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There is a need for training methods that improve the driving skill and driving style of nov-
ice drivers. Previous research in motor learning has shown that degrading the task condi-
tions during practice can enhance long-term retention performance. Inspired by these
findings, this study investigated the effects of the tire-road friction coefficient on learning
a self-paced lane-keeping task in a driving simulator. A sample of 63 young and inexperi-
enced drivers were divided into three groups, low grip (LG), normal grip (NG) and high grip
(HG), who practiced driving with a friction coefficient of 0.45, 0.90, and 1.80, respectively.
All groups drove six 8 min sessions on a road with curves in a rural environment: four prac-
tice sessions, an immediate retention session, and a delayed retention session on the next
day. The two retention sessions were driven with normal-grip tires. The results show that
LG drove with lower speed than NG during practice and retention. Transferring from the
last practice session to the immediate retention session, LG’s workload decreased, as mea-
sured with a secondary task, whereas HG’s workload increased. During the immediate
retention session, LG had less road departures than HG, but HG drove closer to the lane
center in curves than the other two groups. HG reported elevated confidence during prac-
tice, but not in retention. In conclusion, this simulator-based study showed that practicing
with low-grip tires resulted in lower driving speeds during retention tests, an effect which
persisted overnight. These results have potential implications for the way drivers are
trained.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

It is widely established that young novice drivers are overrepresented in motor vehicle crashes, a major public health con-
cern (McCartt, Mayhew, Braitman, Ferguson, & Simpson, 2009; Williams, 2006). The young driver problem is complex, but in
simple terms, driving skill and driving style can be seen as the main contributing factors (Elander, West, & French, 1993). The
distinction between driving skill and driving style resembles the distinction between lower-order and higher-order driving
skills, and errors and violations (Harrison, 1999; Hatakka, Keskinen, Gregersen, Glad, & Hernetkoski, 2002; Reason,
Manstead, Stradling, Baxter, & Campbell, 1990). Driving skill reflects the way in which a person is able to drive. Newly
licensed drivers tend to have an elevated mental workload and inefficient visual search, hazard perception, and vehicle-
control abilities (Crundall, Underwood, & Chapman, 1999; Drummond, 1989; Falkmer & Gregersen, 2005; Lee, 2007;
McKnight & McKnight, 2003; Pradhan et al., 2005; Vlakveld, 2011). Driving style is the way in which a driver chooses to drive
and is governed by a combination of social, neurobehavioral, and biological mechanisms (Dahl, 2008; Evans, 2006). Young
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drivers, males in particular, have a high willingness to take risks and tend to be overconfident in their own abilities (Clarke,
Ward, & Truman, 2005; Finn & Bragg, 1986; Gregersen, 1996; Jonah, 1986; Simons-Morton, Lerner, & Singer, 2005).

Classic training methods that mainly target driving skills, such as skid-control training or basic driver training, appear to
be ineffective and may even inflate crash risk (Elvik & Vaa, 2004; Katila, Keskinen, & Hatakka, 1996; Lund, Williams, & Zador,
1986). Recommendations have been made to target driving style during young driver training, for example, through group
discussions and self-reflection (Hatakka et al., 2002). Even though driver training and licensing methods are being continu-
ously revised (Twisk & Stacey, 2007), the young driver problem has remained and there is a need to explore new methods of
training to improve the driving skills as well as the driving style of young novice drivers.

Interactive driving simulators and PC-based programs are recognized as potentially effective tools in driver training (e.g.,
De Groot, De Winter, López-García, Mulder, & Wieringa, 2011; De Winter et al., 2009; Fisher, Pollatsek, & Pradhan, 2006;
Roenker, Cissell, Ball, Wadley, & Edwards, 2003; Turpin, Welles, & Price, 2007). Simulators offer features that are not easily
attainable through on-the-road training, such as objective performance measurement, manipulation of the environment
according to the learning goals, and exposure to errors and hazardous driving conditions in a controlled and repetitive man-
ner without physical risk (Allen, Park, Cook, & Fiorentino, 2007). This study exploits these advantages of driving simulators
by temporarily making the driving task more difficult and error-prone. That is, instead of aiming to maximize the learner’s
performance during training, we deteriorated the vehicle dynamics such that it became more difficult to keep the car in the
lane at a given speed.

Previous research on motor-skill and verbal learning concurs that degraded conditions during training, such as variations
in task conditions or faster than real-time speeds, can support longer-term learning (Hone & Morrison, 1997; Jarmasz, 2006;
Nusseck, Teufel, Nieuwenhuizen, & Bülthoff, 2008; Schmidt & Bjork, 1992; Stefanidis et al., 2007). The exact mechanisms are
still to be unraveled, but this phenomenon might be explained from an informational perspective (Lintern, 1991). As Lintern
explained, the practice task does not have to be identical to the retention task; rather than physical similarity, critical per-
ceptual similarities form the basis for the transfer of a skill from one task to another. Difficult task conditions may present
the learner with increased opportunities for learning such critical invariants. Guadagnoli and Lee (2004) further explained
that increased task difficulty during practice provides the learner with an increased information-potential for learning,
although care must be taken to not mentally overload the learner.

Research also suggests that the active promotion of errors during training is effective for skill learning (Keith & Frese,
2008; Milot, Marchal-Crespo, Green, Cramer, & Reinkensmeyer, 2010). By making an error, the learner is presented with
feedback about the limits of tolerable behavior. When an error occurs, the task is temporarily interrupted and the learner
can reflect on why this error occurred, facilitating storage in long-term memory (Frese et al., 1988; Ivancic & Hesketh,
2000). Deteriorated task conditions and the promotion of errors during training may also have positive effects on driving
style. Self-induced errors may stimulate meta-cognitive skills and emotional control, and prevent overconfidence (Hogarth,
Gibbs, McKenzie, & Marquis, 1991; Ivancic & Hesketh, 2000). Furthermore, through the speed-accuracy trade-off mechanism,
drivers are likely to slow down when accurate performance cannot be maintained (Zhai, Accot, & Woltjer, 2004).

The focus in this study was on lane-keeping, an essential driving task that all prospective drivers have to learn. Lane-keep-
ing performance is often used as a proxy variable for road safety (e.g., Brookhuis & De Waard, 1993) and crash statistics re-
veal that loss-of-control crashes—either due to deficient driving skills or due to deficient driving style—are a concern
amongst young drivers (Laapotti & Keskinen, 2004). In this study, participants without a driving license practiced the task
of keeping the car near the center of the right lane on a rural road in a driving simulator. Three groups were created. One
group trained with a 50% reduction in the normal tire-road friction coefficient, corresponding to a grip level in heavy rain.
This grip reduction implies that the maximum speed in a curve of a given radius is decreased by 29%, and that the minimum
braking distance from a given speed is doubled. It may be noted that driver training with such low grip tires is unfeasible and
illegal in real traffic, but it is possible in a driving simulator or on a closed practice area using ‘‘Skid Car’’ simulation equip-
ment mounted under a car, lifting the car and thereby reducing the grip of the tires (Gregersen, 1996; Jones, 1995). The sec-
ond group trained with a normal friction coefficient. The third group trained with a 100% increase in the normal tire-road
friction coefficient, which corresponds to racing-car tires without tread pattern. This grip level means that the maximum
speed in a curve is increased with 41%, and that the minimal braking distance is halved. After the practice sessions, all groups
performed an immediate retention session with normal grip. In order to assess a longer term learning effect, a delayed reten-
tion session was performed on the next day.

It is noted here that the low-grip condition did not resemble skid-control training, which was previously demonstrated to
be ineffective in improving driving style as it increased driver confidence (e.g., Gregersen, 1996; Katila et al., 1996). The car
dynamics in the present study were such that once the critical grip level was exceeded while cornering, the car began to slide
and loss of control was likely. Hence, the learners were intrinsically motivated to not exceed the acceleration limits of the
car. Moreover, the high-grip condition did not resemble a racing game, which was previously found to inflate risk-taking (cf.,
Fisher, Kubitzki, Guter, & Dieter, 2007). The task instructions in this study focused on lane-keeping accuracy, and participants
were not encouraged to drive fast.

The experimental hypotheses are illustrated in Table 1. We expected that during practice the low-grip group would show
higher lane-keeping error and lower speed than the normal-grip group because of the higher task difficulty. We also ex-
pected that during retention, that is, when being tested with normal grip level, the low-grip group would have lower
lane-keeping error and lower speed than the normal-grip group. As shown in Table 1, we expected the opposite results



Table 1
Experimental hypotheses on the relationship between lane-keeping error and speed. The expected results are
compared with the normal-grip group.

Lane-keeping error Speed

Practice
Low grip (LG) Higher Lower
High grip (HG) Lower Higher

Retention
Low grip (LG) Lower Lower
High grip (HG) Higher Higher

Fig. 1. The driving simulator that was used in the experiment. The dashboard shows the speed and engine rpm. Gear changing was automatic.
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for the high-grip group. Additionally, we measured workload and confidence to gain a more in-depth understanding of how
task conditions during practice and retention tests influence driving perception.

2. Method

2.1. Participants

Sixty-three people without a driver’s license were recruited from the TU Delft student community. The participants com-
pleted an intake questionnaire with the following items: (1) gender (male/female); (2) age; (3) ‘‘Did you take driving lesson(s)
on the road?’’ (yes/no); (4) ‘‘Have you ever driven in a simulator before?’’ (yes/no); (5) ‘‘Do you play video games for at least
1 hour per week?’’ (yes/no); and (6) ‘‘I have good steering skills, for example in cycling or computer games’’, on a 10-point
scale from 1 (completely disagree) to 10 (completely agree). Of the 63 participants, 21 were female, 25 had started taking driv-
ing lessons on the road, 5 had driven in a simulator before, and 26 reported playing video games for more than one hour per
week. The mean age was 22.4 years (SD = 3.5), and the mean self-reported steering skill was 6.2 (SD = 2.0). Each participant
was compensated with 10 euros.

2.2. Apparatus

The driving simulator (Fig. 1) was fixed-base and provided a realistic simulation with a 180 degree field of view and sur-
round sound. The simulated car was a middle-class vehicle with a mass of 1265 kg and a top speed of approximately 180 km/
h. The pedals, steering wheel, ignition key, and seat resembled those of an actual car, and gear changing was automatic. The
virtual world was visually projected by means of three LCD projectors (front projector NEC VT676, brightness 2100 ANSI lu-
mens, contrast ratio 400:1, resolution 1024 � 768 pixels; side projectors NEC VT470, brightness 2000 ANSI lumens, contrast
ratio 400:1, resolution 800 � 600 pixels), and the dashboard, interior, and mirrors were integrated into the projected image.
The sound in the simulator cab consisted of wind, engine, and tire noises. Tire-squeal was audible only when the tires ap-
proached their traction limit during braking; no tire-squeal sound was produced when the tires were approaching their lat-
eral limits.
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To make the steering wheel force-feel characteristics independent of the grip level of the tires, the torque motor coupled
to the steering shaft was removed. In order to produce some force feedback in the steering wheel, a spring mechanism was
installed on the steering wheel axle resulting in a linear steering torque vs. steering angle relationship. Additionally, damping
was applied to the steering system by wrapping a cable once around the steering shaft and attaching the two ends to oppo-
site sides of the simulator frame; this resulted in a friction torque large enough to produce a damping ratio of about 0.5.
Accordingly, the steering wheel system was modified from an active force-feedback system to a passive mass-spring-damper
system. Otherwise, the high-grip group would have had much more resistance than the low-grip group, and guidance prop-
erties of force feedback (e.g., Winstein, Pohl, & Lewthwaite, 1994) and the physical capabilities of the participant could have
interacted with the independent variables and could have confounded the results. The steering sensitivity (i.e., the ratio be-
tween steering wheel angle and lateral acceleration) was calibrated to correspond to the on-center characteristics of modern
cars on the road (Katzourakis, De Winter, De Groot, & Happee, in press). A number of experienced drivers tested the simu-
lator and did not report anything unusual after driving the simulator with the passive steering system.

2.3. Experimental groups

There were three experimental groups: Low grip (LG), n = 22; Normal grip (NG), n = 21; and High grip (HG), n = 20.
The assignment of each participant to one of the three groups was determined by the Taves (1974) procedure in order
to minimize the differences between the groups in terms of four selected variables: (1) gender, (2) age (621 years vs.
>21 years), (3) self-reported steering skill (65 vs. >5 on the 10-point scale), and (4) driving lessons on the road (yes
vs. no). These four variables are known to be predictive of steering performance and driving speed in a driving simulator
(Cantin, Lavallière, Simoneau, & Teasdale, 2009; De Groot, De Winter, López-García et al., 2011; De Winter et al., 2006;
De Winter, Wieringa, Kuipers, Mulder, & Mulder, 2007; Petzoldt, Bär, & Krems, 2009). Simulation studies have shown
that minimization provides better balanced groups than conventional randomization (Scott, McPherson, Ramsay, &
Campbell, 2002). LG practiced with a friction coefficient of 0.45, NG practiced with a friction coefficient of 0.90, and
HG practiced with a friction coefficient of 1.80. The front and rear tire friction coefficients, and the static and dynamic
friction coefficients were equal.

2.4. Procedure and tasks

After recruitment, an e-mail was sent to the participants containing the time and location of the experiment, as well as a
protocol explaining that the task goal was to drive as accurately as possible near the center of the right lane. All participants
provided written informed consent.

Participants first performed an 8 min baseline session in the simulator to practice the auditory reaction time task (de-
scribed below). Six 8 min driving sessions were then completed: four Practice sessions, an Immediate Retention session,
and a Delayed Retention session on the next day. In the retention sessions, all participants were provided with the normal
grip tires. All driving sessions took place on a two-lane 7.5 km lap in a country environment without intersections or other
vehicles. The lane width was 5 m. The lap consisted of 25 curves, of which 22 were 90 degree curves (14 of which had a cen-
ter-line radius of 20 m or less), 2 were smooth chicanes (Bezier splines), and 1 was a 180 degree curve. The road contained a
tunnel and two 4 m hills. The road surface was uniform and flat. Previous research on this simulator showed that perfor-
mance on lane-keeping and steering tasks predicted the chance of passing the Dutch driving license test (De Winter
et al., 2009).

Before each driving session, a series of written instructions were projected in the simulator, explaining how to perform
the reaction time task and that the aim of each session was to drive as well as possible in the center of the right lane. Prior to
Immediate Retention, the participants were shown the following text: ‘‘Attention! The vehicle and its behavior could be dif-
ferent from the previous sessions’’.

During both the baseline session and the six driving sessions, an auditory reaction time task had to be performed. The task
was to react as quickly as possible to a 0.1 s beeping sound produced at a random time interval between 4 and 8 s. The reac-
tion time was measured from the moment the beep occurred until the moment the participant pressed the horn (central
piece on the steering wheel). After pressing the horn, a second beep with lower tone was produced as a confirmation. No
confirmation sound was produced when the participant did not react within 2 s. After each of the six sessions, participants
were asked to step out of the simulator to complete the NASA Task Load Index (TLX; Hart & Staveland, 1988), the Rating Scale
Mental Effort (Zijlstra, 1993), and our own confidence questionnaire.

2.5. Dependent measures

The following dependent measures were calculated for each practice and retention session.

2.5.1. Lane-keeping
2.5.1.1. Number of departures. This measure counted the number of times that the car crossed the road boundaries. Road
departures were typically the consequence of improper lane-keeping behavior or loss of control because the curve was ap-
proached too fast. When a road departure occurred, the participant’s car was automatically put back in the center of the right



S. de Groot et al. / Transportation Research Part F 15 (2012) 413–426 417
lane with zero speed and the engine switched off. Recorded data from 10 s before to 20 s after each road departure were
excluded from all other measures.

2.5.1.2. RMSE overall (m). The Root Mean Squared Error (RMSE) of the distance between the center of the vehicle and the cen-
ter of the right lane describes how accurately the driver kept the vehicle near the lane center.

2.5.1.3. RMSE curves (m). The RMSE of the distance between the center of the vehicle and the center of the right lane
during 90 degree curves with a road center-line radius of 15 or 20 m. Only the first eight curves (five right-hand and
three left-hand curves) were included in the analysis, because even when driving slowly, drivers could easily complete
this part of the driving course. Therefore, the same curves were used in the analysis for all participants (the same eight
curves were used for mean LP curves and mean speed curves, see below). The RMSE was calculated for each curve sep-
arately and then averaged over all eight curves in order to obtain the RMSE curves measure. Note that previous exper-
iments in the driving simulator showed that the participants’ behavior in these sharp curves is a sensitive measure,
while the mild curves were relatively unaffected by the experimental conditions (De Groot, De Winter, Mulder, & Wie-
ringa, 2011).

2.5.1.4. Mean LP curves (m). The mean distance of the center of the vehicle to the center of the right lane during the 90 degree
curves provided an indication of the line taken through the curves. A positive LP means that the participant drove to the left
of the lane center; a negative LP means that the participant drove to the right of the lane center. Mean LP left-hand curves
and mean LP right-hand curves were calculated separately.

2.5.2. Speed
2.5.2.1. Mean speed overall (m/s). The mean speed of the simulated vehicle. A higher speed is assumed to be indicative of a
poorer driving style and increased risk-taking, and is associated with an increased risk of accidents (Aarts & Van Schagen,
2006; Elvik, Christensen, & Amundsen, 2004). Mean speed has been used as a dependent variable in many previous driving
simulator studies (e.g., Gelau, Sirek, & Dahmen-Zimmer, 2011; Matthews et al., 1998; Reimer, Mehler, Coughlin, Roy, & Du-
sek, 2011; Santos, Merat, Mouta, Brookhuis, & De Waard, 2005). Although drivers in a low-cost simulator usually drive con-
siderably faster than they would do in a real car, and absolute validity is therefore low, speed and speeding in a simulator is a
valid measure as far as relative comparisons are concerned (Bédard, Parkkari, Weaver, Riendeau, & Dahlquist, 2010; De Groot,
De Winter, Mulder et al., 2011; Godley, Triggs, & Fildes, 2002; Lee, Lee, Cameron, & Li-Tsang, 2003; Shechtman, Classen, Awa-
dzi, & Mann, 2009).

2.5.2.2. Mean speed curves (m/s). The mean speed of the simulated vehicle during the 90 degree curves.

2.5.3. Workload
2.5.3.1. Mean RT (s). The mean reaction time to the auditory reaction time task, representing the participant’s mental work-
load. Reaction times less than 0.1 s (anticipatory responses) and reaction times exceeding 2 s (failed responses) were
excluded.

2.5.3.2. TLX (%). The NASA Task Load Index (TLX) provided an indication of the workload on the following six dimensions:
mental demand, physical demand, temporal demand, performance, effort, and frustration. A total score from 0% to 100%
was calculated by averaging the six items. The NASA TLX is a widely used scale designed to obtain workload estimates. It
was initially designed for aviation, but is now used in many other applications, including driving in an estimated 9% of
the studies using the NASA TLX (Hart, 2006).

2.5.3.3. Effort. The Rating Scale Mental Effort provided an indication of the participant’s level of effort expenditure (Zijlstra,
1993). This rating scale was presented on A4 paper as a 150 mm vertical bar with anchors at nine points, from 2 mm (abso-
lutely no effort) to 112 mm (extreme effort). The instructions on the form stated: ‘‘Indicate by marking on the vertical axis
below how much effort it took you to complete the task you have just finished’’.

2.5.4. Confidence
2.5.4.1. Confidence (%). The participant’s confidence was assessed using our confidence questionnaire, which contained the
following six statements: (1) ‘‘I understood how to negotiate the driving situations presented in the simulation’’, (2) ‘‘Keep-
ing the car in the center of the lane was easy’’, (3) ‘‘I performed well on keeping the car in the center of the lane’’, (4) ‘‘I think I
performed better than the average participant in keeping the car accurately in the center of the right lane’’, (5) ‘‘I had a
feeling of risk during driving’’, and (6) ‘‘I feel confident to drive in similar conditions in the real world’’. These items were
inspired from previous questionnaires about drivers’ confidence (De Craen, 2010; Ivancic & Hesketh, 2000; Wells, Tong,
Sexton, Grayson, & Jones, 2008) and adapted towards the present simulator-based lane-keeping task. Reactions to the state-
ments could be given by marking a cross on a 21 tick horizontal bar identical to those used in the NASA TLX, with anchors on
the left (strongly disagree) and right sides (strongly agree). A total confidence score was calculated on a range from 0% to 100%
by averaging the six items (the fifth item was reversed).
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2.6. Statistical analyses

For each dependent measure, and for Practice 1–4, Immediate Retention, and Delayed Retention, three comparisons were
made: LG vs. NG, LG vs. HG, and NG vs. HG. The comparisons were performed with a point-biserial correlation coefficient,
controlling for initial aptitude. The dependent measures were rank-transformed (Conover & Iman, 1981) for higher robust-
ness and to cope with the skewed distribution of some of the variables, such as the number of departures.

The initial aptitude was calculated from the following information, acquired prior to commencing the first practice ses-
sion: the six items from the intake questionnaire and the mean reaction time and effort of the baseline session. The matrix of
these variables (63 participants � 8 variables) was reduced to one score, representing initial aptitude, by taking the first
principal component based on the correlation matrix. The mean initial aptitude scores were �0.12 (SD = 1.07), 0.03
(SD = 0.90), and 0.10 (SD = 1.05) for LG, NG, and HG, respectively. These means were not significantly different as determined
with a one-way analysis of variance (F = 0.270, p = .764).

Additionally, comparisons between sessions were carried out with a paired t-test. To assess changes during practice, Prac-
tice 1 and Practice 4 were compared. To assess changes between practice and retention, Practice 4 and Delayed Retention
were compared. Finally, we compared Immediate Retention with Delayed Retention in order to assess the overnight effects.

3. Results

Table 2 shows the correlation matrix and the Practice 3 to Practice 4 reliabilities of the dependent measures. The reliabil-
ities were generally greater than .8. A relatively low reliability (.53) was found for the number of departures, which can be
explained by the fact that road departures were occasional events, in contrast to the other dependent measures that were all
based on continuous variables. The Mean LP right-hand curves also had a low reliability (.67), which was likely caused by
range restriction. In left-hand curves it was possible to cut the corner because the participants had room to use the left lane.
In right-hand curves, on the other hand, cutting the corner was less possible because the car would have to be driven onto
the verge. Thus, the variability of trajectories in right-hand curves was smaller compared to left-hand curves.
Table 2
Correlation matrix for the dependent measures, with test–retest reliabilities on the diagonal (N = 63).

1 2 3 4 5 6 7 8 9 10 11 12

1. Number of departures .53
2. RMSE (m) .70 .92
3. RMSE curves (m) .72 .92 .80
4. Mean LP left curves (m) .64 .86 .89 .73
5. Mean LP right curves (m) .16 .24 .08 .05 .67
6. Mean RT (s) .33 .46 .44 .23 .14 .94
7. TLX (%) .25 .33 .30 .30 .25 .17 .91
8. Effort .28 .31 .27 .18 .20 .26 .66 .95
9. Mean speed (m/s) .28 �.15 �.16 �.12 �.06 �.33 �.17 �.05 .89

10. Mean speed curves (m/s) .49 .31 .34 .38 �.18 .03 .05 .11 .50 .70
11. Confidence (%) �.45 �.35 �.39 �.32 �.12 �.13 �.41 �.30 .09 �.18 .87
12. Initial aptitude �.21 �.45 �.48 �.44 �.20 �.28 �.36 �.23 .45 .07 .39

Note: The correlations were determined by first averaging the measures across the six driving sessions. Group effects were eliminated by subtracting the
group mean. Correlations of magnitude greater than or equal to .25 are significant, p < .05. The test–retest reliabilities were calculated using the correlation
between Practice 3 and Practice 4. The initial aptitude represents the covariate used in the group comparisons.
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The correlation matrix (Table 2) reveals that the measures describing lane-keeping error (RMSE, RMSE curves, and Mean
LP left-hand curves) had high correlations (>.85). This can be explained by the large lane-center error in left-hand curves
contributing to RMSE. Because the differences between the three groups were similar for RMSE, RMSE curves, and Mean
LP left-hand curves, below we only report the results for Mean LP. The TLX and Effort measures were substantially correlated
as well (.66). For the sake of simplicity, and because the differences between the three groups were similar for both
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measures, we only present the results of the TLX. Cronbach’s alpha, calculated for each of the six sessions separately, was on
average .86 for our confidence questionnaire and .80 for the NASA TLX.

All group means of the dependent measures are shown in Figs. 2–8. The corresponding p values and effect sizes are pro-
vided in Tables 3 and 4.

3.1. Lane-keeping

3.1.1. Number of departures
Fig. 2 shows the number of departures. There was a significant performance improvement from Practice 1 to Practice 4 for

all three groups. HG had significantly less road departures than the other two groups during practice. From Practice 4 to



Table 3
Group comparisons for the dependent measures. The table shows the p-values for group comparisons during Practice (four sessions averaged), Immediate
Retention, and Delayed Retention. Effect sizes are reported between parentheses. The effect size is Cohen’s d, that is, the standardized mean difference obtained
by converting the point-biserial correlation coefficient using the equation d = 2r/(1�r2). According to Cohen (1992), ds of 0.20, 0.50, and 0.80 can be interpreted
as small, medium, and large effects, respectively.

Measure Session Group comparison

LG vs. HG LG vs. NG NG vs. HG

Number of departures Practice .000 (1.57) .192 (0.42) .001 (1.16)
Imm. Retention .019 (�0.81) .298 (�0.34) .318 (�0.33)
Del. Retention .850 (�0.06) .130 (�0.49) .196 (0.44)

Mean LP left curves Practice .369 (0.29) .286 (�0.34) .087 (0.57)
Imm. Retention .003 (1.07) .717 (�0.12) .001 (1.29)
Del. Retention .145 (0.50) .951 (�0.02) .138 (0.51)

Mean LP right curves Practice .178 (�0.44) .410 (0.26) .018 (�0.80)
Imm. Retention .001 (�1.22) .032 (�0.75) .122 (�0.55)
Del. Retention .026 (�0.77) .212 (�0.41) .246 (�0.39)

Mean speed overall Practice .000 (�1.64) .000 (�1.52) .676 (�0.14)
Imm. Retention .088 (�0.58) .028 (�0.73) .676 (0.14)
Del. Retention .998 (0.00) .384 (�0.28) .461 (0.25)

Mean speed curves Practice .000 (�2.71) .000 (�2.97) .526 (�0.21)
Imm. Retention .043 (�0.70) .000 (�1.58) .083 (0.61)
Del. Retention .612 (�0.17) .007 (�0.91) .090 (0.58)

Mean RT Practice .829 (�0.07) .889 (�0.04) .896 (�0.04)
Imm. Retention .057 (�0.65) .513 (�0.21) .284 (�0.36)
Del. Retention .233 (�0.40) .690 (�0.13) .430 (�0.27)

TLX Practice .413 (0.27) .996 (0.00) .342 (0.31)
Imm. Retention .543 (�0.20) .944 (0.02) .387 (�0.29)
Del. Retention .985 (0.01) .946 (0.02) .926 (�0.03)

Confidence Practice .011 (�0.85) .779 (0.09) .009 (�0.89)
Imm. Retention .130 (0.51) .233 (0.39) .813 (0.08)
Del. Retention .669 (0.14) .120 (0.51) .361 (�0.31)

Table 4
Session differences for the three experimental groups. The table shows p-values for within-group changes between Practice 1 and Practice 4, between Practice 4
and Immediate Retention, and between Immediate Retention and Delayed Retention.

Measure Session Experimental group

LG NG HG

Number of departures P1 vs. P4 .000 .000 .012
P4 vs. Imm. Retention .000 .217 .000
Imm. vs. Del. Retention .879 .486 .011

Mean LP left curves P1 vs. P4 .354 .012 .003
P4 vs. Imm. Retention .815 .189 .697
Imm. vs. Del. Retention .039 .046 .538

Mean LP right curves P1 vs. P4 .073 .682 .020
P4 vs. Imm. Retention .002 .790 .547
Imm. vs. Del. Retention .088 .894 .718

Mean speed overall P1 vs. P4 .957 .657 .782
P4 vs. Imm. Retention .000 .462 .028
Imm. vs. Del. Retention .005 .882 .440

Mean speed curves P1 vs. P4 .495 .928 .326
P4 vs. Imm. Retention .000 .376 .002
Imm. vs. Del. Retention .000 .292 .688

Mean RT P1 vs. P4 .000 .000 .001
P4 vs. Imm. Retention .006 .320 .002
Imm. vs. Del. Retention .003 .003 .001

TLX P1 vs. P4 .092 .002 .017
P4 vs. Imm. Retention .746 .806 .005
Imm. vs. Del. Retention .011 .006 .017

Confidence P1 vs. P4 .001 .000 .000
P4 vs. Imm. Retention .028 .305 .001
Imm. vs. Del. Retention .039 .016 .003
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Immediate Retention, the number of departures significantly increased for HG, whereas it significantly decreased for LG.
During Immediate Retention, LG had the lowest number of departures; the difference between LG and HG was statistically
significant. From Immediate to Delayed Retention, the number of departures by HG significantly decreased. There were no
significant differences between the three groups during Delayed Retention.

3.1.2. Mean LP curves
Fig. 3 shows the Mean LP in left- and right-hand curves. The Mean LP was higher for left-hand curves than for right-hand

curves, which is due to the above-mentioned phenomenon of corner-cutting. NG and HG had significantly lower Mean LP left
curves during Practice 4 than during Practice 1, indicating that they learned to drive closer to the lane center during the prac-
tice sessions. During Immediate Retention, HG cut the left-hand corners significantly less (i.e., drove closer to the lane center)
than the other two groups. In right-hand curves, LG cut the corners more than the other two groups during Immediate Reten-
tion, and also more than during Practice 4. Both NG and LG improved performance in left-hand curves from Immediate to
Delayed Retention. The difference between LG and HG in right-hand curves was still significant during the Delayed Retention
session on the next day. Fig. 4 illustrates the vehicle paths of LG and HG during Immediate Retention, showing that LG drove
closer to the inside of the curve than HG.

3.2. Speed

3.2.1. Mean speed overall
Fig. 5 (top) shows the overall mean speed per session. The mean speed did not change during practice for any of the three

groups. During practice, LG drove slower than the other two groups, whereas NG and HG did not differ significantly from
each other. From Practice 4 to Immediate Retention and from Immediate to Delayed Retention, LG significantly increased
its mean speed. HG significantly decreased speed from Practice 4 to Immediate Retention. During Immediate Retention,
LG still drove significantly slower than NG, but during Delayed Retention there was no significant difference between the
three groups.

3.2.2. Mean speed curves
The trends in the group differences for the mean speed in curves (Fig. 5, bottom) were similar to those of the overall mean

speed. During the practice sessions, LG drove significantly slower than NG and HG. Consistent with the hypothesis, LG drove
significantly slower than NG during Immediate and Delayed Retention. HG reduced speed from Practice 4 to Immediate
Retention, while LG increased speed from Immediate to Delayed Retention.

3.3. Workload

3.3.1. Mean RT
Fig. 6 shows the results for Mean RT. During practice, the Mean RT of the three groups was similar. There was a clear

learning effect; all groups significantly improved from Practice 1 to Practice 4. Between Practice 4 and Immediate Retention,
LG reduced mean RT, HG increased mean RT, and NG remained similar. During Immediate Retention, HG had the highest
reaction time and LG the lowest reaction time; the difference between LG and HG approached significance (p = .057). Mean
RT significantly decreased from Immediate Retention to Delayed Retention for all three groups.

3.3.2. TLX
Fig. 7 shows the responses to the NASA TLX. No group differences were found during practice, but there was a significant

reduction of the TLX score from Practice 1 to Practice 4 for all groups. HG showed an increase of the TLX score from Practice 4
to Immediate Retention. As with Mean RT, there was a reduction between Immediate and Delayed Retention. No group dif-
ferences were found during Immediate and Delayed Retention.

3.4. Confidence

Fig. 8 shows the confidence questionnaire scores. As hypothesized, HG reported higher confidence during practice than
the other two groups. However, confidence scores were similar for LG and NG during practice. All groups showed a strong
increase in confidence between Practice 1 and Practice 4. Between Practice 4 and Immediate Retention, HG showed a signif-
icant decrease in confidence, whereas LG showed a significant increase in confidence. All groups significantly increased con-
fidence in Delayed Retention as compared to Immediate Retention. During Immediate and Delayed Retention no significant
group differences were found.

4. Discussion

This simulator-based study investigated the effects of the tire-road friction coefficient on learning a lane-keeping task.
We hypothesized that practicing with low-grip tires would result in lower lane-keeping error and lower speeds during
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normal-grip retention tests than practicing with normal-grip tires. We further hypothesized that practicing with high-grip
tires would have the opposite effects. Table 5 summarizes the results of the experiment. As hypothesized, the low-grip group
(LG) drove significantly slower than the normal-grip group (NG) during the practice and retention sessions. With respect to
lane-keeping error, mixed results were obtained: LG had a lower number of road departures than HG during the immediate
retention session, but HG drove closer to the lane center than the other two groups.

Low- and high-grip practice did not result in opposite effects. During both practice and retention, HG drove with similar
speeds to NG even though the participants were provided with a very high grip level. This reveals that HG participants did
not seek to extend their limits in terms of speed, but focused on lane-keeping performance instead. Consistent with the
hypothesis, HG had less road departures, lower lane-keeping error, and reported higher confidence than NG during practice.
Contrary to expectations, HG did not show higher lane-keeping error than NG in the retention sessions. In fact, during the
immediate retention session, HG adhered significantly better to the lane center in curves than NG. Although the confidence of
HG was clearly elevated during practice, this higher confidence dissipated when confronted with the normal-grip tires after
Practice 4 in the immediate retention session. This transfer to a lower grip level also caused an increase in the number of
road departures and a reduction in speed as compared to the final practice session. In conclusion, practicing with high-grip
tires did not have an adverse effect on speed and it helped to improve task performance according to the task goal, that is, to
drive accurately near the lane center.

An interesting phenomenon was that during the immediate retention session, HG had more road departures than LG, but
adhered to the lane center in curves more accurately than the other two groups. Although, strictly speaking, a lower lane-cen-
ter error signals superior lane-keeping in accordance with the task instructions, it is perhaps not the safest way to drive. NG
and LG appeared to cut corners, taking a trajectory that resembled a racing line, which increases the effective cornering ra-
dius compared to a constant-radius turn (Beckman, 1991). Hence, for a given driving speed, adopting a racing line reduces
lateral accelerations and thus can be considered a safe way to drive. Of course, cutting corners by driving in the adjacent lane
can only be recommended when no other traffic is present, as was the case in the present experiment.

A remarkable result was that the workload measures (mean RT & NASA TLX) were not significantly different between the
three groups during practice. In other words, even though we manipulated the vehicle dynamics considerably, participant
workload was unaffected. The lack of group differences during practice can be explained by the drivers’ inclination to com-
pensate their driving behavior in order to keep their mental workload within set boundaries in a homeostatic fashion (Fuller,
2005; for review and discussion see De Winter & Happee, in press; Lewis-Evans, De Waard, Jolij, & Brookhuis, 2012; Lewis-
Evans & Rothengatter, 2009). LG compensated for the low-grip conditions by reducing speed, whereas HG used the high-grip
car to improve accuracy, that is, to minimize the number of road departures as compared to NG. However, Fuller’s model
cannot explain why workload decreased from Practice 1 to Practice 4 while participants did not compensate for this by
increasing speed during practice. These results reveal that drivers’ behavioral compensation is an intricate mechanism. As
explained by Elvik (2004), the amount of behavioral compensation depends on multiple factors, including, for example,
how easily a driver notices a change in the driving conditions and whether or not utility can be gained. Differences in work-
load only appeared during the immediate retention session, during which all groups drove with the normal-grip tires. Com-
paring Practice 4 to Immediate Retention, Mean RT of LG dropped significantly, no difference in Mean RT was evident for NG,
while Mean RT of HG significantly increased. This indicates that HG had a more difficult experience when confronted with
the nominal task conditions. For future research we recommend to use other potentially more sensitive workload measures,
such as event-related potentials (Brookhuis & De Waard, 2010; Wu, Liu, & Quinn-Walsh, 2008) or questionnaires that are
specifically devoted to mental workload in car driving, such as the Driving Activity Load Index (DALI; Pauzié, 2008; Pauzié
& Pachiaudi, 1997).

It is useful to contrast the present research with a driving-simulator study by Ivancic and Hesketh (2000). They evaluated
a simulator-based training program, in which learners drove through a virtual environment containing several dangerous
situations. An intervention group received explicit feedback on errors (e.g., participants who drove through a red traffic light
incurred a fine, indicated by a loud police siren). A control group drove the same scenario, but here failure to use correct
strategies did not lead to error feedback. The results showed that training with explicit feedback about errors led to reduced
confidence in driving skill and significantly better transfer performance during transfer tests. Our study differs from Ivancic
and Hesketh’s (2000) study because the independent variable in the latter was feedback after an error, while we manipulated
Table 5
Summary of the experimental results. Results in bold are in agreement with the hypotheses (Table 1).

Lane-keeping error Speed

Practice
Low grip (LG) n.s. Lower
High grip (HG) Lower n.s.

Retention
Low grip (LG) Mixeda Lower
High grip (HG) Mixeda n.s.

a HG adhered better to the lane centre in curves than did LG and NG. However, LG had significantly less
road departures than HG during Immediate Retention.
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the driving task difficulty and thus implicitly varied the number of errors committed by participants. The feedback in our
study after a road departure consisted of stopping the simulation, and then repositioning the car of the participant in the
middle of the right lane with zero speed and the engine switched off. This strategy did not place extra emphasis on the error,
but it made it clear to the participant that the road departure was undesired behavior and the repositioning gave participants
the opportunity to briefly reflect on the error.

What are the implications of this research for simulator-based driver training? Clearly more research needs to be con-
ducted before definite conclusions can be drawn, but this study showed that driver training effectiveness was enhanced
by increasing the task difficulty. Classic driver training on the road follows the opposite pattern. That is, driver training is
traditionally characterized by practicing under relatively protected conditions with the help of driving instructors (Groeger
& Banks, 2007), whereas solo driving is a mentally overwhelming activity for newly licensed drivers (Lee, 2007). As was ex-
plained by Schmidt and Wulf (1997), ‘‘it is understandable that well-motivated trainers would want to use whatever means
they can to facilitate performance in practice’’ (p. 524). Our results suggest that it is effective to increase the task difficulty
during practice and allow learner drivers to find the limits of tolerable behavior for themselves by making errors at their own
pace. The driving simulator offers a safe environment for this kind of training.

An important limitation of this study is that the retention tests were conducted in a driving simulator rather than in a real
car. That is, the present study used a so-called quasi-transfer methodology, which essentially does not provide evidence
about the way drivers learn to drive a real car. Although there is ample evidence that shows that driving-simulator measures
are predictive of on-the-road performance (e.g., De Winter et al., 2009; Kraft, Amick, Barth, French, & Lew, 2010; Shechtman
et al., 2009), only a few studies have previously investigated whether skills learned in a driving simulator transfer to the road
(Strayer & Drews, 2003; Uhr, Felix, Williams, & Krueger, 2003). In the field of aviation, studies on the transfer of training are
much more common (Jacobs, Prince, Hays, & Salas, 1990) and it appears that the quasi-transfer of training methodology is
valid in many, but not all, cases (Taylor, Lintern, & Koonce, 1993). One major difference between driving in a simulator and
driving in a real car is the perception of haptic and vestibular information (Kemeny & Panerai, 2003). The fixed-base simu-
lator as configured in the present study did not provide haptic and vestibular motion cues, but provided only visual and audi-
tory information about the driving task. In real-world car driving, the human haptic and vestibular sensory systems are
useful for detecting acceleration, particularly at high frequencies. In contrast, the visual system is used for detecting rela-
tively slow changes in position and attitude (Brown, Cardullo, & Sinacori, 1989). Haptic and vestibular cues may be partic-
ularly relevant during high speed cornering or when driving on the verge of stability (De Winter, Dodou, & Mulder, in press).
It would be of great value to the driver training community if transfer of training studies were conducted with the aim of
establishing which aspects of driving skill and driving style learned in the simulator can be generalized to the operational
environment.
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