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Abstract
The recent development of motorcycle simulators has made it possible to study rider behavior
in safe conditions. However, their use still raises validity issues. Our study examined how
riders’ steering and gaze behaviors and subjective experience are influenced by motorcycle
roll tilt and reverse steering, which are considered to be essential factors in real-life motorcy-
cle riding. The results revealed that tilting the motorcycle in the roll plane did not lead to sig-
nificant changes in rider behavior, gaze sampling or perceived realism. The steering control
strategy adopted by riders did, however, significantly influence these results. A direct steering
control strategy meant that riders took a racing path and scanned the road far in advance.
When reverse steering was implemented, however, riders chose to take a “safety path”, as
recommended by training manuals. Reverse steering also received the highest realism score.
However, steering control was more difficult, as shown by the larger number of lane depar-
tures recorded and a change in the trade-off between guiding and look-ahead fixations. This
suggests that although reverse steering matches riders’ real control behavior and improves the
subjective experience of simulator riding, it is hindered by an inadequate internal model of

vehicle dynamics.

Public Significance Statement
Increasing physical fidelity of a motorcycle simulator led to improved subjective realism and
riding behavior but impaired steering control underlying processes. These results provide an

objective basis for researchers to select the type of simulator adapted to their research needs.

Keywords: motorcycle simulator, reverse steering, bend negotiation, steering path, visual con-

trol of steering
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Effects of motorcycle simulator configurations on steering control and gaze behavior in bends

Current road safety statistics show that the number of road deaths is falling. However,
the risk of motorcyclists being killed on the road remains 25 times higher than that of car
drivers for the same number of kilometers driven (NHTSA, 2016; ONISR, 2007). In countries
of the Organization for Economic Co-operation and Development (OECD), between 2000 and
2010, traffic-related fatalities decreased by 36%, whilst this percentage for motorcyclists de-
creased by only 13% (OECD/ITF, 2015). In France, motorcycle fatalities increased by 13.3%
in 2009 (ONISR, 2010). Likewise, in the United States, motorcyclists fatalities increased by
44% between 2001 and 2011, whilst those of passenger car occupant decreased by 29%. With
regard to types of crashes, around 36% of total motorcycle fatalities in France are single vehi-
cle crashes. A large proportion (39%) occur on rural roads and 45% of them during bend ne-
gotiation (ONISR, 2010; see also Clarke, Ward, Bartle, & Truman, 2007).

The recent development of motorcycle simulators has made it possible to study rider
behavior when negotiating bends (Crundall, Crundall, & Stedmon, 2012), approaching inter-
sections (Crundall, Stedmon, Saikayasit, & Crundall, 2013) and perceiving hazards (Liu,
Hosking, & Lenné, 2009). Motorcycle simulators have also been used to assess rider cogni-
tive skills (Di Stasi et al., 2009) and test assistance systems (Huth, Biral, Martin, & Lot,
2012). Whilst research has focused more and more on rider behavior, the use of motorcycle
simulators to study rider behavior still raises validity issues (Benedetto et al., 2014; Cossalter,
Lot, & Rota, 2010; Crundall, Stedmon, Crundall, & Saikayasit, 2014; Stedmon et al., 2011).

Virtual reality (VR) systems are designed to better understand human behavior. How-
ever, it is widely accepted that while their physical fidelity, i.e. the extent to which they repli-
cate the real situation, is a key point for the participant’s ability to act naturally in the virtual
environment (Slater, 2009), it is impossible to achieve due to technological limitations

(Grechkin, Plumert, & Kearney, 2014; Pinto, Cavallo, & Ohlmann, 2008). Therefore, choices
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that are made about the systems properties to improve the physical fidelity have an impact on
users and these effects must be assessed. Different dimensions of fidelity have been used to
evaluate VR systems in relation to human behavior (Malaterre & Fréchaux, 2001; Morice,
Siegler, & Bardy, 2008; Pinto et al., 2008). Subjective fidelity refers to the degree to which
the simulated experience is subjectively close to the real situation. Behavioral fidelity is de-
fined as the correspondence of the observed behavior between the simulated and the real sys-
tem. Finally, psychological fidelity corresponds to the similarity of the psychological process-
es underlying the activity. A small pool of studies has highlighted that these three dimensions
of fidelity could be more or less sensitive to the properties of a VR system.

Concerning the relation between subjective and behavioral fidelities, Morice et al.
(2008) showed that behavior may be deteriorated by the system properties whilst subjective
experience remains good. In a virtual ball-bouncing task, the participants reported system
latency for relatively high delays whilst bouncing performance deteriorated for small ones. In
motorcycle riding simulation, Lobjois, Siegler, and Mars (2016b) showed that the introduc-
tion of visual roll was always preferred to no roll although large visual roll altered driving
performance. On the other hand, the combined evaluation of behavioral and psychological
dimensions of fidelity also suggests discrepancy between these two dimensions. To date, psy-
chological fidelity in driving simulation has been assessed through the measurement of mental
workload, which is the result of the interaction between task demands and the attentional re-
sources capacity of the operator (Borghini et al., 2014; Recarte & Nunes, 2003). According to
the mental workload model in driving from de Waard (1996), behavioral measures (e.g., vehi-
cle handling) may be similar in simulated and on-road driving, but with different level of as-
sociated mental workload. If mental workload is the same in the two conditions, it can be as-
sumed that the simulator does not place more demands on vehicle handling. The process of

controlling the vehicle, which is essentially automated and does not request attentional re-
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sources, is not made difficult by the imperfections of the driving simulation. On the contrary,
a higher mental workload suggests that simulated driving makes the vehicle handling more
demanding and that more attentional resources must be allocated to maintain driving perfor-
mance. Empirical results showed that even when vehicle handling is well preserved in a simu-
lator, subjective workload ratings may be higher (Alm, 1995; Blaauw, 1982; Diels, Robbins,
& Reed, 2011). Using a cognitive secondary task to measure mental workload level in a pri-
mary (driving) task, Reimer and Mehler (2011) and Mehler, Reimer, Coughlin, and Dusek.
(2009) showed in two separated studies sharing the same experimental manipulation that
when difficulty of the secondary task increased, response accuracy decreased more in the
simulator (Mehler et al., 2009) than in actual driving conditions (Reimer & Mehler, 2011).
Although they focused on mental workload, these studies suggest that measures of psycholog-
ical fidelity are also called for in-depth evaluation of VR systems.

Following on from these considerations, the goal of the present study was to contrib-
ute to the development of motorcycle simulators for studying motorcyclists’ riding behavior.
To this aim, the physical fidelity was manipulated so that its effects could be assessed at the
level of subjective experience (subjective fidelity) and steering strategy (behavioral fidelity).
In particular, increasing physical fidelity was assumed to improve subjective and behavioral
fidelity. As steering a vehicle is visually guided, the effects of physical fidelity were in addi-
tion assessed at the level of gaze dynamics (psychological fidelity) to explore whether the
visual guidance of steering is altered when physical fidelity is increased.

Tilting the motorcycle into a bend and reverse steering are two important contributors
to the physical fidelity of motorcycle simulation (Benedetto et al., 2014; Cossalter et al.,
2010; Crundall et al., 2014; Stedmon et al., 2011). Reverse steering is specific to motorcycles
(and to a lesser extent to bicycles); it relates to their mechanical conception and the gyroscop-

ic effect of the front wheel. Reverse steering is defined as the rider’s action of briefly steering
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the handlebar in the opposite direction to the turn of the road, with the result that the motorcy-
cle leans into the bend. The heavier and faster the motorcycle, the greater the influence of
reverse steering, because shifting the body weight becomes less effective (Fajans, 1999).
Crundall et al. (2012) pointed out that motorcyclists steering path could be guided by
two strategies. The first one, the ‘racing line’, is motivated by speed maintenance and course
curvature reduction. Riders steer from the outside edge of their lane to the inside edge when
approaching the apex before they move back to the outside part of the lane to exit the curve.
This corner-cutting strategy allows smoother and faster trajectories to be taken, albeit at the
expense of the visibility of the bend curvature and trajectory planning (when the view of the
bend is occluded). The second strategy, the ‘safety path’, is based on acquiring as much visi-
bility as possible towards the final part of the bend. To this end, riders maintain their position
in the outside part of the lane before changing direction. As a consequence, riders cross the
centerline of their lane further along the bend. This steering strategy is recommended in the
training manuals and by police motorcycle trainers. Empirical results showed a tendency in
motorcyclists to steer into bends according to a ‘racing line’ rather than a ‘safety path’ strate-
gy. Lobjois et al. (2016b) showed that the in-lane position adopted by motorcyclists was shift-
ed towards the inner edge line with a standard deviation of 30 cm, suggesting that they nego-
tiated bends by spending most of the time in the inside part of the lane. Crundall et al. (2014)
revealed a similar ‘racing line’ strategy. Investigating the effects of rider experience on steer-
ing strategies, Crundall et al. (2012) showed that riders crossed the lane center before the apex
of the bend, suggesting that they preferentially adopted a ‘racing path’. However, this was
mitigated by experience. Advanced riders crossed the center of the lane further through the
bend compared to novice and experienced riders, which is closer to the ‘safety path’ strategy.
Whilst Crundall et al. (2012) elicited the expected experience-related differences be-

tween groups of riders, the above-mentioned studies all used static motorcycle simulators,
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with steering control based on a direct steering control model (i.e., turning the handlebar in
the same direction as the turn). As acknowledged by Crundall et al. (2014), the lack of physi-
cal fidelity may have affected riders’ behavior in bends. This gives rise to the question of
whether the introduction of roll motion and reverse steering would influence subjective expe-
rience and steering strategy in a bend negotiation task.

To our knowledge, only one study has compared the effects of a static motorcycle
simulator with a direct steering control model and a dynamic model with reverse steering on
rider behavior (Benedetto et al., 2014). In a lane changing task, the authors examined subjec-
tive evaluation, performance and mental workload measures. Subjective results showed that
the dynamic configuration was judged as being more realistic than the static one although it
was more difficult to familiarize with. Objective measures revealed that the dynamic configu-
ration triggered a greater workload than the static one during the first occurrence; however,
this additional mental workload level decreased with further repetitions. The higher mental
workload in the dynamic configuration may be explained by higher demands placed upon
steering control. Despite this, the deviation between the riders’ actual trajectory and the opti-
mal path in the lane change maneuver did not vary between simulator configurations. On the
other hand, the average delay before lane change initiation was longer in the dynamic config-
uration than in the static one. But, whilst mental workload decreased with repetition, the lane
change delay did not. Combined with the observation that steering control was not impaired,
the riders may have postponed the lane change maneuver because the reverse steering control
model is the most efficient way to rapidly change the direction of the motorcycle.

With regard to steering strategy in high-speed locomotion tasks, it is well known that
steering control is tightly coupled with gaze dynamics (e.g., Land & Lee, 1994; Mars, 2008;

Wilkie, Kountouriotis, Merat, & Wann, 2010). Thus, to have a fine grained understanding of
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the effects of simulator configuration on the underlying processes of steering control (psycho-
logical fidelity), the gaze dynamics and visual strategies may also be addressed.

So-called two-level control models represent two distinct visual processes that deter-
mine the visual control of steering (Donges, 1978; Mars, Saleh, Chevrel, Claveau, & Lafay,
2011; Salvucci & Gray, 2004). Compensatory corrections of a vehicle’s lateral deviation from
the intended path presumably rely on peripheral vision, which brings into view the edge lines
relatively close to the vehicle (Summala, Nieminen, & Punto, 1996). More distant visual in-
formation is acquired by guiding fixations, which feed anticipatory control (Frissen & Mars,
2014; Land & Horwood, 1995). Recently, it has been shown that fixations that are even more
anticipatory, called look-ahead fixations, are a way of bringing about advance path planning
and hazard detection (Lehtonen, Lappi, Koirikivi, & Summala, 2014; Lehtonen, Lappi,
Kotkanen, & Summala, 2013; Mars & Navarro, 2012; Wilkie, Wann, & Allison, 2008). Look-
ahead fixations are fixations on the road further ahead, most often in an eccentric position,
disengaging gaze from the online visual guidance of steering (Lehtonen et al., 2014). For ex-
ample, Wilkie et al. (2008) observed a dual-sampling strategy among cyclists negotiating a
slalom which consisted of fixating the next gate while approaching the current one. Since the
gaze cannot be directed toward two locations at a time, a trade-off exists between guiding and
look-ahead fixations and some studies have highlighted that this trade-off is influenced,
among other things (e.g., driving experience, curve sequence; Lehtonen et al., 2013, 2014), by
the demands placed on steering control and cognitive load. Mars and Navarro (2012) com-
pared gaze behavior when drivers actively steered the vehicle and when steering was per-
formed by an automatic controller and showed that the number of look-ahead fixations in-
creased and the number of guiding fixations decreased in the passive steering condition. Be-
cause the active steering condition placed more demands on steering guidance, drivers were

less able to assess road curvature in the far distance. Lehtonen, Lappi, and Summala (2012)
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further found that the time spent on look-ahead fixations tends to shorten when drivers had to
perform a cognitive secondary task. Whilst this effect was observed in the approach phase,
this suggests that visual anticipation in driving is affected by cognitive load.

Based on these results, the present study aimed to investigate the effects of riding sim-
ulator configuration on motorcyclists’ subjective experience and riding behavior in a bend
negotiation task. Three simulator configurations were tested in order to examine the respec-
tive effects of tilting the motorcycle and reverse steering on rider behavior. The simulator
configuration could be either static with a direct steering control model, dynamic with a direct
steering control model or dynamic with a reverse steering control model. We hypothesized
that increasing the physical fidelity of the motorcycle simulator by introducing roll tilt render-
ing and reverse steering may improve its subjective and behavioral fidelity. At the subjective
level, this would result in an enhanced subjective experience as measured by the presence
score. At the behavioral level, this would result in the adoption of a ‘safety path’ strategy. In
accordance with earlier description, motorcyclists would then maintain their lateral position in
the outer part of the lane for a longer time so that they would cross the lane center at a point
further along the bend. On the contrary, a ‘racing line’ strategy based on speed maintenance
and course curvature reduction may be adopted as shown previously in a no-roll or direct
steering configuration (Crundall et al., 2012; 2014; Lobjois et al., 2016b). In addition to this,
we also tracked potential drawbacks of increased physical fidelity at the level of steering con-
trol underlying processes. Given that increased fidelity of a motorcycle simulator increased
steering control demands and riders’ mental workload (Benedetto et al., 2014), and that both
of which are known to mitigate visual anticipation in driving (Lehtonen et al., 2012; Mars &
Navarro, 2012), we hypothesized that the way the guiding and look-ahead fixations are dis-
tributed would be affected by the simulator configuration. This would result in an increase in

the proportion of guiding fixations and a concomitant decrease of look-ahead fixations with
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the reverse steering configuration. We at last assessed sickness symptoms to address whether
the level of side-effects changed as a function of motorcycle simulator configuration.
Method

Participants

Eighteen participants (17 males, 1 female) were recruited through advertisements on
motorcyclists’ forums and through motorcyclist associations, as well as the web page of a
motorcycle newspaper. Participants had a mean age of 32.1 + 6.4 years, ranging from 24 to 48
years old. Their mean motorcycle license seniority was 7.3 = 3.5 years and they rode 11,916
km a year, on average. All participants had normal or corrected-to-normal vision, and were
naive as to the aims and expected outcomes of the experiment. The study was approved by the
local Ethics Committee and a compensation payment of 40 € for each person was agreed. The
ethical considerations and principles of the World Medical Association Declaration of Hel-
sinki regarding experimentation were respected.
Experimental set-up

The experiment was conducted on a powered motion-based motorcycle simulator (see
Figure 1). This simulator comprised a motion platform, image-generation software, projection
screen, and a sound system. It consisted of a standard motorcycle frame (125 cc) equipped
with all the necessary parts, including a steering column with handlebars, gas tank, seat, foot-
rests, throttle, front and rear brakes, and gear shifting devices. The steering column was
equipped with a force feedback motor and steering feedback was refreshed at a frequency of
100 Hz. When dynamic, the motion of the motorcycle in the roll axis was obtained by two
lateral electric actuators that replaced the front fork. The rolling centre was located approxi-
mately 30 cm below the simulator’s seat. The highest roll angle was +12.5° due to actuator
limitations. Motion was refreshed at a frequency of 250 Hz. In accordance with real-life rid-

ing, higher speeds and larger lean angles resulted in faster movement of the motorcycle simu-
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lator. The simulator concept, design and functioning have been fully described in Arioui,
Nehaoua, Hima, Séguy, and Espié (2010).

The simulated scene was displayed onto a white screen that was 185 cm wide x
124 cm high, subtending a visual angle of 60 x 40°. Participants faced the screen at a distance
of approximately 165 cm when seated on the simulator. The images (refreshed at 30 Hz) were
calculated and projected at the participant’s eye height, and the simulated viewing angle was
aimed at the vanishing point of the simulated scenario. Simulated engine sounds were provid-
ed by using a 4.1 speaker system.

The fully textured visual scene represented a single carriageway on a winding road
with standard white lane markings in a traffic-free environment. The simulated route was a
two-lane rural road, with one lane in each direction (the participants rode on the right-hand
lane). The width of each lane was 3.5 m (for a cross-sectional width of 7 m, including road
markings) and the road was lined with trees. The track covered a total distance of 6.240 km. It
consisted of 12 left- and 8 right-hand bends that were separated by a 100 m section of straight
road. Bend curvature was either 150 m or 300 m.

In this environment, participants were invited to find a comfortable riding position
with their head upright, their feet off the ground and in place on the footrests. They were
asked to perform the task as if they were riding for real, observing a target speed of around 90
km/h. They were told that they could freely negotiate the bends and position themselves in
their lane, but were explicitly asked to keep the vehicle within the lane boundaries.

A Pertech head-mounted monocular eye tracker was used to record participants’ 0Cu-
lar behavior with a sampling rate of 50 Hz. This device, based on the principle of a pair of
glasses (without lenses), has 0.25° of accuracy (according to the manufacturer specification)
and uses pupil-tracking technology with an image-processing algorithm to define the ocular

direction. A seven-point calibration was performed for each participant at the beginning of
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each experimental trial. Room lighting was kept constant during all the experimental trials.
The eye tracker and the simulator were synchronized and the communication between the two
devices was established so that data about the 3D world and riding behavior were sent to the
eye tracker software. This enabled us to automatically analyze gaze directions relative to the
visual features of the scene and any riding measures.

Motorcycle simulator configurations

Three different riding configurations were implemented and tested. In the fixed-base
with direct steering configuration, the mock-up was static. As such, the motorcycle did not
lean into bends and direct steering consisted in turning the handlebar in the desired direction
(i.e., steer left to turn left). In the motion-based with direct steering configuration, the motor-
cycle mock-up leaned into bends and the steering control model was identical to the first con-
figuration. In the motion-based with reverse steering configuration, the motorcycle mock-up
also leaned into bends but the steering control model consisted in steering counter to the de-
sired direction (i.e., steer left to turn right).

In all three configurations, the visual scene was rolled in the opposite direction to the
bend. This visually specified roll tilt was selected since it has been shown to elicit a feeling of
leaning into a bend, even when the mock-up is static (Stedmon et al., 2011). The visual gain
was set at 0.5, which corresponds to the rendering of 50% of the leaning angle of a real mo-
torcycle with similar speeds and path curvature conditions.

In the two motion-based configurations, the motorcycle gain was set at 0.4, which re-
produced 40% of the leaning angle of a real motorcycle with similar speeds and path curva-
ture conditions. This motorcycle gain was selected so that the motion range was limited to
avoid the sensation of falling off the simulator (Lobjois, Dagonneau, & Isableu, 2016a).

In the two direct steering configurations, the roll angle was proportional to the speed

of the motorcycle and the steering angle of the handlebar. The more the riders turned the han-
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dlebar and/or the faster they rode, the greater the rolling angle. The magnitude of force feed-
back also depended on the handlebar steering angle and motorcycle speed. When no force
was applied on the handlebar, it came back to its neutral position (0°) in relation to the motor-
cycle and/or visual scene.

In the reverse steering configuration, the roll angle was the result of the integration of
motorcycle speed and handlebar steering angle. This was the result of riders basing their con-
trol of steering not on the handlebar steering angle per se but on the applied steering torque
(Fajans, 1999; Nehaoua, Arioui, & Mammar, 2013). To this end, the sensitivity of the force
feedback motor and force feedback were increased to take into account small actions on the
handlebar. In functional terms, riders had to steer left to turn right and the more they main-
tained this initial steering angle, the greater the roll angle. When the initial steering movement
was released so that the handlebar returned to its neutral position, the rolling angle was kept
constant. When no force was applied on the handlebar following the initial steering move-
ment, the handlebar turned in the direction of the bend and both the motorcycle and visual
scene rolling angles were nullified.

Procedure

After being given an explanation of the basic principle of the experiment, participants
signed the informed consent form and demographic data were collected. The full experiment
was conducted in three parts, each of which followed the same experimental procedure and
corresponded to a particular simulator configuration. First, the participants underwent a train-
ing session that consisted of two separate laps of the track in order to become familiar with
the handling of the simulator. These two training runs were also used to familiarize the partic-
ipants with the target speed (90 km/h) as no speed feedback was given during data collection
to avoid gaze deviations in the direction of the speedometer. To this aim, actual speed was not

displayed, although verbal feedback was given to the participants when their speed fell below



O©CoO~NOOTA~AWNE

Steering path and visual control of steering in motorcycle simulators 14

70 km/h or rose above 110 km/h. In this way, participants were free to control and adjust their
speed in accordance with the track geometry but had to remain in reasonable limits around
90 km/h. After the training session, participants were equipped with the eye tracker and the
device was calibrated. The experiment proper consisted of riding two consecutive laps of the
track, negotiating a total of 40 bends per simulator configuration. The order of presentation of
the three simulator configurations was counterbalanced across participants. A 10-min break
was observed between each experimental condition. Participants also completed the Simulator
Sickness Questionnaire (SSQ; Kennedy, Lane, Berbaum, & Lilienthal, 1993) and a validated
French Canadian adaptation of the Presence Questionnaire (PQ) initially proposed by Witmer
and Singer (1998; see Robillard, Bouchard, Renaud, & Cournoyer, 2002). The SSQ was com-
pleted by the participants before and after each riding session, whilst the PQ was completed
after each riding session. The whole experiment lasted approximately 1 h 30 min.
Data and statistical analysis

Subjective measures. The PQ (Witmer & Singer, 1998) consists of 24 items (two of
them were removed because of irrelevance with respect to the simulator specifications) rated
on a seven-point scale. The PQ assesses the degree of presence, i.e., the extent to which the
user experiences the sense of “being there”. In addition to offering a global score of presence,
this instrument was chosen because it measures the participants’ perception of system features
and as such assesses the factors that influence presence (Schuemie, van der Straaten, Krijn &
van der Mast, 2001; Slater, 1999). The French Canadian adaptation gave rise to six subscales:
realism (7 items), ability to act (4 items), interface quality (3 items), easiness to explore (3
items), self-rated performance (2 items), and auditory (3 items). The overall score and scores
to each subscale were computed for each participant in each simulator configuration.

The SSQ consists of a checklist of 16 symptoms rated in terms of degree of severity

(none, slight, moderate, severe), reflecting overall symptoms of sickness, with the highest
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possible score of 300. It also provides scores on three subscales (nausea, oculomotor disturb-
ance, and disorientation). Using the weighted scoring procedure outlined by Kennedy et al.
(1993), we calculated for each participant the total score reflecting the overall discomfort lev-
el and scores on the three subscales. These scores corresponded to the difference between the
twice-repeated questionnaire (i.e., before and after the experimental session).

Behavioral measures. In order to investigate whether and how bend phases influence
steering control and gaze behavior, riding and gaze data were brought together in three differ-
ent sections of the bend: the approach phase, which corresponded to the last 50 m of straight
road section before the start of the curve; the entry into the bend, which corresponded to the
first half of each bend (i.e., up to the apex); and the bend exit, which corresponded to the sec-
ond half of each bend (i.e., after the apex). The first 50 m of straight road section after the
bend exit were excluded from the analysis. Bends in which a lane departure occurred were
also excluded.

In order to express the lateral deviation of gaze and trajectory irrespective of the direc-
tion of the bend, the value of the measurements obtained in left bends was changed so that a
negative value represented a deviation of position towards the left relative to the reference
point, i.e., the center of the lane for the vehicle lateral position and the tangent point for the
lateral deviation of gaze (see below). Conversely, a positive value represented a rightward
deviation relative to the reference point.

With regard to riding behavior, the mean speed (km/h) and the mean and standard de-
viation of the lateral position with reference to the center of the lane (cm) were calculated for
each participant and each bend section. The number of lane departures was also computed but
independently of the bend section (all departures occurred in the curved section of the bend).
The mean speed and lateral position were used to report on the strategic aspects of curve ne-

gotiation while standard deviation of the lateral position and number of lane departure report-
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ed on the difficulty of steering. In addition, we analyzed how far into the bend the riders had
progressed before they cut across the center of their lane. As bends had different lengths, the
distance at which this occurred was normalized and expressed as a percentage. The final 50 m
of straight road sections was not used for this calculation. When riders cut the center of their
lane at the time of the apex, they did so at the middle of the curve and a normalized distance
of 50% was obtained. This variable was assumed to give insight into riders’ steering path
strategy. The further they had progressed into a bend before they crossed the center of the
lane, the more they adopted a “safety path”. Finally, we computed the innermost position in
each bend (i.e., the minimum distance from the inside edge line) to further examine the safety
aspect of the expected steering path for each motorcycle simulator configuration.

With regard to visual behavior, the gaze resources competition for the anticipatory
control of steering comes from the fact that when the gaze is directed toward far ahead dis-
tance, it is disengaged from the guidance steering level (Lehtonen et al., 2014; Wilkie et al.,
2008). This suggests that analyzing the trade-off between guiding and look-ahead fixations
may be a suitable way to capture gaze behavior as a function of simulator configuration.
Whilst the analysis of this trade-off could be carried out by combining horizontal and vertical
components of gaze, empirical evidence suggests the horizontal deviation of gaze is a robust
marker of visual anticipation in bends. Wilkie et al. (2008) showed that cyclists negotiating
slaloms previewed the next gate by making horizontal gaze switches of approximately 10°
while the vertical deviation was only 1-2°. Vansteenkiste et al. (2014) binned the cyclists’
gaze location in a bend into either “lateral direction” or “depth” categories and showed the
gaze dynamics was much more elaborate on the horizontal axis than on the vertical axis. In
real driving conditions, Kandil, Rotter, and Lappe (2009) also noted that the vertical viewing
angle remained relatively constant when the drivers looked at the road ahead, and Lehtonen et

al. (2014) found that this was all the more the case when the fixations to the dashboard and
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mirrors were excluded. Based on these results, gaze behavior was assessed in the present
study by determining the horizontal deviation of gaze relative to the Tangent Point (TP), that
is to say the point where the direction of the inside edge line seems to reverse from the driv-
er’s viewpoint (Kandil et al., 2009; Land & Lee, 1994; Wilson, Stephenson, Chattington, &
Marple-Horvat, 2007). More than a visual cue per se to track the visual scene and assess the
road curvature at the sensorimotor level, the TP was used here as an objective dynamic spatial
reference to analyze riders’ gaze strategies. This was motivated by the fact that fixations in
the vicinity of the TP capture a large proportion of guiding fixations whether they are future
path fixations (e.g., Mars & Navarro, 2012; Robertshaw & Wilkie, 2008) or fixations to the
tangent point itself (e.g., Kandil et al., 2009). To get an overall but fine-grained view of the
gaze distribution, the visual scene was divided into 20 intervals of 1° of angular deviation
from the TP (from -10 to +10°; see Figure 2). We then computed the proportion of gaze
points falling within each interval. Gaze points that deviated more than 10° in one direction or
another were distributed between two additional classes (i.e., <10° or >10°). The +10° devia-
tion threshold from the TP was used as a measure of look-ahead fixations. Given the small but
existing vertical dispersion, one should be aware that the chosen gaze analysis method pre-
cludes any conclusion regarding fixations on the TP per se. Data were finally brought together
in the three bend sections under study.

Due to their nature, scores to the PQ (total and subscales), scores to the SSQ (total and
subscales), and the number of lane departure were analyzed using a non-parametric Fried-
man’s Test with the motorcycle simulator configuration as within-participant factor. In case
of a significant effect, post hoc analysis was conducted with Wilcoxon signed-rank tests. As
effect size cannot be calculated for Friedman’s Test, we alternatively reported effect sizes as
Cohen’s d for significant pairwise comparisons. Other variables were analyzed using repeated

measures analyses of variance (ANOVAS). For the mean speed, the mean lateral position and
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the standard deviation of lateral position, two-way ANOVASs were conducted, with the simu-
lator configuration and the bend section as within-participant factors. The distance at which
the riders cut the centerline of the lane and the minimum deviation from the inside edge line
during bend negotiation were analyzed with the motorcycle simulator configuration as the
only within-participant factor. For gaze distribution, a three-way ANOVA was performed,
with simulator configuration, bend section and angular deviation from the TP as within-
participant factors. We conducted Mauchly's test of sphericity to determine whether the sphe-
ricity assumption was violated. In cases of violation, we used the Greenhouse-Geisser (GG)
correction and modified degrees of freedom are reported. For each effect, partial eta-squared
(np?) was calculated to determine the proportion of total variability accounting for the effect.
When necessary, significant effects were further examined using the Newman—Keuls post-hoc
test. The initial significance level was set at 0.05 for all statistical analyses. However, Holm-—
Bonferroni correction for family-wise errors was respectively applied to subjective and be-
havioral measures to take into account the high number of tests run on the same dataset and
reduce the risk of false positive.
Results

In the following section, the three motorcycle simulator configurations are labeled as:
Static Dir_Steer, when the simulator was static and the control of steering relied on a direct
steering model; Moving Dir_Steer, when the motion base of the simulator was activated and
the steering control was direct; and Moving Rev_Steer, when the motion base of the simulator
was activated and the steering control relied on a reverse model. We labeled the three sections
of the bend as approach, entry and exit, as described earlier. The statistical results and cor-
rected alpha level for the subjective and behavioral measures are summarized in Table 1 and
2, respectively.

Subjective measures
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Friedman’s tests performed on the PQ total and subscale scores revealed significant
differences between motorcycle simulator configurations on three subscales: realism, ability
to act, and self-rated performance. Riders rated the Moving Rev_Steer configuration as being
more realistic (Z = 3.33, p <.001, d = -1.05), although it was more difficult to control
(Z2=2.97,p=.003, d=.90) and led to lower self-rated levels of performance (Z = 2.91,

p =.004, d = .93) than the Static Dir_Steer configuration. The Moving Dir_Steer configura-
tion did not differ significantly from the other two. Scores to the PQ are shown in Table 3.

Similar analyses were performed on total and subscale scores to the SSQ and did not
reveal any significant differences between simulator configurations. The very low scores,
shown in Table 3, reflect a very low level of discomfort if any among the participants who
completed this study.

Riding behavior

Speed. The two-way repeated measures ANOVA yielded a significant main effect of
bend section, due to a small but significant speed difference between bend entry
(94.4 £ 0.85 km/h) and bend exit (95 + 0.67 km/h). The interaction between simulator config-
uration and bend section was initially significant, with a slower speed in bend entry with the
Moving Rev_Steer configuration, but it fell outside the conservative limits of the Holm-—
Bonferroni correction (see Table 2). Speed results are depicted for information in Figure 3.

Lateral position. The two-way repeated measures ANOVA on the mean distance
from the center of the lane yielded a significant main effect of the motorcycle simulator con-
figuration and bend section, and a significant interaction between these two factors (see statis-
tical results in Table 2). On average, participants rode significantly further away from the cen-
ter of their lane in the direction of the inner edge line with the Static Dir_Steer configuration
(26.1 £ 50.1 cm; ps <.001) than with the Moving Dir_Steer configuration (14.1 £ 53.5 cm)

and the Moving Rev_Steer configuration (3.7 £ 49.9 cm), which also differed significantly



O©CoO~NOOTA~AWNE

Steering path and visual control of steering in motorcycle simulators 20

from each other (p < .001). As for the main effect of bend section (all ps < .001), participants
had an overall steering strategy that consisted of steering from the outside edge of the lane
(-46.3 £ 23.8 cm in the approach phase) to the inside edge when approaching the apex
(29.9 £ 30.3 cm in the entry phase), before progressing in the inner part of the lane up to the
exit (60.3 £ 22.5 cm). The post-hoc test on the interaction between simulator configuration
and bend section showed that, in the approach phase, participants deviated more towards the
outside edge of their lane in the two motion-based configurations than in the static one
(ps < .001). In the entry phase, all simulator configurations differed significantly (all
ps <.001): in the Static Dir_Steer configuration, the average lateral position deviated towards
the edge line, whilst riders maintained a relatively central position in the Moving Rev_Steer
configuration. The Moving Dir_Steer condition lay between the two. In the exit phase, no
significant differences were observed. The mean lateral position as a function of motorcycle
simulator configuration and bend section is depicted in Figure 4. The average steering path
for each motorcycle simulator configuration is shown for one bend (Length: 157 m; Radius of
curvature: 300 m) in Figure 5.

The repeated measures ANOVA performed on the standard deviation of lateral posi-
tion returned a main effect of the motorcycle simulator configuration and bend section, and a
significant interaction between the two factors (see Table 2 for statistical results). The lateral
position was more variable in the Moving Rev_Steer configuration (29.5 cm; ps <.001) than
in the two direct steering control configurations (19.6 and 20.9 cm, in the Static and Moving
Dir_Steer configurations, respectively). It was also more variable in the bend than during the
approach (16.1 cm; ps < .001), and in the entry (29 cm) than in the exit phase (25.1 cm;
p <.01). As highlighted by the interaction, the effect of bend section was observed in all three
motorcycle simulations (all ps <.001), except that the standard deviation of lateral position in

the Moving Rev_Steer configuration did not vary significantly between the entry and the exit
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phases of the bend (p = .11). The interaction also showed that the lateral position was more
variable in the Moving Rev_Steer than in the two other simulator configurations in the three
bend sections (all ps <.001; see Figure 6).

Lane departure. Friedman’s test performed on the number of lane departures re-
turned a main effect of motorcycle simulator configuration, due to a significant increase in the
number of lane departures in the Moving Rev_Steer configuration compared with the direct
steering control configurations (Zs < 3.41, ps < .001, ds < -1.20; see Table 4). All departures
occurred in the inner part of the turn.

Steering strategy. An analysis of the riders’ progression in the bend (as a percentage
of the bend) before they cut across the center of their lane revealed a main effect of the mo-
torcycle simulator configuration. The three configurations all differed significantly from each
other (ps <.001). In all three configurations, the riders cut across the center of their lane be-
fore they reached the apex, but this occurred as expected later with the Moving Rev_Steer
configuration (see Table 4 and Figure 5 for an illustration). In addition, riders rode closer to
the inside edge line of the bend in the Moving Rev_Steer configuration compared with the
two direct steering control model configurations (see Table 4 and Figure 5 for an illustration),
but the difference fell shortly outside the conservative limits of the Holm—Bonferroni correc-
tion (see Table 2).

Gaze behavior

The 3 x 3 x 22 repeated measures ANOVA on the proportion of gaze points revealed a
significant main effect of angular deviation (F(21, 357) = 71.2, p < .001, np? = .81), and sig-
nificant interactions between bend section and angular deviation (F(42, 714) = 14.83,

p <.001, np? = .47), and between motorcycle simulator configuration and angular deviation

(F(42, 714) = 1.71, p < .01, np? = .09). The second-order interaction was not significant.
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Post-hoc tests for the main effect of angular deviation from the TP revealed significant
increases in the proportion of gaze points, from -2° to 1°, with the peak of the distribution at
[0°; 1°[ (16.8%). The proportion of gaze points significantly decreased from 1° to 4°. Moreo-
ver, [9°; 10°[ and [> 10°[ differed significantly. This pattern of results suggests that riders did
not direct their gaze a great deal towards the near section of the road (6.1% for [-c0°; -2°]).
Conversely, most visual sampling was concentrated in the vicinity of the TP (20.9% for [-
2°; 0°[) and even more so beyond the TP area in the direction of the bend exit ( 48.4% for
[0°; 4°[. Some 5.8% of gaze points corresponded to look-ahead fixations into the far distance
(above 10°). The post-hoc tests for the significant interaction between bend section and angu-
lar deviation revealed different gaze behavior as a function of bend section (Figure 7). A
higher proportion of gaze was observed between -3° and 1° of angular deviation in the ap-
proach phase (50.6%) compared with the entry phase (31.3%). Conversely, when entering the
bends, the riders massively oriented their gaze toward the bend exit, with 82% of gaze direc-
tions oriented beyond the TP. The difference between the approach and entry phases was sig-
nificant for all intervals between 2° and 7°. No significant differences (p = .07) were found in
the proportion of look-ahead fixations between the approach and the entry phases. The gaze
distribution in the exit phase mostly differed from the other sections by a lower number of
gaze points directed into the far distance.

Gaze distribution also differed as a function of motorcycle simulator configuration
(Figure 8). The interaction was mainly due to significant differences between the Moving
Rev_Steer configuration and both Dir_Steer configurations. In the former, the riders looked
more often between -1° and 1° but less into the far distance (ps <.001). The two Dir_Steer
configurations did not differ significantly.

Discussion



O©CoO~NOOTA~AWNE

Steering path and visual control of steering in motorcycle simulators 23

The goal of this study was to examine the effects of motorcycle simulator configura-
tion on riders’ subjective experience, steering behavior and gaze distribution in a bend negoti-
ation task. To this end, tilting the motorcycle mock-up and reverse steering, which are said to
be two important contributors to the physical fidelity of motorcycle simulators (Benedetto et
al., 2014; Crundall et al., 2014), were varied. Overall, the results revealed that roll tilt did not
lead to significant changes in perceived realism, rider behavior or gaze sampling. With the
introduction of reverse steering, perceived realism was higher and riders steered according to
a safety-like strategy as hypothesized. However, steering control was more difficult as sug-
gested by steering stability and gaze measures. The visual control of steering in motorcyclists
is first discussed before the effects of various motorcycle simulator configurations on steering
control are considered.

Visual strategy for the control of steering in motorcyclists

The visual control of steering has been extensively studied in car driving (for a discus-
sion of theoretical models, see Lappi, 2014), and more recently in cycling (Vansteenkiste,
Cardon, D'Hondt, Philippaerts, & Lenoir, 2013; Vansteenkiste et al., 2014). However, very
few studies have investigated the visual control of steering when riding a motorcycle. Two
studies have examined riders’ visual strategies by comparing the visual scanning behavior of
experienced drivers and motorcyclists (Nagayama, Morita, Miura, Watanabem, & Murakami,
1980; Tofield & Wann, 2001). Recently, Lobjois et al. (2016b) found that riders’ gaze deviat-
ed massively towards the bend exit, with more than 80% of gaze points beyond the TP, and
the peak of distribution deviated by a visual angle of 2° beyond the TP. In the present study,
similar gaze behavior was observed, with 73% of gaze points directed beyond the TP over the
entire bend. This figure is higher than would be the case in car driving simulator studies (for
similar analyses performed on car drivers, see Mars & Navarro, 2012). This greater anticipa-

tion in motorcyclists may be explained by a combination of high speed, unobstructed path-
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ways and open view conditions. Indeed, it has been shown that higher speeds result in more
distant gaze behavior in cyclists (Vansteenkiste et al., 2013, 2014). Compared with car driv-
ers, the gaze fixations of motorcyclists are more frequently located on the road surface, in
order to detect any irregularities or hazards (Nagayama et al., 1980). Finally, the distance that
is visible in a curve influences gaze behavior in such a way that drivers look further into the
distance in open bends compared with closed bends (Kandil, Rotter, & Lappe, 2010).

Results also showed that the peak of distribution was close to the TP. This visual be-
havior has often been seen as a strategy to make the tangent point the main visual input for the
motor system (e.g., Kandil et al., 2009; Land & Lee, 1994); however, Wilkie et al. (2010) and
Kountouriotis, Floyd, Gardner, Merat, and Wilkie (2012) argued that this particular visual
behavior was tightly linked to corner-cutting behavior and showed that gaze deviated from the
TP, towards the road, when drivers had to maintain a middle or outer in-lane position. Alter-
natively, the asymmetry of gaze distribution, with a large proportion of gaze points directed
beyond the TP, may suggest that motorcyclists look for a steering point further ahead. This
visual behavior is compatible with the “look where you want to steer”” hypothesis, according
to which drivers look at the points on the road they wish to pass through (Wann & Swapp,
2000; Wilkie & Wann, 2003). This behavior would also be in line with the recommendations
of advanced riding manuals (e.g., lenatsch, 2003; Motorcycle Safety Foundation, 2004),
which stress the importance of adopting relevant visual strategies to improve safety; in partic-
ular, they advocate that riders move their eyes from one waypoint to another as they progress
(Wilkie et al., 2008).

The distribution of gaze points was also found to change as a function of bend section.
When approaching the bend entry, more fixations were made in the direction of the lane cen-
ter, supposedly on the roadway, suggesting that riders were anticipating their lateral position

at the entry point of the bend. This is in line with Godthelp (1986) who suggested that at bend
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entrance, steering is based on anticipatory open-loop control (see also Vansteenkiste et al.,
2014, in cycling). In the first half of the bend, riders scanned the road well beyond the TP.
This gaze behavior may reflect trajectory planning and in particular the innermost position
they intended to pass (which occurred in the second half of the bend). Overall, these results
suggest that the riders’ eyes were not locked on a unique steering point on the road ahead but
oscillated between guiding and look-ahead fixations. They are furthermore in line with those
of Lehtonen et al. (2013, 2014), who found that car drivers made look-ahead fixations
throughout the whole curve. However, contrary to the findings for car driving, this type of
fixation occurred in a similar proportion both in the approach and entry phases of the bend.
These results may be explained by some steering path differences between driving a car and
riding a motorcycle. Corner cutting is a common strategy in both car driving (Mars, 2008;
Raw, Kountouriotis, Mon-Williams, & Wilkie, 2012; Robertshaw & Wilkie, 2008) and cy-
cling (Vansteenkiste et al., 2014). The description of a classical steering path when negotiat-
ing bends made by Boer (1996) includes steering to the outer part of the lane before the curve
starts in order to steer into the curve before its onset, and approaching the inner lane boundary
around the apex. That motorcyclists maintained an outer position in their lane beyond the
curve onset and, as such, steered into the curve later on may suggest that the transition be-
tween anticipatory open-loop and compensatory closed-loop control may be delayed in com-
parison with car driving. This may happen because the envelope of trajectory is much larger
when motorcycling than when driving a car, and it is known that maintaining a particular
steering path influences gaze behavior (e.g., Kountouriotis et al., 2012; Wilkie et al., 2010).
Effects of motorcycle simulator configuration on steering and gaze behavior

Results for the static configuration were very similar to those of Crundall et al. (2012)
and Lobjois et al. (2016b), who showed a tendency among motorcyclists to steer into bends,

adopting a ‘racing line’. In the current study, participants seem to have favored progression
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since they crossed the centerline of their lane shortly after entering the bend and maintained
an inward position all along the curve section. In terms of gaze direction, participants had a
high proportion of look-ahead fixations. This visual scanning of the road into the far distance
suggests that this configuration placed low demands upon steering control (Lehtonen et al.,
2012; Mars & Navarro, 2012). This is supported by the low number of lane departures and
high scores for the Self-rated Performance and Ability to Act subscales of the PQ. Similar
results were found for the dynamic direct steering configuration. Although participants cut the
centerline of the lane later when they moved gradually from the outer to the inner part of the
road, they did not make substantial changes to their steering strategy. Participants had similar
speed and innermost positioning in the bend to those found in the static configuration. They
also looked frequently towards the bend exit. Coupled with the low number of lane depar-
tures, this configuration also placed low demands upon steering control. These results strong-
ly suggest that riders steer into bends, adopting a ‘racing line’, in these two configurations.
Thus, the introduction of physical tilt in the roll axis did not lead to significant changes in
rider behavior, nor did it add to the perceived realism of the simulator. This is in contrast with
the idea that motorcycle tilt is an important contributor to the riding experience in a simulator
(Cossalter et al., 2010; Crundall et al., 2014; Lobjois et al., 2016a).

On the other hand, when reverse steering is introduced, changes at the subjective and
behavioral level can be observed. The reverse steering configuration received the highest
score on the Realism subscale of the PQ, which brings together items related to the authentici-
ty of the virtual experience and its proximity to the real world. In addition, during an informal
debriefing, 14 out of 18 participants ranked this condition as being first (the remaining 4 par-
ticipants ranked the dynamic direct steering configuration as being first). At the behavioral
level, speed reduction when entering the curve was marginally significant and participants

maintained an outer position in the lane later on. According to Crundall et al. (2012, 2014),
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this particular behavior is aimed at providing a better entry angle and increased visibility
through the bend. As a consequence, riders crossed the center of their lane further away in the
bend and then steered toward the inner part of the road. Taken together, these results are in
accordance with the idea that riders in the reverse steering configuration may have adopted a
safety path strategy, as described earlier (Crundall et al., 2012).

However, results highlighted difficulty in maintaining steering control in this configu-
ration. First, riders judged it was the least easy to act on and to perform. Likewise, more lane
departures were recorded and the lateral position was more variable in all three sections of the
bend. Gaze behavior is also consistent with an increase in the steering demand: riders made
fewer look-ahead fixations in favor of guiding fixations, suggesting that lateral control was
more demanding in the reverse steering configuration. One potential explanation for these
steering difficulties is related to the fact that reverse steering is an implicit strategy that is
based on an internal model of motorcycle dynamics and riders are not always aware of using
this control strategy (Belmonte, 2001; Fajans, 1999). In simulation, where the natural cou-
pling between steering actions and the resultant gravito-inertial force is hindered, the internal
model of steering control built through riding experience may have been at fault. As a result,
riders may have voluntarily and consciously used reverse steering, leading to steering control
difficulties. Indeed, the deleterious effect of supervision on performance has been reported on
expert sensorimotor tasks. Logan and Crump (2009) proposed that expert manual activities
rely on two control loops that operate in parallel. An external loop is in charge of the selection
of actions, while an internal loop is in charge of controlling the execution of movements.
These controlled and automatic processes are organized hierarchically in the form of encapsu-
lation, as was shown by Fodor (1983). Paying attention to the movement execution means that
the external loop supervises the input-output of the inner loop, which should only happen ex-

ceptionally in cases of error. Recently, Medeiros-Ward, Cooper, and Strayer (2014) reiterated
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this view in the context of driving to explain why cognitive distraction can lead to a deteriora-
tion of lateral control, but also sometimes to an improvement, depending on the presence or
absence of external perturbations. In our case, the observed control difficulties may have been
induced by the conscious supervision of reverse steering. Moreover, it has been shown that
drivers have only limited conscious representation of the sequence of actions needed to steer
their vehicle (Wallis, Chatziastros, & Bulthoff, 2002). Specifically in the case of reverse
steering, the leaning of the motorcycle serves to compensate for side forces. Thus, it may be
that the riders, seeking to achieve a steady state in the bend, maintained their initial steering
angle, whereas reverse steering should only be used to initiate leaning. This would explain the
lane departures, all of which were consistent with overturning.

Finally, these results raise the question as to whether the safety path strategy is aimed
at compensating for steering control difficulty or is representative of the recommended steer-
ing strategy for motorcycling despite these steering difficulties. Indeed, Raw et al. (2012)
showed that older drivers reduced corner-cutting behavior by adopting a “middle-of-the-road”
strategy used to compensate for age-related steering control difficulties. The present steering
behavior with the reverse steering configuration is however not consistent with a “middle-of-
the-road” strategy: riders deviated more toward the outer part of their lane when they ap-
proached the bend and deviated toward the inside edge line when they negotiated the second
half of the bend. If riders had intended to take a safer steering path, they would have preferen-
tially increased their safety margins to avoid lane departure.

Conclusion

With respect to motorcyclists’ gaze behavior in a bend negotiation task, results
showed that the overall distribution between guiding and look-ahead fixations did resemble
that of car drivers (e.g., Mars & Navarro, 2012) or cyclists (e.g., Vansteenkiste et al., 2014);

however, the gaze behavior of motorcyclists was notably characterized by anticipation. This
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could be explained by a combination of high speed, unobstructed pathways and open view
conditions. Nonetheless, it would be worth testing the gaze and steering behavior of motorcy-
clists on closed bends to get a more general picture of visual and motor control when riding. It
would also be a way to test whether the difference observed between the direct and reverse
control configuration generalize to other types of road geometry.

Whilst the introduction of inertially specified roll tilt did not lead to changes in per-
ceived realism, riding behavior or gaze sampling, steering control strategy did significantly
influence the results. With the direct steering control strategy, riders took a racing path and
scanned the road far in advance. By way of contrast, when reverse steering was implemented,
riders steered a trajectory closer to the safety path recommended in training manuals. Reverse
steering also received the highest realism score. However, the control of steering was seen to
be more difficult, as revealed by a larger number of lane departures and a change in the trade-
off between guiding and look-ahead fixations. While researchers’ interest in VR systems to
study human movement control is relatively well established (e.g., Baurés, Benguigui, Amo-
rim, & Hecht, 2009; Lepecq, Bringoux, Pergandi, Coyle, & Mestre, 2009; Zaal & Bootsma,
2011), our results confirm previous findings that show the influence of immersive and interac-
tive characteristics of VR systems on how humans behave or perform (e.g., Lobjois et al.,
2016b; Morice et al., 2008; Grechkin et al., 2014). While a number of studies have paid atten-
tion to simulator characteristics to improve physical fidelity (e.g., Chatziastros, Wallis, &
Bulthoff, 1999; Jamson & Jamson, 2010; Kliver et al., 2016), it is acknowledged that behav-
ioral validity is more important than physical validity (Kliver et al., 2016; Pinto et al., 2008).
This is because the strict duplication of reality is impossible to obtain in simulated driving. In
addition, a high level of physical fidelity is not always required to achieve good levels of be-
havioral fidelity (Pinto et al., 2008). In the present study, increasing physical fidelity was

shown to improve subjective and behavioral validity (see also Kliver et al., 2016). But these
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improvements do not necessarily prevent from some drawbacks. These results thus suggest
that the effects of VR systems on users are also to be investigated at the level of psychological
fidelity, i.e., at the level of the underlying processes. Finally, it is obvious that on-road
measures of rider behavior may help in validating the results of our study. This would favor
the use of motorcycle simulators implementing reverse steering in order to study rider behav-
ior or to offer rider training in a safe and convenient environment (Vidotto, Tagliabue, & Tira,

2015).
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Table 1

Statistical results for the subjective measures (PQ and SSQ scores)

Simulator Configuration

G df p Corrected a level
PQ Total 1.03 2 .60 .02
Realism 10.17 2 .006* .01
Ability to Act 14.85 2 .0006* .007
Interface Quality .30 2 .86 .03
Easiness to Explore 4.98 2 .08 .012
Self-rated Performance 13.21 2 .001* .008
Auditory 19 2 91 .05
SSQ Total 5.24 2 .07 -
Nausea 1.22 2 .54 -
Oculomotor Disturbance 1.56 2 45 -
Disorientation 1.08 2 .58 -

*: Significant differences after Holm-Bonferroni correction.
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Table 2

Statistical results for the riding behavior measures (speed, lateral position, lane departure, and steering strategy).

Simulator Configuration Bend Section Simulator Configuration x Bend Section
- Corrected . Corrected - Corrected
2 2 2

Statistic df p Mo o lovel Statistic df p Mo o lovel Statistic df p Mo o lovel
Speed .03 2,34 .97 - .05 5.658 1.65,28.15 .012* .25 .0125 420 1.86,31.68 .026 .20 .016
gﬂoes?tr}olﬁateral 35418 234  001* .68  .0062 25859° 234  <001* .94  .0045 10.79° 1.92,32.64 <.001* .39 007
Standard Devia-
tion of Lateral 38.622 1.45,24.79 .001* .70 .005 53.042 2,34 <.001* .78 .0055 10.482 4,68 <.001* .38 .008
Position
Lane Departure 24.25° 2 .001* - .01 - - - - - - - - - -

% of the bend
where the riders
cut the center of
the lane

83.15% 2,34 .001* .83 .0041 - - - - - - - - - -

Innermost Lateral

L. 3.942 2,34 .028 .19 .025 - - - - - - - - - -
Position

2. F statistic. : y2 statistic. *: Significant differences after Holm-Bonferroni correction.
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Table 3

Overall and subscale scores to the Simulator Sickness and Presence Questionnaires (SDs are

in parentheses).

Motorcycle Simulator Configuration

Static Dir_Steer

Moving Dir_Steer

Moving Rev_Steer

SSQ 0.21(6.1) 4.99 (12.9) 1.45 (5.8)
Nausea 0.00 (4.6) 3.18 (12.7) 1.06 (5.6)
Oculomotor 0.00 (8.6) 4.21 (10.1) 1.68 (7.6)
Disorientation 0.77 (3.3) 3.87 (14.2) 0.77 (7.5)
PQ (154) 118.6 (15.5) 118.3 (18.9) 116.5 (16.7)
Realism (49) 31.4 (7.7) 34.1(8.0) 36.8 (5.9)
Ability to act (28) 25.0(2.7) 23.9(3.3) 22.3(3.5)
Interface Quality (21) 17.2 (3.0) 16.6 (3.2) 16.2 (3.1)
Easiness to explore (21) 16.0 (3.6) 15.2 (3.8) 14.6 (3.9)
Self-rated performance (14) 12.5(1.5) 11.3(2.6) 10.0 (2.6)
Auditory (21) 16.6 (3.2) 16.6 (3.3) 16.7 (3.6)

Note. SSQ: Simulator Sickness Questionnaire; PQ: Presence Questionnaire. The highest possible score for each

subscale of the PQ is indicated in parentheses.
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Table 4
Lane departure data (mean number) and steering strategy data (mean) as a function of the

motorcycle simulator configuration (SDs are in parentheses).

Motorcycle Simulator Configuration

Static Moving Moving
Dir_Steer Dir_Steer Rev_Steer
Lane departure 0.5 04 3.2
(0.47) (0.61) (2.5)
Percentage of the bend where the riders cut the center 10.5 21.1 30.7
of the lane (8.2) (13.2) (10.5)
e 76 77 63
Innermost lateral position in the bend (cm) 21) (20) 17)
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Figure 1. Motion-based motorcycle simulator.
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-10° -5 0° +5° +10°

Figure 2. Division of the visual scene into 1° intervals on the horizontal axis. Each angular

deviation has the tangent point as its origin. Gaze points that fall beyond 10° in one direction
or another were divided into two additional classes (i.e., < 10° or > 10°). Negative angular
deviation means that gaze is directed toward the road whilst positive angular deviation means
that riders are looking further ahead from the tangent point, i.e., in the direction of the bend

exit.
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Figure 3. Mean speed (km/h) as a function of motorcycle simulator configuration and bend
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Figure 4. Lateral position in the lane (3.5 m wide) as a function of motorcycle simulator con-
figuration and bend section. Lateral position is expressed as the distance (cm) from the center
of the lane. Negative value means that the riders rode in the outer part of the lane, whilst posi-
tive value means that they rode in the inside part. When positioned on average at 56 cm from
the center of the lane, the riders were at 119 cm from the inside edge line. Error bars represent

the standard error of the mean.
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Figure 5. Trajectories averaged across the participants in a right-hand bend (Length: 157 m;
Radius of curvature: 300 m). The final 50 m of straight road before entering the curve (ap-
proach phase) are also represented. The left panel illustrates the three averaged trajectories
when riding the three motorcycle simulator configurations, respectively. The right panel illus-
trates the three grey rectangles that correspond to three key points in the bend: (A) Lateral
position of the motorcycle when approaching the bend, (B) Point in the bend where the riders
cut across the center of their lane, and (C) Maximum lateral position the riders reached in that

particular bend.
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Figure 6. Standard deviation of lateral position as a function of motorcycle simulator configu-

ration and bend section. Error bars represent the standard error of the mean.
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Figure 7. Distribution of gaze points (as a percentage) as a function of bend section and angu-
lar deviation from the tangent point on the horizontal axis. Positive angular deviation means
that gaze is directed toward the bend exit. The thin dashed line represents the tangent point

position on the horizontal axis.
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Figure 8. Distribution of gaze points (as a percentage) as a function of motorcycle simulator
configuration and angular deviation from the tangent point on the horizontal axis. Positive
angular deviation means that gaze is directed toward the bend exit. The thin dashed line repre-

sents the tangent point position on the horizontal axis.



