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ABSTRACT  

The independent operation of freeway ramp meters and the adjacent arterial traffic signals often causes 
queue spillback on the freeway on-ramps and the surface street network that result in activation of queue 
override, which negates the benefits of ramp metering.  The objectives of this study are to develop and 
implement a control algorithm for coordinated operation of metered freeway on-ramps and adjacent 
signalized intersections. The report describes the research performed in phase IIA of the project: 
development of a control algorithm, test site selection, and evaluation of a proposed algorithm on the test 
site through simulation.  The field implementation and testing of the proposed algorithm at the selected test 
site will take place in the upcoming phase IIB of the project. 

A control algorithm was developed and evaluated at a real-world test site. The algorithm considers the 
available on-ramp storage and dynamically reduces the cycle length in order to avoid on-ramp queue 
spillback and mitigate unnecessary delay in the conflicting directions.  The simulation results show the 
proposed coordination strategy eliminated the queue spillback on the metered on-ramps that activate the 
queue override.  This resulted in 17.9% reduction on freeway delay. The analysis of field data on bottleneck 
discharge flows indicate that the proposed strategy may improve the freeway capacity by 5 to 10 percent. 
The delay on the parallel arterial was increased on the approaches feeding the on-ramps but decreased on 
the rest of the signal controlled approaches. The system-wide delay was reduced by 7 percent. 
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EXECUTIVE SUMMARY  

Objectives and Methodology 

Integrated corridor management (ICM) of highway facilities comprised of freeways and adjacent arterial 
streets offers considerable potential in managing traffic congestion and reducing adverse environmental 
impacts.  However, currently freeway control systems (mostly on-ramp ramp metering) and the traffic 
signals on adjacent arterial facilitating freeway access operate independently under day-to-day recurrent 
conditions. 

The objectives of the research project described in this report are to develop and implement a control 
algorithm to manage the entry of vehicles on the on-ramp through signal timing changes at the  intersections 
along adjacent arterial(s). The research effort is a continuation of a previous PATH research project that 
developed a control algorithm for coordinating a single freeway metered on-ramp with an adjacent isolated 
signalized intersection. This report describes the research performed in phase IIA of the project: 
development of a control algorithm, test site selection, and evaluation of a proposed algorithm on the test 
site through simulation.  The field implementation and testing of the proposed algorithm at the selected test 
site will take place in the upcoming phase IIB of the project. 

 Literature Review: Existing studies have focused on diversion strategies for freeway traffic to 
arterials under incident conditions. Control strategies proposed to manage arterial traffic to prevent 
overflow on freeway on-ramps have shortcomings. Furthermore there is a lack of field 
implementation and evaluation of freeway arterial coordination strategies. 

 Test Site Selection: The selected site is a three mile section of northbound I-680 from Alum Rock 
Ave. to Berryless Rd. and a section of Capitol Ave. arterial with 5 signalized intersections in the 
city of San Jose.  The site selection was based on several criteria including I) presence of active 
bottlenecks in the test section, ii) free-flow conditions at the study section boundaries, ii) functional 
loop detector system, iv) size: the freeway segment should be up to 5 miles, and the parallel arterial 
should have no more than 5 major signalized intersections and v) cooperation among jurisdictions 
managing the system.  The test site was simulated with the AIMSUN microscopic simulation model. 
The model was calibrated against field data to reasonably replicate observed traffic conditions. 

 Development of Control Strategies:  Three control strategies have been developed to manage the 
entry of arterial traffic on the freeway on-ramp to avoid queue spillover.  The first algorithm is an 
extension of the algorithm originally developed in the previous PATH project and adjusts both the 
metering rates and signal settings.  The second algorithm adjusts the arterial signal settings taking 
into account the platoons on the arterial.  The third algorithm attempts to minimize the on-ramp 
queues through changes of the cycle length at the adjacent signals.  The third algorithm (queue 
length minimization) was selected for evaluation through simulation at the test site.     

 Empirical Study: A field study has been conducted at one of the active bottlenecks at the selected 
site to field measure the changes in freeway discharge rate (capacity) due to the activation of queue 
override. Data were collected over ten weekdays using video cameras.  Traffic flows on the freeway 
mainline and on-ramp were recorded an analyzed for the 7:00-9:30 AM peak period. 
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Summary of the Findings and Recommendations 

The simulation results show the proposed coordination strategy eliminated the queue spillback on the 
metered on-ramps that activate the queue override.  This resulted in 17.9% reduction on freeway delay. The 
analysis of field data on bottleneck discharge flows indicate that the proposed strategy may improve the 
freeway capacity by 5 to 10 percent.  The delay on the parallel arterial was increased on the approaches 
feeding the on-ramps but decreased on the rest of the signal controlled approaches. The system-wide delay 
was reduced by 7 percent. 

The proposed control algorithm can be used with any freeway on-ramp metering algorithm. The proposed 
algorithm is simple and readily implementable at most freeway corridors with metered on-ramps and 
adjacent signalized arterials without additional instrumentation.  

The next step in the ongoing research is conducting the Phase IIB of the project: field implementation and 
testing of the control algorithm at the selected test site.  This phase of the project involves the following 
major tasks: a) strategy software implementation and testing, b) field implementation, c) data collection on 
traffic performance on both freeway and arterial intersections, and d) analysis of field data to assess 
algorithm performance and develop guidelines for statewide implementation. 
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CHAPTER 1  

INTRODUCTION  

1.1 Problem Statement 

Integrated corridor management (ICM) of highway facilities comprised of freeways and adjacent arterial 
streets offers considerable potential in managing traffic congestion and reducing adverse environmental 
impacts.  However, currently freeway control systems (mostly on-ramp ramp metering) and the traffic 
signals on adjacent arterial facilitating freeway access operate independently under day-to-day recurrent 
conditions. 

During peak hours, freeway ramp metering restricts the flow of on-ramp traffic entering the freeway 
mainline in order to reduce the conflict between on-ramp and mainline traffic. Such approach mitigates or 
prevents capacity drop at locations with high on-ramp demand, and therefore maximizes the capacity of the 
freeway (mainline and on-ramp). However, under independent operation, the arterial traffic signals 
facilitating freeway access fail to recognize that the metered on-ramps are oversaturated due to reduced 
capacity and limited storage space. Instead, the arterial traffic signals respond to the peak hour demand by 
providing long cycles therefore long green durations and progressively coordinating traffic signals along 
the major arterial that channels traffic entering the freeway, in order to maximize arterial capacity. This 
may lead to platoons of arterial traffic advancing to the oversaturated on-ramps and thus excessive queues 
on the on-ramps, which can cause spillback on the adjacent arterial. The queue spillback will not only 
impede the conflicting directions of the arterial traffic, it will also necessitate queue override at the metered 
on-ramps, which releases the on-ramp queue onto the freeway and reduces its capacity. 

1.2 Project Objectives 

The objectives of the research project described in this report are to develop and implement a control 
algorithm to manage the entry of vehicles on the on-ramp through signal timing changes at the  intersections 
along adjacent arterial(s). The proposed algorithm is an extension of a control algorithm that was originally 
developed in a previous PATH for coordinating a single freeway metered on-ramp with an adjacent isolated 
signalized intersection [12]. The report describes the research performed in phase IIA of the project: 
development of a control algorithm, test site selection, and evaluation of a proposed algorithm on the test 
site through simulation.  The field implementation and testing of the proposed algorithm at the selected test 
site will take place in the upcoming phase IIB of the project. 

1.3 Report Organization 

Chapter 2 provides an overview of recent research in the area of coordinating freeway ramp metering and 
arterial traffic signals.  Chapter 3 describes the test site selection process, and presents the characteristics 
of the selected site. Chapter 4 describes the three control strategies developed and the recommended control 
strategy to be tested in simulation and the field. Chapter 5 details the microscopic simulation model, its 
calibrated procedures, and the results of the simulations tests.  Chapter 6 presents the results from a field 
study on the effect of queue override on the freeway discharge rate, performed to supplement the simulation 
results. The final chapter 7 summarizes the study findings and recommends the appropriate control strategy 
to be tested in the upcoming field implementation. 
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CHAPTER 2 

LITERATURE REVIEW 

Existing research has focused on development of optimization algorithms and routing models for integrated 
control of freeway-arterial corridor system with emphasis on non-recurrent (incident related) congestion. 
Other approaches focus on control strategies for freeway interchanges to avoid off-ramp queue spillback, 
and algorithms that prevent overflow on metered ramps that adversely affect arterial operations under 
recurrent congestion. Representative approaches are presented in the next three sections.  

2.1 Freeway Traffic Diversion 

There are several studies on diverting freeway traffic onto adjacent arterials, mostly in non-recurrent 
conditions such as incidents on freeways. Such scenarios typically involve how to effectively utilize the 
spare capacity of the adjacent arterials in the event of temporary freeway capacity reduction, in order to 
prevent major freeway breakdown. They do not address how to efficiently coordinate metered on-ramps 
and adjacent arterials. 

Recently, the Federal Highway Administration released a manual for coordinated freeway and arterial 
operation [1] but the document does not provide any control strategies for coordinated operation of freeway 
and arterial. This document outlined the practical issues such as institutional barriers, technological 
challenges, and integration of intelligent transportation systems. The manual also provided examples of 
freeway-arterial corridors that have implemented coordinated operation schemes, however, these examples 
only show how local arterials can be coordinated with the freeway in the event of an incident and help 
divert some freeway traffic by utilizing the excess capacity on the local arterials. 

Control strategies for traffic diversion adjust ramp metering rates and arterial traffic signal timing plans in 
order to facilitate high volumes of freeway traffic exit the freeway, travel on the adjacent parallel arterial 
efficiently, and quickly return to the freeway immediately downstream of a capacity-constrained location 
such as an area with incidents. Tian et al [2] proposed a traffic-responsive coordination strategy that extends 
the green times corresponding to the freeway off-ramps and parallel arterial and maximizes ramp meter 
rates of the downstream on-ramps based on real time queue detection on the freeway, and it was shown to 
be effective for freeway-arterial corridors with consecutive diamond interchanges. In addition, the work by 
Zhang et al [3] tested a similar approach at a corridor with various configurations of freeway interchanges. 
Other works in this area include an optimization-based coordination strategy that minimizes corridor level 
delay during incident diversion [4], an empirical study of the effect of dynamic traveler information on the 
amount of freeway traffic diverted and the corridor-wide performance [5], and a control strategy for 
diverting traffic from the freeway to the adjacent arterials with significant spare capacity, in the event of 
periodic freeway capacity reduction [6]. 

2.2 Off-ramp Bottleneck 

Several studies investigated the queue spillback of off-ramp freeway traffic onto the freeway mainline. Off-
ramp bottlenecks typically are created because of inefficient signal timing at the downstream end of the 
freeway off-ramp, when it intersects the adjacent arterial.  Recently Yang et al [7] proposed conditional 
signal priority for off-ramp traffic in order to mitigate the impact of off-ramp spillback on freeway 
performance, and this was enhanced in [8] by incorporating downstream arterial signal progression to 
quickly discharge the off-ramp queue and further reduce the impact of off-ramp spillback. 
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2.3 Coordination of Freeway On-ramp and Adjacent Arterial 

Few studies have addressed the inefficient control of freeway ramp metering and the nearby arterial corridor 
facilitating freeway access in the day-to-day recurrent conditions, and no generalizable control strategies 
have been implemented. 

Tian et al [9] developed an algorithm for diamond interchanges that reduces green durations for movements 
with on-ramp access to prevent on-ramp queue spillback, under the same cycle length. This approach may 
cause spillback of on-ramp demand onto the upstream arterial, especially under long cycle lengths, and 
temporary activation of queue override. 

Recker et al [10] developed a system-wide optimization model for ramp metering and traffic signals from 
stochastic queuing theory, but the improvement observed after implementing the control strategy at a 
network of freeways and arterials was a result of using a more efficient ramp metering control, rather than 
coordination of ramp metering and traffic signals. Moreover, the proposed approach requires solving non-
linear optimization in real time, which is computationally intensive and not feasible in most situations. 

Other research efforts focused only on control of isolated signalized intersections at or adjacent to freeway 
on-ramps. For example, Li and Tao [11] proposed a signal optimization model for an arterial at an isolated 
freeway interchange using the cell transmission model but neglected ramp metering in their algorithm. 

In a recently completed PATH project (Coordination of Freeway Ramp Meters and Arterial Traffic Signals 
Phase I [12] a signal optimization model was developed that takes the ramp meter rate and on-ramp queue 
length into account, for an isolated diamond interchange. A brief field test was conducted to show that 
coordination of freeway ramp metering and arterial traffic signals is technologically feasible and 
implementable in the real world. However, similar to the method by Tian et al [9], the proposed algorithm 
simply reallocated green times without changing the cycle length, therefore it provided unnecessarily long 
green durations for the conflicting movements and disregarded the potential queue spillback into the 
upstream arterial intersection. Furthermore, the impact of queue override was not considered. 

2.4 Summary of Literature Review 

Existing studies have focused on diversion strategies for freeway traffic to arterials under incident 
conditions. Control strategies proposed to manage arterial traffic to prevent overflow on freeway on-ramps 
have shortcomings. Furthermore there is a lack of field implementation and evaluation of freeway arterial 
coordination strategies. 
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CHAPTER 3  

TEST SITE SELECTION  

This chapter describes the process of test site selection and the characteristics of the site selected for testing 
the control strategies for coordination of freeway on-ramp metering and arterial signal control. The selected 
site should be representative of typical freeway corridor segments (4 to 6 mile long) with at least one 
adjacent arterial facilitating freeway access.  The selected corridor should satisfy the following criteria: 

3.1 Site Selection Criteria 

(1) The freeway corridor should have 3 to 5 freeway-arterial interchanges; 

(2) The freeway corridor must not contain any freeway-freeway interchanges; 

(3) At least one recurrent bottleneck must be observed during either the morning or the evening peak 
hours, preferable in only one direction of the freeway; 

(4) The recurrent bottleneck(s) must be caused by the high on-ramp demand;  

(5) Under recurrent conditions, the bottlenecks observed along the freeway corridor must be isolated 
(free-flow conditions at the upstream and downstream ends of the corridor); 

(6) The physical capacity of a section is fixed except for lane reduction caused by lane closure due to 
incident/accident; 

(7) The freeway corridor must have low frequency of incidents that contribute to non-recurrent delay; 

(8) The length of the freeway on-ramps should not be too short or too long (ideally, they should 
accommodate 30 to 50 queued vehicles); 

(9) The corridor must contain at least one parallel arterial adjacent to the freeway; 

(10) The parallel arterial(s) must connect the arterials that have interchanges with and are perpendicular 
to the freeway; 

(11) The parallel and perpendicular arterials adjacent to the freeway should be primarily used to 
facilitate freeway access; 

(12) High demand from arterial to freeway should be the main cause of arterial congestion; 

(13) No more than 5 major signalized intersections along the parallel arterial; 

(14) There should not be high concentration of pedestrians crossing the arterial or bicyclists impeding 
the arterial traffic flow; 

(15) No active work zones on the freeway and the arterial; 

(16) Satisfactory detector health and properly functioning ramp meters and traffic signals; 

(17) Cooperation between the jurisdictions responsible for the operation and maintenance of the 
freeway ramp metering and arterial traffic signals control systems; 

(18) The selected site must be supported by centralized data acquisition and control system in order to 
coordinate freeway ramp-metering and arterial traffic signals for field implementation 
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(19) The selected site must be representative of freeway corridors with adjacent arterial(s) facilitating 
freeway access. 

3.2 Candidate Sites 

Six candidate test sites were identified based on extensive data analysis and input from Caltrans and the 
project panel. The maps of the candidate sites are shown in Figure 3.1 through 3.6. Tables 3.1 through 3.6 
detail whether the site selection criteria were satisfied. Unsatisfied criteria are highlighted in red. 

3.2.1 Candidate Site #1: I-80 Northbound PM Peak 

Segment of interest: Central Ave. to Pinole Valley Rd (9 miles) 

Parallel arterial: San Pablo Ave (15 major signalized intersections) 

Figure 3.1 Map of I-80 Northbound PM Peak and San Pablo Ave 
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Table 3.1 Comments for Candidate Site #1: I-80 Northbound PM Peak and San Pablo Ave 

Criteria Comments 
(1) There are 10 freeway-arterial interchanges. 
(2) No freeway-to-freeway interchange. 
(3) Multiple recurrent bottlenecks. 

(4) 
Recurrent congestion is mostly caused by high on-ramp demand but also high off-ramp 
demand at a few locations (i.e. San Pablo Dam Rd.). 

(5) 
Free-flow conditions can be observed upstream of Central Ave. (up to the I-580 split) and 
downstream of Pinole Valley Rd. 

(6) The freeway capacity is fixed. 

(7) 
There is relatively high frequency of incidents/accidents that contribute to significant non-
recurrent delay. 

(8) 
The on-ramp lengths fit the requirement with the exception of San Pablo Dam Rd. and Solano 
Ave. on-ramps. 

(9) San Pablo Ave. is a major arterial near the freeway. 

(10) 
San Pablo Ave. connects the perpendicular arterials with freeway access but the road geometry 
is less than ideal because San Pablo Ave is too far from I-80 downstream of San Pablo Dam 
Rd. 

(11) San Pablo Ave. is not primarily used to facilitate freeway access. 
(12) High demand for freeway access is not the main cause of oversaturation on San Pablo Ave. 
(13) There are roughly 15 major signalized intersections along San Pablo Ave. 
(14) There is limited pedestrian and bicyclist traffic due to the suburban setting. 

(15) 
There were no active work zones at the time of site selection but the schedule of future 
construction activities on the corridor conflict with the timelines for field data collection and 
implementation. 

(16) 
Very good detector health (almost 100% observed), and the traffic signals are properly 
functioning. 

(17) 
Cooperation among different jurisdictions is uncertain. Multiple agencies (i.e. City of El 
Cerrito, City of Richmond, City of San Pablo, etc.) must be involved, in addition to Caltrans. 

(18) 
Multiple agencies operate the arterial traffic signal, thus it is very difficult to have the site 
supported by centralized data system and control system. 

(19) 
The unique road geometry makes the site less representative of typical freeway-arterial 
corridors. 
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3.2.2 Candidate Site #2: I-680 Northbound AM Peak 

Segment of interest: Capitol Expy. To Berryessa Rd (4 miles)  

Parallel arterial: Capitol Ave (5 major signalized intersections)  

Figure 3.2 Map of I-680 Northbound AM Peak and Capitol Ave 
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Table 3.2 Comments for Candidate Site #2: I-680 Northbound AM Peak and Capitol Ave 

Criteria Comments 
(1) There are 4 freeway-arterial interchanges. 
(2) No freeway-to-freeway interchange. 
(3) Multiple recurrent bottlenecks. 
(4) Recurrent congestion is primarily caused by high on-ramp demand. 

(5) 
Free-flow conditions can be observed upstream of Capitol Expy., and downstream of 
Berryessa Rd.  

(6) The freeway capacity is fixed. 
(7) Very low frequency of incidents and non-recurrent delay. 
(8) The on-ramp lengths fit the requirement. There is sufficient storage on all on-ramps. 
(9) Capitol Ave. is a major arterial immediately adjacent to the freeway. 

(10) 
Capitol Ave. connects the perpendicular arterials with freeway access and the road geometry 
resemble that of a grid network. 

(11) Capitol Ave. is primarily used to facilitate freeway access during the morning peak. 
(12) High demand for freeway access is the main cause of oversaturation on the arterials. 
(13) There are 5 major signalized intersections along Capitol Ave. 
(14) There is limited pedestrian and bicyclist traffic due to the suburban setting. 

(15) 
There were no active work zones at the time of site selection. Construction activities for the 
bus rapid transit project on Alum Rock Ave. (perpendicular arterial) were scheduled to take 
place after field data collection and will complete before field implementation. 

(16) 
Good detector health due to newly installed detectors, and the traffic signals are properly 
functioning. 

(17) 
Agreement with the City of San Jose has been reached. Santa Clara County has to be involved 
but it operates only one signalized intersection (Capitol Ave. at Capitol Expy.). 

(18) 
Under the current agreement between City of San Jose and Caltrans, the site is supported by 
centralized data system and control system. However, cooperation with Santa Clara County 
is uncertain. 

(19) The road geometry resembles the typical freeway-arterial corridors. 
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3.2.3 Candidate Site #3: I-680 Northbound AM Peak 

Segment of interest: E. San Antonio St./Capitol Expy to Berryessa Rd (4 miles) 

Parallel arterial: Jackson Ave (5 major signalized intersections) 

Figure 3.3 Map of I-680 Northbound AM Peak and Jackson Ave 
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Table 3.3 Comments for Candidate Site #3: I-680 Northbound AM Peak and Jackson Ave 

Criteria Comments 
(1) There are 4 freeway-arterial interchanges. 
(2) No freeway-to-freeway interchange. 
(3) Multiple recurrent bottlenecks. 
(4) Recurrent congestion is primarily caused by high on-ramp demand. 

(5) 
Free-flow conditions can be observed upstream of Capitol Expy., and downstream of 
Berryessa Rd.  

(6) The freeway capacity is fixed. 
(7) Very low frequency of incidents and non-recurrent delay. 
(8) The on-ramp lengths fit the requirement. There is sufficient storage on all on-ramps. 
(9) Jackson Ave. is a major arterial immediately adjacent to the freeway. 

(10) 
Jackson Ave. connects the perpendicular arterials with freeway access and the road geometry 
resembles that of a grid network. 

(11) 
Jackson Ave. is used to facilitate freeway access during the morning peak but this is not the 
arterial’s primary function. 

(12) The demand for freeway access is not very high and the parallel arterial is not very saturated. 
(13) There are 5 major signalized intersections along Jackson Ave. 
(14) There is a fair amount of pedestrian traffic due to the presence of schools and hospitals nearby. 

(15) 
There were no active work zones at the time of site selection. Construction activities for the 
bus rapid transit project on Alum Rock Ave. (perpendicular arterial) were scheduled to take 
place after field data collection and will complete before field implementation. 

(16) 
Good detector health due to newly installed detectors, and the traffic signals are properly 
functioning. 

(17) 
Agreement with the City of San Jose have been reached. All of the signalized intersections 
are operated by the City of San Jose. 

(18) 
Under the current agreement between City of San Jose and Caltrans, the site is supported by 
centralized data system and control system. 

(19) The road geometry resembles the typical freeway-arterial corridors. 
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3.2.4 Candidate Site #4: SR-87 Northbound AM Peak 

Segment of interest: Branham Ln. to W. Alma Ave (4 miles) 

Parallel arterial: Almaden Expy (5 major signalized intersections) 

Figure 3.4 Map of SR-87 Northbound AM Peak and Almaden Expy 
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Table 3.4 Comments for Candidate Site #4: SR-87 Northbound AM Peak and Almaden Expy 

Criteria Comments 
(1) There are 4 freeway-arterial interchanges. 
(2) No freeway-to-freeway interchange. 
(3) Multiple recurrent bottlenecks. 
(4) Recurrent congestion is primarily caused by high on-ramp demand. 

(5) 
Free-flow conditions can be observed upstream of Capitol Expy., and downstream of Alma 
Ave. 

(6) The freeway capacity is fixed. 
(7) Very low frequency of incidents and non-recurrent delay. 
(8) The on-ramp lengths fit the requirement. There is sufficient storage on all on-ramps. 
(9) Almaden Expy. is the major arterial near the freeway but not very close to the freeway. 

(10) 
Almaden Expy. connects the perpendicular arterials with freeway access but the road 
geometry does not resemble a grid network. In addition, Almaden Expy. has grade separated 
interchanges rather than signalized intersections with a few of its perpendicular arterials. 

(11) 
Almaden Expy. is used to facilitate freeway access during the morning peak but this is not the 
arterial’s primary function. Almaden Expy. is often used as an alternate route to SR-87. 

(12) The demand for freeway access is very high and it is the primary cause of arterial congestion. 

(13) 
There are 5 major signalized intersections along Almaden Expy. but there are also two grade-
separated interchanges with the perpendicular arterials. 

(14) Very low pedestrian traffic due to the suburban setting. 

(15) 
There were no active work zones at the time of site selection. No construction planned for the 
duration of this project. 

(16) 
There is extensive coverage of detectors but not all of them are properly functioning. Those 
at the most important locations are in good condition. The traffic signals are working properly. 

(17) 
All of the signals on Almaden Expy. are operated by Santa Clara County. Cooperation from 
this agency is uncertain. 

(18) 
Under the current agreement between City of San Jose and Caltrans, the site is supported by 
centralized data system and control system. However, cooperation from Santa Clara County 
is also required but is uncertain and challenging to obtain. 

(19) The road geometry does not resemble the typical freeway-arterial corridors. 
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3.2.5 Candidate Site #5: US-101 Northbound AM Peak & PM Peak 

Segment of interest: Wilfred Ave. to Baker Ave (4 miles)  

Parallel arterial: Santa Rosa Ave (5 major signalized intersections)  

Figure 3.5 Map of US-101 Northbound AM/PM Peak and Santa Rosa Ave 
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Table 3.5 Comments for Candidate Site #5: US-101 Northbound AM/PM Peak and Santa Rosa Ave 

Criteria Comments 
(1) There are 5 freeway-arterial interchanges. 
(2) No freeway-to-freeway interchange. 
(3) Multiple recurrent bottlenecks. 
(4) Recurrent congestion is primarily caused by high on-ramp demand. 

(5) 
Free-flow conditions can be observed upstream of Wilfred Ave., and downstream of Baker 
Ave. 

(6) The freeway capacity is fixed. 
(7) Relatively low frequency of incidents and non-recurrent delay. 
(8) The on-ramp lengths fit the requirement. There is sufficient storage on all on-ramps. 
(9) Santa Rosa Ave. is the major arterial immediately adjacent to the freeway. 

(10) 
Santa Rosa Ave. connects the perpendicular arterials with freeway access and the road 
geometry somewhat resembles a grid network. 

(11) 
Santa Rosa Ave. is used to facilitate freeway access during the peak hours but it is also used 
as an alternate route to US 101 for shorter trips, mostly due to the rural setting (in areas further 
away from Santa Rosa) and relatively high speed limit. 

(12) The demand for freeway access is very high and it is the primary cause of arterial congestion. 
(13) There are 5 major signalized intersections along Santa Rosa Ave. 
(14) Very low pedestrian traffic due to the suburban setting. 

(15) 
There were no active work zones at the time of site selection. No construction planned for the 
duration of this project. 

(16) 
There is extensive coverage of detectors and video cameras on the freeway. The traffic signals 
are working properly. 

(17) 
Some signals are operated by the City of Santa Rosa while others are operated by the City of 
Rohnert Park. Cooperation from these agencies is uncertain. 

(18) 
Due to the uncertainty of whether the City of Santa Rosa and the City of Rohnert Park are 
willing to participate, whether the site will be supported by centralized data system and control 
system is unknown. 

(19) 
The road geometry somewhat resembles the typical freeway-arterial corridors. However, the 
perpendicular arterials do not connect opposite sides of the freeway. 
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3.2.6 Candidate Site #6: SR-4 Westbound AM Peak 

Segment of interest: Railroad Ave. to Willow Pass Rd (6 miles) 

Parallel arterial: Leland Rd (5 major signalized intersections) 

Figure 3.6 Map of SR-4 Westbound AM Peak and Leland Rd 
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Table 3.6 Comments for Candidate Site #6: SR-4 Westbound AM Peak and Leland Rd 

Criteria Comments 
(1) There are 5 freeway-arterial interchanges. 
(2) No freeway-to-freeway interchange. 
(3) Multiple recurrent bottlenecks. 
(4) Recurrent congestion is primarily caused by high on-ramp demand. 

(5) 
Free-flow conditions can be observed upstream of Railroad Ave., and downstream of Willow 
Pass Rd. 

(6) The freeway capacity is fixed. 
(7) Relatively low frequency of incidents and non-recurrent delay. 
(8) The on-ramp lengths fit the requirement. There is sufficient storage on all on-ramps. 
(9) Leland Rd. is the major arterial immediately adjacent to the freeway. 

(10) 
Leland Rd. connects the perpendicular arterials with freeway access and the road geometry 
somewhat resembles a grid network. 

(11) Leland Rd. is used to facilitate freeway access during the morning peak hours. 
(12) The demand for freeway access is very high and it is the primary cause of arterial congestion. 
(13) There are 5 major signalized intersections along Leland Rd. 
(14) Very low pedestrian traffic due to the suburban setting. 

(15) 
There were no active work zones at the time of site selection. No construction planned for the 
duration of this project. 

(16) The detector health is satisfactory. The traffic signals are working properly. 

(17) 
Some signals are operated by the City of Bay Point while others are operated by the City of 
Pittsburg. Cooperation from these agencies is uncertain. 

(18) 
Due to the uncertainty of whether the City of Bay Point and the City of Pittsburg are willing 
to participate, whether the site will be supported by centralized data system and control system 
is unknown. 

(19) The road geometry somewhat resembles the typical freeway-arterial corridors. 

3.3 Recommendation 

After careful consideration and discussion with the project panel, the 6 candidate sites were reduced to two 
candidate sites: I-680 Northbound AM Peak with Capitol Ave. as the parallel arterial and I-680 Northbound 
AM Peak with Jackson Ave. as the parallel arterial. The other four candidate sites were not selected by the 
project team due to lack of cooperation from the local jurisdictions in charge of the arterial traffic signal 
operations. Finally, the project team decided to select I-680 Northbound AM Peak with Capitol Ave. as the 
parallel arterial.  Both candidate sites share the same segment of freeway and both arterials have desirable 
road geometries, the site with Capitol Ave. as the parallel arterial is preferred due to the following reasons: 

 Majority of the traffic heading onto the congested northbound direction of the freeway come from 
the east side of the freeway, which is the area surrounding Capitol Ave.  

 City of San Jose strongly objected the inclusion of Jackson Ave as part of the corridor because 
various upgrades such as pedestrian signals and narrower road geometries have been planned in 
order to slow down traffic along the arterial and enhance pedestrian safety (Jackson Ave has 
relatively high volumes of pedestrian crossing and rates of pedestrian fatality). 

o Future field tests may jeopardize pedestrian safety. 
o improvements are unlikely due to pedestrian crossings rather than the interaction between 

freeway and arterial traffic becoming the major source of congestion on the arterial.  
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 Although there is concern about the transit signal priority (TSP) granted to the light rail vehicles 
that operate in the median of Capitol Ave, the relatively low frequency (every 15 minutes) and the 
field observations confirm that the TSP operation does not create operational issues. 

Lastly, the project team was required to adjust the scope of the project in order to account for the lack of 
cooperation from Santa Clara County. The most upstream signalized intersection was removed from the 
study site due to the institutional constraints, and the most upstream freeway bottleneck (at Capitol Expy, 
on-ramp) was excluded. The finally selected study site is shown in Figure 3.7. It includes a three mile 
section of Northbound I-680 (post mile 1.65 to 4.48), and a segment of Capitol Ave parallel arterial with 5 
signalized intersections. 

The site selection process resulted in the best possible site among the available sites available sites.  Also, 
it was a valuable experience in how to compromise between desired operating conditions (i.e. presence of 
bottlenecks) and practical constraints such as infrastructure, data availability and institutional barriers.    

Figure 3.7 Map of Updated Study Site and Freeway Detector Locations 
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3.4 Details of the Selected Site 

As shown in Figure 3.7, the selected site is a 3 mile section of I-680 from Alum Rock Ave. to Berryessa 
Rd. in San Jose, California. There are three recurrent bottlenecks on this stretch of I-680; they are located 
near the on-ramps from Berryessa Rd., McKee Rd., and Alum Rock Ave. At all three bottlenecks, high on-
ramp demand from of the westbound direction of Berryessa Rd., McKee Rd., or Alum Rock Ave., along 
with high on-ramp demand from both directions of Capitol Ave., result in high volumes of merging traffic 
entering the northbound freeway mainline during the morning peak (7:30-9:30 AM).  

One of the main reasons for morning peak demand in this stretch of highway is the increasing number of 
employment opportunities in the neighboring cities of Fremont and Milpitas. There are many trips generated 
from the densely populated residential areas surrounding San Jose in the south to the employment centers 
in Fremont and Milpitas in the north, during the morning peak period. 

This section of the freeway has 4 lanes in each direction, whereas the parallel arterial Capitol Ave., as well 
as Alum Rock Ave. and Berryessa Rd. all have 2 lanes in each direction. McKee Rd. has 3 lanes in each 
direction. Typically, merging traffic from the arterial causes average speed to decrease to about 20 mph 
near the Alum Rock on-ramp, 30 mph near the McKee on-ramp, and 40 mph near the Berryessa on-ramp. 
Refer to Figure 3.8 for a contour plot of average speeds of the selected freeway segment during a typical 
morning peak, and Figures 3.9 to 3.11 for flow and speed time series of each bottleneck during a typical 
morning peak. 

Figure 3.8: Speed Contour Plot of I-680 Northbound (Alum Rock Ave. to Berryessa Rd.) 
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Figure 3.9 Flow and Speed of I-680 Northbound near Alum Rock Ave. On-ramp 

Figure 3.10: Flow and Speed of I-680 Northbound near McKee Rd. On-ramp 

Figure 3.11: Flow and Speed of I-680 Northbound near Berryessa Rd. On-ramp 
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All of the on-ramps in this corridor are metered and the ramp meters operate under the local responsive 
demand-capacity approach. The metering rates are assigned based on various thresholds of freeway 
mainline occupancies immediately upstream of the merging or weaving area. The metering rates and their 
respective occupancy thresholds for each on-ramp are shown in Table 3.7 and Table 3.8. 

The signalized intersections of this corridor operate with time of day (TOD) coordinated actuated timing 
plans. The existing cycle lengths are relatively long (130 to 160 seconds) and the signal timing plan provides 
progression to the northbound direction, which is the one with higher demand. Refer to Tables 3.12 to 3.15 
for turning movement volumes and signal timing plans of the four major signalized intersections during a 
typical weekday morning peak. 

Table 3.7: Alum Rock Ave. AM Peak Ramp Metering Rates 

Time of Day 
Alum Rock Ave. (loop) Alum Rock Ave. (diagonal) 
Mainline 
Occupancy 

Meter Rate Mainline 
Occupancy 

Meter Rate 

6:00 – 7:00 AM 
≤ 3% No metering ≤ 4% No metering 
3% to 12% 900 vph/lane 4% to 14% 900 vph/lane 
≥ 12% 300 vph/lane ≥ 14% 560 vph/lane 

7:00 – 7:30 AM 
≤ 3% No metering ≤ 4% No metering 
3% to 5% 900 vph/lane 4% to 7% 900 vph/lane 
≥ 5% 300 vph/lane ≥ 7% 480 vph/lane 

7:30 – 9:00 AM 
≤ 3% No metering ≤ 4% No metering 
3% to 5% 900 vph/lane 4% to 7% 900 vph/lane 
≥ 5% 400 vph/lane ≥ 7% 480 vph/lane 

9:00 – 10:00 AM 
≤ 10% No metering ≤ 12% No metering 
10% to 12% 900 vph/lane 12% to 14% 900 vph/lane 
≥ 12% 360 vph/lane ≥ 14% 560 vph/lane 
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Table 3.8: McKee Rd. and Berryessa Rd. AM Peak Ramp Metering Rates 

Time of Day 
McKee Rd. Berryessa Rd. 
Mainline 
Occupancy 

Meter Rate Mainline 
Occupancy 

Meter Rate 

6:00 – 7:00 AM 
≤ 4% No metering ≤ 3% No metering 
4% to 14% 900 vph/lane 3% to 14% 900 vph/lane 
≥ 14% 420 vph/lane ≥ 14% 420 vph/lane 

7:00 – 7:15 AM 
≤ 4% No metering ≤ 3% No metering 
4% to 6% 900 vph/lane 3% to 5% 900 vph/lane 
≥ 6% 400 vph/lane ≥ 5% 560 vph/lane 

7:15 – 7:30 AM 
≤ 4% No metering ≤ 3% No metering 
4% to 6% 900 vph/lane 3% to 5% 900 vph/lane 
≥ 6% 560 vph/lane ≥ 5% 560 vph/lane 

7:30 – 7:45 AM 
≤ 4% No metering ≤ 3% No metering 
4% to 6% 900 vph/lane 3% to 5% 900 vph/lane 
≥ 6% 720 vph/lane ≥ 5% 600 vph/lane 

7:45 – 8:00 AM 
≤ 4% No metering ≤ 3% No metering 
4% to 6% 900 vph/lane 3% to 5% 900 vph/lane 
≥ 6% 720 vph/lane ≥ 5% 650 vph/lane 

8:00 – 8:15 AM 
≤ 4% No metering ≤ 3% No metering 
4% to 6% 900 vph/lane 3% to 5% 900 vph/lane 
≥ 6% 600 vph/lane ≥ 5% 600 vph/lane 

8:15 – 8:30 AM 
≤ 4% No metering ≤ 3% No metering 
4% to 6% 900 vph/lane 3% to 5% 900 vph/lane 
≥ 6% 400 vph/lane ≥ 5% 600 vph/lane 

8:30 – 9:00 AM 
≤ 4% No metering ≤ 3% No metering 
4% to 6% 900 vph/lane 3% to 5% 900 vph/lane 
≥ 6% 400 vph/lane ≥ 5% 510 vph/lane 

9:00 – 10:00 AM 
≤ 12% No metering ≤ 12% No metering 
12% to 14% 900 vph/lane 12% to 14% 900 vph/lane 
≥ 14% 420 vph/lane ≥ 14% 450 vph/lane 
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Figure 3.12: Signal Timing Plan and Typical Volumes at Capitol Ave. & Alum Rock Ave 

Figure 3.13: Signal Timing Plan and Typical Volumes at Capitol Ave. & Berryessa Rd 

Figure 3.14: Signal Timing Plan and Typical Volumes at Capitol Ave. & Mabury Rd 

Figure 3.15: Signal Timing Plan and Typical Volumes at Capitol Ave. & McKee Rd 
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CHAPTER 4 

PROPOSED CONTROL STRATEGIES FOR COORDINATION 

Three control strategies were developed for coordinating freeway ramp metering and arterial traffic signals. 
The most appropriate and readily implementable control strategy was selected for extensive simulation tests 
and field implementation. 

4.1 Control Strategy I: Ramp-Signal Control 

This strategy is an extension of the control strategy developed by Su el al [12] in the previous research 
project (Coordination of Freeway Ramp Meters and Arterial Traffic Signals Phase I - Field Operational 
Test (FOT), Contract #65A0405) for coordination of a freeway ramp meter and a single signalized 
intersection. The algorithm was extended for arterial developed a control strategy for coordinating freeway 
ramp metering and arterial streets. 

Freeway Ramp Metering 

The ramp metering algorithm is intended to maximize freeway capacity by restricting the flow of on-ramp 
traffic. The ramp metering control adopted is a variation of ALINEA [13] known as UP ALINEA. This 
approach adapts ALINEA to scenarios in which the detectors are located immediately upstream of the 
merging area instead of immediately downstream of the merging area, as required by ALINEA.  

Equation 4.1 shows how the ramp metering rates will be updated under ALINEA: 

ோ ሻ݇ܭ െ 1ሺൌ ݎሻ݇ሺݎ ሾ ሻ݇ െ 1ሺ௨௧െ   ො ሿ (4.1) 

where, 

-th time intervalk: metering rate at the ሻ݇ݎሺ 
: desired occupancy, usually the value of critical occupancy ො 

-th time intervalk: occupancy measured immediately downstream of the on-ramp during the ሻ݇ሺ௨௧ 
: regulator termோܭ 

The ramp meter rate is updated every cycle, at same frequency as the detector measurements are updated. 
Typically, a cycle lasts 30 seconds. 

For UP ALINEA, the occupancy downstream of the on-ramp is estimated instead of directly measured. The 
estimation is based on the occupancy measured upstream of the on-ramp, and the flows of the freeway 
mainlines and on-ramps. The estimation can be summarized as the following: 

If the measured upstream occupancy is less than or equal to the critical occupancy, then the estimated
 is: ሻ݇ሺ௨௧downstream occupancy 

ߣቇ ൬
ሻ݇ሺݍ

 
ሻ݇ሺݍ ቆ1  ሻ݇ሺൌ ௨௧ߣ ሻ݇ሺ௨௧ߙ

൰ (4.2)  

where, 

-th time intervalk: occupancy measured immediately upstream of the on-ramp during the ሻ݇ሺ 
-th time intervalk: on-ramp flow during the ሻ݇ሺݍ 

-th time intervalk: freeway mainline flow during the ሻ݇ሺݍ 
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 : number of lanes upstream of the on-rampߣ
 ௨௧: number of lanes downstream of the on-rampߣ
 tuning parameter :ߙ

would be: ሻ݇ሺ௨௧Otherwise, the estimated downstream occupancy 

 ሺ1 െ ሻߛ  ሻ݇ሺ′

100ܮ
 
 ௨௧ߣݓ

ൌ  ሺ݇ሻ݇ሺ௨௧ߛ െ  1ሻ′  (4.3)  

where, 

 ∙ߣ
௨௧ߣ

shockwave speed :ݓ
 tuning parameter :ߛ

: section length ܮ 

ሻ݇ሺൌ ′ ሻ݇ሺ ሻ݇ሺ∙  ݍ

Lastly, this proposed control for ramp metering does not incorporate queue override. 

Arterial Traffic Signals 

According to the work done in Phase I, the coordination strategy for an isolated arterial intersection adjacent 
to a freeway interchange balances the demand and supply of the green time of each phase while taking the 
capacity and queue length of the on-ramp into account, using a linear optimization model. The model 
assumes uniform arrivals, fixed phase sequence, constant lane capacities, and sufficient queue storage space 
downstream of the intersection unless a freeway on-ramp is located downstream. The objective function of 
the optimization model is shown in equation 4.4. 

ሻܶሺ݃
݊݅ܯ ߤ

 ݀ሻܶ െ 1ሺݍ
௦௧,݂ஷ 

∙ ∙ ሻܶሺߚ ݃ 

ሻܶሺ݃ۇ ۊ
െ ተݒ ተ ∙ ሻܶሺ ܥ ∙ ሻܶሺ ܥ ݀ሻܶ െ 1ሺݍ 

௦௧,݂ ی
 ۉ

ۈ  ۋ


 (4.4)  

ܣ ܴܴܣሺെ ሻߜ อ  ௦௧,݂൭  
 ∈ோ 

൱อ

where, 

: decision variable; optimal green time of phase ሻܶሺ݃

݀
ݍ

-th cycle ܶ and the ݅
: cycle length ܥ

-th cycle ܶ : uniform traffic demand (arrival rate) during the ሻܶሺ 
-th cycle ܶ : residual queue length at the end of the ሻܶሺ 

saturation flow of phase௦௧,݂
: indication that the downstream section of phase ܴ
ߚ

ܣavailable on-ramp storage space of ramp ܴ : ݎ
ܴܣ

݅
݅ has access to an on-ramp 

݅: proportion of the traffic in phase  that accesses the on-ramp (based on historical data) 

: available storage space of the arterial lanes with on-ramp access 
 : tuning parameters for phase prioritizationݒ ,ߤ
 .weighting factor for the penalty function :ߜ

The cycle length is assumed to be known in advance and is typically the network-wide optimal cycle length 
can be estimated by computing ܴܣ , andܴܣ ,ሻܶሺݍ used in the coordinated actuated arterial traffic signals. 
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the difference between the number of arrivals upstream and the number of departures downstream during 
the previous cycle.  

The expression 

 ݀ሻܶ െ 1ሺݍ

௦௧,݂

݃ , andܶ in cycle 

∙ ሻܶሺ ܥ

݅ is the supply of green time of phase ሻܶሺ ݅is the demand of green time of phase 
.ܶ 

∙ ݃௦௧,݂∑The expression 
adjacent intersection. The objective function penalizes the difference between the total flow discharged

, as illustrated in Figure 4.1. This penaltyܴܣ andܴܣ from the adjacent intersection and the sum of 

 in cycle 

ሺݐሻ ∙  ∈ோ is the maximum flow discharged toward freeway on-ramp r from theߚ

 function is intended to reduce green times to the turning movements that discharge traffic onto on-ramp ݎ
and the adjacent arterial lanes for on-ramp access can no longer accommodate the demand. ݎ when on-ramp 

This would reallocate the green times to the conflicting directions. Furthermore, this would mitigate the 
queue spillback of the freeway on-ramp and its immediate upstream areas thus prevent on-ramp traffic from 
blocking the intersection and therefore the need for queue override. As a result, the absence of queue 
override would prevent any further negative impact on the freeway performance. 

Figure 4.1 Arterial and Freeway On-ramp Queues 

Equations 4.5 to 4.7 are the constraints that address several practical limitations; equation 4.5 ensures that
݅ of phase ,ܩ the minimum green time related to traffic safety is satisfied, and equations 4.6 and 4.7 

ensures that the dual ring structure is followed. 

݃

ሻܶሺ ݃ሻܶሺହൌ ݃ሻܶሺଶ ݃ሻܶሺଵ݃

,  ሻܶሺ  (4.5)ܩ

(4.6)  
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 ݃ሺݐሻ ൌ ܥ  (4.7)
ୀଵିସ  ହି଼ 

Modification after Phase I 

In order for the approach presented in Phase I to be applicable at a corridor level, the interaction between 
adjacent signalized intersections must be considered. Thus, a new penalty term was added to the objective 
function presented in Phase I. The additional penalty term is the following: 

ሻܶሺ,ାଵݍ െݏെ   
∈ோ ఢ

௦௧,݂ߝ อ ൭  ∙  ሾ  ݈ሻܶሺ ሿ ൩൱อ (4.8)  

where,

 and the corresponding phase in the downstream intersection k of intersection i: offset between phaseሻܶሺ 
during the T-th cycle 

: start-up lost time ݈
: length of the downstream link (in number of vehicles) ݏ

ܶ of the downstream intersection at the end of cycle i: queue length of phaseሻܶሺ,ାଵݍ 
AR: indication that the downstream section is an arterial 
L: indicator for the downstream arterial link 
 weighting factor for the penalty function :ߝ

Figure 4.2 provides an illustration of the notations shown in Equation 4.8. 

Figure 4.2 Queues at Adjacent Signalized Intersections 

For adjacent signalized intersections, the offset between the corresponding phases of the upstream and 
downstream intersections causes the downstream intersection to initiate green at a later time, thus during 

 ݈ሻܶሺ

the time between the beginning of green of phase i of intersection k and the beginning of green of the 
∙௦௧,݂ i of intersection k iscorresponding phase in the downstream intersection, the flow through phase 

ሾ ሿ . In order to reduce the upstream green time when the downstream section cannot 
accommodate the flow discharged from the upstream intersection, the control strategy penalizes on the 
difference between the flow discharged upstream and the amount of queue storage space downstream so 
that more green time would be allocated to the conflicting directions instead. Thus, the new optimization 
model is formulated as the following: 
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ተ 
െ  ݒ

ሻܶሺ݃ ۊ
 ተۋ

ۇ
∙ ሻܶሺ ܥ  ۈ

ሻܶሺ ݃
݊݅ܯ ߤ

 ݀ሻܶ െ 1ሺݍ
௦௧,݂ஷ 

∙ ∙ ሻܶሺߚ ݃௦௧,݂൭   

 ∈ோ 

ሻܶሺ,ାଵݍ െݏെ ௦௧,݂ ൭  
∈ோ ఢ 

݃

 ݃ሺݐሻ ൌ ܥ  (4.12)
ୀଵିସ  ହି଼ 

However, this coordination strategy has its limitation because the arterial traffic signals are optimized under 
the less realistic assumption that vehicles arrive uniformly at the intersection. With signalized intersections 
nearby, this assumption no longer holds due to the fact that the time and distribution of arrivals from the 
upstream intersection depend heavily on the time at which the green phase begins and the duration of the 
green phase at the upstream intersection. Typically, traffic from the upstream intersection arrives in 
platoons during a short time interval instead of uniformly over a longer period of time. As a result, the 
misrepresentation of arrival pattern could have increased the delay of each turning movement at the selected 
intersection. Furthermore, this limitation would lead to less optimal results in the analysis of an arterial 
corridor as well. In order to address this limitation, a new coordination strategy was developed and is 
discussed in the next section. 

4.2 Control Strategy II: Arterial Green Time Re-allocation 

A new control strategy was developed to address the limitation of the previous method for signal 
optimization. In addition, the coordination strategy is no longer restricted to implementing ALINEA as the 
freeway ramp metering algorithm. 

Freeway Ramp Metering 

Unlike the previous control strategy, this proposed control strategy for coordinating arterial traffic signals 
and freeway ramp metering is not limited to any specific freeway ramp metering algorithm. Thus, the ramp 
metering algorithm does not have to be modified. The only change is the deactivation of queue override 
that is designed to releases on-ramp queues onto the freeway to prevent spillback, and this was neglected 
in the previous control strategy. 

With better arterial signal timing designed to prevent queue spillback and mitigate unnecessary penalties, 
the freeway ramp meter no longer needs queue override because the arterial traffic signals can now 
compensate for the negative impact of on-ramp queues on nearby arterials as a result of metering freeway 
on-ramps restrictively. This would mitigate the capacity drop as a result of releasing on-ramp queue on the 
freeway. 

∙ ሻܶሺ ܥ ݀ሻܶ െ 1ሺݍ 

௦௧,݂ ی
  ۉ

(4.9)  
ܣ ܴܴܣሺെ ሻ ߜ อ  ൱อ 

ሾ ሿ ߝ อ  ∙  ൩൱อ 

Subject to: 

 (4.10) 

(4.11)  

 ݈ሻܶሺ

,  ሻܶሺܩ

ሻܶሺ ݃ሻܶሺହൌ ݃ሻܶሺଶ ݃ሻܶሺଵ݃
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Arterial Traffic Signals 

A new control strategy for the signalized intersections near the freeway on-ramps was developed. 
According to this strategy, signal timings are optimized for all signalized intersections along the arterial 
every cycle, in order to minimize delay. Similar to the original coordination strategy, the cycle is assumed 
to be known in advance. 

The following notations will be used: 

 intersection index :ݑ
 [sec] ݑ at intersection ܶ in cycle : green time allocated to phase ,்

௨݃
௨ : minimum green time of phase ,݃ at intersection ݑ [sec] 

 [sec] ݑat intersection ݅: maximum green time of phase 
௨: total number of phases in a cycle for intersection ݑ

 [sec] ݑ: total lost time at intersection ௨ܮ 
: cycle length [sec] ܥ 

: red time from the beginning of the cycle to the beginning of the green for the subject lane ൯,்
௨൫݃௨ሻଵሺܴ

group 
: duration of effective green time for the subject lane group൯,்

௨൫݃,௨
ܩ 

: red time from the end of the green to the end of the cycle for the subject lane group ൯,்
௨൫݃௨ሻଶሺܴ

ೕ
ೠିଵ 

,்
௨݃ ൯ ൌ   ,்

௨൫݃௨ሻଵሺܴ
ୀଵ 

ೕ
ೠିଵ 

  ݕ 
௨ 

ୀଵ 

ೕ
ೠ ೕ

ೠିଵ 

,்
௨݃ ൯ ൌ   ,்

௨൫݃,௨
ܩ 

ୀೕ
ೠ 

  ݕ 
௨ 

ୀೕ
ೠ 

ூೠ 

,்
௨݃ ൯ ൌ   ,்

௨൫݃௨ሻଶሺܴ
ୀೕ
ೠାଵ 

ூೠ 

  ݕ 
௨ 

ୀೕ
ೠ 

ݑ ௨: yellow time interval after phase at intersectionݕ
்,at intersection ܶ in cycle ݅: green time for phaseݑ

௨

݃

: the first phase in a cycle that can serve lane group ௨
݇

: the last phase in a cycle that can serve lane group ௨
݈

The new optimization model is the following: 

Minimize 

ே ೠ 

ொ,௨ 
,்ܦ   

௨ୀଵ ୀଵ 

݅ at intersectionݑ
 at intersection ݑ 

ேೝ 

்
ܦ   

ୀଵ 

ே ೠ 

்,௨൯,்  ு,௨ܦ
,்ܦ൫  

௨ୀଵ ୀଵ 

(4.13)  

݅
݅

,௫
௨݃
ܫ

݅

݅
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Subject to: 

௨ 
,݃  ݃,்

௨  ݃,௫
௨ (4.14)  

ூೠ 

݃,்
௨  ௨ܮ ൌ ܥ  (4.15)

ୀଵ 

ܵ ܴ
்ܰ (4.16)  

The objective function, shown in equation 4.13, consists of the delay at the signalized intersections and the 
delay at the freeway on-ramps. The delay at the signalized intersection includes the delay for vehicles that 

denote்,௨
,்ܦ travel in platoons on incoming links and the delay for vehicles in residuals queues. ,்ܦ andு,௨ 

is the delay experiencedொ,௨ 
,்ܦ the delays caused by stopping the head and tail of the platoon, respectively, 

 is the ܰ is the delay experienced by vehicles on the on-ramps, ்
ܦ by vehicles in the residual queues, 

is௨ܬis the number of on-ramps in the system, and ܰ number of signalized intersections along the arterial, 
the number of lane groups at intersection ݑ. These delays are expressed as functions of the optimal green 
times, which are the decision variables. The optimal green times also determine the beginning of the 
coordinated phase, which is typically the arterial’s through movement.  

There are several constraints. Equation 4.14 is a constraint for maximum and minimum allowable green 
time, Equation 4.15 is a constraint that ensures the sum of all green times equals the cycle length, and 

 at the ݎ Equation 4.16 is a constraint that ensures the number of vehicles in the residual queue of on-ramp
 can accommodate ݎ , which is the number of vehicles that on-ramp ܴܵ , does not exceed 

்ܰ ,ܶ end of cycle 
at jam density. 

The delays at the signalized intersections are estimated under the assumption of deterministic vehicle 
arrivals, fixed phase sequences, constant lane capacities, and negligible platoon dispersion. Thus, the 
vehicles arrive and are served at the intersection at capacity, and that all vehicle trajectories are parallel 
assuming that kinematic wave theory [14, 15] holds. This implies that the first and last vehicle that get 
stopped in a platoon will experience the same delay, thus the total delay of all vehicles can be easily 
calculated using only the arrival time of the first vehicle in a platoon at the back of its lane group’s queue 
at intersection ݐ ,ݑ,் 

௨ , and the traffic conditions at the approach as expressed 
௨

,்ܲ , the size of the platoon,௨ 

. The size of,்ିଵܰ ,ܶ െ 1  at the end of the previous cycle ݆by the size of the residual queue of lane group 

,்ܲ ,ܶ , during cycle ݑ at intersection, ݆ ௨ can be determined using the sum of the 
flows of all movements that discharge traffic toward intersection ݑ during the last cycle, which can be 
the platoon in lane group 

measured by the stop line detectors on the corresponding lanes of the upstream intersection, assuming there 
are reasonable estimates of the percentages of traffic choosing the left turn, thru, and right turn lanes at 
intersection u. 

For simplicity and ease of computation, the delay calculations are done under the assumption of single 
platoon, however, the control strategy could be extended to include multiple platoons arriving within a 

݆cycle. For the arrival time of the first vehicle in a platoon at the back of lane group
௨ , the sum of the time at which the first vehicle of the upstream intersection’s first phase or turning ݐ ,ݑ,்

movement that discharges vehicle toward intersection ݑ leaves the stop bar detector and the free-flow travel 
time from the upstream intersection to intersection ݑ would provide an accurate estimate. With an accurate 
estimate of the platoon arrival time, the effect of disruption of the progression can be accounted for in the 
delay estimation. However, in order to optimize multiple signals at the same time, the arrival time of the 
platoon and the start time of the cycle must be normalized by the free-flow travel time from each intersection 
to the critical intersection, a method known as coordinate transformation proposed by Newell [16]. Lastly, 

’s queue at intersection 
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the size of the residual queue of lane group ݆ , can be ௨
,்ିଵܰ ,ܶ െ 1  at the end of the previous cycle 

calculated using the measured parameters. In summary, the delay estimation requires minimal field 
measurements, and the measurements can be obtained using existing loop detectors commonly placed at 
the stop bars of the signalized intersections. 

The delay estimations for signalized intersections vary on a case-by-case basis, and can be calculated based 
on the details shown below. In order to determine which of the cases is applicable, a binary decision variable 
and the related constraints for time of platoon arrival and residual queue can be introduced, and the 
summation of the binary variables for a lane group should be constrained to one in order to apply only one 
delay equation for each lane group of a signalized intersection. 

Case 1: Arrival before residual queue served, entire platoon served in green 

arrives at the back of its lane group’s ݑ of intersection ݆that belongs to lane group ,்
௨ܲ A platoon of size 

݆,்ݐ at time ܶ queue during cycle 
௨

௨ before the time that the corresponding residual queue of 
, would have finished being served if there was enough green time available. ,்ିଵܰ ,ܶ െ 1  previous cycle 

௨
,்ܲ There is enough available green time to serve the residual queue, and spare green time to serve all 

 from the 

vehicles in the platoon. These conditions are summarized as: 

௨
,்ିଵܰ

,்ܲ

 for ܶ is the beginning of cycle ௨
݆ at intersection ݑandݐ்

௨  ்ݐ
௨  ܴݐ,்

௨
,்ିଵܰ 

൯ ,்
௨൫݃௨ሻଵሺ ௨

ݏ 

 ܩ
,௨൫݃,்

௨ ൯ݏ
௨ 

௨௨  ܩ
,௨൫݃,்

௨ ൯ݏ
௨ െ ܰ,்ିଵ

is the saturation flow for lane group ௨
ݏ where 

intersection ݑ, normalized by the free-flow travel time between intersection ݑ and the critical intersection, 
which is determined as: 


௨݀

െ௨் ்ܱൌ ௨ݐ
 ݒ ݐ்

at the critical intersection which is the first one to be optimized ܶ is the beginning of cycle ܥሻܶ െ 1ሺൌ்ݐ 
and the critical intersection,ݑ at intersection ܶ is the difference between the starting time of cycle ௨

்ܱ and 
normalized by the free-flow travel time of between intersection ݑ and the critical intersection. The number 

௨
,்ିଵܰ of vehicles in the residual queue, 

௨ ௨
,்ିଵܲ,்ିଵܰ

, is calculated as: 

െ ܩ
,௨൫݃,்ିଵ

௨ 

As shown in Figure 4.3, all vehicles in the platoon experience delay caused by stopping the head of the 
:ு,௨

,்ܦ platoon, 

ு,௨ ൌ ܲ,்  ܴ௨
்ቆݐ

௨
,்ܦ

்,௨
,்ܦ but no delay caused by stopping the tail of the platoon, 

ൌ max൛ ௨ ܰ,்ିଶ ൯ݏ
௨, 0ൟ 

௨ ቇെ ்,ݐ

௨
,்ିଵܰ 

൯ ,்
௨൫݃௨ሻଵሺ ௨

ݏ

. 
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Figure 4.3 Delay of Platoon in Case 1 

Case 2: Arrival before residual queue served, insufficient green to serve entire platoon 

,்ܲ A platoon of size 
, would have finished being served. There is enough available green 

௨
,்ିଵܰ

,்ܲ

According to Figure 4.4, all vehicles in the platoon experience delay caused by stopping the head of the 
, and a portion of the vehicles experience delay caused by stopping the tail of the platoon, ு,௨

,்ܦ platoon,
்,௨:,்ܦ

௨ ቆ்ݐ
௨  ܴ,்ൌ ܲு,௨ 

,்ܦ

௨௨ arrives at the back of its lane group’s queue at time ݐ,் before the time that the 
௨
,்ିଵܰ corresponding residual queue 

,்ܲ time to serve the residual queue, but there is not enough spare green time to serve all ௨  vehicles. These 
conditions are summarized as: 

௨  ்ݐ
௨  ܴݐ,்

௨
,்ିଵܰ 

൯ ,்
௨൫݃௨ሻଵሺ ௨

ݏ 

 ܩ
,௨൫݃,்

௨ ൯ݏ
௨ 

௨௨  ܩ
,௨൫݃,்

௨ ൯ݏ
௨ െ ܰ,்ିଵ

௨
,்ିଵܰ 

൯ ,்
௨൫݃௨ሻଵሺ ௨

ݏ
௨ ቇെ ்,ݐ

,்ܲൌ ൫
்,௨ 

,்ିଵ ܰ௨
൯ݏ,்

௨൫݃,௨
െ ௨ܩ

,்ܦ
௨ 

௨
,்ିଵܰ

െܥ൯ ቆ  ௨
ݏ
ቇ 

For linearity, the delay caused by stopping the tail of the platoon is equal to the cycle length minus the time 
it takes to serve the residual queue. Although this overestimates the delay caused by stopping the tail of the 

, it maintains computational simplicity. ൯,்
௨൫݃௨ሻଵሺܴ platoon by 
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Figure 4.4 Delay of Platoon in Case 2 

Case 3: Arrival before end of green, insufficient green to serve residual queue 

,்ܲ A platoon of size ௨ arrives at the back of its lane group’s queue at time ݐ,்
,்ିଵܰ that can serve it, but there is not enough available green time to serve all 

queue. These conditions are summarized as: 

௨ , before the end of the phase 
௨ vehicles in the residual 

൯,்
௨൫݃,௨

ܩ ൯ ,்
௨൫݃௨ሻଵሺ ܴ௨

் ்,ݐ௨ݐ

௨
,்ିଵܰ

As shown in Figure 4.5, all vehicles in the platoon experience delay caused by stopping the head of the 
:்,௨

,்ܦ platoon. ,்ܦ , and by stopping the tail of the platoon, ு,௨  

,்൯ െ ்,ݐ
௨൫݃,௨

൯  ்,ܩ
௨൫݃௨ሻଵሺ ܴ௨

ቀݐ்
௨

,்ܦ 
ு,௨ ൌ ܲ,்

௨ ቁ 

்,௨ ൌ ܲ,் ൯൰ ,்
௨൫݃௨ሻଶሺܴ൬

௨
,்ܦ

 ܩ
,௨൫݃,்

௨ ൯ݏ
௨ 

Figure 4.5 Delay of Platoon in Case 3 
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Case 4: Arrival after residual queue served, entire platoon served in green 

,்ܲ A platoon of size 
, would have finished being served. There is enough available green 

௨
,்ିଵܰ

௨  ቀ்ݐ
௨  ܴ,்ܲ

௨௨ arrives at the back of its lane group’s queue at time ݐ,் after the time that the 
௨
,்ିଵܰ corresponding residual queue 

,்ܲ time to serve the residual queue, and there is enough spare green time to serve all ௨  vehicles. These 
conditions are summarized as: 

௨  ்ݐ
௨  ܴݐ,்

௨
,்ିଵܰ 

൯ ,்
௨൫݃௨ሻଵሺ ௨

ݏ 

 ܩ
,௨൫݃,்

௨ ൯ݏ
௨ 

In this case, vehicles in the platoon do not experience any delay at intersection ݑ. As a result, both the delay 
, are zero, as ்,௨

,்ܦ caused by stopping the head of that platoon, ,்ܦ , and by stopping the tail of the platoon, ு,௨ 

illustrated in Figure 4.6. 

Figure 4.6 Delay of Platoon in Case 4 

Case 5: Arrival after residual queue served, insufficient green to serve entire platoon 

,்ܲ A platoon of size 

conditions are summarized as: 

௨  ቀ்ݐ
௨  ܴ,்ܲ

௨  ்ݐ
௨  ܴݐ,்

௨௨ arrives at the back of its lane group’s queue at time ݐ,் after the time that the 
௨ , would have finished being served. There is enough available green ,்ିଵܰ corresponding residual queue, 

,்ܲ time to serve the residual queue, but there is not enough spare green time to serve all ௨  vehicles. These 

௨
,்ିଵܰ

௨
,்ିଵܰ 

൯ ,்
௨൫݃௨ሻଵሺ ௨

ݏ 

 ܩ
,௨൫݃,்

௨ ൯ݏ
௨ 

௨
ݏቁ

௨
,்൯ െ ்,ݐ

௨൫݃,௨
ܩ ൯ ,்

௨൫݃௨ሻଵሺ 

௨
ݏቁ

௨
,்൯ െ ்,ݐ

௨൫݃,௨
ܩ ൯ ,்

௨൫݃௨ሻଵሺ 
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:்,௨
,்ܦ A portion of vehicles in the platoon experience delay caused by stopping the tail of the platoon, 

௨
ݏቁ

௨ൌ்,௨ 
,் ൯െݐ,்

௨൫݃,௨
൯  ்,ܩ

௨൫݃௨ሻଵሺ ܴ௨
ቀെݐ்

௨ቂ,்ܦ ,்ܲ
௨ ൯ቃ ൫்ݐାଵ

௨ െ ்,ݐ

, shown in Figure 4.7. This portion of vehicles ு,௨
,்ܦ but no delay caused by stopping the head of the platoon, 

in the platoon will also experience residual queue delay in the next cycle. 

Figure 4.7 Delay of platoon in Case 5 

Case 6: Arrival after the green 

,்ܲ A platoon of size 
can serve it. This case captures all arrivals not satisfying the conditions of cases 1 through 5, and it can all 
be expressed as  

௨ arrives at the back of its lane group’s queue at time ݐ,்
௨ after the end of the phase that 

൯,்
௨൫݃,௨

ܩ ൯ ,்
௨൫݃௨ሻଵሺ ܴ௨

் ்,ݐ௨ݐ

:்,௨
,்ܦ All vehicles in the platoon experience delay caused by stopping the tail of the platoon, 

்,௨ ൌ ܲ,்
௨ ൯,்െ ାଵ்ݐ

௨൫ݐ௨
,்ܦ

, as illustrated in Figure 4.8. ு,௨
,்ܦ but no delay caused by stopping the head of the platoon, 

Figure 4.8 Delay of Platoon in Case 6 
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The delay for vehicles in residual queues at signalized intersections are estimated based on the size of the 
. Two cases arise which are ܶ residual queue and whether or not it can be entirely served during cycle 

described next along with the corresponding delay equations for an intersection ݑ: 

Case A: Residual queue served in green 

௨
,்ିଵܰ , 

௨
,்ିଵܰ

݆ :ܶ , can be entirely served during cycle The residual queue of a lane group

 ܩ
,௨൫݃,்

௨ ൯ݏ
௨ 

, isொ,௨
,்ܦ Shown in Figure 4.9, the total delay experienced by all vehicles in the residual queue, 

௨ ൯,்
௨൫݃௨ሻଵሺܴ,்ିଵൌ ܰொ,௨ 

,்ܦ

Figure 4.9 Residual Queue Delay of Case A 

Case B: Residual queue not entirely served in green 

௨
,்ିଵܰ , 

௨
,்ିଵܰ

݆ :ܶ , cannot be entirely served during cycle The residual queue of a lane group

 ܩ
,௨൫݃,்

௨ ൯ݏ
௨ 

, is:ொ,௨
,்ܦ Shown in Figure 4.10, the total delay experienced by all vehicles in the residual queue, 

൯ܥ௨൯ݏ,்
௨൫݃,௨

െ ܦ்,ܩ
௨ொ,௨ ൌ ܰ,்ିଵ

௨
,்ିଵܰ൯  ൫,்

௨൫݃௨ሻଵሺܴ

because the vehicles that do not get served will have to wait for an extra cycle before they start being served. 
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Figure 4.10 Residual Queue Delay of Case B 

The delay incurred by vehicles at the freeway on-ramps is determined by the number of vehicles discharged 
at the ramp meter, the number of vehicles already queuing on the freeway on-ramp, and the number of

 incur delays ܶ vehicles arrived at the ramp meter, and those that cannot be discharged during cycle 
can be expressed as: ்
ܦ equivalent to the duration of the entire cycle. The delay at the freeway on-ramp, 

௨
൯ݏ,்

௨൫݃,௨
 ቌൌܩ ்

ܦ 
∈ 

௨
൯ݏ,்

௨൫݃,௨
ܩ 

ቍ  ்ܰିଵ
 ∙ܥ ் ܥ

ܯെ ܴ  

where ∑∈ is the number of vehicles discharged from the corresponding lane groups at 
is the ramp meter rate ்
ܴܯ .ܶ , during cycle ݎ the upstream signalized intersection to the freeway on-ramp 

. The residual queue from the last ܶ is the duration of the cycle ܥ , andܶ during cycle ݎ of freeway on-ramp

்ିଵ
ܰ cycle  can be calculated using the following expression: 

்ିଵ
ܰ ௨ ൌ ቌ  ܲ,்ିଵቍ  ܰ,்ିଶ

∈ 

∙ ଵି் ܥ
ܯെ ܴ

where ∑ ௨ is the overall platoon size or total flow of vehicles discharged from the upstream 


,்ିଵܲ∈ 

,்ିଶܰ intersection to the freeway on-ramp during the last cycle, 

்ିଵ
ܴܯ from the cycle before the last cycle, and 

is the number of vehicles in residual queue 
 is the ramp meter rate used in the last cycle. 

The ramp meter rate is an input rather than a decision variable, thus the green times that are assigned to the 
phases that discharge traffic from the arterials to the freeway on-ramps must be reduced and assigned to the 
conflicting phases in order to reduce total delay. The total reduction in delay at the ramp meter and in the 
conflicting directions of the arterial traffic would outweigh the additional delay imposed on the on-ramp 
traffic due to limiting its corresponding green time at the signalized intersection upstream, thereby reducing 
the overall delay and preventing on-ramp queue spillbacks and queue overrides. 

However, this new control strategy requires solving mix-integer linear programming (MILP) every cycle 
in order to determine which of the above cases apply, which can be difficult in real world implementation. 
Furthermore, this approach still assumes fixed cycle length, similar to the previous control strategy, and 
does not address the importance of selecting the appropriate cycle length to avoid queue spillback when the 
freeway on-ramp has queue storage constraints. Lastly, this approach intended to provide signal progression, 
which is not appropriate when there is queue storage constraint downstream. 
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4.3 Control Strategy III: Queue Length Minimization 

A simple and readily implementable control strategy is presented to resolve the inefficient control of 
freeway ramp metering and arterial traffic signals, which fail to recognize oversaturation of metered on-
ramps by using long cycle lengths and providing progression to the heavier direction, as well as activating 
queue override. The control strategy is intended to manage the on-ramp queues at most freeway corridors 
with metered on-ramps and adjacent arterials primarily used to facilitate freeway access. 

Freeway Ramp Metering 

The proposed control strategy for coordinating arterial traffic signals and freeway ramp metering is not 
limited to any specific freeway ramp metering algorithm. As a result, the ramp metering algorithm does not 
have to be modified, except for the queue override function that releases on-ramp queues onto the freeway 
to prevent spillback. 

Under the more efficient arterial signal control intended to prevent queue spillback and mitigate 
unnecessary penalties, the freeway ramp meter no longer needs queue override because the arterial traffic 
signals can now compensate for the negative impact of on-ramp queues on nearby arterials as a result of 
metering freeway on-ramps restrictively. This would mitigate the capacity drop as a result of releasing on-
ramp queue on the freeway. 

Arterial Traffic Signals 

There have been numerous proposed mathematical models for estimating delay at signalized intersections. 
The most commonly used approach is the approximate steady state expression of delay proposed by 
Webster. The delay of each phase or turning movement at a signalized intersection is the following: 

ሿ ଶݔ ܥ
െ 0.65 ൬ 

ሺ1ݒ2 െ ሻ 2ݔ
ܿ 

݀ ൌ  
ଶݒ
൰ 

ଵ
ଶ
ଶାହሺ/ሻݔ

ଶ 

 (4.17) ሾ
ሾ ሿ

where, 

degree of saturation (sec) :ݔ
 arrival rate (veh/sec) :ݒ

The first two terms correspond to the delay modelled using an M/D/1 queuing system, which has Poisson 
arrival, deterministic service time, and single server. The last term corresponds to a correction term 
calibrated based on field data, in order to better reflect the real world conditions. 

Furthermore, the effective green can be expressed as the following: 

ሻܮെܥ∙ ሺ
ܻ
ݕ

݃ ൌ (4.18)  

where, 

ሻ݃ܥ/ሺ1 െ  

ሺ1/݃ܥሻݔ െ  

: average delay per vehicle (sec) ݀ 
: cycle length (sec) ܥ 
: effective cycle length (sec) ݃

 ratio of arrival rate and saturation flow :ݕ
’s of the cycle ݕ: sum of ܻ 

: total lost time (sec) ܮ 
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Substitute Equation 4.18 into Equation 4.17, the delay can expressed as a function of cycle length. An 
optimization model that minimizes the overall delay of the signalized intersection can be formulated to 

:ܥdetermine the optimal cycle length 

 ܮ1.5 5
ܥ ൌ  (4.19)

1 െ ܻ  

Given the optimal cycle length, the corresponding effective green times can be determined using Equation 
4.19. Additionally, offsets can be tuned to provide progression to the heavier direction if the signal timing 
plan is developed for an arterial corridor. Such approach has been widely used by the local transportation 
agencies and has been incorporated into commercial software for developing signal timing plans. Despite 
the popularity, this approach does not provide efficient signal timing plans for arterial intersections adjacent 
to saturated on-ramps with queue storage constraints.  

During peak hours, the freeway ramp meter restricts the flow of the on-ramp in order to prevent capacity 
drop on the freeway. This limits the capacity of the on-ramp, and with the higher demand for on-ramp 
access from the adjacent arterial, excess accumulation can be observed at the on-ramp and eventually 
propagates to the arterial intersection. However, arterial traffic signals and freeway ramp meters currently 
operate independent of each other. The arterial traffic signal timing plans developed using method such as 
those outlined in Equation 4.17 to 4.19 do not consider the freeway on-ramp downstream and are developed 
under the assumption that the arterials do not have queue storage constraints. As a result, for relatively high 
demand during the peak hours, the optimal cycle length is relatively long in order to maximize capacity and 
reduce start-up lost time. Thus, long green times are given to the movements that feed the freeway on-ramp, 
and portions of the green times cannot be effectively utilized due to on-ramp queue storage space filling up 
before the green duration terminates. This causes vehicles to block the intersection and imposes unnecessary 
delay on the conflicting movements. Furthermore, due to the long green duration, the overflow of vehicles 
feeding the on-ramp activates queue override, which releases vehicles from the on-ramp to the freeway in 
order to mitigate queue spillback at the on-ramp. Unfortunately, activating queue override introduces more 
merging traffic to the freeway mainline, which triggers more lane changes and speed reduction in the 
median lane, and can result in capacity drop on the freeway. 

Instead, the signalized arterial intersections near the freeway on-ramps are similar to a series of adjacent 
signalized intersection in over-saturated conditions. Thus, the signal timing plans for arterials adjacent to 
freeway on-ramps should be developed similar to signal timings of over-saturated arterials. Therefore, long 
cycle lengths and long green durations are not feasible; cycle lengths and green durations should consider 
the on-ramp queue storage space and should be designed to avoid queue spillback [17]. 

To illustrate the improved signal timing approach, consider a signalized intersection with 4 phases. In most 
real world cases, not every phase serves the turning movements that have on-ramp access. Thus, in this 
example, consider phase 1 and phase 2 as the turning movements feeding the on-ramp, and the remaining 
phases do not have on-ramp access.  

38 



 

 

 

 
 

  
 
 
 

 

  
 

 

  
 

   

 

 

 

 

 

 

Figure 4.11: Queueing Diagram of Freeway On-ramp during a Signal Cycle 

The queuing diagram in Figure 4.11 illustrates the upstream arrival patterns, downstream departure rate, 
and the excess accumulation of the freeway on-ramp when ramp metering is active and the demand from 
the upstream arterial exceeds the capacity of the metered on-ramp. Based on the queuing diagram, when 
the freeway on-ramp is metered at rate r(t), the high arrival rate from phase 1 of the upstream signalized 
intersection results in excess accumulation on the on-ramp. Similarly, the excess accumulation grows after 
phase 2 begins. Since the arrival rates from both phase 1 and phase 2 are higher than the ramp meter rate, 
the green time for phase 1 and phase 2 must terminate at or before the excess accumulation reaches the 
maximum on-ramp queue storage capacity Qr. The subsequent phases, which do not feed the on-ramp, can 
be served earlier, and when the subsequent phases terminate, a portion of the on-ramp will be available for 
storing the excess accumulation from phase 1 and phase 2 in the next cycle. This results in a relatively 
shorter cycle length. If longer cycle lengths were used thus the green times for phase 1 and phase 2 were 
terminated after the excess accumulation reaches the maximum on-ramp queue storage capacity, the arrival 
curve A(t) afterwards must be parallel to the departure curve with slope r(t), the ramp meter rate. This is 
because the queue storage capacity of the on-ramp cannot be exceeded, thus the queue must be stored at 
the upstream arterial. In other words, if long green durations were provided to phase 1 and phase 2, vehicles 
from phase 1 and phase 2 would discharge at rates lower than the saturation flow rate for some portion of 
the cycle, which lead to lower capacity of the intersection. This can also impose unnecessary delay in the 
conflicting directions. The mathematical expressions for this concept of signal control are described in the 
next few paragraphs. 

First, the excess accumulation of the on-ramp must be estimated. Using the ramp meter rate ݎሺݐሻ that is 
updated each time step t, the on-ramp excess accumulation at time step t can be determined based on the 
following process: 

ൌ 0ሻ0ሺܳ 

ሻ1ሺെ ሻ1ሺܦ ሻ0ሺൌܣ ܳሻ1ሺܳ 

ሻ2ሺെ ሻ2ሺܦ ሻ1ሺൌܣ ܳሻ2ሺܳ 

⋮  

ሻݐሺെ ሺݐሻܦ ݐሻܣ െ 1ሺൌ ܳሻݐሺܳ 
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is the number of arrivals from ሻݐሺܣ ,tis the on-ramp excess accumulation at the end of time step ሻݐሺܳ 
is the number of departures from ramp meter during ሻݐሺܦ, andtupstream of the on-ramp during time step 

time step t. The arrivals and departures can be measured by the loop detectors at the upstream and 
downstream ends of the freeway on-ramp, respectively. The on-ramp excess accumulation should be 
updated at the end of every cycle in order to perform real time control. 

Equation 4.20 is developed using the queuing diagram in Figure 4.11, to ensure that the green time for 
phase 1 and phase 2 must terminate at or before the excess accumulation reaches the maximum on-ramp 

for the cycle length: therefore imposes an upper limit  ,ܳqueue storage capacity 

െ 2ሻݐሺ∙ ଶെݎ ݃ሻݐሺ∙ ଵെݎ ݃ଶ∙ ∙ଶߚ ଶݏ ݃ଵ∙ ∙ଵߚ ଵݏ ݃ሻݐ െ 1ሺܳ ݈ ∙   ܳሻݐሺݎ (4.20)  

where, 

: effective green time of phase 1 ଵ݃ 
: effective green time of phase 2 ଶ݃ 
: saturation flow of phase 1ଵݏ 
: saturation flow of phase 2ଶݏ
 ଵ: percentage of demand of phase 1 that access the on-rampߚ
 ଶ: percentage of demand of phase 2 that access the on-rampߚ

: residual on-ramp queue from the previous cycle. ሻݐ െ 1ሺܳ 
: ramp metering rate ሻݐሺݎ

݈: lost time of each phase (sec) 

ଵ݃Similar to Equation 4.18, the effective green times can be expressed as functions of cycle length. Thus, 
 are expressed as the following: ଶ݃and 

݈െ 4 ∙ܥ  ሺଵ
ܻ
ݕ

ൌଵ݃

݈െ 4 ∙ܥ  ሺଶ

ܻ
ݕ

ൌଶ݃

ሻ (4.21) 

ሻ (4.22) 

where, 

 ଵ: ratio of arrival rate and saturation flow of phase 1ݕ
 ଶ: ratio of arrival rate and saturation flow of phase 2ݕ

’s of the cycle ݕ: sum of ܻ 
: cycle length (sec) ܥ 

Substitute Equations 4.21 and 4.22 into equation 4.20, equation 4.20 can be expressed in terms of cycle 
length. Solving for cycle length in terms of the rest of the variables, the upper limit of cycle length is the 
following: 

ሾ ∙ 2ሻݐሺ ݐሻݎ െ 1ሺെ ܳܳ

ൣ∑ୀଵ,ଶ 

݈

ݏ

ሿ ݈ݏ 4∙ ܻ ୀଵ,ଶ 

ߚݕെ∑ݎሺݐሻݕ  ୀଵ,ଶ  

∙ ߚ ∑ൣ
൧

 െݕ ∑ୀଵ,ଶ ݎሺݐሻݕ൧ܥ  (4.23) 


The upper limit of the cycle length must be updated at the end of every cycle in order to perform real time 
control that coordinates with freeway ramp metering.  

If the on-ramp has sufficient queue storage space, the upper limit of the cycle length is typically higher than 
the optimal cycle length determined using Webster’s formula or other similar methods, thus in this case, 
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the cycle length remains unchanged. On the other hand, when there is limited on-ramp queue storage, the 
upper limit of the cycle length is typically lower than the optimal cycle length determined using Webster’s 
formula or other similar methods, and in this case, the upper limit takes precedence in order to reduce the 
cycle length and prevent queue spillback at the on-ramp and its nearby arterial intersections. With the new 
cycle length, the effective green times are still determined using Equation 4.18. 

Additionally, many signalized intersection are timed using the dual ring structure. A typical example shown 
in Figure 4.12 is a four-leg signalized intersection with 8 phases, and each phase represents a turning 
movement. Phases 1 and 3 correspond to the leading left turns while phases 6 and 8 correspond to the 
lagging left turns, and the rest of the phases represent the through movements. There is a center barrier to 
prevent conflicts among turning movement of the north-south and the east-west directions. 

1 2 3 4 

5 6 7 8 
Figure 4.12: Typical Dual Ring Structure of a Four-leg Intersection 

As an example, phase 1 and phase 2 correspond to the turning movements feeding the on-ramp. Similarly, 
Figure 4.13 illustrates the upstream arrival patterns, downstream departure rate, and the excess 
accumulation of the freeway on-ramp when ramp metering is active and the demand from the upstream 
arterial exceeds the capacity of the metered on-ramp. The methodology for determining the upper limit of 
the cycle length is the same as before, with the exception of how the effective green times are computed. 

Figure 4.13: Queueing Diagram of Freeway On-ramp during a Signal Cycle (Dual Ring) 

To formulate the expression for the effective green times, let ݕ denote the ratio of arrival rate and 
saturation flow of all phases to the left of the barrier, similarly, let ݕோ denote the ratio of arrival rate and 
saturation flow of all phases to the right of the barrier. They are defined as the following: 

 ൌݕ maxሺݕଵ  ,ଶݕ ହݕ   ሻ (4.24)ݕ

ோ ൌݕ maxሺݕଷ  ,ସݕ ݕ   ሻ (4.25)଼ݕ
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Where ݕ denotes the ratio of arrival rate and saturation flow of phase ݅, for ݅ ൌ 1,2, … , 7,8.  

Then, the effective green times for phase 1 and phase 2 are defined as the following: 

ൌଵ݃
∙ݕ ଵݕ

ଵݕ  ݕ ଶݕ  ோݕ
݈െ 4 ∙ܥ  ሺ ሻ  (4.26)  

∙ݕ ଶݕ
ଵݕ  ݕ ଶݕ  ோݕ

ൌଶ݃ ݈െ 4 ∙ܥ  ሺ ሻ  (4.27)  

For the remaining phases, the effective green times are: 

ൌଷ݃
∙ோݕ ଷݕ

ଷݕ  ݕ ସݕ  ோݕ
݈െ 4 ∙ܥ  ሺ ሻ  (4.28)  

∙ோݕ ସݕ
ଷݕ  ݕ ସݕ  ோݕ

ൌସ݃ ݈െ 4 ∙ܥ  ሺ ሻ  (4.29)  

∙ݕ ହݕ
ହݕ  ݕ ݕ  ோݕ

ൌହ݃ ݈െ 4 ∙ܥ  ሺ ሻ  (4.30)  

∙ݕ ݕ
ହݕ  ݕ ݕ  ோݕ

ൌ݃ ݈െ 4 ∙ܥ  ሺ ሻ  (4.31)  

∙ோݕ ݕ
ݕ  ݕ ଼ݕ  ோݕ

ൌ݃ ݈െ 4 ∙ܥ  ሺ ሻ  (4.32)  

∙ோݕ ଼ݕ
ݕ  ݕ ଼ݕ  ோݕ

ൌ଼݃ ݈െ 4 ∙ܥ  ሺ ሻ  (4.33)  

Substitute Equations 4.26 and 4.27 into Equation 4.20, Equation 4.20 can be expressed in terms of cycle 
length. Solving for cycle length in terms of the rest of the variables, the upper limit of cycle length is the 
following: 

ሿ ∙

 

݈∙ 2ሻݐሺ ݐሻݎ െ 1ሺെ ܳܳሾ  
െ ሺݎ  ଶ∙ ሺݏଶߚ

∙ଵݕ ሻെݕ ሻݐሺݎ  ଵ∙   ሺݏଵߚ
ଵݕ  ଵݕ ଶݕ   ଶݕ

ܥ   
ሺݕ  ோሻݕ
ሻሻݐ ∙  (4.34)ݕଶݕ

൨ 

If phase 2 and phase 3, instead of phase 1 and phase 2, correspond to the turning movements feeding the 
on-ramp, then the upper limit of the cycle length becomes: 

ሿ ∙݈∙ 2ሻݐሺ ݐሻݎ െ 1ሺെ ܳܳሾ  
െ ሺݎ  ଷ∙ ሺݏଷߚ

∙ଶݕ ሻെݕ ሻݐሺݎ  ଶ∙   ሺݏଶߚ
ଵݕ  ଷݕ ଶݕ   ସݕ

ܥ   
ሺݕ  ோሻݕ
ሻሻݐ ∙  ݕଶݕ

(4.35)
൨ 

Similar to previous discussions, the upper limit of the cycle length must be updated at the end of every 
cycle in order to perform real time control that coordinates with freeway ramp metering. The effective green 
times can be computed using Equations 4.26 through 4.33. 

Lastly, adjacent arterial signals should not be coordinated to ensure uninterrupted flow and progression 
because every major intersection is a capacity-constrained due to the on-ramp nearby. Thus, coordination 
of adjacent signals should also be done similar to the coordination of oversaturated signals. There should 

42 



 

 
 

  
 

 

  

 

   

 

  

 

 

 

 

 

 

 

 

 

 

be simultaneous offset (zero offset) when it is congested downstream of the major intersection with access 
to the freeway on-ramp. This would allow the residual queue at the downstream intersection to dissipate in 
time, otherwise, large platoons of vehicles would arrive from upstream intersection before the downstream 
residual queues are served, which can fill up the limited queue storage space and cause spillback upstream. 
Furthermore, most users of the arterials adjacent to the freeways travel a short segment to access the nearest 
freeway on-ramp rather than a long segment of the arterial, thus progression for a long stretch of arterial is 
not appropriate. In such case, each signalized intersection should be timed independently to avoid assigning 
the longest cycle length to all of the signalized intersections, which can impose heavy delays to the 
conflicting directions and cause queue spillback when queue storage is constrained downstream. 

Overall, the above approaches are intended to prevent queue spillback at the on-ramp and further upstream 
at the arterial, in order to mitigate any unnecessary penalty imposed on the conflicting directions of the 
arterial traffic and eliminate the need for queue override at the metered on-ramps. 

4.4 Recommend Control Strategy 

The control Strategy III (queue length minimization) was selected as the control strategy for coordinating 
freeway ramp metering and arterial traffic signals due to its simplicity and feasibility for real world 
implementation. This approach requires minimal real time detection; it only needs the arrival and departure 
flows at the upstream and downstream ends of the on-ramp, and they can be measured using the existing 
inductive loop detectors. Other than the on-ramp detection, this coordination scheme only requires real time 
modifications of the signal controller and ramp metering settings. For ramp metering, the queue override 
function must be disabled. For arterial traffic signals, cycle lengths and green times are modified at the end 
of every cycle. 

Overall, coordination of freeway ramp metering and arterial traffic signal does not require any new 
surveillance technologies or infrastructural changes and can be accomplished using the existing 
infrastructure and detection capabilities, thus can be implemented with minimal cost. Additionally, it 
addresses the importance of selecting the appropriate cycle length when queue storage downstream of the 
signalized intersection is constrained. 
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CHAPTER 5  

EVALUATION OF PROPOSED STRATEGIES  

5.1 Simulation Model Development 

In order to evaluate the proposed control strategy for coordinating freeway ramp metering and arterial traffic 
signals, a microscopic simulation model was built in the AIMSUN microscopic simulation model [18] using 
the most up to date road geometry, lane configurations, and speed limits of the freeway and the arterial at 
the selected site. The simulation model covered four miles of northbound I-680, the on-ramps and off-ramps 
at Alum Rock Ave., McKee Rd., and Berryessa Rd., the parallel arterial Capitol Ave., and 15 signalized 
intersections. Freeway and arterial data obtained from the morning peak (7:00 AM to 9:30 AM) of 
September 23, 2015 were used for the inputs in demand and turning percentages. During the morning peak 
of September 23, 2015, freeway ramp meters and arterial traffic signals were functioning properly and there 
were no incidents within the selected corridor. 

For the freeway, 5-minute interval loop detector data for flow were obtained from PeMS [19] and used as 
the demand input at the most upstream location of the simulation network and as the turning percentages at 
any applicable mainline-off-ramp split. Ramp metering rates and algorithms were obtained from Caltrans 
District 4 and modeled in microscopic simulation via AIMSUN API (Application Programming Interface). 
Ramp metering has been active since September 1, 2015. 

For the arterial, video cameras were placed at the signalized intersections and arterial-on-ramp splits during 
the morning peak of September 23, 2015. Turning movement flows were recorded every 5 minutes, and 
they were used as the demand input at the entry points of the corridor (i.e. Southbound Capitol north of 
Berrryessa Rd.) and as turning percentages at the signalized intersections and the arterial-on-ramp splits. 
The signal timing plans for the coordinated actuated signals were provided by the city of San Jose. 

The model was calibrated to existing conditions prior to the evaluation of the proposed control strategy. 
Twenty replications of the simulation model runs with different random number seeds were made using the 
existing demand, turning percentages, ramp metering algorithm, and signal timing plans. The predicted 
flows and speeds at selected locations on the freeway mainline were compared with real traffic 
measurements in every 5 minutes to assess the accuracy of the simulation model in representing observed 
conditions. For flows, we need at least 85% of the flows to be acceptable and GEH<5 [20]. According to 
this criterion, the predicted flow is acceptable if it satisfies the requirement below. 

Link flow quantity 
 If 700 vph < real flow < 2700 vph, simulated flow has an error within 15%; 
 If real flow < 700 vph, simulated flow has an error within 100 vph; 
 If real flow > 2700 vph, simulated flow has an error within 400 vph. 

The GEH statistic is computed as 

2
ඨሻ ൌ ݇ሺܪܧܩ

ሻ݇െ ሺܥ  ሻ݇ሺܯሾ 

ሻ݇ ሺܥ  ሻ݇ሺܯ

ሿଶ 
(5.1) 

Where: 

-th time interval (veh/hour)k: simulated flow during theሻ݇ሺܯ 
-th time interval (veh/hour)k: flow measured in the field during the ሻ݇ܥሺ 

A satisfactory calibration requires that on average of all detectors, for at least 85% of all 5-minute time 
. For speed, the relative root mean squared error ൏ 5ሻ݇ሺܪܧܩ intervals, the flow is to satisfy the condition 

44 



 

 
 

 

 
 
 

 

  

 
     

      
      

      
 

 

     
      

      
      

      

     
      

      
      

      

     
      

      
      

      

     
      

      
      

      
 

     
      
      

      
     

(RRMSE) of simulated speed values are required to be 15% or lower, on average of all detectors. For arterial 
flows, GEH < 5 must be satisfied for at least 85% of all 5-minute time intervals, for each turning movement 
of the major intersections. 

Tables 5.1 and 5.2 summarize the calibration results for the three detectors along the four mile stretch of 
Northbound I-680, as well as the 5-minute turning movement flows of the major arterial intersections. 
Figures 5.1 through 5.3 compare the speed data collected from the field with the simulated data. It can be 
seen that on average, for the freeway, the simulated flows and speeds satisfy the calibration criteria. 
Similarly, the simulated flows at major arterial intersections satisfy the calibration criterion. Calibration 
was not performed in the southbound freeway direction because of the low volume during the morning peak 
analysis periods.  

Table 5.1 Calibration of Freeway and Arterial Flows 
Freeway: 5-min flows of I-680 Northbound 

Detector Location Target Cases Cases Met % Met Target Met? 

Alum Rock Ave. 
on-ramp (loop) 

GEH < 5 for > 85% of k 24 24 100.00% Yes 

McKee Rd. on-ramp GEH < 5 for > 85% of k 24 24 100.00% Yes 
Berryessa Rd. on-ramp GEH < 5 for > 85% of k 24 23 95.83% Yes 

Overall GEH < 5 for > 85% of k 72 71 98.61% Yes 

Arterial: 5-min flows of major intersections 
Capitol Ave. & Alum Rock Ave. 
Target Cases Cases Met % Met Target Met? 

Northbound GEH < 5 for > 85% of k 48 47 97.92% Yes 
Southbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Westbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Eastbound GEH < 5 for > 85% of k 48 48 100.00% Yes 

Capitol Ave. & Berryessa Rd. 
Target Cases Cases Met % Met Target Met? 

Northbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Southbound GEH < 5 for > 85% of k 72 72 100.00% Yes 
Westbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Eastbound GEH < 5 for > 85% of k 72 72 100.00% Yes 

Capitol Ave. & Mabury Rd. 
Target Cases Cases Met % Met Target Met? 

Northbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Southbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Westbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Eastbound GEH < 5 for > 85% of k 48 48 100.00% Yes 

Capitol Ave. & McKee Rd. 
Target Cases Cases Met % Met Target Met? 

Northbound GEH < 5 for > 85% of k 48 46 95.83% Yes 
Southbound GEH < 5 for > 85% of k 72 71 98.61% Yes 
Westbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Eastbound GEH < 5 for > 85% of k 72 70 97.22% Yes 

Alum Rock Ave. & I-680 Northbound Off-ramp 
Target Cases Cases Met % Met Target Met? 

Northbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Westbound GEH < 5 for > 85% of k 48 48 100.00% Yes 
Eastbound GEH < 5 for > 85% of k 48 47 97.92% Yes 

Arterial: Overall GEH < 5 for > 85% of k 1008 1001 99.30% Yes 
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Table 5.2 Calibration of Freeway Speeds 
Detector Location 

Alum Rock Ave. on-ramp 
(loop) 

McKee Rd. on-ramp Berryessa Rd. on-ramp 

RMSSE 2.21% 16.14% 13.80% 
Target <15% <15% <15% 

Target Met? Yes No Yes 
Overall 10.72% 
Target RMSSE<15% 

Target Met? Yes 

Figure 5.1 Observed and Simulated Speeds near Alum Rock Ave. On-ramp (loop) 

Figure 5.2 Observed and Simulated Speeds near McKee Rd. On-ramp 
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Figure 5.3 Observed and Simulated Speeds near Berryessa Rd. On-ramp 

5.2 Testing of Proposed Control Strategies 

Simulation tests were conducted to determine the effectiveness of the recommended control strategy III 
described in Chapter 4.  First simulations were performed with the changes in the signal control only, in 
order to determine the benefit of only using the improved signal timing. Queue override was not disabled 
for this test. Next, experiments were conducted to determine the effect of queue override; simulations were 
run using the existing control with the ramp meter’s queue override function activated and deactivated, and 
then repeated using the latest control strategy (for arterial signals) with the ramp meter’s queue override 
function activated and deactivated. Twenty replications were run in each of the scenarios described above. 

As shown in Table 5.3, when the proposed control for arterial traffic signals were implemented without any 
modifications to freeway ramp metering (with queue override staying active), the arterial performance 
improved. Delay reductions were observed in both direction of the parallel arterial Capitol Ave., due to 
more efficient signal timing that prevents long cycle length and on-ramp queue spillback at the intersections 
adjacent to the on-ramps. Furthermore, the benefit can be attributed to the simultaneous offset that allows 
residual queue at the downstream intersection to dissipate prior to the arrivals of vehicles from the upstream 
intersection. In addition, the reduced cycle lengths mitigated the long delays imposed on the cross streets. 
There were significant delay reductions at McKee Rd. and Berryessa Rd. but almost none at Alum Rock 
Ave. This is because there is sufficient space for on-ramp queue storage near the Alum Rock Ave. on-ramp 
thus queue spillback was not prevalent and the signal timing remained the same, on the other hand, queue 
storage space were limited at the McKee Rd. and Berryessa Rd. on-ramps therefore the cycle lengths were 
reduced at the corresponding signalized intersections, which reduced the penalty imposed on the cross 
streets. The reduction in delay is also shown in the improvement in level of service (LOS). Lastly, as 
expected, the freeway performance remained roughly the same, as shown in Table 5.3, and we can conclude 
that the proposed control for arterial traffic signals reduced system-wide delay by improving the arterial 
performance. 

Further simulation experiments investigated the effect of queue override and the results are summarized in 
Tables 5.4 and 5.5. As shown in in Table 5.4, under the existing control of arterial traffic signals and freeway 
ramp metering, deactivating queue override did not improve the system-wide performance because the very 
small observed changes in total distance travelled and total delay were largely due to stochastic variation. 
Similarly, the observed change in total distance travelled on the freeway was mostly resulted from 
stochastic variation. However, there were significant delay reduction awarded to the freeway when queue 
override was deactivated. Therefore, deactivating queue override was not helpful to the overall system 
because it merely transferred the delay from the freeway to the arterial, contrary to the hypothesis that 
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deactivating queue override could mitigate capacity drop and increase system-wide throughput. Similar 
observations can be made for the case with the proposed control strategy for coordinating freeway ramp 
metering and arterial traffic signals, as shown in Table 5.5. Deactivating queue override was not helpful to 
the overall system because it redistributed the freeway and arterial delay. 

5.3 Conclusion 

In summary, the simulation results reveal that the proposed control provide more efficient signal timing 
and reduced the system-wide delay as a result. The benefit is given to the arterial but can be redistributed 
from the arterial to the freeway by deactivating the queue override function of freeway ramp metering. This 
provides two options to the jurisdictions operating the freeway ramp metering and arterial traffic signals; 
the first option is implementing the proposed control strategy with queue override activated and the results 
are shown in Table 5.3, the latter option is implementing the proposed control strategy with queue override 
deactivated and the results are shown in Table 5.6. However, if empirical evidence suggests queue override 
reduces freeway capacity, the latter option must be selected because deactivating queue override can bring 
additional benefit by increasing the freeway capacity. 

Table 5.3 Performance of Proposed Control with Queue Override Activated

 Before Coordination After Coordination % Difference 
Arterial Performance 

Average Delay of Parallel Arterial (min/veh) 
Capitol Ave NB 8.63 8.26 -4.29% 
Capitol Ave SB 5.72 5.34 -6.65% 

Average Delay of Cross Street (sec/veh) 
Alum Rock WB 48.05 (D)* 48.22 (D)* -1.74% 
Alum Rock EB 37.27 (D)* 37.34 (D)* 0.19% 
McKee WB 56.76 (E)* 32.73 (C)* -42.34% 
McKee EB 28.92 (C)* 14.77 (B)* -48.91% 
Berryessa WB 47.27 (D)* 31.23 (C)* -34.41% 
Berryessa EB 50.50 (D)* 34.85 (C)* -44.92% 
Freeway Performance 

Total Delay 
(veh-hr) 

Total 
Distance 
Traveled 

(veh-miles) 

Total 
Delay 

(veh-hr) 

Total 
Distance 
Traveled 

(veh-miles) 

Change in 
Total 
Delay 

Change in 
Total 

Distance 
Traveled 

I-680 NB 399.53 18894.07 406.10 18896.87 1.65% 0.01% 
Overall Performance 
Freeway & Arterial 2847.02 71167.11 2620.67 71168.48 -7.95% 0.00% 

*(Level of Service) 
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Table 5.4 Effect of Queue Override on the Current Control 

Override No Override 
Freeway Performance 

Total Delay 
(veh-hr) 

Total 
Distance 
Traveled 

(veh-miles) 

Total 
Delay 

(veh-hr) 

Total 
Distance 
Traveled 

(veh-miles) 

Change in 
Total 
Delay 

Change in 
Total 

Distance 
Traveled 

I-680 NB 399.53 18894.07 329.62 18710.00 -17.50% -0.97% 
Overall Performance 
Freeway & Arterial 2847.02 71167.11 2891.79 70570.96 1.57% -0.84% 

Table 5.5 Effect of Queue Override on the Proposed Control 

Override No Override 
Freeway Performance 

Total Delay 
(veh-hr) 

Total 
Distance 
Traveled 

(veh-miles) 

Total 
Delay 

(veh-hr) 

Total 
Distance 
Traveled 

(veh-miles) 

Change in 
Total 
Delay 

Change in 
Total 

Distance 
Traveled 

I-680 NB 406.10 18896.87 327.91 18647.88 -19.26% -1.32% 
Overall Performance 
Freeway & Arterial 2620.67 71168.48 2642.36 70169.60 0.83% -1.40% 

Table 5.6 Performance of Proposed Control with Queue Override Activated

 Before Coordination After Coordination % Difference 
Arterial Performance 

Average Delay of Parallel Arterial (min/veh) 
Capitol Ave NB 8.63 10.51 21.84% 
Capitol Ave SB 5.72 5.91 3.33% 

Average Delay of Cross Street (sec/veh) 
Alum Rock WB 48.05 (D)* 47.33 (D)* -1.43% 
Alum Rock EB 37.27 (D) * 37.82 (D)* 1.47% 
McKee WB 56.76 (E)* 52.34 (D)* -7.79% 
McKee EB 28.92 (C)* 16.51 (B)* -42.91% 
Berryessa WB 47.27 (D)* 39.26 (D)* -16.73% 
Berryessa EB 50.50 (D)* 37.55 (D)* -34.48% 
Freeway Performance 

Total Delay 
(veh-hr) 

Total 
Distance 
Traveled 

(veh-miles) 

Total 
Delay 

(veh-hr) 

Total 
Distance 
Traveled 

(veh-miles) 

Change in 
Total 
Delay 

Change in 
Total 

Distance 
Traveled 

I-680 NB 399.53 18894.07 327.91 18647.88 -17.93% 1.30% 
Overall Performance 
Freeway & Arterial 2847.02 71167.11 2642.36 70169.60 -7.19% -1.40% 

*(Level of Service) 
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CHAPTER 6 

QUEUE OVERRIDE FIELD STUDY 

As shown in the previous chapter, based on the microscopic simulation results, deactivating queue override 
does not increase freeway capacity. However, microscopic simulation relies on assumptions in driving 
behavior that may not represent the real world conditions, and cannot accurately model the freeway capacity 
drop observed when the freeway becomes congested. Therefore, a field study was conducted to determine 
whether deactivating queue override increases freeway capacity. 

6.1 Methodology 

Due to practical limitations and concerns for negative impact on arterial traffic, the ramp metering plan 
cannot be altered (for deactivating queue override) during the course of the field study. Thus, a before and 
after study of queue override deactivation cannot be conducted. Fortunately, historical records showed that 
queue override stay active for only a portion of the morning peak period, as a result, an observational study 
of the freeway bottleneck during periods with and without queue override at the metered on-ramp was 
planned and conducted. 

In order to reduce complexity, the scope of the field study was limited to only one bottleneck. The 
bottleneck must be isolated from any other bottlenecks downstream in order to measure the bottleneck 
discharge rate. Thus, the Berryessa Rd. bottleneck was considered. However, careful analysis of detector 
data from PeMS [19] revealed this bottleneck is not always active. As a result, the nearby McKee Rd. 
bottleneck was selected because it is fairly isolated (about one mile apart) from the downstream bottleneck 
at Berryessa Rd. Figure 6.1 shows road geometry of the selected bottleneck. Video cameras were placed 
upstream and downstream of the McKee Rd. on-ramp merge during the study periods of May 9, 2016 to 
May 13, 2016 and May 16, 2016 to May 20, 2016, and the camera locations are shown in Figure 6.1. The 
camera placed upstream recorded all hour mainline lanes, as well as the on-ramp. Vehicle count of each 
location and each 30 second interval was extracted from the video data. 

Figure 6.1 Queue Override Field Study Site 

Figures 6.2 through 6.11 show the curves for cumulative vehicle count, obtained at the upstream and 
downstream locations, vs time, ݐ. The curves were plotted to display virtual departures as a function of time 
at the downstream location. The vertical displacement between the curves is the excess accumulation on 
the freeway segment of interest due to the limited capacity, and the area between the curves indicate the 
total delay of the freeway system (mainline and on-ramp combined) [21]. 
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The vertical scales in Figures 6.2 to 6.11 corresponds to cumulative count at the upstream and downstream 
locations shown in Figure 6.1 but were modified by plotting on the oblique coordinate system, in order to 

, the oblique coordinate ሻݐሺܱ make the excess accumulation (vertical displacement) more noticeable. 
transformation of the cumulative vehicle count, ܸሺݐሻ, is described by the following: 

ሻሺݐ െ െ ݐ  ሺܸݐሻݍ

where, 

: specified reference value of flow ݍ
 : specified reference value of initial timeݐ

This coordination transformation also makes changes in the slope of the cumulative vehicle count curve, or 
flow, more noticeable by visual inspection. This approach has been widely used in recent works [22, 23, 
24]. 

6.2 Field Study Results 

The ܱሺݐሻ curves shown in Figure 6.2 reveal that the demand did not exceed the capacity (both curves 
overlap) on Monday May 9, 2016. However, the outflow between ݐ ൌ  7: 30 and ݐ ൌ  7: 50 is fairly high at 
8909 vph. Ramp metering remained active but queue override was not active during the morning peak 
period, due to insufficient on-ramp demand. Thus, the existing ramp metering plan maintained the high 
capacity. 

Figure 6.2 Cumulative Vehicle Counts (oblique scale) of May 9, 2016 (Monday) 

Figure 6.3 shows the cumulative counts obtained from Tuesday May 10, 2016, which represents a typical 
morning peak period. From the ܱሺݐሻ curves, it can be observed that shortly after ݐ ൌ 7: 10, the outflow of 
the freeway bottleneck significantly increased due to the rise in the morning peak demand. However, both 
ܱሺݐሻ curves roughly overlapped despite the higher demand at the beginning of the morning peak. These 
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observations indicate that traffic is free-flowing on the freeway mainline and on the section of the on-ramp 
downstream of the ramp meter. The observed condition persisted until ݐ ൌ 7: 33, and the observed capacity 
is 8715 vph, as indicated by the left hand side dotted line.  

At ݐ ൌ 7: 33, there is sufficient on-ramp queue spillback to activate queue override, as a result, the ramp 
metering rate became less restrictive and remained at a maximum rate of 900 vph/lane. Queue override 
persisted until ݐ ൌ  8: 03: 30. As indicated by the dotted line on the right hand side of Figure 6.3, the outflow 
of the freeway bottleneck decreased to 8326 vph throughout the period of queue override activation, which 
translates to a 4.46% reduction in the bottleneck capacity. 

The reduction in outflow was not a result of exogenous downstream bottleneck, after verifying, via loop 
detector data from PeMS [19], that free-flow condition was observed around Berryessa Rd. on-ramp 
downstream during the entire morning peak period. In addition to confirming that the bottleneck was 
isolated, Figure 6.3 shows that the demand did not reduce after queue override activated at ݐ ൌ 7: 33, in 

 curves no longer overlap during the period in which queue override was activated. Thus, the ሻݐሺܱ fact, the 
less restrict metering rate as a result of queue override activation caused the reduced outflow. This 
phenomenon is called capacity drop and it has been empirically verified by the study in [24], but only for 
unrestricted merge rather than for metered on-ramps with queue override.  

Once queue override terminated at ݐ ൌ  8: 03: 30, the freeway bottleneck returned to free-flow condition 
curves in Figure 6.3.ሻݐሺܱ despite the persistence of high demand, as indicated by the overlapping 

roughly overlapped until the end of the morning peak period ሻݐሺܱ Afterwards, the demand reduced and the 
at ݐ ൌ 9: 00. 

Figure 6.3 Cumulative Vehicle Counts (oblique scale) of May 10, 2016 (Tuesday) 
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Figure 6.4 shows the cumulative counts obtained from Wednesday May 11, 2016. From the ܱሺݐሻ curves, it 
can be observed that at the beginning of the morning peak, the outflow of the freeway bottleneck remained 
fairly high in order to accommodate the peak period demand. The ܱሺݐሻ curves mostly overlapped, except 
for a brief period of rapid demand increase around ݐ ൌ  7: 13. These observed conditions continued until 
:ൌ 7 ݐ 19, and the observed capacity is 7958 vph, as indicated by the left hand side dotted line.  

At ݐ ൌ 7: 19, there is sufficient on-ramp queue spillback to activate queue override, and queue override 
was effective up to ݐ ൌ  7: 56. During the time when queue override remained active, the outflow of the 
freeway bottleneck reduced to 7563 vph, indicted by the right hand side dotted line. Similar to the 
observations from May 10, 2016, the freeway bottleneck capacity reduced by 5.22%.  

The reduction in outflow was not a result of exogenous downstream bottleneck, after verifying that free-
flow condition persisted at Berryessa Rd. throughout the morning peak period. In addition to confirming 
that the bottleneck was isolated, Figure 6.4 shows that the demand did not reduce after queue override 
activated at ݐ ൌ  7: 19  . Once queue override terminated at ݐ ൌ 7: 56 , the freeway bottleneck began 
recovering from the capacity reduction and returned to free-flow condition after ݐ ൌ  8: 10 despite the 
equally high demand. This is indicated by the overlapping ܱሺݐሻ curves during the remainder of the morning 
peak period. Thus, queue override was the cause of the observed capacity drop. 

Figure 6.4 Cumulative Vehicle Counts (oblique scale) of May 11, 2016 (Wednesday) 

Figure 6.5 shows the cumulative counts obtained from Thursday May 12, 2016. From the ܱሺݐሻ curves, it 
can be observed that at ݐ ൌ  7: 15  and shortly after, the outflow of the freeway bottleneck remained fairly 
high in order to accommodate the peak period demand. The ܱሺݐሻ curves overlapped, which indicates that 
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traffic is free-flowing on the freeway mainline and on the section of the on-ramp downstream of the ramp 
meter. These observed conditions continued until ݐ ൌ  7: 34, and the observed capacity is 9054 vph, as 
indicated by the left hand side dotted line.  

At ݐ ൌ 7: 34, there is sufficient on-ramp queue spillback to activate queue override, and queue override 
was effective up to ݐ ൌ  8: 04. During the time when queue override remained active, the outflow of the 
freeway bottleneck reduced to 8176 vph, indicted by the right hand side dotted line. This translates to a 
9.70% reduction in capacity. 

The reduction in outflow was not a result of exogenous downstream bottleneck, after verifying that free-
flow condition persisted at Berryessa Rd. throughout the morning peak period. In addition to confirming 
that the bottleneck was isolated, Figure 6.5 shows that the demand did not reduce after queue override 
activated at ݐ ൌ  7: 34  . Once queue override terminated at ݐ ൌ 8: 04 , the freeway bottleneck began 
recovering from the capacity reduction and returned to free-flow condition shortly after, despite the 
persistent high demand. This is shown by the overlapping ܱሺݐሻ curves during the remainder of the morning 
peak period. Therefore, the observed capacity drop was a result of queue override. 

Figure 6.5 Cumulative Vehicle Counts (oblique scale) of May 12, 2016 (Thursday) 
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The ܱሺݐሻ curves shown in Figure 6.6 reveal that the demand did not exceed capacity (both curves overlap 
and negative slope) on Friday May 13, 2016. This is due to the relatively lower demand at the end of the 
week. 

Figure 6.6 Cumulative Vehicle Counts (oblique scale) of May 13, 2016 (Friday) 

Figure 6.7 shows the cumulative counts obtained from Monday May 16, 2016. From the ܱሺݐሻ curves, it can 
be observed that at ݐ ൌ  7: 10  and shortly after, the outflow of the freeway bottleneck remained fairly high 
in order to accommodate the peak period demand. The ܱሺݐሻ curves overlapped, which indicates that traffic 

For the brief period before ݐ ൌ  7:
is free-flowing on the freeway mainline and on the section of the on-ramp downstream of the ramp meter. 

curves no longer overlap due to the higher demand, ሻݐሺܱ , the30  
nevertheless, the outflow remained relatively unchanged. The observed capacity is 9262 vph prior to ݐ ൌ
7: 30, as indicated by the left hand side dotted line. 

At ݐ ൌ 7: 30, there is sufficient on-ramp queue spillback to activate queue override, and queue override 
was effective up to ݐ ൌ  8: 00. During the time when queue override remained active, the outflow of the 
freeway bottleneck reduced to 8412 vph, as shown by the right hand side dotted line. This translates to a 
9.18% reduction in capacity. 

The reduction in outflow was not a result of exogenous downstream bottleneck, after verifying that free-
flow condition persisted at Berryessa Rd. until ݐ ൌ 8: 03. In addition to confirming that the bottleneck was 
isolated, Figure 6.5 shows that the demand did not reduce after queue override activated at ݐ ൌ 7: 34. Data 
for times beyond ݐ ൌ 8: 03 were not analyzed due to the fact that the exogenous downstream bottleneck 
was active from ݐ ൌ  8: 03  to the end of the morning peak period. Regardless, there is sufficient evidence 
showing that queue override resulted in the observed capacity drop. 
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Figure 6.7 Cumulative Vehicle Counts (oblique scale) of May 16, 2016 (Monday) 

The ܱሺݐሻ curves shown in Figure 6.8 resemble the similar trends presented in the previous figures. However, 
due to the presence of multiple incidents during the morning peak period of Tuesday May 17, 2016, data 
from this day was not used to determine whether queue override causes capacity drop. 

Figure 6.8 Cumulative Vehicle Counts (oblique scale) of May 17, 2016 (Tuesday) 
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Figure 6.9 shows the cumulative counts obtained from Wednesday May 18, 2016. From the ܱሺݐሻ curves, it 
can be observed that just before ݐ ൌ 7: 20 and shortly after, the outflow of the freeway bottleneck remained 
fairly high in order to accommodate the peak period demand. The ܱሺݐሻ curves overlapped, which indicates 
that traffic is free-flowing on the freeway mainline and on the section of the on-ramp downstream of the 

due to the increase in demand, but the ݐ ൌ 7: 30 curves begins to diverge just before ሻݐሺܱ ramp meter. The 
high outflow remained roughly the same until ݐ ൌ 7: 35. As shown by the left hand side dotted line, the 
observed capacity is 8318 vph. 

At ݐ ൌ 7: 35, there is sufficient on-ramp queue spillback to activate queue override, and queue override 
was effective up to ݐ ൌ  8: 48. During the time when queue override remained active, the outflow of the 
freeway bottleneck reduced to 7870 vph, then to 7813 vph, and eventually to 7368vph, as indicted by the 
dotted lines. This represents a capacity reduction of 5.39%, 6.07%, and 11.42%, respectively. 

The reduction in outflow was not a result of exogenous downstream bottleneck, after verifying that free-
flow condition persisted at Berryessa Rd. throughout the morning peak period. In addition to confirming 
that the bottleneck was isolated, Figure 6.9 shows that the demand did not reduce after queue override 
activated at ݐ ൌ  7: 35. Thus, these observations confirmed that queue override resulted in capacity drop. 

Figure 6.9 Cumulative Vehicle Counts (oblique scale) of May 18, 2016 (Wednesday) 

57 



 

 
  

 

  

 

 

 
   

 

 

 

 
 

 

Figure 6.10 shows the cumulative counts obtained from Thursday May 19, 2016. Based on the ܱሺݐሻ curves, 
it can be observed that starting from ݐ ൌ 7: 10, the outflow of the freeway bottleneck remained fairly high 
in order to accommodate the peak period demand. The ܱሺݐሻ curves do not overlapped but there is 
sufficiently high demand to show that the freeway bottleneck is operating at its capacity. The observed 
capacity is 8749 vph prior to ݐ ൌ  7: 38, as indicated by the left hand side dotted line. 

At ݐ ൌ 7: 38, there is sufficient on-ramp queue spillback to activate queue override, and queue override 
was effective up to ݐ ൌ  8: 05. During the time when queue override remained active, the outflow of the 
freeway bottleneck reduced to 7918 vph, as shown by the right hand side dotted line. This translates to a 
10.5% reduction in capacity. 

The reduction in outflow was not a result of exogenous downstream bottleneck, after verifying that free-
flow condition persisted at Berryessa Rd. until ݐ ൌ 8: 09. In addition to confirming that the bottleneck was 
isolated, Figure 6.5 shows that the demand did not reduce after queue override activated at ݐ ൌ 7: 38. Data 
for times beyond ݐ ൌ 8: 09 were not analyzed due to the fact that the exogenous downstream bottleneck 
was active from ݐ ൌ  8: 09  to the end of the morning peak period. Nevertheless, there is sufficient evidence 
showing that queue override resulted in the observed capacity drop. 

Figure 6.10 Cumulative Vehicle Counts (oblique scale) of May 19, 2016 (Thursday) 
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Similar to Monday May 9, 2016, the ܱሺݐሻ curves shown in Figure 6.11 reveal that the demand did not 
exceed the capacity (both curves overlap) on Friday May 20, 2016. However, the outflow between ݐ ൌ
7: 30 and ݐ ൌ  7: 50 is fairly high at 8757 vph. Ramp metering remained active but queue override was not 
active during the morning peak period, due to insufficient on-ramp demand. Therefore, the existing ramp 
metering plan maintained the high capacity of the freeway. 

Figure 6.11 Cumulative Vehicle Counts (oblique scale) of May 20, 2016 (Friday) 

6.3 Conclusion 

The analysis of the field data collected over a two week period suggests that activating queue override 
reduces the freeway bottleneck capacity by approximately 5% to 10%. This has been confirmed by 
comparing the freeway bottleneck capacity of the morning peak periods with and without queue override 
activated. In other words, the results shown suggest that deactivating queue override would increase the 
freeway capacity and is therefore recommended. 
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CHAPTER 7  

CONCLUSIONS  

7.1 Summary of the Study Findings 

The objectives of the research project described in this report is to develop and implement a control 
algorithm to manage the entry of vehicles on the on-ramp through signal timing changes at the  intersections 
along adjacent arterial(s). The report describes the research performed in phase IIA of the project: 
development of a control algorithm, test site selection, and evaluation of a proposed algorithm on the test 
site through simulation.  

A section of the I-680 Northbound freeway with Capitol Ave. as the parallel arterial in the city of San Jose 
was selected as the test site. The AM peak was selected as the analysis period.  Traffic operations at the site 
were simulated using the AIMSUN microscopic model. The model was calibrated to reasonably replicate 
existing traffic operating conditions. 

The simulation results show the proposed coordination strategy eliminated the queue spillback on the 
metered on-ramps that activate the queue override.  This resulted in 17.9% reduction on freeway delay. The 
analysis of field data on bottleneck discharge flows indicate that the proposed strategy may improve the 
freeway capacity by 5 to 10 percent.  The delay on the parallel arterial was increased on the approaches 
feeding the on-ramps but decreased on the rest of the signal controlled approaches. The system-wide delay 
was reduced by 7 percent. 

The proposed control algorithm (Control Strategy III: queue length minimization) can be used with any 
freeway on-ramp metering algorithm. The proposed algorithm is simple and readily implementable at most 
freeway corridors with metered on-ramps and adjacent signalized arterials without additional 
instrumentation. 

7.2 Next Step: Project Phase IIB 

The next step in the ongoing research is conducting the Phase IIB of the project: field implementation and 
testing of the control algorithm at the selected test site.  This phase of the project involves the following 
major tasks: a) strategy software implementation and testing, b) field implementation, c) data collection on 
traffic performance on both freeway and arterial intersections, and d) analysis of field data to assess 
algorithm performance and develop guidelines for statewide implementation. 
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