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Abstract

Work zone safety continues to be one of the important focus areas for trans-
portation agencies. Previous studies have identified that vehicle speed and
lighting conditions are significant risk factors impacting work zone safety.
This study evaluated the impact of the use of presence lighting and digital
speed limit trailers on nighttime motorist speeds using commercially availa-
ble connected vehicle speed data. Geospatial analysis was conducted on over
500,000 connected vehicle records to linear reference nearly 18,000 records
from 195 unique trajectories to study section during the study period of 2
days. Results showed that median speeds reduced by 4 to 13 mph from 11PM
to 7AM during the deployment of presence lighting and speed limit trailers
compared to base conditions. A Kolmogorov-Smirnov (KS) statistical test com-
paring 105 vehicles traveling through the construction zone with presence
lighting and speed limit trailers with a group of 90 vehicles during base con-
dition indicated the speeds during the deployment of presence lighting and
speed limit trailers were lower than the base condition. Also, increased com-
pliance with the 55 mph speed limit was observed when the presence lighting
and digital speed limit trailers were deployed. However, there were two hours
(3AM to 5AM) where speeds increased by 0 - 4 mph, perhaps due to the low
volume at that hour. The encouraging results support the further deployment
of presence lighting and speed limit trailers in nighttime construction zones
for reducing vehicle speeds. Those future deployments should be monitored
with connected vehicle speeds to collect additional data to broaden the evalu-
ation of these speed mitigation techniques over a diverse set of construction
zone activities.
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1. Introduction

In the United States, highway work zones have approximately 52,000 non-injury
crashes, 24,000 injury crashes and 700 fatalities annually [1]. Reducing these in-
cidents continues to be an important focus for transportation agencies and other
stakeholders across the country. Previous studies have shown that crash rates on
interstate sections with construction activity are significantly higher than those
in non-work zone conditions [2] [3]. Vehicle speed is often a significant factor
for crash incidents in work zones [4]. In addition, work zone lighting conditions
also play an important role in impacting work zone safety [5] [6] [7]. Finley et al
[7] indicated a minimum lighting level of 5 fc throughout the work area to en-
sure a safe environment for workers. Lighting levels as high as 20 fc are recom-
mended for precision work activities. However, the literature is quite sparse on
the impact of work zone lighting on vehicle speeds.

Previously, transportation agencies have employed various mitigation tech-
niques to curb work zone speeding including speed feedback trailers [8], law en-
forcement, and/or automated speed photo-radars [9] [10]. The combination of
trailers and law enforcement has been shown to reduce the mean speeds of free-
flowing cars by 8 mph whereas law enforcement alone reduced the speeds by 6.1
to 6.4 mph [9]. Studies have also shown that changeable message signs with ra-
dar significantly reduced vehicle speeds in the immediate vicinity of the signs
[11]. Other studies have looked at the impact of fixed and variable speed limits
on work zones. The variable speed limit signs outperformed the fixed signs in
reducing the vehicle speeds [12] [13] [14]. Furthermore, the portable variable
speed limits were also found to reduce speeds significantly in construction zones
[15].

A mitigation strategy using presence lighting (PL) (Figure 1(a)) and digital
speed limit trailers (DSL) (Figure 1(b)) is gaining popularity to improve com-
pliance with work zone speed limits during night time operations. PL is a com-
pact generator or battery-powered portable source of light that alerts nearby mo-
torists of an upcoming lane closure or active construction activity but does not
provide an alternative source of illumination for work zone activities. PL are
generally placed ahead of the lane closures on interstates to provide the motorist
the time to slow down before the actual start of the lane closure or work zone
operations. Areas where traffic is entering or leaving work zones often present
more complex driving situations because drivers may be changing lanes and
merging. Each PL is capable of providing a minimum of 14,000 lumens illumi-

nating a minimum area of approximately 3000 square feet (279 square meters)
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[16]. DSL are trailers mounted with dynamic speed limit signs. These 18-inch
white LED displays are used to display the posted speed limit along roadways
and work zones. Studies conducted by agencies using PL in active work zones

have reported speed reductions in the range of 4 to 7 mph [16] [17].

2. Study Objective

This study conducted an evaluation using commercially available connected ve-
hicle speed data to evaluate the impact of PL and DSL trailers on nighttime mo-
torist speeds and speed limit compliance on a rural section of Interstate 65 (I-65)
in Indiana. The connected vehicle data source was chosen because it can provide
detailed vehicle trajectories, with speed and position reported every 3 - 5 seconds
for a random selection of vehicles approaching, traversing, and exiting the study

work zone.
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Figure 1. Study corridor and experimental setup. (a) Presence Lighting (PL); (b)
Digital Speed Limit Trailer (T); (c) Indiana Interstate System Map with study lo-
cation on I-65; (d) Light Intensity by distance due to PL at every 0.1 miles.
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3. Study Corridor and Experimental Setup

The study was conducted over a three-day period from Friday, September 11,
2020 to Sunday, September 13, 2020. Figure 1(c) shows the study location on
I-65. Construction activity in the work zone was operational from 8:00PM on
Friday to 3:00PM on Sunday. Callouts Ws and W denote the start and end of
the active work zone with a right-lane closure spanning mile marker (MM) 81 to
MM 82.5. Callouts PLs and PLg show the start and end of the presence lighting
units placed between MM 80.2 and MM 81.3. Presence lights, shown in Figure
1(a), were set up in this stretch at an approximate gap of 0.1 miles (160 meters).
The lighting intensity characteristics of the presence lights are shown in Figure
1(d). The recommended lighting of 5 fc or more in the work zone [7] is ob-
served for 20 ft (6 meters) distance around the PL. It does not provide an alter-
native for lighting conditions to perform work zone activities.

Two DSL trailers flashing the work zone speed limit of 55 mph (88.5 kph),
shown in Figure 1(b), were set up, one before the start of the work zone at MM
79.8 (callout T,) and a second within the work zone at MM 81.6 (callout T,).

4. Evaluation Protocol

PL and DSL were both active in the work zone (hereon referred to as “PL and DSL
deployed”) during the first night of operations, from 11:00PM on Friday to 7:00AM
on Saturday. This was compared with regular work zone conditions when PL and
DSL were inactive (hereon referred to as “base condition”) on the following night
from 11:00PM on Saturday to 7:00AM on Sunday. The evaluation was conducted
by comparing motorist speeds between these nights using commercially available
connected vehicle speed data. The hourly mean speeds at each time and location
for all available trajectories within the section of interest were compared. Statistical
tests were also performed to determine if the motorist speeds decreased signifi-

cantly from the deployment of PL and DSL in the work zone.

5. Probe Trajectory Data

Commercially available connected vehicle trajectory data was analyzed for this
study. The anonymized trajectory data provides a unique data point every 3 - 5
seconds with an associated timestamp, location, and speed for each vehicle tra-
jectory. Geospatial filtering was conducted on more than 500,000 connected ve-
hicle records during the study period to linear reference the records to the study
section mile markers. The geospatial filtering generated nearly 18,000 records
from 195 unique trajectories on this study section. Figure 2 shows the time-space
diagram of these individual trajectories color coded by speed. The horizontal and
vertical axis represents the time and interstate mile markers, respectively. Callouts
T, through W¢ across the vertical axis refer to the MM locations of DSL, PL and
work zone as shown in Figure 1(c). Callout i (red box) refers to the work zone
with PL and DSL deployed. Callout ii (blue box) refers to the regular work zone
on the following night, base condition. Visual observations show the speeds drop-
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ping just before the start of the PL setup (callout iii), which indicates the possibil-
ity of drivers being alerted by the illuminated lights. It can also be observed from
the plot that the construction activity in the work zone ended on Sunday after-
noon around 3PM with speeds returning to normal soon after.

Figure 3(a) shows the zoomed-in view of the vehicle trajectories passing
through the work zone with PL and DSL deployed (red box denoted by callout i
on Figure 2). Figure 3(b) shows a similar time-space diagram of the work zone
during base conditions (blue box denoted by callout ii on Figure 2). The analysis
time period was restricted from 11PM to 7AM to exclude the effects of the ob-
served congestion on Saturday night between 8PM and 11PM (callout iv) due to
a crash on I-65. Additionally, sunrise on both mornings was around 7:20AM. It
is possible that PL and DSL had a reduced impact during daylight conditions
and hence the analysis was restricted to 7AM. Callout i on Figure 3 shows the
speeds decreasing just before entering the PL zone. Visually comparing Figure 3
also shows that the speed reductions were more prominent in the work zone

with PL and DSL deployed compared to the base condition.

6. Data Analysis

Hourly speed comparisons were performed for conditions with PL and DSL
deployed and base condition. Figure 4(a) shows the comparison of cumulative
frequency diagram (CFD) of speeds with PL and DSL deployed (callout i) and
base condition (callout ii) for an hour between 11:00PM to 12:00AM. The CFD’s
were generated using more than 1200 speed records from nearly 25 unique tra-
jectories captured during this hour. Dotted lines from bottom to top correspond
to the 25™ percentile, median and 75" percentile respectively. The posted work
zone speed limit was 55 mph as highlighted by the vertical dash-dotted line (cal-

lout iii) in Figure 4(a).

83 W

.

M)
%0
&}

1-65 NB Mile Marker (
g
Er=

o]
—

Direction of Travel

~J
=)
N

il 1| i |

78 SR TN — Al |
00 04 08 12 16 20 00 04 08 12 16 20 00 04 08 12 16 20 00
Hour (HH)

Friday, 9/11 Saturday, 9/12 Sunday, 9/13

Lane Closure
Presence Lighting
Digital Speed Limit

Speed (MPH):M 0to14 M 151024 M 251034 35t0 44
451054 5510 64 >65  NoData  .eee..

Figure 2. Time-space diagram of individual trajectories color-coded by speed along I-65
between MM 78 and MM 83 from Friday, 9/11 to Sunday 9/13.
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Figure 3. Time-space diagram of individual vehicle trajectories color-coded by speed
along I-65 between MM 78 and MM 83. (a) 105 trajectories with 10,287 points from
11:00PM, Friday 9/11 to 7:00AM, Saturday 9/12 (with PL and DSL deployed); (b) 90 tra-
jectories with 7649 points from 11:00PM, Saturday 9/12 to 7:00AM, Sunday 9/13 (during
the base condition).

During this hour, median speeds throughout the work zone with PL and DSL
deployed decreased by 7.2 mph compared to speeds during the base condition.
The maximum speed recorded with PL and DSL deployed was 79 mph com-
pared to 93 mph during the base condition, a reduction of 14 mph. In addition,
nearly 74% of speeds recorded with PL and DSL deployed were below the posted
speed limit compared to only 34% in base condition.

Figure 4(b) illustrates a box and whisker plot showing the hourly variation in
speeds. The blue plots correspond to the speeds during base condition and the
red plots correspond to PL and DSL deployed. The bottom and the top of the
error bar represent the minimum and maximum values of the recorded speed,
respectively. The horizontal lines of the box represent the 75" percentile, median
and 25" percentile from top to bottom. Additionally, Table 1 shows the hourly
median speeds along with the corresponding number of trajectories and the

samples. In general, the median speeds decreased with PL and DSL deployment
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for most of the hours, except between 3AM and 5AM. This could be due to the
low sample size recorded during this period (less than 7 vehicles/hour) as seen in
Table 1. Furthermore, lower volumes during these early hours could also have

resulted in motorists speeding through the work zone.
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Figure 4. Comparison of hourly speeds in work zone during base condition (blue) and
with PL and DSL deployed (red). (a) CFDs between 11:00PM and 12:00AM; (b) Hourly
box-whisker plots from 11:00PM to 7:00AM during base condition setup (blue) for Sat-
urday, 9/12-Sunday, 9/13 and with PL and DSL deployed (red) for Friday, 9/11-Saturday,
9/12.

Table 1. Hourly Median Speeds and sample size in work zone with PL and DSL deployed and base condition.

Friday, 9/11-Saturday, 9/12 Saturday, 9/12-Sunday, 9/13
iee Median speed
(PL and DSL deployed) (base condition)
Hour difference (mph)
Median speed Number of . Median speed Number of . b
K . Sample size K . Sample size [a-b]
(mph) [a] trajectories (mph) [b] trajectories

11:00PM-12:00AM 50.1 22 1266 57.3 25 1275 -7.2
12:00AM-1:00AM 46.5 21 1500 57.3 14 689 -10.8
1:00AM-2:00AM 47.2 8 398 57.3 10 449 -10.1
2:00AM-3:00AM 48.0 10 669 60.8 8 413 -12.8

3:00AM-4:00AM 52.3 5 314 51.9 3 178 0.4

4:00AM-5:00AM 54.4 7 407 50.1 5 278 4.3
5:00AM-6:00AM 53.0 14 824 56.5 13 533 -3.5
6:00AM-7:00AM 53.0 18 1065 56.5 13 629 -3.5
Average 50.6 13.1 805.4 56.0 11.4 555.5 -5.4
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Opverall, the PL and DSL deployment saw a reduction in hourly median speeds
between 3.5 mph and 12.8 mph, as shown in Table 1. The results concur with
similar studies using PL that have shown reductions in spot speeds in the range
of 4 to 7 mph [16] [17]. The current study has shown a comparatively wider
range of speed reduction due to the granularity of the connected vehicle data
that was available throughout the section of the work zone.

Table 2 compares the percentages of hourly speed compliance with a posted
speed limit of 55 mph during the study period. The PL and DSL trailers were
nearly 2 to 3.5 times as effective in complying with the posted speed limit as base

conditions except during the early hours of lower volumes.

7. Statistical Tests

The Shapiro-Wilk normality test [18] [19] [20], a methodology to verify normal-
ity, was conducted to check if the speeds were normally distributed. The null
hypothesis was rejected since the estimated p-value (<0.01) was less than the lev-
el of significance (1%), indicating that the speeds were not normally distributed.

The distribution of speeds with deployment of PL and DSL and during base
condition were compared. The maximum absolute difference between the two
cumulative distributions was observed around a speed of 50 mph. This value,
called the D-statistic, can be used to evaluate the statistical goodness of fit be-
tween the two distributions with the Kolmogorov-Smirnov (KS) Test [21] [22].
The KS test was employed since the speeds were not normally distributed thus
requiring a nonparametric test of equality. The one sided two-sample KS test
was used to test whether the distribution of speed with deployment of PL and
DSL is less than the distribution of speed during base condition. The null and
alternate hypothesis for the KS test were constructed as shown in Equation (1).

H,: The distribution of speeds with PL and DSL deployed (A) is greater than
or equal to the speeds during base condition (B) {4 = B},

H,: The distribution of speeds with PL and DSL deployed (A) is less than the
speeds during base condition (B) {4 < B} (1)

Table 2. Percentage of hourly speed compliance with a posted speed limit of 55 mph.

Friday, 9/11-Saturday, 9/12  Saturday, 9/12-Sunday, 9/13 Ratio of

Hour (PL and DSL deployed) (base condition) compliances
[c] [d] [c/d]
11:00PM-12:00AM 74% 34% 2.2
12:00AM-1:00AM 85% 39% 2.2
1:00AM-2:00AM 90% 34% 2.7
2:00AM-3:00AM 82% 23% 3.6
3:00AM-4:00AM 63% 67% 0.9
4:00AM-5:00AM 57% 75% 0.8
5:00AM-6:00AM 67% 35% 1.9
6:00AM-7:00AM 64% 35% 1.8
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Table 3. Results from one sided two-sample KS test.

Parameter Value
m (sample size of A) 6442
n (sample size of B) 4441
Dmn (D-statistic) 0.3741
Dinn,a (critical value at significance level a=0.01) 0.0296
p-value <2.2e-16

The results from the one sided two-sample KS test are shown in Table 3. The
null hypothesis in Equation (1) was rejected since the D-statistic value (0.37) was
greater than the critical value (0.029) at a significance level of 1%. Results indi-
cate that speeds with deployment of PL and DSL were significantly lower than
those during the base condition.

8. Conclusions

Reducing the number of work zone crashes continues to be an important focus
for transportation agencies and other stakeholders. Vehicle speed and lighting
conditions have been reported as significant risk factors impacting work zone
safety. This study evaluated the impact of PL and DSL trailers on nighttime mo-
torist speeds on a section of I-65 in Indiana using commercially available con-
nected vehicle speed data. Results showed that the median speeds reduced by 4
to 13 mph from 11PM to 7AM during the deployment of PL and DSL compared
to base condition (Table 1), which are consistent with results from previous stu-
dies using PL that showed similar speed reductions in the range of 4 to 7 mph
[16] [17]. A KS statistical test illustrated that the reduction in speeds were also
statistically significant (Table 3). Also, increased compliance with the 55 mph
speed limit was observed when the PL and DSL trailers were deployed (Table 2).
However, there were two hours (3AM to 5AM) where speeds increased by 0 - 4
mph, perhaps due to low volume at that hour (Table 1).

The encouraging results support further development of presence lighting and
speed limit trailers in nighttime constructions for reducing vehicle speeds. With
increasing penetration levels, probe data will also have the potential to provide
agencies with a timely alternative and cost-effective method to assess speed en-

forcement without the need to invest in expensive sensors.
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