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Abstract 

High Occupancy Toll (HOT) lanes are ñoasesò of free-flow conditions within congested 

freeways. Observations support the benefits of HOT and High Occupancy Vehicle 

(HOV) lanes implementation which in many cases can carry up to half of the people 

carried on the entire freeway. Developed operational strategies for the HOT lanes aim in 

controlling the demand so that a high level of service is provided to the users of the 

facility. A particularly important design feature of HOT lanes is the locations that 

vehicles can merge in or out; this feature is closely connected to the mobility and safety 

of the facility.  

This study paves the way for a systematic methodology that incorporates 

knowledge obtained from extensive periods of observations to the design of the Optimal 

Lane Changing Regions (OLCR) on forthcoming facilities. This methodology is 

applicable to HOT facilities that adopt a conservative design for their access zones by 

allowing interaction only at areas of high lane changing demand between exit ramps and 

entrance ramps to the freeway. Existing methodologies are based on engineering 

judgment or studies that take into consideration limited amount of observations.  

The proposed methodology was relied on a Monte Carlo sampling framework for 

revealing the advisory OLCR at various demand levels. Traffic flow is reconstructed for 

all the General Purpose Lanes (GPLs) of the segment of interest; headway sequences are 

constructed based on a calibrated Fundamental Diagram investigation for each GPL. A 

Gap Acceptance model was developed to shape the time increments that vehicles spend 

on each GPL. The final outcome of this methodology is advisory positions and lengths of 
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merging areas on HOT facilities based on the simulated distance that vehicles travel 

between the entrance/exit ramp and the HOT lane.  

Another direction that this study aimed in making a contribution is access 

restriction on existing facilities in response to future increased demand levels; the goal is 

to preserve safety and mobility of the HOT facility. A quantity of major importance to the 

operation of buffer separated shared HOT lanes is the interaction between the HOT lane 

and its adjacent lane. The proposed methodology uses shockwave activity as surrogate 

for mobility and safety (shockwave length) to investigate the behavior of existing 

facilities for future demand levels.  

Specifically, shockwave length distributions were derived from a Monte Carlo 

sampling methodology taking advantage of a wave propagation model based on one-

dimensional kinematic equations. After the proposed model was successfully tested for 

its ability to describe shockwave propagation on selected locations at present demand 

levels, an investigation of wave propagation at artificially increased density levels was 

conducted. The developed mechanism for achieving the increase in density was based on 

a scoring system that achieved the desired increase iteratively. Simulated shockwave 

length distributions were derived and the increased demand levels resulting in a flow 

breakdown on the HOT facility were identified. The outcome of this methodology can 

support the decision of engineers to restrict access to locations that reach their operational 

boundary. 
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Chapter 1  )ÎÔÒÏÄÕÃÔÉÏÎ 
 

 

Managed lanes have been implemented across the nation in various forms in an effort to 

increase efficiency and mobility on existing roadway networks. A concise way to 

describe the concept of Managed Lanes is as a freeway within a freeway where lanes are 

reserved for particular groups of vehicles and are separated by the other general purpose 

lanes. Depending on the type of the restrictions implemented, Managed Lanes include 

exclusive lanes like bus or truck lanes, separation or bypass lanes, dual-use lanes, High 

Occupancy Vehicle (HOV) lanes, and value price or High Occupancy Toll (HOT) lanes 

(Kuhn et al. 2005).  

 HOT lanes have been recently added to the traffic operations arsenal in an attempt 

of preserving infrastructure investment in the future by maintaining a control on demand; 

in their majority they are conversions of existing HOV lanes. HOT lanes are ñoasesò of 

free-flow conditions within congested freeways. Observations support the benefits of 

HOT and HOV lanes implementation which in many cases can carry up to half of the 

people carried on the entire freeway.   

 This study focuses on operational and design features of HOT lanes. HOT lanesô 

mobility and safety is heavily contingent to the design of zones (ñgatesò) that drivers can 

merge in or out of the facility.  This can be attributed to the large speed differential that is 

observed between the HOT lane and its adjacent lane during traffic peak periods. Existing 

methodologies for the design of access zones are limited to engineering judgment or 

studies that take into consideration undersized amount of observations.  

 The approach followed to answer the questions of this research aimed in 
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decomposing the studied phenomena in a manner that closely approximates reality. As 

George Box pointed out ñéall models are approximations. Essentially, all models are 

wrong, but some are useful. However, the approximate nature of the model must always 

be borne in mindéò This is the path that was followed for developing both 

models/methodologies and the hope is that they are both useful. Traffic shockwave 

propagation and lane changing activity were decomposed to their fundamental 

components and an effort to emulate reality was made. The stochastic nature of the 

examined phenomena was incorporated in the developed models by implementing Monte 

Carlo techniques. 

 Two methodologies were developed in parallel to support engineersô decisions 

about where and when to restrict access to the HOT lane in open access designs (e.g. 

Interstate 35W, Minneapolis, MN) as well as identify the optimal location and size of 

lane changing zones on closed access designs (e.g. Interstate 394, Minneapolis, MN). In 

both cases the performance of the models was supported by observations in the field.  

 This effort opens the doors for a systematic treatment of access zones. It 

incorporates knowledge obtained from extensive periods of observations to the design of 

the Optimal Lane Changing Regions (OLCR) on forthcoming facilities and to the 

preservation of the quality of service on existing HOT lanes. This study was guided by an 

extensive and diverse data collection process capturing various traffic conditions. The 

constructed datasets provided all the necessary tools and insight for developing the 

constructed models. 

 Chapter 2 discusses studies that influenced the modeling efforts of this research as 

well as cases that draw parallels with the objective of this research and their limitations. 
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Chapters 3 to 5 describe the procedures that resulted in the datasets used in this study 

including shockwave length observations, vehicle trajectories and the specifics of 

decisions that shape the willingness of drivers to accept gaps during their lane changing 

activity. 

 Chapter 6 presents the development of a Gap Acceptance model that was later 

used in the described simulation efforts as a decision tool for vehicles to change lanes 

based on their surrounding conditions. The developed gap Acceptance model is a 

Generalized Linear Model where the response is a binary variable indicating the 

acceptance or rejection of a gap.  

 In Chapter 7 all the subsequent steps and considerations that molded the Optimal 

Lane Changing Region model are described in detail. The outcome of this Chapter deals 

with forthcoming HOT facilities of a closed access philosophy. After the process was 

validated using field observations of vehicle trajectories an implementation methodology 

was proposed that underlines the necessary steps for engineers to take advantage of the 

model and derive advisory OLCRs. 

 The second contribution of this study is described in Chapter 8 and delineates the 

interaction between existing HOT lanes and their adjacent general purpose lanes. The 

main goal was to derive a methodology capable of supporting access restriction on 

existing facilities that either have already reached their operational boundary or will reach 

it in the near future. In that way the safety and mobility of the facilities can be sustained. 

Finally, Chapter 9 summarizes the conclusions of this aggregated effort while Chapter 

10 describes the skeleton of a future research capable of defining the OLCRs dynamically 

in response to the prevailing traffic conditions. 
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Chapter 2  "ÁÃËÇÒÏÕÎÄ 
 

 

This Chapter presents information on the concept of managed lanes as well as previous 

studies that sculpted the final outcome of this research. The developed methodologies 

were constructed in a custom made microscopic simulation framework and exploited 

Monte Carlo techniques to answer the enquired questions. The high resolution of this 

proposed framework required utilizing and developing models that described wave 

propagation at individual vehicleôs level as well the decision making steps associated 

with the examined lane changing activity; the main focus was the gap acceptance 

behavior of the participating vehicles. 

 Existing car-following models were examined for their potential to reproduce the 

observed shockwave propagation. Even though their performance was satisfactory a new 

model was developed to emulate driversô varying deceleration in response to the changes 

in the gap between the following vehicles and their leaders. The models were developed 

utilizing Monte Carlo sampling methodologies and validated against field observations. 

 Two models were developed in parallel and addressed two very important issues 

shaping the design of HOT lanes. The first question dealt with defining the Optimal Lane 

Changing Regions on forthcoming HOT facilities that follow a closed access philosophy 

with the access being restricted for most of their length. The proposed methodology starts 

with a Fundamental Diagram investigation to compute basic characteristics such as free 

flow speed, capacity and jam density. A Monte Carlo sampling methodology is then 

responsible for reconstructing traffic sequences on the General Purpose lanes. Parameters 

incorporated in the process include the time that drivers spend between lanes, their gap 

acceptance behavior and the time they need to access traffic conditions after they reach 
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their target lane. In that way, the trajectory of vehicles merging in from the entrance ramp 

and going all the way to the hypothetical HOT facility was simulated. 

 The second question dealt with when and where access should be restricted based 

on the generated shockwaves due to the interaction between the HOT lane and its 

adjacent general purpose lane. In order to develop a model capable of emulating the 

shockwave initiation and the propagation on the HOT lane two topics were studied: gap 

acceptance and shockwave propagation in a car-following concept. The former identified 

the positions on the simulated traffic streams that a disturbance was introduced. Based on 

the rules set by the newly proposed car-following theory shockwave length distributions 

were then derived for locations of interest. 

2.1 -ÁÎÁÇÅÄ ,ÁÎÅÓ 
 

Managed lanes have been implemented on congested freeways as a strategy to balance 

the increase in the total number of vehicle miles traveled and the slow highway capacity 

growth. Even though the total vehicle miles traveled in the United States have increased 

more than 70 % over the past 20 years, the corresponding increase in Highway capacity 

does not exceed 0.3 % (FHWA 2008). To address this issue agencies have implemented 

various types of Managed lanes so that the person and freight moving capability of the 

highways could be increased. 

 Texas Department of Transportation defines a managed lane facility as one that 

increases highway efficiency by aggregating operational and design actions (Kuhn et al. 

2005). Depending on the objective several types of managed lanes have been 

implemented over the last years including exclusive lanes, like bus or truck lanes, 

separation or bypass lanes, dual-use lanes, HOV lanes, and value price or HOT lanes 
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(Kuhn et al. 2005).  The most common operational strategies for managed lanes include: 

¶ Pricing 

¶ Access Control 

¶ Eligibility  

 This study was centered around the HOT facilities in the State of Minnesota on 

Interstate 394 and Interstate 35 W. Further information about the characteristics I-35W 

will be given in Chapter 3. The complexity of actively managing HOT lanes places them 

among the most demanding facilities to operate because of the dynamic character of their 

operational strategies. They not only have to be responsive to the changes in traffic 

demand for the facility but also need to account for a targeted level of service for users of 

the managed lane. Figure 2.1 was included in a report of the United States department of 

Transportation in an effort to capture the management strategies that are related to the 

managed lanes.  

 

Figure 2.1 Complexity with Active Management (FHWA  2008) 

 

 HOV lanes are reserved lanes reserved for vehicles with specified occupancy. In an 

attempt of preserving infrastructure investment in the future by maintaining a control on 
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demand, HOT lanes have been implemented on exiting HOV facilities that were 

generally underutilized. The mobility and safety on the HOT/HOV facilities heavily 

relies on their interaction with their adjacent general purpose lanes. Different types of 

separating the HOT lane and its adjacent lane have been applied across the United States.  

 HOT lanes allow vehicles with lesser occupancy than the predefined to use the 

HOV facility. The HOT/HOV lanes are separated by either physical barriers (e.g. 

Interstate 394 Minneapolis, MN (Figure 2.2)) or a painted buffer (e.g. Interstate 35 W 

Minneapolis, MN, (Figure 2.3)) 

 

Figure 2.2 Interstate 394, Minneapolis, MN 

 

Figure 2.3 Interstate 35 W, Minneapolis, MN 
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 Regarding the HOT lane on Interstate 394, there is a reversible section that 

accommodates inbound traffic during morning peak hours and outbound traffic for 

evening peak hours so that the maximum utilization of the lane can be achieved. Another 

example of a facility that utilizes a reversible section is that of Interstate 10 in Houston, 

TX (Figure 2.4). Facilities like I-394 and I-10 follow a closed access philosophy in their 

design and aim in minimizing the interaction between the HOT lane and its adjacent 

General Purpose Lane. 

 

Figure 2.4 Interstate 10, Houston, TX 

 

2.2 $ÅÓÉÇÎ 'ÕÉÄÅÌÉÎÅÓ 
 

Several studies available in the literature were focused on the interaction between the 

HOT/HOV lane and the general purpose lanes of the freeway. Menendez and Daganzo 

(2007) simulated the interaction between GPLs and MLs and provided results supporting 

the smoothing effect of HOV lanes on discharge flow rates at isolated interactions. This 

positive effect was also supported by Cassidy et al. (2006).  Even though the objective of 
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those studies is not aligned with the main goal of the developed methodology, they share 

commonalities and were influential along the modeling efforts of this research.  

 Liu et al. (2012) measured the effect of lane changing activity between the managed 

lane and the general purpose lanes using the VISSIM simulator and provided evidence 

about the negative effect of lane changing demand on the networks capacity. More 

factors connected to the frictional effect between the ML and the GPL were identified by 

Liu et al. (2011).  Two key factors include the tolling strategy and the separation type. 

The main objective here was not to derive design guidelines but to evaluate the 

performance of existing facilities and quantify the interaction between HOT/HOV lane 

and its adjacent lane and draws parallels with the model of this study. The amount of data 

that were used to calibrate the VISSIM simulation models was limited and difficult to 

obtain when designing a forthcoming facility.  

 As stated previously, the design aspects of HOV/HOT lanes that require the 

greatest amount of attention are the ones associated with the lane changing regions 

characteristics. The literature on this subject is limited and this is the point that this study 

aims in making a valuable contribution. The key characteristics of the proposed 

methodology for forthcoming closed access facilities aim in defining the distance of the 

merging area from the nearest entrance ramp as well as the length of the merging area. 

 Various efforts to derive methodologies for creating step wise processes with the 

potential of defining the length and the position of the OLCR are available in the 

literature and are displayed below. In all cases the findings were based on either 

engineering judgment or simulation experiments that were calibrated at a level that was 

not able to capture individual driver behavior and vehiclesô interactions.  
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 The developed methodology endows engineers with the ability to incorporate ñrawò 

traffic patterns, obtained from inductive loop detectors and takes into account the 

Fundamental Diagram characteristics of each location; this provides a solution that is 

tailored to the characteristics and traffic patterns of the freeway segment that is being 

designed. Figure 2.5 presents the quantities of interest for the design process; L1 denotes 

the distance between the beginning of the entrance (or exit ramp in another scenario), L2 

denotes the length of the merging area and Ltotal is the distance between the beginning of 

the entrance (or exit) ramp and the end of the proposed gate. 

 

Figure 2.5 Design features of interest. 

 

 The HOV Systems Manual ( Texas Transportation Institute, 1998) proposes a 

distance of Ltotal equal to 2500 feet regardless of the number of General purpose lanes. 

This approach delivers a conservative design which in most cases would is able to 

accommodate the users of the HOV/HOT lane. It does not, however, take into 

consideration cases where the interaction between the HOT and its adjacent lane need to 

be minimized. In addition, traffic conditions and traffic patterns on the GPLs are not 

instilled in the design process.  
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 Fuhs (1990) proposed a methodology that takes into account the number of lane 

changes that are necessary for vehicles to merge to the HOT lane after merging to the 

freeway from the nearest entrance ramp or vehicles that need to exit to the exit ramp 

downstream. The minimum proposed value for Ltotal was set to 500 feet for each lane 

change and the recommended value was equal to 1000 feet. In a similar vein, the 

California department of Transportation (1991) proposed a minimum distance of 660 

feet per lane change. Regarding the length of the opening length, several values, which 

range from 900 feet to 1500 feet, have been proposed in an effort to accommodate the 

weaving demand of users of the facility (Fuhs (1990), Yang et al. (2011) , ASSHTO 

(2004) , Kuhn et al. (2005) ). 

 Yang et al. (2011)  proposed a probabilistic approach towards quantifying advisory 

designs utilizing gap acceptance theory. The core of their methodology was an analytical 

formulation that derives the probability that a weaving vehicle with critical gap equal to T 

will complete its weave successfully given the number of GPLs and Ltotal (Equation 

2.1). E[D(q)] denotes the vehicles expected time for merging. s and sw represent the speed 

of the target lane and the speed of the subject vehicle respectively. The proposed model 

was calibrated based on the lane changing demand for zones that resulted after 

segmenting existing merging areas on Interstate 635 in Dallas, Texas. 
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 Even though the proposed methodology by Yang derived results that were tailored 

to the characteristics of a potentially examined location its transferability is questionable 
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because of the complex and time consuming data collection that is required for the 

calibration of the model. The results of the proposed methodology with respect to the 

length of the gate and Ltotal are summarized in Table 2.1 Yang et al. (2011) design 

guidelines. The advisory gate lengths varied between 900 and 1400 feet and were 

contingent to the weaving demand. 

 

Table 2.1 Yang et al. (2011) design guidelines 

Free Flow speed (miles/hour) Minimum Ltotal for Number of GPLs Desired Ltotal for Number of GPLs 

 3 4 5 3 4 5 

55 2,000 2,500 3,000 2,400 2,900 3,500 

60 2,100 2,600 3,100 2,500 3,000 3,600 

65 2,300 2,800 3,400 2,700 3,300 3,900 

70 2,400 3,100 3,700 2,900 3,600 4,200 

 

 Using data from I-635 in Houston Texas, Williams et al. (2010) developed a set of 

design guidelines based on the results of a simulation methodology developed in VISSIM 

simulator. The advisory lengths derived from the proposed process are summarized in 

Table 2.2 and rely once again on the merging demand for the HOT. The types of data that 

need to be harvested in this case are once again difficult to obtain and this was indeed the 

weak point of their methodology. 

Table 2.2 Williams et al. (2010) design guidelines. 

Weaving demand (vehicle/hour) Minimum Weaving distance per GPL 

200 500 

300 625 

400 750 

400 875 

 

 A comparison between the proposed methodology and the most common practices 

available in the literature will be presented in Chapter 7 to demonstrate the potential of 

the proposed methodology. The proposed methodology is the result of an extensive data 



 

14 

 

collection period that described the interaction of drivers in the highest possible 

resolution. Studies that were based on software simulation are heavily contingent to their 

calibration which cannot be completed at the resolution of the proposed methodology.  

 Even though the proposed model consists of various complex components, its 

implementation does not necessitate a complicated calibration with data that are difficult 

to extract.  Users will need to provide the Fundamental diagram characteristics of the 

examined location as well as the detector signal of the GPLs over peak periods and the 

advisory design features can be extracted. Further discussion will be conducted in 

Chapter 7 where the model will be presented. 

 

2.3 7ÁÖÅ 0ÒÏÐÁÇÁÔÉÏÎ 
 

The second methodology developed in this study aims in access restriction on existing 

HOT lanes and was based on shockwave propagation on the HOT lane. The lane 

changing interaction between MLs and GPLs is the cause of flow breakdowns 

(shockwaves) on the HOT lane. Shockwaves create inconvenience to the commuters by 

forcing the traffic conditions of the ML into transient congested traffic states. 

ñShockwaves are a boundary that shows discontinuity in the flow-density domainò (May, 

1990); their propagation and the corresponding number of vehicles affected are 

surrogates for safety and mobility.  

 Traffic shockwaves have captured a great amount of research attention starting in 

1950ôs when Lighthill and Whitham (1955) introduced the hydrodynamic theory in 

traffic. Realistic wave propagation has been the main goal of many traffic flow models. 

In lower order models (e.g. Newell, 2002) waves propagate as a simple random walk as 
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supported by empirical findings from Windover and Cassidy (2001) for congested states. 

Models that influenced this study will be presented in a slightly higher detail even though 

the target was not to advance the car-following theory. 

 Car following models proposed by Gazis, et al. (1961), Gipps (1981) and Newell 

(2002) are among the most commonly used by commercial traffic simulation software. In 

the model proposed by Newel vehicle trajectories are approximated by piecewise linear 

extrapolations as presented in Figure 2.6. Vehicles will respond to their leaderôs 

deceleration if a minimum distance threshold is violated. Newellôs model has been also 

verified by later studies using data from signalized intersections by Ahn, et al. (2004). 

 

Figure 2.6 Piecewise linear trajectories in Newellôs model (Ahn et al. (2004)). 

 

 Vehicles in Gippsô (1981) model are assigned a desired speed Un which they do not 

exceed; Un is achieved at an acceleration rate that increases with speed and after Un is 

achieved the acceleration becomes zero. Equation 2.2 describes the speed of vehicle n at 

time t + T, where T is the driverôs reaction time. 
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Where, ό ὸ = speed of vehicle n 

 ὥ = maximum desired acceleration of vehicle n 

 T = reaction time 

 Ὗ  = desired speed of vehicle n 

 b,bô = deceleration parameters 

 ὒ  = length of vehicle n 

 ὼ ὸ = position of vehicle n at time t 

 The General Motors Nonlinear Model proposed by Gazis, et al. (1961) is shown in 

Equation 2.3. Ŭ, ɓ and ɔ are parameters of the model and the response is proportional to 

the speed of vehicle n at time and inversely proportional to the space headway. Űn is the 

driverôs reaction time while the speed difference is the stimulus for the implemented 

acceleration or deceleration. The modelôs connection to the Fundamental Diagram 

proposed by Greenshields, et al. (1935) is revealed by setting ɓ equal to 0 and ɔ equal to 

2. Chandlerôs model was the first car-following model and constitutes a special case of 

Gazisô model. Chandlerôs model is presented in Equation 2.4. 

‡ ὸ z
 
ῳzὟ ὸ †        

 (2.3) 
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‡ ὸ z ῳὟ ὸ †         

 (2.4) 

 

 Other models describing wave propagation at a car-following level were also 

proposed by Castillo (2001) or Kim and Zhang (2008) in a stochastic framework.  In a 

stochastic manner wave propagation is also captured by traffic flow models proposed by 

Jabari and Liu (2012), Kuhne and Michalopoulos (1997) and Daganzo (1994). The latter 

(Cell Transmission Model) was the modeling base for multiple models that followed and 

utilizes the Godunovôs scheme (Godunov 1959) to provide numerical solutions to the 

heat transfer equation capturing shockwaves and rarefactions. The aforementioned 

stochastic models deviate from the framework of this study and were presented briefly 

since they provided valuable insight for the modeling efforts of this research. 

 The aforementioned models could serve the purposes of this study but they come 

with complications which hamper the goal of the present study; a simpler and straight 

forward approach was therefore followed. Another reason for not implementing existing 

car following models was the fact that they do not ensure that the initial conditions of a 

potential car-following experiment will be preserved until a disturbance is introduced. 

Thus, the platoon formation of the examined stream would be reshaped until a shockwave 

initiates. Finally, the behavior that was mainly targeted was the variation of driversô 

response as they exceed a threshold that describes their willingness to approach their 

leader. After this threshold is violated vehicles implement the highest possible 

deceleration and this was incorporated in the proposed model. 
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Chapter 3  3ÉÔÅ $ÅÓÃÒÉÐÔÉÏÎ 
 

 

This chapter offers a primer on the Managed lane facility on Interstate 35W. The 

objective is to present information about the facility and its characteristics as well as 

provide further details for the selected segments used for developing the models of this 

study. Both Interstate 394 and Interstate 35 W were examined for their potential in 

providing the necessary measurements; it was concluded that the I-35W corridor was 

more consistent with the objectives of this effort.  

3.1 $ÅÓÃÒÉÐÔÉÏÎ ÏÆ ÔÈÅ ÍÁÎÁÇÅÄ ÌÁÎÅ ÆÁÃÉÌÉÔÙ ÏÎ )-συ7 
 

I-35W is an Interstate Highway in the U.S. state of Minnesota, passing through 

downtown Minneapolis. It is one of two through routes for Interstate 35 through the Twin 

Cities of Minneapolis and Saint Paul, the other being Interstate 35E through downtown 

Saint Paul. I-35 splits into two branch routes: I-35W, which serves Minneapolis, and I-

35E, which serves Saint Paul. 

 Traveling north, I-35 splits at Burnsville, where the I-35W route runs north for 41 

miles, carrying its own separate sequence of exit numbers. I-35W runs through the city of 

Minneapolis before rejoining with I-35E to re-form I-35 in Columbus near Forest Lake. I-

35W supplanted sections of old U.S. Highway 8 northeast of Minneapolis and old U.S. 

Highway 65 south of Minneapolis that have since been removed from the U.S. highway 

system. 

 Following the implementation of HOT lanes on I-394, the MnPASS Lanes opened 

on I-35W on September 30, 2009. The projectôs goals were: 

¶ Reduce congestion 
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¶ Improve transit service 

¶ Increase attractiveness of transit service 

¶ Provide alternatives to commuters to avoid congestion 

 The length of the HOT lanes on I35 W is 14 miles on the Northbound and 11.5 

miles on the southbound. In both cases the HOT lanes are separated from the rest of the 

network using stripped lines. The northbound and southbound sections of I35W south of 

I494 and the northbound section of I35W at 42nd street are tolled during the following 

hours: 

¶ Northbound from TH 13 to Hyw.62 from 6 a.m. to 10 a.m. 

¶ Northbound from 42nd Street to downtown is always tolled when opened to traffic 

¶ Southbound from I494 to TH 13 from 2 p.m. to 7 p.m. 

¶ Lastly during off peak hours the lanes are not tolled and are open to general traffic 

with the exception of northbound from 42ne Street to downtown. 

 9 access points are available on the northbound for drivers willing to use the HOT 

lane while 7 access points are available on the southbound (Figure 3.1). 

   

Figure 3.1 Access points on Interstate 35 W
1
 

3.2 .ÅÔ×ÏÒË ÉÎÖÅÓÔÉÇÁÔÉÏÎ 
 

                                                 
1
 (www.mnpass.org) 
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The selection of locations that were initially considered for analysis for measuring 

shockwave intensity was based upon the amount of lane changing activity that they were 

capable of providing. For this task several considerations were made. More specifically, 

the initial assumption was that lane changing activity occurs at a higher rate when drivers 

meet the ñtailò of congestion. What is implied by ñtailò of congestion is the transitional 

part of flow during which drivers are forced to join the stop and go waves that propagate 

upstream. At this point drivers were assumed to be more eager to enter the HOT lane in 

order to avoid joining the stop and go waves.  

 It was observed that drivers willing to join the facility will do so as soon as possible 

after merging on the freeway. A logical explanation is that drivers are aware of the traffic 

conditions they will be facing in their commute since they use similar routed daily. Thus 

they are aware whether or not they will be taking advantage of the HOV/HOT lane in 

advance. 

 For investigating the first assumption that drivers will respond to the ñtailò of 

congestion, two variables were selected to be used as indicators of severe lane changing 

activity; speed difference between the HOT lane and the adjacent lane, and flow balance. 

Severe lane changing activity indicates that discomfort will be observed for the drivers on 

the HOT lane, when a vehicle enters the HOT lane, forcing them to decelerate severely.  

Detector data was used to describe the values that speed difference and flow balance 

obtain, with respect to the road segment as well as the time of the day. 

 In order to identify the mentioned road segments on I-35 W a database, consisting 

of detector data on I35W, was constructed for the same dates that video recordings were 

available. Since the stored detector data contained a large amount of noise, first a filtering 
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process took place in order to exclude outliers and systematic errors from the analysis. 

The developed algorithm besides filtering the detector data also provided plots for 

selected variables during the two traffic peak periods of the day. 

 In addition, contour plots were delivered from the detector data for the whole length 

I-35W in an effort to trace how congestion evolves during the day. In the figures that 

follow, using a blue to red color scale the results of the investigation for two days on I-

35W are presented; Figure 3.2 presents detector data on I-35W with a 5 minute time 

interval for the collected measurements.     

 

Figure 3.2 Speed Contour plots Interstate 35 W 

 

 For the filtering part of the constructed algorithm the main focus was on the values 

that the speed variable obtained. Flow was delivered by aggregating consecutive 

activations of the detectors and it was decided not to be filtered since measurement error 

was not included. The only observed outliers for flow measurements were values of 255, 
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which were repeated several times in the dataset. It was decided to delete and not plot it 

so that it does not affect the validity of the rest of the measurements. 

 For the speed dataset initially it was decided to replace values that were less than 

zero as well as values that were greater than 100 miles/hour with a value of 60 

miles/hour. 60mph was considered as a reasonable value for speed for the vehicles 

traveling on the HOT lane. 

 After filtering the speed and flow data, matrices for the speed difference values 

were constructed. It was concluded that speed difference required great attention because 

when a vehicle enters from a lane that vehicles move with less speed than the vehicles on 

the target lane it is more probable that drivers on the target lane will be forced to 

decelerate. 

 In order to derive the speed difference data, first speed data where aggregated in 7.5 

minutes intervals starting from 30 second intervals. Then their difference was obtained 

for detectors on adjacent lanes. This process was repeated for all pairs of adjacent 

detectors on both northbound on I-35W as well as southbound. For each pair of detectors 

two graphs were delivered; one for the morning peak (06:00 a.m.-10:30 a.m.) and one for 

the evening peak (04:00 p.m.-08:00 p.m.).  
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Figure 3.3 Speed Difference plots 

 

 One example for detectors 261 and 480 is presented in Figure 3.3. The detectors 

that appear in the title of the graph describe one detector on the adjacent lane of the HOV 

(261 in the example) and one detector on the HOV (480 in the example). Thus negative 

values indicate that the HOV lane is moving faster than the adjacent lane. It is observed 

that during the morning peak the HOV lane for a time period of one hour (07:30 a.m.-

8:30 a.m.) has almost 40 miles/hour greater speed than its adjacent lane. The results for 

the whole length of I-35W were aggregated one map indicating the sections that require 

greater attention (Figure 3.5). 

 The second variable of interest was flow balance. As flow balance we denote the 

difference in flow measurements for consecutive detectors on the HOT lane with a time 

shift on the selected measurements for the downstream detector. More specifically, flow 

measurements were first aggregated into packages corresponding to 7.5 minutes once 

again. For consecutive detectors we created the difference in flow by comparing flow 

measurements of the upstream detector at time t with flow measurements of the next 

downstream detector at time t + (travel time between detectors). The travel time between 
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detectors was computed as the distance between them, divided by the average speed of 

the two detectors during the time period of interest. The result was either the inflow or 

the outflow of vehicles between the two detectors.  

 
Figure 3.4 Flow balance plots 

 

 Figure 3.4 presents the results for a pair of detectors. In the case of the flow balance 

the title refers to consecutive detectors that are both on the HOV lane. From the 

downstream detector with a shift in time (1000 in the example) the flow of the upstream 

detector was subtracted (6801 in the example). Consequently negative values indicate 

that vehicles leave the HOV lane at the section between them. As previously, a 

distinction between the morning and the evening peak was made. As presented in the 

example during the evening peak the inflow to the HOV lane was approaching almost 30 

vehicles/7.5 minutes. The results for the whole length of I-35W were aggregated in one 

map indicating the sections that require greater attention (Figure 3.6). 
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Figure 3.5 Speed Difference Map I-35 W 
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Figure 3.6 Flow Balance Map I-35 W 
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 After analyzing the collected data the optimal segments capable of providing the 

necessary information for the modeling purposes of this study were identified. The 

following four locations on I-35W were selected for constructing the datasets of interest: 

¶ The segment between TH 13 and Cliff road, northbound. 

¶ The segment between 98th street and 106th street, southbound. 

¶ The two segments between 82nd and 86th street and between 86th and 90th street, 

southbound. 

¶ The segment between the 46th entrance ramp and 41st street, northbound. 

3.3 ,ÏÃÁÔÉÏÎÓ ÏÆ ÉÎÔÅÒÅÓÔ 
 

Segment between TH 13 and Cliff road northbound  

The segment between TH 13 and Cliff Road was covered by two RTMC cameras; 608 

and 6091 (Figure 3.7). It is mainly an entrance point to the managed lane since, in 2011, 

it was the beginning of the HOV lane. It is located at the major interchange of I-35W 

with TH 13. Data for this segment were used for modeling shockwave propagation on the 

HOT lane and contributed in delivering a decision tool for identifying locations that the 

merging activity should be restricted. 
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Figure 3.7 Sample Camera View 1 

 

 During preliminary investigation of the network, this part was identified as one of 

the locations that would require a great amount of attention. This can be attributed to two 

reasons; firstly because of the large speed differential between the ML and the adjacent 

GPL and secondly because of the entrance from TH 13 to I-35 W which introduces a lot 

of vehicles into the stream destined to the HOT lane. It was decided to examine the 

behavior of the segment at increased demand levels in order to decipher the locationôs 

behavior for future traffic conditions and decide whether or not the access should be 

restricted. The reason for that derives from the fact that even at present traffic conditions 

it appears to have reached the operational boundary for certain time periods during the 

day. 

Segment between 98th street and 106th street southbound  

 RTMC camera 6101 provided data for the freeway segment between 106th street 

and 98th street (Figure 3.8). It was identified as a location of medium lane changing 

frequency with vehicles mainly entering the ML. Data for this segment were used for 

modeling Shockwave propagation on the HOT lane. The decision of including data for 
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this segment in this study was derived by the relatively high intensity of the observed 

Shockwaves. Thus, it was decided to include it so that the safety characteristics of this 

location for future demand levels can be identified.  

 

Figure 3.8 Sample camera View 2 

 

Segments between 82nd to 86th and 86th to 90th southbound 

 The two road segments between 82nd and 86th street and between 86th and 90th 

street are part of the 98th street bottleneck and footage for them was provided by RTMC 

camera 6130 (Figure 3.9). The area between 82nd and 86th streets has a large number of 

lane changes being at the beginning of the open access part of the ML. It is mainly an 

entrance location accommodating drivers joining the I-35W from I-494.  
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Figure 3.9 Sample Camera View 3 

 

 The area between 86th and 90th exhibited a shockwave activity of relatively high 

intensity and a large number of lane changes generating shockwaves as a percent of total 

lane changing activity. One explanation for this phenomenon is that the high number of 

lane changes upstream of 86th street increases the density in the ML which results in an 

increased probability of observing a lane change igniting a shockwave downstream.  

Segment between the 46th entrance ramp and 41st street northbound 

 Data for this segment of the freeway was used in an effort to develop a design 

experiment capable of developing the OLCR model. The location of interest is a 2000 

feet freeway segment of I-35W Northbound between the 46th Street entrance ramp and 

41st Street.  The segment of interest contains four general purpose lanes and one HOV/ 

HOT lane with an entrance ramp located at 46th Street as presented in Figure 3.10.   

 This segment of the freeway was identified as one that would be capable of 

providing a large sample of vehicle trajectories for drivers merging to the freeway from 

the entrance ramp of 46th street and moving all the way to the ML. In that way, all the 
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steps of the lane changing process would be captured so that all the necessary parameters 

of developing the OLCR model. 

 Ideally trajectories would have been collected for vehicles merging out of the ML 

facility as well and several potential locations were examined for that reason on both I-

35W and I-394. In the case of I-35W the great length of the merging areas to the 

managed lane made it difficult to identify such a location where a large amount of vehicle 

trajectories for vehicles merging out of the freeway could be extracted.  

 

Figure 3.10 Freeway segment for trajectory extraction 
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Chapter 4  $ÁÔÁ #ÏÌÌÅÃÔÉÏÎ 
 

 

The necessary data for this study were collected in two stages to accomodate the needs of 

the two parallel modeling efforts. The data consisted mainly of video recordings for the 

locations of interest, which were later used for machine vision as well as manual data 

extraction. In addition to the harvested video recordings, inductive loop detector data was 

also collected using a database made available by the Minnesota Department of 

Transportation. 

4.1 3ÈÏÃË×ÁÖÅ ÌÅÎÇÔÈ ÄÁÔÁ ÃÏÌÌÅÃÔÉÏÎ 
 

Video recordings capturing all the potential locations on I-35W with the potential of 

providing a large amount of shockwaves were collected in an effort to describe 

shockwave intensity. For this task cameras of the Regional Transportation Management 

Center (RTMC) were utilized through a fiber optic link connection between the RTMC 

and the Minnesota Traffic Observatory (MTO). The implemented link carries up to 16 

analog video channels. Through a client window of the Intelligent Roadway Information 

System (IRIS) the channels were tuned to the cameras of interest.  

 Video data were recorded for 9 hours daily from Tuesday until Thursday from 

05:30 a.m. to 09:30 a.m. and from 02:30 p.m. to 07:30 p.m. for most of the selected days 

between July and August 2011. In some specific cases, it was decided to expand the 

recording period within the day in order to capture interesting traffic fluctuations deriving 

from individual events such as Twins baseball games or the first day of the Minnesota 

state fair. The result of the video recording process was the creation of a high resolution 

video collection in MPEG4 compression. Programs were created to further process the 
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collected files and increase the quality of the data so that at collecting observations of 

interest would be simplified. 

 Table 4.1 presents the exact dates video data were collected for this step. Most of 

this effort focused on retrieving data for typical week days (Tuesday, Wednesday, 

Thursday); also data for some days that were not considered as typical weekdays 

(Monday, Friday) were collected. The reason for recording data for non-typical weekdays 

was in order to identify the traffic conditions differences between the two. Table 4.2 

aggregates the list of RTMC cameras that we used for data collection while Figure 4.1 

presents several sample camera views for I-35 W. 

Table 4.1 Dates of Video Collection 

June 2011 July 2011 August 2011 

Tuesday 21st Thursday 23rd Tuesday 16th 

Wednesday 23rd Tuesday 26th Wednesday 17th 

Thursday 24th Wednesday 27th Thursday 18th 

Monday 27th Thursday 28th Tuesday 23rd 

Tuesday 28th  Wednesday 24th 

Wednesday 29th  Thursday 25th 

Thursday 30th  Friday 26th 

  Tuesday 29rd 

  Wednesday 30th 

  Thursday 31st 

 

Table 4.2 RTMC Camera Codes 

I -35 W 

608 

609 

6091 

610 

6101 

611 

6101 

6130 

6131 

613 

616 

618 

619 

620 

621 

 Cameras on I-35 W were also tested for their capability of providing a clear view of 

the whole length of the road. In order to achieve that, vehicles were traced for the whole 
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length of each road from camera to camera. A 10 second blind spot was identified in the 

beginning of the Northbound of I-35W. It was later decided, that the specific part was not 

capable of producing a large amount of lane changing activity, thus further video 

collection was not necessary.  

 

 

Figure 4.1 Sample RTMC Camera Views 

4.2 (ÅÁÄ×ÁÙ ÖÉÄÅÏ ÒÅÃÏÒÄÉÎÇÓ ÄÁÔÁ ÃÏÌÌÅÃÔÉÏÎ 
 

An additional video collection period took place on December 22nd, 2011 and January 



 

35 

 

12th, 2012. The objective of this task was to collect video-recordings that were later used 

for machine vision extraction of headways. The cameras used are placed on an Active 

Traffic Management (ATM) gantry; gantry cameras provide more accurate results during 

the headway collection process because they are situated directly above the roadway. The 

locations that headway measurements were extracted for are aggregated in Table 4.3 

along with the periods for the data collection. 

Table 4.3 Video Data Collection for Headway Extraction 

Camera December 22
nd

 2011 January 12
th

 2012 

 Northbound Southbound Northbound Southbound 

619 + + + + 

6091 + + + + 

6101 + +   

6130 + + + + 

6141 + + + + 

6161 + + + + 

6181 + + + + 

6211 + + + + 

4.1 6ÅÈÉÃÌÅ ÔÒÁÊÅÃÔÏÒÉÅÓ ÄÁÔÁ ÃÏÌÌÅÃÔÉÏÎ 
 

In an effort to describe the lane changing activity of vehicles merging to the HOT lane 

after entering the freeway from the nearest entrance ramp, six cameras were utilized for 

the data collection; including one RTMC camera and five high resolution cameras 

deployed by the MTO personnel.  The location of interest was a 2000 feet freeway 

segment of I-35W Northbound between the 46th Street entrance ramp and 41st Street. 

 The spacing for the five MTO units were set to approximately 400 feet apart; this 

allowed a high level of continuity while tracking a subject vehicle through the series of 

cameras without blind-spots in the process.  Taking weather considerations into account, 

it was decided to collect high resolution video data for the time period between October 

30th 2012 and November 2nd 2012 for the time span between 5:00am to 11:00am in an 
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effort to capture the morning peak hours. 
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Chapter 5  $ÁÔÁ !ÎÁÌÙÓÉÓ 
 

 

After all the necessary video data were collected, efficient methodologies were developed 

in order to retrieve all the necessary piece of information that supported the modelsô 

development. The following datasets were delivered after taking advantage of the 

harvested data: 

¶ A dataset including measured shockwave lengths for the locations of interest. 

¶ A dataset including headway measurements for various traffic conditions and their 

corresponding loop detector data for the segments of interest. 

¶ A dataset describing the accepted and rejected gaps for drivers merging in or out of 

the HOT from the adjacent to the HOT lane. 

¶ A dataset consisting of trajectories for vehicles merging to the HOT lane after 

merging to the freeway from the entrance ramp of the 46th street; including 

measurements of speed, accepted and rejected gaps and time increments spent on 

each lane as well as between lanes.   

5.1 3ÈÏÃË×ÁÖÅ ÌÅÎÇÔÈ ÄÁÔÁÓÅÔ ÃÏÎÓÔÒÕÃÔÉÏÎ 
 

Video recordings for the locations of interest used in the shockwave propagation 

modeling were segmented in fifteen minute intervals for analysis purposes. The objective 

of this process was to deliver a dataset containing cases of lane changing activity 

resulting in shockwave ignition on the HOT lane and their associated shockwave lengths. 

The observations of lane changes were included in the dataset only if the lane change did 

generate an interaction between the subject vehicle and other vehicles on the HOT lane, 

the GPL or both.  
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 Video editing software was used to extract a video clip of each observed 

shockwave. The 40 seconds of total clip duration usually consists of 15 seconds before 

the vehicle enters or exits the HOT lane as well as another 25 seconds after. The reason 

for recording a longer period after the vehicle reaches the targeted lane is because the 

intention was on focusing on the effect of the lane change on the drivers on the receiving 

lane (shockwave).  In cases of substantially longer shockwave lengths, longer clips were 

created in order to observe the entire shockwave. As already mentioned, the criterion for 

selecting a lane change of interest was the effect that it had on the flow of the ML. More 

specifically, if vehicles that followed the vehicle that changed lanes began to decelerate 

(even not very intensively) the clip of the Lane Change (LC) was stored.  

 An example at this point could be helpful in order to visualize the cases of interest. 

It can be assumed that a driver intends to leave the ML and enter the adjacent lane of 

traffic. To achieve that there should be an appropriate gap between the vehicles on the 

adjacent lane that the driver can move to. If the gap is not available the driver will need to 

decelerate and wait for an appropriate gap. If there were vehicles on HOT lane that 

followed the driver of interest and they decelerated as well (creating inconvenience to 

drivers on the HOT lane) the Dangerous Lane Change (DLC) was stored. 

 On the other hand, if vehicles did not follow the driver of interest closely and none 

of the vehicles on the HOT lane was forced to decelerate then the specific lane change 

was not stored. A similar case would be when a vehicle entered the HOT lane. Once 

again, if the lane change forced the following drivers on the receiving lane to decelerate 

then the lane change was designated a DLC and was stored, otherwise it was discarded. 

 Problems arose in the data gathering process and were connected to the view each 



 

39 

 

camera provided. The physical location of the cameras was not always ideal. The 

portions of the HOT lane that were desired to be viewed were the areas of Open Access 

where the managed lane was given a normal dashed white line.  Ideally, drivers would 

not cross the double white lines of restricted access areas. This was not always the case, 

but far more lane changes did occur in open access areas than in the restricted access 

areas.   

 For the purposes of the dataset construction, the ideal view came from the cameras 

placed on gantries.  These cameras provided a view parallel to the flow of traffic and 

were unlikely to have obstructed views.  Viewing obstructions made it difficult in some 

cases to see that a lane change had occurred, or whether or not a shockwave had started 

or continued.  Despite the problems that arose during the reduction process the obtained 

results provided the necessary information to support the modelsô development. 

5.2 (ÅÁÄ×ÁÙ ÄÁÔÁÓÅÔ ÃÏÎÓÔÒÕÃÔÉÏÎ 
 

Video data collected on December 22nd were analyzed using Autoscope machine vision 

software. The three locations examined in the shockwave propagation experiment were 

examined in order to identify their headway distributions and platoon characteristics. The 

results of this process were essential in simulating realistic representations of the ML 

traffic stream.  

 Virtual detectors were created for each location. The measurements collected by the 

software consisted of consecutive detector activations and deactivations. In that way, 

headway measurements were obtained by taking the difference of consecutive detector 

activations. After the headway dataset was constructed headway measurements were 

related to corresponding detector density and speed measurements and were assigned a 
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time stamp. In order to reduce the noise that was contained in the detector data a moving 

window filter of 5 minutes was implemented on the original 30 second counts. This way 

the scatter in the data was reduced. 

 Platoon characteristics and the process of platoon formation are key components 

towards a better understanding of traffic flow on any given site. Platoons were defined by 

Athol (1965) as the stable portion of traffic throughout the spectrum of traffic behavior. 

A later definition in the Highway Capacity Manual (2000) defines a vehicle platoon as a 

group of vehicles moving together. Several studies in the past have made an effort to 

categorize vehicles in groups. In most cases a critical headway was defined in order to 

separate drivers in followers and leaders and derive the platoon size distribution (Athol, 

1965). The headway measurements were categorized based on those values. Gaur and 

Mirchandani (2001) used second-by-second loop detector density data to identify vehicle 

platoons. 

 Using a time threshold in platoon separation is an effective technique; though it 

does not capture the individual speed selection. In a more recent study Benekohal, et al. 

(2004) proposed a dual threshold of either a time headway of less than 4 seconds or a 

space headway of less than 250 feet as platooning criteria. Using the critical spacing in 

conjunction with speed data, fluctuations of higher resolution can be captured and 

different traffic states can be represented effectively using the same separation threshold. 

 Following the creations of the headway/speed/density data sets, they were 

processed to separate headways of platoon followers and leaders based on a predefined 

distance of 250 feet or a predefined time threshold of 4 seconds, taking into account 

prevailing speed conditions (Figure 5.1) the threshold is suggested in the literature.  
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Figure 5.1 Vehicles Separation in Platoon Leaders and Followers 

 

 For the follower headways relatively small values were observed. Drivers decide to 

follow their leading vehicles at close distances because they do not have to be concerned 

with lane changing activities from both sides. Another reason could be attributed to the 

speed differential between the ML and the GPL. Drivers decide to close the distances 

between them so that they do not give the opportunity to vehicles from the GPL to merge 

and cause them inconvenience. Finally, from the platoon size histogram we can observe 

that platoons on the ML are short in length (approximately 1-3 vehicles) while the longer 

the platoon the smaller the probability of its formation. The platoon formation 

characteristics are presented separately. 

Headway investigation for the segment between TH 13 and Cliff road northbound. 

 Figure 5.2 presents the platoon formation characteristics harvested on December 

22nd, 2011 and January 12th, 2012 for the segment between TH13 and Cliff Road. For 

this location, 45 % of the collected observations corresponded to single vehicles; a fact 

that underlines the underutilization of the I-35W HOT. Furthermore, as in all the 

examined cases, the shape of the histogram of leader headways is governed by the choice 

of drivers not to join a platoon and could be described by an exponential distribution. 

Finally, the peak of the histogram for follower headways for both days is between 0.75 

and 1.15 seconds.  

 This indicates that drivers tend to follow their leaders at relatively short distances. It 

is possible that drivers in the HOT in order to prevent slower moving vehicles joining 
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from the GP lane decrease their following distances.  
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Figure 5.2 Platoon Formation Characteristics 1 

 

Headway investigation for the segment between 98th street and 106th street 

southbound. 

 For the segment between 98th street and 106th street data could only retrieved for 

December 22nd, 2011 (Figure 5.3). The percentage of the free flowing vehicles 

encountered for almost 50 % of the collected observations once again underlining the 

underutilization of the I-35W HOT lane. Once again, the shape of the histogram of leader 

headways is governed by the choice of drivers not to join a platoon and could be 

described by an exponential distribution. Finally, the peak of the histogram for follower 

headways is between 0.95 and 1.25 seconds which is slightly higher than for the other 

two presented cases.  
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Figure 5.3 Platoon Formation Characteristics 2 

 

Headway investigation for the segments between 82nd and 86th street and between 

86th and 90th street. 

 As presented in Figure 5.4, for this location almost 50 % of the collected 

observations corresponded to single vehicles for the data collected on January 12th, 2012. 

For the data collected on December 22nd the percentage of free flowing vehicles is 

slightly lower but once again they account for approximately 40 % of the observations. In 

that way, it is reasonable to assume, once again, that the facility can accommodate 

heavier traffic. Furthermore, the shape of the histogram of leader headways as in the 

previous two cases is governed by the choice of drivers not to join a platoon and could be 

described by an exponential distribution. The peak of the histogram for follower 
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headways for both days (Figure 5.4) was between 0.85 and 1.15 seconds. 
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Figure 5.4 Platoon Formation Characteristics 3 

5.3 4ÒÁÊÅÃÔÏÒÉÅÓ ÄÁÔÁÓÅÔ ÃÏÎÓÔÒÕÃÔÉÏÎ ÁÎÄ ÁÇÇÒÅÇÁÔÅÄ 
ÒÅÓÕÌÔÓ 
 

In order to develop the OLCR model all the steps of the lane changing process after a 

vehicle merged in the freeway from the 46th street entrance ramp and all the way to the 

HOT lane were necessary along with the decisions associated with each step. For the 

construction of this dataset the analysis of three daysô worth of data (October 30th 2012 

to November 1st 2012) was sufficient to provide 50 accurate vehicle trajectories. For the 

three days of interest lane changing activity was investigated for the time period between 

08:00 am and 10:00. This decision can be explained by the following considerations: 

¶ For this time period the density fluctuated between congested states and free flow, 

providing a broad spectrum of density values for each lane. 

¶ Lighting conditions were able to provide a clear view of the highwayôs lane 

dividers which was essential for measuring the quantities of interest.  

 The following measurements for each lane change were captured, along with the 

time increments that drivers spent on each lane as well as between the lanes: 

¶ The exact location of the merging point to the freeway. 
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¶ Gap sizes (accepted and rejected lead and lag gaps) and vehicle lengths. 

¶ Prevailing speed on the target lane and speeds of subject vehicles that desire to 

change lane. 

 This process began by developing a script that enables simultaneous viewing of the 

six different videos recorded from the location of interest as shown in Figure 5.5. 

  

 

Figure 5.5 Trajectory Extraction Working Environment  

 

 The first task was to synchronize the cameras so that a subject vehicle could be 

tracked through the series of cameras. Time stamps for individual cameras were not 

perfectly synchronized and a calibration step had to take place before extracting 

measurements. This was done by adjusting the offsets of each camera utilizing a feature 

of the written script. The optimal configuration was obtained through a trial and error 

process until the time stamps for all cameras were perfectly synchronized.   

 To obtain vehicle trajectories, lane changes were identified from the first camera 
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(Camera 1) and then high resolution video data of the subsequent cameras was analyzed 

for measuring the necessary quantities. Vehicles desiring to merge to the ML would use 

their indicator light after merging to the freeway in order to signal their intension to 

change lanes. Considering the lane dividers length and the spacing between them, traced 

the position of the subject vehicle while successively changing lanes.   

 Establishing a zero foot reference point, which is shown by the red line in Figure 

5.6, was essential for recording the distances from the entering point.  One example is 

illustrated in Figure 5.6 presenting a vehicle merging to the first lane after approximately 

132 feet from the predefined position.   

 Vehicles were classified in two different types in order to establish vehicle lengths. 

Vehicle lengths were determined to be 17 feet for SUVs, vans or trucks and 14 foot 

length for cars.  These assumptions were made from researching dimensions of different 

makes and models of vehicles.  The accepted gap was derived by adding the lag gap, the 

lead gap and the vehicleôs length.  

 

Figure 5.6 Defining the Zero Reference Point 
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 Figure 5.7 presents the moment that a subject vehicle is changing lane; the lag and 

lead gaps were measured at this point.  In addition, the number and lengths of rejected 

gaps had to be measured as well.  

 

Figure 5.7 Lead and Lag gap 

 

 The last piece of information collected was the speeds of vehicles participating in 

the lane changing process.  In order to accomplish this, it was necessary to use a fixed 

length on the road determined by the lane dividers and spacing between them.  A 100 ft. 

distance was used as the aforementioned fixed length and the amount of frames that the it 

took the subject vehicle to traverse the section was recorded.   

 One frame in VirtualDub corresponds to 1/15th of a second. Given the distance 

travelled and the travel time, the speed of the subject vehicle was determined.  As 

illustrated in Figure 5.8, the process of collecting vehicles speeds starts by establishing a 

clear view of the road so that the front end of the vehicle was aligned with the beginning 

of the 100 ft. region.  After the front end of the vehicle reaches the third white stripe, the 
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travel time is recorded.  Figure 5.8 presents an example of determining a vehicles speed 

in the second lane; this process is repeated until the subject vehicle reaches the ML. 

 

Figure 5.8 Obtaining Speed Estimates 

 

 Along the analysis process several difficulties were identified and were addressed. 

Video footage for the time period between 05:00am to 08:00am was discarded due to 

poor lighting conditions. The highway lane dividers were not clearly visible, thus the 

footage corresponding to this time span was not analyzed. Secondly, the time interval 

between 10:00am and 11:00am was also discarded since the ML was closed to traffic.   

 In order to be consistent with the modeling efforts of this study it was necessary to 

identify trajectories of the highest possible quality. Specifically, cases where subject 

vehicles would experience shockwaves during the course of their trajectory were 

excluded. The exclusion rule was based on the percent error between observed and 

calculated distances exceeded 5%.  

 Observed distances were obtained by using Geographic Information System 

techniques. The exact merging points of each lane change were connected to their 

corresponding coordinates by utilizing the freeway lane dividers and other reference 
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points of the freeway. Calculated distances were obtained by multiplying the time 

vehicles spent on each lane with their corresponding speed under the assumption that 

drivers did not change their speed over the interval of interest. Essentially the amount of 

error between the two distances is created by the fluctuations in speed of the traced 

vehicles; fact that does not coincide with this studyôs modeling efforts. 

 The task of discarding trajectories was not limited to a percent error, but was also 

subject to the type of interaction of drivers along the merging process. More specifically, 

for congested traffic conditions that prevailing speeds are below 10 miles/hour, gaps on 

the target lane are undersized and thus drivers need to collaborate and create an 

appropriate gap so that the vehicle can merge. If subject vehicles performed such 

maneuvers, these cases were not subject to further examination. The reason for rejecting 

cooperative lane changes lies in the limitation of gap acceptance models to accommodate 

this phenomenon. 

 Figure 5.9 presents the boxplots of the collected time increments that vehicles 

spend on each lane in their effort to reach the managed lane. On each box, the central 

mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers 

extend to the most extreme data points not considered outliers, and outliers are plotted 

individually. It can be seen that as vehicles move to the right the time they spend on each 

lane is decreasing which can be intuitively explained by the fact that traffic is lighter as 

vehicles move to the left.  
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Figure 5.9 Time Increments' Box Plots 

 

 Separating the time vehicles spent on each lane based on a threshold in speed is 

presented in Figure 5.10 and Figure 5.11. It can be seen that the decreasing pattern 

observed in the aggregated boxplots is eliminated after separating the observations in two 

groups based on a threshold of 30mph. This reveals the random character of the time 

increments spent on each lane if speed is controlled.  

 

Figure 5.10 Time Increments' Box Plots for Speeds over 30 MPH 

. 
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Figure 5.11 Time Increments' Box Plots for Speeds less than 30 MPH 

 

 Furthermore, Figure 5.12 presents the distance that vehicles cover on each lane in 

their effort to merge to the lane on their left. Figure 5.12 is derived from Figure 5.9 by 

incorporating the obtained speed measurements for the vehicles of interest. The distance 

that drivers spend on each lane increases as vehicles move from the most left to the right 

which can be explained by the increase in speed from lane to lane. This increasing trend 

does not apply to the distance vehicles cover on the 4th lane. The deviation from the 

general trend is not as conspicuous because of the availability of gaps on the ML which, 

despite the higher speeds, results in a smaller distance than drivers cover on the 3rd lane.  
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Figure 5.12 Distance Covered on Each Lane  

 

 Separating distance vehicles cover on each lane is based on a threshold in speed of 

30 mph and is presented in Figure 5.13 and Figure 5.14. It can be seen that the increasing 

pattern observed in the aggregated boxplots remains for observations captured when the 

speed conditions are exceeding 30 mph. In the case that speeds are lower than 30mph, the 

character of the distance vehicles cover on each lane does not follow the aforementioned 

decreasing pattern and appears to be more random depending on the driver.  

 

Figure 5.13 Distance Covered on each Lane for Speeds over 30 MPH 
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Figure 5.14 Distance Covered on each Lane for Speeds less than 30 MPH 

 

 Finally, Figure 5.15 presents two boxplots of the gaps that drivers rejected or 

accepted in their effort to join the HOT lane after merging to the highway from the 46th 

street entrance ramp. It can be seen that the data point corresponding to the 75th 

percentile for the rejected gaps does not exceed the 25th percentile of the accepted gaps 

sketching the boundary between accepted and rejected gaps (approximately 95 feet). 

Further discussion about the gap acceptance modeling will be presented in Chapter 6.   

 
Figure 5.15 Accepted and Rejected Gaps 
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Chapter 6  'ÁÐ !ÃÃÅÐÔÁÎÃÅ -ÏÄÅÌÉÎÇ 
 

 

In this chapter the development of a decision tool used in both models of this study is 

presented. In the shockwave propagation model disturbances are introduced to positions 

of the simulated vehicle sequences using the results of the developed Gap Acceptance 

model. In that way, the decision process is emulated in the same fashion that occurs in 

reality; gaps are evaluated and are either rejected or accepted, with the first accepted gap 

initiating the lane change. For the OLCR model gap acceptance is once again crucial and 

used to shape the time increments that drivers spent on each lane along their subsequent 

decisions. Conceptually the process of Gap Acceptance is one that involves several gaps 

of interest. From these set of gaps the driver rejected all but the one that was finally 

accepted.  

 A study that draws many parallels with the proposed model was developed by Kita 

(1993). Kita used a logit model to describe driverôs willingness to either accept or reject a 

gap at merging areas between freeways and on-ramps. 

6.1 -ÏÄÅÌ ÓÅÌÅÃÔÉÏÎ 
 

The developed Gap Acceptance model is a logit model that derives the probability of 

accepting a gap based on a set of measurements decisions of drivers. For each lane 

change, as presented in Chapter 5, quantities of interest for describing the Gap 

Acceptance were harvested. More specifically the measurements that were used to 

describe the decision were the speed of the subject vehicle, the prevailing speed on the 

target lane and the sizes of the lead accepted gap, the lag accepted gap and the rejected 

gaps. In the end of this modeling effort not all of the aforementioned quantities were 
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proven to be statistically significant and an effort to decipher the conclusions intuitively 

will also be presented. 

 Since the collected data were connected with a binary response variable, a 

Generalized Linear Model (GLM) was used. GLMs are extensively used, after they were 

introduced by Nelder and Wedderburn (1972) in an effort to extend ordinary linear 

regression so that response variables can be described by a distribution other than the 

normal. The distribution describing the response variable for this modeling effort is 

binomial (Bernoulli since the gaps are either accepted or rejected). Equation 6.1 describes 

the probability of accepting a gap given a set of explanatory variables X and their 

corresponding fitted parameters ɓ in logistic regression. 

0ÒὥὧὧὩὴὸὥὲὧὩȿἦ = 
  

          

 (6.1) 

 

 The first step was to decide about the parameters that have a significant effect on 

the shape of the response variable and then evaluate several proper link functions to 

describe the data before concluding that the logit function derives the best fit. Using R 

software, a first attempt to describe the collected binary decisions using all the collected 

explanatory variables was conducted. Table 6.1 presents the fitting results for this first 

approach taking account of all the collected explanatory variables. It can be concluded 

based on the obtained p-values that three parameters have a statistically significant effect 

on describing the binary dataset; the speed of the subject vehicle, the prevailing speed on 

the target lane and the size of the lag gap. 
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Table 6.1 Fitting results for all the available parameters 

Parameter Value Standard Error z value Pr(>|z|) 

ʲл όLƴǘŜǊŎŜpt) -1.391 2.272 -0.612 0.540 
ʲм ό[ŀƎ DŀǇύ 0.054 0.012 4.494 0.000 
ʲн ό[ŜŀŘ DŀǇύ 0.002 0.007 0.257 0.798 
ʲо όTarget Lane Speed) -0.088 0.042 -2.098 0.036 
ʲп όSubject Speed) 0.120 0.044 2.722 0.007 
ʲр ό±ŜƘƛŎƭŜ [ŜƴƎǘƘύ -0.014 0.125 -0.108 0.914 
AIC 172.61    

 

 The size of the leading gap was proven to be statistically insignificant and this can 

also be explained intuitively. When a driver evaluates gaps in order to join the target lane, 

the leading gap is less important than the lag gap because the vehicles speed can be 

adjusted to match the leaders speed while evaluating constantly its reactions 

(acceleration, deceleration). In the case of the lag gap estimating the following vehicleôs 

reactions and speed is more challenging and more difficult to adjust the subject vehicleôs 

speed so that a ñsafeò transition to the target lane can be achieved. Thus the lag gap has a 

greater effect on the shape of the decision. It can also be shown from the sign of the 

corresponding parameter that the greater the length of the lag gap, the higher is the 

probability of being accepted. 

 It can also be seen that the length of the vehicle does not have a significant effect 

either. This can be attributed to the fact that the plethora of the harvested observations 

corresponded to vehicles that their length were either 14 feet (car) or 17 feet (SUV) and 

very few observations corresponded to buses. In that way most of small difference in 

vehicleôs length (3 feet) was not reflected in the value that the predicted response 

obtained.  

 Furthermore, the sign of the parameter corresponding to the target lane was 
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negative. As such, the faster the target lane moves the lower the probability of accepting 

a gap. In most cases the speed of the target lane was higher than of the speed of the 

subject vehicle and thus the observed speed difference makes a gap on the target lane less 

attractive for a driver.  

 Finally the sign of the parameter for the subject vehicleôs speed is positive and 

opposite from the one of the target laneôs parameter. The two observations combined 

reveal the aforementioned effect of the speed difference in the probability of accepting a 

gap.  

 After deciding what parameters to included in the model, the link function that best 

describes the collected observations was selected based on the Akaike Information 

Criterion (AIC) (Akaike 1974).  

ὃὍὅςz Ὧ ςz ÌÎὒ 
 

where k is the number of parameters in the statistical model, and L is the maximized 

value of the likelihood function for the estimated model. 

 Even though AIC does not provide accurate information about the absolute 

goodness of fit of the model, it is very useful for selecting the model that minimizes the 

information loss between candidate models. An alternative approach for this model 

selection process would be the Bayesian Information Criterion (BIC) but earlier studies 

support the better performance of the AIC over the BIC (Burnham and Anderson 2004).  

 The three models tested were associated with the three different link functions that 

can be used for binary response variables. More specifically, the probit link function, the 

complementary log-log function and the logit function were tested. The complementary 

log-log function was rejected before being tested because of its asymmetry which did not 
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comply with the objective of this study; which was to convert the gap selection process in 

a fair coin toss.  

 For the probit link function the obtained AIC value was 168.54 while in the case of 

the logit model, the AIC was smaller and equal to 166.71. Thus, the logit model was 

selected to be used and Equation 6.2 presents the probability of accepting a gap given the 

subject vehicleôs speed, the target laneôs speed and the size of the leading gap. The fitting 

details are presented in Table 6.2 and Table 6.3. 

0ÒὥὧὧὩὴὸὥὲὧὩȿὋὥὴ ȟὠ ȟὠ  = 
Ȣ   Ȣ ᶻ   Ȣ ᶻ  Ȣ ᶻ  

  
Ȣ   Ȣ ᶻ   Ȣ ᶻ  Ȣ ᶻ  

 (6.2) 
 

 

where Gaplag  is the size of the lag gap in feet,  

   Vtarget is the speed of the target lane in miles/hour and  

    Vsubject is the speed of the subject vehicle in miles/hour. 

 
Table 6.2 Fitting results using a Logit link function 

Parameter Value Standard Error z value Pr(>|z|) 

ʲл όLƴǘŜǊŎŜǇǘύ -1.493 0.736 -2.027 0.043 
ʲм ό[ŀƎ DŀǇύ 0.054 0.011 4.676 0.000 

ʲо ό{ǳōƧect Speed) 0.119 0.043 2.748 0.006 
ʲп ό¢ŀǊƎŜǘ [ŀƴŜ {ǇŜŜŘύ -0.088 0.041 -2.163 0.031 

AIC 166.71    

 

Table 6.3 Fitting results using a Probit link function 

Parameter Value Standard Error z value Pr(>|z|) 

ʲл όLƴǘŜǊŎŜǇǘύ -0.833 0.428 -1.947 0.052 
ʲм ό[ŀƎ DŀǇύ 0.027 0.006 4.818 0.000 

ʲо ό{ǳōƧŜŎǘ {ǇŜŜŘύ 0.075 0.025 3.015 0.003 
ʲп ό¢ŀǊƎŜǘ [ŀƴŜ {ǇŜŜŘύ -0.053 0.024 -2.227 0.026 

AIC 168.54    

 

 Evaluating the goodness of fit of the proposed model was based on the Hosmer 
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Lemeshow statistical test since a simple Chi Square test would not capture well the 

binary character of the predicted values. The Hosmer-Lemeshow statistic is a measure of 

lack of fit. Hosmer and Lemeshow recommend partitioning the observations into 10 

equal sized groups according to their predicted probabilities (Equation 6.3). The test 

statistic follows asymptotically a ὢdistribution with n-2 degrees of freedom (8 degrees 

of freedom in this case). 

 

Ὄ  В
ᶻ

    ͯ     ὢ          

(6.3) 

 

where       ὲ= Number of observations in the j
th
 group 

  ὕ = Вώ= Observed number of cases in the j
th
 group 

  Ὁ = Вὴ= Expected number of cases in the j
th
 group 

 The results obtained for the proposed model support the validity of the model with 

a Chi-Squared value being far away from the rejection region as presented in Figure 6.1. 

More specifically the p-value is 0.426 and the obtained Chi-Squared value is 8.074 

almost equal to the mean value of the Chi Square distribution, which is almost equal to 8 

(Table 6. 4). 

Table 6. 4 Hosmer-Lemeshow goodness of fit results 

X-squared DOF p-value 

8.074 8 0.426 
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Figure 6.1 Chi-Square Test 

 

 Figure 6.2 illustrates the fitted values with red color while the observed binary 

decisions are colored green. The objective of this effort was to obtain values 

corresponding to accepted gaps so that the predicted values will be above the line of 0.5. 

Since the decision was converted to a fair coin toss any obtained value over 0.5 leads to 

accepting the gap under the prevailing conditions. In the same manner for the rejected 

gaps the scatter of the predicted values should be below the line of 0.5. With pink color 

are the two regions which are least desired to observe predictions for the fitted model. 

The amount of predictions within those areas is limited. Thus it can be concluded based 

on both the Hosmer-Lemeshow test as well as by Figure 6.2 that the selected model 

provides a good fit to the collected data. 

Obtained 

Chi-Square 

value 

Rejection area 
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Figure 6.2 Model's Comparison with the collected observations 

6.2 %ÖÁÌÕÁÔÉÎÇ ÓÁÍÐÌÅȭÓ ÈÏÍÏÇÅÎÅÉÔÙ  
 

For the constructed dataset an additional effort to explore the sampleôs homogeneity or 

heterogeneity level was conducted by fitting a mixed effects generalized linear model 

(Lee, et al. 2006). The goal was to identify discrepancies between drivers decisions given 

that in reality drivers can be separated into groups based on the aggressiveness of their 

choices.  

 The collected observations consisted of successive observations for each driver so 

that its lane changing behavior can be described. In that way, a subsequent set of 

accepted and rejected gap measurements and their corresponding speed measurements 

were collected for each individual of the sample. Data were grouped based on the 

corresponding driver and a random intercept logit model was fitted to the different 

groups. In that way, assuming a random component for the intercept, associated to the 

driver that the decision belongs to, the developed three parameter logit model takes the 

form described in Equation 6.4. 



 

64 

 

0ÒὥὧὧὩὴὸὥὲὧὩȿὋὥὴ ȟὠ ȟὠ  = 
  ᶻ  ᶻ ᶻ

  
  ᶻ  ᶻ ᶻ  

               

(6.4) 

 

where Gaplag(ij)  is the size of the i
th
 lag gap in feet for the j

th
 driver,  

 Vtarget(ij) is the i
th
 speed of the target lane for the j

th
 driver,     

  Vsubject(ij) is the i
th
 speed of the subject vehicle for the j

th
 driver  

Uj is the effect of being in group j on the log-odds that the gap is accepted, also  

known as a level 2 residual with Ὗ  ͯ  ὔπȟ„  and 

 „  is the between groups (drivers) variance 

 Fitting the random intercept generalized linear model was completed using R 

software. The between groups variance after fitting the random intercept models appears 

to converge to zero which suggests that the sample is homogenous. This conclusion 

verified the initial assumption that the majority of drivers desiring to take advantage of 

the HOT facility will merge as soon as possible after entering the freeway. Thus HOT 

lane users will make as ñaggressiveò as possible decisions in order to join the HOT lane 

and avoid congestion. Table 6.5 presents the results of the fitting process for both the 

random effects component as well as the fixed effects component of the model. 

Table 6.5 Mixed effects model fitting results 

Fixed Effects Parameters Value Standard Error z value Pr(>|z|) 

ʲл όLƴǘŜǊŎŜǇǘύ -1.493 0.736 -2.027 0.043 
ʲм ό[ŀƎ DŀǇύ 0.054 0.011 4.676 0.000 
ʲо ό{ǳōƧŜŎǘ {ǇŜŜŘύ 0.119 0.043 2.748 0.006 
ʲп ό¢ŀǊƎŜǘ [ŀƴŜ {ǇŜŜŘύ -0.088 0.041 -2.163 0.031 
AIC 168.71    

Random effects  Variance Std. Dev.  

Uj  π π  
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Chapter 7  /ÐÔÉÍÁÌ ,ÁÎÅ #ÈÁÎÇÉÎÇ 2ÅÇÉÏÎ -ÏÄÅÌ 
 

 

In this Chapter the developed methodology for computing the optimal location and length 

of merging areas for forthcoming HOT facilities is presented. This methodology was 

constructed to support engineersô decisions on defining the Optimal Lane Changing 

Regions (OLCRs) on forthcoming HOT lane facilities that adopt a closed access 

philosophy. For most of their length, facilities following that design philosophy, restrict 

the interaction between vehicles on the HOT lane and its adjacent GPL and allow access 

only at selected areas usually between important exit and entrance ramps (e.g. Interstate 

394 Minneapolis, MN).  

 Utilizing the harvested trajectory data, as presented in Chapters 4 and 5, a 

methodology emulating the process according to which drivers traverse between the 

general purpose lanes while moving to the HOT lane was developed. The goal of this 

methodology was to reproduce the observed travel distances that drivers covered during 

their movement between the entrance ramp and the HOT lane.  

 After the proposed modelôs ability to emulate the desire lane changing activity was 

validated, an implementation strategy was developed so that engineers in the future can 

identify the OLCRs by evaluating the modelôs output at various demand levels. Demand 

for all lanes is considered to be equivalent to traffic density. In addition, under the 

assumption that lane changing is the same between cases that drivers move to their left 

and to their right the process was also able to account for vehicles desiring to merge out 

of the managed lane so that they can exit the freeway at the following exit ramp.  

 First, traffic flow was reconstructed for all the general purpose lanes; headways 

were sampled using the findings of a Fundamental Diagram investigation for each lane. 
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In this process the Gap Acceptance model presented in Chapter 6 was used to shape the 

time increments that vehicles spent on each lane. In addition, the time drivers spent 

between lanes after accepting a gap was replicated by drawing random numbers from a 

Log-normal distribution fitted to the corresponding measurements. Finally, an additional 

behavioral parameter describing the time that drivers spend before looking for an 

appropriate gap was also taken into account. The final outcomes of this methodology are 

advisory positions and lengths for merging areas on HOT facilities. 

 Ahmed, et al. (1996) developed a lane changing model that shares commonalities 

with the proposed methodology. In the proposed methodology in order to define the 

OLCR, drivers do not need to select a lane of their choice as in the model proposed by 

Ahmed et al. (1996); the examined driversô sample solely includes drivers that intend to 

use the HOT lane and will always move to the lane on their left. 

7.1 4ÒÁÆÆÉÃ &ÌÏ× ÒÅÃÏÎÓÔÒÕÃÔÉÏÎ 
 

Reconstructing traffic flow on the General Purpose Lanes (GPLs) was based on the 

findings of a Fundamental Diagram investigation, under the validated assumption that 

headways are following the Lognormal distribution for densities below capacity. This 

effort mainly considers density levels below the critical density for the sake of simplicity 

and follows closely Albert Einsteinôs quote ñEverything must be made as simple as 

possible. But not simplerò. Results will also be presented though for density levels 

exceeding the critical density of the facility by relaxing the condition of independent 

selection of headways as will be demonstrated in a later section. 

 Based on the harvested trajectory measurements, it was shown that working with 

densities below the critical density does not affect the value of the results significantly. 
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Figure 7.1 presents two boxplots, one for observed trajectory lengths for traffic 

conditions below capacity and another for traffic conditions exceeding capacity. On each 

box, the central mark is the median, the edges of the box are the 25th and 75th 

percentiles, the whiskers extend to the most extreme data points not considered outliers, 

and outliers are plotted individually. As observed, the ranges of the two sub-datasets as 

well as the 75
th
 percentiles are equal while the 25

th
 percentile for the distances harvested 

for prevailing conditions above the critical density is significantly lower than for the 

cases corresponding to traffic conditions below the critical density.  

 The difference between the two boxes can be overseen since this discrepancy will 

result in vehicles merging before the proposed position of the gate for traffic conditions 

above the critical density. Thus, drivers will reach the adjacent lane to the HOT before 

the proposed gate and they will be able to merge as soon as an opening becomes 

available. Figure 7.2 presents the Cumulative Distribution Function of the constructed 

dataset and will be later used to evaluate the output of the OLCR model.  

 

Figure 7.1 Comparison between trajectory lengths for cases above and below capacity 
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Figure 7.2 Cumulative Distribution Function for of the harvested trajectory lengths 

 

Fundamental Diagram investigation 

 As mentioned above, a Fundamental diagram investigation first took place in order 

to define quantities such as free flow speed and jam density for each lane. The bell-

shaped FD proposed by Greenshields, et al. (1935) was fitted to data extracted for each 

lane of the examined freeway segment. The decision for using Greenshieldôs model 

instead of another FD, such as the Triangular shaped FD (Newell, 2002), was motivated 

by the fact that a mild speed differential was desired between the general purpose lanes. 

Using the triangular shaped FD would assign only the free flow speed to the simulated 

streams and thus a miniscule speed differential would be achieved between the GPLs; the 

modeling efforts of this study are mainly bounded by the capacity of each lane. Figure 

7.3 demonstrates the aforementioned speed-density, flow-density and speed flow 

relationships for the FD proposed by Greenshieldôs.  
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Figure 7.3 Fundamental relationships (Immers and Logghe 2002) 

 

For Greenshieldôs model the speed ï density relationship is described by Equation 7.1, 

while the flow ï density and flow-speed relationships are presented in Equations 7.2 and 

7.3. 

ό Ὗ Ὧ Ὧ Ὧ           

 (7.1) 

ή ὗ Ὧ ὯὯ Ὧ           

 (7.2) 

ή Ὗ ή Ὧόρ           

 (7.3) 

 The fitted parameters for the FD of each lane are presented in Table 7.1 while 

Figure 7.4 Fitted Fundamental Diagram Lane 1 to Figure 7.7 present the fitted curves 
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with the harvested data being superimposed. As shown a very high R Squared value was 

achieved in all cases with the lowest being close to 86 %. The lowest value was achieved 

for the most right lane and stems from the larger amount of congestion that this lane 

experienced compared to the rest four lanes. This lead to a more disperse scatter in the 

right side of the parabola. For the rest of the lanes the R
2
 value obtained was over 90 % 

capturing the collected data with high accuracy. The fitted curves were used instead of 

raw data to derive the corresponding speed and flow given the desired value of density.  

Table 7.1 Fundamental Diagram fitted parameters 

Lane ◊█ □░■▄▼Ⱦ▐▫◊►  ▓▒ ○▄▐░■▄▼Ⱦ □░■▄  R
2
 (%) 

1 70.6 102.7 86.4 

2 69.2 112.1 99.5 

3 72.3 99.4 90.3 

4 77 101.2 99.6 

 

 

Figure 7.4 Fitted Fundamental Diagram Lane 1 
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Figure 7.5 Fitted Fundamental Diagram Lane 2 

 

 

Figure 7.6 Fitted Fundamental Diagram Lane 3 

 

 

Figure 7.7 Fitted Fundamental Diagram Lane 4 

 

 To address what is the most appropriate distribution for describing the collected 

headway measurements, several distributions were tested including the Exponential, the 

Normal the Weibull and the Lognormal. Headway measurements were first connected to 
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their corresponding density measurements. For this step only headways corresponding to 

traffic conditions below capacity were considered. The Lognormal distribution provided 

the best fit based on the Maximum Likelihood value among the tested distributions 

(Exponential, Normal and Weibull). 

 A mixed programming formulation was constructed to partition headways based on 

their corresponding density so that a more accurate fit could be achieved using more than 

one set of parameters of the Lognormal distribution. The reason for developing such a 

methodology was that the most accurate Coefficient of Variation for the fitted Lognormal 

distribution could be computed.  

 This formulation aimed in minimizing the infinity norm between the empirical 

distribution of the observed data and the fitted distribution using a set of Lognormal 

distributions. The infinity norm is the maximum difference between the two distributions 

as described in Equation 7.4. Ideally, if the norm converges to zero then the two 

distributions are the same as proved by the Glivenko-Cantelli Theorem (Wellner, 1977). 

Figure 7.8 Sup-Norm illustrates an example of the aforementioned sup-norm. 

 

ᴁὊ Ὂᴁ ÓÕÐɴᴙ ȿὊ ὼ Ὂὼȿ         

 (7.4) 
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Figure 7.8 Sup-Norm 

 

 In the following formulation the boundaries between subsequent partitions are 

denoted by ό, the number of partitions is denoted by N with Nmax being the maximum 

number of partitions examined. Dmax is the density at capacity and K is the value that the 

sup-norm obtains. The obtained value of the sup-norm is proportional to the length of the 

density region the problem becomes: 

 

 

άὭὲὭάὭᾀὩ ό ό ὑz ȟ ἻἽἪἲἭἫἼ Ἴἷ 

ὔ ὔ  

ό ό Ễ ό  

όᶰπ  ȟ  Ὀ  

ύὬὩὶὩ ὑ Ὢόȟό  

 Computing the sup-norm between the two distributions was performed using a 

Monte Carlo framework. The initial conditions were values for όȣό . For those 

conditions the Lognormal distribution was fitted to the headway subset for each region 
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and based on the estimated parameters a large sample was generated. Subsequently, the 

sup-norm between the empirical distribution of measured headways and the fitted 

distribution was computed. The constructed formulation utilizes the Optimization 

Toolbox in Matlab and aims in shifting the boundaries between the density regions in 

order to minimize the difference between the two distributions.  

 Deciding about the optimal number of partitions was conducted by interpreting the 

output of the algorithm. Specifically, after optimal values for the boundaries of each 

number of partitions were obtained, a weighted sum of the sup-norms for the different 

subsets of each partition was computed. The partition with the minimum value for the 

sup-norm was the solution to the problem. Despite the simple formulation and the 

limitations of the optimization toolbox a decrease in the sup-norm was observed and 

finally the optimal partitioning was concluded to correspond to two regions with a 

breakpoint in the density domain at 29.6 vehicles/mile. The corresponding value for the 

sup-norm was 2.1 % (Table 7. 2). The largest number of partitions tested was 5 due to 

high computational effort that was required. Figure 7.9 presents the comparison between 

the estimated and the empirical cumulative distribution function for the two selected 

regions with a very accurate fit being achieved. 

Table 7. 2 Optimal Sup-Norm values for various partitions 

Number of Partitions Sup-norm (percentage) 

1 3 

2 2.1 

3 3.4 

4 3.3 

5 3.8 
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Figure 7.9 Comparison for Optimal Partitioning between estimated and observed CDFs 

 

 Under the assumption that headways are independent and identically distributed, a 

random number generator following a lognormal surface of distributions was responsible 

for reconstructing the desired headway sequences. The mean value of the generated 

headway sample had to vary, reflecting the fluctuations in density. Given the 

Fundamental relationship between flow and density as derived from Greenshieldôs FD 

the mean value for the headway sample is presented in Equation 7.5 as the inverse of 

flow:  

 

Ὤ ό Ὧzz ρ           

 (7.5) 

 

 The second parameter that had to be computed was the standard deviation of the 

simulated sample; this step utilized the findings of the partitioning problem. The 

Coefficient of Variation (CV) for each region was computed in an effort to connect the 
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mean of the distribution with its variance based on the collected data. Equation 7.6 

presents the estimator that derives the CV based on the standard deviation of the two 

samples (Koopmans, et al. 1964).  

 

ὅ Ὡ ρ            

 (7.6) 

where Ὓ  is the sample standard deviation of the data after a natural log transformation 

 

 For the density region between 0 and 29.6 vehicles the samples estimated CV was 

0.98 and for the region between 29.6 vehicles/mile and 51 vehicles/mile (critical density) 

was equal to 0.82. The CV used for computing the standard deviation of the sample was 

decided to be equal to the average of the two computed values (0.88). Equation 7.7 gives 

the standard deviation for a selected mean value given the CV. 

 

ίὸὨὩὺὬz ὅ             

 (7.7) 

 

 Thus, for the given mean and the estimated standard deviation, the parameters for 

the Lognormal distribution were computed by Equations 7.8 and 7.9. 

 

άό ÌÎ
  
                

 (7.8) 
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ίὭὫάὥ ÌÎ              

(7.9) 

 

 Figure 7.10 presents the surface of probability density functions for the range of the 

examined traffic conditions based on the results of this investigation. The presented 

surface covers the whole spectrum of density that this step covers ranging between 5 

vehicles/mile and 51 vehicles/mile. It can be seen that as density values increase, the 

mode of the distribution is shifting to the right delivering larger headway values. This is 

intuitively explained by considering that vehicles follow their leaders in shorter distances 

as density increases. 

 

Figure 7.10 Surface of Lognormal distributions for Headway sequence reconstruction 

 

 

 The assumption of independence was tested empirically using Autocorrelation 

functions (Box, et al. 2011) for a number of different sequences of observed headways. 
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One example is presented in Figure 7.11 for a time series of headways covering densities 

between 20 and 25 vehicles/mile; it can be seen that the autocorrelation function exceeds 

the computed 95 % confidence intervals only for two lags supporting the lack of 

dependence between successive headway selections. Those two values do not have a 

particular meaning in affecting decisions between drivers since a driver that is 15 

positions upstream in the sequence (observed lag) cannot be affected by a vehicle that is 

15 positions ahead of it. The assumption of independence was not supported for headway 

sequences exceeding the critical density. Simulation results will be presented for both 

conditions below the critical density as well as conditions that exceed the critical density. 

 

Figure 7.11 Autocorrelation Function for headway time series with 95 % confidence intervals 

 

Car following 

 After the mechanism responsible for reconstructing headway sequences was 

described, a fairly simple, rule based, car-following mechanism was developed so that 

trajectories can be generated. More specifically, vehicles moving faster than their leader 

would match their leadersô speed if a headway threshold was violated.  

 Quantifying the aforementioned headway threshold was conducted by separating 
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vehicles in platoon followers and platoon leaders based on either a space threshold of 280 

feet or a time threshold of 3.1 seconds. Previous studies have used the same manner of 

distinguishing vehicles in the two aforementioned groups by either a space threshold of 

250 feet or a time threshold of 4.0 seconds (Benekohal, et al. 2004). In the present study, 

the two separation parameters were tuned in order to separate headways. Figure 7.12 

presents the resulting histograms of headways corresponding to platoon follower and 

platoon leaders while Figure 7.13 presents a boxplot in an effort to present the 

characteristics of the follower headways sample. 

 

Figure 7.12 Follower and Leader headway histograms 

 

Figure 7.13 Follower Headways Boxplots 

 

 To replicate driversô willingness to approach their leader a stochastic threshold was 
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used for each driver of the simulated stream. In particular, using the 25
th
 percentile of the 

followersô headways as the mean of an exponential distribution the aforementioned 

threshold was sampled for each vehicle. If the followers moved at a higher speed than 

their leaders and the headway threshold was violated, then followers would match the 

speed of their leaders. 

 Individual vehicle speeds were derived by sampling from a normal distribution with 

a mean equal to the prevailing speed of the GPL and a standard deviation equal to 3 

feet/second. The reason supporting this desired variation in speed was based on the need 

for gaps to fluctuate over time. Figure 7.14 presents generated trajectories for a 5 minute 

interval for the most right lane, while Figure 7.15 presents the multilevel field of 

trajectories for all the GPLs participating in the experiment.  

 

Figure 7.14 Sample vehicle trajectories for Lane 3 

 














































































































































