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DISCLAIMER STATEMENT 
 

This document is disseminated in the interest of information exchange. The contents of 
this report reflect the views of the authors who are responsible for the facts and 
accuracy of the data presented herein. The contents do not necessarily reflect the 
official views or policies of the State of California or the Federal Highway Administration. 
This publication does not constitute a standard, specification or regulation. This report 
does not constitute an endorsement by the Department of any product described herein. 

 
For individuals with sensory disabilities, this document is available in Braille, large print, 
audiocassette, or compact disk. To obtain a copy of this document in one of these 
alternate formats, please contact: the Division of Research and Innovation, MS-83, 
California Department of Transportation, P.O. Box 942873, Sacramento, CA 94273-
0001. 
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2. Project Objectives 
 

HOV lanes have been regarded as a cost-effective and environmentally-friendly option to move 

travelers through congested routes.  HOV facilities increase the total number of people moved 

through congested corridors by offering two travel incentives: travel time savings, and travel 

time reliability.   Because HOV lanes carry vehicles with more occupants they move many more 

people during congested periods, even if the number of vehicles in the HOV lane is less than the 

number in the adjoining general purpose lanes. In general, carpoolers, vanpoolers, and bus 

patrons are the primary beneficiaries of HOV lanes. 

This project focuses on the performance of California high occupancy vehicle (HOV) facilities 

performance in light of operational policies and access configurations.  Specifically, we seek an 

understanding of the effects of HOV lane access control and operational policies on HOV facility 

performance.   

Caltrans is currently considering the reconfiguration of the HOV lane system from full-time 

buffer-separated to full/part-time continuous-access. Before this is done, they must understand 

the potential benefits of both types of operation for system safety and operations.  A recent study 

sponsored by Caltrans to investigate the safety of California freeways with HOV facilities 

provides some insight. Notably, the safety of the buffer-separated, limited-access HOV lanes 

typically seen in Southern California appeared to be no greater than the safety of the continuous-

access limited-hour HOV lanes in Northern California (Jang, 2009). This is contrary to the 

common belief that buffer separation and restricted access provide additional protection for 

traffic in the HOV lanes. This project looks at whether or not a continuous-access HOV facility 

provides better operational performance than a buffer-separated facility. 

This report summarizes our research, which was jointly undertaken by research teams from the 

University of California Berkeley (UCB) and the University of California Irvine (UCI).  Part I 

focuses on system wide data analysis and Part II provides before-and-after comparisons.   
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3. Technical Approach 
 

The approach taken in this report is to determine a set of performance measures that can be used 

to properly evaluate  HOV performance by computing performance measures for various HOV 

system scales (district-level, corridor-level, and section-level) and comparing performance 

between different types of HOV facilities. The following sections outline the methodologies and 

calculations of performance measures adopted in the study. 

3.1 List of Study Sites 

To evaluate the performance of HOV facilities, the report uses real-world data and analyzes the 

performance of HOV facilities in a wide range of corridors (see Table 1).  Figure 2 shows the 

geographic locations of these corridors.  The corridors for this study were recommended by a 

Caltrans Technical Advisory Group (TAG) based on the group’s familiarity with HOV facilities 

in their respective regions. In this report, we define a corridor as: a unidirectional freeway 

segment with its accompanying HOV lanes. Taking into consideration potential differences in 

directional traffic phenomena and geometric attributes, a corridor in our study is comprised of 

only one direction of a freeway segment with the associated ramps and HOV lanes. 
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Figure 2. Study Corridors
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Table 1. List of Study Corridors  

HOV Type District County Corridor Direction 

Study 

Boundaries 

(CA PM) 

Operation Hours 

Full-Time 
Continuous

-access 

12 ORA SR-22 Both (E&W) 1.1-12.0 24 Hours, All Days 

12 ORA SR-55 Both (N&S) 12.0-18.0 24 Hours, All Days 

Full-time 
Buffer-

separated 

7 LA I-105 West 2.6-16.8 24 Hours, All Days 
7 LA I-105 East 1.2-16.9 24 Hours, All Days 
7 LA I-210 East 24.8-39.6 24 Hours, All Days 
7 LA I-405 South 12.9-22.2 24 Hours, All Days 
12 ORA I-405 South 24.178-0.230E 24 Hours, All Days 
12 ORA I-5 North 7-29 24 Hours, All Days 
12 ORA I-405 North 0.230E-24.178 24 Hours, All Days 
12 ORA I-5S South 7.0-29.0 24 Hours, All Days 
12 ORA SR-55 North 6.0-12.0 24 Hours, All Days 
12 ORA SR-57 South 11.1-R22.6 24 Hours, All Days 

Part-time 
Buffer-

separated 

7 LA SR-14 North 25.0- 43.3 5-9 AM, Weekdays 

7 LA SR-14 South 25.0- 43.3 3-7 PM, Weekdays 

Part-time 
Continuous

-access 

4 ALA I-80 West 0.0-9.8 5-10 AM & 3-7 PM, 
Weekdays 

4 SCL US101 North 18.0-52.5 5-9 AM & 3-7 PM, 
Weekdays 

4 ALA I-80 East 0.0-10.0 5-10 AM & 3-7 PM, 
Weekdays 

4 SCL US101 South 18.1- 52.5 5-9 AM & 3-7 PM, 
Weekdays 

4 CC I-680 North 0.0-11.4 5-9 AM & 3-7 PM, 
Weekdays 

4 CC I-680 South 0.0-11.9 5-9 AM & 3-7 PM, 
Weekdays 

4 ALA I-880 North 0.0-19.8 5-9 AM & 3-7 PM, 
Weekdays 
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3.2 Candidate Performance Measures 

A freeway corridor with an HOV facility may have a variety of traffic and geometric attributes. 

At the same time, the performance of HOV systems can be evaluated from a number of key 

aspects.  To address the primary objective of the current study, we first explored an extensive list 

of performance measures for analysis of HOV operations.  The list was reviewed and established 

with input from the Caltrans TAG.  The broad list of freeway corridor performance measures 

was then reduced to a selective list of key measures for use in detailed data analysis. 

3.2.1 Measures of Freeway Performance Measures 

Table 2 presents a list of all the performance measures reviewed in this study. Provided below 

are the detailed performance measures items that can be used, under each category, for an in-

depth analysis of the HOV facilities. 

Mobility 

 VMT = segment length × traffic flow 

 VMT (GP) = segment length × traffic flow in GP  

 VMT (HOV) = segment length × traffic flow in HOV 

 VHT = TT GP × traffic flow in GP + TT HOV × traffic flow in HOV 

 VHT (GP) = TT GP × traffic flow in GP 

 VHT (HOV) = TT HOV × traffic flow in HOV 

 Travel time relative to TT at 65mph = TT – segment length / 65mph 

 Travel time relative to TT at 35mph = TT – segment length / 35mph 

 Person throughput = traffic flow in GP × Vcc in GP + traffic flow in HOV × Vcc in HOV  

 Person throughput (GP) = traffic flow in GP × Vcc in GP 

 Person throughput (HOV) = traffic flow in HOV × Vcc in HOV 

 Headway (GP) = 300 / traffic flow in GP (flow data are aggregated in 5-min or 300 sec) 

 Headway (GP Left) = 300 / traffic flow in GP left lane (GP left lane is the GP lane adjacent 

to HOV lane) 

 Headway (HOV) = 300 / traffic flow in HOV 

 Density (GP) = number of vehicles in GP / number of lanes in GP / segment length 
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 Density (GP Left) = number of vehicles in GP left / segment length 

 Density (HOV) = number of vehicles in HOV / segment length 

Table 2. List of Performance Measures  

Category Performance Measure 

Mobility 

VMT (at both system and lane level) 

VHT (at both system and lane level) 

Travel time delay (when compared to free-flowing conditions such as 65 

MPH free-flowing conditions and when compared to congested states such 

as 35 MPH) 

Person throughput on HOV/GP lane(s) 

Vehicle throughput on HOV/GP lane(s) 

Vehicle density on HOV/GP lane(s) 

Vehicle headway on HOV/GP lane(s) 

Reliability 

Travel time statistics on HOV/GP lane(s) 

Absolute/relative travel time saving using HOV lane compared to GP lanes 

Travel speed statistics on HOV/GP lane(s) 

Travel speed differential between HOV/GP lane(s) 

Travel speed variation on HOV/GP lane(s) with time and space 

Productivity 

Level of service on HOV/GP lane(s) 

Presence of bottlenecks 

Duration and impact of bottlenecks 

Potential causes of bottlenecks 

Facility utilization on HOV/GP lane(s) 

Maneuverability 
Lane changing frequency between HOV and GP lanes 

Access types, barrier types 

Conformance 

Passenger occupancy rate on HOV/GP lanes 

HOV passenger occupancy violation rate 

Percent of HOV vehicles on HOV lanes 

Percent of HOV vehicles on GP lanes 
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Reliability 

 TT (GP) = segment length / Speed in GP 

 TT (HOV) = segment length / Speed in HOV 

 Absolute TT Saving = TT (GP) – TT (HOV) 

 Relative TT Saving = (TT (GP) – TT (HOV)) / TT (GP) 

 Speed (GP) = f (traffic flow (GP), detector occupancy (GP))  

Where f () represents a certain functional relationship.  Detector occupancy here is defined as 

the percentage of time that the detection zone of the instrument is occupied by a vehicle and 

is a measure of density. 

 Speed (GP left) = f (traffic flow (GP left), detector occupancy (GP left)) 

 Speed (HOV) = f (traffic flow (HOV), detector occupancy (HOV)) 

 Speed Differential = Speed (HOV) – Speed (GP left) 

 Speed Variation = Visualized from the Speed Contour Diagram 

Productivity 

 LOS (GP) = f (Speed GP) or f (Density GP) 

 LOS (HOV) = f (Speed HOV) or f (Density HOV) 

 Demand Volume GP 

 Demand Volume HOV 

 Presence of bottleneck = [Yes, No] 

 Bottleneck Cause = 1 if HOV lane changing is related (may be caused by other factors 

simultaneously), 0 otherwise 

 Bottleneck Duration = Percentage in time when the speed is under a certain threshold  

 

Maneuverability 

 Lane Changing Frequency = number of lane changing / (segment length × traffic flow) (unit: 

event per vehicle-mile) 

 Qualitative ease of lane-changing due to presence or non-presence of separations or barriers 

Conformance 
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 Vcc GP = obtained from Caltrans HOV Annual Report 

 Vcc HOV = obtained from Caltrans HOV Annual Report 

 HOV violation rates = obtained from Caltrans HOV Annual Report 

 % of HOVs  = (traffic flow in GP × % of HOV in GP + traffic flow in HOV × % of HOV in 

HOV) / (traffic flow in GP + traffic flow in HOV) 

3.2.2 Specific Performance Measures for HOV Operations 

Table 2 presents an extensive list of performance measures commonly used to evaluate the 

performance of freeway facilities.  However, these measures are not necessarily tailored for 

comparing performance between the two access types, which is the intent of this study.  In this 

section, we will pare this list down to a few measures that are most representative and allow 

system-level comparisons.  The selection of measures is based on the following considerations: 

1) The use of a large number of performance measures within the broad list in Table 2 

makes it challenging to control some exposure variables.  

2) Parameters such as speed, VMT and PMT are basic and representative factors to directly 

describe performance. These measures are independent by site and comparable for 

different HOV types.  

3) The operational performance of both HOV and GP lanes are intertwined, thus the 

evaluation should allow the identification of situations when GP traffic conditions have a 

meaningful impact on HOV operations. For example, as will be explained in a later 

section, the performance comparison is considered most significant when the GP lanes 

are operating below 45 mph. 

4) Due to the nature of heterogeneous travel patterns across corridors, it is important to 

investigate HOV operational performance at the system level as well at the corridor level. 

5) Previous research has studied various aspects of HOV safety, including accident ratio and 

incident impact. This study focus on other aspects of performance. 

Based on these considerations, we selected three focused, representative and comparable 

performance measures for our study.  They are defined and explained below.  
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Table 3. Methodology Summary by Research Group 

Research  
Group 

UC Berkeley UC  Irvine UC Riverside 

Study  Site District 4,7,12 SR-55, SR-57 in District 
12 

District 8 

Data 
Sampling 

Filtered data when 
general purpose 
lanes are operating 
below 45 mph 

Data in HOV operation 
hours 

Data in HOV operation 
hours 

Real-World 
Data 
Analysis 

Corridor  
 Recurrent 

bottlenecks 
 Speed-flow 

joint 
probability  

A GP Lane 
Congested 

 Speed/ 
Flow 

 Speed 
Differential  

 VMT/PMT 
 VMT/PMT 

Ratio 
 Statistical 

Weaving Analysis 
 

Before and After 
Comparison 

 Traffic flow 
fundamental 
diagram 

 Critical Detector 
Occupancy / 
Critical Flow 

 Free Flow Speed / 
Shockwave Speed 

 Speed contour map 
 Demand flows 
 HOV lane changing 

rate 
 HOV violation rate 

Corridor 
 AVO /ratio 
 HOV violation rate 
 Proportion of 

carpool/ HOVL 
carpool 

 Recurrent 
bottlenecks 

 Q and identification 
of peak hour 

 VMT /PMT ratio  
 HOVL-MFL joint 

LOS matrix  
 Speed difference 

vs. density 
 Speed-flow joint 

probability  
Statistical Modeling 
(D4,7,8,12) 

 Capacity  
Simulation   Existing Paramics model 

(SR 57) 
 Speed/Flow/ 

Density difference 
 Number of lane 

changes 

Existing Paramics model 
(SR-91 I-15) 

 Q 

 Video    Lane change 
 Intensity 
 Gap Distribution 

 

This chapter described research technical approach, list of study sites, list of performance 

measures, and data sources. The overall operation of study sites will be analyzed in following 

chapter.  
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4. General Evaluation of Study-Site Corridor Performance 
 

In this section, we provide an overall evaluation of operational characteristics for the corridors 

included in the current study. This preliminary evaluation is necessary, prior to in-depth 

calculation of key HOV performance measures, to help us understand the traffic patterns on 

these corridors and to build a foundation for sound and objective interpretation of the final 

analysis.   

4.1 Bottleneck and Congestion Analysis 

To understand the spatio-temporal extents of congestion, speed contours were plotted.  Contour 

plots shown in Appendix A are average speeds of weekdays in the 3rd quarter (from July to 

September) of 2009. Even if the demand of the 3rd quarter is higher than that in other times, the 

contour plot still represents the bottleneck location and relationship between the HOV and GP 

lanes. The contours were plotted in the PeMS website. Plots for all the corridors in Table 1 are 

provided in Appendix A. This section summarizes the findings from the contour plots.  

 Accuracy of identifying bottleneck locations depends on the quality and quantity of loop 

detectors such as location, density, conditions, etc.  Since a contour has a time dimension, 

temporal patterns of congestion can be explored. 

 Demand exceeding capacity is the primary cause of congestion, but there are also some 

secondary causes for congestion in some corridors such as merging, diverging, weaving, 

etc. 

 Congestion patterns are often different across corridors. 

 Preliminary investigation of traffic conditions in HOV lanes, coupled with speed 

contours, indicates that degradation in HOV lanes is generally associated with congestion 

in the GP lanes, 

4.2 Speed-Flow Probability Histogram Analysis   

In this section, overall operating conditions in the HOV and GP lanes are measured with two 

traffic parameters – flow and speed:  
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rate higher than 800 vehicles per hour or 1800 persons per hour given in the HOV 

guidelines. 

4) In all three districts, there is significant congestion in both the HOV and GP lanes (shown

as the grey color in low speed regimes). However, more samples from the GP lanes are

plagued by congestion.

5) When comparing districts, it is apparent that the difference in speed between the HOV

and GP lanes is higher in District 4 than other districts.  However, this observation may

be skewed because samples from District 4 were primarily collected from peak hours

when the HOV facility is in operation while samples from other districts represent all 

operational hours including peak and non-peak hours. The peak hours in individual 

corridors may vary; therefore these figures are provided to show overall flow-speed

patterns and are not meant for direct performance comparison.
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(b) GP lane 
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Figure 6. Probability density of speed-flow for District 4: (a) HOV lane, (b) GP lane (All 
routes) 
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Figure 7• Probability density of speed-flow for District 7: (a) HOV lane, (b) GP lane (All 
routes) 
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Figure 8• Probability density of speed-flow for District 12: (a) HOV lane, (b) GP lane (All 
routes) 

The third finding again emphasizes the importance of taking congestion into consideration when 

computing the performance measures. Hence, only samples collected when the GP lane speed is 

below 45 mph (marked by the red dotted line) were used to compute performance measures.  

Table 4 provides the summary statistics of selected samples.  Samples from congestion are the 

number of samples when the GP lane speed was below 45 mph. Total samples = number of 

weekdays3 x operation hours4 x number of detectors. The percentage of samples from congestion 

equals samples from congestion divided by total samples.  

 

                                                 
3 Total number of weekdays in this study is 131 days (from March 1st, 2009 to Oct. 31st, 2009) 
4 Each hour has 12 5-min samples. Operation hours for full-time facilities are 16 hours (from 5AM to 9PM). 
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Table 4. Summary statistics of samples from speed in the GP lane below 45 mph 

District Route  Samples from 
Congestion Total Samples  % of Samples 

from Congestion 

4 

I-80W 119,837 384,912 31.13% 
I-80E 110,551 399,168 27.70% 

I-680N 30,097 392,832 7.66% 
I-680S 12,813 405,504 3.16% 
I-880N 83,825 468,864 17.88% 

SR-101N 29,518 468,864 6.30% 
SR-101S 55,497 468,864 11.84% 

Total 442,138 2,989,008 14.80% 

7 

I-105E 136,863 811,008 16.88% 
I-105W 87,781 811,008 10.82% 
I-210E 99,254 532,224 18.65% 
I-405S 87,192 506,880 17.20% 

SR-14N 3,264 50,688 6.44% 
SR-14S 6,435 57,024 11.28% 
Total 420,789 2,768,832 15.20% 

12 

I-5N 60,105 1,089,792 5.52% 
I-5S 48,016 1,013,760 4.74% 

I-405N 126,548 1,343,232 9.42% 
I-405S 109,098 1,368,576 7.97% 

SR-22E 58,172 836,352 6.96% 
SR-22W 19,567 734,976 2.66% 
SR-55N 4,184 228,096 1.83% 

SR-55N_Con 49,612 380,160 13.05% 
SR-55S 9,576 228,096 4.20% 
SR-57S 65,369 633,600 10.32% 
Total 550,247 7,856,640 7.0% 

This chapter discussed the overall performance of HOV facilities. The performance by district, 

by corridor, and by access type will be presented in the next chapter. 



39 
 

5. Performance Measures 
 

This section presents the analysis of performance measures that have been chosen to represent 

the comparisons of HOV operations: speed differential, VMT, and PMT. Outcomes of our data 

analysis are displayed in box plots (also known as box-and-whisker plots). The plots provide a 

convenient way of graphically depicting groups of numerical data with five summary statistics: 

minimum of samples, lower quartile (25th percentile), median of samples, upper quartile (75th 

percentile), and maximum of samples (See Figure 9). These plots display distribution of samples 

in a non-parametric fashion. 

Category

Values
Maximum

25 Percentile

Median
(50 Percentile)

75 Percentile

Minimum

 

Figure 9. Hypothetical Box Plots 

In the following sections, we present computed performance measures in box plots for different 

categorizations. Note that the samples used are only from the GP lane speed below 45 mph.  The 

detailed results of this analysis for each corridor in individual districts are provided in 

Appendices E, F, and G.  The following sections offer a summary of the analysis. 

5.1 Comparison by District 

This section aggregates samples by district-level and computes speed, flow, speed differential, 

VMT ratio and PMT ratio. When comparing data by district level, performance measures are 

fairly similar for all three districts. 
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5.1.1 Speed 

In all three districts, median travel speed in the HOV lanes was between 40 and 50 mph (See 

Figure 10) when GP lane speed was below 45 mph while the median of GP lane speed was about 

30 mph (See Figure 11). This shows that, when the GP lane was congested, HOV lanes could 

provide a 10~20 mph speed benefit to HOV lane travelers.  
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Figure 11. GP Lane Speed (by District) 
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5.1.2 Flow 

In all three districts, median flow in HOV lanes was between 1100 and 1300 vph (See Figure 12) 

while the median of GP lane flow was between 1300 and 1500 vph when GP lane speed was 

below 45 mph (See Figure 13). Generally speaking, vehicle flow counts in HOV lanes were 

lower than GP lanes.   

It should be noted, however, that there may be exceptions to the observation of lower flows in 

the HOV lanes.  For example, in reviewing 2009 and 2010 HOV reports from District 7, at 

several detector stations the vehicle flow was greater on HOV lanes during certain rush hours.   
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Figure 12. HOV Lane Flow (by District)
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Figure 13. GP Lane Flow (by District)

5.1.3 Speed Differential 

At the district-level, vehicle speeds in the HOV lanes were faster than average speeds across GP 

lanes for more than 75% of the examined samples in all three districts (See Figure 14).  
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Figure 14. Speed Differential (by District) 

DistriCt 4 DistriCt 7 DistriCt 12

DistriCt 4 DistriCt 7 DistriCt 12



43 

5.1.4 VMT Ratio 

At the district-level, about 75% of VMT ratios (representing the relative level of utilization by 

vehicles to average across GP lanes) in all three districts were below 1, meaning that a HOV lane 

serves fewer vehicle-miles traveled than a GP lane (See Figure 15).  
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Figure 15. VMT Ratio (by District) 

5.1.5 PMT Ratio 

At the district-level, more than 75% of PMT ratios (representing relative level of utilization by 

people-miles to average across GP lanes) in all three districts were above 1, meaning that a HOV 

lane serves more person-miles traveled than a GP lane (See Figure 16).  The occupancy 

requirement of I-80 eastbound and westbound (two out of 7 corridors) is 3 or more, which 

increases PMT in the HOV lane for District 4.  For comparison of PMT for individual corridors,  

see the next section.  
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Figure 16. PMT ratio (by District)

5.2 Comparison by Corridor 

This section breaks down district-level samples into corridors and computes speed, flow, speed 

differential, VMT ratio and PMT ratio.   

5.2.1 District 4 

 Speed

Median speeds in the HOV lanes are between 40 and 60 mph while those in the GP lanes are 

between 20 and 40 mph, indicating that, when GP lanes are slow, HOV lanes provide faster 

speed by about 20 mph. (Figure 17 and Figure 18) 
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Figure 17. HOV Lane Speed (by Corridor, D4)
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Figure 18. GP Lane Speed (by Corridor, D4)

 Flow

Flows in HOV lanes vary across routes.  Comparing HOV lane flows to GP-lane flows indicates 

that GP lane flows are higher. (Figure 19 and Figure 20) 
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Figure 19. HOV Lane Flow (by Corridor, D4)  
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Figure 20. GP Lane Flow (by corridor, D4) 

 Speed Differential

At the corridor-level, vehicle speeds in the HOV lanes were faster than average speeds across GP 

lanes for more than 75% of the examined samples in all corridors in District 4. (Figure 21) 
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Figure 21. Speed differential (by Corridor, District 4) 

 VMT Ratio
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At the corridor-level, about 75% of VMT ratios in all corridors, except SR-101S, were below 1; 

which means that a HOV lane serves fewer vehicle-miles traveled than a GP lane (Figure 22).  

At SR-101S, the red line traverses the middle of the box with 50% of samples  below 1 and the 

remaining 50% above 1, indicating that the HOV lane serves as many VMT as a GP lane. 
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Figure 22. VMT Ratio (by Corridor, District 4) 

 PMT Ratio

At the corridor-level, all the corridors except I-680S exhibit a PMT ratio higher than 1.  (Figure 

23) However, it should be noted that as shown in Figure 19 I-680 has a median flow of 1000

vph, therefore it does meet the minimum HOV guideline.
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Figure 23. PMT Ratio (by Corridor, District 4) 
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5.2.2 District 7 

 Speed

Median speeds of HOV lanes in I-210E and I-405S are slower than those of other routes.  (Figure 

24 and Figure 25) 
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Figure 24. HOV Lane Speed (by Corridor, District 7) 
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Figure 25. GP Lane Speed (by Corridor, District 7) 
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 Flow

Slow speeds on I-210E and I-405S can be explained by the high utilization of these facilities. 

The flows in the HOV and GP lanes in I-210E and I-405S were approximately equal. (Figure 26 

and Figure 27) 
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Figure 26. HOV Lane Flow (by Corridor, District 7) 
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Figure 27. GP Lane Flow (by Corridor, District 7) 
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 Speed Differential

At the corridor-level, vehicle speeds in the HOV lanes were faster than average speeds across the 

GP lanes for more than 75% of the examined samples in all corridors (except I-210E) in District 

7 (Figure 28).  Speeds on I-210E were slower for about 50% of samples. 
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Figure 28. Speed differential (by Corridor, District 7) 

 VMT Ratio

At the corridor-level, about 75% of VMT ratios (representing relative level of utilization by 

vehicles to average across GP lane) in all corridors were below 1, meaning that a HOV lane 

serves fewer vehicle-miles traveled than a GP lane (Figure 29).   
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Figure 29. VMT Ratio (by Corridor, District 7)

 PMT Ratio

At the corridor-level, all the corridors exhibit a PMT ratio higher than 1, meaning that a HOV 

lane serves more person-miles traveled than a GP lane (Figure 30).   
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Figure 30. PMT Ratio (by Corridor, District 7) 
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5.2.3 District 12 

 Speed

Median speeds of HOV lanes are over 45 mph in all corridors in District 12 (See Figure 31) 

while those of the GP lanes are about 30 mph (see Figure 32). 

0

20

40

60

80

100

I-5N I-5S I-405N I-405S SR-55N (Cont) SR-55S SR-57S SR-22E SR-22W SR-55N

Sp
ee

d 
(m

ph
)

I-5N I-5S I-405N I-405S SR-55N 
(Cont) SR-55S SR-57S SR-22E SR-22W SR-55N

Figure 31. HOV Lane Speed (by Corridor, District 12) 
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Figure 32. GP Lane Speed (by Corridor, District 12) 
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 Flow

HOV lane flows are noticeably lower in two of the corridors in District 12, SR-57S and SR-22E, 

while the values in the GP lanes are relatively consistent at around 1500 vph. (Figure 33 and 

Figure 34) 
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Figure 33. HOV Lane Flow (by Corridor, District 12) 
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 Speed Differential

At the corridor-level, vehicle speeds in the HOV lanes were faster than average speeds across the 

GP lanes for more than 75% of the examined samples in all corridors in District 12 (Figure 35).   
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Figure 35. Speed Differential (by Corridor, District 12) 

 VMT Ratio

At the corridor-level, about 75% of VMT ratios (representing relative level of utilization by 

vehicles to average across GP lanes in all corridors were below 1, meaning that a HOV lane 

serves fewer vehicle-miles traveled than a GP lane (Figure 36).   
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Figure 36. VMT ratio (by Corridor, District 12) 

 PMT Ratio

At the corridor-level, about 75% of PMT ratios (representing relative level of utilization by 

people to average across GP lane) in all corridors (except both directions in SR-22) were above 

1, meaning that a HOV lane serves more person-miles traveled than a GP lane (Figure 37).   
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Figure 37. PMT Ratio (by Corridor, District 12) 
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5.3 Comparison by District and by Access Type 

This section regroups samples by district and access type. First, collected samples are aggregated 

by district and the box plot for each district is displayed in Figure 38, Figure 39, and Figure 40. 

The “n” under each column in the following charts indicates the number of samples that are 

included in the analysis. Each sample data point is one 5-minute interval sample from one 

detector on any corridor. 

Speed differentials and VMT ratios from all three districts exhibit similar outcomes. However, 

we noted that the PMT ratio in District 4 appeared to be higher that the remaining two districts. 

This is because D4 includes samples from I-80 which imposes an occupancy requirement of 3 or 

more occupants per vehicle while all other routes require 2 or more occupants.  

Figure 38. Speed Differential Comparison by District 
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Figure 39. VMT Ratio Comparison by District 
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Figure 40. PMT Ratio Comparison by District  

As the next step, we regrouped samples into two different categories by access type, continuous 

and limited. The corridors with continuous access are all the corridors in District 4 (except I-80 

in both directions), State Route 22 in both directions, and State Route 55 Northbound, PM 12-18, 

(continuous section). I-80 corridors are excluded in this comparison because the occupancy 

requirement for both directions of I-80 in District 4 is 3 or more and thus, may result in bias 

especially when comparing PMTs between two different access types.  State Route 22 and State 
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Route 55, PM 12-18, are operational for 24 hours. The corridors with limited access are all the 

corridors in District 7 and 12 except State Route 22 and 55.  On State Route 14 both directions 

are operational part-time. Figure 41, Figure 42, and Figure 43 show that there are differences 

between performance measures of the two HOV groups (continuous and limited), even though 

the magnitude of the differences is small.    

Figure 41. Speed Differential Comparison by Access Type 
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Figure 42. VMT Ratio Comparison by Access Type 
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Figure 43. PMT Ratio Comparison by Access Type 

5.4 Statistical Test 

To determine the differences in speed differential, VMT ratio and PMT ratio between different 

types of HOV facilities, statistical tests were performed for data samples from all study corridors. 

A two sample Kolmogorov-Smirnov test was conducted. The null hypothesis, H0, is that the true 

distribution function continuous-access HOV facilities, is equal to the distribution function of 

limited- access ones at the 5% significance level.  

As is shown in Table 5, the test results reveal that all the null hypotheses should be rejected, 

which means that there is a statistically meaningful difference between the distributions of 

performance measures for different access types. 

Table 5. Results of K-S Tests for HOV Lane

Test 

KS  

P-Value

KS  

K-Value

Test 

result 

H0: C=L 

Access 

Type 

Mean Median Sample 

Variance 

Flow_HOV  0 0.0994 rejected 

CON 98.1 101 1012.2

LIM 102.9 105 817.1
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Flow_AGP 

  

 0 

 

0.0449 

 

rejected 

CON 120 121 565.4 

LIM 121.6 124 679.9 

Person 

Flow_HOV  

 

0 

 

0.1053 

 

rejected 

CON 217.3 220.8 523 

LIM 229.4 232.7 428.5 

Person 

Flow_AGP 

  

 0 

 

0.1028 

 

rejected 
CON 130.1 130 698.1 

LIM 134 136.5 867.1 

Speed 

Differential 

0 0.1668 rejected CON 19.1310 19.1079 186.5949 

LIM 13.3293 14.0000 224.1658 

VMT Ratio 
 

0 

 

0.0758 

 

rejected 

CON 0.8382 0.8613 0.0884 

LIM 0.8626 0.8718  0.0369 

PMT Ratio 
0 0.0821 

rejected 
CON 1.7263 1.7727 0.4063 

LIM 1,7424 1.7374 0.1633 

 

5.5 Concluding Remarks on Real-World Data Analysis and Evaluation of 
Performance Measures 

The results as observed from the comparisons between the HOV and GP lanes in all districts can 

be summarized as follows:  

1) HOV lanes generally have a higher traveling speed than GP lanes, as illustrated in Figure 

38 and Figure 41. 

2) The VMT ratio for HOV lanes is generally below 1, indicating that HOV lanes serve 

fewer vehicle-miles than GP lanes, as shown in Figure 39 and Figure 42. 

3) The PMT ratio for HOV lanes is generally above 1, as shown in Figure 40 and Figure 43, 

indicating that HOV lanes carry more person-miles than GP lanes. 

The results for the comparison between continuous and limited access types are summarized 

below. Please note that the compilation of results is based on the inclusion of study sites that 

have been selected for this report. They are representative of operational performance in different 

districts but they do not encompass all HOV facilities. Thus, the evaluation results should be 

considered within the scope of data samples from the selected corridors. 
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1) Continuous- and limited-access HOV lanes offer noticeable levels of speed differentials 

under a majority of operational conditions. This can be seen in Figure 44, in which the 

data were sampled for every 5-minute interval from all qualified conditions when the 

speed of the average general purpose lanes was below 45 mph.  The distribution of speed 

differential is widely dispersed, and the continuous-access type has a higher mean value.  

The thin lines near the center of the figures represent the placement of the mean values.  

 
Figure 44. Speed Differential Distribution (by Access Type) 

2) In Figure 45 and Figure 46, the 5-minute flow distribution of the two access types are 

shown.  As can be seen in Figure 45(a), the overall shapes of distribution curves are very 

similar in HOV lane, but the continuous access has a larger tail at the lower end of the 

curve, which implies that there are slightly more instances of lower flows among the 

continuous-access corridors.  

3) In Figure 46, the 5-minute person-flow distribution of the two access types are shown.  

As can be seen in Figure 46(a) the overall shapes of distribution curves are very similar in 

the HOV lane, but the continuous access has a larger tail at the lower end of the curve, 

which is the result of the same pattern in Figure 44.  
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4) The VMT ratios in both types of HOV access are at comparable levels, which can be 

observed in Figure 47, with mean values roughly the same.  The continuous access has a 

larger tail at the lower end of the distribution curve.  

5) Similarly, the PMT ratios in both types of HOV access are at comparable levels, which 

can be observed in Figure 48, with mean values close to each other.  The continuous 

access has a larger tail at the lower end of the distribution curve. 

 
Figure 47. VMT Ratio Distribution (by Access Type) 

Continuous-access and limited-access configurations offer different operational 

advantages.  For example, the continuous-access configuration provides flexibility for 

flow distribution during HOV non-operational hours. The limited-access configuration, 

on the other hand, provides a clear separation of flows and isolates roadways users 

from frequent lane-changing maneuvers except at designated access areas. At certain 

freeway junction locations, limited-access configurations can also prevent or 

discourage last-second traffic weaving maneuvers so that traffic flows can be safely 

channelized. 
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Figure 48. PMT Ratio Distribution (by Access Type) 

In the context of enforcement against HOV violations, in Southern California, drivers may get 

multiple tickets (HOV lane violations, crossing double yellow lines, and evasion of enforcement) 

for a higher level of total fines when compared to Northern California. This provides a 

deterrence effect.   

This chapter analyzed the detailed performance evaluation for HOV facilities by District, by 

corridor, and by access type using the real-world data. In the next chapter, the before-and-after 

performance of several HOV facilities that have recently undergone conversion from limited- to 

continuous-access operation will be compared using real-world data. 
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6. Real-World Before-and-After Performance Comparison 
 

This section focuses on evaluation of the performance of several California HOV facilities that 

have recently undergone conversion from limited- to continuous-access operation. This provides 

an opportunity to gain useful insight into the relative performance of both operational schemes 

and provides a different perspective by comparing corridors with different access types.  

6.1 Methodology 

6.1.1 Traditional Before-and-After Comparison 

In this section, we describe performance measures that are extracted from real-world traffic data 

and used in the before-and-after analysis. The performance measures used and presented here 

include: 

 Speed contour 

 Speed differential 

 VMT ratio 

 Demand flows 

 HOV lane changing rate 

 HOV violation rate 

The first three measures are similar to those described in previous sections. 

The demand flow is defined as the total flow for GP lanes and HOV lane during the whole AM 

or PM period that starts from a free-flow condition to another free-flow condition. Because the 

traffic condition may be different, the AM or PM peak period may be different for different 

corridors.  

HOV lane changing rate is defined as the number of HOV vehicles’ lane changes divided by all 

HOV vehicles’ VMT.  

The HOV violation rate is defined as the number of vehicle occupancy violators divided by the 

total HOV volume.  
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6.1.2 Traffic Flow Fundamental Diagram-Based Approach 

Since before-and-after travel demands may not be the same, traditional before-and-after methods 

may not provide a fair comparison. In this section, we propose an alternative method that 

compares before-and-after traffic flow fundamental diagrams. The diagram represents the traffic 

flow characteristics primarily determined by geometry. We hypothesize that when HOV lane 

configuration changes, drivers may respond with different behavior and thus the traffic flow 

characteristics or traffic flow fundamental diagram may change. Thus, the operational 

performance of limited-access versus continuous-access HOV lane facilities can be compared 

and evaluated through detector flow and detector occupancy diagrams and through parameters 

derived from the diagrams.  

Detector flow and detector occupancy data are direct outputs of a detector. Detector occupancy is 

defined as the percentage of time that the detection zone of the instrument is occupied by a 

vehicle and is a measure of density. In Chapters 6 and 7 of this report, occupancy is referred to as 

detector occupancy. 

a) Traffic Flow Fundamental Diagram 

There are three basic traffic flow parameters:  flow, density and speed. Traffic flow fundamental 

diagrams describe the relationships of these traffic flow parameters, such as volume-density 

and/or speed-density. Lighthill and Whitham in their classical work described a traffic flow 

fundamental diagram as one in which “…at any point of the road the flow (vehicle per hour) is a 

function of the concentration (vehicles per mile)…” (Lighthill & Whitham, 1955). Traffic in the 

real world is a complex dynamic process; the fundamental diagram is essentially a representation 

of complex non-linear traffic phenomena. Edie pointed out that traffic behavior appears to be 

different at high versus low concentrations (Edie, 1961). Hall et al concluded that an inverted 

“V” shape is a plausible representation of the flow-density relationship (Hall, Allen, & Gunter, 

1986). 

Although the fundamental diagram was originally used to define the flow-density relationship, 

the detector flow and detector occupancy diagram is usually analyzed because volume and 

occupancy data from point detectors are widely available.  
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As shown in Figure 49, the inverted “V” shape or two-phase piecewise flow-occupancy curve 

includes two parts, free-flow and congestion flow. Occupancy at the joint point is called critical 

occupancy, x0, which is the threshold for distinguishing between free-flow and congested-flow 

conditions. The flow at the joint point is called critical volume, corresponding to capacity. The 

slope for the free-flow portion corresponds to the free-flow speed. The negative slope for the 

congestion flow portion corresponds to the shockwave propagation speed (Newell, 1993).The 

triangular traffic flow-occupancy fundamental diagram can be represented as a continuous 

piecewise linear curve: 

if (x  x0)y  a  x ,
 
y  b  x  c , if (x  x0)

where the first equation represents the free-flow line and the second represents the congested 

flow line. X0 is the critical occupancy. 

-

Figure 49. Two-Phase Flow-Occupancy Diagram 

The traffic flow fundamental diagram is a reflection of driving behavior, including both car-

following and, probably, lane-changing behaviors, at a certain location. It is drawn based on a 

collection of flow and occupancy values obtained at the location under different demand levels. 

In other words, the diagram responds to a change in demand. When demand is low, its 

corresponding data point in the diagram is located in the free-flow portion (Point A in Figure 
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49). When demand is high, its corresponding data point in the diagram is located in the 

congested flow portion (Point B in Figure 49).  

The traffic flow fundamental diagram is thus a fundamental feature at a location of a roadway 

facility.  It will not change if the factors that influence driver behavior remain the same. These 

factors include roadway geometry, vehicle type composition, vehicle performance, guidance 

signs and inclement weather.  

The traffic flow fundamental diagram has been widely used in traffic model development and 

calibration. For example, TOPL (Tools for Operational Planning) is a cell transmission model-

based mesoscopic traffic simulator that uses traffic flow fundamental diagrams as model inputs 

(Chow, Gomes, Kurzhanskiy, & Varaiya, 2010). In addition, the development of microscopic 

models usually involves the calibration and validation of simulated traffic flow fundamental 

diagrams (Chu L. , Liu, Recker, & Zhang, 2004).   

b) Estimation of Traffic Flow Fundamental Diagram Parameters 

Because of the existence of detection errors in the observed detector data, the determination of 

traffic flow fundamental diagram parameters can be quite subjective and, in practice, is often 

based on traffic engineers’ experience -- experience that often takes a long time to acquire and is 

generally not governed by quantitative standards.  

A recent study uses raw detector data directly and derives its parameters based on data points 

with the maximum flow for each occupancy level for development of a mesoscopic model 

(Dervisoglu, Gomes, Kwon, & Muralidharan, 2008). A quartile regression on stable-flow regime 

and unstable-flow regime is then applied to obtain free-flow and shockwave speeds. However, 

judging critical flow and critical occupancy with only maximum flow data may generate 

misleading results because of “noise” from detectors.  

Antoniou et. al. compared machine-learning methods  for estimating  performance parameters 

(Antoniou & Koutsopoulos, 2006). One of their approaches was to use local weight regression to 

fit a triangular shape diagram. Since data from detectors can be erroneous if weights are not 

properly adjusted, the results may yield a saddle-like diagram, which may then lead to 

misleading results when applied to various detectors. Therefore, we must develop a method to 
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accommodate detector malfunction and to recognize suspicious data when automatically 

estimating performance parameters. 

Cassidy proposed a method for using detector data under a stationary state in which drivers are 

able to maintain their headways (Cassidy, 1998). However, identifying data in a stationary state 

is very challenging. In this study, the ratio of volume versus occupancy was used to determine 

whether a data point is stationary. If the absolute difference of each timestamp’s ratio and its 

precedent is greater than one standard deviation of the difference array, the timestamp’s data will 

be excluded. This procedure will examine every available study day to estimate the parameters 

of fundamental diagrams. 

c) A Statistical Approach to Determine Traffic Flow Parameters 

The focus of this study is to evaluate the average impact on traffic conditions of changes in the 

traffic flow fundamental diagram.  

Empirical data analysis shows that traffic flow performance is different when a queue is built up 

and when a queue is dissipated. Higher capacity is normally achieved when the queue is built up. 

Figure 50 shows a volume-occupancy plot based on data collected from a few days. Each data 

point is shown as a dot with different colors in the plot. The color theme is shown on the right. 

The figure clearly shows that, at a certain occupancy level, the data points with higher volumes 

are collected in the early morning when the queue or congestion is forming. The data points with 

lower volumes are collected in the late morning when the queue or congestion is dissipating.  

Thus, for a detailed analysis, we must divide the data from the entire study period into two 

phases: the formulation phase and the dissipation phase. The formulation phase is defined as the 

time period from the free-flow condition to traffic congestion. The dissipation phase is defined as 

the time period from traffic congestion back to the free-flow condition. To divide the data into 

the formulation and dissipation phases, we must determine a turning point for each day’s data; 

data points earlier than the turning point belong to the formulation phase and data points later 

than the turning point belong to the dissipation phase. As illustrated in Figure 51, a piecewise 

linear regression module (called “SiZer” and developed by Derek Sonderegger) in the R package 

was used to find the best turning point by estimating two pieces of linear regression lines. 
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Figure 50. 5-Min Volume-Occupancy Data Plots 
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Figure 51. Search for the Best Turning Point 

Based on the assumption that the volume-occupancy plots can be represented as a continuous 

piecewise linear curve, as shown in Figure 49, we will estimate the traffic flow fundamental 

diagram parameters (including critical occupancy, critical volume, free-flow speed, and 
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shockwave speed) using the same piecewise linear regression module as in the R package. To 

provide a comprehensive analysis of before- and after- traffic flow performance, we will perform 

the estimation using three data sets:  

 The entire data set is used to estimate average traffic flow performance, which can be 

seen from the estimated critical occupancy and critical volume.  

 Data from the formulation phase are used to estimate traffic flow performance from free 

flow conditions to traffic congestion. The estimated critical volume corresponds to the 

maximum capacity that can be achieved. The estimated shockwave speed provides 

information on how fast or slow the queue propagates backward.  

 Data from the dissipation phase are used to estimate traffic flow performance from traffic 

congestion back to free flow. This phase’s critical volume is usually lower than the 

average condition. The estimated shockwave speed provides information on how fast or 

slow the traffic flow can be recovered.  

We also proposed a statistical approach to process the detector volume and detector occupancy 

data to make the piecewise linear regression generate more meaningful and reasonable results. 

Figure 52 (a) shows volume-occupancy plots based on a few days’ worth of data on 5-min 

volume and occupancy data. We discovered that a certain occupancy value may correspond to a 

range of volume values. To satisfy the assumption, for each 0.5% occupancy bin, the 50 th 

percentile volume value is obtained as the representative volume of all volumes within the 

occupancy range. Figure 52(b) illustrates the representative volume-occupancy plot drawn based 

on representative volume and occupancy data. These representative volumes and their 

corresponding occupancy values are then used to estimate the traffic flow fundamental diagram 

parameters.  

d) Assumptions 

HOV lane facilities are demand management strategies. A key assumption in our analysis is that 

HOV lane conversion does not alter vehicle composition and modal split between high-

occupancy vehicles (HOVs) and single occupancy vehicles (SOVs). Although changes in relative 

operational performance may, in the long term, influence the mix of vehicles, there is no 

evidence of the relative attractiveness of continuous-access versus limited-access HOV lanes. 
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(a) Vol-Occ plots using all data  (b) Vol-Occ plots using the representative dataset 

 

Figure 52. Volume-Occupancy Plots 

In general, HOV lanes are less congested than GP lanes. An example is shown in Figure 53, 

which shows GP and HOV lane speed contours for a freeway with limited-access HOV lane. The 

reason for HOV lane to be less congested is HOV drivers choose whether to use HOV lanes 

based on real-time traffic condition along GP lanes and the HOV lane access type (limited-access 

or continuous-access). Because of HOV drivers’ lane selection behavior, if the traffic condition 

in the GP lanes improves, conditions in the HOV lane will more likely improve. As a result, the 

before-after comparison in this study will primarily focus on a comparison of volume-occupancy 

diagrams of detector data on the GP lanes.  

 

    (a) GP lanes (b) HOV lane 

Figure 53. Speed Contours for GP and HOV Lanes  
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Another reason to use data from the GP lanes is because GP lanes are more congested than HOV 

lanes and thus have more data points in the congestion regime for easier and more accurate 

estimation of parameters for the traffic flow fundamental diagram. 

e) Comparison of Fundamental Diagram Parameters 

The proposed method evaluates the performance of HOV lane conversion by comparing the 

before-and-after traffic flow fundamental diagrams on GP lanes. Among the four traffic flow 

fundamental diagram parameters (critical occupancy, critical volume, free-flow speed, and 

shockwave speed), free-flow speed is of the least consequence. For others, their physical 

meanings are as follows:  

 A higher critical volume means improvement of capacity and throughput.  

 A higher critical occupancy may mean (1) the roadway facility is less likely to break 

down easily, or (2) the location becomes congested.  

 A faster shockwave speed means that the queue or congestion is built up and/or dissipates 

at a faster speed.  

6.2 Study Sites and Data 

In August 2008, Caltrans District 12 in Orange County began to convert some of its HOV lanes 

from limited-access to continuous-access operation. Figure 54 illustrates the six study sites. They 

were located on SR-55 and SR-57, which are two north-south facilities, connecting Orange 

County with Riverside County and Los Angeles County, respectively. Both freeways have 

similar traffic patterns and are heavily congested. The peak direction of flow is southbound (SB) 

in the morning and northbound (NB) in the afternoon.  

These study sites have four or five GP lanes and one HOV lane and are well covered by detector 

stations. Figure 55 shows each site’s geometry before the conversion. The amber lines between 

GP lanes and HOV lanes correspond to sections of freeway with HOV lane conversion. The 

figure also shows the vehicle detector locations using ellipses, inside of which is the location’s 

absolute postmile (ABS-Postmile). The color of the circle represents the usability of the data, 

which we explain later in this report. A vehicle detection location usually has one Vehicle 
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Detector Station (VDS) on GP lanes and one VDS on the HOV lane. The VDS IDs are shown on 

the right side of each detector location in the figure.  

Table 6 shows the HOV lane conversion date, before-and-after data collection time periods, and 

the study period for each study site. We considered the following factors in selecting the data 

collection periods:  

 The “before” data collection period should be a time shortly before the HOV lane 

conversion. 

 “Before” and “after” data should be collected in the same season. 

 Detector data should be in a “healthy condition”, which means that the majority of data 

are actual field observations and the data are sufficiently accurate. 

 "After" data should not be collected during the transition period when people are 

familiarizing themselves to the new striping configuration. We allowed at least a period 

of three months after the conversion to take samples of the “after” data. 

Each data collection period includes only weekdays (from Tuesday to Thursday, excluding 

holidays).  Detector data (including 5-min volume and occupancy data) were collected through 

either PeMS or the Front End Processor (FEP) data source from Caltrans District 12.  

Detector data quality, observation rates, and data consistency were checked to ensure its 

usability.  We found communication problems on some days that kept detectors' flow or 

occupancy values the same for a long period.  When this occurred, we removed data from that 

day.  

Our final data set includes a limited number of detector stations for these study sites. As shown 

in Figure 55, those detector stations designated by a green ellipse had good data during both the 

“before” and “after” data collection periods.  Those designated by a red ellipse did not have good 

data during these periods. Those without a color are outside of the study area. 
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Figure 54. Study Sites 
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6.3 Performance Comparison 

The following operational performances were utilized to measure the before and after conditions 

on the five study sites as a result of the HOV lane conversion:  

 Speed contour 

 Speed differential  

 VMT ratio 

 Demand flow 

 Traffic flow fundamental diagram parameters 

Full analysis results are given for the SR-55 SB1 and SR-57 SB1 sites first, followed by a 

summary of the performance of all study sites.  

6.3.1 Analysis 

A. SR-55 SB1 Site 

a) Speed Contour 

The speed contour map illustrates the traffic congestion patterns of the study site.  This helps to 

identify bottleneck locations, congested areas, queue lengths and congestion time periods.   

Figure 56 presents the 50th percentile speed contours for both GP lanes and HOV lane for the 

site, drawn based on 5-min speed data obtained from PeMS. The X-coordinate represents time-

of-day; the y-coordinate represents freeway absolute postmile. The traffic direction is from 

bottom to top. The color theme is shown on the bottom of each picture. Green means free-flow; 

red means congestion.  

The geographic range of the site is from absolute postmile 16.8 to 13.2. However, the speed 

contours in the figures cover a longer segment from the Lincoln interchange (postmile 16.7) to 

the MacArthur interchange (postmile 7.03) to provide an overview of traffic conditions 

downstream of the study site segment. The study site has a major bottleneck around postmile 9 to 

10 at the I-5 interchange, located three miles downstream of the site. The diagram shows that 

traffic after the HOV lane conversion appears to be less congested.  
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(a) before (top) and after GP Lanes   (b) before (top) and after HOV Lanes 

Figure 56. SR-55 SB1 Speed Contours Before and After the HOV Lane Conversion 

b) Speed Differential 

In Figure 57, we present the speed differential distribution between the HOV lane and the GP 

lane average for the SR-55 SB1 site.  In each subplot, we show data for the before-and-after 

periods. Our analysis also distinguishes congestion on the GP lanes using a GP lane average 

speed of below 45 mph as the boundary of congestion. The data, only selected from those with 

high data health, for all traffic conditions during the study period are shown in the upper charts (a 

and b), while those filtered for congested situations with GP below 45 mph are shown in the 

lower two subplots (c and d).  

All plots show a positive speed differential, which implies that speed in the HOV lanes was 

higher than average speed across GP lanes for a great majority of the situations. Note that the 
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median value of the speed differential during the after-study period increased when compared 

with the before-study period.  

Subplots of (c) and (d) show that, when the GP lanes were congested, the HOV lane appeared to 

benefit more in speed differential from the conversion. Specifically, the median value of the 

speed differential increased from 19 mph to 23 mph, and the distribution was more centralized.  

 
 (a) Speed Differential Boxplot (all periods)  (b) Speed Differential Distribution (all periods) 

 
 (c) Speed Differential Boxplot (congestion) (d) Speed Differential Distribution (congestion) 

Figure 57. Speed Differential for SR-55 SB1 

c) VMT Ratio 
 
The VMT ratio provides an indication of the relative levels of vehicle flow volume between the 

HOV lanes and the average across the GP lanes in the before-and-after study period.  If the ratio 

is below 1, it implies that the VMT in the HOV lanes is lower than that in the GP lanes. From 

Figure 58, we can see that the overall distribution of the VMT ratio is slightly lower after 
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conversion. This result is mainly because the traffic condition was less congested and fewer 

vehicles used the HOV lane after the conversion. 

  
 (a) VMT Ratio Boxplot (all periods)   (b) VMT Ratio Distribution (all periods) 

  
(c) VMT Ratio Boxplot (congestion)   (d) VMT Ratio Distribution (congestion) 

Figure 58. VMT Ratio for SR-55 SB1 

d) Demand Flow  

Demand flow is defined as total vehicular throughput on GP and HOV lanes for the entire peak 

period, which begins at a time with free-flow conditions and ends at another time with free-flow 

conditions. For the SR-55 SB1 site, the entire a.m. peak period is from 6:00 a.m. to 10:00 a.m.  

Table 7 shows that the site has higher flows on GP lanes and lower flows on the HOV lane.  In 

total, the site had higher demand flows after HOV lane conversion. (Note that the detector station 

at postmile 11.602 was added to the table for information only since it is outside the study area).  
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Table 7. Demand flows for SR-55 SB1 

  GP Lanes HOV Lane Total 

PostMile Before After Change Before After Change Before After Change 
Change 
% 

15.782 25885 26430 545 3319 2936 -383 29204 29366 162 0.6% 
14.582 27933 29415 1482 3562 3099 -463 31495 32514 1019 3.2% 
13.732 23908 25763 1855 3605 3230 -375 27513 28993 1480 5.4% 
13.492 27244 30078 2835 3582 3248 -334 30826 33326 2501 8.1% 
11.602 22527 23906 1379 3894 3443 -451 26421 27349 928 3.5% 

e) Traffic Flow Fundamental Diagram Parameters 

The speed contours show that the site has less congestion after HOV lane conversion, although 

the demand flow is higher. Thus, one could conclude that the site performs better with the 

continuous-access HOV configuration. For more certainty, we will use the proposed traffic flow 

fundamental diagram- based approach to analyze the operational performance of the site before 

and after conversion to verify this result and explain the result from the traffic flow theory 

perspective.  

Table 8 and Table 9 compare the key traffic flow fundamental diagram parameters at all 

mainline VDS locations for the formulation phase and dissipation phase, respectively. The key 

parameters in the formulation phase include critical occupancy, critical volume, and shockwave 

speed. The key parameters in the dissipation phase include critical volume, and shockwave 

speed. If the differences between before-and-after values are less than 2%, they are considered 

negligible (or, not significant). Among all mainline detector stations, the key station is located at 

the Chapman interchange (postmile 13.732), which appears to be a hidden bottleneck of the 

study site before the conversion. Its representative volume-occupancy plots and the estimation 

results are shown in Figure 59. Detector station ID, location and postmile are shown at the top of 

each plot.  

Based on the analysis of the traffic flow diagram parameters, we found:  

 Most mainline detector stations have equivalent or higher critical occupancy in the 

formulation phase, which means the freeway is less likely to break down after the 

conversion of HOV lane to continuous-access.   
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 Higher critical volumes are achieved for mainline detector stations in the formulation 

phase and the dissipation phase, which means higher capacity and better performance 

after the conversion. 

 Higher shockwave speed is achieved for both phases after the HOV conversion, which 

means that the queue is built up and/or dissipates at a faster speed under traffic 

congestion. A queue may build up faster, reducing operating benefits, due to higher levels 

of lane changing.  One reason for the queue to dissipate faster, which is operationally 

beneficial, is the flexibility provided to drivers by continuous-access to the HOV facility. 

To summarize, the HOV lane conversion to continuous-access operation makes the SR-55 SB1 

site perform better. 

 

 

 
 
 
 
 
 

Figure 59. SR-55 SB1: Estimated Traffic Flow Diagram Parameters using Data in 
Formulation Phase (Top) and Dissipation Phase (Bottom) at Postmile 13.732 
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Table 8. SR-55 SB1: Traffic Flow Diagram Parameters in the Formulation Phase  

 
Postmile 

Ingress/ 
Egress 
before 

conversion? Before  After Diff % Diff 
Before v.s. 

After 

 Critical 
Occupancy 
 

15.782 no 0.128 0.127 -0.001 -0.8% Equivalent 

14.582 yes 0.117 0.119 0.002 1.7% Equivalent 

13.732 no 0.132 0.132 0 0.0% Equivalent 

13.492 no 0.114 0.128 0.014 12.3% After: Higher 

Critical 
Volume  
 

15.782 no 625.8 641.7 15.9 2.5% After: Higher 

14.582 yes 683.6 708.3 24.7 3.6% After: Higher 

13.732 no 618.2 646.4 28.2 4.6% After: Higher 
13.492 no 714 768.5 54.5 7.6% After: Higher 

Shockwave 
Speed 
  

15.782 no -16.8 -19.8 -3 17.9% After: Higher 

14.582 yes -8.9 -9.4 -0.5 5.6% After: Higher 
13.732 no -13.4 -15.7 -2.3 17.2% After: Higher 

13.492 no -10.3 -12.8 -2.5 24.3% After: Higher 
 
 

Table 9. SR-55 SB1: Traffic Flow Diagram Parameters in the Dissipation Phase 

 
Postmile  

Ingress/ 
Egress 
before 

conversion? Before  After Diff % Diff 
Before v.s. 

After 

Critical 
Volume  
 

15.782 no 605.5 612.5 7 1.2% Equivalent 

14.582 yes 654.9 698.4 43.5 6.6% After: Higher 
13.732 no 581.9 605.9 24 4.1% After: Higher 

13.492 no 651 720 69 10.6% After: Higher 

Shockwave 
Speed 
  

15.782 no -15.7 -20.5 -4.8 30.6% After: Higher 
14.582 yes -9.2 -11.5 -2.3 25.0% After: Higher 

13.732 no -14 -15.9 -1.9 13.6% After: Higher 

13.492 no -10.5 -13.2 -2.7 25.7% After: Higher 

B. SR-57 SB1 Site 

a) Speed Contour 

Figure 60 shows the speed contours for both GP lanes and HOV lane before and after the HOV 

lane conversion. The study limit of the site is from postmile 8.5 to 5.8. However, the speed 

contours in the figures show the segment from the Lambert interchange (postmile 10.0) to the I-

5/SR-22 interchange (postmile 0) to provide a better overview of traffic conditions beyond the 
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study site.  The diagram shows that the SR-57 SB1 site has a major bottleneck at postmile 6.5, 

the Chapman interchange, located within the study area. The freeway mainline traffic condition 

after the HOV lane conversion appears to be more congested. 

 

 

(a) before (top) and after GP Lanes   (b) before (top) and after HOV Lanes 

Figure 60. SR-57 SB1: Speed Contours Before and After HOV Lane Conversion 

b) Speed Differential 

The distribution of speed differential between the HOV lane and the GP lane average for the SR-

57 SB1 site is presented in Figure 61. Each subplot shows data for both the before and the after 

periods. All plots show a positive speed differential, which implies that the speed in the HOV 

lanes was higher than the average speeds across GP lanes for the majority of the data samples 

examined.  We found that the before-and-after speed differential distribution was almost the 

same. 
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 (a) Speed Differential Boxplot (all periods)  (b) Speed Differential Distribution (all periods) 
  

  
 (c) Speed Differential Boxplot (congestion) (d) Speed Differential Distribution (congestion) 

Figure 61. Speed Differential for SR-57 SB1 

c) VMT Ratio 

As illustrated in Figure 62, the distribution of VMT ratio slightly shifts to a higher value for all 

periods and congestion periods. This is mainly due to more congestion on the GP lanes and thus 

more vehicles switching to the HOV lane.  

d) Demand Flow 

For the SR-57 SB1 site, demand flows at all detector locations were analyzed for the a.m. peak 

period (from 6:00 a.m. to 10:00 a.m.). Table 10 shows that the site has lower flow for GP lanes 

and equivalent flow for HOV lanes after the conversion. In total, the demand flows, which are 

equal to the total GP lane flow plus the total HOV lane flow, are 2%-4% lower after conversion.  
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 (a) VMT Ratio Boxplot (all periods)   (b) VMT Ratio Distribution (all periods) 

  
 (c) VMT Ratio Boxplot (congestion)   (d) VMT Ratio Distribution (congestion) 

Figure 62. VMT Ratio for SR-57 SB1 

Table 10. Demand Flows for SR-57 SB1 

  GP Lanes HOV Lane Total 

PostMile Before After Change Before After Change Before After Change 
Change 
% 

7.721 25812 24696 -1116 5323 5225 -98 31135 29921 -1214 -3.9% 

6.761 27317 26441 -876 5595 5614.5 20 32912 32056 -856 -2.6% 

6.531 29929 28927 -1002 5554.5 5560.5 6 35484 34488 -996 -2.8% 

e) Traffic Flow Fundamental Diagram Parameters 

Because the demand flows are lower (as presented in Table 10) and traffic congestion is more 

severe (as illustrated in Figure 60) after the conversion, it may indicate that the continuous-

access HOV configuration makes the site perform worse. The traffic flow fundamental diagram-

based approach was employed to further analyze the operational performance of the site before 
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and after the conversion, to verify the above result, and to explain the result from the perspective 

of traffic flow theory. 

Table 11 and Table 12 compare the key traffic flow fundamental diagram parameters at all 

mainline VDS locations for the formulation phase and dissipation phase, respectively. Among all 

mainline detector stations, the key station is located at the Chapman interchange (postmile 

6.531), which is the bottleneck of the study site. Its representative volume-occupancy plots and 

estimation results are shown in Figure 63.  

 

 

Figure 63. SR-57 SB1: Estimated Traffic Flow Diagram Parameters using Data in 
Formulation Phase (Top) and Dissipation Phase (Bottom) 

Based on the traffic flow diagram parameters shown in Table 11 and Table 12, we found: 

 All mainline stations have similar critical volumes in the formulation phase. The actual 

critical volumes are slightly lower after the conversion, although not significant.  

 After the conversion, lower critical occupancy is obtained at the two downstream detector 

stations, which are located at the bottleneck of the site and determine the performance of 

the site. Lower critical occupancy means that the freeway is easier to break down.  
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 Lower shockwave speed is achieved in the formulation phase, which means congestion 

takes longer to build up.  

 Lower throughputs are achieved in the dissipation phase, which means worse 

performance after the conversion. 

 After the HOV conversion, higher shockwave speed is achieved in the dissipation phase 

at the two downstream detector stations. Thus, the queue is dissipated at a faster speed 

under traffic congestion.  

Table 11. SR-57 SB1: Traffic Flow Diagram Parameters in the Formulation Phase 

  Postmile 
Ingress 
/Egress Before After Diff % Diff 

Before v.s. 
After 

Critical 
Occupancy 

7.721 No 0.157 0.157 0 0.0% Equivalent 

7.531 No 0.127 0.126 -0.001 -0.8% Equivalent 

6.761 Yes 0.146 0.143 -0.003 -2.1% After: Lower 

6.531 No 0.187 0.183 -0.004 -2.1% After: Lower 

Critical 
Volume 

7.721 No 641.7 640.9 -0.8 -0.1% Equivalent 

7.531 No 693.1 685.6 -7.5 -1.1% Equivalent 

6.761 Yes 680.4 674.7 -5.7 -0.8% Equivalent 

6.531 No 752.3 739 -13.3 -1.8% Equivalent 

Shockwave 
Speed 

7.721 No -14.8 -14.5 0.3 -2.0% After: Lower 

7.531 No -12.4 -11.3 1.1 -8.9% After: Lower 

6.761 Yes -16.5 -15.6 0.9 -5.5% After: Lower 

6.531 No -17.3 -15.4 1.9 -11.0% After: Lower 
 

Table 12. SR-57 SB1: Traffic Flow Diagram Parameters in the Dissipation Phase 

  Postmile 
Ingress 
/Egress Before After Diff % Diff 

Before v.s. 
After 

Critical 
Volume 

7.721 No 596.4 569.6 -26.8 -4.5% After: Lower 

7.531 No 624.6 607.6 -38.3 -5.9% After: Lower 

6.761 Yes 618.1 602.2 -15.9 -2.6% After: Lower 

6.531 No 685.9 666.6 -19.3 -2.8% After: Lower 

Shockwave 
Speed 

7.721 No -14.2 -12.1 2.1 -14.8% After: Lower 

7.531 No -13.9 -10.3 3.6 -25.9% After: Lower 

6.761 Yes -13.2 -15.1 -1.9 14.4% After: Higher 

6.531 No -16.7 -17.8 -1.1 6.6% After: Higher 
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To summarize, the SR-57 SB1 site performs worse after HOV lane conversion, mainly due to 

lower critical volume and lower critical occupancy at the two downstream detector stations, 

which are the bottleneck locations of the site.  

6.3.2 Summary of Performance 

Appendix I provides the performance comparison results for the rest three study sites. We found 

that the SR-57 SB2 site does not have an active bottleneck within the study area and may also be 

influenced by the downstream bottleneck. We exclude the site from the summary shown below.   

Table 13 summarizes the performance after the conversion in terms of speed contours, demand 

flows, and speed differentials and VMT ratios during congestion. We found that  

 Traffic congestion is higher for GP lanes and HOV lane for most study sites after 

conversion.  

 Demand flows vary for different study sites.  

 The speed differential is similar or higher after the conversion, which means the HOV 

lane continues to provide the same or more travel time saving after the conversion to 

continuous-access operation.  

 The VMT ratio is similar after the conversion. For the two sites that have different VMT 

ratios, the differences are minor. This means the HOV lane volume remains almost the 

same after the conversion to continuous-access operation.  

Table 13. Performance after the Conversion 

Site  
Speed Contour  

(GP Lanes/ HOV Lanes) 
Demand 

Flows 
Speed 

Differential 
VMT 
Ratio 

 

SR-55 SB1 Less / Less congested Higher Higher Slightly Lower 
SR-57 SB1 More / More congested Lower Similar Slightly Higher 
SR-55 SB2 More / More congested Higher Similar Similar 
SR55 NB2 More / More congested Similar Slightly Higher Similar 

Although different demand flows were present in the before- and after- conditions, the proposed 

traffic flow fundamental diagram approach showed its capability to provide an objective and 

detailed comparison of two different HOV lane access configurations from the traffic flow 

theory perspective. Table 14 and Table 15 summarize the traffic flow performance at detector 

stations located within a limited-access area and within a continuous-access area before the 
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conversion, respectively. The ratings, such as slower, higher, lower, similar, etc., in these two 

tables were determined based on a 2% threshold. If the difference was within 2%, the 

performance was rated as similar. The text colors of these ratings represent whether the after value 

is larger than the before value. Green means the after value is larger; red means the after value is 

smaller; black means the difference between before and after values is rated as similar. 

Based on the analysis of Table 14 and Table 15, we found:   

 The HOV lane performance after the conversion from limited-access to continuous-

access operation is site-specific. Among the four study sites, one (SR-55SB1) performs 

better, one (SR-57SB1) performs worse, and two (SR-55SB2 and SR-55NB2) remain the 

same. 

 For the key traffic flow parameter, the critical volume or vehicle throughput’s 

performance after the conversion is mixed. Except for the SR-55 SB1 site that has higher 

throughput, all other locations have similar or lower critical volume in the formulation 

phase and dissipation phase.  

 The conversion of a HOV lane from limited-access to continuous-access leads to a faster 

shockwave speed on GP lanes during the dissipation phase, which means that the queue 

is able to dissipate at a faster speed at the end of the traffic congestion. In other words, a 

freeway with continuous-access would see congestion clear up faster.  

 
Table 14. Summary of Traffic Flow Performance after the Conversion at a Mainline 

Detector Station Located within a Limited-access Area before Conversion 

  
Site (VDS ABS- 
postmile) 

Formulation Dissipation 
Critical 
Occupancy 

Critical 
Volume 

Shockwave 
Speed 

Critical 
Volume 

Shockwave 
Speed 

SR-55 SB1 (13.732) Similar Higher Faster Higher Faster 
SR-57 SB1 (6.531) Lower Similar Slower Lower Faster 
SR-55 SB2 (10.822) Similar Similar Slower Similar Faster 
SR55 NB2 (11.982) Similar Similar Similar Similar Similar 
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Table 15. Summary of Traffic Flow Performance after the Conversion at a Mainline 
Detector Station Located within an Ingress/Egress Area before Conversion 

  Formulation Dissipation 

Site (VDS postmile) 
Critical 
Occupancy 

Critical 
Volume 

Shockwave 
Speed 

Critical 
Volume 

Shockwave 
Speed 

SR-55 SB1 (14.582) Similar Higher Faster Higher Faster 
SR-57 SB1 (6.671) Lower Similar Slower Lower Faster 
SR-55 SB2 (9.19) Similar Similar Faster Similar Faster 
SR55 NB2 (9.41) Similar Similar Similar Similar Faster 

 

6.4 Site Specific Analysis 

A major finding of this analysis is that conversion of HOV lanes to continuous-access operation 

yields site-specific operational outcomes. As described earlier, the two sites, SR-55 SB1 and SR-

57 SB1, have completely different performance profiles after HOV lane conversion. Here, we 

further analyze the reasons of different performance from the site-specific perspectives.   

6.4.1 Geometry and Traffic Flow Pattern 

For SR-55 SB1, HOV lane conversion to continuous-access operation improved freeway 

performance, largely because of higher critical volume post- conversion.  

The critical occupancy and volume for VDS at postmile 13.492 increased significantly, as shown 

in Table 8 and Table 9. The increase of critical occupancy implies higher density at the location. 

In other words, HOV lane conversion shifts the high-density downstream. This shift is 

understandable since the continuous-access HOV lane facility provides more flexibility for HOV 

drivers. This can be further analyzed from the perspective of roadway geometry. Figure 64 

illustrates the HOV lane configuration before and after the conversion. Before the conversion, all 

HOV vehicles going to SR-22 (Garden Grove freeway) were required to exit the HOV lane 

within the ingress/egress area. After HOV lane conversion to continuous-access, HOV vehicles 

can now utilize the available space for their lane changes. The increase of the critical occupancy 

and volume at postmile 13.492 may be caused by last-minute lane-changes of some HOV 

vehicles at this location.  
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Figure 64. SR-55 SB1: HOV Lane Configuration before (Left) and after (Right) the 

Conversion  

For SR-57 SB1, conversion of the HOV lane to continuous-access operation worsened freeway 

performance, primarily because of lower critical volume and critical occupancy post- conversion.  

We further analyzed the roadway geometry of the SR-57 site. We noted that VDS at postmile 

6.531 as the key location within the merging area of the Nutwood on-ramp and downstream at 

the Chapman on-ramp. The merging flows from these two on-ramps are approximately 1250 

vehicles per hour.  There is a guide sign located downstream of the VDS, as shown in Figure 65. 

The HOV lane conversion to continuous-access, as shown in Figure 66, might have made this 

location more vulnerable to congestion because of the potential increase of lane-changing 

activities.  
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Figure 65. Geometry, Sign, and Traffic Flows around Postmile 6.531 of the SR-57 SB1 Site 

 

 
Figure 66. SR-57 SB1: Geometry around the Key Location of the Site (Postmile 6.531) 
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6.4.2 Interchange Spacing 

The evaluation results show that the conversion of HOV lane from limited-access to continuous-

access improves the performance along the SR-55 SB1 site but does not improve the 

performance along the SR-57 SB1 site. A further analysis of freeway geometry found that the 

SR-55 SB1 site has longer interchange spacing and thus more available space for traffic merging 

and diverging than the SR-57 SB1 site, as shown in Table 16.  

Table 16. Interchange Spacing for SR-55 SB1 and SR-57 SB1 Sites 

 SR-55 SB1 Site SR-57 SB1 Site 

Section Lincoln on - 
Katella Off 

Katella On - 
Chapman Off 

Yorba Linda On 
- Nutwood Off 

Nutwood / Chapman On 
- Orangewood Off 

Length (mile) 1.11 1.09 0.57 0.72 

 

6.4.3 HOV Violation 

The continuous-access HOV facility has a higher vehicle occupancy violation rate than the 

limited-access HOV facility. Caltrans District 12 has collected data on vehicle occupancy 

violations in the SR-55 SB1 site. Table 17 compares the average number of HOV violators and 

average violation rates at Walnut St. (postmile 14.382) along SR-55 before and after HOV lane 

conversion. The “before” HOV violation data were collected on May 16, 2007 and April 9, 2008. 

The “after” HOV violation data were collected on five days: October 29, 2008, November 5, 

2008, December 12, 2008, February 12, 2009, and May 12, 2009. We found that the “after” 

HOV violations had a great deal of variance. Thus, we excluded those days with the highest and 

lowest violators and used the remaining three days’ worth of data in the analysis. We found that 

HOV lane violation rates increased after conversion to continuous-access. 

Table 17. Comparison of Violation Rates Before and After the HOV Lane Conversion 

  
  

Before: Limited-access After: Continuous-access 
# of 
Violators 

Total HOV
vehicles 

 Violatio
Rate 

n # of 
Violators 

Total HOV 
vehicles 

Violation 
Rate 

SB AM 28.0 2530.5 1.11% 55.3 3089.3 1.79% 
NB PM 1.5 2597.0 0.06% 55.0 2957.0 1.86% 
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6.5 HOV Lane Changing Rates 

We collected aerial data for one site with limited-access HOV configuration and one site with 

continuous-access HOV configuration. The site with limited-access HOV configuration is a 

1.13-mile long section along SR-57 northbound, starting from the South St. overpass (located 

south of the Lincoln interchange) to the SR-91 westbound off-ramp, as shown in Figure 67. The 

site with continuous-access HOV configuration is a 1-mile long section along SR-55 northbound, 

starting from the Main St. interchange to the 17th St. off-ramp, as shown in Figure 67. Data for 

the SR-57 site were collected from 4:10 p.m. to 4:35 p.m. on May 11, 2011. The data for the SR-

55 site were collected from 4:00 p.m. to 4:20 p.m. on May 22, 2012.  

      
Figure 67. SR-57 (Left) and SR-55 (Right) Aerial Data Collection Sites 
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(a) SR-57 Site 
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(b) SR-55 Site 

Figure 68. Comparison of Speeds on HOV Lane and the Adjacent GP Lane 

Both sites had different traffic conditions during the data collection periods. SR-57 was more 

congested than SR-55. Figure 68 shows the average speeds on the HOV lane and the adjacent GP 

lane for SR-57 and SR-55. Figure 69 shows the speed box plots on lanes 1 to 5 on both sites.   

We tracked all vehicles in both sites during the study period. There were 21 and 18 minutes of 

fully processed data for SR-57 and SR55 sites, respectively. Because the operating speeds were 
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different on both sites, we compared the HOV lane changing rate in terms of speed differential 

bins (HOV lane speed – GP lane speed). Here, HOV lane changing rate is defined as follows:  

HOV lane changing rate = number of lane changes of HOV vehicles / HOV vehicles’ VMT 

 

Figure 69. Speed Box Plots on Different Lanes for SR-57 (Left) and SR-55 (Right) 

The HOV vehicles refer to those vehicles that use the HOV lane for at least 1 second within the 

entire study period (21 minutes for SR-57 and 18 minutes for SR-55). When calculating the 

number of lane changes, a lane change from one to another was recorded as one lane change. 

Here are some different situations:  

 A vehicle from an on-ramp needs to change lanes  four times (from lane 5 to lane 4, 4 to 

3, 3 to 2, and 2 to 1)  to enter the HOV lane of a freeway with four GP lanes and one 

HOV lane.  

 Similarly, a vehicle on an HOV lane needs to change lanes four times in order to exit on 

the off-ramp located on the rightmost side of the freeway with four GP lanes and one 

HOV lane.  

 Also, some HOV vehicles may change lanes back and forth. For example, a HOV vehicle 

may change from lane 1 to lane 2 and then back to lane 1.    In this situation, two lane 

changes were recorded.  
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The meaning of the HOV lane changing rate is the average number of lane changes for a vehicle 

traveling on the HOV lane. Figure 70 compares the HOV lane changing rate various speed 

differential categories for both SR-57 (limited-access) and SR-55 (continuous-access) sites.  

 
Figure 70. Comparison of Lane Changes to HOV Lane for Different Speed Differential 

Since the SR-57 site was congested from the beginning of data collection, we could not obtain 

data points with speed differentials smaller than 15 mph. Because the SR-55 site was free-flow at 

the beginning and then began to become congested; hence we were able to obtain data points 

with various speed differentials except for the 30-35 mph category. The continuous-access HOV 

facility showed a higher HOV lane changing rate than the limited-access HOV facility. The SR-

55 (continuous-access) site has 15%, 54% and 74% more lane changes than the SR-57 site under 

the 15-20, 20-25, and 25-30 speed differential bins, respectively. In total, SR-55 has 48% more 

HOV related lane changes.  

Although the HOV lane changing rate along the SR-57 freeway is lower, most lane changes 

occurred within the 430-ft long ingress/egress area and thus the intensity of lane changes is much 

higher. While, the HOV lane changing rate along the SR-55 freeway is higher, these lane 

changes are spread out along the whole stretch of the study freeway.  
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6.6 Summary of Performance Comparison  

Based on the performance evaluation of five sites in Orange County, where  HOV lanes have 

been converted from limited-access to continuous-access operation, we found:  

 The performance after the conversion of HOV lanes from limited-access to continuous-

access operation is site-specific and influenced by local geometric attributes and 

associated traffic patterns.   

 Except for the SR-55 SB1 site, the continuous-access HOV facility has slightly lower 

throughputs at most detector stations in every other study sites. 

 The conversion of a HOV lane from limited-access to continuous-access leads to a faster 

shockwave speed on GP lanes during the dissipation phase, which means the queue can 

be dissipated at a faster speed at the end of traffic congestion. In other words, a freeway 

with continuous-access would see congestion clear up faster.  

 Continuous-access HOV facility is more susceptible to higher violation rate than limited-

access, as observed on SR-55.  

 The continuous-access HOV facility has a higher HOV lane changing rate. The limited-

access HOV facility has a higher HOV lane changing intensity within the ingress/egress 

areas.   

For future research, we feel that the analysis of geometry and traffic flow performance at 

bottleneck locations may help determine which type of HOV lane facility is more appropriate for 

a freeway corridor. A combination of both HOV lane access types in a freeway corridor may 

help improve the freeway performance. More research to clarify the relationship between 

merging and diverging intensity and its effect on freeway performance is needed. 

In the next chapter, we will focus on the evaluation of limited- and continuous-access HOV 

facilities based on microsimulation.   
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7. Micro-simulation Evaluation 
 

7.1 Introduction 

7.1.1 Travel Demand Forecasting and Traffic Simulation 

Travel demand modeling is a four-step method widely used by Metropolitan Planning 

Organizations (MPOs) for various planning studies, such as travel demand forecasting, traffic 

impact assessment, transit ridership estimation, and roadway improvements. The approach is not 

appropriate for traffic operation analysis because the static assignments in travel demand 

modeling typically use Bureau of Public Roads (BPR) type link performance functions. These 

functions assume a monotonic relationship between traffic flow and travel time. As traffic flow 

approaches roadway capacity, speed asymptotically drops to zero. Although the assumption 

greatly eases problem solving, it falls short in reflecting true traffic dynamics, especially under 

congested traffic conditions.   

Compared to the traditional travel demand modeling approach, traffic simulation attempts to 

improve the accuracy of mathematical models by modeling traffic flow dynamics. Traffic 

simulation models can be classified into three types: macroscopic, mesoscopic, and microscopic. 

 Macroscopic simulation is able to handle relatively large networks with less details and 

fast simulation speed. Macroscopic simulation uses an analytical traffic flow model that 

may describe the relationship between volume and delay or between volume and speed. 

Most popular macrosimulation models have been developed for specific applications. For 

example, FREQ has been employed to evaluate ramp metering, priority lane, and 

operational improvement strategies along freeways. Transyt and Synchro have been used 

for optimizing signal timing along arterials. 

 Mesoscopic simulation can model with more detail than macro-simulation models but 

with slower simulation speed.  Mesoscopic models simulate traffic flow as groups of 

vehicles called traffic cells and streams. The traffic flow model in mesoscopic 

simulations is either a speed-density, volume-density, volume-occupancy curve or cell 

transmission model. Individual vehicles are modeled for their route choices. Existing 
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mesoscopic models, such as DYNASMART, DYNAMIT, Dynameq, and VISTA, were 

originally developed by university researchers and are still in their early stages.  

 Microscopic simulation is able to model most aspects of a traffic system, including 

individual drivers, vehicles, and various roadway facilities. However, the size of the 

network with which microscopic simulation can deal with is relatively small and 

simulation speed is slow. Microscopic simulation relies on car-following logic, lane 

changing and gap acceptance rules to model the behavior of individual vehicles in a 

traffic network. Interactions between vehicles at intersections are modeled by right-of-

way, gap-acceptance, and traffic control logic. In microscopic simulation, vehicles are 

modeled with varying characteristics and multiple classes. Variability in driver behavior 

is explicitly modeled. In addition, microscopic simulation usually has 3-D animation 

capabilities, which can make public presentations more attractive.  Examples of 

microscopic simulation models are AIMSUN, Paramics, TransModeler, and VISSIM.  

Among these three types of traffic simulation models, microscopic simulation models are more 

mature and more commercially available. With the advancement of computer technologies and 

traffic modeling capabilities, microscopic simulation has become an increasingly popular and 

effective tool for analyzing a wide variety of dynamic problems not amenable to study by other 

means. Microscopic traffic simulation emulates traffic systems at a level that includes detailed 

specification of roads, individual drivers and vehicles. Microscopic simulation has many 

applications, including ITS evaluation (Chu, Liu, & Recker, 2004), TMC operator training (Chu, 

Gerfen, & Recker, TMC Simulator for Operator Training Using Micro-Simulation, 2008), 

construction management (Chu, Kim, Liu, & Recker, 2005), operational improvement for  

emission reduction (K.S.Nesamani, Chu, Mike, & Jayakrishan, 2007), corridor management 

planning (Ban, Chu, & Benouar, 2008), traffic control studies (Chu L. , Liu, Recker, & Zhang, 

2004) (Liu H., 2001), and policy investigations (Breiland, Chu, & Benouar, 2006). Similar to 

planning studies, microscopic simulation can guarantee that the same demand pattern is applied 

both before and after the deployment of a policy in order to provide an objective evaluation. 

However, the limitation of the approach is that evaluation results may be influenced by 

theoretical limitations of the base traffic models. 
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For this specific study, the use of of microscopic simulation to evaluate different HOV lane 

configurations is more appropriate because it more effectively captures traffic flow dynamics and 

provides more details of vehicle-to-vehicle interactions than both mesoscopic and macroscopic 

traffic simulation models.  

7.1.2 HOV Modeling in Microscopic Simulation Models 

The top three micro-simulation models currently available are Paramics, TransModeler, and 

Vissim. Table 18 summarizes and compares the HOV modeling capabilities of these three 

microscopic simulation packages.  This evaluation draws upon information from user manuals, 

discussions with software developers, and our previous knowledge and experience with these 

software packages. 

Table 18. Comparison of HOV lane and HOV driver modeling capabilities 

 Paramics TransModeler Vissim 
HOV 
Vehicles / 
Demand 

• Defines particular 
vehicle types as HOV 
vehicles. 
• User can have a 
demand matrix to 
include both SOV 
and HOV vehicles, or 
have a demand 
matrix for HOV.  
 

TransModeler has a “vehicle 
occupant” parameter for each 
vehicle, as a way to simulate 
HOV eligibility. There are two 
methods to model HOV 
vehicles.  
• User can associate a matrix 
with HOV 2+ or 3+.  
• If a matrix is not associated 
with HOV 2+ or 3+, the 
occupancy of a vehicle is 
determined randomly based on 
the corresponding vehicle type, 
which has three occupancy 
related parameters: mean, 
variance, and max.  

• Defines 
particular 
vehicle types 
as HOV 
vehicles; or 
• Creates 
multiple 
matrices for 
Vissim 
simulation 
 

HOV 
Facility 

• Applies a “HOV 
restriction” that 
permits only HOV 
vehicles on HOV 
lanes or HOV links 
• HOV lanes can be 
coded as part of lanes 
of a multiple- lane 
link or a separate link 
if there is a hard 
barrier between HOV 

• Defines certain lanes’ lane use 
to be HOV 2+ or 3+. 
• HOV lanes are usually coded 
together with general purpose 
(GP) lanes. User needs to define 
the lane changing rule between 
HOV lanes and GP lanes: (1) a 
barrier between them; (2) allow 
or prohibit traffic from HOV to 
GP lanes, or (3) allow or 
prohibit traffic from GP to HOV 

• Uses “lane 
closure” on a 
certain lane to 
restrict certain 
vehicle types 
• Creates an 
“independent” 
link to 
represent 
HOV lane and 
access 
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and GP lanes. The 
lane changing rule 
from or to HOV lanes 
can’t be modeled 
directly. 
• HOV lanes can be
modeled to be part 
time by defining 
time-dependent links.  

 

lanes.  
• HOV lanes can be set up as 
part-time HOV lanes through 
adding an access management 
rule, which allows user to 
associate a time-of-day schedule 
of HOV lane operation.   
• User can add a HOV sign but it 
is just used for visualization.  

 

HOV 
Behavior  

• No exclusive HOV 
behavior is provided 
by Paramics. HOV 
vehicles just have 
more lanes to use 
than other types of 
vehicles. There is no 
incentive for HOV 
vehicles to use HOV 
lanes.  
• One plugin from 
Quadstone to force 
HOV drivers to use 
HOV lanes. It doesn’t 
model HOV drivers’ 
lane selection 
behavior but simply 
forces HOV drivers 
to use HOV lanes. 
• If HOV lane is 
modeled as a separate 
link, corresponding to
the buffer-separate 
HOV facility, HOV 
lane selection can be 
realized through 
HOV drivers’ route 
choice decision.  

 

• There are two levels of HOV 
driver behaviors,  route choice 
and lane choice level.  
(1) From the route choice level, 
HOV vehicles tend to select a 
path with HOV lanes. The path-
size logit probabilistic route 
choice model is used in the 
process. 
(2) The default model is 
recommended and it considers 
many factors in the lane choice 
process. For HOV vehicles, the 
use of HOV lanes depends on 
whether or not HOV lanes are 
connected with the prospective 
lane with respect to its 
path;higher speeds on HOV 
lanes have positive impacts on 
HOV lane selection. A 
multinomial logit model is used 
to calculate the probability of  
selecting HOV lanes.  
• Like the reaworld, a single 
occupancy vehicle may violate 
the HOV lane use rule, which 
has a compliance rate. It can be 
set up as a global or a local 
parameter.   

• No exclusive 
HOV behavior 
is provided by 
Vissim 
•HOV vehicles 
have fixed 
paths, which 
can be 
generated 
from Vissim.  
• For 
“independent” 
link, the 
access point 
controls the 
interaction of 
general 
vehicle and 
HOV vehicles. 
 

 

We found that TransModeler is more sensitive to HOV driver behavior than Paramics or Vissim. 

However, a key issue with TransModeler is that it is unable to replicate the realistic volume-

occupancy curve along the freeway based on TransModeler version 2.5 Build 980, which was the 
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software version when we performed this software comparison. This issue led us to reject the use 

of TransModeler for our analysis. 

Paramics (Paramics 6.7) and Vissim (Vissim 5.1) have similar HOV lane modeling capabilities. 

Both allow each individual vehicle type to have its own driver behavior parameters. Paramics is 

superior to Vissim in five ways: 

 Driver behavior in Paramics is more realistic since its volume-occupancy curve looks 

more similar to those found in real-world data.  

 Paramics is designed to do Origin Destination (OD) based simulation and have full 

information about each individual vehicle. Vissim was originally used to do path-based 

simulation and does not give users the origin and destination of any vehicle in the 

simulation.  

 Vehicles in Paramics can change their travel paths (either HOV lane or GP lanes) 

enroute, similar to driver behavior in the real world. While, Vissim locks in the vehicles’ 

paths when vehicles are released to the network. A HOV vehicle that is assigned to the 

HOV route will not change its path even though there are benefits to switching to the GP 

lane.  

 Paramics (after version 6.9) allows lane-based driver behavior, which is useful for 

modeling a freeway with both GP lanes and a continuous-access HOV lane. 

 Vissim must remove stuck vehicles to make the model perform; this is not the case for a 

calibrated Paramics model.   

 Paramics has strong Application Program Interface (API) capabilities enabling users to 

implement better HOV driver behavior through their own codes.  

Both Paramics and Vissim have limitations on modeling continuous-access HOV lane facilities. 

Paramics requires a HOV plugin to push HOV vehicles to use HOV lanes whether or not there is 

traffic congestion along the GP lanes. This is not realistic. Vissim seems to suffer from similar 

issues but the research team could not confirm this because of lack of continuous-access HOV 

modeling experience with the software.  

Based on this review, we chose the Paramics for our analysis.  
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7.2 Study Site and the Existing Model 

7.2.1 Study Site 

The study site, SR-57, is a major north-south corridor connecting Orange County and Los 

Angeles County and is one of the most congested freeways in California. The corridor has four 

to five GP lanes and one full-time HOV lane. The freeway corridor serves most daily commuters 

traveling southbound to Orange County during the morning and returning to LA County during 

the afternoon. The study portion of the SR-57 corridor extends from the Orange County line in 

the north through the end of SR-22 in the south (including the SR-22/I-5 interchange). The total 

length is about 12 miles.   

7.2.2 Existing Simulation Model 

Figure 71 shows the SR-57 corridor in Google Map alongside the SR-57 Paramics model. The 

SR-57 model was developed under Paramics version 6.6.1 and well-calibrated through the SR-57 

Orange County Corridor System Management Plan (CSMP) project.  

The SR-57 Paramics model covers the entire extent of freeway mainline, ramps, freeway-to-

freeway connectors, ramp terminal intersections, as well as adjacent arterial intersections along 

the service interchanges. Inclusion of freeway connectors with SR-91, I-5 and SR-22 enables the 

consideration of traffic queuing effects from connecting freeways. The model includes a total of 

63 signalized intersections and 38 ramp meters emulated using the Semi-Actuated Traffic 

Metering System (SATMS) plug-in.  

SR-57's HOV lane was a full-time limited-access facility in the model base year (2007). HOV 

vehicles can only enter or exit the HOV lane within ingress/egress areas, typically set apart every 

one to two miles. In the model, the HOV lane is modeled as a separate link parallel to the GP 

link. The ingress/egress area is modeled as a link with both GP lanes and an HOV lane. For HOV 

vehicles, HOV lane selection in the model is a route choice problem instead of a lane choice 

problem. Model assumptions include:  

(1) Some HOV drivers prefer the use of HOV lanes, which is controlled through a stochastic 

assignment route choice model. The HOV lane is set to have lower cost factor as a way to 

attract HOV vehicles. 
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8. SB_Imperial_south_gress 

9. SB_Imperial_Nutwood 

10. SB_Nutwood_gress 

11. SB_Nutwood_Orangethorpe 

12. SB_Orangethorpe_gress 

13. SB_Orangethorpe_91 

14. SB_91_gress 

15. SB_91_Lincoln 

16. SB_Lincoln_gress 

17. SB_Lincoln_Katella 

18. SB_Katella_gress 

19. SB_Katella_Orangewood 

20. SB_Orangewood_gress 

21. SB_Orangewood_57 

After collecting performance data from simulations, hourly and average performance of the 

existing and alternative scenarios were compared with respect to all buffer-separated areas and 

all ingress/egress areas.  

Figure 72 shows the simulated speed contour maps along the GP lanes and HOV lanes under the 

two scenarios. A speed contour map was used to show the simulated congestion pattern based on 

speed data from point detectors placed in the simulation model. In the speed contour map, the X-

coordinate represents the time from 6 a.m. to 10 a.m.; the y-coordinate represents the post mile 

of the freeway (The traffic direction is from bottom to top). The color theme is shown on the 

bottom of each picture. Green indicates free-flow conditions; red indicates congestion.  

We found that congestion along the HOV lane disappeared and congestion along the GP lanes 

eased under the alternative scenario. As explained earlier, the version of the Paramics simulation 

software used in our study (version 6.6.1) is not capable of modeling different driver behaviors 

on GP lanes and the HOV lane under the continuous-access HOV lane case. We found the 

Paramics model overestimates the throughput for the continuous-access HOV lane facility and 

thus the simulation results for the alternative scenario are too optimistic to be realistic. As a 
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result, the speed, flow and density, and their differences between GP lanes and HOV lanes under 

the continuous-access HOV scenario, as shown in Appendix J, are less trustworthy.  

 
(a) GP lanes under limited-access HOV (b) HOV lane under limited-access HOV  

 
  (c) GP lanes under continuous-access HOV (d) HOV lane under continuous-access HOV 

Figure 72. Simulated speed contours before and after HOV lane conversion 
Although the simulation result of the alternative scenario is optimistic, its total number of lane 

changes may be meaningful since these types of data are very hard to obtain in the real world. 

Table 19 compares detailed lane changing data for the existing and alternative scenarios. The 

lane change data include not only the total number of lane changes, but also the lane changes 

from a GP lane to another GP lane, from a GP lane to an HOV lane, and from an HOV lane to a 

GP lane. We found that after the conversion, locations that were previously buffer-separated 

areas experience an average of 25% increase in lane changes and the ingress/egress areas 

experience an average of 65% decrease in lane changes. Regarding the total number of lane 

changes, the continuous-access scenario has about 8% more lane changes, as shown in Table 20.  











119 
 

 
(a) Existing scenario: Simulated GP lanes  (b) Existing scenario: Simulated HOV lanes 

 
(c) Proposed scenario: Simulated GP lanes (b) Proposed scenario: Simulated HOV lanes 

Figure 76. Comparison of simulated speed contours for existing and proposed scenarios  

 
(a) Existing scenario: Simulated GP lanes  (b) Proposed scenario: Simulated GP lanes 
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Appendix A Speed Contour Plots of Study Corridors 

 
 

Figure A1. Speed contour plot, SR-22W, Orange County, District 12 
 
Major Bottleneck 
D12, Orange County, Garden Grove, PM R7.93 (Abs9.39), Harbor Blvd. 
Afternoon bottleneck 
 

 
 

Figure A2. Speed contour plot, SR-22E, Orange County, District 12 
 
Major Bottleneck 
D12, Orange County, Orange, PM R9.7 (Abs11.36), The City Drive Ave 
Both morning and afternoon bottlenecks. 
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Figure A3. Speed contour plot, SR-55N, Orange County, District 12 
 
No bottleneck (All detector data indicate average speeds were greater than 50 mph) 
 
 

 
 

Figure A4. Speed contour plot, SR-55N, Orange County, District 12 
 
Major Bottleneck 
D12, Orange County, Santa Ana, PM  11.62 (Abs11.6),  17th  Ave 
Morning bottleneck 
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Figure A5. Speed contour plot, I-105E, Los Angeles County, District 7 
 
Major Bottleneck 
D7, Los Angeles, Lynwood, PM R12.1(Abs 12.10), Bullis Ave 
- Multiple bottlenecks 
- Morning bottlenecks were pronounced 
 

 
 

Figure A6. Speed contour plot, I-105W, Los Angeles County, District 7 
 

Major Bottleneck 
D7, Los Angeles, Lynwood, PM R12.6 (Abs 12.6), Harris Ave 
- Multiple bottlenecks 
- Afternoon bottlenecks were pronounced 
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Figure A7. Speed contour plot, I-210E, Los Angeles County, District 7 
 
Major Bottleneck 
D7, La Angeles County, Azusa, PM  39.64 (Abs39.93),  Azusa Rd 
-Afternoon bottlenecks were pronounced. 
 

 
 

Figure A8. Speed contour plot, I-405S, Orange County, District 12 
 

Major Bottleneck 
D12, Orange County, Irvine, PM 3.84(Abs3.61), Jeffrey Rd 
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Figure A9. Speed contour plot, I-405S, Los Angeles County, District 7 
 
Major Bottleneck 
D7, Los Angeles County,Carson , PM  11.32(Abs35.09),  Avalon Rd 
Afternoon bottleneck 
 

 
 

Figure A10. Speed contour plot, I-5N, Orange County, District 12 
 
Major Bottleneck 
D12, Orange County, Mission Viejo, PM 14.46 (Abs 86.72), Faircourt Ave 
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Figure A11. Speed contour plot, I-405N, Orange County, District 12 
 
Major Bottleneck 
D12, Orange County, Fountain Valley, PM 14.54(Abs14.31), Bushard Ave 
 

 
 

Figure A12. Speed contour plot, I-5S, Orange County, District 12 
 
 
Major Bottleneck 
D12, Orange County, San Juan Capistrano, PM 7.99(Abs80.19), Aeropuerto Ave 
- Multiple bottlenecks 
- No specific peak periods 
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                    Figure A13. Speed contour plot, SR-57N, OrangeCounty, District 12 
 
Major Bottleneck 
D12, Orange County, Orange, PM  R1.263 (Abs13.08), Brea canyon  Ave 
Afternoon bottleneck 
 

 
 

Figure A14. Speed contour plot, SR-57S, Orange County, District 12 
 
Major Bottleneck 
D12, Orange County, Orange, PM  16.46 (Abs5.81),  Orangethorpe  Ave 
Morning bottleneck 
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Figure A15. Speed contour plot, SR-14N, Los Angeles County, District 7 
 
No Bottleneck 
 
 
 

 
 

Figure A16. Speed contour plot, SR-14S, Los Angeles County, District 7 
 
No Bottleneck 
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Figure A17. Speed contour plot, I-80E, Alameda County, District 4 
 
Major Bottleneck 
D4, Alameda, PM 4.6 (Abs 9.91), Ashby Ave. (Possibly detector malfunctioning) 
 - There is another bottleneck downstream (around PM 11.5) 
 - Multiple bottlenecks 
 
 

 
 

Figure A18. Speed contour plot, SR-101N, Santa Clara County, District 4 
 
Major Bottleneck 
D4, Santa Clara County, Santa Clarea, PM  43.3 (Abs392.94),  Wildwood Ave 
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Figure A19. Speed contour plot, I-80W, Alameda County, District 4 
 
Major Bottleneck 
D4, Alameda,Berkeley, PM 3.64 (Abs 8.95), Powell St.  
 

 
 

Figure A20. Speed contour plot, SR-101S, Santa Clara County, District 4 
 
Major Bottleneck 
D4, Santa Clara County, Santa Jose, PM  36.6 (Abs386.27),  Mabury Rd 
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Figure A21. Speed contour plot, I-680N, Contra Costa County, District 4 
 
No Bottleneck 
 
 
 
 
 

 
 

Figure A22. Speed contour plot, I-680S, Contra Costa County, District 4 
 
No bottleneck 
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Figure A23. Speed contour plot, I-880N, Alameda County, District 4 

Major Bottleneck 
D4, Alameda County, Hayward, PM 15.8 (Abs26.03), Tennyson Rd. 
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Figure C5. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (State Route 

14 Northbound, District 7) 
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Figure C6. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (State Route 

14 Southbound, District 7) 



140 

Appendix D Speed-Flow Histogram of Study Sites by Corridor, District 12 
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Figure D1. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (Interstate 5 

Northbound, District 12) 
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Figure D2. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (Interstate 5 

Southbound, District 12) 
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Figure D3. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (Interstate 405 

Northbound, District 12) 
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Figure D4. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (Interstate 405 

Southbound, District 12) 
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Figure D5. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (State Route 

22 Eastbound, District 12) 
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Figure D6. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (State Route 

22 Westbound, District 12) 
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Figure D7. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (State Route 

55 Northbound, District 12) 
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Figure D8. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (State Route 

55 Southbound, District 12) 
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Figure D9. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (State Route 

55 Continuous Northbound, District 12) 
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Figure D10. Probability density of speed-flow: (a) HOV lane, and (b) GP lane (State Route 

57 Southbound, District 12) 
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Figure E2. VMT Ratio (by segment, I-80 Eastbound) 
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Figure E3. PMT Ratio (by segment, I-80 Eastbound) 
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E2) I-80 Westbound 
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Figure E4. Speed differential (by segment, I-80 Westbound) 
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Figure E5. VMT Ratio (by segment, I-80 Westbound) 
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Figure E6. PMT Ratio (by segment, I-80 Westbound) 

E3) I-680 Northbound 
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Figure E7. Speed differential (by segment, I-680 Northbound) 
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