dependent measure. For the questionnaires
(NASATLX, DSSQ), the Mean (M) and Standard Deviation (SD) are reported per condition.

Dependent measure We, Wepgo Wepi30 W,eo OSA

Mean speed 0.81 - - 1.00 -
Percentage time off-road 0.79 0.71 0.87 1.00 0.07
Mean absolute lateral error 0.94 0.88 0.88 0.56 -0.17
Maximum absolute lateral error 0.79 0.66 0.43 0.1 -0.39
Self-reported task effort (SRTE) 0.80 0.92 0.96 0.69 0.06
Median TLC 0.83 1.00 1.00 1.00 0.17
TLC15th 0.91 1.00 1.00 1.00 0.09
Mean GSR 0.00 0.00 0.00 0.03 0.01
Mean GSR rate 0.05 0.01 0.12 0.11 0.03
Mean HR 0.10 0.02 0.09 0.03 —-0.05
SDNN 0.06 0.19 0.19 0.01 0.07
LF/HF ratio 0.01 0.13 0.04 0.1 0.09
Steering reversal rate 0.25 0.74 0.75 0.56 0.43

SP FP90 FP130

M (SD) M (SD) M (SD) W, 0SA

NASATLX (%) 52.36 (14.66) 42.15(15.62) 58.30(13.45) 0.84 -

DSSQ Engagement (0-32) 24.92 (4.54) 22.08 (5.01) 25.42 (4.41) 0.39 -

DSSQ Distress (0-32) 12.00 (4.61) 10.42 (4.27) 14.13 (4.82) 0.39 -

DSSQ Worry (0-32) 6.63 (5.94) 6.17 (5.57) 5.83(5.31) 0.04 -

Note: W ranges between 0 and 1; OSA ranges between —1 and 1. WSP, WFP90, WFP130, WAFP represent the Kendall’s coefficient of concordance regarding (1) the
effect of lane width for the self-paced condition, (2) the effect of lane width for the forced-paced 90 km/h condition, (3) the effect of lane width for forced-paced
130 km/h condition and (4) the effect of speed between the two forced-paced conditions. Furthermore, the NASA TLX and DSSQ were administered after each

run, and are therefore not available per lane width.

Because the dependent measures respond non-lin-
early to changes in task demands (see Figure 5, for an
illustration), a purely nonparametric index, called overall
speed adaptation (OSA), was used. The OSA score can
range between —1 and 1, where positive values mean
that speed adaptation is captured by the measure; that is,
the sensitivity to changes in task demand in forced paced
driving conditions is greater than the sensitivity to task
demand under self-paced conditions. Table 4 showed pos-
itive scores of 0.01, 0.06 and 0.17 for GSR, SRTE and TLC,
respectively, which are still far from the perfect OSA = 1
score. Thus, results show that SRTE and TLC describe some
speed adaptation, but none of the three tested measures
provides a persuasive description of speed adaptation. The
tested regulatory hypotheses failed either the criterion of
sensitivity or the criterion of constancy.

4.2. Insufficient sensitivity of GSR

The mean GSR and mean GSR rate exhibited clear indi-
vidual differences (as evidenced by the test-retest cor-
relations exceeding 0.80, see Table A4 in Supplementary
material), but did not significantly co-vary with lane width
or with the imposed speed in the forced-paced conditions.
This lack of sensitivity may have several causes.

First, the GSR signal exhibited large fluctuations that
were uncorrelated with the experimental conditions.
This suggests that GSR reflects high-frequency dynam-
ics of the sympathetic nervous system, which may have
overwhelmed the subtle changes in driver tension in
response to lane width. The measurement instruments

themselves may have also been a factor here. Although
we did follow Taylor’s (1964) method of measuring GSR
on the hands, it is possible that turning of the steer-
ing wheel may have interfered with the GSR and ECG
recordings (Bernardi et al. 1996; Sun et al. 2012). Thus,
within-subject noise may have been an important fac-
tor reducing sensitivity. Future research could place the
electrodes on other locations of the body, such as the
neck (Wen et al. 2017).

Second, itis possible that GSR does not reflect changes
in driver tension in simulated driving. Taylor (1962) meas-
ured drivers’ GSR during real-world driving and found
that GSR exhibited a strong correlation with participants’
age (p = —0.64) and years since obtaining the first driver’s
licence (p = —0.85), but such strong correlations were not
found in this study (|o| < 0.15 between participants’ GSR
levels and mileage).

Third, the GSR may have operated at a different time
scale than the time scale with which lane width and speed
were manipulated. In our study, all measures were calcu-
lated per 5.1-km segment of driving of which the first
500 m and last 400 m of each lane width were discarded
to exclude transition effects. The GSR rate may have a
more phasic characteristic and could therefore be espe-
cially responsive during these transition period only (e.g.
Christie 1981). Future research could examine how drivers
respond to transitions in task demands.

Fourth, it could be argued that GSR is not a sensitive
proxy of experienced risk (e.g. Kinnear et al. 2013), and
that Taylor’s (1964) hypothesis, which states that drivers
regulate their level of experienced risk, is false.
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24 participants (large square).

4.3. Insufficient constancy of TLC and SRTE

Although TLC and SRTE were highly sensitive to both lane
width and imposed speed, these measures were not con-
stant during self-paced driving. Participants reported that
wide lanes were less effortful to drive on (i.e. lower SRTE)
than narrow lanes, even though participants drove con-
siderably faster on the wider lanes. Here, it is possible that
participants reported in congruence to what they saw (i.e.
lane width itself) rather than what they subjectively expe-
rienced (i.e. experienced effort), or it is possible that Fuller,
McHugh, and Pender (2008) was wrong in the sense that
drivers do not regulate their experienced task difficulty.
Similarly, we found that the wider the lane, the higher
the observed TLC, which may be due to the causal relation-
ship between speed and TLC (see also the observed cor-
relation between speed and median TLC: p =—0.51 in the
Supplementary material). If maintaining the same driving
path, infeasibly high speeds of 350-800 km/h (exceeding
the maximum vehicle speed of 210 km/h) would have to
be adopted on the widest lanes in order to acquire the
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same TLC as on the narrowest lane (estimated using data in
Table 1).Thus, although TLC may be kept constantin some
cases, such as when drivers adapt their speed to different
curve radii (Van Winsum and Godthelp 1996), it failed the
constancy criterion when it came to lane width.

4.4. A promising alternative measure of speed
adaptation: steering reversal rate

The three behavioural adaptation hypotheses, compared
in this paper, focus on subjective effort and physiological
stress as well as objective risk in the form of TLC. None
of the hypotheses targets objective effort. The steering
reversal rate (SRR), a widely used measure of steering
activity (McLean and Hoffmann 1975; Ostlund et al. 2005),
which may be seen as an objective measure of effort (Boer
and Ward 2003), had the highest OSA score (0.43) of the
included measures.

4.4.1. SRRyielded high sensitivity for forced-paced
driving

During forced-paced driving, participants exhibited a
higher SRR when the lane was narrower (i.e. Wipgo & Wep 50
were high, see Table 4) and a higher SRR when the imposed
speed was higher (i.e. W,., was high). These findings rep-
licate early on-road research by McLean and Hoffmann
(1972) which concluded that ‘the proportion of high-fre-
quency (>0.4 Hz) steering control movements increases
with increasing speed and decreasing lane width, that is,
increases as the driving situation becomes ‘tighter’ (435).

The high sensitivity of SRR to lane width (i.e. high W,
&W,,,,,) can be explained by the fact that a larger absolute
lateral error is permitted on a wider lane, and thus less fre-
quent steering input is needed to stay in the lane. Second,
adecrease of lane width is accompanied by an increase of
visual saliency and thus perceptual accuracy of the vehicle
state relative to the environmentally imposed constraints;
that is, the distance and splay angles to the lane edges
are more clearly visible when the lane is narrower (Li and
Chen 2010). Indeed, steering activity is closely related to
maintaining a certain vehicle state in response to pertur-
bations such as external forces on the vehicle and percep-
tual inaccuracies (e.g. van Leeuwen et al. 2015). Third, the
cone warnings provided salient feedback to the driver that
he or she had to make a steering correction; these cone
warnings occurred more frequently on the narrower lanes
(see Tables 1-3).

The high sensitivity of SRR to imposed speed (i.e.
high W,,,) can be explained by visual cues as well: differ-
ences in heading angles are better detectable at a higher
speed due to the effects of optic flow (see Crowell and
Banks 1993), thus providing incentives for steering cor-
rections. Furthermore, a higher driving speed demands

more frequent steering input due to the approximately
quadraticincrease in lateral displacement as a function of
speed, as occurs with any vehicle (Wohl 1961).

4.4.2. SRRyielded high constancy for self-paced
driving

In the self-paced condition, drivers kept a relatively
constant SRR for different lane widths (i.e. W, was low).
The relatively high OSA score (0.43) suggest that drivers
attempt to regulate a certain control activity by means of
adjusting their speed. The role of control activity in speed
adaptation deserves further investigation, for example,
in future experiments with a greater range of physical
steering demands (e.g. sharp curves) and different task
demands (e.g. higher traffic density).

4.5. Measurement considerations and temporal
effects

We found that some of the dependent measures were
highly correlated (see supplementary material), which
indicates that a common factor may be extracted. Thus,
speed adaptation may best be explained using multiple
measures simultaneously. Visual scanning activity, which
was not included in the present study, may be a fruitful
additional measure of speed adaptation. To illustrate,
it is possible that participants adapted to a decrease in
task demands (i.e. increase in lane width, or a reduction
in imposed speed) by engaging in extra visual scanning
or by engaging in a visually distractive non-driving task.
When a higher driving demand is short lived as in a slow
sharp curve or a brief narrowing of a lane, drivers may
temporarily increase their vigilance and posture to com-
pensate the increased demand with increase capability.
In this context, the objective measure of risk as with TLC
shows anincrease in risk but the perceived risk is constant
because more mental effort is invested temporarily. Future
research could use eye-trackers, postural sensors or brain
imaging, to try to obtain a more complete picture of how
drivers respond to changes in task demands.

In our study, temporal effects, in terms of the run order,
were found for some measures (self-reported worry, mean
heart rate). It may be argued that these temporal effects
are themselves triggers of speed adaptation. On a longer
time scale, it has been found that drivers’ conviction rates
rise in the first few years after obtaining a driver’s licence
(Bjernskau and Sagberg 2005; Harrington 1972), which
may be an adaptation to an increasing fearlessness while
driving. Studies in which drivers’ feelings and physiolog-
ical measurements are recorded across multiple months
are recommended to gain insight into speed adaptation
during a learning process. Of course, it is also possible that
the observed run order effects in our experiment simply



reflect that participants became accustomed to the exper-
imental apparatus.

4.6. Theoretical implications

We conceptually replicated three experiments that have
been importantin shaping extant behavioural adaptation
theories (Figure 1). The fact that none of the three regula-
tory hypotheses convincingly described speed adaptation
in our relatively simple experiment raises doubts about the
validity of the three corresponding theories.

One may argue that the theories in Figure 1 are oversim-
plifications of actual driving and that more sophisticated
theories exist nowadays. Indeed, in recent years, the the-
ories reported in Figure 1 have been substantially revised.
For example, Fuller’s (2005) task difficulty homeostasis
theory has been extended into a Risk Allostasis Theory
by including drivers’ dispositions to comply with the
speed limit (Fuller 2011). Based on work of Fuller (2005),
Kinnear and Helman'’s (2011) proposed a revised task-ca-
pability interface, a diagram with 28 blocks that are inter-
connected with arrows. Similar extensions also exist for
Gibson and Crooks' field of safe travel (Papakostopoulos,
Marmaras, and Nathanael 2017). One can argue that these
sophisticated theories are more correct than the theories
reported in Figure 1, because they include more factors
that are known to influence driver behaviour. Although
adding blocks and arrows may indeed provide a better fit
to observed driving behaviour, such complexity is not nec-
essarily theoretically convincing due to the risk of overfit-
ting (Box 1976; Preacher 2003; Roberts and Pashler 2000).
According to the well-known principle of parsimony, a
theory/model should be as simple as possible, not any
simpler. We recommend that researchers first determine
which regulatory mechanisms occur in car driving, before
devising complex models. Our findings concerning steer-
ing reversal rate calls for more research into its possible
role in speed adaptation.

4.7. Experimental validity

The task demands in our driving simulator experiment
were manipulated by changing the road width and
imposed speed. It is possible to devise other types of task
demand manipulations, including changes in traffic char-
acteristics, weather conditions and road infrastructure (e.g.
intersections, road signage). Also, our participants were
mostly university students, which may hamper the gen-
eralisability of the present findings.

Another limitation is that driving in a fixed-base sim-
ulator may not sufficiently trigger driver behavioural
adaptation, even though our simulator provided a large
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visual field of view (which improves speed perception),
and incentives (task instructions, audio-visual feedback)
were offered to minimise the number of cone hits. The lack
of physical crash risk in a simulator could have induced a
lower variety of tension levels as compared to an on-road
research (e.g. see Healey and Picard 2005 for an on-road
measurement of GSR). Participants in our simulator did
drive considerably faster on wide lanes than on narrow
lanes. On-road experiments, in which tension variabil-
ity is higher, are likely to result in even greater range of
speeds. Nevertheless, there are clear advantages of using
a driving simulator. In particular, a simulator allows for
accurate measurements of vehicle state, and for limiting
the number of confounding variables. As pointed out
by Taylor (1962), traffic jams or other events beyond a
driver’s control may prevent drivers from adopting their
preferred speed (see also De Winter et al. 2007, showing
that traffic turns a self-paced task into a forced-paced
one). Participants in the simulator all drove in an identical
environment, and could drive at a speed they preferred
without being impeded.

In hindsight, we can conclude that the driving condition
with the narrowest lane clearly evoked different driving
behaviour than the other three lane widths, with partici-
pants barely accelerating on the straights, presumably in
an attempt to minimise the number of cone hits (Figure 4).
Additionally, participants experienced substantially more
cone hits in the 2.0-m lane width condition than with the
other three lane widths. Although our nonparametric
OSA index can deal with nonlinearities, it would be worth
exploring whether ceiling/floor effects or threshold effects
occur at the extreme ranges of speed and road widths (see
Lewis-Evans 2012 for an extensive treatise on nonlinear
effects in self-reported measures during driving). Thus,
whether the lane width of 2.0 m should be regarded as
an outlier, or whether it is part of the full spectrum of task
demand conditions, is a topic for further research. Also,
participants were required to report their experienced
effort every 20 s. It is possible that this secondary task itself
required some effort or caused some tension and that may
have manifested mostly in the 2-m-wide lane, which was
already so narrow that the small amount of cognitive dis-
traction may have been detrimental.

Lastly, this experiment was conducted with a relatively
small sample size of 24 participants. Whether the SRR is
truly a superior measure of speed adaptation needs to be
verified in future on-road experiments with larger sam-
ples. Based on our results it is concluded that TLC and SRTE
can describe some of the observed speed adaptation. The
steering reversal rate shows promise in capturing speed
adaptation, prompting further research into the role of
conservation of control activity in car driving.
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Note

1. It is noted that Taylor (1962, 1964) presented some
evidence that his GSR recordings were sensitive to task
demands. For example, he showed that GSR exhibited
a strong negative correlation with participants’ age and
years of licensure (p = —0.64 and —0.85, respectively,
based on data reported in Taylor 1962; Figures 5 and
6). Taylor (1962) also noted that participants’ GSR was
elevated during certain events, such as when trying to
‘squeeze’ their vehicle between other moving vehicles.
These findings suggested that GSR is a reliable and
sensitive measure of experienced risk. However, the
correlation with years of licensure was based on a small
sample of drivers (N = 12), while no quantitative data
were provided regarding sensitivity to the external
events.
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