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Abstract of the ThesisImpacts of Access Control Conversion on Incentives to Use and Performance ofHigh Occupancy Vehicle Lanes
ByKasidit JirotkunMaster of Science in Civil EngineeringUniversity of California, Irvine 2018Professor R. Jayakrishnan, Chair

Carpool lanes, technically called High Occupancy Vehicle (HOV) facilities, have operated inthe state of California for decades; however, the vehicle speeds on HOV facilities havesignificantly decreased in many locations and now meet the Federal Standard of HOVdegradation. Such degradation is found on both types of HOV facilities used in California –with continuous access and with limited access. This study is interested in the pre-and-post comparison of the performance of an HOV facility (the SR-55 freeway in OrangeCounty) with significant degradation, on which the access type was converted from limitedto continuous. The comparison uses a Tobit regression analysis, an incentive/disincentiveanalysis, and a time savings analysis. The study considers the performance in multipleyears before and after the conversion, as well. The modeling dataset contained data fromthe California PeMS (Performance Measurement System) and new data on geometryvariables which were manually collected on the two access-control configurations. TheTobit regression model explores the influencing factors involved in the degradationproblem. As the results show, the geometric design of the freeway affects the degradationof HOV lanes. In terms of the speed differences, the degraded carpool lanes are still able tooffer incentives to the user. On the basis of the time savings analysis, the degraded HOV



viii

lanes are found to have had worsening travel time delays over the years since theconversion, although the general purpose lanes’ travel times improved sufficiently to yielda positive overall benefit from the conversion.
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Chapter 1: Introduction

1.1 Background

High-Occupancy Vehicle (HOV) lanes, more commonly known as carpool lanes, are atype of managed lanes which requires two or more people in a car traveling on it. The firstcarpool lane was introduced in New Jersey around 1969 and its use then spreadthroughout the country. Nowadays, many states in USA such as Texas, Washington DC,Virginia, California, etc. use HOV facilities to handle the growing traffic demand viaincentivizing increased passenger occupancy in vehicles and thus reducing the number ofvehicles. The incentive for pooling of passengers is a result of the higher speeds expectedon such HOV lanes, as compared to the General Purpose (GP) lanes. In the State ofCalifornia, there are two types of HOV lanes. The first kind are the limited access HOV lanesin which user can enter or exit at the certain access point, which generally operates in theSouthern California area. The other kind are the continuous access HOV lanes in whichpeople can get in or get out everywhere along the stretch, are usually found in the NorthernCalifornia region (Boriboonsomsin and Barth 2008). A comparison of the performance ofthe two kinds of HOV lanes through a before-and-after study of the conversion of limitedaccess on a freeway stretch to continuous access is the objective of this thesis.  The contextof the study is the SR-55 freeway in Orange County in Southern California.
1.2 Objective

The degradation of HOV lanes is worsening almost every year. As per the recentDegradation Report by the Department of Transportation in California (CALTRANS, 2017),
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more than 65% of HOV lanes facilities operated under worse conditions that defined as theFederal Standard and the percentage of degraded facilities is increasing on annual basis inrecent years. The Standard for degradation is included in the legislation [23 U.S.C. 166 (d)(1)] that requires state transportation agencies such as CALTRANS to take alternativemeasures. The law specifies that an HOV facility “shall be considered to be degraded ifvehicles operating on the facility are failing to maintain a minimum average operatingspeed 90 percent of the time over a consecutive 180-day period during morning or eveningweekday peak hour periods.” The minimum operating speed that is specified is 45 milesper hour (FHWA, 2016). The high percentage of degraded facilities mentioned above isclear indication that poor traffic flow performance of the California freeways’ HOV lanesrequires urgent attention. There is also a need to find the reasons why the degradationpercentage is continually increasing in this region. Thus, the purpose of this study is tocompare the effect of two different configurations of carpool lanes on a Southern Californiafreeway (the SR-55) using before and after datasets via an exploration of the influencefactors that cause the speed degradation phenomenon using pre-and-post data modeling.For degraded HOV lanes, an incentive/disincentive analysis is used to see whether thecarpool facilities still provide benefits to users. Then, the time saving measure can tell howmuch time the travelers can save while using the HOV facilities as opposed to the regularlanes.
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1.3 Study Area

Figure 1: State Route 55 or Costa Mesa FreewayThe SR-55, named the Costa Mesa freeway, starts at Highway 1 in Newport Beachand ends at an East West freeway, the SR91. It is 17.807 miles in length and acts as a North-South corridor traversing Orange County, California.  SR-55 is also the first route that gotan HOV facility in Orange County, in 1985. The black boundary on figure 1 shows thelocation of the carpool facilities on SR-55. From the objective points, the pre-and-postanalysis was conducted to quantify the degradation of HOV lanes. This location wasselected because there were changes made in the configuration of HOV lanes from limitedaccess carpool lanes to continuous access carpool lanes in the recent past. Unlike someresearchers who try to measure the effect of limited and continuous carpool lanes fromdifferent locations, this study was conducted to illustrate the outcomes at the same
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location, so as to compare the before and after performance of the different types of HOVlane access schemes.
The HOV lane is usually the left-most lane on the freeways and two or more peopleare needed in the car to use this facility in most contexts. The two main types of the carpoollanes used in Orange County and elsewhere are shown in the next two figures, where thelanes with the diamond signs are the HOV lanes).
1) Continuous Access

Figure 2: Continuous Access Carpool LaneThis type of carpool lane uses the same white dashed line as in the striping usedbetween the regular (general purpose) lanes.
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2) Limited Access

Figure 3: Limited Access Carpool LaneThis type of carpool lane has a solid white line, or a pair of yellow lines that separateit from General Purpose lanes and preventing vehicles changing lanes into it, except atdesignated stretches where vehicle entry is permitted.



6

Chapter 2: Literature Review

Various research methods are used to address the effect of carpool lanes. Someresearchers try to use the fundamental diagram method to study the relationship betweentwo types of HOV lanes from the existing traffic performance data. Some groups try todevelop a model to quantify the variables, such as the road capacity. Besides trafficperformance factors, other publications focus on environmental aspects or safetymeasurements of the carpool lane paper.
Jang et al (2012), utilized the fundamental diagram method to measure the before-after performance comparison between SR-55 and SR-57. According to them, continuousaccess carpool lanes have better performance during congested periods in which the queuecan disappear faster on them, than the restricted access type of carpool lanes. However,there are more lane changes, and more violations happen with continuous access.
The state’s HOV lane Degradation Report (Caltrans 2017) pointed out the cross-weaving effects which take place between the HOV lane and the adjacent lanes whenpeople are changing lanes. This consequently leads to a capacity reduction, which dependson the amount of entering flow and the distance between the gore point at the on-ramp andthe access point on managed lanes. In the case of limited access, there will be more intenseflows in the places that have access points, and they might affect the capacity more,compared to the lighter inflow and outflow along the stretch in the continuous access cases.
As per the Highway Capacity Manual Chapter on Managed Lane Facilities (Wang etal. 2012), data shows that buffer-separated carpool lanes can operate with a lower speed
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than continuous access lanes, based on the speed-flow relationship. As an example, therewill be the case that the slower cars will block the faster cars behind them, thus causing achain reaction of blockages. However, this situation will not happen much in thecontinuous access case in which drivers can freely switch lanes to maintain their speed.
In terms of safety, there are different opinions on which type of HOV lane is better.The result of an early study (Newman 1988) shows that restricted-access carpool lanes,especially the ones that are buffer-separated, are safer compared to those with only adashed line. However, several other research studies show that continuous access leads tofewer accidents, as well. For instance, Jang and Hall (2008) used a continuous risk profiles(CPR) analysis and found that collisions occur more often near the ingress/egress area oflimited access carpool lanes. Thus, the geometric design might be an influential factor foraccidents occurring on the freeway. Furthermore, (Jang et al. 2009) the collision rate incarpool lanes is related to shoulder width, length of access, and proximity of access toneighboring ramps.
As for the environmental impacts, one simulation-based study (Boriboonsomsin andBarth 2008) concluded that limited access HOV lanes produced more emission becausevehicles have a higher chances to accelerate or apply brakes rapidly, as opposed to whenthey change lanes, which can cause more emission than in the continuous access case.
Even though there are many studies about different aspects of HOV lanes, whichtype of carpool lane outperforms the other is still debatable, and it is hard to find the rightstudy framework to prove it one way or the other. This is because there are many elementsthat could affect the results, including location, road geometry and driving patterns.
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Moreover, there are only a small number of case studies which compare the performance ofthese two types of access (Wu et al. 2015).
As mentioned in the introduction, from the California statewide data, the High-Occupancy Vehicle lanes in California are now congested, and 65% of the HOV lanes meetthe Federal standards for degradation according to Caltrans. The Federal definition is that“an HOV facility is considered degraded if it fails to maintain a minimum average operatingspeed 90 percent of the time over a consecutive 180-day period during morning or eveningweekday peak hour periods (or both for a reversible facility).” (FHWA, 2016). However,there still is no apparent conclusion about what factors lead to this HOV degradation issueor which types of carpool lanes perform better. Much of the literature referenced above didnot focus directly on this aspect, as the legislation that included the Federal standards ismore recent.
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Chapter 3: Data and Methodology

3.1 Data Collection

A primary data source for this thesis study is the California PerformanceMeasurement System (PeMS) that first began operating in 2001 and receives data from thedata centers of all twelve districts (Chen, Varaiya, and Kwon 2005). The PeMS website is auser-friendly interface tool which stores the real-time data and historical data from all thedetectors along the freeway system in California. The abundant amount of data from PeMSis useful for researchers to build analysis models to test their assumptions or forpractitioners who are interested in collecting information, visualizing them to make datamore meaningful such as through graphical forms, or exploring traffic data for analysis innumerous ways.
In this research, the 5-minute data that obtained from Data Clearinghouse toolsprovided performance variables such as speed, flow, or vehicle miles traveled (VMT) foreach lane at a specific location of each vehicle detector sensor (VDS). For the variables,there are 44 attributes of the physical characteristics of the freeway which can be acquiredfrom the Change-log section. Furthermore, information on different access types, whichwas manually collected and incorporated into an ArcGIS platform by the HOV researchgroup at the University of California, Irvine (Jayakrishnan, 2017), were also added to thedataset as variables.
Since the data came from various sources, data fusion is necessary for building thedataset. VDS (Vehicle Detector Station) ID is the key to match all the datasets together. The
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speed on the regular lane was assumed to have effects on the HOV lane. Thus, the VDS IDMatch list which contains the VDS of HOV lanes and their corresponding mainline lane VDSis the essential item that is necessary to develop the relationship among these nearbysensors. To examine the degradation of HOV lanes on SR-55, a Tobit regression modelanalysis, an incentive/disincentive analysis, and a time saving analysis were conducted.
3.2 Pre-and-Post Analysis

3.2.1 Tobit Regression

∗ = +
= if ∗ < a∗ if a < ∗ < bif ∗ ≥ bWhere i = 1,…, N indicates the individual=  error term∗ = a latent variable= independent variables= coefficient value

Tobit regression is used when the dependent variable has a fixed boundary whetherit is the upper bound, lower bound or both (Tobin, 1952). The Tobit model will helpdecrease the bias of the estimator due to the concentration of the point censor thedependent variable has. In our case, our dependent variable distribution is not normallydistributed but skews to the right. In other words, most of the data points are near the leftcensor. Since the normality assumption does not hold, multiple regression analysis may
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not be a proper choice. Under such a case, a Tobit model will help overcome the issue of amodel bias. In terms of the model estimation method, Tobit regression uses a maximumlikelihood estimator. As in standard linear regression, the intent is to predict the effect ofindependent variables on the outcome in terms of the dependent variable. Naturally, thesignificant variables are those that have more reliable influence on the dependent variable.
As the focus of our study is speed degradation on HOV lanes, the speed data during8:00 am to 9:00 am and 5:00 pm to 6:00 pm were chosen as the AM-peak hour and PM-peak hour, respectively. Furthermore, the proportion of the speed data on HOV lanes fromthese two peak periods, which were below 45 mph, was utilized as the dependent variable.Though the Federal degradation standards are defined for the fraction of time that an HOVfacility operates with speeds below 45 mph for a consecutive 180 day period, it wasdecided that the fraction of time during a 20 day period is sufficient to determine thefactors influencing degradation. In the month-based modeling scheme, the denominator is40, because there are always a minimum of 20 weekdays or 40 peak hours in one month.
Y = ∑number of peak period intervals which speed is less than 45 mphTotal Time Interval (40)

From the parameters in the model, some of the independent variables which mayhave a dominant observed value was excluded. For example, the design speed limit is 70 miles per hour along this freeway. This is because these kinds of variables will lead to singularity issues in the model estimation process. The well-known Akaike Information Criterion
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(AIC) was used to select between candidate models.= 2 − 2ln( )Where K = number of independent variablesL = log likelihood
Table 1: The List of Independent Variables Used in the Model

No. Variables Definition1 Road width The width of the road2 Lane width The width of the lane3 Inner ShoulderWidth The space between median and rightmost lane4 Outer shoulderwidth The space from rightmost lane to the edge of roadwidth5 Inner Median Width The width of the median6 Access1 HOV access type I (1:  Continuous Access, 2:  LimitedAccess)7 Limited Limited Access Type (0: Continuous Access, 1:Buffered, 2: Barrier, 3: Direct Connector)8 Buffer Buffer Type (0: Continuous Access, 1: Two-Yellow-Solid, 2: One-white-solid, 3: Wide Buffer)9 Access2 HOV access type II (0: 1 lane, 1: Continuous Access,2: Limited Access)10 Prop_NML_45 Proportion of time periods when the NearestMainline Lane Speed was below 45mph11 Prop_NML_55 Proportion of time periods when the NearestMainline Lane Speed was below 55mph12 Prop_NML_65 Proportion of time periods when the NearestMainline Lane Speed was below 65mph13 Prop_AML_45 Proportion of time periods when the AverageMainline Lane Speed was below 45mph14 Prop_AML_55 Proportion of time periods when the AverageMainline Lane Speed was below 55mph15 Prop_AML_65 Proportion of time periods when the AverageMainline Lane Speed was below 65mph16 HOVDisToOffR Distance from the Vehicle Detector Sensor to thenearest off-ramp
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Table 2: Statistics on the Variables Used in ModelVariable Mean StandardDeviation Min Q1 Q3 MaxProportion_Degradation 0.193 0.198 0 0 0.4 0.55Road width 51.000 10.148 44 44 56 76Lane width 11.450 0.618 11 11 12 12.70Inner Shoulder Width 3.182 2.641 2 2 2 13Outer shoulder width 8.382 3.601 2 8 10 22Inner Median Width 9.545 5.430 6 6 14 22Access1 1.518 0.502 1 1 2 2Limited 0.518 0.502 0 0 1 1Buffer 1.064 1.043 0 0 2 3Access2 1.009 0.991 0 1 2 2Prop_NML_45 0.280 0.220 0 0.031 0.45 0.8Prop_NML_55 0.346 0.240 0 0.1 0.5 0.8750Prop_NML_65 0.503 0.261 0 0.331 0.693 1Prop_AML_45 0.300 0.224 0 0.031 0.475 0.825Prop_AML_55 0.371 0.241 0 0.181 0.5 0.9250Prop_AML_65 0.711 0.269 0 0.525 0.943 1HOVDisToOffR 0.551 0.595 0 0 0.85 1.9
3.2.2 Tobit Panel Data Model

The Tobit model in the previous section considers the cross-sectional data in threeindividual years. Panel data is the kind of dataset which has two dimensions: the individualaspect as cross-sectional data, and the time-dependent variations of them as thelongitudinal data (Hsiao 2007). Thus, panel data has more variability and a larger degree offreedom than cross-sectional or time-series data alone (Wooldridge 2002). Panel data’sstructure helps control for the immeasurable effects of the individual objects, such as theheterogeneity of vehicle detector sensors in the study area.
Our dataset contains three different years, namely 2008, 2011 and 2017.  To run aTobit regression model with panel data, the three separated datasets were combined into a
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panel data form. We observed the data corresponding to the individual Vehicle DetectorSensor (VDS) over the relevant time periods. Then, Tobit regression model was run via thecensReg package in the R programming software (Henningsen 2010). The Tobit Panel DataModel is described next.
∗ = + = + μ +

= if ∗ < a∗ if a < ∗ < bif ∗ ≥ bWhere i = 1,…, N indicates the individualt = 1,…, Ti indicates the time periodμ = time-invariant individual specific effect= the remaining disturbance∗ = a latent variable= independent variables= coefficient value
3.2.3 Incentive/Disincentive Analysis

This analysis considered the case in which HOV lanes are degraded as per theFederal standard for HOV degradation, with a 45 mile per hour threshold, to see if there is achance that the HOV lanes are still offering benefits compared to the regular lane. With thisintention, the speed difference between the HOV lanes and the regular lanes was computedas the incentive, in the case that the HOV lane speed is higher than the regular lane speed.In contrast, the result will be a disincentive in the opposite case. As for the speed-differencedataset, five-minute speed data during peak periods on the HOV lanes and the
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corresponding General Purpose lanes are considered. After that, the process of cleaningand setting up the data involved importing the stations’ five-minute speed data from theData Clearinghouse on PeMS, filtering only morning and evening peak periods. This createdtwo variables, an average mainline lane speed difference (AML_D) and the nearest mainlinelane speed difference (NML_D) which are used to compare and visualize the level of thespeed difference shown by the dataset.
Then, the study on HOV lanes’ degraded portions are performed to see the speeddifference between HOV lanes and mainline lanes in both of the nearest mainline lanes andaverage mainline lane cases. So, NML_D is the variable for the speed difference betweenHOV Speed and Nearest Mainline Lane Speed (NML_D = HOV lane speed – NML lane speed)and AML_D is the variable for the speed difference between HOV Speed and AverageMainline Lane Speed (AML_D = HOV lane speed- AML lane speed).
The incentive of using HOV lanes is when NML_D and AML_D have positive values,which means that the speed in the HOV lane is higher than the comparable mainline lanes.In contrast, the negative value represents the disincentive that the users experience. Thegraphs in the next chapter illustrate the levels of incentive and disincentive for eachdataset.
The datasets included the February speed data from five years (2008, 2011, 2013,2015 and 2017) on the SR-55 freeway. As per the plans for HOV configuration changesfrom limited access in the year 2008 to fully continuous access in the year 2011, Caltransconverted the northern part of SR-55 from 17th Street to the Junction of SR91 around July2008. After that, they replaced the rest of the limited access carpool lane with continuous
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access around May 2011. The remaining datasets from the year 2013, the year 2015 andyear 2017 are used to help capture the trend of incentives and disincentives on the carpoollanes.
Table 3: Access-control Conversion Dates for the HOV facility on SR-55

Conversion
period

From To Start End CommentsJuly 2008 17th St. Junctionof SR-91 11.8 17.8 Convert HOV striping frombuffer-separated tocontinuous accessJunctionof SR-91 17th St. 17.8 11.8 Convert HOV striping frombuffer-separated tocontinuous accessMay 2011 PaularinoAve. 17th St. 5.5 11.8 Convert HOV striping frombuffer-separated tocontinuous access17th St. PaularinoAve. 11.8 5.5 Convert HOV striping frombuffer-separated tocontinuous accessSource: Statewide HOV Lane Inventory Report (January 2017)



17

3.2.4 Time Saving for Degraded HOV Lanes

The time savings for degraded HOV lanes is the variable that shows how much timethe users can save when they use these facilities compared to the adjacent regular lane.Also, the results can explain the performance of carpool lanes in the particular year, andhelp draw clearer conclusions on the contrast between continuous-access carpool lanesand limited-access carpool lanes. Similar to the incentive/disincentive analysis, the amountof time saved are calculated using the performance data from PeMS in February for fiveyears, namely 2008, 2011, 2013, 2015, and 2017. Note that the time savings in this analysisare measured with respect to the nearest General Purpose lane.
Table 4: Dataset Snapshot for Time Saving Analysis
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The dataset for this analysis, a snapshot of which is shown in Table 4, is acquiredfrom PeMS (California Performance Management System). Along with this, the HOVresearch group created the corridor match list to group several VDS into one corridorstretch. As per the dataset, each vehicle detector sensors (VDS) in the ID_HOV column inthe dataset has 40 data points which refer to 40 peak-hour periods on the weekdays inFebruary. Apart from the speed in each type of lane, the Vehicle Miles Traveled (VMT) andVehicle Hours Traveled (VHT) are included in this dataset, so as to calculate the corridorspeed. In addition, the traffic flow at each detector station is included in the dataset as anessential factor in estimating the time saving variables for each VDS station.
The incentive/disincentive analysis only considers the Vehicle Detector Sensor(VDS) data points to compare the speed-difference between the HOV lanes and GeneralPurpose lanes. If done in that manner, the overall time saving values can be biased becausethe lengths between detector stations are not identical. The long stretches willautomatically have more detectors and will capture more flow than the shorter stretches.To reduce this problem, several VDS were grouped into one corridor, with the corridorsbeing similar in their lengths and the number of associated VDSs. Several variables weredefined for the modeling analysis as shown next.
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Table 5: Variables used in the Time Savings Analysis

To begin the calculation process, the HOV_time, NML_time, and Total time savingsfor each VDS are introduced. After that, every VDS which is in the same corridor is pooledtogether with the specific date and peak hour period. At the same time, the VMT_HOV,VHT_HOV, Total time saving, and detector length are summed up.

Variables ExpressionHOV_time Length of each VDS on the HOV lanethe HOV lane speedNML_time Length of each VDS on the HOV lanethe nearest mainline lane speedTotal time saving (NML_time – HOV_time)* Flow_HOVRegular Lane TravelTime (NML_time)* Flow_ML_1Corridor_Speed Corridor_VMTCorridor_VHTL_HOV The length of the HOV laneL_ML_1 The length of the mainline lane VDS
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Table 6: Corridor Data for Time Saving Analysis (Example)

As shown in table 6 for a sample corridor, each corridor (Cor_ID) can potentiallyhave 40 rows that contained 40 peak periods of 20-weekday data points, out of which afiltering steps identifies the rows with the degraded condition (Corridor_Speed <45). Last,we sum all the HOV time savings and overall the nearest mainline lane travel time ofdifferent dates and times together. After that, the time saving per vehicle per mile iscalculated by dividing the overall time savings by the overall VMT on the carpool lane.Similarly, dividing the total time spent on the nearest mainline lane by its total VMTproduces the regular lane travel time per vehicle per mile. Then, we can calculate the HOVtime saving with respect to regular lane travel time which will be shown in the nextchapter. Moreover, the number of degraded days for each corridor were counted to definethe degraded stretches both morning and evening peak hour along the SR-55.
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Chapter 4: Result

Based on the data sets and the model fundamentals shown in the last chapter, dataanalyses were conducted on data on the SR-55 freeway from before and after theconversion of access-control of HOV lanes from limited to continuous.  This chapterdescribes the results, starting with the analysis of speeds to find the degradation status

Figure 4: Degradation Status of SR-55 (AM peak Hour)

The SR-55 has six corridors, three corridors each direction roughly delineated byfour crossing freeways (I-405, I-5, SR-22 and SR-91), as defined by Caltrans. Degradationof carpool lanes on SR-55 depends on the on the time period and traffic direction. Figure 4
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shows the degradation status of each corridor on SR-55 in the morning peak hour period,found based on the HOVs’ inability to maintain speeds above 45 mph for 90% of the time(i.e, for 18 or more days out of 20 days that were considered).  Note that this is based onthe interpretation of the Federally mandated standard by FHWA and Caltrans, whicheffectively makes a corridor that has degraded conditions for any more than 10% of thedays to be considered degraded. For the AM peak hour, the red highlighted line thatinvolves two corridors is the degraded stretch (Southbound direction from SR91 toMcFadden Avenue). The blue line is the non-degraded HOV stretches, which consist ofthree corridors in the northbound direction from I-405 to SR91, and one southboundstretch that is from McFadden Avenue to I-405.
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Figure 5: Degradation Status of SR-55 (PM Peak Hour)

As in Figure 5, the northbound HOV lanes of SR-55 from I-405 to SR-91 is thedegraded stretches as shown in the red highlighted line. In contrast, the stretches in thesouthbound direction are not degraded in the evening peak hour. As a result, thedegradation on SR-55 happens in both northbound and southbound direction. As actionplans are often suggested on whether to add one more HOV lane, to add more GeneralPurpose lanes, or to convert HOV lanes to HOT (High Occupany Toll) lanes, a carefulanalysis is needed on the current performance, and the changes before and after theaccess-control conversion, which is the focus of the remainder of this chapter.
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4.1 Multiple Regression Model

Table 7: Tobit Regression Model Results

From Table 7, we see that the 2008 Model (fully limited access) has two influentialvariables, as the stars or dots in the parentheses indicate the relative significance of theexplanatory variable coefficients.  Prop_NML_45 has a strong positive relationship with theresponse factor. Thus, the degradation of the carpool lane is likely to occur correspondingto the low speed conditions on the nearest mainline lane. For the inner shoulder width, thewider it is, the more the frequency of degradation on the HOV lane, which may appear to bea counter intuitive result; however, as explained next in the case of Lane widths, this couldbe due to other factors such as where the wider shoulder usually appear on the freewaystretches. The lane width was not of primary importance in the 2008 case, unlike in thelatter cases with continuous access.
In terms of the 2011 Model, Lane Width, Inner Median Width, and Prop_NML_45 arethe three significant variables. The positive coefficient of Lane Width implies moredegradation happening where there is a wider roadway. That is, the stretches with wider a

Explanatory
Variables

2008 Model 2011 Model 2017 Model

Estimate T-value Estimate T-value Estimate T-value(Intercept) -0.690 -0.848 -3.042 -2.154(*) -1.639 -1.923(.)Lane Width 0.054 0.7 0.286 2.154(*) 0.173 2.16(*)Outer Shoulder Width -0.001 -0.201 -0.018 -1.186 -0.013 -1.735(.)Inner Shoulder Width 0.026 1.707(.) 0.019 0.847 0.008 0.549Inner Median Width -0.014 -1.548 -0.043 -2.767(**) -0.019 -2.021(*)PROPORTION_NML_45 0.886 6.163(***) 1.177 4.276(***) 0.566 4.337(***)
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wider lane tend to have more degradation issues on HOV lanes. This is because manystretches which have a wider HOV lane are near the merging area of ramp or the directHOV-to-HOV freeway connectors. One example is the northbound stretch after the I-405HOV direct connector joins the SR-55 HOV lane. In addition, the nearest mainline lane andHOV lane under 45 mph behave in the same way in degraded conditions.
For 2017 Model, the Prop_NML_45 is still the most significant variable related to ourresponse variable. So, the nearest mainline lane and HOV lane under 45 miles per hourperform in a similar way. In the case of Lane Width, the large lane causes more degradationon HOV lanes according to the positive value of the coefficient. The Outer Shoulder Widthhas a negative effect on the degraded proportion. As a result, the narrower the outershoulder, the more the likelihood of degradation.
The regression results showed that the degradation proportion on HOV lanes has asignificant relationship with the degradation proportion on the nearest mainline laneunder 45 miles per hour (Prop_NML_45) for all the cases. However, the T-values decreasefrom before conversion (2008) to after conversion (2017).
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Table 8: Tobit Model with Panel Data Results

From table 8, our Tobit model has four significant variables, Access Type, LaneWidth, Inner Median Width and Proportion of time that the nearest mainline lane operatesunder 45 miles per hour (Prop_NML_45). Access Type has a negative relationship with thedependent variable which means that the limited access carpool lane seems to be lessdegraded than the continuous access carpool lane. Next, the wider lane width will lead tomore degradation on the carpool lane, which appears to be counterintuitive. However,these places on SR-55 that have large lane width are mostly located near the merging ordiverging area of the ramp. Regarding inner median width, the narrower inner medianwidth caused more degradation to happen. Furthermore, the nearest mainline lanebehaved in the same way as the HOV lane, which means when the nearest mainline lanewas degraded, the speed in the parallel carpool lane was likely to be under 45 mph as well.

Variables Estimate Std.error T-value Pr(>t)
Significant
Level(Intercept) -1.062 0.830 -1.28 0.201HOVLanes -0.246 0.482 -0.511 0.609Access Type -0.103 0.050 -2.053 0.040 *Lane Width 0.137 0.062 2.19 0.028 *Inner Shoulder Width 0.013 0.013 1.006 0.314Outer Shoulder Width -0.007 0.007 -0.922 0.356Inner Median Width -0.019 0.0067 -2.882 0.004 **Proportion_NML_45 0.862 0.171 5.039 4.69E-07 ***logSigmaMu -4.134 7.779 -0.532 0.595logSigmaNu -1.765 0.108 -16.281 <2e-16 ***
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Table 9: Statewide Regression Model Results

The statewide regression model analsis was conducted by the HOV research groupat the University of California, Irvine, at the sam time as this thesis study. The researchersused the whole California region, which contains 6 districts where there are HOV facilitiesas the study area. Table 9 showed the regression model result at the statewide level, whichused data from the PeMS in February 2017. As the regression results show, there are sixvariables which influence degradation proportion. Some of them are similar to thesignificant variables in the SR-55 model outcome. As an example, the adjacent HOV laneperforms in the same way as the carpool facility. However, the limited access carpoolcauses more degradation on HOV lanes in the data for all of California. Then, this reverseresult showed us that the degradation of the carpool lane could vary with respect to thespecific locations. This is possibly because different locations may have distinct drivingbehaviors and different intelligent transportation systems, such as those in the NorthernCalifornia and the Southern California, which applied different strategies while establishingHOV facilities. A further item to consider is what is described in section 4.3 in terms of thechanges in the General purpose lanes, which became distinctly better in performance afterHOV-conversion to continuous access.

VARIABLES Pr(>|t|) t value CoefficientIntercept *** 7.267 0.200HOVLanes *** -5.536 -0.133Limited * 2.374 0.019Inner.shoulder.width * -2.164 -0.002Inner.Median.Width 0.945 0.001AMLPROP_45 *** 12.526 0.424NMLPROP_45 *** 5.95 0.201NMLPROP_65 ** -2.284 -0.042
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4.2 Incentive and Disincentive Analysis

The Federal standards for HOV degradation were set with a threshold at 45 milesper hour. This analysis will test the assumption that degraded HOV lanes on which thespeeds drop below 45 miles per hour may still be offering incentives for HOV usagebecause their speeds are still greater compared to the General Purpose lanes, via anincentive and disincentive analysis.
From the methodology in chapter 3, the incentive and disincentive analysis will beon the basis of the speed difference measure. As can be seen in table 10, the level ofincentive/disincentive is categorized by the magnitude of the speed difference in fourlevels, slight incentive/disincentive, normal incentive/disincentive, highincentive/disincentive and extreme incentive/disincentive. The analysis results arepresented as histograms for the different cases. The blue bars in the graphs represent thedifferences between the HOV lane’s speed and the nearest mainline lane’s speed (NML_D).The orange bars show the differences between the HOV lane’s speed and the average speedon the regular lanes (AML_D)
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Table 10: Levels Selected for Incentives/Disincentives

Speed Difference(Mph) CategoryLess than 30 Extreme DisincentiveBetween -30 and -15 High DisincentiveBetween -15 and -5 Normal DisincentiveBetween -5 and 0 Slight DisincentiveBetween 0 and 5 Slight IncentiveBetween 5 and 15 Normal IncentiveBetween 15 and 30 High IncentiveMore than 30 Extreme Incentive
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Figure 7: Percentage of Speed Difference in 2011
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Figure 8: Percentage of Speed Difference in 2013

Figure 9: Percentage of Speed Difference in 2015
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Figure 10: Percentage of Speed Difference in 2017

Figure 11: Summary of Percentage of Speed Difference
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From Figure 11, we can see that the limited access carpool lane provided the highestincentive level according to the 2008 dataset. However, it can be affected by externalfactors such as economic conditions. When the northbound of SR-55 was converted tocontinuous access, the incentive decreased slightly. Then, the data from the year 2013 bywhen all the carpool lane stretches on this route had become continuous-access stretchesshowed a significant drop in the speed-difference incentives. The percentage of theincentive on the carpool lane along the SR-55 is in a downtrend, which implies that thespeed of carpool lane in this route is now less attractive for people to use the facilities thanearlier in 2008. Nonetheless, these degraded stretches still give incentives to the user insome periods of time until the year 2017.
In the year 2011, the SR-55 had two HOV configurations on the same route, indifferent stretches, as explained before. Hence, it is the chance to evaluate the performanceof both types of the carpool lane with the same study time period. For this purpose, thedataset was classified into two groups, the continuous access in the north part and limitedaccess in the south part, and tested via the incentive/disincentive analysis.
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Figure 12: Percentage of Speed Difference in 2011 (Continuous Access Case)

Figure 13: Percentage of Speed Difference in 2011 (Limited Access Case)
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Table 11: 2011 Continuous Access

Speed
Difference(Mph) NML_D AML_D Category Total NML_D AML_D(, -30) -11.8% -2.2% Extreme Disincentive Disincentive -40% -41%[-30,-15) -8.6% -35.5% High Disincentive[-15,-5) -5.4% -2.2% Slight Disincentive[-5,0) -14.0% -1.1% Not Disincentive[0,5) 2.2% 1.1% Not Incentive Incentive 60% 59%[5,15) 6.5% 10.8% Slight Incentive[15,30) 51.6% 47.3% High Incentive[30, ) 0.0% 0.0% Extreme Incentive

Table 12: 2011 Limited Access

Speed
Difference(Mph) NML_D AML_D Category Total NML_D AML_D(, -30) -0.5% -0.5% Extreme Disincentive Disincentive -25% -16%[-30,-15) -1.9% -1.9% High Disincentive[-15,-5) -5.1% -2.3% Slight Disincentive[-5,0) -17.7% -11.2% Not Disincentive[0,5) 15.3% 20.0% Not Incentive Incentive 75% 84%[5,15) 38.6% 44.7% Slight Incentive[15,30) 20.9% 19.1% High Incentive[30, ) 0.0% 0.5% Extreme Incentive

Under these circumstances, it can be seen that the restricted access carpool lanethat has more than 75 percent of incentive (with respect to both the adjacent mainline laneand average mainline lane) provides more incentive compared to the continuous accesscarpool lanes which give approximately 60 percent of incentive (with respect tor both thenearest mainline lane and the average mainline lane). However, this result may not be usedto derive clear conclusions on the comparison between these two configurations becausethe incentive could vary depend on the study sites. This caveat is provided here because inthe statewide study, the research found a reverse outcome that continuous access is better
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than limited access. Then, there should be many places which the continuous HOV lanes’benefits outweighs the limited access carpool lanes’ benefits.
4.3 Time Savings for Degraded HOV LanesFrom the previous section, we see that the incentives on the degraded carpool lanesare in an extended decline from 2008 to 2017. In other words, the HOV facilities performedworse as the time passed. With the same study period, the time saving value will show howmuch time the degraded carpool lanes can still provide as benefit to users.

Table 13: Statewide Time Savings on HOV lanes (based on travel times per mile)

Table 14: Statewide Travel Times (per mile) on Different Types of Lanes

Access Type
All Corridors Degraded Corridors

Total Time
Saving (s)

%Time
Saving

Total Time
Saving (s)

%Time
SavingContinuousAccess 5.74 6.77% 19.34 13.17%LimitedAccess 3.35 4.05% 8.47 6.55%Total 4.61 5.51% 13.21 9.67%

Access
Type

All Corridors Degraded Corridors

HOV
Travel

Time(s)

Nearest
Lane

Travel
Time (s)

GP Lane
Travel
Time

(s)

HOV
Travel

Time(s)

Nearest
Lane

Travel
Time (s)

GP Lane
Travel

Time (s)ContinuousAccess 79.02 84.76 85.52 127.51 146.85 145.59LimitedAccess 79.31 82.66 88.82 120.75 129.22 134.41Total 79.09 83.70 87.58 123.41 136.62 137.77
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Before going to the SR-55 case, table 13 and table 14 show the statewide timesavings results in both the all-corridors case and degraded-corridors case. The resultsshow that the time savings of continuous access HOV lanes outweigh those on the limitedaccess HOV lanes on a statewide analysis. Regarding all-corridors case, continuous accessprovided 6.77% time savings per mile, compared to 4.05% on limited access. When weconsider only the corridors that are degraded, continuous access performs even better with13.71% travel time saving per mile compared to 6.55% on restricted access HOV lanes.
Table 15: Time Savings on HOV lanes on SR-55 (based on travel times per mile)

For the SR-55 case, the time saving results are calculated and shown in table 15. Aswe can see, the percentage time saved on the HOV lanes has been decreasing fromapproximately 15.76% in 2008 to -6.50% in 2017 with respect to the mainline lanes’average travel time. That is, the HOVs were operating with worse speeds than the mainlinelanes in 2015 and 2017. At the same time, the VMT (vehicle miles traveled) was notsignificantly different in 2017 when compared to 2008, which alludes to the fact thatdemand is similar in 2017, even though we can see that it had decreased for a few years,probably due to economic recession a few years ago. In any case, it is rather clear that the

Year
All Corridors Degraded Corridors

Vehicle Miles
TraveledTotal Time

Saving (s)
%Time
Saving

Total Time
Saving (s)

%Time
Saving2008 -0.89 -1.14% 23.18 15.76% 64,479,7082011 -0.69 -0.84% 26.82 17.69% 63,450,6352013 -4.09 -4.87% 10.05 7.43% 62,335,0982015 -12.05 -17.27% -4.49 -3.70% 67,376,7182017 -13.53 -15.60% -9.00 -6.50% 66,100,012
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time savings for the HOV users have been decreasing after access-control conversion, astime went by, despite the demand in terms of VMT on the SR-55 not changing much.
The above results show that the implementation of continuous access on the SR-55HOV facility has not helped relieve its degradation. However, this is the contrast of thestatewide result we showed earlier that the performance of continuous access HOV lanes isbetter than of those with limited access. It is important to state right here that it is quitepossibly the peculiarities of the SR-55 context that may have caused this, as described nextin the examination of the overall (all lanes) travel changes, which indeed indicate that theconversion to continuous access was a success, despite the HOV lanes becoming worse.
Table 16: Travel Times (per mile) on Different Types of Lanes on SR-55

Table 16 shows the travel time of different types of lanes on SR-55. As we can see,the access-control conversion has increased the travel time on HOV lanes. The regular (GP,General Purpose) lanes became much better, however, especially on the degraded HOVcorridors case, where the GP lanes’ average travel times dropped from 164.30 seconds to139.78 seconds.
The above results bring up an important conclusion that is of relevance in anyargument against the Federal legislation that mandates state transportation agencies to

Year

All Corridors Degraded Corridors
HOV

Travel
Time(s)

Nearest
Lane Travel

Time (s)

GP Lane
Travel

Time (s)

HOV
Travel

Time(s)

Nearest
Lane Travel

Time (s)

GP Lane
Travel

Time (s)2008 78.95 78.07 82.09 123.90 147.08 164.302011 82.88 82.19 86.11 124.82 151.65 151.432013 88.02 82.93 86.04 125.23 135.29 136.472015 81.83 69.78 76.34 126.06 121.57 121.562017 100.22 86.69 89.63 147.43 138.43 139.78
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take action to address the degradation on HOV lanes.  The legislation (23 U.S.C. 166 (d) (1))confines itself to the HOV lane and its performance while defining degradation, without anyreference to the associated mainline lane conditions. As common sense would dictate, andas is evident from the SR-55 case study, HOV lanes and their details such as access-controlhave a significant effect on the performance of the regular lanes.
One important note on the above results is that the overall benefits were calculatedon the basis of VMTs and not based on personal miles traveled.  The HOV lane vehicles haveabout twice the occupancy, and thus the negative benefits from the continuous access HOVsare even more significant than in the analysis above. With that in mind, steps may need tobe taken to arrest the continued deterioration of the HOV lanes on SR-55.  Further discussof this is provided in the next chapter with the study conclusions.
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Chapter 5: Conclusions and Future Work

This thesis research attempted to study the effect of the conversion of HOV laneaccess control from limited access to continuous access in a case-study context of the SR-55freeway in Orange County, California, USA, with a specific focus on the degradation of theHOV lanes. With the speed of HOV lanes having dropped significantly in many places, thedegradation of HOV facilities has become a serious concern in California lately, which wasthe motivation for this study.
The first observation of the study was on the definition of HOV degradation, as inthe Federal Standards mandated by legislation [23 U.S.C. 166 (d) (1)], which states that anHOV facility “shall be considered to be degraded if vehicles operating on the facility arefailing to maintain a minimum average operating speed 90 percent of the time over aconsecutive 180-day period during morning or evening weekday peak hour periods.” It isimmediately clear that the wording is problematically ambiguous, in that it could meaneither “not (operating above minimum speed for 90% of the time)” or “(not operatingabove minimum speed) 90% of time” – which are entirely different conditions.  The firstcondition could mean that an HOV lane that operates badly for just over 10% of the timebut performs acceptably for even up to 90% of the time will still be called degraded, whichdefies common sense. The second meaning is that the speeds need to be below theminimum for over 90% of the time for it to be called degraded, which would be thecounter-extreme case that would make many HOV stretches with extremely poorperformance for much of the time to not be called degraded.  Caltrans and FHWA use thefirst definition, and naturally HOV lane degradation would appear to be much worse a
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problem than it may be.  In any case, studying this aspect and suggesting alternatedefinitions was beyond the scope of this thesis, and only observation of this importantissue is being provided here as part of the conclusions.
A second issue of significance in the above Federal definition of HOV lanedegradation is that it is defined completely on the basis of the performance of the HOV lane,and that the legislation requires actions to improve the HOV lane, via alternatives such asimplementing HOT (High Occupancy Toll) lanes.  Not considering the effect of HOV lanes onthe regular lanes’ traffic performance while recommending actions that may negativelyaffect the overall conditions is also problematic on a first look.  On this aspect, this thesisdoes indeed throw some light, as the access-control conversion of SR-55 HOV lanes seemedto improve the conditions of the overall traffic even when the HOV lanes themselvesbecame worse in performance.
In terms of the results, On SR-55 route, it looked like the speed of the HOV lanesduring peak hours tended to decrease almost every year over the period from before theconversion from continuous-access to limited-access. From the modeling results, accesstype is a variable which has a relationship with the speed drop on carpool lanes. Theresults show that there is less speed degradation on the limited access carpool lanes thanon the continuous access carpool lanes in our study area. This is admittedly a counter-result to what is found from a statewide analysis, which showed that HOV lanes withcontinuous access operate better than those with limited access.  A closer look at the SR-55context would reveal that there may be other site-specific reasons for the counter-result.
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In addition, there are some other factors which have an impact on the degradation.Examples are the geometric design, the inner shoulder width, lane width, and inner medianwidth. Additionally, the speeds of the mainline lanes also affect the carpool lane’sconditions, a result that provides evidence for the observation made above on deficienciesin the Federal Standards for HOV degradation. According to the results in chapter 4, thenearest mainline lane or the regular lane that located adjacent to the HOV facilities performcorresponding with the carpool lane.
Based on the speed difference measure, those degraded stretches which met theFederal Standard of degradation speed threshold were still found to give some incentivesfor users compared with the regular lane both nearest mainline lane cases and averagemainline lane cases. Once again, we see that an over-emphasis on the HOV lanes’ ownperformance, neglecting the relative performance vis-a-vis the regular lanes, is a mistake inthe Federal Standard. Nevertheless, the incentive trend is in a downturn from 2008 to2017. The carpool lanes in the degraded corridors have not been providing much timesavings since the access conversion. However, the travel time on regular lanes decreasedsignificantly. So, changing HOV configuration from limited access to continuous access inthis study area gave crucial overall benefits to the users. From this standpoint, we can againsee that the definition of HOV degradation should not focus on only the HOV lanes. HOVlanes not only put more people in each vehicle but also help smooth traffic on the generalpurpose lane. However, it does appear that the continuously worsening performance of theSR-55 HOV lanes needs addressing. Ultimately, and perhaps fairly soon, the HOV travelersmay recognize that there is no relative benefit in using those lanes; an eventuality that
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should be avoided. From this standpoint, re-introducing limited access in some portions ofthe corridor may become necessary.
One reason for why the HOV lane users have continued to use the HOV lane despitethe relatively poor performance after conversion may be that they are somewhat captive asusers of relatively short HOV stretches on SR-55 in between other crossing freeways, with4 of them crossing SR-55 over roughly a 15 mile stretch. As the users would like to continueon to better performing HOV lanes on other freeways and use HOV connectors that also areperforming much better than the regular freeway connectors, they may be choosing tosuffer the disincentive of using the SR-55 HOV lanes after access conversion.  An elaboratestudy of this aspect was beyond the scope of this thesis.
The SR-55 is a relatively rare case of a freeway that has had the HOV configurationchanged from limited access to continuous access. There are a few other similar cases insouthern California.  A conversion from continuous access to limited access is, however,even rarer in California.  Not doing a before-and-after case-study comparison case study ofsuch a reverse conversion is thus a limitation of this thesis. Focusing on just one freewaystretch is also a limitation. As a result, the limited data points mays have affected thequality of modeling in this study. It will be worthwhile to embark on a future project inwhich date is gathered for the same time periods from difference freeways where bothtypes of access control configuration conversions are done, and explore the effects ondegradation. More data points from such a study can also decrease variance and relieve theeffect of outliers in the model calibration process.
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It would also be worthwhile to examine the medium and longer term changes inuser behavior, in response to access-control conversion. One rather well-known effect isthe HOV-violation behavior, which is known to be more in the case of continuous access,than in the case of limited access. The ongoing Caltrans surveys on passenger occupancieswithin cars on a lane-by-lane basis may throw some light on this aspect.  Simulatedmodeling of violation behavior using simple common-sense behavioral models also mayyield some insights on the importance of such studies.
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