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Abstract

Driving simulators are used for many applications including traffic safety. There are several types of driving simulators
available for researchers and engineers. This study aims to compare fixed and moving driving simulators in assessing
driving behaviors at railway crossings equipped with either typical stop signs or in-vehicle audio safety system. Data used
in the comparison included vehicle speed profiles, compliance rates, and braking reaction times. It was found that
compliance rates were similar whereas speed profiles and breaking reaction times were slightly different. As the results of
the desktop simulator had previously been compared with those from the data collected in the field, the comparison of
results between the two simulators reported here can serve as a blueprint to calibrate the use of moving simulators. In
summary, the different properties of the simulator can lead drivers to react to warnings differently.
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1. Introduction

Driving simulators have been used in evaluating the
relative effectiveness of an enhanced road marking system
[1, 2]; risk of traffic crashes [3-5]; speeding
countermeasures [6]; phone use while driving [7]; and eye
fixation durations[8]. However, there are no studies that
directly compare fixed and moving driving simulators in
assessing safety devices at railway crossings. In the work
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reported here, the driver behavior at railway crossings
equipped with either typical stop signs or in-vehicle audio
safety systems were compared using two types of
simulators (fixed and moving).

In general, fixed and moving simulators are two major
types of driving simulators. Several studies have
addressed the validity of different types of driving
simulators [1, 3, 5, 8-12]. In a study that compared fixed
and moving driving simulators, a similarity in different
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defensive reactions such as lower speed, smaller distance
to the road shoulder, and a large gap to the front vehicle
was found [9]. Intuitively, The more a driving simulator
mimics actual physical conditions, the more the outcomes
produced can be counted on [13]. For this reason, a
moving driving simulator may result in better traffic
measurements [6].

A range of measures related to the vehicle’s pedals was
studied. The braking reaction time (BRT) is of interest for
rail level crossings. The BRT is defined as the time
elapsed from the moment a stimulus appears until the
driver presses the brake pedal[14]. It is considered safe if
braking occurs within 2 seconds of the onset of a stimulus
when driving at highway speeds (around 80 km/h) [15,
16]. Such values depend on many other factors, such as
the distance to the obstacle requiring braking [17]. It is of
interest to assess whether the different interventions
improve BRT when compared to conventional crossings.

Other measures of interest are the time and distance to the
crossing when the driver starts releasing the accelerator
pedal [17-19]. Such measures are common practice in
both simulated and on-road experiments. They are often
measured with a video camera positioned above the
driver’s feet [20]. When using a driving simulator, such
values can be inferred from the values of the pressure on
both accelerator and brake pedals.

There have been no studies directly comparing fixed and
moving driving simulators in assessing safety devices at
railway crossings. In the work reported here, the results of
driving behaviors at railway crossings equipped with
either typical stop signs or in-vehicle audio safety system
using a fixed and a moving simulator were compared.
Two separate groups were recruited to participate in
experiments. While one group was tested in the fixed
driving simulator, the other one was conducted in the
moving simulator.

In this study, three indicators including speed profiles,
compliance rates, and braking reaction times were directly
compared between the fixed and the moving driving
simulator. This paper is an extended version of our
previous work Inhi et al. [21]. The newly added material
mostly expands the comparison to include compliance
rates and braking distance.

The two simulators were used in the scenario of active and
passive crossings. The active crossing was represented by
in-vehicle audio system while the passive crossing was
shown as a stop sign at the railway crossing. Other
measures of interest are the time and distance to calculate
speeds to approach the crossings when the driver starts
releasing the accelerator pedal [17-19]. Such measures are
common practice in both simulated and on-road
experiments. They are often measured with a video
camera positioned above the driver’s feet [20].

Data used in this study were collected from two separate
projects funded by the CRC for Rail Innovation. Both
projects tried to investigate railway safety but one used a

fixed driving simulator [22] and the other did a moving
simulator [23].

2. Experimental Design

Two separate groups were recruited to participate in
experiments. While one group used the fixed driving
simulator, the other used the moving simulator. Three
indicators including the compliance rate, speed profiles,
and BRT were directly compared between the two types
of simulators.

2.1 Participants

For the fixed simulator, 24 volunteers ranging in age from
17 to 66 years were recruited. All participants had a
normal or corrected-to-normal vision and a current
driver’s license. This simulator test was performed at the
research lab at the University of Queensland. For the
moving simulator, although 58 drivers with ages ranging
from 19 to 59 years were recruited for the whole project,
only twenty participants were selected for this specific
study to ensure different characteristics within the sample.
This simulator test was performed at the Centre for
Accident Research and Road Safety, Queensland
University of Technology. More information regarding
the participants can be found in the preliminary work of
the authors [21, 24].

2.2 Apparatus
Fixed simulator

The first part of the experiment was conducted in a fixed-
base driving simulator. The simulator comprised a
workstation running custom software, an overhead CRT
projector, a force-feedback steering wheel, an accelerator,
and a brake pedal. The steering wheel produced a return
force proportional to its deflection from 0°, equivalent to
that produced in a small family car [25]. Three-
dimensional images were projected onto a 3.2 m x 2.7 m
white flat projection screen at a distance of 2 m from the
‘driving seat’. A controlled computer acquired foot pedal
and steering-wheel data at each frame. The layout of the
fixed simulator is shown in Fig. 1.

Moving simulator

The second part of the experiment was conducted using
an advanced moving driving simulator. This simulator
comprised a complete automatic Holden Commodore
vehicle with working controls and instruments. This
advanced driving simulator uses SCANeR™studio
software with eight computers, projectors, and six degrees
of freedom (6DOF) motion platform that can move and
twist in three dimensions.

When seated in the simulator vehicle, the driver is
immersed in a virtual environment which includes a 180-
degree front field of view composed of three screens,
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simulated rearview mirror images on LCD screens,
surround sound for the engine and environmental noise,
real car cabin, and simulated vehicle motion. The road
and environment were developed to reflect the Australian
Standards at railway crossings and to create realistic
traffic around the driven car. The participant sits in the
driver’s seat of the car where he/she can see three screens
on which the SCANeR™ simulation is played by three
RGB video projectors. The participant drives the
simulator with two pedals (brake and accelerator only)
and a steering wheel that provides force feedback. The
simulator is shown in Fig. 1.

Fig. 1. Fixed Driving Simulator (Up) and Moving
Driving Simulator (Down) [21]

2.3 Development of
Environment

Simulated Driving Task

A virtual environment simulation was developed. Once
the start button was pressed and the accelerator pedal
activated, the participant was required to ‘drive’ in the
left-hand lane of a simulated two-lane two-way road at a
preset maximum speed by manipulating the steering
wheel. Participants had the visual impression of driving
along a curved road. A digital speedometer on the bottom
center of the display screen showed the vehicle’s headlong
speed. Fig. 2 provides a schematic illustration of the
simulated roadway.
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Fig. 2. Typical schematic illustration of the simulated
roadway [24]

The distances pertaining to the level crossing layout and
warning sign placement, are based on design
specifications contained in the Manual of Uniform Traffic
Control Devices, Part 7: Railway Crossings [26]. About
1.0 km from the start, the driver approached a level
crossing. All level crossings that drivers encountered
during the scenarios had the same road characteristics as
shown in Table 1, with two different types of warning
devices appearing randomly at the crossings. The
conventional warning device (stop sign) was included as
the control for the in-vehicle audio warning. A stop sign
was the passive device while the in-vehicle audio warning
was activated by train presence at least 21 seconds before
the arrival of a train at a single-track crossing, as required
by the Australian Standards.

2.4 Safety Devices (in-vehicle audio warning)

The audio in-vehicle system used the speakers of both
simulators to provide warning messages to the driver. This
in-vehicle audio safety system was fully implemented
within the simulator. As a train approached the crossing,
the speakers provided a verbal warning.

In this situation (train approaching), two messages were
given to the driver as in the in-vehicle audio safety system
presented before. The in-vehicle audio-warning triggered
verbal warnings:
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Table 1. Road and Crossing Characteristics [21]

Characteristic

Fixed simulator

Moving simulator

Road type

Number of train
tracks
Horizontal
alignment of road
Vertical alignment
of road
Road length
Lane width
Vehicle
Road speed limits
Train speed

Train length

Rail-road angle

Two-lane two-way
sealed pavement
road in a rural

setting
One

Straight road
approaching level
Level

1.0 km
3.5m
No other vehicle on
the road
Constant at either 60
km/h or 80 km/h
50~60 km/h

3 cars x 69.5 m/car

90°

Two-lane two-way
sealed pavement
road in a rural

setting
One

Straight road
approaching level
Level
13 km (total length)
3.5m
Vehicles on the road
Constant at either 60
km/h or 80 km/h
60 km/h
160 m

90°

Fixed Simulator

Ho = there is no significant difference in speed profiles
(in meters) between the two driving simulators in the case
of stop signs only.

The second null hypothesis tested was:

Ho = there is no significant difference in speed profiles
(in seconds) between the two driving simulators in the
case of in-vehicle audio safety system.

Two-sample t-test analyses were performed to highlight
the effects of the two different driving simulators on the
speed at various distances. The results are summarized in
Tables 2 and 3.

Stop Sign

The statistical t-test showed that there was no difference
between the fixed and the moving simulators for distances
of 80m, 50m, and 20m away from the crossing. The only
exception appeared in the case where there was no train,
and the vehicle was close to the stop line, for example,
less than 20 m away from the crossing (#-test=-3.31,
df=81, p=.010).

The in-vehicle audio-warning triggered verbal warnings:

e “Warning! Train approaching!” (21 seconds prior
to a train arriving at the crossing)

e “Train crossing! Stop at the stop line” (nearby
stop line)

e “Train departed. Please proceed” (the train had
cleared the crossing)

Moving Simulator

In this situation (train approaching), two messages were
given to the driver as in the in-vehicle audio safety system
presented before:

e “Train approaching the crossing ahead”
e “Stop at the crossing”.

This in-vehicle audio safety
implemented with the simulator.

system was fully

3. Results

3.1 Speed Profiles

This study evaluated the difference in speed at the
following distances to the crossing:

o For the stop sign: 80, 50, and 20 meters away from
the crossing (in distance).

o For the in-vehicle audio safety system: 2, 3, and 4
seconds after warning started (in time).

The first null hypothesis tested was:

Table 2. Stop Sign Statistical Analysis [21]

Distance ‘- -
from Train  Simulator™ Mean SD SEM a P
Crossing et vatue
Yes S-1 51.9 9.1 1.2 - 83  0.582
%0 m S-2 529 89 14 055
No S-1 52 8.2 1.1 - 73 0.359
S-2 538 99 16 092
YVes S-1 46 114 15 929 90 0772
Som W) 454 98 15
No S-1 457 116 15 - 92 0985
S-2 458 97 15 002
Yes S-1 309 156 2.1 - 93 0.145
0m S-2 267 119 19 147
No S-1 331 165 22 - 81 001
S-2 249 71 11 331

*: S-1: fixed simulator, S-2: moving simulator

In-vehicle Audio Safety System

The vehicle speeds were extracted two, three, and five
seconds after the audio warning started. This method finds
whether reaction times to warnings are different. As
shown in Table 3, the speeds differed between the two
simulators two and three seconds after the warning started
regardless of train presence. Four seconds after the audio
warning started, drivers showed similar speeds for both
simulators. As Table 3 shows, the speeds at a certain time
after the warning started for the fixed simulator were, in
general, higher than those for the moving simulator.
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In-Vehicle Audio Warning Statistical
Analysis [21]

Time

Train  Simulator Mean SD SEM r df P
(Sec) test value
Ves S-1 5738 49 07,5 2 oo
5 S-2 5139 912 2
No S-1 5817 407 05 560 22 016
S-2 533 796 18
Yes S-1 564459 08 398 20 0001
3 S-2 462 104 25
No §-1 5728 488 07 597 17 0009
S-2 458 162 38
Vs S-1 5453 779 1 - 4 0239
4 S-2 5154 956 23 121
No S-1 5587 607 08 19 04l

S-2 53.92 868 22 084

S-1: fixed simulator, S-2: moving simulator

3.2 Compliance Rates

The following behaviors were observed from the group
with the in-vehicle audio safety system while approaching
passive crossings:

e The driver stopped completely at the stop line
(complied).

e The driver came close to a complete stop at the stop
line but did not stop completely (did not comply).

e The driver did not stop at all (did not comply).

Fig. 3 shows compliance percentages for the two different
types of warning devices in both the fixed and moving
simulators with an approaching speed of 60 km/h. Drivers
approaching a crossing equipped with a stop sign are
required to stop at the stop line and look to check if they
can see a train approaching. The driver responded in one
of three ways; stopped, slowed down, and did not stop.
‘Stop’ is considered compliant while ‘slowdown’ and ‘did
not stop’ are regarded as non-compliance behavior.

Seventy-four percent of drivers in the fixed simulator
completely stopped in compliance with the traffic rule;
while more drivers (80%) in the moving simulator did so.
In the non-compliance categories, 16 percent and 10
percent of drivers attempted to slow down in the fixed and
moving simulators, respectively. About 10 percent of
drivers in both simulators drove through without slowing
down or stopping.

Drivers approaching a crossing equipped with an in-
vehicle audio warning were expected to slow down when
they heard the warnings and to stop behind the stop line
at the crossing. It was shown that drivers in both
simulators obeyed the traffic rule.

Comllance Percantage(™)

- .

topped

S1: fixed simulator, S2: moving simulator
Fig. 3. Compliance Rate Comparison

3.3 Braking Reaction Times

The braking force (or brake pressure) was also
investigated. It is an accepted method in which to
investigate the urgency with which the driver reacts to a
situation [17]. Therefore, this measure provides another
assessment of the safety of the conventional protections
at railway crossings as well as the benefits or drawbacks
of in-vehicle audio safety system interventions. As there
were two experimental conditions and different
participants were used in each condition, the independent
t-test was used (Table 4).

Table 4. Independent T-Test on Braking Reaction
Time

95% Confidence Interval
= of the Difference

Type i df p Mean SD SEM

Lower Upper
S-1 13.7 47 .000 326 1.65 .24 2.8 3.7
S-2 204 32 .000 230 .65 .11 2.1 25

The null hypothesis tested was:

Ho = there is no significant difference in braking reaction
time in second between two driving simulators equipped
with in-vehicle audio safety system.

BRTs from both simulators in the case of in-vehicle audio
warning were compared. As Fig. 4 shows, drivers in the
moving simulator took a shorter time (mean=2.30,
t=13.7, df=47, p<.001) than those in the fixed simulator
(mean=3.26, t=20.4, df=32, p<.001). The variation of
BRT is also smaller (SD=0.65) in the driving simulator
than in the fixed simulator (SD=1.65).
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Fig. 4. Distributions of BRT

Fig. 4 shows that drivers from the two simulators had
different BRTs with significantly different variations. The
BRT of the fixed simulator indicates a larger mean with a
larger standard deviation, which means drivers generally
were slower in responding to warnings. On the other
hand, the BRT of the moving simulator was clustered
closely around the mean, indicating that drivers paid more
attention to the warnings.

4. Conclusion

In this study, fixed and moving simulators were used to
evaluate speeds, compliance rates, and braking reaction
times for drivers near or at a railway crossing. Initially,
two separate projects were performed to identify the
effectiveness of new safety devices using both fixed and
moving simulators. Since both studies involved an in-
vehicle safety device and a stop sign as a base case, the
authors tried to analyze how these two simulators are
different from each other.

The speeds at a given distance (for stop sign) or time (for
in-vehicle audio safety system) were compared. Drivers
approaching the crossing with a stop sign slowed down in
a similar pattern in both driving simulators when a train
was about to intersect. However, when the railway
crossing was controlled with in-vehicle audio warnings,
the drivers’ behavior was different. Drivers in the fixed
simulator tended to react slower than those in the moving
simulator and the results were statistically different.
However, after a few seconds (here, 4 seconds) of
warning, the speed distributions from the two simulators
were not statistically different regardless of the train's
existence. It was found that the driving trajectories were
influenced by the characteristics of the driving simulators
immediately after the warnings started.

There was no significant difference in the way drivers
responded in terms of compliance rate. Although drivers
complied slightly more in the fixed simulator at a stop
sign, they behaved almost identically on both simulators
in relation to the in-vehicle audio warning. In the case of
drivers approaching a crossing equipped with a stop sign,

they are required to stop at the stop line to check for a train
approaching. Drivers respond in one of three ways;
stopped, slowed down, or did not stop. ‘Stop’ is
considered compliant while ‘slowdown’ and ‘did not stop’
are regarded as non-compliance behavior.

From the study conducted by Tey [27], the compliance
rates in the fixed simulator were higher than those
measured in the field by approximately 30 percent. This is
because the fixed simulator is not able to include some
factors such as fatigue, the ability to maintain attention,
traffic conditions, and adequate noise that may occur in
the field. However, the patterns in speed profiles from the
simulators were found to be consistent with the field
results.

Since braking reaction time is an accepted method in
which to investigate the urgency with which the driver
reacts to a situation [17], this measure provides another
assessment of the safety of the conventional protections at
railway crossings as well as the benefits or drawbacks of
in-vehicle audio safety system interventions. Braking
reaction times to the warning were also different for the
two simulators. Drivers in the moving simulator reacted
relatively faster. Additionally, drivers in the fixed
simulator showed great variation in their reaction times,
whereas drivers had similar reaction times in the moving
simulator. This different environment leads drivers to
react to warnings differently.
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