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Road authorities considering the implementation of speed management interventions should have access
to the results of scientifically robust evaluations on which to base their decisions. However, studies
that evaluate a diverse range of interventions with comparable metrics are rare, with most focussing
on one type, for example, types of signage, perceptual countermeasures or physical traffic calming. This
paper describes a driving simulator study designed to overcome these constraints. Twenty diverse speed-

Kfeywords: reducing treatments were developed and tested in urban and rural road environments. Forty participants
Simulator . . . . .. :
Speed encountered all the treatments allowing a comparison to be made with their driving behaviour when the

treatment was not present. A number of speed parameters were developed to encapsulate the range of
effects of the treatments. The results suggest that whilst straight sections of road are difficult to treat,
speed reductions can be obtained by increasing risk perception. In contrast, alerting treatments had
more effect at junctions, particularly in an urban environment; drivers approaching curves demonstrated
improved speed adaptation if the curve radius was highlighted (either implicitly or explicitly). The study
highlights how driving simulators can be used to overcome methodological constraints encountered in
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real-world evaluations of this type.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The benefits of using driving simulators in road safety research
are well documented (e.g. Bella, 2008) and evidenced by the fact
that over 60 full-scale research driving simulators exist world-
wide, owned and operated by academic institutions, government
research establishments and vehicle manufacturers. Driving sim-
ulators can aid researchers in their understanding of theoretical
concepts such as workload (e.g. Backs et al., 2003) and situation
awareness (e.g. Gugerty et al., 2004); however they can also play a
role in more applied work, particularly in conjunction with road
authorities (e.g. Laurie et al., 2004; Knodler et al., 2006). These
practical applications of driving simulator research serve two main
aims—first they engage researchers with policymakers and second
they raise the credibility of driving simulator research within the
external community.

One of the most unrelenting issues that policymakers debate is
that of drivers’ speed choice. Some progress in reducing speeds has
almost certainly been made. For example the latest UK figures show
that in the 10 years from 1997, the percentage of vehicles exceeding
the 30 mph speed limit in free flow conditions has reduced. In 1997,
70% of cars travelled at speeds in excess of the limit but by 2007,
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this dropped to less than 50% (Department for Transport, 2008).
Increases in the numbers of speed cameras may have contributed
to this reduction, however with almost half of drivers still exceeding
the speed limit in urban areas there is scope for improvement.

A driver’s choice of speed is influenced by a variety of factors.
Some are transient such as time of day (Lenné et al., 1997), fatigue
(Philip et al., 2005) and perceived threat of enforcement (Keall et
al., 2001), whilst others are more durable in nature such as per-
sonality (Dahlen et al., 2005) and gender (Shinar et al., 2001). This
diversity is reflected in the range of speed-reducing treatments that
have been developed, most commonly categorised as enforcement,
education or engineering interventions. Each of these types has
received significant research attention with varying levels of suc-
cess. For example, Mountain et al. (2004) evaluated the impact of 62
fixed speed enforcement cameras on UK 30 mph roads and reported
an average of 25% reduction in personal injury accidents. The effects
of driver education have also shown some promising results with
Carstensen (2002) reporting that following improvements to the
Danish licensing procedures, the accident rate of inexperienced
drivers fell by almost 20%. There are, of course, always caveats to
these research findings; in the case of the speed camera study there
was no effect on serious or fatal accidents and the improved Danish
driver training program had no effect on single-vehicle accidents.

Engineering treatments have also been the subject of evalua-
tion, with measures such as vehicle activated signs (VAS) (Winnett
and Wheeler, 2003) and surface treatments (Meyer, 2001) proving
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successful. However, studies that compare a wide range of engi-
neering treatments are relatively rare and it is more usual that they
focus on, for example, types of signage, or types of road markings.
This is partly due to the fact that it can be a challenge to make
comparisons between very different types of measures. For exam-
ple, a road sign, being vertical, is conspicuous further upstream
than a horizontal measure, such as road markings. Their effects
on the road user may therefore be very different in both magni-
tude and location. One of the few papers to systematically compare
a wide range of engineering schemes is Mountain et al. (2005)
whose evaluation comprised 79 speed enforcement cameras and
71 engineering schemes of various types. They found that engi-
neering schemes which incorporated vertical deflections (such as
speed humps or cushions) offered the largest benefits (44%—and
double that of speed cameras). Engineering schemes were also the
only type of scheme to have a significant impact on fatal and serious
accidents.

Engineering schemes therefore are promising in terms of reduc-
ing speeds and accidents. However, the driving public can be averse
to physical measures such as speed humps (Webster et al., 2001)
and road authorities are becoming interested in using more sub-
tle cues in the road environment to reduce speed. One example is
the use of perceptual measures that attempt to increase the per-
ceived workload or risk attached to a particular driving situation.
For example, hatched areas painted on the road surface decrease
the perceived lane width, which in turn reduces speeds (e.g. Pau
and Angius, 2001).

Making only subtle changes to the road environment is attrac-
tive to road authorities, representing good value for money with
a high rate of return. Evaluating these speed treatments in the
real world would not only be costly but also methodologically
challenging. Holding variables such as traffic flow and weather con-
ditions constant is difficult, making direct comparisons between
treatments impossible. Driving simulators, on the other hand, pro-
vide a controlled environment where each driver meets exactly the
same treatment at the same point on the road under the same
conditions. Likewise, treatments can be positioned on identical
stretches of road to enable a robust comparison using the high res-
olution data collection techniques that a driving simulator affords.
An additional advantage of using a driving simulator in this type of
evaluation relates to data quantity: in contrast to on-road measure-
ments of speed where there are financial and practical limitations
on the number of data collection points, in the laboratory speed
can be continuously measured both up- and down-stream of the
treatment. This allows researchers greater flexibility in the type of
statistical analysis they undertake.

Road authorities have to decide not only which intervention is
the most effective, but also which is most effective in various road
environments (urban versus rural for example). Collision sever-
ity varies across road type with motorways being the safest road
type, partly due to their high standards of road design. Rural roads

account for a much higher proportion of accidents: in the UK, acci-
dents are seven times more likely to occur on a rural road than
on a motorway (Department for Transport, 2007). Mosedale and
Purdy (2004) found that excessive speed is a contributory factor
in twice as many rural road accidents (18%) as urban road acci-
dents (9%). Overtaking and curve negotiation are two of the most
risky manoeuvres on rural roads and involve excessive or erroneous
speed choice.

Despite the fact that rural roads continue to be problematic in
terms of casualty rates in the UK, this study did not exclude other
road categories. To do so would ignore the fact that pedestrians
are overrepresented in accidents on urban roads (Department for
Transport, 2007). Over 70% of fatal pedestrian accidents occur on
urban roads, compared to 26% of car occupants. Speed reducing
schemes appropriate for rural and urban road environments were
therefore considered in the study.

This paper reports a driving simulator study with two main
aims. Firstly, driver speed behaviour on approach to and through
20 low-cost engineering treatments was measured and compared
to baseline conditions. Secondly, the data were subjected to a
number of analyses to establish which metrics were the most
suitable for making statistical comparisons between the various
treatments. Speed estimation by drivers is known to be affected by
a variety of sensory inputs, including visual (Gibson, 1979), audi-
tory (Matthews, 1978), kinaesthetic and vestibular (McLane and
Wierwille, 1975). This study was therefore carried out on a high-
fidelity simulator which provided realism in the simulation of all
these cues.

2. Methodology
2.1. Driving simulator

The study was performed using the University of Leeds Driving
Simulator, see Fig. 1. The simulator’s vehicle cab is based around a
2005 Jaguar S-type, with all of its driver controls fully operational.
The vehicle’s internal Control Area Network (CAN) is used to trans-
mit driver control information between the Jaguar and one of the
network of nine Linux-based PCs that manage the overall simula-
tion. This ‘cab control’ PC receives data over Ethernet and transmits
it to the ‘vehicle dynamics’ PC, which runs the vehicle model. The
vehicle model returns data via cab control to command feedback
so that the driver seated in the cab feels (steering torque and
brake pedal), sees (dashboard instrumentation) and hears (80 W
4.1 sound system provides audio cues of engine, transmission and
environmental noise).

The Jaguar is housed within a 4 m diameter, spherical projection
dome. Six visual channels are rendered at 60 frames/s and at a reso-
lution of 1024 x 768. The forward channels provide a near seamless
field of view of 250°, and the rear view channel (40°) is viewed
through the vehicle’s rear and side view mirrors.

Fig. 1. The University of Leeds Driving Simulator.
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The simulator incorporates a large amplitude, 8° of freedom
motion system using a railed gantry and electrically driven hexa-
pod. The motion-base enhances the fidelity of the simulator by
providing realistic inertial forces to the driver during braking and
cornering. It also provides lifelike high frequency heave, allowing
the simulation of road roughness and bumps.

2.2. Simulated road scenarios

Six road scenarios were modelled with road markings, widths
and signage conforming to current UK legislation (Design Manual
for Roads and Bridges, 2005). The six scenarios were urban straight,
urban junction, rural straight, rural junction, rural bend and village
entry, see Fig. 2.

In order to accommodate all scenarios and all treatments, 45
road sections were modelled and used to develop three separate
routes. Each route took approximately 25 min to drive and incor-
porated urban and rural scenarios. A total of 20 speed-reducing
treatments were developed, representing various types suitable for
implementation on each road layout, see Table 1. The treatments
were randomly allocated across the three routes, along with a cor-
responding baseline section. Each treatment or baseline section was
preceded by approximately 2.5 km of road. Some treatments were
duplicated across road types in order to evaluate whether they were
equally as effective in rural areas as in urban areas.

Traffic was present in the opposite lane, however drivers were
not constrained by vehicles ahead.

2.3. Participants

Studies have suggested that speeding is predominantly a male
pastime (e.g. French et al., 1993; Shinar et al., 2001) and with

regards to age, speeding is typically associated with young drivers
(e.g. Parker et al., 1992; Stradling et al., 2000). This study there-
fore recruited young, male drivers only, and by doing so we could
be more confident that the speed-reducing treatments would be
effective even on these “hard to reach” road users.

Forty drivers were recruited whose age ranged between 19 and
25 years, with a mean age of 22 years. Participants’ annual mileage
ranged between 100 and 20,000, on average being approximately
7000 miles. The participants had obtained their driving licence, on
average, 3.78 years previously and reported they drove, on average,
three times a week, mostly on urban roads.

2.4. Procedure

Upon arrival at the laboratory, each participant was briefed
on the experimental procedure before reading and signing an
informed consent form. Participants then completed a practice
drive to familiarise themselves with the simulator controls. Fol-
lowing this, each participant drove all three routes, with a rest of
10 min in between. The order of the routes was counterbalanced
across participants. On completion of the three routes, drivers were
debriefed and paid £20.

2.5. Data analysis

Using a within subjects design allowed the direct compari-
son between a driver’s baseline speed and their speed at each of
the treatments. Two derivatives of speed are commonly used to
determine the relationship between speed and accident likelihood:
absolute speed and speed variation. However, as the treatments
ranged from signage, to road markings to physical objects, they dif-
fered both in length and their potential impact on driver speed.

Urban straight
Road width 7.3m. Standard
centre line 0.15m wide, 1m
mark, 5m gap. Dashed edge
line 0.1m wide, 1m line, 1m

L (—

Rural straight
Road width 7.3m. Standard
centre line 0.15m wide, 2m
mark, 7m gap. Solid edge line
0.1m wide.

Urban junction

Road width 7.3m. Standard
centre line 0.15m wide, 1m
mark, 5m gap. Four-arm cross-
road junction. Warning centre
gap. line 0.1m wide, 4m mark, 2m
gap. Solid edge line 0.1m wide
112m prior to junction.

Rural junction
Road width 7.3m. Standard
centre line 0.15m wide, 2m
mark, 7m gap. Four-arm cross-
road junction. Warning centre
line 0.1m wide, 6m mark, 3m
gap. Solid edge line 0.1m wide.

Village entry

Road width 7.3m. Standard
centre line 0.15m wide, 1m
mark, 5m gap up to speed limit
change. Built-up section ~ 750m
long. Solid edge line 0.1m wide
up to speed limit changing to

dashed 1m mark, 1m gap.

Rural bend
Road width 7.3m. Standard
centre line 0.15m wide, 2m
mark, 7m gap. Right-hand bend,
75m long with 100m radius.
Warning centre line 0.1m wide,
6m mark, 3m gap. Solid edge
line 0.1m wide.

Fig. 2. Simulated road scenarios.
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Table 1

Treatment characteristics.

Treatment Snapshot Road type Geometric details
Urban Urban Rural Rural Rural Village

straight junction straight junction curve  entry

Pedestrian refuges

Peripheral hatching

Peripheral hatching
with coloured
surface

Central hatching

Central hatching with
coloured surface

Rumble strips with flat
profile

Rumble strips with
raised profile

VAS with Slow Down

VAS with Slow Down
and yellow backing

Static sign Reduce
Speed Now

Static sign Reduce
Speed Now and
yellow backing

Pair of rounded rectangular refuge islands
1.8 m x 1.8 m x 0.26 m, located 2 m apart.
Marked hatched area on road surface
introducing the 1.8 m reduction in lane
width tapered in and out over 72 m,
preceding and following refuge pair.

Carriageway reduction of 0.825 m using
hatched area. Hatching to left-hand edge of
each carriageway and tapered in/out over
33m.

As above with road surface of hatched area
fully filled and highlighted in dark red.

Roadway reduction via 1.35 m wide
hatched central area (effective carriageway
reduction of 0.675 m). Tapered in over
54m.

As above with road surface of hatched area
fully filled and highlighted in dark red.

Three rumble sets with each set consisting
of 12 yellow transverse road markings
(strips), each 15 cm wide separated by

0.5 m, covering a total of 7.3 m. Each set
was separated by 1 s of travel at road
design speed.

As above with a vertical heave frequency
(simulating vibration effect of rumble
strip) felt by driver.

2.3m x 1.3 m sign, vehicle activated
regardless of speed 10 s prior to sign at
road design speed.

As above, with sign backed in yellow.

Permanent static triangular sign (1.32 m
wide) with “Reduce Speed Now” printed in
white on 1.5m x 1.0 m red backing.

As above but with both signs positioned on
2.5m x 1.5 m yellow backing.



S. Jamson et al. / Accident Analysis and Prevention 42 (2010) 961-971

Table 1 (Continued )
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Treatment Snapshot Road type
Urban Urban Rural Rural Rural Village
straight junction straight junction curve entry

Geometric details

Static sign with
advisory speed limit

Hazard marker posts

Chevrons

Countdown signs

Trees

Combs

Combs with chevrons

Dragons teeth

Build-outs

J
J
J
v
v v
J J
J v
v
v

Fixed 1.32 m wide curve warning sign with
1.5m x 0.5 m advisory speed limit sign
located below.

1 m high x 0.125 m wide hazard marker
post, consisting of alternate black and
white areas (each 20 cm high) with
red/white reflector in upper (fifth) section.

3 m wide x 1.75 m high curve warning sign
of chevrons denoting curve direction.
Three white chevrons (0.2 m wide) marked
on black sign surface. Treatment made up
of three signs located from curve onset to
apex.

Countdown warning signs (1.6 m x 0.7 m)
prior to speed limit change. Each sign
included the speed limit roundel (0.5 m
diameter) and 1, 2 or 3 black diagonal
stripes on white background to denote 100,
200 and 300 m warning.

Average tree height 11 m located on
average 2 m from edge of road surface.
Trees were separated by 5 m (on average)
throughout treatment on either side of the
roadway.

Extra-wide (30 cm) parallelogram-shaped
white edge lines, 0.1 m long, each
separated by 0.1 m. Combs marked in
white in addition to standard edge-lines,
inboard by 15 cm. Combs located 120 m
prior to hazard.

As above but with additional
chevron-shaped road markings, centre
located in carriageway centre. Each
chevron set made up of 4cm x 15 cm
markings, separated by 15 cm. Each 1.0 m
wide chevron set separated by 3 m.

0.6 m long triangular road markings
marked inboard on either side of
carriageway extremity to achieve
perceptual narrowing. Each triangle
separated by 1.5 m and located over 60 m
region prior to village entry.

0.6 m wide x 2.4 m long area marked with
three 1 m high marker posts, reducing
available carriageway width. Build-out
centre located at village entry and tapered
in and out over 24 m.
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Fig. 3. An example graph of speed profile for village entry treatment.

This was clearly evident when the speed profiles were plotted and
so each treatment was therefore assigned its own “impact zone”.
The starting point of the impact zone was defined as being where
drivers could perceive the first visual cue regarding the road lay-
out. This was established by subjective means using members of
the research team. The end of the impact zone was defined as the
point on the route when the target point was reached.

An example impact zone for village entry is shown in Fig. 3 where
the impact zone is highlighted in yellow. It starts when the 30 mph
speed limit signs and houses become visible (approximately 350 m
prior to the speed limit sign), and ends at the entrance to the village
(at the speed limit sign). The position of the actual treatment is
denoted by the horizontal line at the base of the y-axis.

Following inspection of the speed profiles, three measures of
speed were developed:

(i) Speed change (A) within the impact zone, per metre of treat-
ment (A/m): this standardises the A enabling comparison
across treatment types. Refer to grey area in Fig. 3.

(ii) Speed at maximum A (v@maxA): this refers to vehicle speed
at the point at which the change in speed is greatest.

(iii) Percentage of speed change across the impact zone: v2 — v1/v1.
A negative percentage indicates speed reduction.

The parameter A/m, presents useful information about the
shape of the speed distribution. For example, Fig. 4 shows two
speed profiles with identical v@maxA as well as identical impact
zone start and end speeds; A/m detects the different rates of speed
reduction. The smaller the A/m, the greater the treatment effect.

The example speed profile shown in Fig. 3 suggests that
v@maxA would always simply equal the speed at the end of the

Alm = -4.8
110 -
100 -
90 -
80 -

70 A

Speed (km/h)

60

50 A

40 -

30 T T T T L L

-500 -400 -300 -200 -100 O 100 200 300

impact zone. However, some speed profiles showed that when
approaching a junction, drivers increased their speed again before
actually reaching the entry point of the junction. The same was
applicable to curves and straight sections; i.e. v@maxA did not
always occur at curve apex or at end of treatment on a straight
section of road. Hence, with regard to assessing the effectiveness of
a treatment, v@maxA provides useful information. Driver speed in
each treatment was compared to that on a corresponding length of
baseline road, using the indicators outlined above.

3. Results

The average speeds recorded in each of the six road scenarios
are detailed in the following sections. In all cases the correspond-
ing baseline treatment is shown in each graph, as well as the results
of the analysis. Each of the treatments was compared to the baseline
using paired t-tests. Where drivers’ speed choice at the treatments
was significantly different (p <.05) from the baseline, this is denoted
with *. For clarity, only those treatments which demonstrated suc-
cess in two or more of the speed parameters are shown in the graphs
below.

3.1. Urban road scenarios

As evidenced by the speed parameters in Fig. 5, speed reduc-
tions in the urban straight sections were small, with significant
differences only for only one parameter (A/m).

The central hatching treatments were not successful in lower-
ing speeds on straight sections of urban road. Peripheral hatching,
on the other hand, encourages drivers to travel closer to the centre
line and opposing traffic, was more successful. The physical pres-
ence of pedestrian refuges also reduced driver’s speed significantly,
although again only for (A/m).

At urban junctions, four out of five treatments were successful
(only the static sign warning of the junction ahead did not reach
significance) (Fig. 6). Both types of rumble strips were effective, but
more so the vehicle activated signs which achieved an 8% speed
reduction. Introducing additional alerting features such as raised
rumbles and the yellow backing on the VAS, did not offer additional
benefits at urban junctions.

3.2. Rural road scenarios

The speed reducing schemes for rural straight sections of road
were more successful than those trialled in the urban environment,

Alm =-7.5
10 ———
100 +———
90 +——
80—

70

Speed (km/h)

60 T—

50 +——

40 ———

30 T T T T T T |
-500 -400 -300 -200-100 0O 100 200 300

Fig. 4. Illustration of A/m.
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Speed limit = 50km/h Alm v@maxA % change
= Baseline 11 60.9 3%
~— pedestrian refuges 0.2 59.2 2%

peripheral hatching -0.6* 616 -1%
peripheral hatching with -0.8* 60.2 1%
coloured surface
65 Pedestrian refuge
64
63 9 o
£ 624
£
= 61
®
60
2 \/
“ 59
c
]
g 58
57
56
55 T

-500 -400 -300 -200 -100 O 100 200 300 400 500

Distance (metres)

Fig. 5. Speed profiles in urban straight.

Speed limit = 50km/h Alm v@maxa Speed
change
Baseline -0.2 61.3 -1%
== rumble strips with raised 1.3* 56.9 _50%*
profile
= rumble strips with flat -1.6* 58.3 -5%*
profile
= VAS with SLOW DOWN -2.3" 55.4* -8%*
= VAS with SLOW DOWN on 06* 552 _7%*
yellow backing board
65 aised rumbles

64

63

62

61

60 1

-\

- \V4

55 T

Max Speed (km/h)

-500 -400 -300 -200 -100 O 100 200 300 400 500

Distance (metres)

25|
+ yellow
- ;

Fig. 6. Speed profiles in urban junction.
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Speed limit = 96km/h Alm v@maxa Speed
change
Baseline -1.0 99.5 -1%
central hatching 2.4 102.7 0%
= central hatching with -4.0* 100.9* -2%
coloured surface
peripheral hatching -3.5% 98.0 -3%*
peripheral hatching with -3.5% 96.1 -4%*
coloured surface
110 Central hatching
] N
105 P
Central hatch + col.
£ #
= 100 !
: \/ . '
@
e 95 -
b Peripheral hatching
= -
90 .
85 —— I s
Periph. hatch + col.
-500 -400 -300 -200 -100 O 100 200 300 400 500
- .
Distance (metres) e
Fig. 7. Speed profiles in rural straight.
Speed limit = 96km/h Alm v@maxA |Speed change
Basaline 87 62.4 -39%
—— chevron signs -12.2* 57.5 -42%*
hazard marker posts -11.6* 55.0* -44%*
- static sign with AdvSL -13.0* 59.0 -41%*
static sign with REDUCE =4 7* 61.5 -40%*
SPEED NOW
110 IChevrons
ﬂ ——
1004 O i
g = \
E 90 Hazard marker post
3 e
wn o
c P
g 70 tatic sign & AdvSL
=
A"l’ i
60 B .. T —
50 T T T T T T T T T " tatic sign & RSN
-500 -400 -300 -200 -100 O 100 200 300 400 500 9

Distance (metres) A — : ']

Fig. 8. Speed profiles in rural bend.
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Speed limit = 96km/h A/m v@maxa Speed
change
——Baseline -4.8 95.8 -8%
— static sign with REDUCE | -7.1* 89.2* -13%*
SPEED NOW on yellow
backing board
—— static sign with REDUCE | -6.4* 89.3* -12%*
SPEED NOW
——VAS with SLOW DOWN | -7.4* 87.9* -14%*
110 Static RSN & yellow
__ 105
§ \
< 100
o v
@
)
Q
n 95
c
@©
@
= 90 -
VAS &
85

-500 -400 -300 200 -100 O 100 200 300 400 500

Distance (metres)

Fig. 9. Speed profiles in rural junction.

Speed limit = 96km/h to 50 km/h Am  |v@maxA | Speed
change
Baseline 6.6 76.3 -26%
—— rumble strips with raised -12.0* 67.6* -33%
profile
= dragons teeth -7.7* 67.8* -28%
—— countdown signs 13.5% 61.2* -35%
110 Raised rumbles
100 NN
: N\
T 90-
=
: \
& a0
o
»
8 \\\
3 70
=
60 -
50 T T T T T T 1

-600 -400 -300 -200 -100

0 100 200 300 400 50

Distance (metres)

Fig. 10. Speed profiles in village entry.
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with only the treatments involving vertical narrowing (trees) not
demonstrating significant results (Fig. 7). In contrast to the urban
results, both central and peripheral hatching significantly reduced
speed. With respect to absolute speed, peripheral hatching was
the most effective treatment, as indicated by v@maxA, which also
achieved the greatest speed reduction in percentage.

However, in terms of the shape of speed profile, central hatching
with coloured surface also achieved good results in speed reduc-
tion; i.e. the value of A/m being —4.0 which is the best result among
all treatments tested for rural straight sections. For both types of
hatching, there appears to be some added benefit of using colour.

Of the treatments tested on the rural bend, the most successful
four (out of 11) are presented in Fig. 8 and can be grouped into two
distinctive groups. The first group highlighted the position of the
apex of the curve, i.e. chevron signs and hazard marker posts and to
some extent provided drivers with information about the severity of
the curvature. These two treatments achieved the lowest v@maxA.

The second class of successful treatments was signage, which
gave advanced warning over an extended distance ahead of the
apex, as demonstrated by A/m. It is worth noting that the static sign
with advisory speed performed consistently better than VAS across
all three performance indicators, which suggests that a clearly
defined advisory speed limit gives a more effective warning than
a standard phase such as ‘Slow Down’ or ‘Reduce Speed Now’.

In the rural junction scenario, signs outperformed other treat-
ments with VAS achieving the best results in speed reduction. It
is also worth noting that the signs with a yellow background per-
formed only marginally better than signs without (Fig. 9).

Most of the eight treatments tested for village entry were effec-
tive to some extent, with the most successful shown in Fig. 10.
Countdown signs were the best-performing treatment consistently
across all three performance indicators. The speed profile of the
countdown signs is also evidently different from other treatments.
This suggests that progressive warning (i.e. 300, 200, 100 yards to
the change of speed limit) achieves better results in speed reduction
than other types of treatments.

It is worth noting that the rumble strip with raised profile treat-
ment was the second best-performing treatment for village entry.
Although the location and duration of rumble strips are similar to
other surface treatments, such as dragon’s teeth, the unique tac-
tile feedback seems to reinforce the warning in addition to visual
presentation.

4. Discussion and conclusions

Using a driving simulator in this study has allowed a robust com-
parison of 20 diverse speed-reducing treatments. Speed data were
collected at 60Hz on approach and through the treatments and
comparable baseline sections. Each of the drivers encountered all
the treatments, one of the most effective ways of controlling for
extraneous variables. All of these methodological benefits would
have been impossible to achieve in the real world.

The results have shown that a combination of speed measures
is required in order to make comparisons across different groups
of treatments. For example, some of the treatments demonstrated
a good percentage reduction in speed, whilst others were better
evaluated by taking their length into account.

As can be seen in Figs. 5 and 7, the drivers in this study were
travelling, on average, 20% above the speed limit in urban straight
sections and 10% above in rural straight areas. Relatively straight
sections of road are known to facilitate higher speeds and indeed
a study which derived a relationship between road curvature and
collisions reported a negative relationship—districts with straighter
roads had more crashes (Haynes et al., 2007). Coupled with the
fact that drivers tend to focus on the horizon in straight road
sections (Mourant and Rockwell, 1970; Shinar et al., 1977) it is per-

haps not surprising that in both urban and rural sections of road
in the current study, the treatments produced only small speed
reductions—in the order of 2-4%. Local road authorities find it is
notoriously difficult to treat long straight sections of road and hence
in recent years have turned to enforcement measures, specifically
speed cameras.

These inflated speeds in the straight sections may be attributed
to the driving simulator environment. A number of driving simula-
tor studies (Boer et al., 2000; Simsek et al., 2000; Blana, 2001) all
report that drivers traverse relatively straight roads faster in simu-
lators than on the real road. Explanations for this include the lack
of vestibular and other motion cues, but more likely in the cur-
rent study the faster speeds were due to lower perceived risk, as in
Fuller’s (2005) theory of task difficulty and risk. The urban areas, in
particular, were low in demand as no pedestrians or cyclists were
featured in the simulation. This is supported by our finding that the
lowest speeds in the urban areas were found in proximity to the
pedestrian refuges which represent a physical threat and alert the
driver to the potential presence of pedestrians.

In the straight, rural sections of road, it appears that this mech-
anism of increasing risk perception by physical means is also
effective. Placing trees by the roadside had no effect on driver
speed, perhaps because they did not present an immediate threat.
In contrast, by narrowing the road width using peripheral hatching,
drivers were forced to position themselves closer to oncoming traf-
fic. This had the same effect of lowering speeds (and in the same
order of magnitude) as the pedestrian refuges in the urban setting.

On approach to junctions, the results indicate that driver speed
can be reduced by using alerting mechanisms. Static signs were
the least effective treatment in the urban scenario; this could have
been due to the complexity of the external environment and the
inability of static signs to visually “pop out” at the driver. Vehicle
activated signs and rumble strips proved effected countermeasures
aturban junctions, whilst for rural environments it appears that sig-
nage is the best option. Both static and vehicle activated signs were
effective in lowering speed around rural junctions, achieving dou-
ble the speed reduction compared to the urban junction scenario.
This finding lends support to the suggestion that it may be more dif-
ficult to alert drivers in an already cluttered, high-workload, urban
environment (Anttila and Luoma, 2005).

With accidents at rural curves being overrepresented in many
European countries, this current study evaluated eleven treat-
ments. The top-performing treatments appear to be those that
provide the driver with guidance regarding the appropriate curve
negotiation speed. Informing drivers explicitly (using an advisory
speed sign), or implicitly (using chevrons or hazard marker posts)
appear to work similarly well. Other research studies have shown
that drivers do slow down more for curves they perceive as being
sharper (Shinar, 1977) but it could be that the perceptual character-
istics giving rise to the perceived sharpness of a curve are not always
clear (Shinar et al., 1980). There could be merit in experimenting
with these implicit guidance treatments by making alterations to
their surface pattern or their placement. This could take advantage
of the theory that treatments that delineate the sharpness of the
curve provide perceptual cues that can be processed in a bottom-
up (data-driven) manner, without conscious deliberation (Charlton,
2007).

These successful curve treatments provide drivers with suffi-
cient time in order to make the requisite speed changes, a feature
associated also with the most effective treatment at a village entry.
Here, countdown signs worked well, suggesting that early, as well
as continual, reminders are necessary.

Overall, the results suggest that treatments which have different
underlying mechanisms (informative, alerting, etc.) are differen-
tially effective in urban and rural settings. The speed metrics
developed were able to capture these subtle changes in driver
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behaviour and, more importantly, allow the best-performing treat-
ments to be identified.

5. Implications

Using a driving simulator has allowed a robust comparison of
a large number of diverse road safety engineering treatments. The
usual caveats of laboratory research must apply, in particular those
relating to driver motivation and the level of perceived risk in a
simulated environment. In addition, only young, male drivers par-
ticipated in this study which, although it increased our confidence
in the “strength” of the treatments, may limit the generalisability
of the results. However, it is clear from the results presented that
drivers do react differently to the various treatments and this vari-
ability in the data lends support to the immersive nature of the
simulation. When making direct comparisons between different
types of treatments, the benefit of the simulator is clear: data can be
measured over a far enough distance, and at sufficient resolution,
to enable detailed analysis of speed profiles. This produces a num-
ber of speed measures that a road authority can use to inform their
decisions regarding treatment implementation. Further research,
however, should be undertaken to evaluate the durability of these
treatments—does their value diminish with time? Again, this type
of study is suited to a driving simulator environment whereby rep-
etitions of the same treatment can be presented to the same driver
under identical conditions.
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