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Executive Summary

Effectively managing traffic congestion on California’s highway system and minimizing
environmental impacts are high priority objectives for transportation management agencies in
the state of California. Providing single occupant hybrid vehicles (SOHV) access to high
occupancy vehicle (HOV) lane creates a significant incentive for consumers to choose these low
emission vehicles, thus reducing the environmental impact of traffic flow. However, there is an
additional cost with such a policy in the form of increased congestion in the HOV facility and
related regulatory compliance. Federal law mandates that single occupant hybrid vehicles
(SOHV) be prohibited from using HOV lanes if speed performance falls below a minimum
threshold. Specifically, traffic must maintain an average speed of at least 45 mph during 90% of

peak hours over a 180-day period.

This report should be considered as a compliment to a previous report for the phase one of this
project. The project is aimed at determining the impact of removing SOHVs from the HOV lane.
While the previous report covered the identification of study segment and SOHV sticker
detection system, this report provides an analysis of the impact (through simulation studies)
and description of a system architecture to implement a message system to convey to drivers

the access rules to HOV lane.
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Glossary

Throughout this report, the following terms are used as defined below:
HOV lane: High Occupancy Vehicle lane
MF or ML(mainline lane): Mixed flow or general-purpose lane
SOV: Single occupancy vehicle
Caltrans: California Department of Transportation

SOHV: Eligible Single Occupancy Hybrid (or low emission) Vehicle with a valid

Department of Motor Vehicles decal authorized to use HOV facilities

Carpoolers: All vehicles eligible to use HOV lane (may include buses, motorcycles, HOV

vehicles, SOHVs etc)

CCIT: California Center for Innovative Transportation
DDMS: Dedicated Dynamic Message Signs

DHLMS: Dynamic HOV Lane Management System

GUI: Graphical User Interface

MITTENS: Messaging Infrastructure for Travel Time Estimates to a Network of Signs
PATH: Partners for Advanced Transportation Technology
TMC: Traffic Management Center

VMS: Variable Message Sign

Pax: Passenger

PeMS: Performance Measurement System

TOPL: Tools for Operational Planning
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1. Project Background

This report has been prepared and submitted to continue the work that was partially completed
as part of Research Technical Agreement (RTA) C809 under master contract 65A0310. The
original contract expired due a delay in processing the request for a no-cost extension. This
report describes the remaining tasks from RTA C809 as well as new tasks that fall within the

scope of this project.
1.1.Introduction

The 1300 miles of High Occupancy Vehicle (HOV) lanes in California are an integral part of
California’s transportation management strategy. Optimum performance of the transportation
system as a whole is the goal of System Management and is the cornerstone of California’s

Transportation Vision 2025 and the Governor’s Strategic Growth Plan.

The State of California legislation initiated a program in 2005 to grant certain electric-gas
hybrid (clean air) vehicles access to the HOV lane without meeting the minimum occupancy
requirement. However, since federal money was used to build most of the HOV network, the

program would need to be approved by the Federal Highway Administration (FHWA).

In April 2006, the Federal Highway Administration (FHWA) granted conditional approval and
required the State to monitor, report and develop a mitigation plan to reduce degradation on
any HOV facility that participates in this program. On June 15, 2007 FHWA requested that
Caltrans submit a plan for improving performance to address degradation or discontinue hybrid

access to congested HOV segments.
The goal of this project is to:

e Assess and design a dynamic HOV lane management system that prohibits eligible

hybrid vehicles in the HOV facility when it is operating under degraded conditions.

e Scope out a plan to conduct a proof of concept demonstration?! for a dynamic HOV lane

management system.

e Assess a potential method to effectively facilitate traffic management decision making.

L A proof of concept is a test of a technology made by building a scaled-down version of an application
which later is intended to be developed and deployed in large scale. In Caltrans 5 stages of research
deployment, proof of concept stage falls within the 1st phase.
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This report is prepared under recommendation of Caltrans Traffic Operations to complete the

remaining deliverables of the expired “HOV Lane Management” project (contract 65A0310).
1.2.Project Objective

The project’s goal is to assess and develop a proof of concept demonstration to dynamically
notify eligible single occupant hybrid vehicles when they are allowed or not allowed into HOV

facilities based on traffic data.

This project aims to address issues related to effects of allowing SOHV (Single Occupancy
Hybrid Vehicle) into HOV lanes. It will also try to propose a solution to manage degraded HOV

facilities.
The project will focus on three major areas:

1. Looking into the contribution of hybrid vehicles to HOV lane degradation. This assessment

addresses the impact of hybrid vehicles on degradation increase in HOV lanes.
2. Assessing technical solutions to the degradation problem due to SOHV flow.

3. Developing a proof of concept system to manage an under-utilized HOV facility.
1.3.Research Approach

The project team aims to answer the following questions:
1. Under existing conditions, is the effect of hybrid vehicles on HOV lane traffic significant?

2. Ifyes, whatis the best access policy to control SOHV?
1.4.Document Organization
This document focuses on presenting the work completed under this contract. The remainder of

this final report is organized as follows (Section 1 is this Introduction):

Section 2: Analysis of SOHV access control scenarios and results - presents and evaluates

various controlling scenarios using TOPL simulation tool

Section 3: HOV lane management system design - documents high-level design of a basic HOV

lane management system necessary for controlling SOHV access to HOV facilities.

Sections 4: Challenges - presents some of the hurdles that could be faced during the

implementation of the system and how those challenges can be addressed

Section 5: Conclusion

12



2. Analysis of impact of SOHVs on HOV lane using TOPL

The previous report (of master contract) presented the study of 6 possible study sections and
the analysis concluded that I-210 East would be an ideal section due to high flow in the HOV and
general purpose lanes. In this section, we analyze the effect of removing SOHVs from this HOV

facility.

The HOV lane on 1-210 East is approximately 27-miles long, beginning from the intersection of
Long Beach Freeway with Ventura Freeway, and ending a couple of miles downstream of the on-
and off-ramps from Towne Avenue (post miles 25.7 to 51.8). The corridor has 5 lanes for the
most of its length with one lane for HOV vehicles and four general purpose lanes. The HOV lane
is a full-time operation; meaning minimum occupancy requirement is enforced 24-hour a day.
Demand peaks during the evening commute rush period between 3 and 6 PM [2]. On average,
peak flows of 1650 vph/lane have been observed, well in excess of the minimum expected
volume of 800 vph as specified in the HOV Guidelines for Planning, Design and Operations. The
State of California's 2008 District 7 HOV Annual Report estimates that total traffic flow flows for
the entire freeway (inclusive of the HOV lane) exceed capacity during peak commuting hour.
Traffic measurements indicated that the HOV lane on [-210 experienced the same level of
congestion as the adjacent mixed-flow lane. This may explain why 680 eligible HOV were
observed to travel in the MF lane instead of the HOV lane since the congestion had eliminated

much of the travel time saving benefit that the HOV lane would had provided to its users.

On July 1, 2000, new California state legislation AB 71 was introduced to allow certain clean air
vehicles with a valid Department of Motor Vehicles’ decal to use HOV facilities, regardless of
occupancy. This permission was extended through subsequent state legislation, namely AB
2628 and AB 2600, a view echoed by federal authorities and endorsed by the landmark
SAFETEA-LU. However, given the significant levels of congestion often observed on many of
these facilities, SAFETEA-LU provides for “limiting or discontinuing the use of the facility by the
[single-occupant hybrid] vehicles if the presence of the vehicles has degraded the operation of the
facility... The operation of a HOV facility shall be considered to be degraded if vehicles operating on

the facility are failing to maintain a minimum average operating speed 90 percent of the time over

[2] 2008 District 7 HOV Annual Report, Caltrans
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a consecutive 180-day period during morning or evening weekday peak hour periods (or both).”
The average operating speed as defined by SAFETEA-LU is 45 mph “in the case of a HOV facility

with a speed limit of 50 mph or greater; and not more than 10 miles per hour below the speed limit,

in the case of a HOV facility with a speed limit of less than 50 mph.”

Figure 1: The 27-mile HOV facility on I-210 East

Table 1 presents a summary of the vehicle modes on the section of the freeway during peak
commuting hour (which is PM peak hour for this direction). As can be seen, the segment sees
high HOV vehicle volumes and some of them (680 carpoolers/hour) elect to use the mixed-flow
lanes since both the mainline and HOV lane experience the same level of congestion and no time
saving can be benefited from using the HOV lane. [2]. Though hybrids comprise less than 1% of
total traffic on the HOV lane (2008 District 7 HOV Annual Report), diverting them on to the
mainline could aggravate the already congested mainline even further. The extent of the
negative impact depends upon the spatial and temporal correlation between speed degradation
on the mainline and the HOV lane. In the case of 1-210 East, the HOV lane is found to be

degraded almost at the same segments and at exactly the same times as the mainline.

Table 1: Flow of vehicles (split by vehicle occupancy and type)

HOV vehicles SOV vehicles Hyt.)rld Total
vehicles
Peak Hour Flows (vph) 2293 5895 57 8245
Percentage split 28% 71% 1% 100%
People Flow (people per 5025 5895 57 11097
hour)
Pax per vehicle 2.2 1 1 1.33
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This report describes several different scheduling scenarios to control eligible SOHV access to
HOV lanes, on the segment under study, based on past detector data (to account for daily and
seasonal fluctuations in traffic) and current conditions. Given the high correlation between HOV
and mainline traffic conditions, the effectiveness of any scenario is measured not only by its
impact on the performance of the HOV facility but also by how seriously it compromises
mainline functionality. The preliminary report compares historical data for 20 weekdays lying
between 2 February 2009 and 27 February 2009 and provides simulation studies for those
weekdays. This particular window of days was chosen based on the health of the vehicle
detectors (more than 80 percent on all days), since the process of network calibration using

TOPL relies heavily upon the robustness of detector data.
2.1. Analysis of Historical Data

The 2008 District 7 HOV Annual Report stated traffic flows on the HOV lane for I-210 East to be
around 20 percent of total traffic flow during the evening peak rush (whereas demand for total
eligible HOV users across all lanes is around 29 %). [-210 East, for most of its length, is a five-
lane freeway, with 1 lane a dedicated HOV lane and four for mixed-flow. Thus, for this corridor,
it is we believe that as long as traffic flows on the HOV lane are lower than a fifth of total traffic
volume (one HOV lane to five total lanes), HOV lane users will be at an advantage. However, as

the share of HOV users nears 21 percent that advantage should reduce.

If the HOV lane on this corridor is to witness any marked improvement and reduction in delays,
we believe that the demand for HOV lane on this segment needs to be contained at around 18-
20 percent. Single-occupant hybrid vehicles (SOHVs) making use of the HOV facility are found
by the report to be less than 1 percent of total traffic. Given these numbers, we do not expect a
significant benefit from merely denying SOHV access to the HOV lane. Moreover, it should be
noted that since around 30% of eligible carpoolers (~680 vph) are already using the mainline. If
we remove SOVHs from HOV lane, those 680 eligible HOV vehicles on the general purpose lane
might divert onto the HOV lane and thus we may end up with the status quo (this is discussed in

more detail in Section 2.2).

2.1.1. Analysis of Historical Data

Speed contour data for the year 2009 was downloaded for all 261 weekdays from the PeMS
website. Based on the percentage of days on which speeds fell below 45 mph on a particular link
during a particular 5-minute time step, four levels of degradation were defined: not degraded

(0-10 percent), lightly degraded (10-50 percent), very degraded (50-80 percent), and extremely
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degraded (80-100 percent). The contour data is examined for the presence of any weekly and
seasonal variations.
Figure 2 (left and right) presents the aggregated degradation maps for the HOV lane for summer

(April to September) and winter (January to March and October to December) respectively.

Congestion on the HOV lane on most weekdays sets in around 2 to 3 PM and lasts until 7 to 8 PM.
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Figure 2: Congestion as observed on different links of the HOV lane on weekdays

o
~

summer months (April to September) on left and Winter months (January to March and October to
December) on right during the year 2009

The stronger trend appears to be weekly. Congestion on Mondays is relatively low, it increases
progressively through the week and peaks rather dramatically on Friday. Figure 3 presents a
comparison of the aggregated degradation maps for the HOV lanes for Wednesdays, Thursdays

and Fridays. As is readily observed, congestion is much worse on Fridays than it is on
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Wednesdays. With this in mind, the five weekdays are treated independently and separate

control strategies are evaluated for each.
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Figure 3: Congestion as observed on the HOV lane

2.1.2. Identifying the Bottlenecks

Aggregated traffic flow data from vehicle detector stations was obtained from the PeMS online
repository, and was used to differentiate recurrent from non-recurrent congestion. Based on the
data, five major bottlenecks were identified. All five bottlenecks were observed consistently
throughout the observation period, and were confirmed using supplementary traffic data from
Google Maps. Based on the location of the bottlenecks and the access points to the HOV lane, the

corridor was divided into three segments:

e Segment 1: From post mile 25.7 - 35.4, may be divided into two sub-segments. The first,
spanning from post miles 25.7 - 31.2, ends immediately downstream of the first
bottleneck formed somewhere between the on ramp from Michillinda Avenue and
Baldwin Avenue. It is a minor bottleneck that on most days is overridden by queues

formed at more severe downstream bottlenecks, in particular the bottleneck on Myrtle
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Avenue. The second segment includes the bottleneck at the on-ramp from Myrtle
Avenue, attributable to high peak-time demand from the on-ramp and a significant

capacity drop

o Segment 2: From post mile 35.4 - 45.9, initially divided into three sub-segments. The
first, from post mile 35.4 - 37.6, is witness to a minor bottleneck downstream of the
intersection with the San Gabriel Freeway, near the on-ramp from Irwindale Avenue,
visible on some days and hidden on others. The second sub-segment, from post miles
37.6 - 40.9, contains the worst of the five bottlenecks. It is formed between the on ramps
from Azusa Avenue and Citrus Avenue. The cause seems to be the high volume entering
the freeway from the on-ramp from Citrus Ave. The third sub-segment includes the
interchange with Orange Freeway, and is not as congested as the second sub-segment.
This may be due to the bottleneck at Citrus Ave acting as a flow meter. Congestion is
usually short-lived in relation to the two other major bottlenecks. It sets in around 5 PM

and clears up by about 6 PM.

e Segment 3: From post mile 45.9 - 51.8, traffic conditions are in free flow almost always,

and a control strategy appears superfluous.

It is worth mentioning here that the precise location of the bottleneck varies from day to day.

The split is shown below:
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2.2.Theoretical Analysis

In Table 1, we presented a description of the traffic profile through the corridor during the peak
hour. We saw that HOV flows are around 29% of the total flow - HOV = 2350 veh/hr, General
Purpose vehicles = 5895 veh/hr and Total flow = 8245 veh/hr (far greater than the amount of
roadway provided for them - 20%). Thus, we believe that removing just the SOHVs would not
alleviate the congestion on the HOV lane since the total eligible HOVs are already exceeding its
capacity. This might not be the case if the destination of those carpoolers is close and they don’t
find any need to shift to the HOV lane, in which case removing SOHVs from HOV lane may lead

to some improvement in passenger delays as delays are transferred onto the SOV vehicles.

In this section, we provide a theoretical analysis to find the appropriate percent of vehicles
(beyond the exiting 1% SOHVs) needed to be removed from the HOV lane so that its conditions

are considerably improved and congestion eliminated. In order to calculate how the vehicles
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distributed themselves among the various lanes, we used the speed, occupancy and flow
contours for the entire section to determine the approximate capacity of each lane. From the
contours (obtained from PeMS [3]), we saw that the capacities of the lanes are reduced, to
around 1350 veh/hr/lane, at the bottlenecks at the ramps. The best viable way to alleviate
congestion at these points would be to manage the demand by controlling the ramps. In order to
relieve congestion on the HOV lane, around 1000 veh/hr would need to be removed. This
1000veh/hr could be vehicles that are removed by raising the HOV lane occupancy requirement

to ‘3 or more persons’.

The corridor has a capacity of around 1700 veh/hr/lane. In order to alleviate congestion on the
HOV lane, we consider to restrict approximately 650veh/hr access to it (i.e. 7% of the total
traffic). SOHVs constitute of only 1% of the total traffic stream. Even if we restrict their access,
there would still be around 2265 veh/hr eligible carpoolers and 1495 veh/hr/lane SOVs. Hence,
the demand for the HOV lane still exceeds its capacity. Some carpoolers (around 600 HOV
vehicles) may elect to shift to the Mainline (which we see in reality) since there is no longer an
advantage to use the HOV lane over the Mainline. As such, the flow may evenly distribute itself
out to be 1650 veh/hr/lane for the HOV and mainline lane. Thus, restricting access to such a
small percent is expected to only redistribute the traffic flow (with carpoolers that were initially
on the mainline shifting to HOV lane when the spaces previously occupied by the SOHVs are
now empty). Hence, we believe such a change would not have a huge effect on the system as
well as HOV lane delay. Since the vehicles leaving the HOV lane are single occupancy (and these
may experience more delay) while vehicles entering the HOV lane are multiple occupancy - 2.2
passengers per car on average [3] (and these may experience lower delay), an overall reduction
in passenger delay would be expected. For example, say there is an extra delay of A when an
SOHV moves from HOV to mainline. Since we are removing around 82veh/hr SOHVs from HOV
to mainline and replacing them with carpoolers, change in passenger delay per hour for the

facility can be calculated as:
+82x1xA-82x22xA%(-984)A

In this scenario, we may see a reduction in net passenger delay. In the following sections
(Section 5), we shall discuss the impacts of removing vehicles out of HOV lanes via simulation

studies.

32008 HOV Annual Report, Caltrans
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Figure 5 (a,b,c): Contours for ML lanes
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Figure 5a: Occupancy contours for ML lanes
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Figure 5b: Speed contours for ML lanes
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Aggregated avg Weekday Flow cMeh/S-mind for Feb 2009 (93% Obzerved)
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Figure 5c: Flow contours for ML lanes
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Figure 6 (a,b,c): Contours for HOV lane
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Figure 6a: Occupancy contours for HOV lanes
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Figure 6b: Speed contours for HOV lanes
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Figure 6¢: Flow contours for HOV lane
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2.3.Model and Simulation

A simulation model for the 27-mile section (PM 25 to PM 52) for the East bound direction was
created using TOPL network editor. The model consisted of 145 nodes with each node having
two input links (HOV and Mainline) and 2 output links. In the model, each link represents a
finite element of the freeway representation and each node is a point where these links are
connected and interact with each other. We had a total of 346 links (including on and off

ramps). The 132 sensors along the route were also included in the model.

2.3.1. Model Calibration

The simulation was calibrated using a MATLAB-based application that uses PeMS data to define
freeway geometry, obtain fundamental diagrams and set up demand profiles based off data for a

sample day.

2.3.2. Delay Statistics

In this report, we use the delay statistic given by the simulator for our analysis. The delay is

calculated as:

fii
;]

i

delay,, = L, xmax[0, p,, —

delay,, _ Delay on link ‘i’ for time interval ‘t’; L_ Length of link ‘1, Pis = density of link

J;

. . (1) » . . w VI . )
it = flow on link 1’ in time interval ‘t’, f = free flow speed for link ‘i

Where:
i in time interval ‘t’,
It should be noted here that delay calculations are based on the free flow speed of each link and
not a specific speed threshold (which is used by other software like PeMS). This should give a
better estimation of actual delay by not giving much weight to inherently slow links while taking

into account links that have a free flow speed that is high. Total network delay is calculated as:

TotalDelay = E E delay,,

TOPL also provides delay for the HOV lanes and mainline lanes. Since these delays are in vehicle
hours, we convert them to passenger hours by assuming an average number of 2.2 passengers

for 1 HOV vehicle and 1 passenger other vehicles. Thus, total passenger delay is calculated as:

TotalPassengerDelay = TotalDelay,,,, x 2.2 + TotalDelay,, x1
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2.4.Evaluating the Effect of Different Control Strategies

In section 2.1.1, we saw that a higher variation in congestion happens during the week rather
than seasonally. In view of that, simulations were done for each day for the month of February

2009. The results in this section are grouped by each day of the week.

Various scenarios were simulated by using different percentages of vehicles removed from the

HOV lane. They are as follows:

e Base Case: Normal Vehicles (HOV lane ineligible vehicles): 71%, HOV lane eligible
vehicles 29% [28% HOV and 1 % SOHV with no restrictions]

e Mainline 72%, HOV lane 28% [1% removed]

e Mainline 74%, HOV lane 26% [3% removed]

e Mainline 76.5%, HOV lane 23.5% [5.5% removed]
e Mainline 78%, HOV lane 22% [7% removed]

e Mainline 81%, HOV lane 19% [10% removed]

e Mainline 85%, HOV lane 15% [14% removed]

These cases cover a wide range of possibilities. While they cover the possible SOHV vehicle
ratios of 1-7%, they also simulate the scenario if HOV lane minimum occupancy requirement is
increased to 3 or more persons. Also, to study the impact of the strategies, we use passenger-
hours (pax-hrs) of delay on the network and HOV lane as a metric since one of the primary goals
of implementing an HOV lane is to increase the system person throughput. Graphs for changes

in veh-hrs are also provided for reference.

Also, we validate our results from TOPL by comparing the daily delay in veh-hrs with that
obtained from PeMS. Although the exact values may vary since the two systems use different
mechanisms to calculate delay (as noted in section 2.3.2) the order of magnitude should be
comparable. Figure 7 graphs the comparison between the two. The points marked in red are the
days that show high level of differences. They could be the result of non-recurrent delay (i.e.
accidents) that is accounted in PeMS but not included in TOPL. We remove these days from our
analysis. Also, Figure 8 shows a good match between the speed contour plots from PeMS and

TOPL (graph is for 4 Feb. 2009).
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The following sub-sections provide a discussion of the results, grouped together by each day of

the week.

Figure 7: Comparison of delay from TOPL and PeMS
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Figure 8: Comparison of contour plots from (a) TOPL and (b)PeMS
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2.4.1. Wednesdays

We start our discussion with Wednesdays because they best represent the ‘average’ weekdays.
They are neither the worst nor the best days of the week in terms of congestion. Thus, analyzing
the results for Wednesdays should give us a good sense of the effect different control strategies

may have on an ‘average’ day.

Figure 9 shows the impact of the different strategies on the pax-hrs delay in the system for the
study corridor and Table 3, Table 4, Table 5 and Table 6 [Section 2.7] provides the details. We
see that restricting access to the HOV lane has a positive impact (reduction) on the delay of both
the HOV lane and the whole system. While the HOV lane delay is practically eliminated after
removing 7% of the vehicles from HOV lane and shifting them to MF lane; the system delay is
also minimized by keeping the removed ratio around 7%[*]. While the reduction in HOV lane
delay is expected due to reduction in number of vehicles in the lane, the reduction in total

system delay can be attributed to the following factors:

e Reduction in person travel time: Since the travel time of an HOV vehicle is valued more
(by a factor of ~2.2) due to the higher occupancy requirement, the reduction in delay of
HOV lane vehicles has a greater impact on the total system delay when delay is
measured in pax-hrs. This reduction is more than the increased delay on the mainline

due to increased congestion on those lanes.

o Smoothing effect: As shown by Cassidy and Daganzo in [3], allocation of space to a
dedicated carpool lane can increase overall bottleneck discharge by restricting
disruptive lane change movements and creating a smoothing effect. Moreover, they
showed that this smoothing effect is seen even if the HOV lane is a bit underutilized,
which is the case we see in our scenario. In our base case, the HOV volume is high (about
30% vehicles eligible). This high eligibility does not make for a clear separation between
the HOV lane and mainline lanes and thus vehicles enter and exit the lane frequently
cause disruption in the flow. On the other hand, once the HOV volume is reduced to 20%
vehicles, a clear separation is made between HOV lane vehicles and other vehicles. This

separation not only reduces delay in the HOV lane, it also increases the net bottleneck

[4] It should be noted that these values are valid only for the segment under study and are specific
to its demand patterns. Although, we expect similar results for other segments, actual results may
vary due to each segment’s specific geometry and demand. Here we present only a methodology to
predict the effect.

[5] Cassidy, M.]., Jang, K., and Da