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EXECUTIVE SUMMARY

Missouri Department of Transportation (MoDOT) installed
signs with changeable speed limits in May of 2008. These
“Variable Speed Limit” (VSL) signs were installed on the
Missouri side of the 1-270/1-255 loop around St. Louis.
During rush hours and traffic incidents, an automated
system with manual overrides, set speed limits in various
increments between a low of 40 mph and a high of 60 mph.
Speeds were limited in the areas of congestion to encourage
consistent speeds within lanes (closing speeds) and speeds
between lanes (passing speeds). Speeds were limited
upstream of congestion to meter traffic and to reduce
closing speed of incoming traffic. The objective of VSL was
to improve traffic flow in order to prevent traffic flow
breakdown, reduce congestion and delay, and improve safety.

This project evaluated the VSL system performance and its potential benefits to users and MoDOT.
The performance evaluation determined the effects of the VSL system on congestion and delay.
Changes in travel time, travel time reliability, and capacity were also investigated. Changes in the
severity and number of crashes were studied as well. Stakeholder perception data, defined as
perceptions of the general driving public and law enforcement agencies, was used to frame the
technical results from the perspective of customer satisfaction.

Mobility

The VSL system mobility evaluation used two forms of analysis to best understand the VSL system.
Uncontrolled data analysis evaluated data reflecting conditions faced by drivers during weekdays of
interest (Tuesdays, Wednesdays and Thursdays) irrespective of any incidents or weather
conditions. This analysis examined the VSL effectiveness under real-world conditions. Controlled
analysis looked only at days without incidents or weather conditions to better understand VSL
operations under comparable pre- and post-VSL traffic flow conditions. That analysis provides
guidance in refinement of the system. The uncontrolled and controlled analyses were carried out
for four selected segments during peak periods on I-270.

Segment 1 is [-270 southbound approaching Manchester Road. Segment 2 is 1-270 northbound
approaching I1-44. Uncontrolled analysis indicated a 10% higher average volume in post-VSL
conditions compared to pre-VSL conditions, indicating benefits in terms of higher traffic volume.
When higher volume was observed during post-VSL conditions, congestion did not worsen.
Controlled analysis indicated reduction in traffic congestion, indicating VSL system benefits for
segment 1. For those segments compared for pre- and post-VSL conditions, when volume was
similar, congestion was reduced. The data observed indicates the potential for further refinement of
the VSL system and with drivers’ compliance of the posted speed limit, the benefits of the system
can be much higher.

Segments 3 is [-270 eastbound and Segment 4 is [-270 westbound both approaching I-170. From
both uncontrolled and controlled analysis, the VSL system was found to be effective in reducing



duration of peak periods and improving average speeds. Though these improvements were
marginal, further improvement can be made in order to increase the benefits of the system.

Additional results and recommendations from the controlled analysis include:

1. Improved operational efficiency of the system with refinement in initiation of the variable
speed limits specific to each location’s anticipated flow rate,

2. Use of optimal number of detectors versus fixed number of detectors in zones defined by the
VSL system.

3. Lack of driver compliance with posted limits resulted in congestion downstream.

4. Several detectors on the segments evaluated were not functional. For improved system
performance, the faulty detectors should be fixed.

Safety

Effects of the VSL system on safety were evaluated based on crash numbers and crash rates
(number of crashes over traffic volume). Assessment included annual and hourly crashes for
highways in general and specific segments, which required determining traffic volumes. To verify
the results, two different analysis methods, Naive and Empirical Bayesian (EB) were used. EB is
commonly used for crash prediction and analysis.

The level of crash reduction varied slightly between the two different statistical methods; however,
the results consistently indicated the VSL system has contributed to crash reduction. The predicted
level of crash reduction ranged from 4.5-8% with a standard deviation of 3-4%. Crashes are down,
and based on crash rates, [-270 is the safest major roadway in St. Louis region as shown in Figure 1.
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Figure 1. St. Louis Area Highway Crash Rates

Initial crash results are promising; however, they need to be validated over the next few years to
ensure that long-term benefits are sustainable. Crash reductions resulting from the VSL system
might be attributed to two major factors:



1. More homogenous traffic speed (i.e., smaller speed variance) reduces the chance of rear-end or
passing type of crashes (represents 66% of the crashes reported on I-270),

2. Slowing of the traffic speed (metering traffic flow) upstream of crashes or other incidents might
improve drivers’ awareness and attention; this may reduce potential crashes and secondary
crashes.

Public and Law Enforcement Opinions

Respondent input was obtained via an online survey for the general public made available through
a link at the MoDOT VSL homepage. In addition, a paper survey was distributed to 15 law
enforcement units with responsibility for patrolling the 1-270/1-255 corridor around St. Louis.
Online survey responses totaled 1030 and law enforcement responses totaled 355 as shown in
Figure 2. Survey results show that both the general public and law enforcement

e Are overwhelmingly aware of the VSL project
e Have a high level of dissatisfaction with the system
e Have serious reservations regarding its effectiveness.

Conclusions and Recommendations

The VSL system did not perform as desired in terms of improvements to overall mobility along the
corridor, but provided limited benefits to segments evaluated using select criteria. Noticeable
benefits were observed with respect to reduction in the number of crashes during the study period.
This reduction is below safety improvements seen with VSL implementations in Europe, but at a
statistically significant level. The driving public and law enforcement are widely dissatisfied with
the VSL system based on their perceptions of benefits to congestion relief, compliance with posted
speed limits, and overall visibility of the current sign. However, perceptions indicated that
stakeholders are unsure whether the VSL was useful in the reduction of the number or severity of
crashes. This provides an opportunity for greater explanation and engagement of the public and
law enforcement by MoDOT.

Based on the study results, we recommend the following:
1. Refine VSL system operation to increase the benefits by:
a. Improving public understanding through more educational efforts.
b. Improving operation by modifying current settings and evaluating the results to find the
optimal settings.
c. Identify and evaluate ways to improve the system beyond changes in settings.
d. Collaborate with law enforcement to find positive ways to encourage respect for speed
limits.
2. Conduct a cost-benefit study to determine if benefits (and expected benefits from
improvements) are worth continued operation, expansion, or contraction of the VSL system.
3. Conduct a study to determine the conditions where VSL is effective and thus a candidate to
improve other roadways in Missouri.

Vi



Online Survey Response Year 1 and 2 Combined

Law Enforcement Assessment Year 1 and 2 Combined

Reduce Evening Travel Time

Reduce Travel Time Day

Visible at Night

Visible in the Evening

Visible During Day

Increase Speed 7 0mph

Well Implemented

Expansion

Elimination

Well Explained

Increase Safety

Increase Compliance

Reduce Stop & Go Traffic

Uniform Speed

Reduce Crash Severity

Reduce Crashes

Relieve Congestion

40%g

0% 109 20% 309G 50% 60% 70%
O Too Soon To Tell

D Agree [ODisagree

50%

90% 100%

Relieved Congestion

Reduced No, of Crashes

Uniform Travelling Speed

Reduced the Stop and Go Traffic

Increased Driver Compliance With Law

Incresased Public Safety

Well Explained to Law Enforcement

Well Explaned to Public

Should Be Eliminated

Should Be Expanded

WellImplemented

Require More Effort of Police

Speed Limit 70mph During NPH

0%  10% 20% 30% 40% ©S0% 60% 70% &0% S0% 100%

OAgree [MDisagree [Too Soon To Tell

Figure 2. Results of Public and Law Enforcement Personnel Surveys
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1.0 METHODOLOGY

The VSL system was investigated across three elements (mobility, safety, and stakeholder
perceptions). Mobility was measured using two different methods. Uncontrolled analysis
examined conditions faced by commuters during peak hours irrespective of weather or
incident during the heaviest travel days (Tuesday through Thursday). Controlled analysis
examined both pre- and post-VSL operations during comparable conditions, without
inclement weather or incidents. Additionally, actual field GPS travel time runs were
conducted and compared against VSL system’s data input. Safety was examined using two
statistical techniques, Naive and Empirical Bayesian. Stakeholder perceptions, considered
the general public and law enforcement officers for this study, were measured using survey
questionnaires for each group. The public provided responses through an online survey.
Law enforcement responded through two paper surveys. The detailed methodology used in
the project is provided in the appendix.

2.0 RESULTS AND FINDINGS
MOBILITY

Introduction

The mobility report summarizes the findings from the evaluation of four selected segments
on [-270/1-255 during peak periods. Table M1 lists and Figure M1 presents the selected
segments. The evaluation presents the effects of VSL system on change in traffic volume,
occupancy, average speed, travel time, travel time reliability, delay, queue measurements,
and user cost. The posted speed limit on 1-270 is 60 mph, and varies between 40 mph
(lowest) and 60 mph (highest) based on the zones established by MoDOT to operate the
system and are presented in Table M1 for the four segments. The data collected from the
detectors in the listed zones were used in initiating the VSL signs. The researchers defined
the segments very similar to the zones defined by MoDOT.

Table M1. Segments Evaluated

Segments Zone Direction | On[-270 Between Peak Period
1 C SB [-64 and Route 100 3:00-7:00 PM
2 B NB Route 30 and [-44 5:30-9:30 AM
3 E EB Route 370 and I-170 | 3:00-7:00 PM
4 F WB Route 367 and [-170 | 6:00-10:00 AM

The main objective of the VSL system is to reduce congestion, delay and thereby user cost.
The VSL system prevents congestion by metering traffic flow in near real time. Traffic
metering is regulating traffic flow upstream of bottlenecks (congested segments) to
prevent traffic from breaking down. Traffic flow can be prevented from reaching the point
of breakdown by slowing vehicles down in order to reduce the flow of traffic from reaching
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its capacity. Once traffic flow reaches its capacity value, break down in traffic flow is
expected.

For evaluation of the VSL system, uncontrolled and controlled analyses were carried out by
comparing peak period data for pre- and post-VSL conditions. Uncontrolled analysis
consisted of a couple of months of aggregate data with weekdays analyzed with the
heaviest traffic volume i.e., Tuesdays, Wednesdays and Thursdays irrespective of any
incidents, events or weather conditions. The uncontrolled analysis was carried out to
determine the effects of the VSL system implementation. Controlled analysis consisted of
several days of data with similar volumes, clear weather conditions and no incidents.
Controlled analysis was carried out to suggest improvements to the system.

Figure M1. Segments evaluated on I-270

The VSL system evaluation was mainly based on measures commonly used in
transportation engineering and science. These measures are traffic volume, occupancy,
average speed, travel time, travel time based reliability indices, and queue measurements.

e Traffic volume presents the count of vehicles passing a point on the highway. Traffic
volume can also be expressed in terms of flow.

¢ The maximum observed traffic flow was used to identify highway capacity.

e Occupancy is the time a short section of highway is occupied. Higher occupancy
indicates a highway section occupied for longer periods of time indicating that the

2



vehicle speeds were lower and traffic density was higher keeping the detector

occupied. When higher occupancy is observed over time, it indicates congested state

of traffic. When occupancy is low it indicates lower traffic volume, higher vehicle

speeds and lower value of traffic density indicating uncongested state of traffic.

Critical occupancy is defined as the occupancy at which highest flow (volume) is

observed.

Travel times were calculated based on distance between detectors, average speed

and traffic volumes retrieved from these detectors.

If there is a reduction in travel time reliability indices for post-VSL conditions when

compared with pre-VSL conditions then it indicates less variability i.e., improved

reliability and more consistency between travel time for the peak period (worst

condition) and travel time based on the posted speed limit. Travel time reliability

was evaluated using three indices

e Travel Time Index (TTI). TTI is a dimensionless quantity that compares travel
times during the peak period to travel times based on the posted speed limit
(PSL).

e Buffer Time Index (BTI) also called Buffer Index (BI), expresses the additional
time needed to arrive on-time for 95% of the trips.

¢ Planning Time Index (PTI). PTI represents the total travel time that should be
planned with an adequate buffer time i.e., it includes BTI. Thus, the PTI
compares peak hour travel time (worst case) to travel time based on the posted
speed limit.

Further, Total Delay, Percent of Congested Travel, duration (in time), extent (in length) and
intensity (average speeds) of traffic congestion were used as measures to quantify traffic
congestion.

Total Delay (in minutes) for a roadway segment is determined as the sum of time
lost due to congestion.

The Percent of Congested Travel is an extension of the congested travel measure. It
also measures the extent of congestion and is computed as the ratio of delay
(minutes) to the total travel time (minutes). More detailed discussion on calculating
these measures can be found under Methodology and the detailed results are
presented in the appendices.

VSL system evaluation was carried out using archived traffic data (volume, speed and
occupancy) for each lane using pre- and post-VSL initiation. Pre-VSL data was only
available because MoDOT had previously installed a new data collection system. Since the
system was new, it had some start-up problems. Thus, some data were missing.



Aggregate data for every 1- and 5-minutes were used in the analysis. Traffic data from pre-
and post-VSL conditions were compared to evaluate the system and observe any changes in
the state of traffic. To study the effect of volume, volume over time (profiles) were plotted
for different dates and lanes and the differences were recorded. The changes in traffic
volume were studied to discern its effect on average speed, travel time, congestion
measures, etc. Traffic volume (or flow) versus occupancy were plotted for analysis of
critical occupancy.

Mean and standard deviation of speeds were also calculated for each lane. Additionally,
differences in speeds across lanes were analyzed statistically. The mean speeds were
averaged for peak periods and compared for pre- and post-VSL conditions along the
highway. Average volumes were also plotted with the mean speeds to compare them along
the highway. Highway capacity between pre- and post-VSL conditions was also compared.
VSL system meters traffic and prevents traffic flow from reaching capacity. At capacity,
traffic flow breaks down and traffic flow is reduced appreciably causing traffic congestion.

From the controlled analysis, initiation and recovery of variable posted speed limits were
evaluated. This was carried out to recommend any improvements required to refine the
system. During this analysis, driver compliance with the posted speed limit during the peak
period was determined. Drivers driving at posted speed limit plus 5-mph were considered
complying with the speed limit. The percent of drivers that complied with the posted speed
limit were calculated. The average speeds, occupancy and traffic count corresponding to
the peak period were analyzed. Average speeds indicating congested conditions were not
included in compliance calculations, as this indicated congested state of traffic and average
speeds were lower as a result of congestion instead of complying with the posted speed
limit.

Cost analysis was conducted for both uncontrolled and controlled analysis to quantify the
benefits of the VSL system for the peak periods. For cost analysis, travel time savings were
calculated for cars and trucks. The median value of travel time associated with user cost
was used in the analysis. For heavy vehicles, the median value was $43.88/hour/vehicle
and for passenger cars it was $22.36 /hour/vehicle. From the MoDOT Annual Average Daily
Traffic Count Maps data, the proportion of heavy vehicles in traffic was found to be 11.45%.
A single multiplication factor of travel time savings for cost estimation was found to be
$24.82 /hour/vehicle [(0.1145*%$43.88) + (0.8855*$22.36)]. This value was used for both
pre- and post-VSL time period to produce directly comparable costs, presuming no
economic changes other than congestion. The cost savings is a function of the length of the
segment, average speed, traffic volume and number of lanes.

The VSL system operation of using traffic data from detectors (placed approximately 1 mile
apart), then assessing detectors as a group in a zone together to determine the posted
speed limit is important in terms of evaluating mobility. To evaluate if traffic data from
multiple detectors grouped reflect actual travel times, travel times on [-270 were collected
with a GPS device over a two-week period. The runs were then evaluated against the traffic
data collected from segments that contained 2 to 4 detectors on the roadway.
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Results

Segment 1

Segment 1 is [-270 southbound approaching Route 100 interchange, and congestion can be
observed during the evening peak period. The uncontrolled data analysis conducted for 72
days of data found higher traffic flow by an average of 10% for post-VSL conditions.
Average speeds improved by 2 mph. No reduction in peak periods was observed. The
average travel time increased by 3.1% and the travel time reliability indices TTI, BTI, and
PTI increased 0.25, 11.5, and 1.7%, respectively, which meant the VSL system was neither
beneficial in decreasing the travel time nor improving the travel time reliability for this
segment. Comparison of critical occupancy and highway capacity indicated no significant
change for post-VSL conditions. Therefore, as a result of higher volume other benefits were
not observed.

For the controlled analysis, ten days of data for peak periods were analyzed during which
pre- and post-VSL volume were similar and traffic conditions were comparable. It was
found that peak periods reduced by 30 minutes, average speeds improved by 7.5 mph, and
variation in average speeds reduced by 2.3 mph. during post-VSL conditions. Comparison
of percent critical occupancy for pre- and post-VSL conditions did not indicate major
change; however, average occupancy reduced by 3%. Highway capacity comparison
indicated a 100 vph increase during post-VSL conditions. It was also observed that when
traffic volume exceeds a certain value, it was not possible to further meter traffic. Further
research should investigate this finding to determine the limiting volume.

From controlled analysis, average driver compliance found using five days of data during
peak periods at three measurement locations along the segment (detectors 8D, 11D, and
12D at log miles 8.5, 11.0, and 12.4, respectively) were 64, 58 and 40% and the highest
average compliance rate of five days was observed for lane 3 with 69%. Travel time
reduced by 23.7% in post-VSL conditions and TTI, BTI, and PTI decreased by 24.3, 22.4,
and 31.4%, respectively, indicating the VSL system was beneficial in decreasing the travel
time and improving the travel time reliability.

Further controlled analysis indicated travel delay decreased by 2.4 minutes and percentage
of congested travel decreased by 16% determined using data from five detectors along the
segment for post-VSL conditions. Congestion duration, extent and intensity also reduced
for post-VSL conditions which can be observed from Figure M2. The time-space plots,
presented in Figure M2 compares pre- and post-VSL conditions for the 4t Thursday in
October. For additional days analyzed, the reader is referred to the appendix. The results
present the average speed at 1-minute time intervals along the highway detectors over
time. Mile markers (logmiles) for detectors are presented on the y-axis. The interval
indicates the distance between two adjacent detectors and the average speed (mph)
indicates the mean speed at the previous detector while travelling downstream (logmiles
decreased downstream). The legend (extreme right) indicates the different colors which
represent different values of speed on the segment. As a result, the x-axis indicates the
queue duration (time) and y-axis indicates the extent (length) of the queue. The queue

5



intensity can be qualitatively observed by the difference in the shades of color. The darker
blue shade indicates higher intensity of congestion (lowest speeds). Also, the posted
variable speed limits along the highway are also indicated. It should be noted that the
posted speed limit on the highway is 60 mph, and it varies between 40 and 60 mph.

a) Pre-VSL data (25t Oct 07)

55 45 mph 45 | 55
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55 45 mph 45 | 55
109
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12.6 : — : :
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15.8 IE

b) Post-VSL data (2374 Oct 08)
Figure M2. Time space plot for Segment 1

From Figure M2 the duration, extent and intensity of congestion can be quantified. During
post-VSL, the duration of congestion reduced appreciably upstream of detector at logmile
8.5. For detectors between logmile 11 and 8.5, the duration of congested state of traffic was
reduced approximately from 110 minutes (pre-VSL, 16:00-17:50) to 25 minutes (post-VSL,
17:30-17:55). Similarly, for logmiles from 8.5 to 7.3, the duration reduced by 45 minutes

(pre-VSL, 15:40-18:40) and (post-VSL, 15:45-18:00) which indicates improvement in the
state of traffic.



In terms of the queue extent (length), it decreased from 9.3 miles (logmile 16.6 to 7.3) for
pre-VSL to 3.3 miles (logmile 11 to 7.3) for post-VSL conditions. For pre-VSL conditions,
Figure M2 (a) clearly indicates the propagation of congestion upstream as average speeds
are lower, starting from detector at logmile 7.3 to 16.6 over time. The pre-VSL conditions
indicate that congestion started around 15:30 between logmiles 8.5 to 7.3 and propagated
upstream to logmile 11 by 15:50, and further to logmile 12.4 by 16:05. This trend
continued upstream and reached logmile 15.4 around 16:20 and further to logmile 16.6 by
16:30. In contrast, for post-VSL conditions it was found that the extent of congestion was
considerably shorter. Lower speeds were observed at 15:45 between logmiles 8.5 and 7.3
but congestion did not propagate upstream till 16:15, and the recovery was quick. Lower
speeds were observed second time (still higher compared to pre-VSL conditions) between
17:30 to 17:55. No congestion was observed between logmiles 11 and 12.4, however
between logmiles 15.4 and 12.4, congestion was observed for 25 minutes. No congestion
was observed upstream of logmile 15.4. Comparing the two plots significant reduction in
congestion was observed for post-VSL conditions.

In terms of intensity of congestion, the pre-VSL condition also indicated lower values of
speed compared to post-VSL conditions. The post-VSL plot shows fewer yellow and blue
patches. Additionally, no dark blue patches can be observed. Hence, congestion intensity
reduced considerably in post-VSL conditions.

For post-VSL, Figure M2 shows that extent and intensity of congestion reduced, but in case
the initiation of variable speeds were delayed (Figure S2.13.1-2 in the appendix), it was
observed that recovery took much longer once the segment got congested. This indicates
that the VSL system logic can be modified for the system to initiate in near real time with
step wise (gradual) decrease and recovery of posted VSL to reduce congestion. It was also
observed that when the system was initiated at the same time as average observed speeds
reduced, the speeds recovered promptly. The timely logic of initiating the VSL system,
therefore, will improve traffic flow and reduce congestion.

For this segment, the detector at logmile 11 was found to be critical since the VSL initiation
and posted speeds followed average speeds of this detector very closely. Since the initiation
was based on average of traffic data for zones as indicated in Table M1, delay in initiation of
VSL signs were also observed on this segment. Hence, initiation based on an individual
detector upstream will prevent such lags.

The average cost savings for this segment as a result of reduced delay due to post-VSL
conditions were calculated for the five days analyzed. The results of average cost savings
represent 250 work days during the peak periods. The difference in travel delay during
pre- and post-VSL conditions for this segment was 2.4 minutes. The delay computed (in
person minutes) equaled 2,787 person-minutes for 8.1 miles of the highway for pre- and
post-VSL conditions. The delay calculated was based on data obtained from detectors at
mile-markers 16.4 to 8.5. The annual average cost saving as a result was estimated to be
$288,185 (for details please refer to Table S1.16.8, page 158 in the appendix) and
$35,578/mile of travel. The per mile calculation was to compare the four segments with
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respect to one measure of effectiveness. The results indicate benefits of the VSL system
installation for segment 1.

Summary of Results for Segment 1

From the analysis of results, it can be inferred that the VSL system was found to be
beneficial at this segment when the traffic volumes can be metered upstream of congested
sections such as near Olive Boulevard (logmile 8D). In general, traffic flow was higher and
VSL system either had little effect on other variables when average volume was higher by
10% or prevented congestion when average volume was similar to pre-VSL conditions. In
particular cases, where traffic volumes were the same, congestion reduced significantly. If
VSL compliance and settings were effective on all working days, annual average cost saving
would be nearly $300,000 per year at this location.

Segment 2

Segment 2 is [-270 northbound approaching the I[-44 interchange, and congested
conditions are observed during the morning peak period. The data analyzed for
uncontrolled analysis found traffic flow higher by an average of 9% for post-VSL
conditions. Average speed was lower by 4 mph but travel times were higher by 13.6%, and
percent of congested travel was higher by 9.7%. The travel time reliability indices TTI, BT]I,
and PTI on average were higher by 17, 20, and 17.7%, respectively, which indicated the
travel times during post-VSL conditions were less reliable than pre-VSL conditions. In
addition, travel delay increased slightly and peak period remained unchanged. The VSL
system, therefore, did not indicate benefits for particular measures of performance as a
result of higher volume compared to pre-VSL conditions.

Controlled analysis was conducted using 10 days of data. The VSL system initiation was
observed to have a lag time of 15 minutes on average. Similarly, VSL speed recovery i.e.,
from 45 to 60 mph was observed to be delayed by 40 minutes on average. This lag in
changing the speed limit may be attributed to use of fewer detector data for this segment as
post-VSL data for detector logmile 1.8, 2.4, 4.7 and 7.3 were not available. During these lag
times, traffic broke down and congested conditions were observed from detectors at
logmile 3.6 and 5.7. In addition, the posted speed limit was dropped from 60 to 45 mph, but
was not further reduced to 40 mph. The reasons behind this are not clear. From the
detector data observed, it was felt that further reducing the posted variable speed limit to
40 mph may improve the system efficiency. As a result of insufficient detector data, a
critical detector such as one in segment 1 could not be identified.

For controlled analysis, average speed for post-VSL conditions increased by 1.23 mph and
speed variability decreased by 0.6 mph. Peak periods reduced by 20 minutes. For post-VSL
conditions, significant changes were not observed for critical occupancy and highway
capacity when compared to pre-VSL conditions. Mixed results were observed for
congestion measures; average travel time increased by 11.7% but travel time reliability
indices TTI, BTI, and PTI decreased by 0.4, 13.1, and 3%, respectively for post-VSL
conditions, which indicate the VSL system improved travel time reliability. Average driver
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compliance rates examined during peak period at different detectors were 69, 68, and 92%
and maximum average of five day compliance rate was observed for lane 2 (lane closest to
the median lane) at 80%. Queue measurements could not be carried out for this segment
due to detector data issues as mentioned above. Delay increased by 12.39 person-minutes.
The segment 2 length was 2.1 miles. This delay was also caused by an increase in volume of
4%. Due to increase in delay for post-VSL conditions, this resulted in no cost savings for
segment 2.

On the days selected for controlled analysis, the VSL system initiation logic was found to
lower speeds from 60 mph to 45 mph, and when the average speeds fell below 20 mph, the
minimum posted speed was 45 mph. Further lowering of the posted speed limits to 40 mph
will provide additional benefits to the system. Additionally, the lowering and recovering of
speeds should be gradual over time and space from 5 to 10 mph rather than lowering and
raising speeds by 15 mph. The gradual reduction is suggested to minimize the formation of
shock waves in traffic, a phenomenon that commonly exists in traffic flow.

Summary of Results for Segment 2

VSL system was found to be ineffective on segment 2 because of several possible reasons.
The main ones are: first, for the initiation of the VSL system, a critical detector could not be
located for this segment. Second, the speed limits were lowered to a minimum of 45 mph
but the average speeds reduced to below 20 mph as observed during controlled analysis. A
more in-depth analysis of the segment should be performed to propose improvements to
the VSL initiation logic and to allow system improvements over this segment.

Segment 3

Segment 3 is [-270 eastbound, approaching the I-170 interchange and is mainly congested
during the morning peak period. Uncontrolled analysis indicated higher traffic flow by 3%,
higher average speeds by 5 mph, reduction in average occupancy by 10% and average peak
period reduction of 15 minutes for post-VSL conditions. Travel time reduced by 5.6% and
the travel time reliability indices TTI, BTI, and PTI decreased by 8.6, 14.8, and 10.1%,
respectively, which means the VSL system was beneficial as the travel time decreased and
the travel time reliability improved for this segment. Travel delay decreased by 0.27
minutes and percent of congested travel reduced by 5.3%. Critical occupancy and highway
capacity remained unchanged for both conditions. Overall, these results indicate
appreciable improvement in traffic conditions for post-VSL conditions.

Controlled analysis carried out for 10 days indicated improvement in post-VSL average
speed of 10 mph, higher variation of 2 mph than the pre-VSL average speeds, and peak
period reduction by 45 minutes. Average occupancy indicated a reduction of 15% but
critical occupancy remained unchanged. For post-VSL conditions, during the peak periods
the average speed reduced gradually and the peak period reduced noticeably. Travel time
reduced by 27.4% on average and the travel time reliability indices TTI, BTI, and PTI
decreased appreciably by 34.3, 50, and 37.4%, respectively, which means the VSL system
was beneficial in decreasing the travel time and improving the travel time reliability for
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this segment. Average driver compliance rates during peak period at detector logmile 21.4
and 25.1 were 46 and 84%, respectively, and the highest average of five days compliance
rate was observed for lane 3 with 71%. Results for Travel delay and percentage of
congested travel indicated decrease in delay by 2.0 minutes and congested travel
conditions by 29% after VSL system installation. The queue duration, extent and intensity
on the segment could not be calculated due to insufficient detector data.

From the controlled analysis, it was found that timely activation of the VSL system reduced
the congestion and average speed improved, but when the initiation was delayed, recovery
took longer and the segment got congested.

The average cost savings resulted from decrease in delay of 48.1 person-minutes for 3.7
miles of segment length due to post-VSL conditions. This delay was based on four days of
data. The average cost savings was applied to 250 working days with peak periods. The
annual average cost saving at this segment was estimated to be $4,975 (for details please
refer to Table S3.16.6, page 216 in the appendix) and $1,345/mile.

Summary of Results for Segment 3

In summary, the results of data analysis indicated that the VSL system was beneficial for
this segment. Comparison of average volume for post-VSL conditions indicated a 3%
increase and the measures of performance indicated system benefits for this segment.
Segment 3, therefore, indicated benefits in spite of increase in traffic volume.

Segment 4

Segment 4 is [-270 westbound, approaching the 1-170 interchange during the evening peak
period. Uncontrolled analysis indicated that volume observed was 1% lower in post VSL
conditions. Average speeds were observed to be higher by 5 mph and peak periods reduced
by 30 minutes. From the flow-occupancy analysis, significant changes were not observed in
critical occupancy and highway capacity for pre- and post-VSL comparison. Congestion
measures calculated for this segment indicated reduction in average travel time by 19.1%,
and the travel time reliability indices TTI and PTI decreased by 10.5 and 7.2%, respectively,
but BTI increased 4.1%, which means the VSL system was beneficial in decreasing the
travel time and improving the travel time reliability for this segment. Travel delay reduced
by 0.41 minutes and percent of congested travel by 9%. The uncontrolled analysis
indicated that the VSL system was beneficial for segment 4.

The controlled data analysis was carried out for 10 days. The analysis indicated 10 mph
improvement in average speed, 10% in occupancy and 45 minutes reduction in peak
periods. Speed variability reduced by 1.2 mph. No change in critical occupancy was
observed, however, highest volume observed was lower by 100 vph. The average travel
time decreased by 13.4% and the travel time reliability indices TTI, BTI, and PTI decreased
18.4, 12.5, and 16.9%, respectively, which means the VSL system was beneficial in
decreasing the travel time and improving the travel time reliability for this segment.
Average driver compliance rates during peak period at detectors logmile 28.6, 30.3, and
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31.6 were 70, 65, and 82%, respectively, and lane 3 with average of five days compliance
rate 92% had the highest compliance rate. Travel delay indicated a decrease of 0.14
minutes along with a decrease of 12% in percent of congested travel. Delay decreased by
13.4 people-minutes for segment length of 3 miles. The queue duration, extent and
intensity could not be carried out for this segment due to insufficient detector data. The
annual average cost savings at this segment was estimated to be $1386 (for details please
to Table S4.16.6, page 242 in the appendix) and $462 /mile.

Summary of Results for Segment 4

VSL system was found to be beneficial for this segment. Average speeds improved, peak
periods decreased and travel time reduced. The congestion measures also indicated
improvements along the segment. Volume comparison indicated 1% reduction for
uncontrolled analysis.

Roadway Segment VSL Operation

Traffic flow conditions when free flow to minor traffic congestion existed, the actual field
GPS travel runs and detector traffic data produced similar results for travel times and
average speeds. When traffic congestion started to form, the field GPS travel runs indicated
a greater reduction in average speeds and an increase in travel times than the detectors’
traffic data. These factors are explained by the fact that field GPS travel runs produce more
data collection points on the roadway segment than the detectors spaced approximately
one mile or more apart. The field GPS travel runs are a better representation of traffic
conditions along the roadway segment and detect sooner the formation of traffic
congestion.

Overall Summary of Results for all Segments

Summary of results is presented in Tables M2 and M3 by segments and types of analysis.
Uncontrolled analysis of segments 1 and 2 indicated a 10% higher average volume in post-
VSL conditions, which indicated VSL system benefits in terms of traffic volume for the
segment examined. Controlled analysis indicated VSL system benefits and reduction in
traffic congestion. From these results, it can be concluded that for segments 1 and 2, the
VSL system benefits in terms of accommodating higher volume. Analysis of segments 3 and
4 indicated that the VSL system was effective in reducing peak periods and improving
average speeds. Though the improvements were marginal, there is room for further
improvement in order to increase the benefits of the system. An important finding from
this project is that a delay in initiation of the VSLs caused recovery from congestion to
require longer time. However, the initiation procedure improved over time and it is
recommended to use individual/optimal number of detector data for system initiation
instead of varying speed limits as a result of average results from detectors in a zone.
Average speeds from detectors in a zone did not provide an accurate estimate of average
speed. For the system to be beneficial, it is imperative for it to be well programmed for the
specifics of each location’s anticipated peak flow.
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Table M2. Summary of Results for Uncontrolled Analysis

Speed Congestion Measures
Average Average Peak Highway Travel Time Percent of
Average . . Travel s Travel
Segments Volume Occupancy Period Capacity . Reliability Congested
Speed . Time . Delay
/Measures Change Change Chance Duration Change Chance~ Indices ChaneeA Travel
& Change & Change & Change”
percent percent mph min vph percent percent min percent
Segment 1 10 3 2 0 No change 3.1 0.25t011.5 -0.09 -3
Segment 2 9 2 -4 0 No change 13.6 17 to 20.0 0.25 9.7
Segment 3 3 -10 5 -15 No change -5.6 -8.6 to -14.8 -0.27 -5.3
Segment 4 -1 -15 5 -30 No change -191 | .-7.2t0-10.5" -0.41 -9
Table M3. Summary of Results for Controlled Analysis
Speed Congestion Measures
. Travel
Avg, Avg. Peak Std. Init. | Driver nghway Travel Time Travel Percent of
Segments Vol. Occup. . . Capacity . L Congested
Spd. Period | Dev. | Delay" | Comp.* Time | Reliability | Delay
/Measures | Change | Change Change . Travel
Change | Change | Change Change~ | Indices | Change”
Change”
Change
percent | percent | mph min mph min | percent vph percent | percent min percent
Segment1 | 0.60 7 30 | 23 | 15 | 54 100 | -237 '232'14:" 2.4 18
Segment2 | 4.0 123 | 20 | -06 | 30 76 0 117 (i;‘j :O 0.2 12
Segment3 | 1.1 10 | -45 | 20 | 30 65 200 | 274 | S| 20 -29
Segment4 | 0.4 10 | -45 | -12 | 15 72 100 | -134 | TSR 014 12

* Initiation Delay: Difference in time between average speed drop below 60 mph and VSL system initiation

**Just BTI increased 4.1%

# Driver compliance

~ Calculations carried out for 8.1 miles of highway from detectors at mile-markers 16.4 to 8.5.

~ Based on delay calculated in person-minutes.
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SAFETY

Introduction This section of the report details our findings regarding the changes and/or
impacts experienced in public safety that may have resulted from the deployment of the
variable speed limit (VSL) system along [-270 and [-255 in St. Louis. This public safety
assessment will help us better understand whether or not one of the major objectives for
deploying a VSL was achieved - to improve public safety.

Crash rate is a commonly-used performance measurement in safety assessments. Crash
rate measures the frequency at which crashes occur and provides an equitable method to
compare “before” and “after” conditions. Crash rate were used in this safety assessment to
evaluate potential changes in the before VSL and after VSL conditions are as follows:

e Total crashes

e (rash severity

e (Crash type

e Peak Hour Crashes

Crash data available for the three years prior to the VSL system deployment were analyzed
and compared with crash data since the VSL system was initiated. The crash rates were
compared using the statistics extracted from the statewide safety management database
contained within the state’s Transportation Management System (TMS).

Before and After Crash Assessment: The collection and validation of data is important in
this task. TMS provides detail information on crashes like type, severity, conditions, etc.
Crash data was provided for the [-270/1-255 corridor along with crash data from other
regional freeway and major arterial corridors to gain a regional perspective to help better
identify and assess regional trends. This approach helped better ascertain the potential
true safety benefits or impacts from the VSL deployment. Crash data and a more detail
discussion on the methodology used are contained within the Appendix section.

Using information from the TMS database, the before-and-after crash analysis was
conducted using both simple and advance statistical analysis. Quick comparisons were
made using simple statistics such as the Crash Rate (CR) as expressed below:

CR=100,000,000 x Crash / ADT x Length x Days 69

where: Crash = Number of crashes for specific section, (are further defined as FAT =
Number of fatal crashes, IN] = Number of injury crashes, N = Number of property damage
only crashes), Days = Number of days for the study, ADT = Average Daily Traffic, Length =
Length of Section and VM = Vehicle Miles.

Statistical crash analysis was done with the Conventional Prediction Naive method and
Empirical Bayesian method. Basically, the Conventional Prediction Naive method compares
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two situations (i.e., before-and-after) under the assumption that the predicted number of
crashes could be a function of previous crashes. On the other hand, Empirical Bayesian
method uses the predicted crash data (rather than the observed crash data) in its
comparison. For the prediction of crash data, variables like length of the segment, number
of interchanges, truck percentage, number of ramps, ADT, number of lanes, speed, etc. are
used to develop regression graphic models to better predict crash data for the “before and
after” conditions. ADT was the only variable used in this analysis, since it was determined
and used for the crash rate analysis. The detailed methodology used in the project is
provided in the appendix.

Crash data was assessed in several different ways ranging from:

e Regional - other Interstates and major roadways,
e Hourly crash occurrence

e C(rash severity

e Crash types

The focus to determine the safety impact of the VSL system required the evaluation during
periods when the VSL was most likely in operations (peak travel periods). Hourly crash
data comparison were conducted in many cases to better reflect safety impacts in the
before and after VSL periods.

Many years of before VSL crash and traffic data can be obtained through MoDOT’s TMS;
however, there is limited after VSL crash and traffic available when this evaluation was
conducted. This study focused on the full year before the VSL deployment (2007) and the
first full year after the deployment (2009). A recommendation made that a future safety
evaluation be made when three or more years of after VSL crash and traffic data is available
and compared to findings of this evaluation.

Traffic volumes are needed to develop crash rates. MoDOT’s TMS provides Annual Average
Daily Traffic (AADT) volumes. The corridor is divided into 28 segments and historical
AADT information is available for each segment. Figure S1 shows the total hourly AADT of
all segments for 2007 and 2009.
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Daily traffic has increased slightly along I-270 corridor when comparing 2009, 2008 and
2007.1In 2009, 1-270 experienced a 1.4% increase in traffic from 2007 to 2009. More details
on traffic data are available in the Appendix. Crash rates, calculated using formula (1)
shown above, are listed in the following Table S1 and Figure S2.

Table S1. Regional Crash Rates (Total Crashes)

Route 2004 2005 2006 2007 2008 2009

1-44 164.73 162.81 157.17 159.89 163.76 154.60

g 1-270 152.45 175.18 180.32 174.97 162.76 153.32

g g 1-70 187.92 190.70 201.