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Speeding is a common behavior of drivers all over the world. Tradi-
tional speed-controlling measures fail to reduce speeding effectively.
With advancesin technology, new deviceshave been developed for such
apurpose, including a speed-monitoring display (SM D) that detectsthe
speed of vehiclesand displaysit on an electronicboard, informing drivers
of their current speed. It hasbeen hypothesized that SM Dscoupled with
speed cameras to catch violators may deter drivers from speeding.
Thisstudy examined theeffectivenessof SM Dswith enforcement cameras
on speed reduction. Speed data of free-flowing vehicles were collected
before and after the SMD and enforcement cameras were installed.
Speed data were also collected with the SMD turned off and then on
again. Theresultsshowed that mean speedsof vehicleswer esignificantly
reduced after SM D and camerainstallation. Even with the SMD turned
off, the speed reduction wasnot significantly affected, but theproportion
of speeding vehicles became higher. It was found that the presence of
SMDscould alert driversof enfor cement camer asdownstream, making
speedersadjust their speed to comply with the limit.

Road accidents often occur because of the failure of road users to
abide by traffic rules. Although not all violations result in accidents,
violatorsjeopardizethe safety of other road users, asituation that can
also lead to huge social costs. According to statistics of the National
Police Agency, Taiwan, the largest proportion of traffic violations,
over 31.71%, involve speeding (1). A speed survey conducted by the
Department of Transport in the United Kingdom reported that 47%
of cars were exceeding the 70-mph speed limit on motorways, 31%
were breaking the speed limit in 40-mph zones, and 69% were break-
ing it on 30-mph roads. The FHWA indicated that on average, 70%
of American driverson Interstate highways exceed the 55-mph speed
limit. In Sweden, the mean speeds are higher than the speed limit on
almost all types of roads (2). Hence, speeding seemsto beacommon
behavior among drivers around the world.

Generally speaking, driving at higher speed requires a longer
braking distance and allows a shorter reaction time for driversin
case of emergency events. Severities of injuries and fatalities in
accidentsarerelated to the energy released by the vehiclesin the col-
lision, which isin direct proportion to the square of the speed. In
other words, the higher are the driving speeds, the more severe the
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impact of collision and the higher the chances of injuries or fatali-
tieswill be. Driving speed is one of the determinants of the amount
of risk to which drivers are exposed. Many studies have found evi-
dence for the correlation between driving speed and likelihood as
well as the severity of accidents. Cao et al. found that the enforce-
ment of the 40-km/h bus speed limit had greatly improved road
safety in Taipei (3). Hwang and Hwang reported that the severity of
urban traffic accidents caused by speeding is 1.87 timesthat of acci-
dents attributed to other causes (4). Taylor indicated that various
measures of speed reduction were found to provide a substantial
effect on accident frequency, and the increased number of accidents
in the presence of speeders (those who drive faster than the speed
limit) was particularly clear (5).

A speed limit, imposed on different types of roads or vehiclesand
different times of the year, is the most common way of controlling
driving speed. However, its effectivenessin deterring speeding behav-
iorisinquestion. In recent years, automatic speed enforcement with
cameras has been widely adopted to compensate for theinefficiency
of police enforcement. Research hasalso proved that automatic speed
enforcement alerts speeding driversto the higher chancesof their being
caught in action and thus serves as an effective deterrent to speeding.
Elvik conducted a before—after study of the effects of a photo—radar
program on collisions in Norway, controlling for general trend and
regression to the mean (6). His study found a statistically significant
20% reductionininjury collisions. Further analysisrevea ed that the
effect varied with the frequency of collisions at different sites. The
higher are the number of collisions before the program, the greater
the effect will be (6).

Chen et al. presented the results of an evaluation of the speed and
traffic safety effects of the photo—radar program in British Columbia,
Canada, after 1 year of full operation (7). Their study employed a
number of analytical frameworks, including simple before-and-after
comparison, time series cross-sectional analysis, and interrupted
time series analysis. The results revealed a dramatic reduction in
speed at photo—radar deployment sites. The reduction in speed was
accompanied by adecreasein collisions, injuries, and fatalities. The
analysisfound a25% reduction in daytime unsafe speed-related col -
lisions, an 11% reduction in daytimetraffic collision victims carried
by ambulances, and a 17% reduction in daytime traffic collision
fatalities (7).

A trial of hidden speed cameras began in mid-1997 in areas with
100-km/h speed limits in one of the four police regions in New
Zedland. Kedll et al. (8) evaluated the results of thefirst year of the
trial. During that period, the hidden cameras and related publicity
were found (compared with the generally highly visible speed camera
enforcement in the rest of New Zealand) to be associated with net
drops in speeds, crashes, and casualties both in speed camera areas
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and on roads with 100-km/h speed limits generally. There were
initial changesin public attitudes in response to the program that
later largely reverted to pretrial levels. Compared with thelocalized
effect of visible cameras on speeds and crashes mainly in speed
camera areas, the hidden cameras had a more general effect on al
roads (8).

Apart from automatic speed enforcement, the speed-monitoring
display (SMD) has also been adopted to deter speeding. It works by
displaying the speed detected by radar to dert driverswhen they are
speeding. In other words, aSMD isakind of feedback sign for pre-
venting speeding. Feedback signs can be broadly categorized into
two kinds: individual and collective. Individual feedback signs are
displayed inside and outside the vehicle and include visual (words,
speed, and license plate), auditory, and sensory messages, while col-
lective feedback signs are messages indicating the percentage of
drivers complying with the speed limit within a certain period of
time (day or week) on a certain section of the road.

Blincoe et a. found that the deterred drivers' (those who have
reduced their speeds since roadside cameras were installed) inad-
vertent speeding could be effectively targeted through improved and
more frequent speed limit signs and reminder signs (9). This could
simultaneously reduce adriver’ saccidental speeding and the anxiety
associated with being unsure of the speed limit. Increased use of flash-
ing signscould fulfill asimilar function. These signs show the speed
limit when they are activated by individual vehiclestraveling above
the specified speed (9).

Garber and Patel evaluated the effectiveness of variable message
signs (VM Ss) with aradar unit in reducing speeds at work zones (10).
Four VM Smessages designed to warn driversthat their speed exceeded
the maximum safe speed weretested at seven work zonesontwo Inter-
state highwaysin Virginia. To assessthe effect of the VM Swith radar
(on high-speed driversin particular), vehiclesthat weretraveling above
a selected threshold speed triggered the radar-activated display and
were videotaped as they passed through the work zones. The results
indicated that the VM Swith radar significantly reduced the speeds of
speeding drivers. The messages used were rated according to their
level of effectiveness, in thefollowing order:

1. “You Are Speeding; Slow Down.”

2. “High Speed; Slow Down.”

3. “Reduce Speed in Work Zone.”

4. “Excessive Speed; Slow Down.” (10).

Vaa et a. conducted two experiments with a mobile roadside
speedometer (11). The speed of each vehicle traveling in a specific
direction was measured and shown immediately to the correspond-
ing driver by meansof a“neutral” display (onewithout flashing lights
and without associations with enforcement or requirements) to
urge driversto slow down. Substantial reductionsin average speeds
were found for traffic being exposed to this speed feedback. In one
of the experiments, with the provision of a previous warning sign
(500 m before the speedometer), the permissible speed was reduced
within a distance of at least 400 m (which was announced on the
referred warning sign), reaching its greatest reduction at the speed-
ometer site. There was neither speed reduction in the opposite
direction (for which there was no feedback) nor significant time halo
effects. In the other experiment (without previous warning signs),
there were al'so no indications of time halo effects, the distance halo
effect being estimated as long as 325 to 350 m; for traffic in the
opposite direction (without speed feedback), some significant speed
reductions were found (11).
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Casey and Lund evaluated the effects of mobile roadside
speedometers (a Doppler radar emitter and receiver to measure
speeds and adisplay to indicate the speed of an approaching vehicle)
asameans of controlling urban traffic speeds (12). Thedataindicate
that generally the presence of speedometers reduced average traffic
speeds by about 10% alongside the speedometer and about 7% at
short distances downstream. The proportion of drivers exceeding
the speed limit by at least 10% fell from 15% to 2% at one site on
daysthe speedometer was deployed, and the device was particul arly
effective when deployed in school zones. However, the effect was
limited to thetimeswhen it was actually deployed. Associated police
enforcement in this study was clearly important in relation to the
long-term effectiveness of roadside speedometers, as the effect
appeared to last for about 3 weeks (12).

SMD coupled with police enforcement has been found to be
effective in deterring speeders, but the effectiveness of SMD cou-
pled with speed cameras has not been examined. To make up for this
deficiency, this study assesses the effectiveness of SMD coupled
with enforcement cameras on speed reduction and as deterrent to
speeding behavior.

EXPERIMENTAL DESIGN
Research Site

The road section studied has two lanes each 3.5 m wide and a road
shoulder 4.2 mwidein each direction. Theroad is separated by acen-
ter median. Northbound traffic was observed, and the specified speed
limit was 50 km/h. Speed cameras were installed 150 m downstream
from the SMD. Theroad section isfairly straight with aclear view.

Use of SMD

Figure 1 shows the stationary roadside SMD equipped with radar
detection, with the speed limit of 50 km/h clearly visiblein the cen-
ter. To the right is the speed detected by the radar under the sign,
“Your Speed XX km/hr,” and to theleft isthewarning sign, “ Speed
Cameras Ahead. No Speeding,” reminding drivers of the possibility
of being caught speeding. The SMD can detect driving speeds of
vehicles but not motorcyclesor vehiclesfrom the opposite direction.
The relative positions of the advance warning sign, SMD, and
speed camera are as shown in Figure 2, which also indicates that,
morethan 500 m upstream from the SM D, the driver will first seethe
warning sign (Figure 3), with the specified speed limit (50 km/h) and
the words, “ Speed Cameras Ahead. Please Slow Down.” The speed
cameraisinstaled 150 m downstream from the SMD (Figure 4).

Experimental Design

This experiment aimed to assess the effectiveness of the SMD on
speed reduction, and observe the effect of the SMD—which provided
visual feedback of current speed—on drivers' behavior. Experimen-
tal datawere collected in four stages, and comparative analyseswere
conducted. The four stages were as follows:

Stage 1. Without SMD installed,

Stage 2. With SMD installed and turned on,
Stage 3. With SMD turned off, and

Stage 4. With SMD turned on again.
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FIGURE 5 Positions of checkpoints for speed measurement.

Analysisresultson datacollected in Stages 1 and 2 can shed light
on the effectiveness of the SMD on speed reduction while those on
data collected in Stages 3 and 4 can reveal the impact of the SMD
on driving behavior.

Figure 5 shows the four checkpoints where driving speed was
measured. Asthefigure shows, Checkpoints A and B are 200 m and
100 m upstream from the SMD; Checkpoint C is 50 m upstream
from the speed camera; and Checkpoint D is200 m downstream from
the speed camera. Beforeinstallation of the SMD (Stage 1), itsexact
location had not been decided; hence, only the speed at Checkpoint C
was measured.

Haglund and Aberg have indicated that drivers’ choice of speed
could be influenced by other road users (13). To eliminate the
impact of other road users, the targets of observation weredrivers
of free-flowing vehicles. To be included for analysis, a vehicle
whose datawere collected should have complied with thefollowing
criteria:

1. Vehicleto have been freeflowing. AccordingtoMcCoy et d.,
avehicle is defined as free flowing if it has a headway exceeding
45(14). However, for convenience of field observation, the space that
separatestwo vehiclestraveling on the samerouteisbetter expressed
in terms of distance. In this study, the road section observed had a
speed limit of 50 km/h (i.e., 14 m/sec); hence, vehicles separated by
headway exceeding 56 m were taken as free flowing.

2. Vehicleto have had no other vehicle within 56 m in adjacent
lane. Vehicles running on the inside lane with no vehicles on the
adjacent lane but with motorcycles running on the road shoulder
were till considered free flowing.

3. Vehicle not to have changed lanes. Such behavior indicates
the driver’ sintention to overtake or turn.

4. Vehicle to have had no police patrol in sight during data
collection.

RESULTS AND DISCUSSION

A total of 833 data samples were collected.

Effect of SMD on Speed

From the mean speed datain Table 1, Figure 6 plots the changesin
mean speed recorded at different checkpointsat different stages. As
the figure shows, before the installation of the SMD (Stage 1), the
mean speed was observed only at Checkpoint C and is represented
by apoint in the figure. Similar trends of changesin mean speed at
the four checkpoints can be found for the other three stages.
Comparison of the mean speed at Checkpoint C for Stages 1 and 2
showsthat there was asignificant decreasein speed of 4.5 km/h after
the SMD installation. However, there seemed to be little difference

TABLE 1 Mean Speed Recorded at Different Checkpoints at Different Stages

A B C D

Mean SD Mean SD Mean SD Mean SD
Stage 1. Without SMD — — — —  49.04(103) 885 — —
Stage 2. With SMD 55.07 (59) 713 54.15(77) 803  4453(94) 6.98 5242 (53) 8.38
Stage 3. SMD Off 54.21 (57) 7.06  54.07 (58) 7.85 4506 (51) 9.63  54.58(43) 6.25
Stage 4. SMD On 54.24 (60) 748  52.67(64) 829  44.86(58) 7.23 5258 (56) 8.33
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FIGURE 6 Changes in mean speed at different stages.

in speed between Stages 2, 3, and 4. Comparison of the mean speed
at different checkpoints at the same stage reveals that the mean
speed first dropped slightly between Checkpoints A and B, then
dropped sharply between Checkpoints B and C, and rose again at
Checkpoint D. The greatest speed difference was found between
Checkpoints A and C, which on average reached 9.7 km/h.

To determine further the effect of SMD on vehicle speed, an
analysis of variance (ANOVA) was performed on the speed data
collected at different checkpoints and at different stages (Table 2).
The resultsindicated that the differences in mean speed of vehicles
at different stages were significant (P < .01), with the mean speed
before SMD installation significantly higher than that at other
stages. Scheffe’'s method with o = 0.05 was al so used to determine
that the speed at Stage 1 was significantly different from the speed
at the other three stages as a group.

Sagel Sage 2 Sage 3 Sage4
Without SMD  WithSMD  SMD Off SVID On
49.04 44.53 45.06 44.86

Asfor Checkpoints A, B, and D, the ANOV A resultsfor Stages 2,
3, and 4 did not reach the significancelevel. In other words, the mean
speed of vehicles recorded at these three checkpoints at the three
stages showed no significant difference.

The ANOVA results of mean speed of vehicles showed that the
differences in mean speed of vehicles at the four checkpoints for
Stages 2, 3, and 4 were significant (P < .01), with the mean speed at
Checkpoint C significantly lower than that at other checkpoints. This
result indicates that drivers will decelerate when approaching the
speed camera (Checkpoint C) and then accel erate again further down
theroad; hence, the mean speed recorded at Checkpoint D was higher
than at Checkpoint C and close to that at Checkpoints A and B.

TABLE 2 ANOVA Results of Mean Speed of Vehicles
at Checkpoint C, Four Stages

Table 3 showsthe results of apaired t-test for mean speed of the
same vehicle traced at Checkpoints B and C for Stages 3 and 4
grouped by a speed threshold of 50 km/h. As the table shows, the
differences in mean speeds at these checkpoints were significant in
both stages. That is, regardless of whether the speed of the vehicle
was higher or lower than 50 km/h at Checkpoint B, the speed of the
same vehicle at Checkpoint C still decreased.

Further investigation of the differencein speed of the same vehi-
cle at Checkpoints B and C at Stages 3 and 4 showed that vehicles
running above 50 km/h at Checkpoint B demonstrated a significant
difference in speed for Stages 3 and 4 [F(1, 58) = 9.52; P < .01] but
not for those running at 50 km/h or less at Checkpoint B [F(1, 24) =
0.20; P = .66]. The mean speeds recorded at the four checkpoints,
except Checkpoint C, all exceeded the speed limit. That is, free-
flowing vehiclestended to speed at the studied site. The comparison
of differences at Checkpoint C found that the mean speed before
SMD installation was significantly higher than that at other stages;
thisindicatesthat theinstallation of an SMD can hel p reduce speeds.

Effect of SMD on Speeding

Asnoted earlier, the road section under observation had aspeed limit
of 50 km/h. Someone driving above the limit, when caught, would
be ticketed; and the higher that person’s speed above the limit, the
greater thefinethat would beimposed. Table 4 showsthe percentage
of speeding at different checkpoints at different stages. Speeding at
Checkpoint A was the most serious, with 76% of drivers exceeding
the speed limit, though none drove faster than 70 km/h. In contrast,

TABLE 3 Results of Paired t-Test for Mean Speed
at Checkpoints B and C

Mean Speed at Checkpoint Bt Degrees of Freedom P

Stage 3. SMD Off
Sum of Degrees of >50 6.23 23 <0.001*
Squares Freedom Mean Square  F P <50 581 12 <0.001*

SSB 1,697.93 3 565.98 8.08 <0.001* Stage 4. SMD On
SSE  21,153.99 302 70.05 >50 14.28 35 <0.001*
SST  22,851.92 305 <50 8.62 12 <0.001*

*Highly significant.

*Highly significant.
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TABLE 4 Percentage of Speeding at Different Checkpoints
at Different Stages

Speed (km/hr)
Stage >50 >55 >60 >65 >70
Checkpoint A
1 — — — —
2 76.27 40.68 32.20 11.86 0.00
3 77.27 31.82 27.27 9.09 0.00
4 76.80 30.46 29.58 11.32 2.06
Checkpoint B
1 — — — — —
2 67.53 48.05 28.57 10.39 2.60
3 75.86 44.83 25.86 6.90 5.17
4 70.38 43.81 27.98 8.56 4.86
Checkpoint C
1 34.95 17.48 12.62 5.83 291
2 24.47 6.38 213 0.00 0.00
3 27.45 15.69 9.80 1.96 1.96
4 26.60 851 3.19 0.00 0.00
Checkpoint D
1 — — — — —
2 58.49 33.96 16.98 5.66 0.00
3 76.74 46.51 13.95 4.65 0.00
4 68.59 44.72 17.84 4.98 0.00

the ratio of speeding was the lowest at Checkpoint C, with only
35% of drivers speeding before SMD installation. The percentage of
speeding was further reduced after the SMD was installed.

For Stages 2, 3, and 4, the percentage of speeding at Checkpoints
A, B, and D showed no significant difference. In other words, with
the SMD installed, the numbers of drivers exceeding the speed limit
remained more or lessthe same. However, significant changesin the
percentage of speeding were observed at Checkpoint C. AsFigure 7
shows, there were more drivers speeding before SMD installation
and fewer after SMD installation. There was a slight increase after
the SMD was turned off, but the percentage of speeding decreased
when the SMD was | ater turned on again.
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In short, the greatest reduction in the percentage of speeding was
found after the SMD was installed (Stage 2) and turned on again
(Stage 4), followed by SMD being off (Stage 3). Although no sig-
nificant difference in mean speed was observed with and without
feedback signals (Stages 4 and 3, respectively), the provision of feed-
back on current speed helped decrease the percentage of speeding.
Therefore, providing drivers the information on their current travel
speed can serve as a warning, alerting them to decelerate and to
comply with the speed limit.

CONCLUSIONS

From the results of the current study, the following conclusions
are drawn:

1. After the SMD was installed, the mean speed recorded
between the SM D and the speed camerawas significantly reduced,
by 4.5 km/h: installation of the SMD coupled with an enforce-
ment camera helped reduce the driving speed in the road section
observed.

2. There was a significant difference in mean speeds recorded
between the SMD and the speed camera (Checkpoint C) and those
recorded at 100 m (Checkpoint A) and 200 m (Checkpoint B) upstream
fromthe SMD, aswell as200 m downstream from the SMD (Check-
point D). Theseresultsreveal that theinstallation of an SMD had an
effect on reducing the driving speed in the road section within the
vicinity of the SMD.

3. For the same vehicle observed, whether the SMD was on or
off and whether the vehicle’'s speed exceeded the limit or not,
there was a reduction in mean speed recorded between the SMD
and the speed camera (Checkpoint C), and the decel eration was more
significant with the feedback signals provided and for speeding
drivers.

4. Although there was no significant difference in mean speed
observed with and without feedback signals, the percentage of
speeding with the SMD on waslower than that with the SMD off.
Providing drivers the information on their current travel speed
alerted speeders of the need to decelerate. While such information
was also available from the speedometer inside the vehicle, the
SMD not only offered feedback on current speed, it also served to
warn drivers of the enforcement camera downstream. Hence, as
long asthe SMD was installed, whether it was on or off, it exerted
aninfluenceondrivers behavior. In sum, the SMD coupled with speed

40%
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FIGURE 7 Percentage of speeding at Checkpoint C.
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cameras was effective in reducing both speed and the percentage of
speeding.
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