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Abstract

Although road markings have been installed on highways as perceptual countermeasures for
speed reduction, little is known about the effects of road marking shape and interval on
driving speed and lane position. An experiment with a driving simulator and questionnaires
were conducted to explore the effects of road marking patterns on driving speed and lane
position in association with drivers’ subjective feelings, mental workload, and visual attention.
Thirty-nine participants drove on a simulated two-lane rural road, which had road markings
with different shapes and intervals at curves, and filled out the questionnaires. Road markings
reduced both throttle value and mean speed before entering a curve though throttle and mean
speed remained the same in a curve. Although marking shape did not affect participants’
choice of speed, an alarming effect of the road markings was observed because the
participants tended to drive slower with the road markings with a fixed interval than with
those with converging intervals towards the travelling direction. A questionnaire on drivers’
attention implied a possible use of road markings for drivers’ lane position keeping, even
though standard deviation of lane position was not fully investigated due to a floor effect.
Further investigations on the effect of road markings in different situations are required to
achieve the more fitting use of road markings.

Keywords: driving simulation, perceptual countermeasures, road markings, speeding,

lane position
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The Effects of Road Marking Patterns on Simulated Driving Speed and Lane Position
Why Speeding Matters

Speeding is a critical issue in traffic safety. Numbers of on-road studies have
reported vehicle speed to be a major determinant of both accident and fatality rate (Gallaher,
Sewell, Flint, Herndon, Graff, Fenner, & Hull, 1989; Friedman, Barach, & Richter, 2007;
Friedman, Hedeker, & Richter, 2009; Ossiander & Cummings, 2002).

One of the major indicators of a potential crash is the time-to-collision (TTC), which
is defined as “the time required for two vehicles to collide if they continue at their present
speed and on the same path (Hawyard, 1972).” Because driving behavior is considered to be
a series of routines composed of recognition, decision, and operation (Rumar, 1985), higher
driving speeds lead to less spatial margin for drivers. Because the TTC for a vehicle is
inversely proportional to the driving speed, potential crash risk becomes higher as the vehicle

speed increases. In addition, crash impacts vary in proportion to the square of the speed.

where: m =mass of object

v = velocity of object

K(t) = kinetic energy

As Aarts and van Schagen (2006) revealed exponential relations between driving
speed and crash rate as well as driving speed and fatality, it is important to reduce vehicle
speed not only to prevent accidents, but also to reduce accident severity.
Development of Perceptual Countermeasures

A variety of traffic calming measures have been installed on roads for the sake of

reducing vehicle speed. For example, static engineering measures include the use of radar
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speed signs whereas dynamic measures cover distribution of public safety personnel
(Rothenberg, Benavente, & Swift, 2004). These types of measures, however, are not widely
applicable because static measures tend to require a high cost to install while dynamic
measures need a large amount of local human resource for enforcement. In addition, drivers’
behavioral adaptation to these measures results in a decline in the effects (Lewis-Evans &
Charlton, 2006; Rudin-Brown & Jamson, 2013).

Perceptual countermeasures have been developed since they have a possibility to
overcome behavioral adaptation as long as they work implicitly. As Hills (1980) reported that
visual information occupies over 90% of all the information processed by drivers, visual
information is essential for driving. Gibson (1979) introduced the concept of optic flow,
defining the term as “the pattern of apparent motion of objects, surfaces, and edges in a visual
scene caused by the relative motion between an observer (an eye or a camera) and the scene.”
The concept of optic flow indicated that drivers’ feeling of speed relies more on peripheral
vision than on foveal vision since the length of a vector at the same time period is bigger in
the peripheral visual field than in the foveal visual field.

Researchers have been creating models in order to reveal a driver’s behavior. The
carliest model of driver’s behavior is the Zero Risk Model (ZRM) proposed by Né&atédnen and
Summala (1974). In the ZRM, the researchers described that driver’s subjective risk remains
zero unless some events make their risk cross over the threshold to change their risk-related
behaviors. Wilde (1982) described in his Risk Homeostasis Theory (RHT) that drivers aim to
experience a certain level of risk by compensation (e.g., speed reduction). Based on the RHT,
Fuller (2005) proposed the Risk Allostasis Theory (RAT), in which drivers maintain their

feeling of risk within a certain range by compensation.



EFFECTS OF ROAD MARKING PATTERNS 9

Drivers select their speeds based on their perception of the environments they drive
through (Misaghi & Hassan, 2005). Although there are some arguments regarding which
models are the most legitimate, these models are all in agreement in that higher perceived risk,
which is often underestimated, eventually leads to safer behavior and vice versa. Perceptual
countermeasures mainly intend to increase drivers’ perception of risk by modifying roadside
scenery and placing road markings on roads. Road markings, in particular, are used more
frequently than roadside scenery modification because of their low installation costs.
Although speedometers enable drivers to watch driving speed, speed perception still plays a
significant role in terms of traffic safety because drivers who especially tend to indulge in
risky driving behavior (e.g., sensation seekers) may be less likely to monitor their speeds.
Effects of Road Markings as Perceptual Countermeasures

Speed reduction. Various patterns of road markings have been tested as perceptual
countermeasures (Elvik, Vaa, Erke, & Sorensen, 2009; Gates, Qin, & Noyce, 2008; Kozaki &
Fukui, 1991; Retting & Farmer, 1998; Retting, McGee, & Farmer, 2000; Voigt & Kuchangi,
2009).

Denton (1980) conducted an experiment presenting wide transverse bars with
different rates of interval convergence and revealed a negative correlation between the
volume of information presented per a unit of time and a driver’s time perception. The
researcher also found out significant speed reduction both in mean speed and 85th percentile
speed, ranging 18.5% through 34.3% after the installation of wide transverse bars with
converging intervals preceding a roundabout in Midlothian, Scotland. Although the author

concluded that the feeling of acceleration contributed the speed reduction, this study was one
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of the numbers of studies that were not able to distinguish the effect of longitudinal marking
density from the effect of the illusion of acceleration.

The earliest application of chevron markings took place in Japan, where the
combination of converging sets of chevron markings and constant parallelogram edge lines
were introduced on a bridge across the Yodo River in Osaka (Drakopoulos & Vergou, 2003).
Although speed-related data were not available, this reduced the number of accidents from 10
in the previous year to 0 in the 6 months following the installation.

Drakopoulos and Vergou (2003) investigated vehicle speeds at a freeway-to-freeway
exit ramp on 1-94 in Milwaukee County, Wisconsin before and after the installation of
converging sets of chevron markings and constant parallelogram edge lines at the 195 m
preceding sharp curves. The road marking introduced in this study was similar to those
introduced on the bridge in Japan. After the installation, mean driving speed dropped 14 km/h
compared to a comparison site. Reduction in the number of accidents was also suggested.

Takada (1997) assessed the effects of parallelogram edge lines in Shiga, Japan. In
this study, introducing the road markings at curves resulted in 1.6-5.7 km/h reduction in mean
speeds as well as 1.9-8.4 km/h reduction in 85th percentile speeds.

In 2008, the Metropolitan Expressway in Japan introduced a series of egg-shaped
markings called “Optical Dots” on a highway in Saitama Prefecture as potential measures for
speed reduction. Although vehicles showed some degree of speed reduction (Han, Tamaki,
Ono, Sasaki, Suda, & lkeuchi, 2012), it is still questionable whether the Optical Dots are
better than the other types of road markings in speed reduction.

In China, Liu, Zhu, Wang, Xia, and Sun (2009) used animated clips of a driver’s

view, where edge line markings appeared at different frequencies (intervals), to find the most
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overrated driving speed between 8 Hz and 16 Hz and the decline of overrating speed with
frequencies over 16 Hz. Participants underrated driving speed when marking frequency
exceeded 32 Hz, presumably because of the flicker fusion phenomenon. Liu, Zhu, Wang, and
Cheng (2013) evaluated the effect of marking frequency (interval) on vehicle speed on the
Hangzhou—Ruili Expressway in China. The researchers compared driving speeds on two
straight roadways that had yellow edge lines with different frequencies. Although the study
found larger speed reduction in the higher frequency than in the lower frequency, it is
questionable whether only marking frequency affected drivers’ speed choice because the
roadway with the higher frequency had smaller lateral clearance due to the juxtaposition of
the edge lines, which may require drivers to put more effort to maintain lateral lane position.

Some studies have shown alarming effects of road markings, although perceptual
countermeasures originally developed as devices that elicit the feeling of acceleration.

Jarvis and Jordan (1990) found that yellow transverse bars reduced the approach
speeds towards the road markings, concluding that the road markings functioned as a large
warning signal rather than creating the illusion of acceleration.

Godley, Fildes, Triggs, and Brown (1999) carried out an experiment using a driving
simulator to evaluate effects of wide transverse bars and edge lines both with constant and
with converging intervals. They found lower mean speed in wide transverse bars than in edge
lines during the first 100 m of the markings. The researchers interpreted this as an alarming
effect because wide transverse lines were bigger than the other. They did not reveal any
significant difference in mean speed between the 2 types of marking intervals, concluding

that the convergence of marking interval does not have an impact on drivers’ choice of speed.
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Katz (2007) compared the effects of peripheral transverse lines on highways in
Syracuse, New York, in Flowood, Mississippi, and in Waller, Texas to reveal speed reduction
effect at all of these sites. The degree of speed reduction, however, varied from site to site,
showing the minimum speed reduction in Waller, Texas. Because the Waller site had a higher
percentage of local drivers than the other sites, the author assumed that the road markings had
some alarming effect.

Lane keeping. Road markings are also used to trying to maintain lane position by
attracting drivers’ eyes. Drivers are thought to scan the curvature before they enter a curve
(Shinar, Mcdowell, & Rockwell, 1977). At curves, drivers tend to look at the apex of the
inner division line while maintaining their lane position with their peripheral vision (Land &
Lee, 1994). As for lane keeping behavior, Mourant and Rockwell (1970) revealed that
peripheral vision plays a role to monitor lane position. On the other hand, Summala (1998)
concluded that the foveal task load does not influence peripheral lane keeping performance,
although attention requires foveal load in the visual field. For these reasons, narrow chevron
may have a possibility to play a role of a lateral guide while driving whereas edge lines are
believed to make lanes look narrower. Research on driver’s visual attention, however, has not
been done with multiple patterns of road markings.

Researchers have found the smaller standard deviation of lane position with narrow
lane width than with wider lane width in both a simulated environment (Dijksterhuis,
Brookhuis, & de Waard, 2011; Rosey, Auberlet, Moisan, & Dupré, 2009) and on roads
(Rosey et al., 2009).

Furthermore, He, McCarley, and Kramer (2014) found a lower standard deviation of

lane position in high workload condition than low workload condition by using an auditory
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working memory task. This result suggested a possibility to maintain lane position by
presenting road markings that caused high workload to drivers. Because of this, workload
assessments for road marking patterns are worth carrying out

Purpose of the Present Study

Evaluation of the effects of road marking patterns on driving speed and lane position
in a controlled condition has a possibility to promote more fitting installation of pavement
markings. Jamson, Pyne, and Carsten (1999) compared the effects of wide transverse bars,
narrow transverse bars, and wide chevron markings with the Wundt illusion, which had the
potential of giving the feeling of lane narrowing. Although all treatments caused 4.9-5.9 km/h
of mean speed reduction, 85th speed showed the biggest decline with wide transverse bars.
This result was in line with Gibson’s idea of optic flow, which suggests that drivers feel their
speeds with their peripheral vision.

Although it is important to establish optimal design of road markings in terms of not
only traffic safety, but also economy, various types of pavement markings have been applied
as traffic countermeasures without robust criteria because extremely limited numbers of
studies have assessed the effects of various road marking patterns (e.g., shape and interval).

In Japan, the National Police Agency Department of Transportation (2014)
recommends the use of “the most fitting” marking patterns “by considering the situations,”
yet it is unclear how to select “the most fitting” marking patterns. The West Nippon
Expressway Company (NEXCO West Japan) and the Hanshin Expressway has installed
parallelogram edge lines, wide chevrons, and narrow chevrons before and on hazardous
curves based on “the experiences of the persons in charge” for the sake of reductions in

driving speed as well as in lane position variance.
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Because little is known about the effects of road marking shape and interval on
driving speed and lane position, the purpose of the present study was to explore the effects of
multiple types of road markings used in Japan on driving speed and lane position variance in
a simulated environment. This study also aimed to investigate a driver’s visual attentional
pattern and subjective feelings as well as mental workload on each road marking.

If behavioral adaptation occurs at a conscious level, unobtrusive countermeasures
have a possibility to overcome it. As an attempt to reveal drivers’ psychological process, this
experiment also investigated whether the road markings work as implicitly or explicitly by
setting two conditions: Road markings with a constant interval and road markings with
converging intervals towards the direction of travel. In this experiment, the fixed interval was
set as the same as the minimum interval of the converging condition because most of the
studies on marking intervals had a significant weakness in that they were not been able to
distinguish the effect of longitudinal marking density from the effect of changing speed
perception.

Hypothesis

If road markings work as an implicit device causing the illusion of acceleration
rather than as an explicit warning object, drivers drive at a lower speed through the road
markings with converging intervals than through those with a constant interval. If road
markings work as an explicit warning sign rather than as an implicit device causing the
feeling of acceleration, drivers drive at the same or lower speeds through the road markings

with constant intervals than through those with converging intervals.
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where: v, = driving speed through road markings with a constant interval
vg = driving speed through road markings with converging intervals
Although alarming effect and the illusion of acceleration are not mutually exclusive,

it is worth revealing which effect plays a larger role in speed reduction.
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Method
Design

The present study was composed of 2 parts: a driving session and a questionnaire
session.

Driving session. The experiment used a two-layer hierarchical research design
composed of an experiment with a single factor and a4 X 2 factorial research design for
speed-related measures. The independent variable in the experiment with a single factor was
the existence of road markings (Control and Treatments) whereas the 4 X 2 factorial
research design had marking shape (None, Parallelogram Edge Line, Wide Chevron, Narrow
Chevron, and Optical Dots) and their interval (Constant and Convergent) as independent
variables. Participants went through each condition 4 times.

For standard deviation of lane position, marking shape (None, Parallelogram Edge
Line, Wide Chevron, Narrow Chevron, and Optical Dots) was an independent variable.

All independent variables were within-subjects variables. The dependent variables
were mean speed, throttle, and standard deviation of lane position (SDLP). Table 1 shows the
locations of the independent variables.

Questionnaire session. For the CG Animation Questionnaire, marking shape (None,
Parallelogram Edge Line, Wide Chevron, Narrow Chevron, and Optical Dots) was a
within-subjects independent variable.

Participants

The data consisted of 39 participants, who had a valid Japanese driver’s license.

Seven of them were female whereas the other 32 were male. They were 22.55 (SD = 5.08)

years old and had been driving for 2.89 (SD = 4.95) years on average. Participants were
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voluntarily recruited through a website and the experiment took each participant about 1 hour,

which was compensated by 1,000 Japanese yen.

Materials

Driving simulator. UC-win/Road Ver. 9.0.3, a driving simulation software

developed by FORUM 8 Co., Ltd., was used to present simulated driving environment and
to store logs. A driving simulator made by SIMREX Corporation (Figure 1) was used to
input participants’ performance. Three displays made by LG Electronics Inc. (42LA6650)
displayed simulated images with 1,920 x 1,080 pixel resolutions. Engine noise was
presented through a speaker while the seat vibrated in response to engine speed. Participants

drove a coupe (Figure 2).
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Isometric view Top view

1439 1439

Side view

(" 1700)
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Figure 1. Dimensions of the driving simulator. Adapted from “UC-win/Road Driving

Simulator (3ch Compatible) User's Manual,” by FORUM 8, 2010, p. 57. Copyright 2010 by

FORUM 8.
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Figure 2. A coupe used in the driving simulation.

Course. The driving course was created with and simulated in UC-win/Road. The
course was a 36.266 km-long rural highway with two lanes on each side, consisting of a
series of nine U-shaped blocks (Figure 3). Each block had four curves with the radius of 220
m. Although highways in Japan set 300 m as a minimum curve radius, the course in the
present experiment had the radius of 220 m in a curve for the purpose of deliberately
exploring the effects of the road markings. Located 10 m above the flat ground, each side of
the road was separated with a guard rail with light poles on it at intervals of 40 m. Widths of
road elements were 3.5m for a lane, 0.15m for a division line, 1.25m for the left shoulder, and
0.3m for the right shoulder. There were no buildings along the course. The opposite lanes had

traffic flow running at 60 km/h at 7.2-second intervals.
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Block layout

Start [ :f 77777777 17 77777777 :T ”””” :f ”””” 1|’ ”””” 17 ”””” :f ”””” 1\’ ”””” :

' Goal

Block 1 Block2 Block3 Block3 Block5 Block6 Block7 Block8 Block9

Dimensions at a curve

KEs|. |

Clothoid curves

1455m

Simple curve

Travelling direction

Figure 3. The course layout. KA = the beginning of a clothoid curve, KE = the end of a
clothoid curve, S = section.

Road Markings. Four patterns of road markings, Parallelogram Edge Line, Wide
Chevron, Narrow Chevron, and Optical Dots, were implemented (Figure 4). Each pattern of
road markings was installed between 200 m prior to the beginning of the first clothoid curve
and the end of a simple curve. The order of the road markings was counterbalanced using the
ABBA method throughout the course (Table 1). The color of the road markings was white in
accordance with the current policy of the National Police Agency of Japan (National Police
Agency Department of Transportation, 2014). Table 2 shows the locations of a series of the

road markings at a site and Figure 5 exhibits screenshots of the driving courses. The marking
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interval in the Convergent condition was decreased in stages based on applications on roads.

Parallelogram Edge Line

Wide Chevron

50mm

3500mm

300mm

I000mm

3500mm

| 3400mm |
Narrow Chevron Optical Dots
3500mm 3500mm
45° 600mm
N\ a 7\ N\
—1325mm——~ ‘."‘. ‘\I‘ ‘."‘. ."‘J ‘I"‘. ;r ‘I"‘,
[ [ [ [
w\ | [ |
|| |moomm
1000mm | | ]
45° | . n |
™~ | \ ."‘I‘ \ ."‘I‘
\_/ \_/ \/ \/
el = nn 245mm
30mm

Figure 4. Dimensions of the pavement markings. The upper side of each pattern is the

direction of travel.
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Table 1

Counterbalanced Curve Profiles of the Driving Course

22

Curve® Marking
Block Direction KA; KE; KA, KE, Pattern Interval
1 Right 3398 35435 37435 3889 None -
Left 4296 44415 46415 4787 Parallelogram Edge Line  Constant
Left 5194 53395 55395 5685 Optical Dots Convergent
Right 6092 62375 64375 6583 Wide Chevron Constant
2 Right 6990 71355 73355 7481 Narrow Chevron Convergent
Left 7888 80335 82335 8379 Parallelogram Edge Line  Convergent
Left 8787 89325 91325 9278 Optical Dots Constant
Right 9685 9830.5 10030.5 10176 Wide Chevron Convergent
3 Right 10583 10728.5 10928.5 11074 Narrow Chevron Constant
Left 11481 11626.5 11826.5 11972 Narrow Chevron Constant
Left 12379 125245 127245 12870 Wide Chevron Convergent
Right 13277 134225 136225 13768 Optical Dots Constant
4 Right 14175 14320.5 14520.5 14666 Parallelogram Edge Line  Convergent
Left 15073 152185 15418.5 15564 Narrow Chevron Convergent
Left 15971 16116.5 16316.5 16462 Wide Chevron Constant
Right 16870 170155 172155 17361 Optical Dots Convergent
5 Right 17768 179135 18113.5 18259 Parallelogram Edge Line  Constant
Left 18666 18811.5 19011.5 19157 None -
Left 19564 19709.5 19909.5 20055 None -
Right 20462 20607.5 20807.5 20953 Parallelogram Edge Line  Constant
6 Right 21360 21505.5 217055 21851 Optical Dots Convergent
Left 22258 22403.5 22603.5 22749 Wide Chevron Constant
Left 23156 23301.5 23501.5 23647 Narrow Chevron Convergent
Right 24054 24199.5 24399.5 24545 Parallelogram Edge Line  Convergent
7 Right 24952 25097.5 25297.5 25443 Optical Dots Constant
Left 25850 259955 26195.5 26341 Wide Chevron Convergent
Left 26749 26894.5 27094.5 27240 Narrow Chevron Constant
Right 27647 277925 279925 28138 Narrow Chevron Constant
8 Right 28545 28690.5 28890.5 29036 Wide Chevron Convergent
Left 29443 29588.5 29788.5 29934 Optical Dots Constant
Left 30341 30486.5 30686.5 30832 Parallelogram Edge Line ~ Convergent
Right 31239 313845 31584.5 31730 Narrow Chevron Convergent
9 Right 32137 322825 324825 32628 Wide Chevron Constant
Left 33035 33180.5 33380.5 33526 Optical Dots Convergent
Left 33934 34079.5 34279.5 34425 Parallelogram Edge Line  Constant
Right 34832 349775 35177.5 35323 None -

Note. KA = the beginning of a clothoid curve, KE = the end of a clothoid curve.

& The units are in m.
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Table 2

Locations of a Series of the Road Markings
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Number of Distance to the first marking from
Condition  Group Interval ® markings the beginning of a clothoid curve ®
Constant
1 3 182 0
Convergent
1 9 6 0
2 7 7 54
3 5 10 103
4 3 131 153

Note. 2 The units are in m.

Practice session

Figure 5. Screenshots of the driving courses.

CG Animation Questionnaire. A modified version of the CG Animation

Questionnaire, originally developed by Adachi, Fujii, Tamagawa, lwasato, Yamada, and

Nakamura (2009) in order to assess subjective feelings for “sequence designs” on a tunnel

wall, was used in this study to reveal participants’ subjective feelings against the road

markings. The present questionnaire consisted of 7 scales: Feel of Danger, Feeling of

Speeding, Eyes on the Road, Driving Difficulty, and Difficulty of Grasping Distance. Each
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scale was evaluated on the seven-point Likert scale (“1 — Strongly disagree,” “2 — Disagree,”
“3 — Disagree somewhat,” “4 — Neither agree nor disagree,” “5 — Agree somewhat,” “6 -
Agree,” “7 — Strongly agree”). Because mental workload, effort, and task difficulty are
strongly correlated (Mulder, 1986; Rudin-Brown & Jamson, 2013), Driving Difficulty was
considered as mental workload.

Participants assessed the scales while watching each video clip displaying driver’s
view of driving at 80 km/h through a right curve section with each pattern of road marking on
it (Figure 6). The questionnaire was presented using a laptop computer.

Grid Image Questionnaire. Five static images of right simple curve sections from
the driver’s view with 1,800 (60 horizontally x 30 vertically) grids (Figure 7) were used to
report the areas where participants specifically looked at or took care of during the driving
session by circling the areas with any sizes.

Each image in this questionnaire had each pattern of road markings. The order of the

images was counterbalanced between participants.
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Figure 6. A screenshot of a clip presented in the CG Animation Questionnaire.
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7

Figure 7. One of the five sheets in the Grid Image Questionnaire.
Procedure

The experiment was conducted in Room M308 at Osaka University School of
Human Sciences Main Building from Oct. 23, 2014 through Nov. 15, 2014.

Informed consent. Participants were recruited through a website and those who
reported that they were in good health voluntarily took part in the experiment (None of the 39
participants reported a health problem). First, participants were required to confirm a consent
form, which described the purpose of the study as to “reveal driving behavior,” ensuring
participants’ right to quit the experiment anytime without a reason. Participants filled in the
consent form as well as a bank transfer form.

Driving session. Informed consent was followed by a 10-minute practice session,
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where participants were instructed to drive straightforward in the left lane on an urban
highway at the speed they felt was safe by checking a speedometer and the image of side
mirrors as needed. All participants finished a practice session in 10 minutes. Participants were
asked if they were in good health after the practice session, then only those who reported no
health problem (all of the participants) performed the driving session, where the speedometer
was covered with a sheet of black paper and the image of side mirrors were not available. In
the driving session, participants were instructed to drive a coupe straightforward in the left
lane on a highway at the speed they felt was safe until the road disappeared. It averaged about
30 minutes, slightly differing from person to person. The room was darkened during the
practice and driving sessions, and participants’ cell phones were set to silent mode during the
driving session so that participants could concentrate on driving. Logs were automatically

recorded by UC-win/Road. Figure 8 shows a participant in the driving session.
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Figure 8. A participant in the driving session.

Questionnaire session. Participants responded to the CG Animation Questionnaire
on a laptop computer after the driving session. The order of the videos was counterbalanced
between participants. The CG Animation Questionnaire was followed by the Grid Image
Questionnaire, where participants were instructed to circle the areas they specifically looked
at or took care of during the driving session in each image of a road marking. The order of the
images was counterbalanced between participants. After they completed the questionnaire,
participants were asked if they noticed the convergence of some road marking intervals.

Data analyses. Participants’ demography was aggregated with Microsoft Office
Excel 2013 and statistical analyses on the data recorded by UC-win/Road were performed
using PASW Statistics 18.0. As recommended in Girden (1992), when Mauchly's sphericity
test indicated that the assumption of sphericity had been violated, the Greenhouse-Geisser
correction was applied when epsilon was .75 or below and the Huynh-Feldt correction was

applied if epsilon was larger than .75.
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Mean speed and throttle. Speeds were recorded at 200 m prior to the beginning of a
first clothoid curve through 100m prior to the beginning of a first clothoid curve (S;), at 100
m prior to the beginning of a first clothoid curve through the beginning of a first clothoid
curve (KA;) (S,), and at the beginning of a first clothoid curve (KA;) through the end of a
simple curve (KAy) (S3). For speed-related measures, paired t-tests were conducted in Sy, Sy,
and Sz to examine the effects of the existence of road markings, followed by a repeated
measures ANOVA if a paired t-test revealed any significant difference in the section. Readers
must note an increase in type | errors could not be avoided in this process.

Standard deviation of lane position. For standard deviation of lane position, a
one-way repeated measures ANOVA was performed in simple curves, where curvature hits
the greatest value.

CG Animation Questionnaire. A one-way repeated measures ANOVA was
performed on each item, followed by a post hoc comparisons with a Bonferroni correction
when an ANOVA revealed any significance.

Grid Image Questionnaire. Heat maps of each condition were generated based on
the number of squares overlapping more than a half of the areas participants circled.

Protocol. Participants’ time was compensated by 1,000 Japanese yen. The
experimental protocol had been approved by the Ethical Committee of Behavioral Sciences,

Faculty of Human Sciences Osaka University.
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Results

A participant’s log file had been permanently lost due to a program crash. In addition,
10 out of 39 participants were missing data indicating their lane position because of defective
settings in the driving simulator. Thus sample size varies across the measures: 38 for
speed-related measures, 28 for lane position, and 39 for the CG Animation Questionnaire as
well as for the Grid Image Questionnaire.

Mean Speed

Table 3 exhibits mean speeds in the Control and Treatments conditions in S; through
Ss. In the Treatments condition, mean speed dropped 0.77 km/h (0.85%) in S;, 1.42 km/h
(1.55%) in S, and 0.67 km/h (0.81%) in S3 compared to the speed in the Control condition. A
paired t-test with a Bonferroni correction revealed a significant difference on mean speed in
Sy, t(37) = 2.37, p = .046, while no significant differences were found in S; (t(37) = 1.23, p
=.452,n.s.) and S3 (t(37) = 0.98, p = .666, n.s.). Table 4 shows mean speeds in each
condition in Sp.

For S,, Mauchly's sphericity test indicated that the assumption of sphericity had been
violated in marking shape (x*(5) = 12.54, p = .028) as well as in interaction of shape and
interval (x*(5) = 29.31, p = .000). As a result, the degrees of freedom modified with the
Huynh-Feldt correction and the Greenhouse-Geisser correction were respectively applied to
shape (¢ = .87) and interaction of shape and interval (¢ = .67). Although a two-way repeated

measures ANOVA (Table 5) did not reveal a main effect for shape (F(2.62, 96.95) = 0.58, p

.605, npz =0.02, n.s.) or for interaction of shape and interval (F(1.91, 70.73) = 0.31, p

128, np2 =0.01, n.s.), it found a marginal main effect for interval, F(1, 37) = 3.87, p = .057,

npz = 0.10), indicating lower driving speed in Constant condition (M =89.79 km/h, SD =
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21.25 km/h) than in Convergent condition (M = 90.49 km/h, SD = 21.21 km/h). Figure 9
shows mean speeds in None, Constant, and Convergent conditions at a curve.
Table 3

Mean Speeds in the Control and Treatments Conditions in S; through S3

95% ClI
Section® M (SD) LL UL

Control

Si 90.67 (21.09) 83.74 97.61

S, 91.88 (21.16)  84.93 98.83

S3 83.63 (18.90)  77.42 89.85
Treatment

S1 89.90 (20.79)  83.07 96.73

S, 90.46 (21.35) 83.44 97.48

S3 82.96 (19.64)  76.50 89.41

Note. CI = confidence interval; LL = lower limit, UL = upper limit.

=38
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Table 4

Mean Speeds in Each Condition in S,

95% CI
Condition® M (SD) LL UL

Parallelogram Edge Line

Constant 90.40 (20.89)  83.53 97.26

Convergent 90.52 (22.10)  83.26 97.79
Wide Chevron

Constant 90.06 (21.61)  82.96 97.17

Convergent 90.51 (21.73)  83.37 97.65
Narrow Chevron

Constant 89.20 (21.68)  82.08 96.33

Convergent 90.28 (20.63)  83.50 97.06
Optical Dots

Constant 89.51 (21.95) 82.30 96.73

Convergent 90.66 (21.15) 83.71 97.62
Overall

Constant 89.79 (21.25)  82.81 96.78

Convergent 90.49 (21.21) 83.52 97.47

Note. CI = confidence interval; LL = lower limit, UL = upper limit.

=38
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Table 5

One-Way ANOVA of Main Speed in S,

Source SS df MS F p
Shape 2152 262 821 0.58 .605
Interval 3735 1 3735 3.87 .057

Shape X interval 14.08 191 7.36 0.31 .728
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Mean speed (km/h)

Distance from the beggining of a curve (m)

Figure 9. Mean speeds in None, Constant, and Convergent conditions at a curve.
Throttle

Table 6 exhibits mean throttle values in the Control and Treatments conditions in S;
through Ss. In the Treatments condition, mean throttle dropped 3.82 percentage points in Sy,
1.48 percentage points in Sy, and 0.67 percentage points in S3 compared to the speed in the
Control condition. A paired t-test with the Bonferroni correction revealed a significant
difference on mean throttle in Sy, t(37) = 3.00, p = .015, while no significant difference was
found in S, (t(37) =1.19, p =.723, n.s.) and S3 (t(37) = 0.98, p = .459, n.s.). Table 7 shows

mean throttle values in each condition in S;.
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For S;, Mauchly's sphericity test indicated that the assumption of sphericity had been
violated in marking shape (3%(5) = 24.83, p = .000), therefore the degrees of freedom
modified with the Huynh-Feldt correction was applied (e = .78). Although a two-way
repeated measures ANOVA (Table 8) did not find significant main effects for marking shape
(F(2.34, 86.54) = 1.27, p = .2809, npz =0.03, n.s.) or for interaction of shape and interval (F(3,
111) = 1.07, p = .367, np2 =0.03, n.s.), it revealed a marginal main effect for marking interval
on throttle, F(1, 37) = 3.15, p =.084, npz = 0.08, indicating lower throttle value in the
Constant condition (39.59%) than in the Convergent condition (42.13%). Figure 10 shows
mean throttle values in None, Constant, and Convergent conditions at a curve.

Table 6

Mean Throttle Values in the Control and Treatments Conditions in S; through S

95% ClI
Section® M (SD) LL UL

Control

S1 4458 (17.58) 38.80 50.36

S, 30.37 (13.51) 25.93 34381

S3 21.55(10.79) 18.00 25.10
Treatment

S1 40.76 (18.67) 34.62 46.90

S, 28.89 (14.71) 24.06 33.72

S3 20.88 (10.18) 17.53 24.23

Note. All units are in %. Cl = confidence interval; LL = lower limit, UL = upper limit.

% =38
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Table 7

Mean Throttle Values in Each Condition in S;

95% CI
Condition® M (SD) LL UL

Parallelogram Edge Line

Constant 39.59 (18.08) 33.65 45.53

Convergent 42.13 (20.26) 35.48 48.79
Wide Chevron

Constant 41.33(18.78) 35.16 47.51

Convergent 41.51(18.29) 3550 47.52
Narrow Chevron

Constant 38.67 (19.45) 32.27 45.06

Convergent 41.47 (17.56) 35.70 47.24
Optical Dots

Constant 39.01 (20.25) 32.35 45.66

Convergent 39.14 (18.39) 33.10 45.19
Overall

Constant 39.65 (18.04) 33.72 45.58

Convergent 41.06 (17.72) 35.24 46.89

Note. All units are in %. CI = confidence interval; LL = lower limit, UL = upper limit.
=38
Table 8

One-Way ANOVA of Mean Throttle Value in S;

Source SS df MS F p
Shape 0.02 234 0.01 127 .289
Interval 002 1 0.02 315 .084

Shape X interval 0.01 3 0.00 107 .367
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Figure 10. Mean throttle values in None, Constant, and Convergent conditions at a curve.
Standard Deviation of Lane Position

Table 9 exhibits standard deviation of lane position in each condition in a simple
curve while Figure 11 displays changes in standard deviation of lane position with each
marking. Standard deviations of lane position was stable before it increased at a simple curve,
where a mean value of standard deviation of lane position was 7.26 (SD = 3.08) cm in None,
7.13 (SD =1.84) cm in Parallelogram Edge Line, 7.14 (SD = 2.31) cm in Wide Chevron, 7.32
(SD =2.32) cm in Narrow Chevron, and 7.24 (SD = 2.45) cm in Optical Dots conditions.
Mauchly's sphericity test indicated that the assumption of sphericity had been violated (x*(9)
=22.17, p = .008), therefore the degree of freedom modified with the Greenhouse-Geisser
correction was applied (¢ =.72). A one-way ANOVA (Table 10) did not reveal a significant
effect for marking shape, F(2.87, 77.55) = 0.09, p = .961, npz =0.00, n.s.). Each participants’
standard deviation of lane position in each condition was plotted in a control chart (Figure

12). As seen in Figure 12, Participants 15 and Participants 26 showed relatively unstable
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lateral positions in None while they did not swerve in other conditions with the road

markings.

Table 9

Standard Deviation of Lane Position in Each Condition in a Simple Curve

95% ClI
Condition® M (SD) LL UL
None 7.26 (3.08) 6.25 8.28
Parallelogram Edge Line 7.13(1.84) 6.53 7.73
Wide Chevron 7.14(2.31) 6.38 7.90
Narrow Chevron 7.32(232) 732 132
Optical Dots 7.24 (245) 6.44 8.04

Note. All units are in cm. CI = confidence interval; LL = lower limit, UL = upper limit.

=28
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Figure 11. Standard deviation of lane position at a curve.
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Table 10

One-Way ANOVA of Standard Deviation of Lane Position in a Simple Curve

Source  SS d MS F p
Shape 0.78 2.87 0.27 0.09 .961

35 ~
— Average —UCL

—LCL ® None

30 O Parallelogram Edge Line A Narrow Chevron
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20

15 A

Standard deviation of lane position (cm)

123456 7 8 91011121314151617 1819 2021 22 2324252627 28
Participants

Figure 12. Control charts of standard deviation of lane position at a simple curve. Error bars
represent standard errors. Points are offset horizontally so that error bars can be seen. UCL =
upper control limit (M + 3 SD), LCL = lower control limit (M — 3 SD).
CG Animation Questionnaire

Figure 13 exhibits ratings in each condition in the CG Animation Questionnaire and
Table 11 exhibits one-way ANOVAs of the CG Animation Questionnaire.

Feel of Danger. A one-way repeated measures ANOVA found a significant effect of
marking patterns on subjective ratings, F(4, 152) = 7.20, p =.001, np2 =0.16. Post hoc
comparisons with a Bonferroni correction showed that Feel of Danger was rated significantly

higher in Wide Chevron (p = .000) and Optical Dots (p =.001) than in None and in Wide
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Chevron than in Narrow Chevron (p =.017).

Feeling of Speeding. A one-way repeated measures ANOVA found a significant
effect of marking patterns on subjective ratings, F(4, 152) = 19.04, p =.000, an = 0.33. Post
hoc comparisons with a Bonferroni correction showed that Feeling of Speeding was rated
significantly higher in Parallelogram Edge Line (p =.001), Wide Chevron (p = .000), Narrow
Chevron (p = .000), and Optical Dots (p = .000) than in None.

Eyes on the Road. A one-way repeated measures ANOVA found a significant effect
of marking patterns on subjective ratings, F(4, 152) = 67.07, p = .000, an = 0.64. Post hoc
comparisons with a Bonferroni correction showed that Eyes on the Road was rated
significantly higher in Parallelogram Edge Line (p = .004), Wide Chevron (p = .000), Narrow
Chevron (p = .000), and Optical Dots (p = .000) than in None, in Wide Chevron (p = .000),
Narrow Chevron (p =.000), and Optical Dots (p = .000) than in Parallelogram Edge Line, in
Wide Chevron (p = .016) than in Narrow Chevron, and in Optical Dots (p = .000) than in
Narrow Chevron.

Driving Difficulty. Mauchly's sphericity test indicated that the assumption of
sphericity had been violated (3°(9) = 19.31, p = .023), therefore the degrees of freedom
modified with the Huynh-Feldt correction was applied (¢ = .88). A one-way repeated
measures ANOVA found a significant effect of marking patterns on subjective ratings, F(3.51,
133.31) =12.71, p = .000, np2 = 0.25. Post hoc comparisons with a Bonferroni correction
showed that Driving Difficulty was rated significantly higher in Wide Chevron (p = .000) and
Optical Dots (p = .006) than in None, in Wide Chevron (p = .000) and in Optical Dots (p
=.001) than in Parallelogram Edge Line, in Wide Chevron (p =.000) than in Narrow

Chevron, and in Optical Dots (p = .005) than in Narrow Chevron.
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Difficulty of Grasping Distance. Mauchly's sphericity test indicated that the
assumption of sphericity had been violated (x*(9) = 25.66, p = .002), therefore the degrees of
freedom modified with the Huynh-Feldt correction was applied (¢ = .79) A one-way repeated
measures ANOVA found a significant effect of marking patterns on subjective ratings, F(3.16,
119.98) =5.11, p = .003, npz = 0.12. Post hoc comparisons with a Bonferroni correction
showed that Difficulty of Grasping Distance was rated significantly higher in Wide Chevron
(p =.006) and Optical Dots (p = .038) than in Parallelogram Edge Line, in Wide Chevron (p

=.000) than in Narrow Chevron, and in Optical Dots (p =.040) than in Narrow Chevron.

71 mNone @ Parallelogram Edge Line @Wide Chevron @Narrow Chevron B Optical Dots

Feel of Danger Feeling of Eyes on the Road Driving Difficulty Difficulty of
Speeding Grasping
Distance

Item

Figure 13. One-way ANOVAs of the CG Animation Questionnaire. Error bars represent
standard errors. Each scale was evaluated on the seven-point Likert scale (“1 — Strongly
disagree,” “2 — Disagree,” “3 — Disagree somewhat,” “4 — Neither agree nor disagree,” “5 —

Agree somewhat,” “6 - Agree,” “7 — Strongly agree”).
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Table 11

One-Way ANOVAs of the CG Animation Questionnaire

Source SS df  MS F p
Feel of Danger 4947 4 1237 7.20 .000
Feeling of Speeding 14284 4 3571 19.04 .000
Eyes on the Road 386.84 4 96.71 67.07 .000
Driving Difficulty 121.21 3.51 3455 12.71 .000
Difficulty of Grasping Distance 37.66 3.16 1193 5.11 .002

Grid Image Questionnaire

Figure 14 shows images generated from the Grid Image Questionnaire. Participants’
attention had been concentrated on the apex of the inner division line in None condition.
Although they also paid attention to the same area in Parallelogram Edge Line condition, the
depth of concentration was smaller in Parallelogram Edge Line than in None, indicating
relatively higher attention to the near side of the inner division line as well as to the far side
of the outer division line. Wide Chevron and Narrow Chevron both showed a line of
attentional concentration along the center of the patterns though the depth of concentration
was larger in Narrow Chevron. A larger amount of attention was laterally scattered in Wide
Chevron than in Narrow Chevron. In Optical Dots condition, participants paid attention to the
relatively wider area across the markings.

The number of people who reported that they noticed the interval convergence was 3
(7.69%) in Parallelogram Edge Line and Narrow Chevron conditions whereas 7 (17.95%)
participants noticed the convergence in Wide Chevron and Optical Dots conditions,
respectively (Table 12). A Cochran's Q test revealed the number of participants who were
aware of the convergence was lower in Parallelogram Edge Line and Narrow Chevron than

in Wide Chevron and Optical Dots (p = 0.470).
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Optical Dots

Figure 14. Heat maps indicating the areas attracting participants’ attention in each marking
pattern. Red indicates a high level of attention while blue shows lower level of attention.
Table 12

Numbers of People Who Noticed the Interval Convergence in Each Condition

Condition® Noticed Unnoticed
Parallelogram Edge Line 3 36
Wide Chevron 7 32
Narrow Chevron 3 36
Optical Dots 7 32

Note. °n = 39
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Discussion

The purpose of this study was to explore the effects of road marking patterns on
driving speed and lane position in association with drivers’ subjective feelings and mental
workload as well as visual attention.

Driving Speed

The presence of the road markings lowered mean speed by 1.42 km/h (1.55%) only
at the 100-0 m preceding a clothoid curve. In this section, participants tended to drive at 0.7
km/h (0.77%) slower with the road markings with the constant interval than with the road
markings with the converging interval. Since the longitudinal marking density was higher in
the road markings with constant interval than with the road markings with the converging
interval, this result indicates that the road markings for speed reduction as short as 200 m
work as warning devices rather than as perceptual cues that increase the subjective speed.

In addition to vehicle speed, throttle values were also investigated as an indicator of
mental process. The presence of road markings lowered mean throttle by 3.82 percentage
points only at the beginning of the road markings during the 100 m preceding a curve. In this
section, participants tended to push 2.54 percentage points less pedal with the road markings
with constant interval than with the road markings with the converging interval. Because
reaction time while at the wheel is said to be 0.5 seconds (Drakopoulos & Vergou, 2003),
drivers’ mental process of speed adjustment by the road markings was assumed to have
started about 13 m preceding the markings. As pointed out by Godley et al. (1999), this also
implies the alarming effect.

The most important finding of this study is that both throttle and mean speed tended

to drop more with the road markings with constant interval than with the road markings with
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the converging interval. Many studies investigating the feeling of acceleration (e.g., Denton,
1980) have compared road markings with converging intervals to those with a fixed interval
that was equal to the maximum interval of a set of converging intervals. However, it is not
possible in this design to claim the effect of illusion even if driving speeds were lower in the
converging condition than in the constant condition because the longitudinal marking density,
which could be alarming, in the converging intervals is higher than that in the constant
interval. In other words, any speed reductions in a study with such an experimental design
could not be due to the illusion of acceleration, but might be because of an alarming effect.
To rule out this possibility, the present study used the minimum interval in a set of converging
intervals as a fixed interval in the other condition.

In this study, an alarming effect was observed as seen in Godley et al. (1999),
Jamson et al. (1999), and Jarvis and Jordan (1990), while the effect of acceleration illusion
was not observed in the present study since both driving speed and throttle are not larger in
the road markings with a converging interval than with the road markings with a fixed
interval through all sections.

Although the effect of the acceleration illusion was not observed in this study, the
results do not necessarily deny the presence of the acceleration illusion in other situations
because the illusion of speeding and the alarming effect are not mutually exclusive.

Most of the participants did not realize the convergence of marking intervals. This
result suggested the possibility of using road markings as unobtrusive perceptual
countermeasures if road markings can elicit the feeling of acceleration. The reason why more
participants were aware of the convergence of marking interval in Wide Chevron and Optical

Dots than in Parallelogram Edge Line and Narrow Chevron is unclear. One possibility could
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be that the participants were able to grasp their driving speeds more accurately with the wider
road markings by peripheral vision as suggested by the idea of optic flow since the length of
a vector per period is bigger in the peripheral visual field than in the foveal visual field
(Gibson, 1979).

Due to the lack of sample size, the researcher did not perform a post hoc analysis
between participants who were aware of the convergence and those who were not. Future
research, however, could reveal the nature of road markings by comparing objective variables
in association with subjective variables.

Lane Position Variance

No significant effects of the road markings on standard deviation of lane position
were revealed since there was a floor effect on standard deviation of lane position. It was
difficult to make a discussion based on statistical data in the present study because of the
small values of standard deviation of lane position compared to other simulation studies (e.g.,
Dijksterhuis et al., 2011; He et al., 2014).

Thus each participants’ standard deviation of lane position in each condition were
plotted in a control chart (Figure 13), a chart used to monitor unusual values. Although
statistical tests are not available in a control chart, it is commonly used in the field of traffic
safety (e.g., pavement quality monitoring) because of the importance of monitoring unusual
values (Spiegelman, Park, & Rilett, 2010). The control chart showed that Participant 15 and
Participant 26 had relatively unstable lateral positions in the None condition while they did
not swerve in other conditions with the road markings.

In the CG Animation Questionnaire, Driving Difficulty was rated relatively high in

Wide Chevron and Optical Dots than in the other road markings. As for lane position, Driving
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Difficulty is thought to be important as long as high workload is a potential contributor to
smaller lane position variance as He et al. (2014) points out. Yet further research on the
effects of road markings on workload should be carried out since lane position variance was
not assessed enough in the present study.

The Grid Image Questionnaire brought some insights on drivers’ visual attention. In
line with Land and Lee (1994), participants tended to look at the apex of inner division line
when no road markings were present. With Parallelogram Edge Line, participants paid more
attention to the near side of the inner division line as well as to the far side of the outer
division line, suggesting participants could have been aware of virtual lane narrowing though
smaller Eyes on the Road in comparison to those in the other road markings that suggested
that participants did not fixate on the markings. In contrast, participants paid attention to the
lane center with Wide Chevron and Narrow Chevron. This is in line with the aim of these
types of road marking as steering guidance. The potential function of Optical Dots as a
steering guidance was also implied because participants’ attention was larger along with the
second longitudinal series of dots from the inner division line. Furthermore, these road
markings may help drivers accurately scan curvature.

Combining the results of the control chart and the Grid Image Questionnaire, the
road markings’ potential ability of lane position keeping was implied, though further research
is required. The present study could not fully investigate the role of visual attention on lane
keeping behavior due to the floor effect. Since participants hardly swerved on the course,
future simulation studies may need to make curve radii smaller experimentally. Also, the Grid

Image Questionnaire was not a perfect tool to explore visual attentional patterns because it
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cannot reveal automated attentional distributions or unconscious eye movements. Analyses
using a dynamic eye camera will allow more detailed discussions in future research.
Suggestions

The result of the present study is especially meaningful in that alarming effect
dominated through the road markings as short as 200 m since it is the marking distance
preceding a hazardous curve in highways in Japan. The effect of road markings, however,
should be investigated on roads too. Although there was no significant effect of marking
shape in the present study, this result does not deny the possible difference of the effects in
different situations on real roads.

Since the alarming effect dominated in the present study, road markings with larger
Feel of Danger and Driving Difficulty, such as Wide Chevron and Optical Dots, may have a
potential to be relatively powerful countermeasures for initial speed reduction compared to
those rated high in Feeling of Speeding though Wide Chevron and Optical Dots somewhat
might not be as safe as the others due to high ratings in Difficulty of Grasping Distance.
Although Adachi et al. (2009) aimed to achieve smaller Driving Difficulty in the process of
selecting an optimal “sequence design” on a tunnel wall, that may not be the case on road
markings.

To sum up the findings, it is recommended to introduce road markings with a high
alarming potential (e.g., Wide Chevron and Optical Dots) on the preceding a hazardous curve
for speed reduction whereas it would be effective to install road markings as steering guides
(e.g., Parallelogram Edge Line and Narrow Chevron) in a curve.

Regulations and Research Recommendations

There were some regulations in the present study.
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First, the participants were quite young (M = 22.55 years old, SD = 5.08 years old)
and inexperienced (M = 2.89 years, SD = 4.95 years) compared to the general population of
drivers though they had been driving on a daily basis. As Mourant and Rockwell (1970)
pointed out that different eye searching patterns are different between novice drivers and
experienced drivers, a different population from that of the present study should be recruited
in future research.

Second, the steering torque of the driving simulator did not change no matter how
large the participants steered. Although the reason why it did not change was unknown, it
lacked validity so that the participants’ steering behavior might have been affected in an
unsuitable way. Future research investigating lane position needs a driving simulator with
higher fidelity.

It is worth investigating the effects of road markings in other situations. Although a
clear alarming effect was shown in the present study, the illusion of acceleration may be
observed in longer treatment sections as Godley et al. (1999) and Han et al. (2012) claim. In
addition, the magnitudes of the effects of road markings in urban conditions can differ from
those in rural conditions, though most of the simulation experiments have been carried out on
rural roads (Weller, 2010). Thus it would be meaningful to investigate the effects of road
markings in urban situations.

Marking conspicuity also can be an object of research as an attempt to achieve
stronger or lasting effects of road markings. Different colors of road markings might give
drivers different perceptions while a gradual increase in road marking visibility towards the
travelling direction in long sections may achieve unobtrusiveness so that drivers would be

less likely to adapt to the road markings.



EFFECTS OF ROAD MARKING PATTERNS 51

References

Aarts, L., & van Schagen, 1. (2006). Driving speed and the risk of road crashes: A review.
Accident Analysis & Prevention, 38(2), 215-224. doi: 10.1016/j.aap.2005.07.004

Adachi, Y., Fujii, Y., Tamagawa, D., lwasato, Y., Yamada, K., & Nakamura, Y. (2009,
November). Experimental study on speed reduction effect by sequence design. Paper
presented at the Eighth International Conference of Eastern Asia Society for
Transportation Studies, Surabaya, Indonesia. Retrieved from
https://www.jstage.jst.go.jp/article/eastpro/2009/0/2009_0_404/ pdf

Denton, G. G. (1980). The influence of visual pattern on perceived speed. Perception, 9(4),
393-402. doi: 10.1068/p090393

Dijksterhuis, C., Brookhuis, K. A., & de Waard, D. (2011). Effects of steering demand on
lane keeping behaviour, self-reports, and physiology. A simulator study. Accident
Analysis & Prevention, 43(3), 1074-1081. doi: 10.1016/j.aap.2010.12.014

Drakopoulos, A., & Vergou, G. (2003). Evaluation of the converging chevron pavement
marking pattern at one Wisconsin location (AAA Foundation Report). Retrieved from
American Automobile Association Foundation for Traffic Safety website:
https://www.aaafoundation.org/sites/default/files/chevrons%20%281%29.pdf

Elvik, R., Vaa, T., Erke, A., & Sorensen, M. (Eds.). (2009). The handbook of road safety
measures. Bingley, United Kingdom: Emerald Group Publishing.

Forum 8. (2010). UC-win/Road Doraibingu Shimyureta (3ch taioban) yuzazu manyuaru
[UC-win/Road Driving Simulator (3ch Compatible) User's Manual]. Retrieved from
http://ftp.forum8.co.jp/forum8lib/ucwin/road/road_DS10400-2010.pdf

Friedman, L. S., Barach, P., & Richter, E. D. (2007). Raised speed limits, case fatality and



EFFECTS OF ROAD MARKING PATTERNS 52

road deaths: A six year follow-up using ARIMA models. Injury Prevention, 13(3),
156-161. doi: 10.1136/ip.2006.014027

Friedman, L. S., Hedeker, D., & Richter, E. D. (2009). Long-term effects of repealing the
national maximum speed limit in the United States. American Journal of Public Health,
99(9), 1626-1631. doi: 10.2105/AJPH.2008.153726

Fuller, R. (2005). Towards a general theory of driver behaviour. Accident Analysis &
Prevention, 37(3), 461-472. doi: 10.1016/j.aap.2004.11.003

Gallaher, M. M., Sewell, C. M., Flint, S., Herndon, J. L., Graff, H., Fenner, J., & Hull, H. F.
(1989). Effects of the 65-mph speed limit on rural interstate fatalities in New Mexico.
Journal of the American Medical Association, 262(16), 2243-2245.
doi:10.1001/jama.1989.03430160065031

Gates, T. J., Qin, X., & Noyce, D. A. (2008). Effectiveness of experimental transverse-bar
pavement marking as speed-reduction treatment on freeway curves. Transportation
Research Record: Journal of the Transportation Research Board, 2056, 95-103. doi:
10.3141/2056-12

Gibson, J. J. (1979). The ecological approach to visual perception. Boston: Houghton
Mifflin.

Girden, E. R. (Ed.). (1992). ANOVA: Repeated measures (No. 84). Newbury Park, CA: Sage.

Godley, S., Fildes, B., Triggs, T., & Brown, L. (1999). Perceptual countermeasures:
Experimental research (ATSB Contract Report CR 182). Retrieved from Monash
University website: http://www.monash.edu.au/miri/research/reports/atsb182.pdf

Han, A., Tamaki, M., Ono, S., Sasaki, M., Suda, Y., & Ikeuchi, K. (2012). Kosokudoro ni

okeru shikuensu dezain ‘oputikaru dotto’ ni yoru soko segyo koka no choki kensho.



EFFECTS OF ROAD MARKING PATTERNS 53

[Long-term verification of driving speed control effectiveness by sequence design
‘optical dots' in a highway]. Seisan-Kenkyu, 64(2), 297-302. doi:
10.11188/seisankenkyu.64.297

He, J., McCarley, J. S., & Kramer, A. F. (2014). Lane keeping under cognitive load:
Performance changes and mechanisms. Human Factors, 56(2), 414-426. doi:
10.1177/0018720813485978

Hills, B. L. (1980). Vision, visibility, and perception in driving. Perception, 9(2), 183-216.
doi: 10.1068/p090183

Jamson, A. H., Pyne, H. C., & Carsten, O. M. J. (1999). Evaluation of traffic calming
measures using the Leeds Driving Simulator. Proceedings of the Driving Simulation
Conference, Paris, France.

Jarvis, J. R., & Jordan, P. (1990). Yellow bar markings: Their design and effect on driver
behaviour. Paper presented at the Fifteenth Australian Road Research Board Conference,
Darwin, Australia.

Katz, B. J. (2007). Peripheral transverse pavement markings for speed control (Doctoral
dissertation). Retrieved from http://scholar.lib.vt.edu/theses/available/

Kozaki., A., Fukui, T. (1991, October). Kyukabukukan deno romenhyoji nado no koka ni
tsuite [Effectiveness of road markings in curve section]. Paper presented at the
Nineteenth Japan Road Congress, Tokyo, Japan.

Land, M. F., & Lee, D. N. (1994). Where we look when we steer. Nature, 369, 742-744,

Lewis-Evans, B., & Charlton, S. G. (2006). Explicit and implicit processes in behavioural
adaptation to road width. Accident Analysis & Prevention, 38(3), 610-617. doi:

10.1016/j.aap.2005.12.005



EFFECTS OF ROAD MARKING PATTERNS 54

Liu, B., Zhu, S., Wang, H., & Cheng, L. (2013, January). Optimization design and experiment
on plane layout of edge line marking for speed reduction. Paper presented at
Transportation Research Board 92nd Annual Meeting, Washington, D.C. Retrieved from
http://assets.conferencespot.org/fileserver/file/45901/filename/2vdo08.pdf

Liu, B., Zhu, S, Wang, H., Xia, J., & Sun, Q. (2009, August). Design theory for speed control
by using constant edge rate. Paper presented at the Ninth International Conference of
Chinese Transportation Professionals (ICCTP), Harbin, China. doi:
10.1061/41064(358)59

Misaghi, P., & Hassan, Y. (2005). Modeling operating speed and speed differential on
two-lane rural roads. Journal of Transportation Engineering, 131(6), 408-418. doi:
10.1061/(ASCE)0733-947X(2005)131:6(408)

Mourant, R. R., & Rockwell, T. H. (1970). Mapping eye-movement patterns to the visual
scene in driving: An exploratory study. Human Factors, 12(1), 81-87. doi:
10.1177/001872087001200112

Mulder, G. (1986). The concept and measurement of mental effort. In Hockey, G., Gaillard,
A., & Coles, M. (Eds.), Energetics and human information processing (pp. 175-198).
doi: 10.1007/978-94-009-4448-0_12

Né&atanen, R., & Summala, H. (1974). A model for the role of motivational factors in drivers'
decision-making. Accident Analysis & Prevention, 6(3), 243-261. doi:
10.1016/0001-4575(74)90003-7

National Police Agency Department of Transportation. (2014). Hotegaihyoji nado no setchi
shishin ni tsuite (tsutatsu) [Installation principles of non-statutory markings (official

notice)]. Retrieved from National Police Agency website:



EFFECTS OF ROAD MARKING PATTERNS 55

https://www.npa.go.jp/pdc/notification/koutuu/kisei/kisei20140128.pdf

Ossiander, E. M., & Cummings, P. (2002). Freeway speed limits and traffic fatalities in
Washington State. Accident Analysis & Prevention, 34(1), 13-18. doi:
10.1016/S0001-4575(00)00098-1

Retting, R. A. & Farmer, C. M. (1998). Use of Pavement Markings to Reduce Excessive
Traffic Speeds on Hazardous Curves, ITE Journal, 68(9), 6.

Retting, R. A., McGee, H. W., & Farmer, C. M. (2000). Influence of experimental pavement
markings on urban freeway exit-ramp traffic speeds. Transportation Research Record:
Journal of the Transportation Research Board, 1705, 116-121. doi: 10.3141/1705-17

Rosey, F., Auberlet, J. M., Moisan, O., & Dupré¢, G. (2009). Impact of narrower lane width:
Comparison between fixed-base simulator and real data. Transportation Research
Record: Journal of the Transportation Research Board, 2138, 112-119. doi:
10.3141/2138-15

Rothenberg, H., Benavente, M., & Swift, J. (2004). Report on Passive Speed Control Devices
(MassSAFE Report 04-G020-001). Retrieved from University of Massachusetts Amherst
website:
http://www.ecs.umass.edu/masssafe/PDFS%20for%20Site/Speed%20Management/Passi
ve%20Speed%20Control%20Devices.pdf

Rudin-Brown, C., & Jamson, S. (Eds.). (2013). Behavioural adaptation and road safety:
Theory, evidence and action. Boca Raton, FL: CRC Press.

Rumar, K. (1985). The role of perceptual and cognitive filters in observed behavior. In Evans,
L., & Schwing, R. C. (Eds.), Human behavior and traffic safety (pp. 151-170). doi:

10.1007/978-1-4613-2173-6_8



EFFECTS OF ROAD MARKING PATTERNS 56

Shinar, D., Mcdowell, E. D., & Rockwell, T. H. (1977). Eye movements in curve negotiation.
Human Factors, 19(1), 63-71. doi: 10.1177/001872087701900107

Spiegelman, C., Park, E. S., & Rilett, L. R. (2010). Transportation statistics and
microsimulation. Boca Raton, FL: CRC Press.

Summala, H. (1998). Forced peripheral vision driving paradigm: Evidence for the hypothesis
that car drivers learn to keep in lane with peripheral vision. In Gale, A. Brown, 1.D.,
Taylor, S.P., & Haslegrave, C. M. (Eds.), Vision in vehicles VI (pp. 51-60). Cambridge,
United Kingdom: Elsevier.

Takada, N. (1997, December). Romenhyoji ni yoru kotsuanzentaisaku ni tsuite [Road safety
countermeasures using road markings]. Paper presented at the Twenty-Second Japan
Road Congress, Tokyo, Japan.

\Voigt, A., & Kuchangi, S. P. (2009). Evaluation of chevron markings on freeway-to-freeway
connector ramps in Texas (TTI Report 0-4813-2). Retrieved from Texas A&M
Transportation Institute website: http://tti.tamu.edu/documents/0-4813-2.pdf

Weller, G. (2010). The psychology of driving on rural roads: Development and testing of a
model. Wiesbaden, Germany: Springer.

Wilde, G. J. (1982). The theory of risk homeostasis: Implications for safety and health. Risk

Analysis, 2(4), 209-225. doi: 10.1111/j.1539-6924.1982.tb01384.x



EFFECTS OF ROAD MARKING PATTERNS

Appendix A
Parameters of driving simulation
Critical parameters of driving simulation are shown in Table A.
Table Al

Critical Parameters of Driving Simulation

Parameter Value
Rotational resistance coefficient value 0.010
Rotational resistance speed coefficient value 7.00 x 10°®
\ehicle type Coupe

Traffic flow 60 km/h at 7.2-second intervals
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Appendix B
Grid Image Questionnaire
All sheets in the Grid Image Questionnaire are shown in Figure B1. Raw data from the Grid
Image Questionnaire are shown in Figure B2.

None
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Parallelogram Edge Line
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Figure B1. The sheets used for the Grid Image Questionnaire.
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Figure B2. Raw data from the Grid Image Quest

the total number of participants who circled the point.



