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RESEARCH ARTICLE

Novel Measure of Driver and Vehicle Interaction Demonstrates

Transient Changes Related to Alerting

Justin R. Brooks'2, Scott E. Kerick', Kaleb McDowell
'Army Research Laboratory, Human Research and Engineering Directorate, Aberdeen Proving Ground, Maryland.
2Department of Medicine, University of Maryland School of Medicine.

ABSTRACT. Driver behavior and vehicle-road kinematics have
been shown to change over prolonged periods of driving; however,
the interaction between these two indices has not been examined.
Here we develop a measure that examines how drivers turn the
steering wheel relative to heading error velocity, which the authors
call the relative steering wheel compensation (RSWC). The
RSWC transiently changes on a short time scale coincident with a
verbal query embedded within the study paradigm. In contrast,
more traditional variables are dynamic over longer time scales
consistent with previous research. The results suggest drivers alter
their behavioral output (steering wheel correction) relative to sen-
sory input (vehicle heading error velocity) on a distinct temporal
scale and may reflect an interaction of alerting and control.

Keywords: alerting, driving behavior, sensorimotor transforma-
tion, steering wheel, time on task, visuomotor

xtended driving times, such as cross-country trips or

long daily commutes, may cause significant decre-
ments in driving performance and increased accident rates
as the individual continues to drive (C. C. Liu, Hosking, &
Lenné, 2009; Otmani, Pebayle, Roge, & Muzet, 2005;
Ting, Hwang, Doong, & Jeng, 2008). The effects of time
on driver performance have been investigated from two
general perspectives: (a) vehicle-environment kinematics
and (b) driver behavior. The former, encompass measures
such as vehicle lane position, time to contact a road edge,
vehicle heading, and speed among many others that are
direct measures of vehicle kinematics relative to the road or
external environment. Driver behaviors, on the other hand,
are measures such as steering wheel movements, accelera-
tor and brake pedal engagement, and gear shifting, which
convey information about the driver’s explicit interactions
with the vehicle (Desmond & Matthews, 1997; Forsman,
Vila, Short, Mott, & Van Dongen, 2013; Otmani et al.,
2005; Sandberg, Akerstedt, Anund, Kecklund, & Wahde,
2011; Thiffault & Bergeron, 2003; for a thorough review of
driver measures including physiological measures, see
Dong, Hu, Uchimura, & Murayama, 2011). One or more of
these indices (vehicle-environment kinematics or driver
behaviors) are often used to make inferences about driving
performance decrements as a function of time on task,
although no single measure can be considered a gold stan-
dard for measuring driving performance due to a large num-
ber of interacting factors and individual differences across
subjects (Balkin et al., 2011; Di Milia et al., 2011). Novel
measures, or transformations of existing ones, that can
improve the sensitivity, specificity, reliability, validity, and
robustness of measures indexing driver performance
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decrements are needed and remains an active area of
research (Forsman et al., 2013; Sandberg et al., 2011).

Time-on-task studies are abundant and findings from this
literature are variable with effects observed within just a
few minutes to being delayed for up to several hours to not
observed at all (Gillberg & Akerstedt, 1998). 1t is likely,
then, that fluctuations in vigilant attention and performance
occur across multiple time scales. Several investigators
have developed models of attention and vigilance that pre-
dict these differences in temporal dynamics. For example,
mindlessness models posit that levels of internally versus
externally directed attention fluctuate during an overlearned
task and therefore would predict transient changes in
behavior (Smallwood et al., 2004). Alternatively, resource
depletion models would suggest that over time attentional
resources are diminished and predict decrements over a lon-
ger time scale (Grier et al., 2003). It is possible that both
types of models contribute to time-on-task effects and may
affect different behavioral indices. While the underlying
mechanisms of these considerations are unclear, comparing
novel and traditional measures of driving behavior on vari-
ous time scales may provide additional insight.

The purpose of this study was to investigate a specific
relationship between vehicle-environment dynamics and
driver behavior based and whether this relationship changes
over a prolonged period of driving. In other words, is there
a constant relationship between drivers’ responses and
vehicle-road kinematics, or is it changing over time? Given
the previously cited results that vehicle kinematics and
driving behavior change over the course of a prolonged
drive, we hypothesized that our new measure would also
demonstrate significant changes over time.

To establish the appropriate metric we adapted a relation-
ship discovered by Hildreth, Beusmans, Boer, and Royden
(2000), wherein they examined the relation between correc-
tive steering wheel maneuvers and the vehicle’s heading
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with respect to the road. Their observation was that the
steering wheel response magnitude (SWRM) was related to
the vehicle’s heading error (HE). In this context, the
SWRM was measured in degrees and represents the differ-
ence between the peak of the steering wheel response from
the starting position of the steering wheel. The HE was
measured as the angle between a straight line parallel to the
road edge and the vehicle’s current heading. Subsequent
studies have further confirmed the importance of visually
derived estimates of heading to impart adequate control of
the vehicle (Cloete & Wallis, 2009; Li & Cheng, 2011;
Macuga, Beall, Kelly, Smith, & Loomis, 2006; Wallis,
Chatziastros, & Bilthoff, 2002). However, unlike those
methods employed by Hildreth et al., where a constant
heading error was used to relate the steering wheel
response, in our experiment, participants were subjected to
dynamic heading errors as a result of a more naturalistic
driving task. Therefore, we tested whether the heading error
itself, or the temporal derivative of heading error (dHE),
was more highly related to the SWRM. Indeed, we con-
firmed a stronger correlation between dHE and SWRM
than between HE and SWRM. We then defined a simple
linear relationship that predicted the SWRM as a function
of the dHE. The slope of this relationship served as a depen-
dent variable reflecting the interaction between vehicle-
environment kinematics and driver behavior. We call this
new measure the relative steering wheel compensation
(RSWC) as it represents the amount of steering wheel com-
pensation (behavioral output) expected for a given heading
error velocity, dHE (sensory input). Finally, to determine
the time scale over which the RSWC and other independent
measures of behavior and vehicle kinematics, we examined
these variables on 5-, 15-, and 45-min time scales.

Our primary interest was to examine whether or not our
new measure, RSWC, as an index of the relationship
between vehicle kinematics and driver behavior is dynamic
over the course a prolonged drive, and, if so, to expose the
temporal dynamics of these changes in comparison to
previously established indices of performance. We confirm
our hypothesis that the RSWC would be dynamic and
further demonstrate that it changes on a much shorter time
scale than independent measures of driver behavior and
vehicle kinematics. Based on additional analysis described
in greater detail subsequently, we suggest that our observa-
tions may be secondary to distinct processes that impart
differential, quantifiable effects on separable indices of
behavior, which may be used to gain better insight into the
state of the driver.

Method

Subjects and Apparati

The participants were neurologically intact and otherwise
healthy, adult right-handed and right-eye-dominant males
(N = 12; age range = 27-39 years). The voluntary, fully
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informed consent of the participants was obtained follow-
ing U.S. Army human use regulations approved by the
Army Research Laboratory Institutional Review Board,
which adheres to the Declaration of Helsinki (http://www.
wma.net/en/10home/index.html). Each subject was brought
to the laboratory and outfitted with a 64-channel BioSemi
electroencephalogram (EEG) headcap (Amsterdam, the
Netherlands). In addition to driving and EEG data, eye-
tracking data were collected using a SensoMotoric Instru-
ments (Teltow, Germany) module that uses an infrared
camera to track pupil position. However, for the purpose of
this manuscript, only behavioral driving data will be
reported and discussed. After application of the EEG cap,
subjects were asked to enter the recording chamber where
they were seated at a desk, on which a computer monitor
displayed a simulated four-lane highway (see Driving Task
section for details). Subjects controlled the simulated vehi-
cle using the accelerator, brake pedals, and steering wheel.
All subjects were licensed drivers and had been driving for
at least 10 years.

Driving Task

The participants were allowed approximately 10-15 min
practice to become acclimated to the simulation environ-
ment and driving controls (SimCreator, Real Time Tech-
nologies, Ann Arbor, MI; see Figure 1). The simulation
environment consisted of a sound-attenuated chamber with
a desktop and chair, a 24-inch monitor (screen resolution
1680 x 1050; refresh rate 60 Hz), a gaming steering wheel
mounted on the desktop, and accelerator and brake pedals
on the floor adjusted on an individual basis depending on
the participant’s leg length and personal preferences. Fol-
lowing practice and demonstration of asymptotic levels of
lane keeping and speed control, the participants were set to
begin the experiment. The experiment consisted of a
15-min calibration period followed by a 45-min experimen-
tal period of continuous driving down a long, straight four-
lane highway with no traffic and minimal roadside scenery
to induce a time-on-task effect (Thiffault & Bergeron,
2003). In the calibration period drivers were not able to
control the speed of the vehicle and the data from this con-
dition were recorded for purposes of another experiment
but not used for the purposes of this report. The results
from this time period are not included here because of the
methodological differences between calibration and experi-
mental conditions. Regardless, at the time that subjects
began the experimental condition, they were well versed
with the vehicle dynamics. In our estimation therefore,
practice effects would be trivial given that prior to begin-
ning the experiment subjects had been exposed to the simu-
lator for roughly 20-25 min and all demonstrated
consistent vehicle control.

Throughout the experimental condition, random pertur-
bations simulating wind gusts were applied as a linearly
increasing force to the center of gravity of the vehicle
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induced heading changes.

FIGURE 1. Screen capture of simulated driving environment. Participants used a steering wheel and gas or brake pedals to control
the vehicle. They were instructed to keep their vehicle in the center of the right-most lane despite experiencing perturbations that

causing it to veer off course (Lin et al., 2005; Y.-C. Liu &
Wu, 2009; Thiffault & Bergeron, 2003). Subjects were
informed that they would periodically experience these per-
turbations (and they experienced them during the practice
drive), and they were instructed to keep the vehicle in the
center of the right-most lane. Perturbations were randomly
distributed across directions (right and left) and at variable
intervals between 8 and 10 s. The perturbation force was
cancelled once the subject turned the steering wheel >4° in
the compensatory direction. If the subject then maintained
the vehicle within the right lane over the next 8 and 10 s,
another perturbation was administered. Subjects were also
instructed to use the accelerator and brake pedals to main-
tain the vehicle speed as close to the posted speed limit of
45 mph as they could. At approximately 10-min intervals a
speed limit sign was displayed, which required the subjects
to reduce their speed to 25 mph for a fixed distance of
500 m and then subsequently a 45 mph speed limit sign
was again displayed. This implementation of speed changes
was designed to allow for analyses to identify whether sub-
jects were adhering to the instructions and rules of the task
throughout its duration.

Subjective measures of fatigue were also collected
using the Karolinska Sleepiness Scale (KSS) (Akerstedt &
Gilbert, 1990). The KSS was initially administered before
the experimental condition, and approximately every
15 min over the course of the 45-min drive. The KSS was
administered verbally by the experimenters according to a
standardized script over an intercom by asking subjects to
rate their current ratings of alertness or sleepiness on a
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9-point Likert-type scale ranging from 1 (very alert) to 9
(very sleepy, fighting sleep). Subjects verbally responded
through an intercom and their responses were manually
recorded on a data sheet, but importantly, subjects were
able to continue driving with minimal interruption. Obtain-
ing a pre-experimental KSS score was lost for one subject;
however we report the data for all subjects (N = 12) and
those subjects whose scores could be baseline corrected
(n=11).

Data Acquisition and Metric Definitions

The simulator software refreshed the kinematics of
the vehicle at 900 Hz and exported data at 90 Hz. Steer-
ing wheel angle time series were high pass filtered at
5 Hz to reduce low amplitude, high frequency noise in
order to enable more accurate detection of peaks in
steering wheel reversals. For each perturbation event,
reaction time was determined as the time elapsed from
perturbation onset (square [PertOn], Figure 2, top panel)
to the initiation of the steering wheel response (diamond
[RespT], Figure 2), which was determined as the begin-
ning of a monotonic rise in the steering wheel angle.
The SWRM was determined by finding the absolute dif-
ference between the first peak in the steering wheel
time series (circle [PeakSWR], Figure 2) and the value
at initiation of the response (diamond [RespT], Figure 2)
measured in degrees. Lane deviation (LD) was deter-
mined as the absolute difference between the vehicle’s
position at the time of response and the center of the

Journal of Motor Behavior



Steering Wheel Angle and Perturbation
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FIGURE 2. Example trial from a single subject to demon-
strate the observed metrics. The x-axis is time in seconds.
Time O refers to the onset of the perturbation that demar-
cated a trial. The steering wheel response magnitude
(SWRM) was calculated as the difference in degrees
between the circle and diamond. This was related to the
value of the change in heading error at the time of response
initiation (diamond, bottom subplot). square = when the
perturbation was turned on; diamond = initiation of
response; circle = peak of the steering wheel response.

right-most lane and was measured in meters (Figure 2,
second panel). The absolute HE was determined as the
absolute value of the angle between the simulated
vehicle’s direction of travel at the response time (dia-
mond, Figure 2, third panel) and a line parallel with the
indefinitely straight road measured in degrees. Finally,
the dHE was determined as the absolute value of the
temporal derivative of the heading error at the time of
response in degrees/second (Figure 2, fourth panel). We
used the absolute value of these measures because we
were interested in how driving behavior scaled to the
magnitudes of the specified parameters but not to their
directions (left or right). All of these metrics were deter-
mined for each trial, which consisted of a perturbation
onset to the peak of the steering wheel response as
depicted in Figure 2.
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Derivation of RSWC

We also applied separate regression analyses between
SWRM and dHE (Equation 1) across the aggregated tri-
als in 5-min periods to examine linear changes in the
relationship between vehicle-environment kinematics
and driver behavior over time. As we discuss in the
Results section, regressing SWRM on dHE revealed sig-
nificantly higher slope values, R*> values and lower
residual errors than that revealed by regressing SWRM
on HE. Therefore, given the relatively stronger relation-
ship between SWRM and dHE, we focused our subse-
quent analysis on how this relationship changes over
time. In subsequent analysis we also examined the vari-
ance of the SWRM accounted for by the dHE by deter-
mining the R* of Equation 1.

SWRM = RSWC +dHE + b (1)

Design and Statistical Analyses

We were interested in how driver behavior and vehicle
road kinematics changed over various durations of time.
To investigate such effects of time, we performed two
general classes of analysis. The first was a two-way
repeated-measures analysis of variance consisting of two
different time scales as factors. The second was a linear
regression to evaluate the effect of continuous measure
of observed variables. The latter regression is not to be
confused with the regression slope used to derive our
measure of interest, RSWC, described in more detail
subsequently.

Analysis of Variance

We applied a two-way repeated-measures ANOVA
design (Block x Time Interval), each with three levels.
More specifically, we derived three 15-min blocks corre-
sponding to the administration of the KSS and within each
15-min block, three 5-min time intervals corresponding to
the intervals over which the regression lines (Equation 1)
were derived. Each 5-min interval consisted of approxi-
mately 25 perturbations.

Regression Analysis

In addition to the two-way ANOVA analysis, we also
examined the effect of time by implementing a continu-
ous regression analysis by using time as an independent
variable and the measure under consideration as the
dependent variable. Utilizing this analysis we determine
the 95% confidence interval around the slope of the
regression and determine whether there was a signifi-
cant increase or decrease in the analyzed variable over
time.
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Results

General Results

Here we report several metrics that describe the gen-
eral performance and subjective experience of the partici-
pants in this specific paradigm to frame the experimental
results. The mean reaction time across all subjects to the
perturbations was 1.15 s &+ 0.16 s (M £+ SD). The move-
ment time to complete the SWRM (i.e., time from the
diamond to circle; Figure 2) was 0.5 + 0.10s. The
SWRM itself was 13.74 £ 3.52°, and the dHE value was
0.43 + 0.14°/s. KSS scores were 6.02 £ 2.01. The LD
was 0.366 £ 0.13 m.

Relationship Between HE/dHE and SWRM

We applied regression analyses between SWRM and
dHE/HE at the time of response to better understand the
relationship between measures of vehicle-environment
kinematics and driving behavior. As the values that went
into this comparison were the absolute value and nonnor-
mally distributed, we utilized a nonparametric correlation
measure to ascertain the degree of relatedness between the
HE or dHE and SWRM. The average Spearman’s correla-
tion coefficient between the peak SWRM and the dHE and
the HE, across all subjects was 0.59 and 0.35 respectively.
For each subject independently, the correlation between
SWRM and dHE was significant while for only two sub-
jects the correlation between HE and SWRM was signifi-
cant. Across all subjects, the larger correlation between the
SWRM and dHE was confirmed statistically by performing
a one-tailed paired ¢ test on the Fisher’s Z transformed
correlation coefficients (p < .003). We extended this
analysis by also comparing the root mean squared error
(RMSE) for these regressions. The regressions were fit
for each 5-min interval in the experiment and utilizing a
paired, one-sided ¢ test we found a significantly larger
RMSE for the regressions between the SWRM and the
HE than with the dHE (p < .001). From these analyses
we were confident that the dHE in our experiment was
more closely related to the SWRM than the HE. This
finding was important because it provided confirmation
that we should focus subsequent analyses on the most
meaningful relationship between vehicle kinematics and
driver responses. Consequently, we focused on the rela-
tion between SWRM as a linear function of the dHE. In
Figure 3 we show an example subject’s regression fit
between the SWRM and dHE for all nine 5-min blocks
over the 45-min drive.

ANOVA

We examined the time on task effect on standard vehicle
based measures (LD, dHE), driver behavior (SWRM),
and the novel interrelated measure, RSWC. Figure 4 illus-
trates the time-on-task effect for these measures. Table 1
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reports the results of the two-way repeated-measures
ANOVA.

LD, SWRM, and dHE did not show significant main
effects for blocks, time intervals, or their interaction. The
main effect of block for dHE approached but did not reach
significance (p = .10). The main effect of blocks and the
interaction between blocks and time intervals for RSWC
were not significant but the main effect of time interval was
significant. Post hoc analysis utilizing Tukey’s HSD
revealed that RSWC in time interval 1 was significantly
lower than that observed in time interval 2 but not time
interval 3.

Analysis of the Regression Parameters in Relative Steering
Wheel Compensation

Further analysis with respect to the relationship of
SWRM as a function of dHE involved analyzing the
RMSE, the intercept (b), and the variance accounted for,
R’zswc. RMSE of the relationship did not differ over block
(p > .05), time interval (p > .05), or block by time interval
(p > .05). Similarly, no significant differences were
observed for (b) over blocks (p > .05), time intervals (p >
.05), or block by time interval (p > .05). However, we
observed that R’rswc changed significantly with respect to
time intervals, F(2, 99) = 3.66, p = .029; but the main
effects for blocks (p > .05), and the interaction block by
time intervals (p > .05) were not significant. Post hoc Tukey
HSDs demonstrated that there was a significant increase in
the RzRSWC from time interval 1 to time interval 3.

Linear regression analysis. To further scrutinize the
time-on-task analysis, we utilized a linear regression across
all nine 5-min time intervals in the experimental session.
This permitted us to interrogate the measures of interest in
this study over 45 min of continuous time. In Figure 4
(gray lines), we plot the linear regression for each parame-
ter of interest and in Table 2 we report the slope of this line
along with the 95% confidence interval. SWRM and dHE
both demonstrated significant, positive slopes across the
duration of the experiment; however, LD and RSWC did
not. The variance accounted for by time for SWRM and
dHE relationships were low, ~3% and ~6%, respectively.
To further elucidate the dynamics of the time-on-task
effects, we also performed linear regression analyses on the
aforementioned measures (b), RMSE, and RZRSWC. The
slope of the RMSE over the duration of the experiment was
not significant (95% CI [-0.021, 0.27]), nor was the slope
for the intercept, (b), (95% CI [-0.27, 0.29]). However,
R’rswe did demonstrate a significant positive slope over
time (slope = 0.017 [95% CI (0.0006, 0.033)]). In Figure 5
we plot the RZRSWC for this relationship over the duration
of the experiment.

Relationship between RZrswe and RSWC. After observ-
ing that both R°rswc and RSWC increased with respect to
the time intervals factor in the ANOVA, we investigated
the relation between these two measures across the duration

Journal of Motor Behavior
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Time Interval 1 Time Interval 2  Time Interval 3 Time Interval 4  Time Interval 5 Time Interval &8  Time Interval 7 Time Interval 8 Time Interval 9
80 801 1 80 T r
70 70} 70 70} 70t 70 70! 70t 70}
60 60} 60 60} 60 60} 60} 60/
— 50 50+ 50 50+ 50 50+ 50+ 50+
g
=
= 40 40 40 40} 40} 40 40/ 40}
g |
30 30 30} 30} 307 30¢
20 20+ 20+ 20+ 20+
{ |
104 10% 10} 104 10},
. k o
0 0 0 0 0 0 o 0 0
0o 1 2 0 1 2 0o 1 2 0 1 2 o 1 2 0o 1 2 0 1 2 0 1 2 0o 1 2
dHE (degls) dHE (deg/s) dHE (deg/s) dHE (deg/s) dHE (deg/s) dHE (deg/s) dHE (deg/s) dHE (deg/s) dHE (deg/s)

FIGURE 3. Example regression fits for single subjects across in each time interval. Points in each block represent a single trial
within that 5-min time interval. The slope of these regression lines was our independent variable, relative steering wheel compensa-
tion. dHE = derivative of heading error.
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FIGURE 4. Graphical representation of the variables of interest. Each subplot demonstrates the time course for each of the meas-
ures examined in this study. Vertical dashed lines represent the blocks in which subjects were interrupted to assess Karolinska
Sleepiness Scale values and served as our block factor. The axes are the 5-min time interval factor in our analysis of variance
design. Within each block the time factor level was 1, 2, 3. Please note that there are a total of nine time intervals for a total of
45 min. Error bars represent standard errors of the mean. The gray lines are the regression analysis over the entire 45-min duration
of the experiment. RSWC = relative steering wheel compensation; LD = lane derivation; dHE = derivative of heading error;
SWRM = steering wheel response magnitude.
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TABLE 1. Summary of Two-Way Analysis of Variance Design Results

Block

Time

Measure Interaction

RSWC F(4,99)=0.02, p =.99
LD F(4,99)=0.31,p=.87
SWRM F(4,99)=0.14,p = .97
dHE F(4,99) =0.10, p = .98

F(2,99) = 038, p = .68
F(2,99) = 1.13,p = .33
F(2,99) =152, p=.22
F(2,99) =232, p=.10

F(2,99) = 3.39,p = .038
F(2,99) = 0.91, p = .40
F(2,99) = 1.52,p=.22
F(2,99) = 1.34,p = .27

Note. The relative steering wheel compensation (RSWC) demonstrated a significant effect of time, but neither a block nor a block by time interac-
tion. None of the other measures analyzed in this study demonstrated significant differences across blocks, time, or the interaction. LD = lane devi-

ation; SWRM = steering wheel response magnitude; dHE = derivative of heading error. Bold value indicates p-value < 0.05.

of the experiment. To illustrate this relation we plot RSWC
against R’gswc in Figure 6 for all subjects and Time Inter-
vals in this study. From this plot it appears that there is a
strong relationship between the two. The Spearman’s corre-
lation coefficient between R’gswe and RSWC was 0.81 (p
< .0001). We extended this analysis by fitting a power
curve to these data in the form:

RSWC =x % (R?)” )

The fitted value for x was 28.92, 95% CI [25.79, 32.05]
and for y it was 0.50, 95% CI [0.40, 0.59]. The percent of
variance accounted for in RSWC by the fit (R* of Equation
n 2) was .65. It is important to note that this is adjusted for
the number of parameters in the fit. A linear fit was also
examined but the R* was lower (.60) when adjusting for the
number of parameters in the fit.

KSS analysis. As stated previously, the KSS value for
one of the subjects before the experiment was lost. There-
fore we could not baseline-correct experimental KSS values
for pre-experimental levels of subjective fatigue for all sub-
jects. However, for all 12 subjects, the mean absolute KSS
values for Blocks 1, 2, and 3 were 5.75, 6.66, and 6.66,
respectively. The Kruskal-Wallis test applied to the abso-
lute KSS values for the 12 subjects did not reveal a signifi-
cant increase over time (p = .42). However, analysis of the

TABLE 2. Regression Over Experiment Time

Measure Regression slope [95% CI] R? (adjusted)

RSWC 0.04 [—0.5808, 0.6605]  1.5e-4
LD 0.007 [—0.002, 0.017] .0124
SWRM 0.26 [0.006, 0.52] .03

dHE 0.013 [0.003, 0.024] 0584

Note. Bold values indicate significance as determined by the 95%
confidence interval (CI). The steering wheel response magnitude
(SWRM) and derivative of heading error (dHE) were the only two
measures that demonstrated a significant positive slope over the
course of the experiment. LD = lane deviation.
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data from 11 of 12 subjects for which we baseline-corrected
using pre-experimental ratings of fatigue, we observed a
significant increase ratings of fatigue over time (p = .037).

Discussion

General Findings

The primary purpose of this study was to examine
whether drivers changed their response to vehicle-road
kinematics over time. Our main result, as reflected in
Table 1, demonstrates that there is a significant change in
the relationship of how drivers scale their steering wheel
response to heading error velocity. As we report in the
Results section, there was a significant increase in RSWC
from the first 5-min time interval to the second, across all
three blocks in the study. Conversely, the other measures
considered in our study showed differences over much lon-
ger time scales, which the RSWC did not. Therefore, we
suggest that the RSWC represents a distinct signature of
behavior that is not present in either indices of performance
independently.

Effect of Time on dHE, SWRM, and LD

Based on the ANOVA, none of these variables demon-
strated a significant effect of block, time interval, or their
interaction. We interpret this result in the context of our fol-
low-up analysis of the linear regression over continuous
time. The observation that there was no effect of time inter-
val or block by time interval interaction suggests that these
measures of driving performance are not sensitive to
changes in short time scales The regression analysis
revealed significant positive slopes for both the SWRM and
dHE, which supports previous observations of changing
levels of performance on a relatively longer continuous
time scale and are consistent with the KSS findings in this
study (Otmani et al., 2005; Thiffault & Bergeron, 2003).
This finding suggests that, with increasing time on task,
subjects responded at relatively larger heading error veloci-
ties, perhaps revealing an indication of their increased toler-
ance (or decreased vigilance) to increasingly larger heading
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Variance Accounted for in the SWRM over Time
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FIGURE 5. The variance accounted for in the steering wheel response magnitude (SWRM) by derivative of heading error across
subjects for all time points in the study. The time factor in our analysis of variance design was significant across subjects, as was
the linear regression (gray) over time.

error velocities, or other closely related parameter of vehi-
cle-road kinematics. Additionally, the SWRM increased
over a similar time scale, seemingly to compensate for this
increase in the derivative of heading error.

The LD at the time of response demonstrated a positive,
albeit not significant, slope over the course of the experi-
ment. By this measure, we infer that the participants in our
study were vigilant of the central task requirement, which
was to minimize the absolute difference between the
vehicle position and the center of the right lane. This find-
ing is consistent with the literature, which suggests that sub-
jects are vigilant against infractions against central task
requirements by changing their compensatory strategy
(Grier et al., 2003; Robert & Hockey, 1997; van der Lin-
den, Frese, & Meijman, 2003). In our view this concept
captures the idea that when observed over a larger time
scale, drivers allow more error to accumulate and respond
accordingly by making larger corrections (changing their
compensatory strategy) and yet still maintain the central
objective of keeping the vehicle centered in the right lane.

Effect of Time on RSWC, b, RMSE, and R’ gswc

Based on the ANOVA, the RSWC demonstrated a signif-
icant main effect of time interval with time interval 1 exhib-
iting significantly lower values than time interval 2, but not
different from time interval 3, and time intervals 2 and 3
did not differ from each other. Perhaps what is most
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interesting is that time interval 1 represents periods imme-
diately after subjects were asked to evaluate their fatigue
status over the intercom (dashed lines Figure 4). We
observed that immediately following these interrogations
there appeared to be an effect in which drivers reduced their
compensatory steering movements relative to the heading
error velocity. These results suggest that asking drivers to
rate their fatigue transiently and the onset of the experiment
affected the gain between steering responses to vehicle-
road kinematics, which supports our primary hypothesis
that this relationship is dynamic. There was no significant
increase or decrease of the RSWC when analyzed over the
45-min drive using regression analysis, which is consistent
with the combined increases in SWRM and dHE indepen-
dently. It is unclear from our analysis, had we not inter-
rupted the drivers with the fatigue query whether this
would have continued to uptrend or remained constant and
warrants further investigation. Nevertheless, given that the
RSWC does not increase over time similar to the indepen-
dent vehicle or behavioral measures adds to the idea that it
is reflective of a different process affecting the driver.
There were no changes in the RMSE or the offset (b) for
the regressions used to derive the RSWC. To us this implies
that a linear fit was able to adequately capture the relation-
ship between changes in heading error and steering wheel
response magnitudes. Additionally, it does not appear as
though subjects changed the position of the steering wheel
when there was minimal heading error velocity. The only
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RSWC as a Function of R?
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FIGURE 6. For each regression computed in the study (Equation 1) we plot the R> and relative steering wheel compensation
(RSWC) derived from that model. There was a high correlation between the two parameters, and a power curve fit (Equation 2)
was significant (gray).

thing that appeared to change in the newly derived variables
throughout the experiment was in fact, the RSWC, and the
R’rswe-

The observation that the R*ggwc changed significantly is
interesting considering that the SWRM is considered to
occur in open loop (Hildreth et al., 2000). When the
R’gswc was very high, the heading error velocity accounted
for a large proportion of the variance in SWRM and implies
that drivers were using the dHE, or another variable very
similar to it, to generate their steering wheel responses. In
contrast, when it was low, less of this variance is accounted
for. Whether this represents a shift in control strategy by
incorporating additional terms, a deterioration in the accu-
racy of dHE estimation to generate a steering response, or
another effect is unclear from this analysis. Preliminarily,
we consider that the former explanation is feasible. This
feasibility is suggested by our data by combining the obser-
vations that RZRSWC subtly increases over the experiment
duration while the RSWC does not, yet after being verbally
queried, both metrics seem to covary and decrease signifi-
cantly. These findings can be consolidated in a model
wherein drivers impart more predictive, precise control
(resulting in relatively smaller SWRM) after being alerted
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by an auditory stimulus, thereby decreasing the amount of
variance explained by the heading error velocity. When
observed over the longer time scale drivers may shift to a
strategy relying more heavily on heading error velocity esti-
mates to generate responses thereby explaining more vari-
ance in the SWRM. Such an explanation would be in
agreement with previous studies that have examined the
effect of auditory cues and warnings, which demonstrate
improved performance as measured by reaction time, albeit
for only transient periods (Belz, Robinson, & Casali, 1999;
Graham, 1999; Lin et al., 2009; Verwey & Zaidel, 1999).

Attention Models

Many models have been offered over the past several
decades to account for time-on-task effects on performance,
two general classes of models relevant to sustained vigi-
lance tasks, such as long-distance driving on a desolate
highway, are resource or capacity models (Grier et al.,
2003; Helton & Russell, 2011; Helton & Warm, 2008;
Smit, Eling, & Coenen, 2004) and mindlessness or mind-
wandering models (Cheyne, Carriere, & Smilek, 2009;
Langner & Eickhoff, 2013; Smallwood et al., 2004;
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Smallwood & Schooler, 2006). Resource models assert that
energy or resources are needed to perform a given task and
that these resources are of limited capacity and susceptible
to depletion with extended time on task. Mindlessness mod-
els, on the other hand, assert that attention fluctuates
between task-relevant and -irrelevant processing and that
prolonged monotonous or repetitive tasks are particularly
susceptible to boredom, absent-mindedness, and mind wan-
dering. Such transitory attentional shifts are thought to be
driven by internally oriented goals or insufficient inhibition
of competing schemata (Langner & Eickhoff, 2013).

Because of its transient nature, the changes in RSWC
after alerting appear to be more congruent with a mind-
wandering explanation, according to which attentional
focus is susceptible to fluctuations between task-related and
-independent brain processes, especially during the perfor-
mance of long, monotonous, and highly overlearned tasks
that are perceived as boring by the subject. This is an inter-
esting observation in that it implies that changes in RSWC
are affected by transient changes in attention that do not
affect the overall behavioral performance, at least in the
local 5-min time intervals in which we observed changes in
the RSWC. As an explanation for the observed changes in
RSWC, the resource depletion perspective seems less tena-
ble because it implies that resources are just what the term
explicitly describes, the depletion of resources, which pre-
sumably would occur cumulatively over some period of
time but not early during performance, as was observed in
the present study. However, the resource depletion model
may explain the longer term changes observed in the dHE
and SWRM, wherein resources may have been depleted
during the course of the experiment resulting in increas-
ingly larger behavioral errors as time progressed. In this
view, it may be that both models of attention and alertness
are involved but that each explains different temporal scales
and different indices of driver behavior.

There are a few caveats to consider with our approach.
First, the SWRM is functionally limited because of bio-
mechanical and vehicle constraints. Depending on where
subjects placed their hand(s) on the steering wheel, the ini-
tial phase of the steering wheel response is limited to a nar-
row range of possible values. In this way a linear
relationship cannot possibly capture the exact relationship
between the SWRM and vehicle parameters because the
former is limited to functional values. Likely, the function
between SWRM and dHE represents more of a power-like
curve that asymptotes at a SWRM that is a combination of
vehicle construction and the body position of the driver.
We were limited by the nature of our task in the ability to
relate the SWRM as a function of the dHE across a wide
range of values. This is because our study was designed to
interrogate the naturally occurring range of dHE values
experienced by the drivers and was not an experimentally
manipulated variable. Further studies to investigate the
relationship between the steering wheel response, body pos-
ture, and wider operating range of heading errors would be
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needed to fully elaborate this relationship. Despite these
considerations, we suggest that the linear approximation of
this relationship captures the bulk of the operating range for
these parameters in our experiment.

Conclusions

Our primary result demonstrated that immediately fol-
lowing interruptions, drivers changed the gain between
vehicle-road kinematics and behavioral outputs demonstrat-
ing the dynamic nature of this relationship. The effect of
this interruption was short-lived supporting other studies,
which also demonstrate transient effects of alerting inter-
ventions on behavior (Anund, Kecklund, Vadeby,
Hjalmdahl, & Akerstedt, 2008; Horne & Reyner, 1996; Lin
et al., 2010; Phipps-Nelson, Redman, & Rajaratnam,
2011). Contrastingly, vehicle kinematics and driver behav-
ior in isolation did not demonstrate changes on this brief
time scale, however did change over the course of the
experiment, underscoring that our new measure, the RSWC
tracks a separable index of driver behavior. These changes
may additional insight into the time on task effect, suggest-
ing that perhaps there is an interaction between control and
attention and alert. Our exploratory analysis hints at possi-
ble explanations for this change in relative corrective
responses, however additional investigation is needed to
further clarify these changes. Future studies are also needed
to advance the theoretical understanding of the changes in
alertness frequently observed in studies of vigilance perfor-
mance and more elaboration is needed to describe the dif-
ferent time scales on which different measures of
performance may be more sensitive.
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