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Abstract 

Motivated by recent advances in vehicle positioning and vehicle-to-infrastructure (V2I) 

communication, traffic signal controllers are able to make smarter decisions. Most of the current 

state-of-the-practice signal priority control systems aim to provide priority for only one mode or 

based on first-come-first-served logic. Consideration of priority control in a more general 

framework allows for several different modes of travelers to request priority at any time from any 

approach and for other traffic control operating principles, such as coordination, to be considered 

within an integrated signal timing framework. This leads to provision of priority to connected 

priority eligible vehicles with minimum negative impact on regular vehicles.  

This dissertation focuses on providing a real-time decision making framework for multi modal 

traffic signal control that considers several transportation modes in a unified framework using 

connected vehicle (CV) technologies. The unified framework is based on a systems architecture 

for CVs that is applicable in both simulated and real world (field) testing conditions. The system 

architecture is used to design both hardware-in-the-loop and software-in-the-loop CV simulation 

environment. A real-time priority control optimization model and an implementation algorithm 

are developed using priority eligible vehicles data. The optimization model is extended to include 

signal coordination concepts. As the penetration rate of the CVs increases, the ability to predict 

the queue more accurately increases. It is shown that accurate queue prediction improves the 

performance of the optimization model in reducing priority eligible vehicles delay. The model is 

generalized to consider regular CVs as well as priority vehicles and coordination priority requests 

in a unified mathematical model. It is shown than the model can react properly to the decision 

makers’ modal preferences.  
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Chapter 1 Introduction 

 

1.1 Background 

The need to manage multi-modal transportation systems efficiently and sustainably has recently 

become imperative due to the continuous growth in traffic demand that exceeds network capacities 

in many cities. Recent studies shows that 20 million barrels of fuel per day in the United States are 

consumed by vehicles on highways and arterials and these vehicles generate almost 33% of CO2 

emissions (U.S. Energy Information Administration 2014; Smith et al. 2015) . Another study on 

1.3 million miles of urban streets and highways in 471 urban areas across the U.S. shows that 

traffic congestions caused drivers to waste more than 3 billion gallons of fuel and more than 7 

billion hours (Schrank et al. 2012). Optimizing signalized intersection control plays a vital role in 

increasing mobility and reducing energy consumption. There are many users of signalized traffic 

intersections including passenger vehicles, commercial vehicles/trucks, pedestrians, bicycles, 

transit buses, light rail vehicles, snowplows, and emergency vehicles such as fire trucks and 

ambulances. All of these users have different requirements. Thus, there is a need for research that 

addresses an integrated approach to multi-modal traffic signal control system. Motivated by recent 

advances in vehicle positioning and vehicle-to-infrastructure (V2I) communication, the traffic 

systems are able to make smarter decisions for multiple traffic modes. 

 

1.1.1 Traffic Signal Priority Control 

Preemption and transit signal priority (TSP) have been the most widely used priority control 

strategies. Preemption strategies are typically used at highway-rail crossings and/or for emergency 

vehicles. An emergency vehicle usually requests signal preemption by using either optical, 
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acoustic, special inductive loop technology, or wireless communications using the Global 

Positioning System (GPS) (Nelson and Bullock 2000). Preemption generally involves a signal 

control strategy that switches from the current phase to a requested phase for the first request 

received. During preemption, other modes and other requests are generally ignored. Coordination 

may be interrupted; pedestrian clearance intervals may be shortened or ignored; vehicle phases can 

be terminated and/or skipped. Thus, preemption is highly disruptive. 

TSP strategies may also use the same communication technology to request priority. TSP usually 

includes extending a phase to allow a transit vehicle to pass or terminating conflicting phases 

allowing early service to reduce transit vehicle delay. Well-designed TSP has been used with some 

success to improve transit performance while attempting to limit, or minimize, the impact on 

vehicular traffic (Head 2002; Baker et al. 2002). But, in both preemption and TSP, only one request 

is served in a first-come-first-served manner with a possible override for one approach over 

another. This leads to inefficiency in treating conflicting requests when two or more requests are 

active at the same time at an intersection from conflicting approaches. In fact, treating each mode 

separately is likely to result in sub-optimal system performance over a long term (He, Head, and 

Ding 2012). Although emergency vehicle operators are trained to be observant and vigilant, there 

have been cases in which two emergency vehicles have collided in (ABC13 2009). Statistics show 

that almost 13% of the firefighters and police officers who lost their lives in the line of duty are 

killed in vehicle-related incidents (TSCG 2010). 

 

1.1.2 Connected Vehicles 

The advances in CV technology provide the first real opportunity for transforming national surface 

transportation system into faster, safer and more environmentally friendly systems. The advent of 
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two-way Dedicated Short Range Communications (DSRC) (IEEE Standards Association 2010) 

for vehicular communication provides an environment that, when coupled with different types of 

SAE J2735 messages (SAE International 2009), has the potential to provide detailed information 

for different applications required for Intelligent Transportation Systems (ITS). The Federal 

Communications Commission (FCC) has allocated bandwidth in the 5.9GHz band with 75MHz of 

spectrum dedicated for ITS application. Using this technology, the vehicles can receive different 

messages, such as Signal Phase and Timing Message (SPaT) or intersections map message (MAP), 

and they can broadcast messages including Basic Safety Message (BSM) or Signal Request 

Message (SRM). This two-way communication provides high resolution data for all vehicles at 

intersections through real-time vehicle location that will improve mobility. Analysis showed that 

the new emerging technologies are the only feasible near-term solution that is capable of 

addressing safety, mobility, and environmental issues in ITS (U.S. DOT 2014a).   

 

1.1.3 Multi Modal Intelligent Signal System (MMITSS) 

The United States Department of Transportation (U.S. DOT) has identified several DSRC based 

vehicle to vehicle (V2V) and vehicle to the infrastructure (V2I) applications under the Dynamic 

Mobility Applications (DMA) program such as MMITSS to increase system efficiency, improve 

individual mobility, and reduce negative environmental impacts. MMITSS is a part of the 

Connected Vehicle Pooled Fund Study (CV PFS) that is funded and managed by a group of state 

and local transportation agencies and the Federal Highway Administration (FHWA). MMITSS 

focuses on developing and field testing the next generation of traffic signal systems in a CV 

environment. The application includes four major components: Intelligent Traffic Signal System 

(ISIG), Signal Priority (transit signal priority (TSP), freight signal priority (FSP), emergency 
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vehicle signal priority (EVP)), Mobile Accessible Pedestrian Signal System (PED-SIG) and real-

time Performance Observer (PERF-OBS). 

This dissertation documents the development of the signal priority framework of MMITSS. The 

signal priority framework prioritized the priority eligible vehicles including transit, trucks and 

emergency vehicles. There are several studies in the literature related to MMITSS (Zamanipour et 

al. 2014; Feng et al. 2015; Khoshmagham et al. 2015). The impact assessment report of MMITSS 

can be found at (Ahn et al. 2016). More information about other DMA projects can be found at 

(U.S. DOT 2016). 

 

1.2 Motivation 

The traffic signal control systems in the U.S. have evolved steadily during the past 40 years (Head 

et al. 2006). Traffic signal control systems traditionally treat the aggregated flow of traffic. 

Actuated traffic signal control is widely available in urban networks where conflicting movements 

of traffic flow at intersections are controlled by phases that are called by detectors when vehicles 

are present. Actuation allows the signals to be responsive to the presence and flow of vehicles, but 

it doesn't differentiate between different modes of vehicles.  

With CV technology, a unified decision framework for multi-modal traffic signal control should 

be built that simultaneously considers the needs of different modal users based on wireless 

communications, as well as traditional detection methods. The decision framework should be 

based on a priority signal control policy. Establishing this priority signal control policy requires 

understanding the importance and impact of each vehicle’s needs and how it affects the 

performance of the overall system. A signal control policy might be established that gives transit 

and pedestrians priority over trucks and passenger vehicles in one section (e.g. urban areas) and 



19 
 

priority for trucks over passenger vehicles and transit in another section (e.g. inland ports or 

intermodal hubs). Data from CVs such as vehicle location, speed, acceleration, level of priority 

request, and requested phase can be gathered in real-time. Given a collection of priority requests 

from priority eligible vehicles, the signal control logic should be able to determine the best way to 

time the signals to accommodate the multiple priority requests based on the priority policy. 

 

1.3 Research Scope Statement 

This dissertation investigates traffic signal priority control decisions in a CV environment. A 

structured traffic control architecture is proposed and the algorithms are tested in both simulated 

and real world (field) testing conditions. The research topics of this dissertation are listed in this 

section. 

 

1.3.1 Priority Request Generator and Priority Request Server 

The Priority Request Generator (PRG) is a critical component that is responsible for determining 

a vehicle’s eligibility for priority, the vehicle type, and estimating the desired service time (e.g. 

estimated time of arrival at the stop bar). As soon as the vehicle receives the intersection map, the 

PRG acquires GPS data and locates the vehicle on the map and broadcasts a priority request. The 

PRG is also responsible for updating any of the request information if there is a change in status 

or data. The Priority Request Server (PRS) is responsible for managing the Signal Request 

Messages (SRM) from multiple priority eligible vehicles. These vehicle requests may be on the 

same or conflicting movements. The PRS constructs an Active Request Table (ART) based on 

received SRM(s) that consists of information on all requests that are in the communication range 

of the intersection. This information includes vehicle ID, vehicle type, vehicle status, requested 
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phase, in-lane/out-lane and Estimated Time of Arrival (ETA). The PRS passes the ART as input 

to the Priority Solver component. The PRS also encodes the ART into Priority Status Message 

(PSM) and broadcasts the PSM to nearby priority vehicles and lets them know that their SRM has 

been received and is in the PSM. 

  

1.3.2 Traffic Signal Priority 

Traditionally, signal priority strategies (e.g. Transit Signal Priority (TSP)) adjust signal timing at 

intersections to better accommodate priority vehicles. Most of these strategies serve in a first-

come-first-served manner with a possible override for one approach over another. This leads to 

inefficient ways of treating conflicting requests when two or more requests from different mode 

are active at the same time at an intersection from conflicting approaches. A real-time traffic signal 

priority control algorithm is developed by simultaneously considering the needs of vehicle priority 

requests from different modes. The algorithm consists of a Mixed-Integer Linear Programming 

(MILP) model and a flexible implementation algorithm that guarantees the optimal signal schedule 

is applied with minimum negative impact on regular vehicles. The MILP is based on the standard 

National Electrical Manufacturers Association (NEMA) dual-ring, eight-phase controller. The 

model provides an optimal signal schedule that minimizes the total weighted priority request delay. 

The algorithm uses the traditional actuation logic (through stop-bar loop-detectors) and lets the 

signal controller actuate the signal until a critical point of time. In addition to modal users, system-

operating principles such as coordination are included as virtual priority requests within the 

priority control optimization model. Both field and laboratory tests show that the mathematical 

model can be solved by an open source solver in a meaningful (less than a second) time. 
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1.3.3 Extended Signal Priority Model with Intelligent Signal Control 

The MILP priority control mathematical model can be reformulated to incorporate regular 

connected passenger vehicles as well as priority vehicles. Regular CVs broadcast basic safety 

messages 10 times a second. The basic safety message contains vehicle speed, GPS position, 

heading and additional vehicle information. If the penetration rate of the DSRC equipped regular 

vehicles increases, the understanding of the real time system status increases. The equipped 

vehicles’ trajectories provide a better estimation of queuing speed in each lane of each approach 

which will result in the ability to estimate the delay of unequipped regular vehicles. The equipped 

and non-equipped regular vehicles are integrated in a unified MILP model along with priority 

eligible vehicles and virtual coordination priority requests. The objective of the extended model is 

to minimize the estimated delay of regular passenger vehicles as well as the delay of the priority 

requests. 

 

1.3.4 Priority Policy Implementation Mechanism 

The responsible operating agency may establish a priority policy for each equipped section of 

traffic signals that determines the relative importance of different modes of travel. For example, 

one section might be operated with a preference for transit vehicles while another section operated 

with a preference for freight trucks. This priority policy should impact how the signal timing is 

adapted to accommodate multiple active requests for priority. The quantified level of importance 

as mode weights would be imported to the priority mathematical model to generate optimal signal 

timing.  
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1.3.5 Connected Vehicle Simulation Testing Environment 

A traffic simulation platform to support the test and evaluation of advanced traffic signal control 

applications in a CV environment is presented in this section. This platform provides a tool for 

emulating real world V2I communication scenarios. The platform utilizes current standards based 

messaging for the communication between hardware and software components. The platform is 

capable of implementing not only the priority server application, but also testing other applications 

such as intelligent traffic signal control and real-time performance observation (Feng, 2015; 

Khoshmagham, 2016). The platform is a VISSIM based simulation environment that involves both 

hardware-in-the-loop (HIL) and software-in-the-loop (SIL). A VISSIM model is coded very 

precisely to match the exact geometry of the real-world roadway. The VISSIM drivermodel.dll 

application programming interface (API) is used to send BSM and SRM to the Roadside Units 

(RSU)s. In the HIL simulation, real RSU and Onboard Unit (OBU) devices are used. In the SIL 

simulation, a containerization technology software, Docker (www.docker.com), is used. The 

purpose is to run applications inside Docker containers as if they were running on individual 

hardware devices. Many containers can be run on a single Linux PC with their own userspaces and 

network configuration. 

 

1.4 Dissertation Organization 

The dissertation consists of nine chapters. The structure is described as follows: 

Chapter 2 provides a comprehensive literature review of traffic signal priority control which 

includes passive, active, and coordinated signal priority control studies. 

Chapter 3 introduces the system architecture of priority control in a CV environment. Major 

hardware and software components are presented. Hardware components include the signal 
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controller, RSUs and OBUs. The standard SAE J2735 DSRC messages used throughout the system 

are introduced. Software components include the priority request generator, the priority request 

server, and the priority control optimizer. 

Chapter 4 presents two important components: The Priority Request Generator (PRG) and the 

Priority Request Server (PRS). The SRM structure is presented in more detail and the mechanism 

for sending and receiving the SRMs is illustrated. 

Chapter 5 focuses on the single intersection priority control algorithm. The mathematical 

formulation is described in detail. Then, the optimal signal plan implementation algorithm is 

explained. VISSIM models of Anthem, AZ and San Mateo, CA are presented. Different simulation 

test scenarios are utilized to test and validate the algorithm. The assessment and evaluation of the 

proposed framework in both simulation environment and a real-world test network is documented. 

Chapter 6 integrates coordination requests with the mathematical model. First, the coordination 

concept is introduced. Section 6.3 demonstrates how coordination requests can be incorporated in 

the formulation. Using time-phase diagram, transit signal priority at a coordinated intersection 

under different conditions is illustrated. The results of simulation testing on two coordinated 

intersections are presented. 

Chapter 7 focuses on including the regular CVs in the priority control algorithm. A unified 

intelligent adaptive traffic control and priority control framework is presented in this chapter. All 

the objectives and constraints are integrated in a unified model. The results of simulation testing 

at two coordinated intersections are presented. 

Chapter 8 presents an analytical discussion on the traffic agencies mode preferences or policies. 

The importance of each mode based on the agencies priority policy is analyzed. This chapter 
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explains how the priority policy can affect the optimal signal schedule in favor of one mode over 

another. 

Chapter 9 provides a summary of the contributions and conclusions of the dissertation and 

identifies potential future directions for additional research. 
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Chapter 2 Literature Review 

 

This chapter gives a literature review of traffic signal priority control including the following 

topics: 

• Passive signal priority  

• Active signal priority 

Rule-based strategies 

Optimization-based strategies  

• Single intersection versus coordinated intersections 

 

2.1 Passive Signal Priority  

Passive priority techniques involve optimizing signal timing or coordinating successive signals 

based on historical data and regardless of the actual presence of a priority eligible vehicle to create 

a green wave for the vehicle. These off-line techniques may include adjustment of cycle length, 

adjustment of offset, increasing the green time of those phases that serve priority vehicles or 

redesigning the phase sequence to more frequently serve the phases with high priority demand. 

The first fixed-time priority strategy was proposed by Traffic Network and Isolated Intersection 

Study Tool (TRANSYT). TRANSYT (Robertson 1969), is the most popular coordinated fixed-

time signal control tool that considers bus or tram lines in a network-wide fixed-time plans 

(Diakaki et al. 2015). 

(Skabardonis 2000) developed an optimal offline signal timing strategy for transit vehicles by 

minimizing a weighted sum of delays and stops. The result showed improvement in transit vehicle 

delay with a negligible adverse impacts on the rest of the traffic. 
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(W. Ma and Yang 2007) proposed a strategy that adjusst off-line signal offsets and signal timing 

to minimize delays at individual junctions. They proposed a mathematical formulation that 

considers the relationship between bus frequency, signal cycle, signal status, bus headway 

deviation and bus delay. 

Recently, passive strategies were applied to prioritize buses either by minimizing bus travel times 

(Estrada et al. 2009) or by modifying offsets and changing the phase sequence (Furth et al. 2010). 

The results show improvement in transit vehicles and impact to auto users that varies from small 

increase to small decrease in their delay.  

   

2.2 Active Signal Priority 

Active signal priority systems rely on detecting priority eligible vehicles as they approach an 

intersection. They are usually more effective than passive priority strategies since they can better 

accommodate uncertain arrival times. The active priority strategies include techniques like green 

extension, red truncation, phase advance, phase insertion or phase rotation. The active signal 

priority systems require detecting systems and communication technologies to obtain information 

about regular traffic as well as priority eligible vehicles. These technologies increase the cost and 

complexity of implementing active priority systems when compared to passive systems. The 

priority request detecting methods are based on optical or acoustic for emergency vehicles or 

special inductive loop technology and transponders on buses or Automatic Vehicle Location and 

Monitoring (AVL/AVM) systems, or wireless communications using Global Positioning System 

(GPS) positions.  

The active priority strategies may be categorized based on the number of affected intersection(s) 

and/or control decision methods. If the priority request is received well in advance, so the 
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downstream signal can accommodate the request, the priority strategy is proactive (He et al.  2012; 

Ma et al. 2013), otherwise it is reactive (Diakaki et al. 2015). In the other side, if the control 

decision method is based on a set of identified conditions, then the priority strategy is rule-based. 

If the control decision method is based on optimization of a performance index (e.g. delay), then 

the priority strategy is optimization-based.  

The active priority strategies may be further classified into those that consider multiple priority 

routes and/or priority requests and those that only consider one at the time. Most of the studies 

report priority treatment for only one priority request at the time and ignore the rest if conflicting 

requests exist. The signal priority literature at single intersection level can also be split into those 

studies that address the issue of signal coordination control while providing priority for priority 

eligible vehicles and those studies that freely grant priority. 

 

2.2.1 Rule-Based Strategies 

Most of the well-known priority strategies are categorized in this class. Some of these priority 

logics have been embedded into the new-generation of signal controllers. These strategies are 

dependent to some pre-defined parameters and the point of time in the cycle that the priority 

request is received. Rule-based priority logic in the controller are a complicated collection of if–

then conditions that usually are described independently for each feature such as First-Come, First-

Served (FCFS) priority requests. The effects of the interactions of multiple sets of rules that might 

become active for several operations on the controller (such as preemption and pedestrian service, 

or even multiple priority requests) and the large number of parameter–value combinations in the 

controller, make it challenging to understand and to predict controller behavior (Head et al. 2006). 
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Split Cycle Offset Optimization Technique (SCOOT) is a famous centralized hierarchical traffic 

control system that automatically adjusts signals (phase timing, cycle length, and offset) through 

out of a network based on the fluctuations in traffic flow obtained from the on-street loop detectors 

(Hunt et al. 1982). Priority is provided to transit vehicles through phase extension or advance, 

conditional on schedule-based and headway-based criteria, only when traffic volume is below the 

predefined target degree of saturation (Bretherton et al. 2002).  

Sydney Coordinated Adaptive Traffic System (SCATS) (Lowrie 1982) is an urban traffic control 

(UTC) system. Similar to SCOOT, in SCAT there is a predefined degree of saturation for selected 

phases that limited the amount of green time allocation. There are several priority strategies in 

SCAT such as: green extension, phase recall, phase insertion, phase skipping, and phase 

reordering. SCATS has the option to provide three different levels of priority. Trams usually have 

higher priority because the goal is to get them through intersection without any stopping. Buses 

have medium level of priority where phase skipping is not allowed for them (Gardner et al. 2009).  

PRIBUSS was developed in Stockholm in the early 1990s, and is the typical method for transit 

signal priority in Sweden (Burghout and Wahlstedt 2007). PRIBUSS is a tool that can be used for 

both single intersection and coordinated signals. Traffic engineers can program parameters, 

priority strategies, and limitations. Priority is provided in a FCFS basis. (Wahlstedt 2011) showed 

that the effectiveness of bus priority with PRIBUSS is very much dependent on the user settings 

at the intersections because there is no build-in optimization method. 

(Balke et al. 2000) suggested a rule-based transit signal priority strategy that has four modules 

such as: the prediction, the priority assessment, the strategy selection and the implementation. The 

prediction module is responsible to determine the arrival times of the bus at the bus stops and the 

stop lines. Given the arrival times, the priority assessment module checks whether there is a need 
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to serve the bus based on schedule adherence. Therefore, only late buses are granted priority. Then, 

the strategy selection module chooses the best priority method such as green extension and phase 

recall. The chosen strategy is implemented in the implementation module. It was reported that this 

method was able to moderate traffic levels (up to volume to capacity levels of 0.9 or less) without 

significantly affecting cross-street delays. 

(Skabardonis 2000) proposed a proactive priority model for transit vehicles that includes the 

following cirterias: spare green time, bus route progression, and schedule adherence. If there is not 

enough spare time in the cycle, the priority is not granted to avoid loss of coordination. Also, if 

the guaranteed priority for a bus at the current intersection does not let the bus to pass the 

downstream intersection, there is no net delay benefit to provide priority for the bus. This approach 

used AVL systems to allow real-time determination of bus location and does not provide priority 

for busses that are not late. This model was extended later by (Skabardonis and Geroliminis 2008) 

into a system-wide adjustment of signal timing plan. The new model tries to minimize the negative 

impact of providing priority to the non-priority vehicles by considering queue presence. The 

general traffic flow was obtained from traditional loop detectors to estimate the queue. Bus arrival 

time data was provided from an AVL system. 

SPPORT (Signal Priority Procedure for Optimization in Real-Time) is a heuristic, fully-

distributed, rule-based, adaptive system that explicitly considers priority to transit vehicles 

(Conrad et al. 1998; François Dion and Hellinga 2002). Several events are defined in the system 

such as arrival of a platoon, existing of a queue, or arrival of the transit vehicle. A rule is defined 

as an ordered preference list of these events based on a user pre-defined weight. The user can 

provide more than one preferred list. When there is more than one list, SPPORT calculates phase 

sequence and timing for each list and implements the one with best performance. The system 
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considers stopped transit vehicles and person-based performance measures for evaluation. 

SPPORT tries to keep signal coordinated indirectly by using the rules that priorities platoons of 

vehicles by clearing the queue before the platoon arrives or holding the vehicles at upstream signal 

in order to avoid queue spill back.  

Traffic-responsive Urban Control (TUC) is a signal control system that was developed at the 

Technical University of Crete in Greece. (Diakaki et al. 2003) proposed a priority extension 

algorithm to TUC that includes phase extension and insertion. The priority is provided in FCFS 

base and if there are transit lines along conflicting movements, the decision priority algorithm of 

TUC favors the movements that have major transit route.  

(Kim 2005) and (Kim and Rilett 2005) improved traditional transit priority method by proposing 

a strategy that considers uncertainty in bus dwell time for nearside bus stops. The bus ETA to stop 

bar from the point of detection was calculated based on a probability model for alighting/boarding 

passengers at nearside bus stop. The result showed average of 21% improvement in travel time of 

buses over the scenario that no priority is provided.  

(Lee et al. 2005) proposed a transit priority strategy that has two major modules, an online 

microsimulation-based vehicle travel time prediction with a reasonable degree of accuracy and a 

priority operation model. The prediction model is able to be integrated with any dwell time 

estimation model for nearside bus stops. The priority operation module has predefined priority 

strategies. According to output of prediction model, the priority operation model selects the most 

appropriate strategy for the priority request and tries to minimize interruptions of the normal signal 

operation.  The system improved bus delay compared to both normal signal operations without 

Transit Signal Priority (TSP) and with conventional TSP. 
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(Dion et al. 2005) developed a rule-based simulation approach that integrates transit signal priority 

within an adaptive signal control system. Priority was guaranteed to the busses that are in need and 

at most one bus can be served per cycle. They tested their proposed method under different 

scenarios, such as the fixed-time, adaptive splits and adaptive splits with offset, with fixed cycle 

length. They concluded that the general traffic is negatively impacted by deployment of transit 

priority under all scenarios. However, the reduced negative impact on the traffic can be expected 

from the adaptive control system that helps adjust the signal based on the observed traffic 

condition.  

(Liao and Davis 2007) proposed a wireless-based transit signal priority strategy that considers bus 

schedule adherence, location, and speed. The goal is to take advantage of the already instrumented 

onboard and roadside infrastructures (AVL/GPS) for buses to communicate with intersection 

signal controllers when it’s ready to request for priority in Minneapolis, MN. Field evaluation of 

the implemented TSP strategy showed 3-6% reduction in travel time of transit vehicles.  

(Hounsell and Shrestha 2012) presented a new bus priority strategy in London which is based on 

the comparison of adjacent bus headways and not the scheduled headway. The authors claimed 

that giving priority to late buses only considers the headway of the bus concerned while it might 

be expected that the headways of adjacent bus is also important, particularly the bus behind. 

Therefore, priority given to a bus with a time headway greater than the scheduled headway reduces 

its headway but increases the headway of the bus behind. A theoretical analysis demonstrated that 

the strategy outperforms traditional TSP in terms of passenger waiting. 

(Lin et al. 2013) presented a bus priority strategy where the control objective is to minimize bus 

passenger waiting time at the downstream bus stop while ensuring that the delays for all passenger 

vehicles are not increased. The strategy can handle multiple bus requests from different routes. 
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Based on field data from Jian, China, it is shown that the proposed TSP is most effective if the 

ratio between bus and passenger car volumes exceeds a threshold of 2%. 

 

2.2.2 Optimization-Based Strategies 

There is not always a guarantee that the rule-base logic can result in an optimum performance for 

the overall control intersection or section. The other shortcoming of rule-based studies is the fact 

that they cannot properly address the need of multiple priority requests at the same time. In this 

section, optimization techniques that have been considered in the literature to solve signal priority 

problem are reviewed. 

Urban Traffic OPtimization by Integrated Automation / System for Priority and Optimization of 

Traffic (UTOPIA/SPOT) is a hierarchical real-time system that is capable of providing priority to 

transit vehicles while considering regular vehicles (Mauro and Di Tiaranto 1989). The system was 

implemented for the first time in an area in Turin, Italy. The optimization process operates on a 

rolling horizon and minimizes the total travel time spent by private in the networks subject to some 

constraints that prevent transit vehicles to stop. UTOPIA/SPOT does not have efficient way to 

address the issue of conflicting transit routes. Performance results indicated an approximate 15%-

20% increase in speed for both transit and private vehicles when compared to non-UTOPIA or 

traditional control (Head 2002). 

PRODYN (PROgramme DYNamique) is a fully-decentralized, adaptive signal control system 

which is similar to UTOPIA (Henry and Farges 1994). The original implementation of PRODYN 

provides priority for transit vehicle by considering each transit vehicle equivalent to several private 

vehicles. Performance evaluations indicated that 10% reduction in travel times can be achieved 

(Head 2002). 
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Real-time Hierarchical Optimized Distributed Effective System (RHODES) (Mirchandani and 

Head 2001) is a hierarchical adaptive signal control system. BUSBAND algorithm  (Mirchandani 

et al. 2001) was incorporated into RHODES to provide priority for buses. Each transit vehicle 

priority request can add a phase constraint into junction control logic of RHODES. By giving a 

weight to each bus, BUSBAND gives priority to late buses with high number of passengers. The 

weight depends on the number of on-board passengers and bus schedule.  

An Adaptive Transit Signal Priority System (ATSPS) was developed by (Li et al. 2007), and was 

implemented by California Partners for Advanced Transportation TecHnology (PATH) along El 

Camino Real in San Mateo County, California. The system used AVL/GPS system to detect and 

monitor buses and predict arrival of traffic flow. A non-linear integer programing problem was 

formulated and was solved using MATLAB optimization toolbox. Objective function is a weighted 

sum of delays. Priority is provided based on a trade of between bus delay and regular vehicle delay. 

The buses are served based on FCFS. The result showed bus travel time saving of 9%-13% without 

negative effect on auto vehicles. 

A decision framework was developed by (Head et al. 2006) that minimizes the total delay of 

multiple priority vehicles from multiple routes. The model is based on a precedence graph structure 

that was derived from the classical project management techniques of a Gantt chart, Critical Path 

Method (CPM), and Program Evaluation and Review Technique (PERT). The resulting problem 

was a nonlinear mixed-integer mathematical programming problem, which was difficult to be 

implemented, especially in an embedded environment, such as Linux system. It was showed that 

FCFS strategy may not be the best way to treat multiple priority requests.  

(Stevanovic et al. 2008) proposed an optimization tool that integrates a Genetic Algorithm (GA) 

with the VISSIM. The tool is able to apply both fixed-time and real-time signal control strategies 
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for transit and private vehicles.  The tool optimizes the cycle time, split and phase sequence, as 

well as offsets if it is necessary for coordination purposes. 

(Ma et al. 2010) proposed a Coordinated and Conditional Bus Priority (CCBP) to integrate bus 

priority into coordinated signals including bus stops. The objective was to minimize the deference 

between actual bus delay and allowable bus delay. The cycle length and offset were fix. Result 

showed 34% decrease in delay of buses and almost 9% increase in delay of autos.  

Based on the decision framework presented by (Head et al. 2006), (He et al. 2011) developed a 

solver-free heuristic algorithm for multiple priority requests at an isolated intersection. The 

original nonlinear mixed integer problem (Head et al. 2006) was transferred to a polynomial 

solvable cut problem where each cut combination corresponds to a unique serving sequence of 

priority requests. Then a greedy search algorithm was developed to search for the best signal 

timing. The result, when compared with traditional TSP, showed a reduction of almost 50% in bus 

delay. 

(Christofa and Skabardonis 2011) developed a real-time, traffic-responsive signal control System 

for signal priority for conflicting transit routes that minimizes the total person delay at the traffic 

signals. The system is based on a mixed integer nonlinear program (MINLP) and tries to minimize 

the negative effects of bus priority on auto traffic by considering the person occupancy of buses 

with respect to autos. It is assumed that the cycle length and phase sequence are fixed. The 

objective function consists of weighted sum of two terms, a linear formulation for transit vehicles 

delay and a nonlinear formulation for auto vehicles delay. Result showed the delay of bus 

passengers was reduced by 35.5% compared with the vehicle-based optimization results for the 

time-dependent volume profile that was generated. And at the same time, auto passengers’ delay 
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increased by 2.8%. Based on similar framework, (Christofa et al.  2013) solved a new non-linear 

model with convex objective using branch and bound approach in MATLAB toolbox.  

In another research, (He et al. 2012) proposed a multi modal traffic signal control framework in a 

V2I environment called PAMSCOD. This framework was consisted a headway-based platoon 

recognition algorithm that identifies pseudo-platoons and a MILP that obtains optimal signal plan 

based on current traffic conditions, controller status, platoon data and priority requests. VISSIM 

simulation showed PAMSCOD can reduced delay in under-saturation and oversaturation 

conditions. Result showed that 40% penetration rate was a critical level for effectiveness of the 

algorithm. PAMSCOD suffered from very high computation time since the number of decision 

variables is proportional to the traffic demand. This issue made real-time implementation 

impossible. In the same V2I framework, (He et al. 2014) developed an integrated multi-modal 

priority control with the consideration of coordination and vehicle actuation. The signal 

coordination was treated as a form of priority request in the formulation. VISSIM simulation 

experiments showed that the proposed control model reduced average bus delay, average 

pedestrian delay, and average passenger car delay. 

In 2013, (Ma et al. 2013) presented a coordinated transit priority control optimization model. The 

model considered bus arrival times at downstream intersections in the decision to provide priority 

at upstream intersections. The study showed if the bus has to stop at the downstream signal, it may 

not be required to provide priority treatment for the bus at the upstream intersection. A linear 

program model was developed to generate the optimal priority strategies to reduce bus travel time 

only when priority is necessary and effective at each intersection considering adjacent 

intersections. Several case studies showed the effectiveness of the proposed method compared to 

traditional TSP. 
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(Zhang et al. 2013) developed a FIFO based coordinated priority control. The decision variables 

are the type of priority strategy (no priority or green extension or truncation) and the signal timing. 

Coordinated intersection was defined between two bus stops in order to remove the stochasticity 

in bus dwell time.   

(Hu et al. 2015) proposed a person-delay-based Binary Mixed Integer Linear Program (BMILP) 

that provides bus/signal cooperation and coordination among consecutive signals in a connected 

vehicle environment. The decision variables of the model are signal timing and bus speed. The 

model optimizes the signal timing and bus speed to minimize the person delay of autos and buses. 

The system was developed in a connected vehicle environment to provide two sided 

communications between buses and signal. Several scenarios with/without traditional TSP with 

various v/c ratios were designed and the performance of the developed system was evaluated. The 

measures of effectiveness used include bus delay and total travel time of all travelers. The result 

showed up to 75% improvement in bus delay. 

Finally, (Zamanipour et al. 2016) developed a model for multi modal traffic signal priority control. 

The approach is based on an analytical model and a flexible implementation algorithm that 

considers real-time vehicle actuation. The analytical model considered the needs of different 

modes in a real-time CV environment. The model provides an optimal signal schedule that 

minimizes the total weighted priority request delay. The flexible implementation algorithm was 

designed to guarantee the optimal signal schedule is applied with minimum negative impact on 

regular vehicles. Both simulation and field testing results showed the proposed model reduced bus 

and truck delay and travel time when compared to fully actuated signal control. 
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2.3 Single Intersection Versus Coordinated Intersections  

Maintaining coordination on a group of intersections while providing priority to priority eligible 

vehicles is a challenging task in signal optimization context. It is shown in the literature that active 

priority strategies often have detrimental effect on non-priority eligible vehicles. These strategies 

sometimes can cause confusion for motorists and in many cases are the reason for losing the signal 

coordination (Chang and Ziliaskopoulos 2003; Skabardonis 2000). The require time for the signal 

to return back to coordination can take several cycles (Balke et al. 2000). (Furth and Muller 2000) 

reported that if the number of priority interruptions increased from four to eight per hour at an 

intersection that is programmed to freely grant priority and then returned to a background cycle, 

large queues developed because the signal could not recover from one priority interruption before 

the next occurred.  

Some of the studies propose a transition mechanism to return back to coordination. (Ekeila et al. 

2009) proposed a solution to extend the cycle time to 1.5 times the normal cycle length to ensure 

that the PT vehicle arrives at a green stage and return back to coordination after two long cycles. 

(Baker et al. 2002) suggested a transition period during which some phases are skipped or 

shortened and then restoring progression after the clearance of the queues. However, (Furth and 

Muller 2000) showed that sometime signal transition to coordination is more disruptive than the 

original interruption causes by providing priority.  

(Balke et al. 2000) proposed a method that gives priority to a bus without losing signal coordination 

along an arterial. Priority was given only to those buses that are in need, based on some user-

defined criteria.  

(Dion et al. 2005) developed a simulation approach for integrating transit signal priority within an 

adaptive traffic signal control system that preserves coordination with adjacent intersection. In this 
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method, extra green time from other phases is allocated to transit vehicles. Only one priority 

request is served during one cycle to reduce the interruption on coordination and skipping of phases 

is prohibited. (Dion et al. 2005) concluded that transit priority can be successfully deployed along 

a coordinated arterial without significant impact on the general traffic under various types of traffic 

signal control.  

(Ma et al. 2010) proposed a Coordinated and Conditional Bus Priority (CCBP) strategy along 

coordinated signalized group of intersections that provides priority only to the buses that are truly 

in need of it. The cycle length and offsets are kept unchanged. 

(He et al. 2014) formulated a model that explicitly accommodates multiple priority requests from 

different modes of vehicles and pedestrians while simultaneously considering coordination and 

vehicle actuation. Signal coordination was achieved by integrating virtual coordination requests 

for priority in the formulation. A penalty is added to the objective function when the signal 

coordination is not fulfilled.  

 

2.4 Summary  

The review of the literature showed that many signal priority control systems have been developed 

and some of them have been tested or implemented in real world.  Despite the promising progress 

in recent studies, there were some shortcomings in the literature that should be mentioned. Most 

of the priority control systems aimed to provide priority for transit vehicles. TSP techniques consist 

the majority of the research works in the literature. Although some researchers had considered auto 

vehicles as the second mode in their priority framework, there were very few investigations that 

integrate multiple modes such as transit vehicles, trucks, emergency vehicles, and autos at the same 
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time in to a unified framework. For those few systems that have addressed more than two modes, 

high computation times were prohibitive for real-time operations. 

There were very limited studies that consider multiple priority requests from multiple routes. Most 

of the priority systems follow FCFS if conflicting requests happen. Although it had been proved 

in the literature that FCFS is not the best strategy, most of the implemented signal logic follow this 

strategy. In fact, the direct and occasionally aggressive priority, which is usually provided by the 

rule-based strategies, was the prime logic in many of the current signal control systems. 

Meanwhile, the issue of providing priority for multiple modes on a group of closely space 

intersections and maintaining coordination was also a challenging problem. 

Finally, existing detecting technology in the literature are not fully responsive to traffic condition 

and priority vehicles status. With the new emerging CV technology, additional measurements and 

more functions become available such as two-way communications between priority vehicles and 

the traffic signal controller and accurate vehicles location detection. 
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Chapter 3 System Architecture  

 

This chapter describes system architecture of the unified traffic signal framework. The platform is 

capable of supporting test and evaluation of a variety of intelligent traffic signal control 

applications in a CV environment. The communications between the components of the platform 

are based on the Society of Automotive Engineer (SAE) J2735 standards (SAE International 

2009). This chapter includes three sub sections. Section 3.1 provides an introduction to the CV 

environment and explains the standard messages that have been used in the platform. Section 3.2 

presents the field testing system architecture and Section 3.3 introduces the system architecture of 

the simulation environment. Section 3.4 provides the signal priority control architecture. 

 

3.1 Introduction to Connected Vehicle Environment  

The advances in CV technologies provide the first real opportunity for transforming traffic signal 

systems in terms of the traffic signal controller logic, operations, and performance. The advent of 

two-way Dedicated Short Range Communications (DSRC) (Kenney 2011), (IEEE Standards 

Association 2010) for vehicular communication provides an important environment that, when 

coupled with different types of messages (e.g. SAE J2735) (SAE International 2009), has the 

potential to provide detailed information for different applications required for intelligent 

transportation system management including intelligent traffic signal control. DSRC can be 

leveraged to provide real-time information about vehicle class (passenger, transit, emergency, and 

commercial), position, speed, and acceleration on the roadway to other vehicles (V2V) and to the 

infrastructure (V2I).  
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The Federal Communications Commission (FCC) has allocated bandwidth in the 5.9GHz band 

with 75MHz of spectrum dedicated for Intelligent Transportation Systems (ITS) applications  

(U.S. DOT 2014b) . DSRC based communications is a major research priority of the Joint Program 

Office (ITS JPO) at the U.S. Department of Transportation (U.S. DOT. Analysis has shown that 

DSRC is the only available technology that is capable of addressing latency, accuracy and 

reliability in V2V and V2I applications (U.S. DOT 2014a) . 

Table 3-1 illustrates the DSRC channels and their corresponding frequencies (Delgrossi and Zhang 

2012). There are 7 channels in the spectrum, starting from channel 172 which is High Availability 

Low Latency (HALL) channel and ending to channel 184 which is High Power Long Range 

(HPLR) channel. V2V and V2I applications can be divided into three categories as follow: safety, 

mobility, and environmental sustainability. Traffic signal priority, cooperative adaptive cruise 

control, e-parking and toll payments are examples of mobility applications. 

Table 3-1 DSRC Channels Frequency 

  
HALL 

Service 

Channel 

Service 

Channel 

Control 

Channel 

Service 

Channel 

Service 

Channel 
HPLR 

 

  172 174 176 178 180 182 184  
          

          

 5.850 5.855 5.865 5.875 5.885 5.895 5.905 5.915 5.925  

Frequency (GHz) 

 

Dedicated Short Range Communications (DSRC) technology is based on standards which ensures 

interoperability. This is a very critical aspect of DSRC for deploying applications in real world. 

The Society of Automotive Engineers (SAE) has published the DSRC Message Set Dictionary, 

J2735 standard (SAE International 2009), which defines the standard messages for V2V and V2I 

applications. In the proposed system architecture of this dissertation, 5 messages from the Message 

Set Dictionary have been used. Table 3-2 shows the channel that each message belongs to.   
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Table 3-2 DSRC Channels Specification and Messages 

 
Channel 

172 178 182 

Specification 
High Availability Low 

Latency 

WSA –WAVE Service 

Announcement 

Selected MMITSS 

Priority Channel 

Message 
BSM (10Hz) 

MAP (1Hz) 

SPaT (10Hz) 

PSID 

PSC 

SRM 

PSM 

 

3.1.1 Basic Safety Message (BSM) 

The BSM is the most common message used in the context of CV literature. The BSM has data 

elements that contain location and state of the vehicle. This message is transmitted with the rate of 

10 times per second. Each BSM has two parts, Part I data should be included in every broadcast 

BSM. Part II data is optional for a given BSM and are included as needed based on policies and 

applications. The size of the BSM part I is 45 bytes. The BSM Part I is consisted of two sections. 

The first section indicates the message ID which is “02” for the BSM. The second section is called 

“BSM blob” and contains following elements. 

Vehicle Temporary ID: Vehicle temporary identification that is required to change randomly 

every 5 minutes to protect privacy. 

Position: Latitude, Longitude, Elevation, and Positional Accuracy based on the Global 

Positioning System (GPS) 

Motion: Speed, Heading, Steering Wheel Angle, and 4-way Acceleration 

Control: Break System Status 

Basic: Vehicle Size 
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3.1.2 Signal Phase and Timing Message (SPaT) 

The SPaT message is broadcast by infrastructure and is used to transmit the status of the traffic 

signals. The SPaT transmission rate is 10 times per second. The SPaT message ID is “12”. The 

SPaT message includes several data elements of which some of them are listed here. 

Intersection ID: Identification number of a particular intersection 

Lanes Count: Number of movement states to follow 

Movement State: Information about the current signal states including the name of the 

movement (e.g. Eastbound left turn or through), total number of lanes served by each 

movement, signal status, current pedestrian signal state, remaining time of the current 

phase, next phase, estimated duration of next phase, vehicle count, pedestrian detection 

and pedestrian count. 

 

3.1.3 Map Data message (MAP)  

The MAP message is broadcast by infrastructure and is used to describe the geometric information 

of an intersection defined at the lane level. The required transmission rate is 1 time per second. 

Some of the data elements in the MAP message are as follow. 

Intersection ID: Identification number that determines a particular intersection 

Reference Point: The GPS reference point of intersection from which other lane nodes are 

offset. 

Approaches: Data element that describes an approach including a set of related egress and 

ingress. Each egress or ingress may have one or several lanes. 

Lanes: Data element that describes a lane including lane number, lane width, lane attributes, 

node list, and connection lanes. Each lane may have multiple lane nodes. 
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Nodelist: A sequence of points (Xs and Ys) that build a path for each lane. The values of Xs 

and Ys are signed offsets from the last point. 

 

3.1.3 Signal Request Message (SRM) 

The SRM is broadcast by a priority eligible vehicle to request signal priority. The SRM message 

ID is “14”. Every SRM includes the BSM blob data and some additional information about the 

vehicle’s type, approach lane, time of service, and types of the vehicle. The SRM message does 

not have a fix frequency. Based on predefined strategies, a SRM can be updated. These strategies 

are discussed in Chapter 4 in Priority Request Generator section. The SRM message includes the 

following items: 

MsgCount: The MsgCount data element is used to provide a sequence number within a stream 

of messages. A sender may initialize this element to any value in the range 0-127 

when sending the first SRM message. When the rest of the message content to be sent 

changes (e.g. service time), the MsgCount shall be set equal to one greater than the 

value used in the most recent message sent with the same MsgID. When the message 

content has not changed, the MsgCount is not changed. The value after 127 is 0. 

SignalRequest: This is a data element that has several parts. It contains the ID of the 

intersection where priority is requested, the lane the vehicle is in when approaching 

(inLane), vehicle egressing lane (outLane), and vehicle type. It also has information 

that allows a vehicle to cancel the request (isCancel).   

Timeofservice: The time in the near future when service is requested to start 

Endofservice: The time in the near future when service is requested to end 

Transitstatus: Additional information if the vehicle requesting priority is a transit vehicle 
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vehicleIdent: Additional information about vehicle identification 

vehicleVIN: Vehicle identification information (e.g. vehicle name, VIN number, vehicle class) 

vehicle Data: The BSM message data blob 

 

3.1.4 Priority Status Message (PSM) 

The PSM is broadcast by the infrastructure. This is a new message that was used as a replacement 

for the Signal Status Message (SSM) because the SSM message in the (2009) version of the 

standard does not provide the information required to acknowledge the receipt of the SRM which 

the requesting vehicle requires to confirm its request has been received. This message was 

proposed to SAE DSRC Technical Committee and has been considered in the updated SSM in the 

newest (2016) version of standard (SAE International 2016). The PSM message includes the 

following contents: 

Intersection ID: Identification number of the intersection that is broadcasting the message. 

NumberOfRequest: Number of active priority requests.  

ActiveRequestTable: Information about each active request including: request number, vehicle 

ID, vehicle type, inbound lane, outbound lane, time of service, vehicle status, and 

request sent time. 

 

3.2 Field-Testing System Architecture 

The platform provides opportunities for demonstrating intelligent traffic control methodologies 

and algorithms with the involvement of vehicle hardware - Onboard Unit (OBU), infrastructure 

hardware - Roadside Unit (RSU), and a traffic signal controller in a real traffic network. The OBU 

is installed in the vehicle and the RSU is located on a signal mast arm at the intersection. The OBU 
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and RSU each have one GPS antenna to receive GPS coordinates and two DSRC antennas to 

broadcast/receive DSRC messages on two different channels.   

Figure 3-1 illustrates a scaled view of the traffic signal control system in CV environment. The 

RSU receives messages including the BSM and SRM from the OBU and forwards them to the 

Traffic Control Processor where all intersection level traffic control applications reside. The RSU 

broadcasts the intersection geometry (MAP) and signal phase and timing (SPaT) messages to 

nearby CVs. The Traffic Control Processor also utilizes data from the traditional field 

sensor/detector system and combines them with connect vehicles data to make traffic control 

decisions. The Traffic Management System hosts section level or system level software 

components such as user interface, section level priority server, and signal coordination. The 

communication between Traffic Management System and Traffic Controller is through National 

Transportation Communications for Intelligent Transportation System Protocol (NTCIP) 

commands (NTCIP 1211 2004).  

RSEOBE
Traffic 

Controller

NTCIP 

Commands
DSRC

Traffic Control 

Processor 

Traffic 

Management 

System

NTCIP 

Commands

Field 

Sensor/Detector

 

Figure 3-1 The Connected Vehicle Traffic Signal Control System Overview 
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3.3 Simulation Environment Architecture   

Developing and deploying a simulation platform for CV applications is very important. Although 

real-world tests of small fleets of equipped vehicles can demonstrate some of the potential benefits 

of CV applications, they are not able to show the potential outcomes of these applications in the 

large-scale deployments because the penetration rate of CVs is low. It will be almost impossible 

to have access to hundreds of equipped vehicles in the next few years when development and 

testing of dynamic mobility applications will occur.  

Microscopic traffic simulation is the most suitable for CV applications because individual vehicles 

are modeled in detail. It has become one of the traffic researchers’ most useful tools for analyzing 

various traffic related concepts such as driver behavior modeling and traffic signal timing plans. 

A microscopic traffic simulation tool represents the most adequate and viable alternative for 

evaluating the benefits of CV applications compared to field tests. In addition, the cost of a 

simulation is much less than the cost of field tests. 

The simulation platform used in this research is created based on the VISSIM simulation software. 

The platform is separated to hardware-in-the-loop (HIL) simulation with the field DSRC-equipped 

devices and software-in-the-loop (SIL) simulation with the Econolite ASC3 virtual controller. The 

HIL simulation platform requires one RSU per intersection and one OBE per CV. The HIL 

environment is described in section 3.3.1. In the SIL environment, multiple intersections and 

multiple vehicles maybe involved in the simulation network. The SIL environment is described in 

section 3.3.2. In this case, the SRMs are first sent to an SRM message distributor (Figure 3-4). 

Based on the vehicle location in VISSIM, the SRM message distributor will route the message to 

the corresponding RSU.  
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3.3.1 Hardware-In-The-Loop Environment 

 The overview structure of the HIL simulation environment is shown in Figure 3-2. In the HIL 

environment, there is a two-sided over-the-air data exchange between OBU and RSUs using DSRC 

communication.  All of the RSUs are within the DSRC range of the OBU since the testing is done 

in the laboratory with the RSUs and OBU(s) on the workbench. The PRS component in the RSUs 

is responsible for accepting the SRM with the appropriate intersection ID. Each RSU controls one 

intersection with a unique intersection ID in VISSIM. The priority algorithm that resides in each 

RSU creates an optimal signal timing schedule and sends the schedule to the virtual signal 

controllers though NTCIP commands. 

The platform uses the dynamic-link library DriverModel.dll (DLL) application programming 

interface (API) in VISSIM to get the information from vehicles. The API is implemented as a 

dynamic link library (DLL) written in C/C++. Each vehicle type in VISSIM can have a different 

DLL.  During a simulation run, VISSIM calls the DLL for each specified vehicle type during each 

simulation time step to determine the behavior of the vehicle. VISSIM passes the current state of 

the vehicle and its surroundings to the DLL and the DLL computes the vehicle information 

including position, speed acceleration, steering angle, and other vehicle attributes to build BSM 

and SRM messages. This API provides the option to replace the VISSIM internal driving behavior 

by a fully user-defined behavior for some or all vehicles in a simulation model. Each vehicle type 

in VISSIM can have a different DLL (Karlsruhe 2014).  The API is recoded to transform the local 

x-y coordinates to GPS coordinates (WGS-84) based on the intersection reference point. 
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Figure 3-2 Hardware-In-The-Loop Simulation Platform Architecture 

 

The SAE J2735 messages are implemented based on the Abstract Syntax Notation One (ASN.1) 

objects in the standard. A generic open source ASN.1 encoder/ decoder (Walkin, L.) is used to 

process the ASN.1 message to generate an encoded message based on a defined data structure in 

the C/C++ programming language. By using this encoder in the DLL, it is possible to generate, 

pack, and broadcast BSM/SRM through the network (Ethernet). If a vehicle is a non-priority 

eligible CV, only the BSM is broadcast by the API. If a vehicle is a priority eligible CV, in addition 
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to the BSM, a SRM is created. Since some of the SRM elements are not known in VISSIM (e.g. 

intersection ID, inLane, outLane), the API generates partial incomplete SRMs. The incomplete 

SRMs are sent from the API to the OBU. In the OBU, the PRG is responsible for creating a 

complete SRM that includes data elements including intersection ID, inLane, outLane, and 

estimated time of service. The PRG broadcasts the complete SRM. 

 

3.3.2 Software-In-The-Loop Environment and Docker Containerization Technology  

In order to evaluate the proposed priority control application on large traffic network, the Docker 

(www.docker.com) containerization technology is used to simulate several RSUs along the 

network on a single computer. Each Docker container is allocated to a virtual RSU and is 

connected to a virtual traffic controller in VISSIM. The priority control application is run inside 

the Docker containers, as if they were running in real world on individual RSU or regular Linux 

PC. Many such containers can be run on a single Linux PC with their own user spaces and network 

configurations. The Docker containerization technology uses the Linux kernel’s features to 

provide resource isolation instead of a hypervisor. This avoids the overhead of starting and 

resource utilization of several virtual machines. Docker containerization technology is different 

from virtual machines in that it uses the Linux kernel’s features to provide resource isolation 

instead of a hypervisor that completely emulates guest hardware. This reduces the start-up time 

and resource utilization of containers compared to virtual machines while still providing similar 

features.  
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Figure 3-3 The Software-In-The-Loop Simulation Platform Architecture  

Figure 3-3 illustrates the SIL simulation environment for a network of 6 intersections (Docker 

containers). Each RSU at an intersection is a Docker container. The Docker container has all of 

the configuration files (e.g. map description file, virtual controller’s IP and port information) that 

are specified for each intersection. The Docker containers exchange data with VISSIM which 

resides in a Windows PC. Therefore, the Linux PC and Windows PC should be in a same 

subnetwork. Each Docker container has its own IP address that is bridged to the Linux PC IP 

address. All of the virtual controllers that are running in VISSIM have the same IP address as 
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Windows PC. They are differentiated by different port numbers. But, the server IP address of each 

virtual controller is the corresponding Docker container’s IP address. 

In the VISSIM simulation, all of the CVs of one type broadcast their SRMs through the 

DriverModel.dll API. There is a different DriverModel.dll for each vehicle type. Each of the 

Docker containers that exists in the same subnetwork receive SRM from all vehicles in the 

network. Although, the PRS application in each Docker container is able to filter the SRMs, it is 

not necessary to increase the computational burden of the processor in the containers. Each 

intersection should only receive SRMs from vehicles that are in their DSRC range. To accomplish 

this routing, a Windows application, SRM Message Distributer, was developed to send the SRMs 

to the geo-correct RSU. The generated SRM by DLL is received by the SRM Message Distributer 

through a user datagram protocol (UDP) socket with a specified IP address and port. The SRM 

Message Distributer reads the GPS coordinates of the location of each RSU at each intersection in 

the network from a configuration file. The SRM Message Distributor application receives SRMs 

from all priority requesting vehicles in the VISSIM simulation, decodes them and, according to 

their position, distributes them to the geo-appropriate Docker container. The concept of the SRM 

Distributor for the Anthem, AZ simulation network is shown in Figure 3-4. This concept is similar 

to the BSM Distributor used for more general CV simulation (Feng 2015). 
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Figure 3-4 SRM Distributor in the Anthem, AZ Network 

 

 

3.4 Signal Priority Control Architecture   

The RSU (or Roadside Processor) and the OBU have software components that can receive, 

process and broadcast messages and optimize signal timing.  

 SRM 
 SRM Distributer 

DriverModel.dll 
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Figure 3-5 The Signal Priority Control Components Architecture  

Figure 3-5 illustrates the component architecture of the CV environment for the signal priority 

control application. The RSU radio broadcasts the MAP and SPaT messages (Message Transceiver 

component) to the nearby CVs, including priority eligible vehicles, that are equipped with OBUs. 

Each nearby priority eligible vehicle receives the SPaT and MAP (Message Transceiver) and 

broadcast a SRM through the Priority Request Generator. Based on the received lane-based map 

and the vehicle speed, the Priority Request Generator calculates the estimates the time of arrival 

(ETA) of the host CV to the intersection stop bar and the lane (inLane) that the vehicle is located 

on. The RSU receives SRMs from one or more priority eligible OBUs and processes them in the 

Priority Request Server. Details of Priority Request Generator and Priority Request Server are 

provided in Chapter 4. Whenever new priority request is added to the request table, the 

optimization model is solved and the new traffic signal timing schedule is implemented. This 

happens whenever a priority vehicle leaves the intersection or whenever the vehicle speed changes 

beyond a specific threshold. 
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OBUs broadcast BSM messages 10 times per second whether they are in the range of an RSU or 

not. These messages are used for V2V safety applications. The BSMs are received by an RSU 

when the vehicle is within radio range of the RSU. The Vehicle Trajectory Awareness component 

(Figure 3-5) is responsible for receiving the BSMs from the OBUs (or VISSIM API) and 

constructing the vehicle trajectories that can be used by the traffic control and other applications. 

The vehicle trajectories are used in the extended priority model that is presented in Chapter 7. 

After the CV leaves the DSRC range, the vehicle trajectory data will be deleted to protect privacy. 

Details of the Vehicle Trajectory Awareness component are provided in (Feng 2015). 

The Traffic Manager hosts intersection or section level configurations such as the priority 

configuration manager. The RSU is connected to Traffic Controller through Ethernet using NTCIP 

commands to set control commands (e.g. VEHICLE_CALL, FORCE_OFF, HOLD, and OMIT) 

and get signal timing parameters and real time signal status.  

The priority control model resides in the Signal Priority Algorithm component. This component 

acquires the PSM from the Priority Request Server and Priority Configuration from Traffic 

Configuration Manager. Based on these inputs, the Signal Priority Algorithm formulates a 

mathematical model and solves it in real time to obtain the optimal signal timing schedule. The 

optimal signal timing is set into controller by using NTCIP commands. Details about this 

component are provided in Chapter 5.   

 

3.5 Summary 

This chapter introduced the system architecture of priority control in a CV environment. Major 

hardware and software components were presented. Hardware components include the signal 
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controller, RSUs and OBUs. The standard SAE J2735 DSRC messages used throughout the system 

were introduced first. The HIL and SIL simulation environments were presented. The software 

components include the priority request generator, the priority request server, and the priority 

control optimizer were introduced. The details of these components were presented in the later 

chapters. 
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Chapter 4 Priority Request Generator and Priority Request 

Server 

 

This chapter presents the design of two components to process the priority eligible CV request 

data (signal request message (SRM)) that is shown in Figure 3-4 in Chapter 3 as the Priority 

Request Generator (PRG) and Priority Request Server (PRS).  

Section 4.1 provides an overview of the PRG component. Section 4.2 introduces the intersection 

map structure. Section 4.3 explains the PRS component. 

 

4.1 The Priority Request Generator  

The Priority Request Generator is responsible for determining a vehicle’s eligibility for priority, 

the vehicle type, estimating the desired service time (e.g. estimated time of arrival at the stop bar), 

and identification of the ingress and egress (if available) lanes from the MAP data. In the VISSIM 

simulation environment, the PRG receives the vehicle information, including vehicle type, speed, 

heading and position from the DriverModel.DLL. In real world, the PRG acquires GPS data that 

contains this information. As soon as the vehicle receives the intersection map, the PRG locates 

the vehicle on the map and broadcasts a priority request. The PRG is also responsible for updating 

any of the request information if there is a change in status or data.  

If the priority vehicle is a bus, the bus stop distance to intersection is important only when it is less 

than 300 meters – which is the assumed DSRC range. In this case, the PRG does not send a priority 

request until the bus leaves the bus stop. This information is available on the OBU through a 
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configuration file that indicates the distance between each bus stop in the route of the bus to the 

next intersection.  

An activity diagram for the basic operation of the PRG component is shown in Figure 4-1 The 

process starts by reading the vehicle configuration information including the vehicle type and ID. 

If the vehicle is a bus, the bus stop range configuration is read by the PRG. In the simulation 

environment, a socket for data transmission from the DLL is setup. As soon as a connected priority 

eligible vehicle enters the simulation network, the DLL broadcasts an incomplete SRM that 

contains the BMS blob and vehicle type. The incomplete SRM does not contain inLane, outLane, 

isCancel, Timeofservice, and Endofservice information because the priority vehicle is not aware 

of its relationship to the intersection map. When an intersection map (MAP) is received the PRG 

populates the missing elements in the SRM and broadcasts it. When testing in the field, the GPS 

unit in the OBU is initialized and the GPS position is acquired. There is no incomplete SRM in the 

field. 

When a priority vehicle enters the range of an intersection DSRC radio, the OBU Message 

Transceiver component (Figure 3- 5) receives the intersection map and stores it in a file and 

updates the current maps list according to the intersections ID. It is possible that the vehicle 

receives maps from two or more closely spaced intersections if it is in the DSRC range of multiple 

intersection radios. Based on the vehicle position, the PRG determines the intersection that it is 

approaching from among maps in the intersection map list and labels it “Active Map”.  Also, the 

PRG labels the intersections that are not the closest one or the vehicle has already left them as 

“Non-Active Map”. 

The PRG checks to determine if the vehicle is inside a predefined geo-fencing area. The geo-

fencing area is a virtual perimeter around the road segment. If the vehicle is outside of the geo-
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fencing area (e.g. enters near side parking lot/gas station), the vehicle is not considered. If the 

vehicle is inside geo-fencing area (or inside the bus stop range in the case of transit vehicle), the 

PRG locates the vehicle on the map to determine its relation to the intersection. It calculates the 

expected time of arrival (ETA) that will be used to populate Timeofservice and Endofservice data 

elements in the SRM. The PRG also determines the desired inLane and outLane (if available). 

The PRG creates a SRM with the isCancel value equals to True to cancel the priority request when 

the vehicle is leaving the intersection. The PRG broadcasts this new SRM to let the RSU knows 

that the vehicle has left the intersection.  

The process checks several conditions in order to decide if it should send a SRM or not. These 

conditions are listed as follow. 

• Has the vehicle speed changed beyond a specific threshold (e.g. 20%) because of 

acceleration and deceleration?  

• Is vehicle speed less than a specific threshold indicating that the vehicle is joining the 

queue? 

• Has the vehicle moved in the queue while its speed is less than the threshold? 

• Is vehicle stopped?  

• Has the vehicle left the intersection? 

• Was the previous SRM delivered successfully? 

If the vehicle speed has changed or the vehicle speed is less than a predefined threshold or if the 

vehicle stops, the PRG will send an updated SRM. The process waits to listen for the PSM to 

determine if the SRM has been received by the RSU. If it is not delivered, the PRG acquires the 

GPS data and sends another SRM. 
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Figure 4-1 Activity Diagram of the Priority Request Generator 
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4.2 Locating Vehicle on The Map 

In order to obtain the inLane, outLane, ETA, Timeofservice, and Endofservice, the PRG needs to 

locate the vehicle on the intersection MAP. The intersection map is a lane level geometric 

intersection description (GID) of the road network. The MAP includes several elements including 

the intersection ID, intersection GPS reference point, and attributes of the intersection (e.g. lane 

number, lane width, node list, and a set of egress and ingress lanes that describe approaches at the 

intersection). The position of each lane node is calculated as the northern and eastern offset from 

the reference point. The reference point is usually selected as the center of the intersection, but 

should probably be selected as the location of the RSU so that there is no offset required from the 

center of the intersection. The lane nodes are selected to capture the geometry of the intersection. 

Ideally, high precision survey grade GPS equipment, such as RTK-GPS, would be used to collect 

the lane nodes. This would be important if the map is used for safety applications. In this research, 

Google Earth has been used to collect the lane nodes and experience has shown this to be sufficient 

for traffic control in the field test network. An example of a map with lane nodes is shown in 

Figure 4-2. Since different intersections may have different phase assignment based on its 

geometry, a lane-phase mapping table is built for each intersection. This table is used by the PRS 

to determine the appropriate signal control phase based on the inLane (outLane) values in the 

SRM. Once the vehicle is located in a lane, the corresponding requested phase can be obtained. 

Based on the MAP data structure and the vehicle position, including location, speed and heading, 

the PRG finds the closest lane node to the vehicle to determine the current approach and lane that 

the vehicle is on. Using the two consecutive lane nodes in the same lane, lane heading is calculated. 

By comparing the lane heading and the vehicle heading, it is determined that the vehicle is on the 
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map or not. Then, the vehicle speed in two consecutive time steps is considered to determine the 

vehicle status (approaching, in queue or departing). The details of the algorithm are presented in 

(Feng 2015). 

 

  

(a) 
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(b) 

Figure 4-2 Campbell and Speedway, Tucson, AZ: (a) Intersection Description, (b) 

Lane Nodes (maps.google.com) 

 

4.3 The Priority Request Server  

Priority Request Server (PRS) is responsible for managing the SRM from multiple priority eligible 

vehicles on the same or conflicting movements. The PRS constructs an Active Request Table 

(ART) based on received SRM(s). The ART consists of information from all the vehicles that are 

sending requests in the range of the intersection. This information includes vehicle ID, vehicle 

type, vehicle status, requested phase, and ETA. The PRS passes the ART as input to Priority Solver 

component. The PRS also encodes the ART information into the PSM message and broadcasts it 

to the nearby priority vehicles as an acknowledgement of receipt of their SRM.  
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The SRM includes the target intersection ID. The intersection ID is a unique ID that defines an 

intersection within a country or region. The PRS should be aware of the intersection ID in order 

to filter the SRMs that are not related to the intersection. The SRM also contains the inLane that 

indicates the current lane number where the vehicle is located. The SRM does not contain 

information about the requested signal control phase since this would require the vehicle to know 

the phasing scheme at every intersection. The PRS uses an inLane-outLane-to-phase mapping table 

to determine the requested phase. The outLane is not required, but could be valuable if the vehicle 

was planning to take a left or right turn. The PRS obtains this table as well as intersection ID from 

an intersection configuration file on the RSU.  

If the vehicle type in the SRM is 1, the PRS considers the vehicle as emergency vehicle. Type 2 

and 3 are bus and truck respectively. For pedestrian priority request, type 4 is reserved in the PRS.  

If the priority policy requires the intersection to operate based on a traffic signal coordination plan, 

the PRS is responsible for generating the coordination request. Hence, the PRS frequently reads a 

priority configuration file that the coordination weight and signal coordination plan (cycle length, 

coordinated phase split, and offset reference point). The PRS considers coordination only if the 

coordination weight is greater than zero. The type of coordination priority request is 6. 

Also, there is no data element for the ETA in the SRM. After decoding the SRM, the PRS obtains 

the ETA by subtracting the end of time for service (EndofService) from the time for service 

(TimeofService) in the SRM.  

An activity diagram showing the basic operation of the PRS component is shown in Figure 4-3. 

The process starts by establishing a connection for receiving the SRM. The PRS then reads the 

inLane-outLane-to-phase mapping table file as well as priority configuration file. If the 

coordination weight is zero, the PRS waits to get the SRM. After receiving and decoding the SRM, 
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the PRS checks the intersection ID in the SRM. If the ID does not match, the PRS discards the 

SRM. Otherwise, the PRS continues to process the SRM.  After filtering SRMs, the PRS compares 

the vehicle ID in the SRM with the vehicle list in the ART. If the vehicle ID is not in the ART, the 

PRS calculates requested phase and ETA, adds the vehicle information into the ART, encodes the 

ART to the PSM message and broadcasts the PSM. If the vehicle information exists in the ART, 

the PRS updates the ART only if the status of the vehicle in the SRM is different than the status 

of the vehicle in the ART.  

If the coordination weight is greater than zero, the PRS reads the Epoch time. The coordination 

signal plan may change based on a time of day schedule or an adaptive coordination signal plan 

algorithm. The priority configuration file is updated whenever the coordination signal plan 

changes. Therefore, the PRS frequently (e.g. every cycle) reads the priority configuration file to 

obtain the plan. Virtual coordination request for coordinated phases are added to (or updated in) 

the ART by the PRS at the beginning and at the end of coordination phase split time. If it is not 

time to set the coordination request, the PRS checks whether there is any new SRMs. If the PRS 

receives an SRM, the rest of the process is similar to the case when coordination request is zero.   
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Figure 4-3 Activity Diagram of the Priority Request Server Request Server  

 

4.4 Summary  

This chapter presented the design of two important components of the signal priority decision 

framework: the Priority Request Generator and Priority Request Server. The PRG is responsible 

for determining a vehicle’s eligibility for priority, the vehicle type, estimating the desired service 

time, and identifying the in-lane and out-lane. This component updates any of the currently active 

request information if there is a change in status of vehicle and creates an SRM based on updated 
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data and broadcasts the SRM. The PRS is responsible for managing the SRMs from multiple 

priority eligible vehicles on the same or conflicting movements. The PRS constructs an active 

request table based on received SRMs that consists of information of all requests received from 

vehicles that are in the communication range of the intersection. The PRS also encodes the ART 

information into the PSM message and broadcasts it to the nearby priority vehicles as an 

acknowledgement of receipt of their SRM. The PRS filters out the SRMs that do not belong to the 

intersection based on the IntersectionID element in the SRM. Using an activity diagram, the basic 

operations of the PRG and the PRS components were shown.  
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Chapter 5 Traffic Signal Priority Algorithm  

5.1 Introduction 

The common way of serving priority eligible vehicles (e.g. transit or freight signal priority) or 

preemption is based on the “first come first serve” rule. It is known that if multiple priority requests 

exist at the same time at an intersection, then the “first come first serve” strategy may not be 

optimal (Head et al. 2006). 

The objective of this chapter is to present a real-time traffic signal priority control algorithm by 

simultaneously considering the needs of vehicle priority requests from different modes based on 

wireless communications (DSRC), as well as traditional detection methods. The algorithm consists 

of a Mixed-Integer Linear Programming (MILP) model and a flexible implementation algorithm 

that guarantees the optimal signal schedule is applied with minimum negative impact on regular 

vehicles. The MILP model is solved any time a new updated signal request messages (SRM) from 

a CV is received by the priority request server (PRS). The model provides an optimal signal 

schedule that minimizes the total weighted priority request delay.  

The flexible implementation algorithm is designed to guarantee the optimal signal schedule is 

applied with minimum negative impact on regular vehicles. The algorithm allows the signal 

controller to actuate the signal using stop-bar loop-detectors until a critical point of time. Using 

the traditional actuation logic is very useful because the penetration rate of CVs for signal control 

operation is low, at least for the next few years. It is shown that even after installing the DSRC 

technology on new vehicles produced in the U.S., it will take more than 20 years for CVs to reach 

a reliable penetration rate (Volpe National Transportation Systems Center 2008). Using the 

flexible implementation algorithm, phases can be skipped when no vehicle is detected. 
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Section 5.2 introduces the MILP. Section 5.3 illustrates a visualization method and describes the 

flexible implementation algorithm. Section 5.4 presents the signal priority application and its 

relation to other priority components that were described in Figure 3-3. Section 5.5 focuses on the 

assessment and evaluation of the proposed priority model. Section 5.6 provides a summary of this 

chapter.  

 

5.2 Mixed-Integer Linear Programming Model 

In this section, the mathematical optimization model is described (Zamanipour et al. 2016). It is 

assumed that the sequence of phases in each ring is fixed. (Skabardonis 2000) noted that phase 

rotation can cause confusion to the motorist, loss of coordination, and long delay to the traffic 

stream. Table 5-1 summarizes the notation of the mathematical model. 

 

Table 5-1 Notation Definition 

Type Symbol Definition 

Sets K  Set of cycles }2,1{=K  

 P  Set of phases }8,...,1{=P  

 TM  Set of all modes }10,...,1{=TM  

 CP Set of predefined coordinated phase, e.g. {2, 6} 

 mJ  Set of request numbers of mode m  

Indices Kk ∈  Index of cycles  

 Pp ∈  Index of phases  

 TMm∈  Index of modes 

 Ppp ∈21,  
Index of the current phase in ring 1 and current phase in ring 2 at the 

time of solving the problem  

 mm Jj ∈  Index of the jth request of mode m  

 Pjp m ∈)(  Index of requested phase for the jth request of mode m 
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Parameters py  Required yellow change time for phase p  

 pr  Required red clearance time for phase p  

 pgmin  Minimum green time for phase p  

 pgmax  Maximum green time for phase p  

 
1pElapsGrn Elapsed green time of the current phase in ring 1  

 
2pElapsGrn Elapsed green time of the current phase in ring 2  

 
1pInit  Required time to start the next phase in ring 1 if current phase is in 

yellow change or red clearance 

 
2pInit  Required time to start the next phase in ring 2 if current phase is in 

yellow change or red clearance 

 
mj

u  
Latest arrival time of the jth request of mode m to the intersection 

stop bar 

 
mjl  

Earliest arrival time of the jth request of mode m to the intersection 

stop bar 

 mw  Weight (e.g. importance) of mode m  

 pI  
An indicator that is 1, if at the current time, the signal is in early 

return to green of coordinated phase CPp ∈ , otherwise 0 

 M A sufficiently large number 

Decision 

variables 
Rt

k

p ∈  Starting time of phase p in cycle k  

 Rg
k

p ∈  Green time for phase p in cycle k  

 Rv
k

p ∈  

Duration of phase p in cycle k, including clearance time 







=

>++
=

0,0

0,
k

p

k

ppp

k

pk

p
g

gryg
v  

 }1,0{∈
mjθ  0, if the jth priority request of mode m is served in cycle 1, 

otherwise 1 

 
mj

d  Delay of the jth priority request of mode m 

 
k

pc  Delay of coordinated phase p in cycle k 
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The standard NEMA dual-ring, eight-phase structure is considered in this paper as shown in Figure 

5-1. Each ring in the controller contains 4 phases, Figure 5-1(b). Although the model is based on 

the dual-ring eight-phase structure, it is possible to reformulate the model to deal with missing 

phases that occur at T-intersections and/or other structures. 

 

Figure 5-1 Dual – Ring, Eight – Phase Controller and Precedence Diagram 

The main structure of the mathematical model is as follows. 

Minimize Priority Eligible Vehicle Request Delay   

 s.t. 

  Precedence Constraints 

  Phase Duration & Interval Constraints 

  Priority Eligible Vehicle Request Delay Evaluation Constraints 

(a) (b) 

1 

5 

2 

6 

1 

5 

2 

6 

3 

7 

4 

8 

3 

7 

4 

8 

Cycle 1 Cycle 2 

(c) 

1 2 3 4 

5 6 7 8 

Ring 1 

Ring 2 

Group 1 Group 2 

Barrier Barrier 

8 3 

6 

1 

7 4 

2 

5 



72 
 

The objective of the mathematical model is to minimize the total weighted average delay for 

different priority eligible vehicles. There are three sets of constraints including precedence, phase 

duration and intervals, priority vehicle delay evaluation constraints. This mathematical model is 

designed to be solved over a rolling horizon. When a priority eligible vehicle enters the range of 

the DSRC and sends SRM, its ETA is estimated and the model is solved. When the vehicle changes 

its status (e.g. joining the queue, leaving the queue, or leaving the intersection), the model is 

updated and solved again. If other vehicle(s) enters the range or changes their status, the model is 

solved again. In fact, whenever the Active Request Table (ART) is changed by the PRS, the model 

is solved. Since the standard DSRC range is 300 meters (~1000 ft), the ETA of a priority-

requesting vehicle will probably not exceed the time to serve two cycles. Therefore, the rolling 

horizon in this model is set to two cycles. 

The dual-ring controller can be modeled by a precedence graph as depicted in Figure 5-1(c). Arcs 

in the precedence graph represents the duration of phases, while nodes represent the phase 

transitions. Phase intervals can be easily visualized in the precedence graph by decomposing each 

arc into its respective interval precedence graph. The precedence graph defines the phase 

precedence relationships and green time feasible region. Traditionally, a signal plan is modeled by 

pre-allocated splits 
k

pv , where  pp

k

p

k

p rygv ++= However, in the proposed model, the allocated 

green time 
k

pg  and the splits 
k

pv  are decision variables while the clearance times pp ry + are a 

predefined fix value for each phase. The constraints (5.1)-(5.13) modeled the precedence graph of 

dual-ring eight-phase controller in Figure 5-1(c).  

kprygv pp

k

p

k

p ,∀++=          (5.1) 
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Since priority requests can be received at any point in the cycle, the optimization problem may be 

formulated at any time during any phase. Hence, it is necessary to capture the elapsed green time 

of the current phase. Constraints (5.14) and (5.15) address this need. If the phase is in the clearance 

interval, it is important to know how long it will take to start the next phase in the ring. This is 

modeled by constraints (5.16) and (5.17). The minimum and maximum green times are adjusted 

based on the elapsed time by constraint (5.18) and (5.19). If the phase is a coordinated phase and 
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has returned to green early, the maximum green time limit is relaxed in constraint (5.20). 

Otherwise, there is a maximum green time for each phase. 

clearanceinnotispifElapsGrnt pp 1

1 ,
11

=
     (5.14)

clearanceinnotispifElapsGrnt pp 2

1 ,
22

=
     (5.15)

clearanceinispifInitt pp 1

1 ,
11

=
      (5.16)

clearanceinispifInitt pp 2

1 ,
22

=
      (5.17)

0,gmaxg}gmin,0max{
111111 p

1

pp =−≤≤− ppp IifElapsGrnElapsGrn
  (5.18)

  (5.19)

1,,ggmin 1

pp =∈∀≤ pICPpp
      (5.20)

21ppp ,,,,gmaxggmin ppppCPpkp
k ≠≠∉∀≤≤

    (5.21) 

 

Since there is uncertainty about the vehicle speed and traffic in front of the priority vehicle, the 

arrival time to stop bar is considered as a range (latest-earliest arrival time) to increase the 

robustness of the model.  The range is calculated based on the current speed of the vehicle, the 

distance to the stop bar, and vehicle mode. Constraints (5.22)-(5.27) calculate the delay of priority 

eligible vehicle requests. If the request can be served in the current cycle, the end of the requested 

phase in the current cycle )( 1

)(

1

)( mm jpjp gt + , should be larger than the latest arrival time of the 

request to the intersection, 
mj

u (right side of constraint (5.23)). In this case, the time between the 

starting time of requested phase in the current cycle and the earliest arrival time of the request 

(right side of constraint (5.22)) is smaller than the time interval between the starting time of 

0,gmaxg}gmin,0max{ 2p

1

pp 22222
=−≤≤− ppp IifElapsGrnElapsGrn
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requested phase in the next cycle and the earliest arrival time of the request constraint (right side 

of constraint (5.25)). Since  
mj

d  is being minimized in the objective function, from constraint 

(5.25), 
mj

θ is forced to be zero. Therefore, constraints (5.25), (5.26), and (5.27) are relaxed. The 

delay of the priority request is calculated by constraint (5.22).  

If the request is to be served in the next cycle, the latest arrival time of the request should be greater 

than the termination time of the requested phase in the current cycle (right side of constraint 

(5.23)). Therefore, constraint (5.23) forces 
mj

θ to be 1 and constraint (5.24) is relaxed. Constraint 

(5.26) ensures the allocated green time to the requested phase in the next cycle is at least more than 

the time interval between the latest arrival time of the request and the earliest arrival time of the 

request. Constraint (5.27) guarantees that the end of the requested phase in the next cycle is more 

than the latest arrival time of the priority request. Constraint (5.25) calculates the delay of the 

priority request. 

1,,)( =∀−≥ kjmltd mj

k

jpj mmm
       (5.22)

1,,)( )()( =∀+−≥ kjmgtuM m

k

jp

k

jpjj mmmm
θ

      (5.23)

1,,)1)(()( =∀−−≥ kjmlug mjjj

k

jp mmmm
θ

      (5.24)

2,,)( )( =∀−≥ kjmltd mjj

k

jpj mmmm
θ

      (5.25)

2,,)()( =∀−≥ kjmlug mjjj

k

jp mmmm
θ

       (5.26)

2,,)()( =∀≥+ kjmugt mjj

k

jp

k

jp mmmm
θ

      (5.27) 

In constraint (5.25), the term 
mm j

k

jpt θ)( is a multiplication of a real and a binary decision variable. In 

order to linearize this term, an intermediate variable 
mmm j

k

jpj tx θ)(=  is introduced and non-equalities 
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(5.29), (5.30) and (5.31) are added to the constraints. These four constraints ensure that 
mj

x is either 

0  (when 0=
mj

θ ) or 
k

jp m
t )( (when 1=

mj
θ ). Also, constraint (5.25) is replaced with constraint 

(5.28).  

mjjjj jmlxd
mmmm

,∀−≥ θ         (5.28)

mjj jmxM
mm

,∀≥θ        (5.29)

2,,)1()( =∀−−≥ kjmMtx mj

k

jpj mmm
θ

      (5.30)

2,,)1()( =∀≥−+ kjmxMt mjj

k

jp mmm
θ

      (5.31) 

Equation (5.32) is the objective function of the model. In this function, requests for each mode 

have a predefined weight m
w  that reflect the importance of that mode.  














∑

∈∈ m

m

JjTMm m

j

m

gt
J

dw

,

,,min θ       (5.32) 

 

The MILP has a polynomial solvable structure that makes it efficient in terms of solution time and 

implementable in real-time applications. The maximum number of binary variables is ∑
∈TMm

mJ , 

which is the total number of priority eligible vehicles. For each binary variable, there is a 

corresponding intermediate variable. The maximum number of delay related variables are the same 

as maximum number of binary variables. Therefore , the total number of decision variables is 

)(3328 ∑
∈

×+××
TMm

mJ
 
for an 8 phases signal controller in 2 cycles horizon. The solution of this 

formulation has been tested using the GLPK 4.4 solver on an embedded Linux machine with 512 

MHz processor and 256 Mb of memory. The average solution time is less than 1 second. 
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5.3 Flexible Implementation Algorithm 

Since the real-time traffic demand for each phase is unknown due to the stochastic nature of traffic 

flow, a flexible implementation algorithm is designed to consider non-priority eligible vehicles. 

This algorithm reduces the negative impacts on regular vehicles because it allows the signal to 

operate based on actuated control while ensuring the priority requests are served with minimum 

delay. Integration of the MILP formulation and actuated control will result in the phases being 

allowed to gap out if no vehicles are detected; to extend if a priority request needs to be served; to 

force-off the phase when the maximum green extension is reached; or, to force-off the phase when 

it is needed to serve the priority request in the next phase(s) or cycle. 

Given the assumption of a fixed-phase sequence, a phase–time diagram (He, Head, and Ding 2011) 

is constructed with one horizontal axis representing time and two vertical axes representing the 

phases in each of the two rings (the left axis is ring 1 and the right axis is ring 2), as shown in 

Figure 5-2. The origin denotes the current time and current phase, which is shown as the start of 

phases P1 and P5, but could be any feasible phase combination. The projection of every arc into 

the time axis determines the phase duration. Any piecewise line starting from the origin represents 

a signal plan in the phase–time diagram. However, the feasible region of the signal plan is bounded 

in a cone-shaped area by the shortest path (shortest timing as determined by each phase’s minimal 

green times) and the longest path (longest time as determined by each phase’s maximal green 

times). The cone area between the black dashed lines in Figure 5-2, shows this feasible region. A 

priority request �� with requested phase �(��) is associated with a desired service time interval, 

[�	
   �	
] which represents the earliest arrival time and latest arrival time of the �th request of 

mode type m. In Figure 5-2, the thin orange piecewise line represents the timing of ring 1 and the 

thick blue piecewise line represents the timing of ring 2.  
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Figure 5-2 Time – Phase Diagram for Three Requests in Two Rings 

 

In Figure 5-2, there are 3 requests. Two of them are mode m=2 and one of them is mode m=5. The 

first request of mode m=2 has service time interval l��   u��� = [2.0 6.0] and the requested phase 

p(1�) = P� . This request has delay because the feasible starting time of the requested phase is 

larger than the earliest arrival time of the request (7.0 > 2.0). The second request of mode m=2 

has service time interval l��   u��� = [36.0  41.0] and the request phase p(2�) = P . This request 

does not have any delay because the starting time of the requested phase is smaller than the earliest 

arrival time of the request (21.0 < 36.0). The first request of mode m=5 has service time interval 

l�"   u�"� = [26.0  30.0 ] and the requested phase p(1#) = P$. This request does not have any 

delay. 

Assume there is just one priority request in the request list (Figure 5-3). If the optimal delay for 

that request is not zero, there is one and only one optimal signal timing schedule. The optimal 

signal timing would allocate minimum green time to the phases so that the requested phase starts 
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as soon as possible. But, if the optimal delay is zero, there are multiple optimal solutions for the 

problem. 

 

Figure 5-3 Time – Phase Diagram for One Request 

 

Figure 5-3(a) and (b) show two phase-time diagrams for request �� with service time interval 

[�	
   �	
] and the requested phase �(��) = %&. The only mutual part of these two realizations is 

that phase %& is green during the interval [�	
   �	
]. In order to ensure phase %& is green during the 

service time interval, the predecessor phases should be held (phase HOLD) or forced-off (a phase 

FORCE-OFF) at a specific threshold.  

 

Figure 5-4 Backward Critical Points 

(a) (b) 



80 
 

 

Figure 5-4 shows an illustration of the set of “backward critical points” for serving request �� 

without delay.  These points are divided into two groups, backward left (BL) and backward right 

(BR). The BL points are calculated based on BR points. Equation (5.33)-(5.39) explain how BRs 

and BLs are calculated. 

mj
uBR =1            (5.33)

)(2
77 PPj rylBR

m
+−=          (5.34)

)(gmin23
667P PP ryBRBR +−−=         (5.35)

)(gmin34
556P PP ryBRBR +−−=         (5.36)

)(gmax11
778P PP ryBRBL +−−=         (5.37)

)(gmax22
667P PP ryBRBL +−−=        (5.38)

)(gmax33
556P PP ryBRBL +−−=         (5.39) 

gmax and gmin are the phase maximum and minimum times. 

As Figure 5-4 shows, some of the BL and BR points are infeasible points. For example, BR4, BL2, 

and BL3 are out of the feasible region that is created by minimum and maximum green time lines.  

Figure 5-5 illustrates the “forward critical points” (Equations (5.40)-(5.45)). These points are also 

divided into two parts, Forward Right (FR) and Forward Left (FL). The FRs are points where each 

phase has been extended until the phase maximum time. The FLs are points where only minimum 

green time has been allocated to each phase.  
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)gmax,0max(1
555P PP InitElapsFR +−=        (5.40)

)(gmax12
556P PP ryFRFR +−+=        (5.41)

)(gmax23
667P PP ryFRFR +−+=        (5.42)

)gmin,0max(1
555P PP InitElapsFL +−=        (5.43) 

 )(gmin12
556P PP ryFLFL +−+=        (5.44) 

)(gmin23
667P PP ryFLFL +−+=        (5.45) 

 

 

Figure 5-5 Forward Critical Points 

 

The Critical Points (CP) for serving priority request �� are points that create a feasible region for 

signal control that ensures the request is served without delay. They are also divided into two major 

points, Critical Left Points (CLP) and Critical Right Points (CRP). Figure 5-6 shows these points 

and the feasible region that they create for the serving priority request ��. The right points of this 
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region (CRPs) are the minimum of the BRs and FRs for each phase, while the left points of the 

region (CLPs) are the maximum of the BLs and FLs for each phase. In the case of multiple requests, 

the optimal request-cycle assignment can be determined based on the earliest time of service. The 

CP can be obtained following the similar procedure for every request. .  

 

 

Figure 5-6 Feasible Region from Critical Points 

 

5.4 Signal Priority Application 

The signal priority application utilizes the MILP and the implementation algorithm. As shown in 

Figure 3-3 in Chapter 3, this application is responsible for solving an optimization model to obtain 

the best signal timing schedule for all active requests based on the priority policy, the prevailing 

traffic conditions, and signal controller capability. The responsible traffic operating agency may 

establish a priority policy for each equipped section of traffic signals, or individual signals within 

a section, that determines the relative importance of different modes of travel. Based on the priority 

strategy, the modes that should be considered as eligible priority modes at the intersection level 

are determined. Each mode has a weight that shows the level of importance.  
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Figure 5-7 shows the interface of the signal priority application. The signal priority application 

reads the priority policy from a priority configuration file (priorityConfiguration.txt) and imports 

them in to the MILP objective function. The application talks directly to the controller to get the 

controller configuration. The controller configuration, including phases in use, ring structure, 

minimum green time, maximum green time, yellow change interval, red clearance time, pedestrian 

walking time, and pedestrian clearance time are read from the controller. The application gets the 

signal status from the controller every 0.1 second. Also, the application reads the ART file 

(requests.txt and requestscombined.txt) that is produced by the PRS.  

 

 

 

Figure 5-7 Interfaces to the Signal Priority Application 
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Figure 5-8 is an activity diagram describing the signal priority algorithm. The algorithm reads the 

controller IP address and port as well as priority configuration file. Then, it sets up a connection 

to the controller to set and get NTCIP commands. It reads the priority configuration and gets the 

controller configuration from the traffic controller. Then, the application gets the signal status and 

checks the ART constantly. There is an update flag in the ART. Whenever the vehicle status 

changes in the ART, the PRS assigns a value greater than zero to the update flag. Therefore, if the 

flag is greater than zero, the signal priority application needs to solve the signal optimization 

problem. According to the MILP structure, ART content, traffic controller signal plan, priority 

configuration file and the current signal status, the priority application creates a data file for GLPK 

solver. Then GLPK solves the model using the data file as the input. The optimal solution from 

GLPK is passed to the implementation algorithm to obtain critical points. Based on the critical 

points, the signal timing schedule is sent to Traffic Control Interface (Figure 5-7).  

Based on the priority policy, special modes like emergency vehicles (EV) can receive preemption. 

The differences between preemption and signal priority is that preemption may completely disrupt 

the normal signal cycle to accommodate the emergency vehicle while signal priority can maintain 

the normal signal operation (e.g. phase sequences) and signal cycle (e.g. coordination). In the 

algorithm, if there is at least one EV in the ART, the priority application ignores other priority 

eligible vehicles in the ART. In this case, the minimum and maximum green time of the phases 

that are not requested are considered as zero. Therefore, the precedence equations in the MILP 

(equations (5.1) to (5.13)) do not allocate any green time to the non-requested phases and these 

phases are skipped. But, the green duration equations in the MILP (equations (5.14) to (5.19)) 

ensure that the minimum green time of the current phase and the clearance intervals are considered 
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in the optimal schedule. Also, if there is an Emergency Vehicle in the ART, the flexible 

implementation algorithm is not applied.  

 

Figure 5-8 Signal Priority Algorithm 
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5.5 Evaluation and Assessment 

This section focuses on the assessment and evaluation of the proposed priority algorithm. The 

evaluation is conducted in both the simulation environment and field. Sections 5.5.1 and 5.5.2 

provide the simulation result of the priority model based on VISSIM models of the Anthem, AZ 

and San Mateo, CA networks, respectively. Section 5.5.3 documents the field test and evaluation 

of the model. 

 

 

5.5.1 Anthem Network Simulation  

The Anthem simulation network is modeled after a section of traffic signals in Anthem, AZ along 

Daisy Mountain Dr. that consists of 6 intersections: Gavilan Peak Pkwy, North Dedication Trail, 

West Meridian Rd., West Hastings Way, West Memorial Dr., and Anthem Way. Figure 5-9 shows 

the Googlemap overview of the network. The main street (Daisy Mountain Dr.) has three lanes 

each direction and the side streets have one to two lanes. The three lanes on Daisy Mountain Dr. 

are split into left, right and through lanes at the Anthem Way intersection. 
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Figure 5-9 Anthem, AZ Network Overview (maps.google.com) 

 

The total simulation period is 3 hours with 30 minutes of warm up time (0s-1800s) and 2 hours 

and 30 minutes of data collection period (1800s-10800s). During the data collection time period, 

there are five different traffic demand levels. Each level lasts for half an hour. The demand levels   

and corresponding time are defined as follows: 

• Demand Level 1: 1800s-3600s (Medium) 

• Demand Level 2: 3600s-5400s (High) 

• Demand Level 3: 5400s-7200s (High) 

• Demand Level 4: 7200s-9000s (Medium) 

• Demand Level 5: 9000s-10800s (Low) 
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An additional parallel freeway incident is also simulated. In this scenario it is assumed that there 

was an accident on the nearby freeway (I-17) and some vehicles are re-routed to this arterial, hence 

increasing the demand for a certain period of time. To replicate this situation, 10% and 25% 

increases in traffic demand are only added to the eastbound entrance of the network under Demand 

Level 1 through Demand Level 4 for two hours. Figure 5-10 shows the demand profile (Feng 

2015). 

 

Figure 5-10 Traffic Demand Profile in the Anthem, AZ Network (Eastbound Entrance) 

 

It is assumed that the vehicle composition is 98% of passenger vehicles and 2% of trucks. There 

are 5 bus stops in this arterial, 3 bus stops in westbound and 2 bus stops in southbound. All of the 

bus stops are far side. The headway for buses is 10 minutes and they move along the main street. 

The dwell time distribution for transit vehicle at each bus stop is N(20, 2) seconds. Table 5-2 lists 

the location of bus stops. 
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Table 5-2 Bus Stops Location Along Anthem, AZ Network 

Eastbound Bus Stops 

Location Far side / Near side Type 

N. Gavilan Peak Pkwy and W. Daisy Mountain Dr. Far side Pull out 

W. Hasting Way and Daisy Mountain Dr. Far side Pull out 

Westbound Bus Stops 

Location Far side / Near side Type 

W. Anthem Way and Daisy Mountain Dr. Far side Pull out 

W. Meridian Rd and Daisy Mountain Dr. Far side Pull out 

N. Gavilan Peak Pkwy and W. Daisy Mountain Dr. Far side Pull out 

 

 The DSRC range in simulation for each movement at each intersection is calibrated by field data. 

Figure 5-11 shows the calibrated DSRC communication range for each approach in the Anthem 

network. Note that Gavilan Peak and Dedication Trail are closely spaced and their DSRC 

communication ranges overlap significantly. Table 5-3 lists the DSRC range of each intersection 

along the geometric approach directions (Khoshmagham 2016). There are many factors that affect 

the DSRC range such as separation distance, signal propagation environment, and the radio 

transmission power and modulation rate (Bai et al. 2010). The reported DSRC range in this study 

is established as the greatest distance from the RSU where 95% of the packets were received in a 

field calibration experiment. 

 

Table 5-3 DSRC Range of Each Intersection by Movement in the Anthem, AZ Network 

(meter) 

 Gavilan Dedication Meridian Hastings Memorial Anthem 

Movement App. Leav. App. Leav. App. Leav. App. Leav. App. Leav. App. Leav. 

NB 318.1 175.5 - 329.1 368.3 - 204.6 - 496.6 484.1 382.5 88.33 

EB 636.5 596.0 459.7 317.8 315.2 245.5 220.4 310.1 231.2 308.0 204.1 387.0 

SB 183.5 365.0 270.7 - - 348.0 - 222.2 474.6 286.1 91.0 361.8 

WB 527.2 536.2 299.1 483.6 208.0 347.7 358.7 212.9 300.3 213.5 333.7 218.9 



90 
 

 

 

 

Figure 5-11 DSRC Range Calibration at Each Intersection in the Anthem, AZ 

Network(meter) 

The priority model is evaluated using two scenarios. In the first scenario,  priority is provided to 

transit vehicles and the traffic demand is in the original level. In the second scenario, the demand 
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is increased by 10% and priority is provided to both buses and trucks. (2% of the vehicles in the 

simulation network are considered as trucks). In both of these two scenarios, no coordination plan 

is implemented and no pedestrians are modeled in the simulation. The performance of priority 

control framework is compared to fully actuated control with respect to vehicle delay and travel 

time.  

5.5.1.1 Scenario 1, TSP with Original Demand 

In this scenario, the priority is provided only for buses (Transit Signal Priority (TSP)). Average 

bus travel time and average bus delay in the eastbound and westbound directions in the corridor 

for 5 simulation replications are presented in Table 5-4 (a) for baseline.  

Table 5-4 Delay and Travel Time (TT) for Transit Vehicles in the Arizona, AZ Network for 

Scenario 1: (a) Fully Actuated Control (baseline) (b) Transit Priority Control 

(a) 

Measurement Eastbound Westbound 

Average Transit Vehicle Delay (sec) 149.09 150.08 

Average Transit Vehicle Travel Time (TT) (sec) 392.52 412.07 

Transit Vehicles Travel Time (TT) Standard Deviation 51.95 54.01 

Average Weighted Delay of Regular Vehicles (sec) 21.69 

 

(b) 

Measurement Eastbound % Westbound % 

Average Transit Vehicles Delay (sec) 82.87 -44.42 87.58 -41.64 

Average Transit Vehicles Travel Time (TT) (sec) 326.15 -16.91 349.26 -15.24 

Transit Vehicles Travel Time (TT) Standard Deviation 44.79 -13.78 17.69 -67.25 

Average Weighted Delay of Regular Vehicles (sec) 21.49 -0.92 

 

Table 5-4 (b) summarizes the benefits of transit priority compared to the baseline case. The average 

transit vehicles travel time decreased by 16.91% in the eastbound direction and by 15.24% in the 
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westbound direction. The delay decreased by 44.42% in eastbound and 41.64% in westbound. 

Comparison of the average travel time standard deviation shows that transit priority increases the 

reliability of travel time by 13.78% in the eastbound direction and increased it by 67.25% in the 

westbound direction. Also, the average weighted delay of regular vehicles decreased by 0.92%. 

Average weighted delay of the regular vehicles in the network was defined as the number of served 

vehicles in each travel time section times the average delay of the vehicles in that section divided 

by the total number of vehicles in all travel time sections.   

 

(a)  

 

(b) 

Figure 5-12 One-by-One Comparison of Buses with and without TSP According to: (a) 

Average Delay (b) Average Travel Time, in Eastbound of the Anthem, AZ Network 
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Figure 5-12 (a) and (b) illustrate a bus-by-bus comparison of each bus under fully actuated control 

and transit priority control for the eastbound travel direction considering bus delay and bus travel 

time, respectively. Figure 5-13 (a) and (b) show the westbound comparison. These figures show 

that on average, transit priority is beneficial for each individual bus in the 5 simulation replications.  

 

 

 

(a) 

 
(b) 

Figure 5-13 One-by-One Comparison of Buses with and without TSP According to: (a) 

Average Delay (b) Average Travel Time, in Westbound of the Anthem, AZ Network 
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5.5.1.2 Scenario 2, TSP and FSP with 10% Increase in Original Demand 

Scenario 2 is designed to consider priority for both trucks (Freight Signal Priority (FSP) and transit 

vehicles (TSP). Trucks composed 2% of the vehicles in the network and do not have specific 

origins or destinations. Therefore, they may have a priority conflict with each other or with transit 

vehicles. Transit routes and departure times of transit vehicles remained the same as in Scenario 

1. Table 5-5 summarizes the results of 5 simulation replications. The result shows 9.7% and 6.7% 

improvement in the travel time of buses in the eastbound and westbound directions, respectively. 

Average bus delay is reduced by 29.4% and 24.1% in each direction. Average travel time and 

delay of trucks is reduced by 5.1% and 9.1%,  respectively. Average weighted delay of all regular 

vehicles increases by 9.8%.  

 

Table 5-5 Delay and Travel Time (TT) for Buses and Trucks in the Anthem, AZ Network 

for Scenario 2 

Measurement Fully Actuated FSP + TSP % 

Eastbound Average Transit Vehicles Delay (sec) 139.3 98.3 -29.4  

Eastbound Average Transit Vehicles Travel Time (TT) (sec) 421.1 380.1 -9.7  

Westbound Average Transit Vehicles Delay (sec) 116.7 88.6 -24.1 

Westbound Average Transit Vehicles Travel Time (TT) (sec) 417.2 389.1 -6.7 

Average Trucks Delay (sec) 19.8 18.0 -9.1 

Average Trucks Travel Time (TT) (sec) 57.1 54.1 -5.1 

Average Weighted Delay of Regular Vehicles (sec) 21.21 23.28 9.8 
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5.5.2 San Mateo Network Simulation  

This network is simulated in VISSIM based on a segment along El Camino Real, CA that consists 

of 8 intersections from 20th Ave to 42nd Ave (Figure 5-14). The main street (El Camino Real) has 

two or three lanes in each direction and the side streets have one or two lanes. Some intersections 

are closely spaced where the distance between the intersections is approximately 100m. The total 

simulation period is 5 hours with 30 minutes of warm up time (0s-1800s) and 4 hours and 30 

minutes of data collection period (1800s-18000s). There are five different traffic demand levels 

over the time period. Each level lasts for one hour except for the last demand level that is only for 

half an hour. The demand levels and corresponding time are defined as follows: 

• Level 1: 1800s-5400s (Low) 

• Level 2: 5400s-9000s (Medium) 

• Level 3: 9000s-12600s (High) 

• Level 4: 12600s-16200s (Medium) 

• Level 5: 16200s-18000s (Low) 

The low, medium, and high demands are 1000 (veh/h), 1200 (veh/h), and 1500 (veh/h) on the main 

street, respectively. The side streets demand is increased by the same ratio as the main street. 
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Figure 5-14 San Mateo, CA Network Overview (maps.google.com)  

 

The vehicle composition is 98% passenger vehicles and 2% trucks. There are 14 bus stops in this 

arterial, 7 bus stops in the northbound direction and 7 bus stops in the southbound direction. The 

location of 7 bus stops changed from nearside to far side to be compatible with MMITSS Concept 

of Operations. Table 5-6 lists the location of the bus stops. The headway is 10 minutes in both 

directions. The dwell time distribution of transit vehicles at each bus stop is N(20, 2) seconds. It 

is assumed that each intersection is operated independently without coordination. Priority is 

provided for transit vehicles only.  
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Table 5-6 Bus Stops Location Along San Mateo, CA Network 

Northbound Bus Stops 

Location Far side/Near side Type 

42nd Ave Far side Pull out 

39th Ave Far side (changed from nearside) In lane 

37th Ave Far side (changed from nearside) In lane 

E. Hillsdale Blvd Far side Pull out 

27th Ave Far side (changed from nearside) In lane 

25th Ave Far side In lane 

20th Ave Far side In lane 

Southbound Bus Stops 

Location Far side/Near side Type 

20th Ave Far side (changed from nearside) In lane 

25th Ave Far side In lane 

31st Ave  Far side In lane 

E. Hillsdale Blvd Far side Pull out 

37th Ave Far side (changed from nearside) In lane 

39th Ave Far side (changed from nearside) In lane 

41st Ave Far side (changed from nearside) In lane 

 

The priority model in this network is evaluated in two scenarios. In the first scenario, priority is 

provided to transit vehicles when there is no pedestrian in the network. In the second scenario, 

pedestrians are modeled in the network and it is assumed there is always PED CALL. In both of 

these scenarios, no coordination plan is implemented and priority is only provided for transit 

vehicles. The performance of the priority control framework is compared to fully actuated control 

with respect to delay and travel time.  

 

5.5.2.1 Scenario 1, TSP with No Pedestrians 

Average bus travel time and average bus delay in the southbound and northbound directions for 5 

different simulation replications are presented in Table 5-7 (a). The performance of the priority 

control model with respect to these measurements is compared to fully actuated control with no 

pedestrians.  



98 
 

 

Table 5-7 Delay and Travel Time (TT) for Transit Vehicles in the San Mateo, CA Network 

for Scenario 1: (a) Fully Actuated Control (baseline) (b) Transit Priority Control 

(a) 

Measurement Southbound  Northbound 

Average Transit Vehicles Delay (sec) 200.92 224.33 

Average Transit Vehicles Travel Time (TT) (sec) 586.49 607.42 

Transit Vehicles Travel Time (TT) Standard Deviation 42.90 45.71 

Average Weighted Delay of Regular Vehicles 18.23 

(b) 

 

 

Table 5-7 (b) summarizes the benefits of transit priority compared to the baseline case. The average 

transit travel time is decreased by 9.85% in the northbound direction and by 8.02% in the 

southbound direction. The delay is decreased by 24.04% in northbound and 23.20% in southbound 

directions. Comparison of the average travel time standard deviation shows that the model 

increased the reliability of travel time by 42.8% in southbound direction and 41.91% in northbound 

direction. The average weighted delay of all regular vehicles increased by 3.9%. 

 

 

Measurement Southbound  % Northbound % 

Average  Transit Vehicles Delay (sec) 154.27 -23.20 170.42 -24.04 

Average  Transit Vehicles  Travel Time (TT) (sec) 539.45 -8.02 547.55 -9.85 

Transit Vehicles  Travel Time (TT) Standard Deviation 24.05 -42.8 26.54 -41.91 

Average Weighted Delay of Regular Vehicles 18.94 3.9 
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(a) 

 
(b) 

Figure 5-15 One-by-One Comparison of Buses with and without TSP According to: (a) 

Average Delay (b) Average Travel Time, in Southbound of the San Mateo, CA Network 

 

Figure 5-15 (a) and (b) illustrate bus-by-bus average travel time and delay comparison of each bus 

under fully actuated control and transit priority control for the northbound direction considering 

bus delay and bus travel time, respectively. Figure 5-16 (a) and (b) show the southbound 

comparison. These figures show that transit priority is beneficial for almost every individual transit 

vehicle.  
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(a) 

 
(b) 

Figure 5-16 One-by-One Comparison of Buses with and without TSP According to: (a) 

Average Delay (b) Average Travel Time, in Northbound of the San Mateo, CA Network 
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actuated control and TSP control respectively.  In this scenario, the signal priority model reduced 

the average travel time of busses by 9.92% in southbound and 8.88% in northbound. The average 

delay decreased by 24.71% in south bound and 20.68% in northbound. The average weighted delay 

of regular vehicles increased by 0.37%.  

Table 5-8 Delay and Travel Time (TT) for Transit Vehicles in the San Mateo, CA Network 

for Scenario 2: (a) Fully Actuated Control (baseline) (b) Transit Priority Control 

(a) 

Measurement Southbound  Northbound 

Average Transit Vehicles Delay (sec) 251.41 285.67 

Average Transit Vehicles TT (sec) 625.94 663.98 

Transit Vehicles TT Standard Deviation 63.85 60.57 

Average Weighted Delay of Regular Vehicles 27.31 

(b) 

 

5.5.3 Field Assessment and Evaluation  

The signal priority application was tested as part of the MMITSS  impact assessment (IA) analysis 

that was conducted on March 3, 2015 (Tuesday) and March 4, 2015 (Wednesday) in Anthem, Az. 

Based on the detailed test plans, on Tuesday two trucks were enabled with signal priority and 

traveled for 10 round trips in northbound-southbound direction at one major intersection (Gavilan 

Peak and Daisy Mountain). Two transit vehicles were enabled with signal priority and traveled 

eastbound/westbound through the network of six (6) intersections for 10 round trips. The transit 

vehicles headway was 20 minutes. There are 5 far-side bus stops in the network. The average dwell 

time at each bus stops was 20 seconds. Travel time sections were designed to capture travel time 

in each round for each vehicle. Wednesday was designated for the base-case data collection using 

Measurement Southbound  % Northbound % 

Average  Transit Vehicles Delay (sec) 189.28 -24.71 226.58 -20.68 

Average  Transit Vehicles TT (sec) 563.86 -9.92 605.00 -8.88 

Transit Vehicles TT  Standard Deviation 73.09 14.47 73.09 -20.68 

Average Weighted Delay of Regular Vehicles 27.21 0.37 



102 
 

GPS units in the vehicles. No priority was provided on Wednesday. Two trucks and two transit 

vehicles traveled 10 round trips while their departure times were coordinated to be at the same 

time as on Tuesday. Figure 5-17 (a) and (b) show a one by one comparison of travel time for the 

two transit vehicles in each of the 10 round trips on Tuesday (with priority) and on Wednesday 

(without priority). Figure 5-18 (a) and (b) show the results for the two trucks. GPS unit data from 

Truck #1 in the first round was unavailable. On Wednesday, Truck #1 stopped in Round 5 and 7 

for pedestrians (the pedestrian clearance interval was 45 seconds which has a significant impact 

on priority control). A similar situation occurred for Truck #2 in the fourth round.  

 

 
(a) 

 
(b) 

Figure 5-17 Travel Time Comparison of Two Buses in Anthem, AZ Network Field Testing 
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(a) 

 
(b) 

Figure 5-18 Travel Time Comparison of Two Trucks in Anthem, AZ Network Field Testing 
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deviation of the trucks decreased by 21.78%.  The results show the effectiveness of the priority 

control framework in real-world. 

Table 5-9 Buses Travel Time with and without Signal Priority in Anthem, AZ Network 

Field Testing 

 

Baseline 

(2 buses without priority 

for 10 Rounds Trip) 

Signal Priority 

(2 buses with priority for 

10 Rounds Trip) 

Improvement (%) 

Average Travel Time 

(TT) (sec) 
850.12 762.56 10.3 

Travel Time (TT) 

Standard Deviation 
91.13 53.48 41.3 

 

Table 5-10 Trucks Travel Time with and without Signal Priority in Anthem, AZ Network 

Field Testing 

 

Baseline 

(2 trucks without priority 

for 10 Rounds Trip) 

Signal Priority 

 (2 trucks with priority 

for 10 Rounds Trip) 

Improvement (%) 

Average Travel Time 

(TT) (sec) 
182.42 175.44 3.84 

Travel Time (TT) 

Standard Deviation 
36.28 28.37 21.78 

 

Trajectories of the first equipped truck on Tuesday and Wednesday are displayed on Figure 5-19(a) 

and (b) respectively. The diagrams are drawn based on the BSMs received at the intersection 

(Khoshmagham 2016). Missing points in the trajectory of the vehicles is an indication of losing 

packets in the wireless communications. On both days the equipped truck was approaching the 

intersection on northbound direction. 

On Tuesday, the signal priority applications were running which gives priority to equipped trucks. 

During 10 rounds of test, the equipped truck only fully stopped once and slowed down once as it 
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encountered the queue. On Wednesday, when no signal priority applications were running the 

equipped truck stopped 5 times. 

 

  

  
  

Figure 5-19 Time – Space Diagram Comparison of Trajectories for Truck No. 1: (a) with 

Signal Priority, (b) without Signal Priority in Anthem, AZ Network Field Testing 
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5.6 Summary 

This chapter presented a real-time traffic signal priority control algorithm for use in a CV 

environment. The algorithm consists of two modules, a MILP model and an implementation 

algorithm. The MILP model utilizes vehicle location and speed data from CVs as the input to 

minimize a weighted average delay objective function and obtain an optimal signal plan. The 

flexible implementation algorithm was designed to integrate the optimal signal plan with phase 

actuation. The algorithm ensures that one of the multiple optimal solutions for priority vehicles is 

chosen and that the signal controller has maximum flexibility to actuate based on the real traffic 

demand. Using this algorithm, the impact of giving priority to the priority eligible vehicles on the 

regular vehicles was minimized.  

The priority model was tested in a simulation framework on two different networks: San Mateo, 

CA and Anthem, AZ. The simulation experiments showed that the model, when compared to fully 

actuated control, was able to reduce average priority vehicle delay and travel times while it does 

not have significant negative impact on the passenger cars. The field results of implementing the 

priority framework in the National Affiliated Connected Vehicles Test Bed in Anthem, AZ showed 

the effectiveness of the model in the real world.   
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Chapter 6 Coordination Priority Model  

6.1 Introduction 

In the previous chapter, a signal priority control algorithm was presented which provides priority 

for multiple requests with different priority level at an intersection, with freely granted actuated 

signal operation. This chapter integrates actuated signal coordination and signal priority into a 

unified framework. In the current state-of-practice coordinated signal operation in the U.S., 

coordination is treated in a separate framework from signal priority. However, coordination and 

priority have very similar objectives that can be integrated into the same framework, one in which 

coordination is considered as a special type of priority. The objective of signal priority can be 

described as the intent to make the requested phase green at a particular point in time (earliest 

arrival time of the vehicle) and last a certain amount of time (latest arrival time of the vehicle), in 

order to ensure that the priority eligible vehicle can pass through the intersection with reduced 

travel time or delay. Similarly, the goal of coordination is to make the coordinated phase (requested 

phase) green at a particular point in time (earliest arrival time of the virtual request) and last a 

certain amount of time (latest arrival time of the virtual request) to let a platoon of vehicles pass 

intersections with reduced travel time or delay.  

Section 6.2 briefly introduces the main concepts of coordination. Section 6.3 presents the 

coordination priority model. Section 6.4 shows an example of providing priority for a transit 

vehicle at a coordinated intersection under different transit vehicle arrival times. Section 5.5 

focuses on the assessment and evaluation of the proposed priority model. Section 5.6 provides a 

summary of this chapter. 
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6.2 Basic Coordination Concepts  

The intent of coordination is to provide smooth flow of traffic along streets in order to reduce 

vehicles travel times or delay by synchronizing two or more adjacent intersections. Usually a time-

space diagram is used as a tool to visualize the coordination of a group of signals. A time-space 

diagram is a chart that plots the vehicles’ trajectories through a series of signalized intersections. 

In the y-axis (Distance), the locations of intersections are shown, while the x-axis shows time. 

Vehicles travel in both directions. Figure 6-1 shows a time space diagram consisting of three 

intersections. The progression bands show the window through which vehicles could progress as 

they drive along the arterial through these three signals in both directions. Usually, the phases 

related to the main street through movements are considered as the coordinated phases (Phase 2 

and 6).  Figure 6-2 shows the coordinated and non-coordinated phases in a dual ring structure. 

 

Figure 6-1 Time-Space Diagram of Three Coordinated Signals with Good Two-Direction 

Progression 

 
Any coordination signal plan is characterized by three fundamental parameters: cycle length, 

offset, and a set of phase splits. Cycle length is a parameter that defines the required time for a 
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complete sequence of phases. In a coordination plan, the cycle length is generally the same for all 

intersections in the coordination group. Cycle length is defined to start from the end of the 

coordinated phase green or the beginning of coordinated phase yellow in each cycle.  

 

Figure 6-2 Dual Ring Structure and Green Allocation to Coordinated Phases 2 and 6 

 

In a coordinated plan, the set of phase splits are the portion of green time allocated to each phase 

at an intersection. The coordinated phase green time may be longer than its predefined split time 

because of the early return to green that can result from the actuated phases terminating early due 

to lack of vehicular demand. Figure 6-3 shows an example of cycle length equal to 100 seconds 

and a set of phase splits. The Clock Time shows the master clock and the relationship to the local 

clock. This figure also illustrates the time phase diagram of a realization of green allocation to 

phases in ring 1. In the second cycle, there is an early return to the green for coordinated phase 2. 

It assumes that the split is 38 seconds, which is 33 seconds of green time, 2 seconds of yellow 

change, and 3 seconds of red clearance. The time-phase diagram in Figure 6-3 shows two virtual 
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coordination requests for phase 2 as two boxes. The first request is between 62 seconds and 100 

seconds from the current time. The second request is between 162 seconds and 200 seconds.  

 

Figure 6-3 Time – Phase Diagram of a Realization of Ring1 Phases with Coordinated 

Phase2 
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terminate the coordinated phase and the signal will start serving other phases that have active 

vehicle calls. In Figure 6-3, at the end of coordination request (at 100 seconds from time zero), the 

coordinated phase is terminated. However, it is possible to set the coordinated phases to operate in 

an actuated mode. In this case, a yield point is defined for the coordinated phase. From the 

beginning of the split time up to the yield point, a hold command is applied to the coordinated 

phase. At the yield point, the coordinator removes the hold command, and allows the coordinated 

phase to be actuated. If the coordinated phase is actuated, it then can begin extending. The 

extension lasts up to a certain amount of time that is called the permissive period. At the end of 

the permissive period, the coordinator applies a force off to the coordinated phases. At this time, 

if there is not any call on the other phases, the force-off command will not work and the signal will 

stay in the coordinated phase. Otherwise, the signal will startsserving the phases that have calls. 

The yield point calculation for the fully actuated coordinated phase is according to the following 

formula:  

Yield Point = Coordinated phase split interval - vehicle clearance time 

a  

Figure 6-4 Coordinated Phase Yield and Force-Off Points 
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Figure 6-4 shows the 4 phases in ring 1, where phase 2 is the coordinated phase. The coordinated 

yield and force-off points are shown in the figure highlighting the permissive period. 

 

 

Figure 6-5 Time-Phase Diagram of a Realization of Ring 1 Phases with Fully-Actuated 

Coordinated Phase 2 
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Figure 6-5 shows the phase-time diagram of a signal realization of a fully actuated coordinated 

phase. The yield point is at 95 seconds and the permissive period is assumed to be 15 seconds. 

The coordinated phase 2 is extended up to the end of the permissive period. After that point in 

time, there is a call for phase 4; however, there is no call for phase 3. Therefore, at time 115, 

there is a vertical line that shows phase 3 has been skipped by the controller.     

 
Figure 6-6 Time-space Diagram of Three Coordinated Signals with (a) Poor Progression 

(b) Good Progression 

 

The offset parameter is the time relationship in seconds between coordinated phases at consecutive 

traffic signals. The offset is dependent on the offset reference point that is a point within a cycle 

in which the local controller’s offset is measured relative to the master clock. The master clock is 

the background timing mechanism to which each signal is referenced. As a result, each signalized 

intersection has an offset point referenced to the master clock, that established an offset relative to 

each other. By setting the appropriate offset, splits and cycle time at each intersection in a section, 

the coordinated phases can be aligned to provide good progression for traffic. Figure 6-6 (a) shows 
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a poor offset for three intersections, while Figure 6-6 (b) illustrates good coordination for platoons 

of vehicles moving through the three intersections.  

There are other factors, including management of queued vehicles on the coordinated phase and 

early return to green that can impact the quality of progression. These factors should be considered 

when selecting the cycle length, offset, and set of phase splits in the coordinated signal control 

plan. There are several popular tools that traffic engineers use to select these parameters including 

Synchro (Husch and Albeck 2003), TRANSYT-7F (Park et al. 1999), MAXBAND (Gartner and 

Nathan 1981), Multi-Band (Nathan et al. 1991) (Stamatiadis and Gartner 1996), and MITROP 

(Gartner et al. 1976).  Selection of these parameters is outside of the scope of this dissertation.    

  
6.3 Coordination Priority Model   
This section describes the mathematical model that integrates coordination into the priority 

framework. As mentioned earlier, the intent of coordination is to ensure the coordinated phase is 

green at the beginning of coordinated reference time point and keep it green up to the end of the 

coordinated phase split. Assume rl is the reference time and ru is the end of split. The time distance 

between rl and ru can be modeled as the earliest and latest time of a priority request, called the 

virtual coordination request. Assume time t is the start of coordinated phase and t+g is the end of 

coordinated phase. The green area in Figure 6-7 (b), (c), and (d) shows three possible green time 

allocations to the coordinated phase. In  Figure 6-7 (b), the coordinated phase starts t-rl seconds 

after the reference point and ends ru-(t+g) seconds before the end of the split. Therefore, there is 

a delay to the start of the coordination request and a penalty at the end of the split (red arrow) for 

terminating early. In  Figure 6-7 (c), the coordinated phase starts before the reference point and 

ends before the end of the split. Therefore, there is only a penalty at the end of the split for early 
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termination. In  Figure 6-7 (d), there is no delay in the start of coordination and no penalty for 

ending early.  

 

Figure 6-7 Coordination Delay in Different Green Time Allocation to Coordinated Phase 

 

To model the coordination delay and termination penalty, the following equation is used: 

))(()( gtrurltdelay +−+−= γξ        (6.1) 

where γ  and ξ  are two binary variables that are defined based on the relationship between the 

beginning of the coordinated phase, coordination reference point, the end of the coordinated phase, 

and the end of the split. 
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In order to linearize these two conditions, the following equations are needed:  

)( rltM −≥ξ           (6.4)

)()1( trlM −≥− ξ           (6.5)
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))(( gtruM +−≥γ          (6.6)

))(()1( rugtM −+≥− γ          (6.7) 

where M is a relatively large number. Condition (6.2) can be linearized using constraints (6.4) and 

(6.5). To show this, assume  rlt ≥ , then ξ should be 1 in the constraint (6.4) and the constraint 

(6.5) will become rlt ≥  which is a true constraint based on the initial assumption. If rlt < , then 

ξ should be 0 in the constraint (6.4) and constraint (6.5) will be redundant. Vice versa, if 1=ξ , 

then constraint (6.4) will be redundant and constraint (6.5) will be rlt ≥ . If 0=ξ , then constraint 

(6.5) will be redundant and constraint (6.4) will be rlt < .  Condition (6.3) can be linearized using 

constraints (6.6) and (6.7) based on the same relationships. 

In the mathematical model developed in this chapter, the coordination priority request for two 

consecutive cycles is considered. The model applies similar notation that was introduced in Table 

5-1 in Chapter 5. Table 6-1 introduces the require parameters and variables of the coordination 

priority model.  

Table 6-1 Notation Definition 

Type Symbol Definition 

Parameters 
k

prl  Start time of coordination request in cycle k for coordinated phase p  

 
k

pru  End time of coordination request in cycle k for coordinated phase p 

 α  Weight of priority eligible vehicles 

 β  Weight of coordination 

Decision 

Variables 

k

pc  Delay of coordinated phase p in cycle k 

 }1,0{∈k

p
ξ  1, if the start time of coordinated phase p in cycle k is greater than 

start time of coordination request of phase p in cycle k, otherwise 0 

 }1,0{∈k

p
γ  1, if the end time of coordination request of phase p in cycle k is 

greater than length of coordinated phase p in cycle k, otherwise 0 
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The main structure of the integrated mathematical model is as follows: 

Minimize Priority Eligible Vehicle Request Delay + Coordination Priority Request Delay   

 s.t. 

  Precedence Constraints 

  Phase Duration & Interval Constraints 

  Priority Eligible Vehicle Request Delay Evaluation Constraints 

  Coordination Priority Request Delay Evaluation Constraints 

The objective of the model is to minimize the total weighted coordination delay and penalty, and 

the priority eligible vehicles delay over the next two cycles, including the current cycle. There are 

four sets of constraints including precedence, phase duration and intervals, priority request delay 

evaluation, and coordination request delay and penalty evaluation constraints. The precedence, 

phase duration and intervals constraints, and priority eligible vehicle delay evaluation constraints 

were explained in Chapter 5.  Non-equalities (5.1) up to (5.24) and (5.26) up to (5.31) satisfy these 

constraint sets. 

Using equation (6.1), the coordination delay and penalty for each phase in each cycle is calculated 

as 

CPpkgtrurltc
k

p

k

p

k

p

k

p

k

p

k

p

k

p

k

p ∈∀+−+−= ,))(()( γξ      (6.8) 

In constraint (6.8), the term 
k

p

k

p t×ξ  is a multiplication of  binary and  continuous decision variables. 

In order to linearize this term, an intermediate variable 
k

p

k

p

k

p tf ×=ξ  is introduced and non-

equalities (6.9), (6.10) and (6.11) are added to the constraints.  
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CPpkMtf
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p ∈∀−−≥ ,)1( ξ        (6.9)
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CPpkfM
k

p

k

p ∈∀≥ ,ξ          (6.11) 

These three constraints ensure that 
k

pf  is either 0  (when 0=k

pξ ) or 
k

pt (when 1=k

pξ ). 

There is another nonlinear term in constraint (6.8). The term )( k

p

k

p

k

p gt +×γ  is also a multiplication 

of a binary and the summation of two continuous decision variables. In order to linearize this term, 

an intermediate continuous variable )( k

p

k

p

k

p

k

p gty +×= γ  is introduced and non-equalities (6.12), 

(6.13) and (6.14) are added to the constraints.  
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CPpkyM
k

p

k

p ∈∀≥ ,γ          (6.14) 

These three constraints ensure that 
k

py  is either 0  (when 0=k

pγ ) or 
k

p

k

p gt + (when 1=k

pγ ). 

Constraint (6.8) is replaced with constraint (6.15) so that the nonlinear terms are substituted with 

the intermediate variables.  
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The inequalities (6.4) to (6.7) can be written for each cycle and coordinated phase as:  

CPpkrltM
k

p

k

p

k

p ∈∀−≥ ,)(ξ         (6.16)
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CPpkgtruM
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p ∈∀+−≥ ,))((γ        (6.18)

CPpkrugtM
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k
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k
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k

p ∈∀−+≥− ,))(()1( γ       (6.19) 

By integrating the priority model in Chapter 5 with the extensions in this chapter, the unified MILP 

model is presented as follows: 
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    (6.20) 

..ts  

 (5.1) – (5.24), (5.26) – (5.31), (6.9) – (6.19) 

 

Equation (6.20) is the objective function of the model. The two main terms form a weighted 

summation of the weighted sum of the priority request delay and coordination request delay and 

penalty. In the first term, requests for mode m have a predefined weight m
w  that reflect the 

importance of that mode. The second term is the summation of coordination requests delay and 

penalty over the next two cycles. α is the weight of priority eligible vehicles while β is the weight 

of virtual coordination priority requests. The total number of binary and continuous variables 

added to the original  MILP is KCP2 and   KCP3  respectively. 

This mathematical model is designed to be solved over a rolling horizon. Whenever the PRS 

changes the status of a request, the model is solved again. In the case of a coordination request, 

the PRS updates the request at the beginning of the split (rl) and at the end of the split  (ru). 
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Figure 6-8 Signal Timing Realization and Critical Points of Coordination Priority Requests 

 

If the weight of coordination is greater than zero, the MILP model considers the coordination 

requests. As discussed in Chapter 5, the MILP model may contain multiple optimal solutions. 

Therefore, the implementation algorithm provides the critical points. Figure 6-8 illustrates an 

example of three coordination requests in three cycles in a time-phase diagram. The requests are 

for coordinated phases 2 and 6. The optimal timing sets that are created by critical points are shown 

by green lines. The traffic signal controller can actuate the phases within this set. This figure 

illustrates one realization of signal timing in ring 1 (orange lines) and one in ring 2 (blue lines). 

The coordinated phase minimum green time, split time and permissive period are shown in the 

figure. The optimal set ensures the coordinated phase is green for the split time and can be extended 

up to the permissive point. If the coordinated phase extends up to the permissive point, the force-

off critical point causes the coordinated phase to terminate.  
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6.4 Combined TSP and Coordination 

This section shows the functionality of the integrated model in an example where a bus requests 

priority at a coordinated intersection. By using the time-phase diagrams, various possible situations 

are discussed. The output of the MILP is shown for each possible case. This example provides an 

intuitive understanding of the combined coordination priority problem. Assume there is a bus route 

along main street: the bus asks for priority as soon as it enters the DSRC range. Figure 6-9 shows 

the signal is serving the coordinated phase when the PRS receives an SRM from a bus that requests 

phase 6. The blue box shows the earliest and latest arrival time of the bus. If the latest arrival time 

of the bus is less than the predefined extension time for the requested phase (e.g. 15%  maximum 

green), the solution of the MILP will be to serve the bus in the current cycle. Figure 6-9 shows that 

a phase HOLD command is applied on phase 6 until the end of the latest arrival time of the bus. 

The MILP considers the coordination request in the next cycle as well. Therefore, the optimal set 

is created after the bus passes the intersection for the coordination request in the next cycle. 

If the latest arrival time of the bus is greater than the predefined extension time for the requested 

phase, the MILP suggests serving the bus in the next cycle (Figure 6-10). In this case, there would 

be a trade-off between the transit vehicle weight and coordination weight. If the coordination is 

more important than the transit vehicle, the signal keeps the coordinate phase green up to the end 

of the split time and then applies a FORCE-OFF command. The optimal schedule allocates 

minimum green time to the other phases (if they have vehicle calls) and returns back to coordinated 

phase as soon as possible to serve the bus. In this case, there is a higher chance that the bus will be 

delayed.  
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Figure 6-9 TSP and Coordination Time Phase Diagram Case No. 1 

 

 

Figure 6-10 TSP and Coordination Time Phase Diagram Case No. 2 
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Figure 6-11 TSP and Coordination Time Phase Diagram Case No. 3 

 

If the transit vehicle is weighted higher  than coordination, the optimal schedule may terminate the 

coordinated phase before the split time (Figure 6-11). In this case, the bus delay will be smaller 

than in case number 2. Figure 6-11 shows that the minimum green time is allocated to phases 7, 8 

and 5 in order to start the coordinated phase as soon as possible. After the bus has passed, a phase 

HOLD is set to serve the coordination request in the next cycle. Also, the optimal set for the 

coordination requests in the third cycle is obtained. The weight analysis will be elaborated on in 

more detail in Chapter 8. 

Figure 6-12 and Figure 6-13 show two other cases where the bus delay in the MILP optimal 

solution is zero. In the first case, there is an optimal set before the arrival time of the bus. The 

signal would be held up to the end of the coordination split. In the second case, the arrival time of 

the bus is within the coordinated phase split time. The optimal solution guarantees no delay for the 

coordination request and the bus. 
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Figure 6-12 TSP and Coordination Time Phase Diagram Case No. 4 

 

 

 

 

Figure 6-13 TSP and Coordination Time Phase Diagram Case No. 5 
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6.5 Evaluation and Assessment 

To evaluate the coordination priority model, two closely spaced intersections along Daisy 

Mountain Dr. in the Arizona network are considered. The Gavilan Peak and the Dedication Trail 

intersections are modeled in VISSIM. The intersections geometry and coordinated phase 2 and 6 

along the main street are shown in Figure 6-14. 

 

Figure 6-14 Geometry and Main Street Phases of Daisy Mountain - Gavilan Peak and 

Daisy Mountain - Dedication Trail Intersections 

 

The cycle length in the coordination signal plan is assumed to be 100 seconds with 30 seconds of 

split for coordinated phase 2 and 6 along the main street.The offset is set to be 20 seconds. The 

simulation period is 1 hour.  The coordination priority model in this chapter is evaluated under two 

scenarios. In the first scenario, no priority is provided for the transit vehicles. Priority is only 

granted for the coordination. Different side street demand levels are tested. In the second scenario, 

priority is allocated to both transit vehicles and coordination.  
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6.5.1 Coordination Priority with No TSP 

In the first scenario, the demand is 300 veh/h/l for all of the directions, except the southbound at 

Dedication where the demand is 150 veh/h/l. The performance of the coordination priority model 

is compared with fully actuated control and with the ASC/3 SIL coordinator. Figure 6-15 (a) shows 

the signal timing of phase 6 at the Gavilan intersection, when there is no coordination applied. 

Each bar represents one cycle (e.g. end of phase 6 in the current cycle to end of phase 6 in the next 

cycle) with the red portion indicating the time the phase is red (serving the other phases) and the 

green time.  Figure 6-15 (b) shows the signal timing of phase 6 during the 36 cycles when the 

coordination plan is implemented by the ASC/3 controller. Figure 6-15 (c) illustrate the green 

allocation to the phase 6, when the coordination priority model is applied. The black dashed line 

in Figure 6-15 (b) and (c) shows the beginning of split.  
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(b) 

 

(c) 

Figure 6-15 Green Allocation to Phase 6 at Gavilan Intersection When: (a) Fully Actuation, 

(b) ASC/3 Coordination, (c) Coordination Priority Logic Is Implemented 
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Figure 6-16 illustrates the performance of the coordination priority model when the side street 

demand in the northbound and southbound at Gavilan increases from 300 veh/h/l (Figure 6-16 (a)) 

to 450 veh/h/l (Figure 6-16 (b))  and 750 veh/h/l (Figure 6-16 (c)) while the demand in the direction 

of the coordinated phases is 300 veh/h/l. As the non-coordinated phase demand level increases, 

the green allocation to the coordinated phase 6 decreases. These figures demonstrate the ability of 

the coordination priority model to implement a preset coordination plan. 
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(c) 

Figure 6-16 Coordination Priority Performance on Green Allocation to Phase 6 With 

Different Side Street Demand 

 

 

6.5.2 Coordination Priority with TSP 

Similar to the previous scenario, the demand is 300 veh/h/l for all of the directions except the 

southbound at Dedication where the demand is 150 veh/h/l. The transit vehicles move in the 

direction of coordinated phases with a headway of 10 minutes. Table 6-2 lists the average travel 

time of passenger vehicles that are served by the coordinated and non-coordinated phases as well 

as the average travel time of transit vehicles served by the coordinated phase. The performance of 

the coordination priority model is compared to fully actuated control (as baseline) and the ASC/3 

coordinator. The coordination priority reduces the transit vehicles travel time by 20.36% when 

compared to fully actuated control. Also, the coordination priority reduces the average passenger 

vehicles travel time and average passenger vehicles travel time on coordinated phases by 9.86% 

and 25.69% respectively. Meanwhile, the performance of coordination priority model is not as 

good as actuation and ASC/3 coordination on side streets. Side street passenger vehicles travel 
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time increases by 9.69%. This increase is expected since time is shifted from serving the side street 

(minor) movements to the coordination and priority movements.  

 

Table 6-2 Coordination Priority Simulation Result at Gavilan and Dedication (seconds) 

 

Average Passenger 

Vehicles Travel 

Time 

(Non-Coordinated 

Phases) 

% 

Average Passenger 

Vehicles Travel 

Time 

 (Coordinated 

Phases) 

% 

Average 

Passenger 

Vehicles 

Travel Time 

(All) 

% 

Average  

Transit 

Vehicles 

Travel Time 

% 

Fully 

Actuated 

60.15 - 50.91 - 53.43 - 52.20 - 

ASC/3 

Coordination 

64.12 6.60 38.42 -24.53 49.13 -8.05 44.82 -14.13 

Coordination 

Priority 

65.98 9.69 37.83 -25.69 48.16 -9.86 41.57 -20.36 

 

 

6.6 Summary 

This chapter addresses the conflicting issues between actuated-coordination and multi-modal 

priority control. Signal coordination is achieved by considering virtual coordination requests for 

coordinated phases as a type of priority. The method to calculate the coordination delay and 

termination penalty was introduced. Using the mathematical model from Chapter 5, a unified 

formulation was developed. The objective of the model is to minimize the total weighted 

coordination delay and the priority eligible vehicles delay in the next two cycles, including the 

current cycle. Several possible scenarios of a bus requesting priority at a coordinated intersection 
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were discussed and the output of model in each scenario was illustrated by using time-phase 

diagram. The model is tested on a VISSIM simulation of two intersections in the Anthem network. 

It is shown that the model can coordinate the signals. The model can also react properly to the 

increase of side street demand by allocating more green time to the side street. The simulation 

experiments show that the coordination priority model, when compared to fully actuated control 

and the ASC/3 coordinator, is able to reduce average priority vehicle delay.   
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Chapter 7 Extended Priority Model with Queue 

Consideration    

7.1 Introduction 

In the previous chapters, the signal priority model was presented to minimize the delay of the 

priority eligible vehicles at signals that are either fully actuated or coordinated signals. The earliest 

arrival time of the priority vehicle was calculated based on the vehicle speed and its distance to 

the stop bar. However, since there is uncertainty about the traffic in front of the priority vehicle, 

the actual arrival time of the priority vehicle to the stop bar may be affected by the queue. In a CV 

environment, DSRC equipped regular vehicles broadcast BSMs 10 times a second. BSMs contain 

vehicle speed, GPS position, heading and other vehicle information. CV data is collected and high 

resolution vehicle trajectories cn be constructed.  As the penetration rate of the CVs increases, the 

ability to predict the queue more accurately increases. The queue must be considered to start the 

green earlier if the priority vehicle is going to pass with minimal delay. 

Figure 7-1 shows a time space diagram of one priority vehicle and several equipped (or connected) 

and non-equipped vehicles. The larger vehicle is a priority eligible vehicle and the black vehicles 

are equipped vehicles. Without considering the queue, the estimated arrival time (ETA) of the 

priority vehicle is too early since the vehicle will have to wait for the queue to clear. The queue in 

front of the priority needs to be discharged so that the vehicle can pass the intersection. The 

existence of the connected regular vehicles in the queue provides a better estimate of the true 

trajectory of the priority vehicle. The CVs’ trajectories allow an estimation of the queuing delay 

for both regular CVs and priority requesting vehicles. The estimation of queuing delay for regular 

CVs is very important especially for the non-priority phases. Consideration of the queuing 
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shockwaves on all phases will prevent the queue spill back on non-priority phases due to reducing 

their green time to a minimum value for the sake of serving the priority requested phase quickly. 

Another advantages of queue consideration in the model is its benefit for priority vehicles in heavy 

and oversaturated conditions. 

In this chapter, the regular passenger CVs trajectories are integrated into a unified lane-based 

MILP model along with priority eligible vehicles and virtual coordination priority requests. The 

objective of the model is to minimize the estimated average stopped delay of regular CVs as well 

as the delay of the priority requests. 

 

Figure 7-1 Time – Space Diagram of Priority Eligible Vehicle Arrival to Intersection 

Section 7.2 introduces the concepts of the extended model. Section 7.3 documents the shockwave 

estimation and delay calculation of the CVs. Section 7.4 presents the notation and the mathematical 

formulation. Section 7.4 documents the simulation result of the extended model. Section 7.5 

provides a summary of this chapter. 
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7.2 Main Concepts  

In this section, the main concepts of modeling the extended formulation are described. It is 

assumed that the acceleration rate, the deceleration rate, and the speed limit for all vehicles are the 

same. The vehicle composition includes equipped and non-equipped vehicles. Some of the 

equipped vehicles are priority eligible vehicles and the rest are regular passenger vehicles. The 

saturation flow rate, s, is assumed to be constant. It is also assumed that the average vehicle length 

(L) is known. Figure 7-2 shows an example of a cumulative arrival and departure diagram (top) 

and a time-space diagram (bottom) of 1 regular connected passenger vehicle, 1 priority vehicle 

and several non-equipped vehicles approaching a signal in one lane. The cumulative number of 

vehicles in the queue is shown in the upper diagram. In the time-space diagram (bellow), the 

trajectory of the equipped vehicle 1 is shown by a black line and the trajectory of the priority 

vehicle 2 which is moving behind the equipped vehicle is shown by a bold purple line. The three 

non-equipped vehicles trajectories are unknown and shown by black dashed lines. The blue lines 

show the queuing and discharging shockwave speed. 
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Figure 7-2 Time – Space Diagram Main Concepts 

 

In Figure 7-2, t1 is the time that the first vehicle (connected or non-connected) is detected at the 

stop bar by the vehicle detector. This time is used to calculate the queuing speed when the first 

CV, 1, joins the queue at t2. The queuing shockwave speed varies as regular CVs (or priority 

vehicles) join the queue at different points in time. When vehicle 1 joins the queue, the queuing 

speed becomes q1. The queuing speed is changed to q2 when the second CV, 2, joins the queue. At 
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time t2, based on the distance of CV 1 to the stop bar and the average vehicles length, the number 

of non-connected vehicles in the queue in front of the CV 1 is estimated as VQ1.  At time t3, based 

on the distance of CV 2 to the stop bar and the average vehicles length, the queue and the number 

of non-equipped vehicles between the CVs 1 and 2 is also estimated as VQ2. At time t4, the signal 

turns green and the vehicles start discharging. Connected vehicle 1, stops at the signal for d1=(t5 – 

t2)  seconds and leaves the queue at t5 . Connected vehicle 1 can pass the intersection at t7 if the 

signal remains green for g1=(t7 – t4) seconds otherwise this vehicle cannot pass and will be delayed 

for another cycle in addition to d1. The priority vehicle 2 has d2=(t6 – t3)  seconds of delay. The 

signal should be green for at least g2=(t9 – t7) seconds for the non-connected vehicle that is in 

between CV 1 and 2 otherwise the priority vehicle cannot pass. In order to consider uncertainty in 

the travel time of the priority vehicle, the signal should be green for an interval of g3 seconds. This 

interval is the same as earliest and latest arrival time interval (rl  ru) for the priority vehicles that 

was explained in Chapter 5.  

 

7.3 Shockwave Estimation and Delay Calculation 

The shockwave should be estimated at any point of time in order to determine the number of 

vehicles in the queue. In this section, shockwave estimation and delay calculation for the 

priority/regular CVs in a particular lane is presented. The queue estimation is based on the 

Lighthill-Whitham-Richards (LWR) shockwave theory (Liu et al. 2009). It is assumed that each 

lane has a stop bar detector. Table 7-1 summarizes the notation of the extended mathematical 

model. 

 

Table 7-1 Notation Definition 
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Type Symbol Definition 

Indices  Index of the lanes 

 TLJlj m ×∈),(  Index of the jth CV of mode m in lane l 

Parameters lq~  
Estimated queueing speed in lane l when there is no CV in 

the queue  

 L  Average vehicle length 

 s  Saturation flow rate 

 v  Average vehicle speed 

 plLP,
 An indicator that is 1 when lane l serves phase p 

 ljq ,
 

Queuing speed of lane l when the jth CV  joins the queue (

1, <ljv mps) 

 ljv ,
 Speed of the jth CV in lane l 

 ljD ,
 Distance to stop bar of the jth CV in lane l when ( 1, >ljv ) 

 ljqc ,
 Queue clearance time of t of the jth CV in lane l 

 ljVQ ,
 Total vehicles in the queue of the jth CV in lane l 

 ljT ,
 Time when the jth CV joins the queue in  lane l 

 ljLT ,
 Time when the jth CV leaves the queue in lane l 

 lT ,0
 Time when first vehicle is detected  by stop bar detectors in 

lane l when signal gets red 

 ljn ,
 

A parameter that when compared with the staring time of 

phase p, indicates that the jth CV will join the queue in lane l 

or not.
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lj

 

 α  Weight of priority eligible vehicles 

 β  Weight of coordination 

   

Decision 

Variables 
ljd ,
 The delay of the jth CV in lane l 

 }1,0{, ∈ljτ  
1, if the jth CV in lane l joins the queue, otherwise 0. This 

variable equals 1 if 1, <ljv  

 }1,0{, ∈ljθ  0, if the jth CV in lane l is served in cycle 1, otherwise 1 

 
k

pc  The delay of coordination request phase p in cycle k 

After the signal enters the red interval, the time when the first vehicle is detected by the stop bar 

detector is recorded as the first vehicle detected time (T0). From this point of time until the first 

CV (or the second CV, in case the detected vehicle by stop bar detector is the first CV) joins the 

queue, an estimated queuing speed, q~ , is considered. When a CV joins the queue, the queuing 

TLl ∈
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speed is estimated based on the time between the T0 and the time when the CV joins the queue. 

Therefore, the queuing size is estimated (known) at any point of time for each lane. The shockwave 

equation provides an estimation of the queuing speed for the CVs that will be joining to the queue 

in future.  By intersecting the queuing and discharging shockwaves, the point in time when the 

queue is maximum for each lane in each cycle is obtained (Tmax). This point is a function of the 

staring of the green interval. If the time when the CV joins the queue is less than the time when 

the queue is maximum, Tmax , then the CV must stop in the queue and the stop delay can be 

calculated. Figure 7-3 (a) shows a cumulative arrival-departure diagram of a specific lane at a point 

of time when the detector detects the first vehicle at T0.  

Assume the queuing speed for the lane, q~ , is estimated by historical data since there has been no 

CV in the past several cycles. The queueing forward shockwave equation would be as follow: 

)(~
0Ttq −            (7.1) 

where t is time. The queue discharging shockwave is: 

)( 1

ptts −            (7.2) 

where 
1

pt is the starting time of phase p in the first cycle and was introduced in Chapter 5. The point 

of time when the queue will be maximum can be calculated as: 

qs

Tqst
T

p

~

~
0

1

max
−

−
=           (7.3) 

It should be noted that maxT is a variable because it depends on 
1

pt . It is assumed that saturation 

flow is always greater than the estimated queueing speed ( 0~ >− qs ). 

Assume the first CV j enters the control range. The trajectory equation of this vehicle is: 
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jj Dtv +            (7.4) 

where vj and is the current speed of the CV j and Dj is the distance to stop bar.  

The estimated time that vehicle j joins the queue, 
jT , is obtained by intersecting the vehicle 

trajectory and the forward shockwave. 

j

j

j
vq

TqD
T

+

+
= ~

.~
0

          (7.5) 

Give q~ , the 
jT  is a constant parameter. It should be noted that if the vehicle speed is less than one 

meter per second, 1<jv , then the vehicle is already in the queue and the 
jT  has been recorded. A 

binary variable 
jτ  is assigned to the vehicle number j that shows the relationship between the time 

the CV j joins the queue, 
jT  , and the time when the queue is maximum, maxT . If  

maxTT j < , the 

vehicle joins the queue and 
jτ is 1, otherwise

jτ is 0.  
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Figure 7-3 Delay Calculation During Red When: (a) First Vehicle Is Detected by Loop 

Detector at Stop Bar, (b) Connected Vehicle Joins The Queue 

 

The left-hand-side of (7.6) is a constant value, nj, for the CV j.    
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The estimated queue length is calculated by the following equation: 

)(~
0TTqql jj −=           (7.7) 

Using the average vehicle length, the estimated number of regular vehicles in the queue in front of 

the CV is: 












=

L

ql
VQ

j

j
           (7.8) 

The queue clearance time of the vehicles in front of the CV j is estimated by the following equation: 

s

L
VQqc jj .=            (7.9) 

The time that the vehicle leaves the queue is obtained by importing 
jql  into the discharging 

shockwave. 

s

ql
tLT

j

pj += 1
          (7.10) 

The lower bound of the stopped delay of the vehicle is calculated by the following constraint: 

))((1

jj

j

j

pj qc
v

D
td τ+−≥          (7. 11) 

It should be noted that if the vehicle speed is below 1 meter per second, 
jτ equals one and the 

vehicle speed in (7.11) is substituted with an average speed of vehicles.  

If this vehicle cannot pass during the green time in the current cycle, the starting time of the phase 

p in the next cycle should be considered in the vehicle delay. Another binary variable, 
jθ , is 
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assigned to the CV j that indicates whether the vehicle can pass the intersection in the current cycle 

or not. Therefore, another lower bound for the delay of the vehicle is: 

))((( 2

jj

j

j

pjj qc
v

D
td τθ +−≥          (7. 12) 

where 
2

pt is the starting time of the phase p in the second cycle and was introduced in Chapter 5. 

Based on (7.12), the vehicle may stop up to the beginning of phase p in the next cycle if
jθ equals 

1. If
jθ equals zero, the green allocation time should be enough for the vehicle to pass the 

intersection in the first cycle. Therefore, the following lower bounds for green time in the cycle 1 

and 2 should be considered: 

))()(1(11

jj

j

j

jpp qc
v

D
gt τθ +−≥+         (7.13)

))()(1(1

mjjjp Rqcg +−≥ τθ          (7.14)

))((22

jj

j

j

jpp qc
v

D
gt τθ +≥+          (7.15)

))((2

mjjjp Rqcg +≥ τθ          (7.16) 

In constraints (7.14) and (7.16), mR depends on the mode of the CV j and is an allowance for travel 

time uncertainty. This parameter increases the robustness of the model.  
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Figure 7-4 Delay Calculation During Red When the Connected Vehicle Is in the Queue and 

Another Connected Vehicle: (a) Approaches the Queue (b) Joins the Queue 

 

Figure 7-3 (b) shows the point of time that the vehicle j joins the queue at 
jT . The exact queue 

length and the number of the vehicle in the queue is obtained. The estimated queuing shockwave,

q~ , in (7.1), (7.3),(7.5), (7.7), (7.8), and (7.9) is substituted by 
jθ  
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Figure 7-4 (a) shows the time when the second CV j+1 enters the control range. The queueing 

shockwave which was obtained when the CV j had joined the queue, is used to estimate the time 

and queue length when vehicle j+1 joins the queue.  

1

1

1

+

+

+
+

+
=

jj
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j
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T           (7.17)
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=         (7.18)

11 ++ = jjj Tqql           (7.19)
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Figure 7-4 (b) illustrates the point of time when the CV j+1 joins the queue. At time 1+jT , the exact 

number of the vehicles in queue in front of vehicle j+1 is obtained. The queuing shockwave is 

changed to 
jj

jj

j
TT

qlql
q

−

−
=

+

+

+

1

1

1
 in (7.17) – (7.20). 

7.4 Extended Mathematical Model 

Table 7-1 summarizes the notation of the extended mathematical model.  

The main structure of the extended mathematical model is as follows: 

Minimize  (Connected Vehicles Delay (Priority and Regular) + Coordination Priority Request) 

 s.t. 

  Precedence Constraints 

  Phase Duration & Interval Constraints 

  Coordination Priority Request Delay Evaluation Constraints 

Connected Vehicle Delay Evaluation Constraints 



145 
 

The objective of the model is to minimize the total weighted coordination delay, and the CVs delay 

(regular or priority eligible vehicles) in the next two cycles including the current cycle. There are 

four sets of constraints including precedence, phase duration and intervals, equipped vehicle delay 

evaluation, and coordination requests delay evaluation constraints. The precedence and phase 

duration and intervals constraints were presented in Chapter 5 and the coordination requests delay 

evaluation was discussed in Chapter 6.   
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..ts  

(5.1) – (5.21), (6.9) – (6.19), (7.22) – (7.33) 
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Constraints (7.22) and (7.23) determine whether the vehicle joins the queue or not. These two 

constraints model the condition that was described in (7.5) and (7.6). If the vehicle speed is less 

than 1 meter per second, the vehicle is already in the queue and 
lj ,τ equals 1 ( in (7.24)). 

1,1,,)( ,,,,

1 =>∀≤− plljljljp LPvljMnt τ        (7.22)

1,1,,)1()( ,,,

1

, =>∀−≤− plljljplj LPvljMtn τ       (7.23)

1,,1 ,, <∀= ljlj vljτ             (7.24) 

Constraints (7.25) and (7.26) ensure that enough green time is allocated to the phase that serves 

the lane where the CV j is moving. If the vehicle is assigned to next phase, then constraints (7.27) 

and (7.28) ensure that enough green time is allocated to the phase in the next cycle. 
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gt τθ      (7.25)

1,,))()(1( ,,,,

1 =∀+−≥ plmljljljp LPljRqcg τθ      (7.26)
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22 =∀+≥+ plljlj
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ljpp LPljqc
v

D
gt τθ      (7.27)

1,,))(( ,,,,

2 =∀+≥ plmljljljp LPljRqcg τθ       (7.28) 

Constraints (7.29)- (7.30) calculate the delay of CV j. If the vehicle cannot be served in the current 

cycle according to (7.25) and (7.26), then
lj ,θ would be 1 and constraint (7.30) provides a lower 

bound for the CV delay.  

1,,)(( ,,,
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, =∀+−≥ plljlj
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plj LPljqc
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D
td τ       (7.29)

1,,)))((( ,,,

,
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,, =∀+−≥ plljlj

lj

lj

pljlj LPljqc
v

D
td τθ      (7.30) 

There are nonlinear terms in the constrains (7.25) -(7.38), (7.30). These terms are multiplication 

of two binary decision variables or multiplication of one binary and one continuous decision 

variable. In Chapters 5 and 6, an approach to linearization of the multiplication of one binary and 

one continuous variable by introducing an intermediated continuous variable was introduced. To 

linearize the multiplication of two binary variables 
lj ,τ and 

lj ,θ , an intermediate binary variable  

ljljlj ,,, θτρ = is introduced and the following constraints are added to the model. 

ljljljlj ,1 ,,, ∀≤−+ ρθτ         (7.31)

ljljlj ,,, ∀≤ τρ          (7.32)

ljljlj ,,, ∀≤ θρ          (7.33) 
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7.5 Evaluation and Assessment  

The performance of the extended model is tested using the two closely spaced intersections in the 

Anthem network (Figure 6-14). The SIL structure that is presented in Figure 5-10 is used to run 

the priority components. The components transfer data through sockets using UDP messages. 

Figure 7-5 shows the port numbers and the data that each component sends out. If the coordination 

weight in the extended model is greater than zero, the priority request server should be 

synchronized with VISSIM time. VISSIM time is also important for the vehicles trajectory 

awareness and traffic control interface. Therefore, at each simulation step, VISSIM broadcasts the 

simulation time. The vehicle trajectory awareness component is responsible for broadcasting the 

vehicles trajectories to the priority algorithm whenever the priority algorithm requests the 

trajectories. The priority algorithm requests the trajectories from vehicle trajectories awareness 

component every 5 seconds, creates the extended MILP and solves the optimization problem. The 

complexity of the problem depends on the number of CVs. If the algorithm solving time takes 

more than 4 seconds, the algorithm requests updated trajectories, recreates the model and resolves 

the optimization problem. 
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Figure 7-5 Priority Components and Port Numbers 

 

The two demands levels are 300 (Level 1) and 450 (Level 2) vehicles per hour per lane (vphpl) in 

the eastbound and westbound travel directions of traffic of the network and also in the northbound 

and southbound directions at the Gavilan intersection. Two sets of penetration rates are considered: 

50% and 25%. Two bus routes are considered on the main street with two different frequencies (5 

and 10 minutes’ headway). A total of 4 hours are simulated for each scenario with 30 minutes of 

warm-up period and 3.5 hours of data collection time. The weight of bus, coordination, and regular 

connected is assumed to be one. The extended priority model is compared to 4 different methods. 

The extended priority model is compared to ASC/3 fully actuated control (without priority) and 

ASC/3 actuated coordinated control (without priority). The extended model is also compared to 

the priority model (presented in Chapter 5) and the coordination priority model (presented in 

Chapter 6). The average travel time (TT) is measured for all of the vehicles in the network (All), 
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vehicles in the coordinated phases movement (CP), vehicles in the non-coordinated phase 

movements (NCP), and transit vehicles. Table 7-2 presents the results.  

 

Table 7-2 Average Travel Time Comparison of Different Scenarios with 5 Methods 
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2
 

All 63.78 66.26 57.92 55.38 58.04 56.28 53.43 51.76 

CP 61.20 59.01 54.12 51.93 45.27 44.02 43.02 41.23 

NCP 71.31 77.38 61.38 59.61 77.96 76.15 68.15 65.64 

Transit 64.85 49.98 50.34 47.05 53.13 49.78 47.59 45.89 

1
0

 m
in

u
tes 

1
 

All 53.43 53.95 51.55 47.09 49.13 48.16 46.54 45.02 

CP 50.91 50.49 48.83 44.98 38.42 37.83 36.92 35.89 

NCP 60.15 61.51 53.91 52.82 64.18 65.98 63.11 58.32 

Transit 52.20 38.19 41.59 40.63 44.82 41.57 40.89 39.38 

2
 

All 63.78 62.90 56.12 52.93 58.04 57.62 52.89 50.26 

CP 61.20 59.01 53.41 49.96 45.27 44.94 42.02 41.78 

NCP 71.31 73.98 63.00 61.02 77.96 78.02 68.15 65.12 

Transit 64.85 44.32 47.92 43.28 53.13 42.69 40.59 39.42 

 

 

Several observations from the experimental results in Table 7-2 can be made: 

1. All of the coordinated methods have much lower overall average vehicle travel time. This 

is expected since the study network has two intersections that are relatively closely spaced 

so that coordination would be expected to improve overall performance.  

2. The coordination priority model without queue consideration outperforms ASC/3 

coordinator in reducing the average travel time of transit vehicles. This model performs 

fairly well in reducing the travel time of vehicles in coordinated phase movements. 
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3. The extended model performs very well both in fully actuated and actuated coordinated 

scenarios in reducing the overall travel time of vehicles. When the demand is higher, the 

different is even more significant. The extended model performs much better under 50% 

penetration rate compared to 25%.   

 

Closer examinations of the results based on the observation number 3 are shown in Table 7-3. In 

this table, the percentage changes in vehicle travel time under the extended MILP is compared to 

the priority model without queue consideration (under the fully actuated case) and the coordination 

priority model (under the actuated coordinated case). The extended model reduces the overall 

travel time of vehicles in all of the scenarios. However, under the fully actuated scenario with low 

volume, this model does not decrease the travel time of the transit vehicles. This is because the 

weight of CVs in the objective function of the extended model equals to the weight of transit 

vehicles. In the presence of a bus at the intersection, the extended model minimizes the average 

delay of the CVs and the transit vehicle.  Although under the 50% penetration rate and high level 

of demand, the extended model reduces the average delay of transit vehicles by 5.86% and 2.35%.  

In the coordinated actuated scenario, the extended model outperforms the coordination priority 

model in all cases. However, when both the demand and penetration rates are high, the difference 

is more significant. This is because the extended model allocates the green time to the non-

coordinated phases more intelligently and avoids frequently disrupting the coordination when the 

traffic demand is high.  
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Table 7-3 Average Travel Time Changes (In Percent) fFrom the Priority Model without 

Queue Consideration to the Priority Model with Queue Consideration (Extended Model) 

T
ran

sit V
eh

icle 

F
req

u
en

cy
 

D
em

an
d

 L
ev

el 

M
easu

rem
en

t 

Fully Actuated 
Actuated 

Coordinated 

25% PR 50% PR 25% PR 50% PR 

5
 m

in
u

tes 

1
 

All -7.29 -11.36 -3.21 -8.13 

CP -5.34 -8.17 -2.13 -5.63 

NCP -11.82 -14.54 -5.14 -10.84 

Bus 10.63 6.02 -0.83 -3.75 

2
 

All -12.59 -16.42 -5.06 -8.03 

CP -8.29 -12.00 -2.27 -6.34 

NCP -20.68 -22.96 -10.51 -13.80 

Bus 0.72 -5.86 -4.40 -7.81 

1
0

 m
in

u
tes 

1
 

All -4.45 -12.72 -3.36 -6.52 

CP -3.29 -10.91 -2.41 -5.13 

NCP -12.36 -14.13 -4.35 -11.61 

Bus 8.90 6.39 -1.64 -5.27 

2
 

All -10.78 -15.85 -8.21 -12.77 

CP -9.49 -15.34 -6.50 -7.03 

NCP -14.84 -17.52 -12.65 -16.53 

Bus 8.12 -2.35 -4.92 -7.66 

 

 

7.6 Summary 

This chapter extended the decision framework to accommodate multi-modal priority eligible 

vehicles as well as regular passenger vehicles. The proposed MILP was able to manage the priority 

eligible vehicles, the regular vehicles, and the coordination requests in one unified decision model.  

It was assumed that some of the regular vehicles are connected (DSRC equipped). The model 

incorporates shockwave theory concepts. The objective was to minimize the total weighted 

coordination delay and the CVs average delay (regular or priority eligible vehicles) in the next two 

cycles, including the current cycle. A network of two closely spaced intersections in Anthem was 

simulated to evaluate the effectiveness of the model. The performance of the model was compared 
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to 4 approaches: 1) fully actuated logic; 2) state-of-the-practice actuated coordinated logic; 3) 

priority model without queue consideration (presented in Chapter 5), and 4) coordination priority 

model without queue consideration (presented in Chapter 6). Except the third approach, the model 

outperforms all of the other approaches under 2 demand levels and 2 market penetration rates by 

reducing the travel time of transit vehicles. The model outperformed the priority model without 

queue consideration when the demand and penetration rate of CVs are high. It has been 

demonstrated that the extended model can reduce the overall travel time of vehicles in all scenarios. 
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Chapter 8 Modal Importance and Weight Analysis    

8.1 Introduction 

This chapter explores the ability of the hierarchical priority policy within the unified priority 

control decision framework for multi-modal travelers to provide improved quality of service for 

each mode within the structure of a priority policy. The responsible operating agency must 

establish a priority policy for each equipped section of traffic signals that determines the relative 

importance of different modes of travel. For example, one section might be selected to be transit 

friendly and another section might be selected to be truck friendly. Within each mode there may 

be a hierarchy of importance that is desired within the policy. For example, bus rapid transit might 

be considered as more important than express transit or local transit. Late transit vehicles that have 

high occupancy might be more important than on-time transit vehicles or low occupancy transit 

vehicles. Heavy freight vehicles might be more important than light freight vehicles. 

Disadvantaged pedestrians might be considered more important than other pedestrians, bicycles, 

passenger vehicles, trucks, and emergency vehicles. It is assumed that railroad preemption will 

have the highest level of consideration and that emergency vehicles might have the next highest 

level of consideration. An example of mode levels of importance is shown in Table 8-1. Mode m 

may have importance lm. 

Table 8-1 Modes Level of Importance 

Modes Level of Importance 

Rail  �' 

Emergency Vehicles  �() 

Local Transit  �*+,-./ 

BRT �0'- 

Express �(12-./ 
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Heavy Trucks �3-.4 

Light Trucks  �*-.4 

Passenger Cars  �56. 

Pedestrians �789 

 

This priority policy should impact how the signal timing is adapted to accommodate the multiple 

active requests for priority. Given a collection of priority requests, the signal control logic must 

determine the best way to time the signals to accommodate the collection of priority requests and 

traffic control objectives.  

The unified priority control framework presented in the previous chapters allows multiple priority 

requests to be considered simultaneously based on the priority policy. If the priority requests have 

different requested phases, there is a competition between the requests for green time. Therefore, 

minimizing the delay of the priority requests from one mode may, or is likely to, increase the delay 

of the requests of other modes on conflicting phases. Competing objectives are discussed in the 

area of multi-objective optimization. 

 

8.2 Multi-Objective Optimization Concepts 

In the area of multi-criteria decision making (MCDM), multi-objective optimization refers to the 

mathematical models where optimal decisions should be made by considering a trade-off between 

more than one objective function simultaneously. Minimizing purchase cost while maximizing 

quality of a product is the simplest example of these types of problems. As the number of objective 

functions increases, tradeoffs are likely to become more complicated and less easily quantified 

(Coello, Carlos A et al. 2002). Except for trivial problems, typically there is no single solution for 

these problems that minimizes all of the objective function. Instead, there are several (possibly 

infinite) number of Pareto optimal solutions. A Pareto optimal solution or non-dominated solution 



155 
 

is one in which  none of the objective functions can be improved in value without degrading some 

of the other objective functions. 

The MILP can be reformulated as a multi-objective optimization problem as follows: 

)),,(),...,,,(),,,((),,(min 21 θθθθ gtDgtDgtDgtD m=     (1) 

 s.t.   Xgt ∈θ,,  

where ),,( θgt  is a feasible solution vector of signal timing and request assignment to cycle and 

),,( θgtDm  is the average delay associated with all active priority requests j from mode m (The 

notation was introduced in chapter 5, 
m

J

j

j

m
J

d

D

m

m

m∑
=

=
1

 )  and X is the set of feasible solutions. The 

goal is to minimize the delay vector ),,( θgtD and obtain the Pareto frontier points (or non-

dominated solutions). Solution ),,( *** θgt is said to dominate solution ),,( θgt if and only if: 

 

},...,1{),,(),,( ***
migtDgtD ii ∈∀≤ θθ       (2)

},...,1{),,(),,( ***
mjgtDgtD jj ∈∃< θθ       (3) 

  

In another words, feasible solution Xgt ∈),,( *** θ  is a non-dominated solution if for some 

neighborhood of ),,( *** θgt , there does not exist any ),,( θ∆∆∆ gt  such that 

Xggtt ∈∆+∆+∆+ ),,( *** θθ and:  

},...,1{),,(),,( ******
migtDggttD ii ∈∀≤∆+∆+∆+ θθθ     (4)

},...,1{),,(),,( ******
mjgtDggttD jj ∈∃<∆+∆+∆+ θθθ     (5) 

Each feasible solution in the solution space can be mapped to a point in the delay function space. 

Figure 8-1 (a) shows an example of this mapping for a problem of two-objectives functions. The 
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Pareto frontier of this problem is shown as a bold green curve in Figure 8-1 (b). Point A is a non-

dominated solution in the delay space because improvement in one objective D1 requires 

degradation in the other objective D2. 

 

 

Figure 8-1 (a) Mapping from Feasible Solution Space to the Objective Function Space, (b) 

Pareto Frontier of Two Objectives 
 

There are several methods to obtain the Pareto frontier. Many methods scale the original problem 

with multiple objectives into a single-objective optimization problem. Linear scalarization 

(weighted sum) and epsilon-constraints are the most well-known methods. In the weighted sum 

approach, weights are attached as coefficients to each function. The problem is formulated as 

follow: 

(a) 

(b) 
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∑
=

∈

TM

m

m

m

Xgt gtDw
1

,, ),,(min θθ         (6) 

Usually, the Pareto frontier is obtained by changing the weights in the single-objective problem 

(6). Figure 8-2 (a) and (b) geometrically illustrate the weighted sum approach in a two-objectives 

case. The minimization problem (6) can be interpreted as finding the point where the line, DwT
, 

touches the feasible region in the objectives space. A different set of weights, T
w , determines 

different slopes of the line and results in different Pareto frontier points. In the Figure 8-2 (b), the 

set of weights indicates that objective function D2 has more importance than D1. However, in the 

Figure 8-2 (a), both functions are equally important. 

 

Figure 8-2 Geometrically Representation of Weighted Sum Approach 

 

8.3 Weighted Sum of Modes Delay 

There is always a competition between priority requests with conflicting requested phases if the 

inter-arrival time of them is smaller than the summation of minimum and clearance time of the 

phases between the requested phases. On the other hand, there may be a competition between 

priority requests and a non-conflicted requested phase. For example, a transit vehicle that moves 

(a) (b) 

A 

B 
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in the coordinated phase direction may be in competition with coordination priority request.  

Figures 6-10 and 6-11 demonstrate this scenario. The priority requests weights determine the 

requests that can be served earlier.  In Figure 6-10, the coordination request has more weights and 

is served until the end of the coordinate phase split time. However, in Figure 6-11, the transit 

vehicle has more weight than the coordination priority request. Therefore, the coordination phase 

is FORCED-OFF in the middle of the split and the transit vehicle passes the intersection with less 

delay.  

The mathematical programming framework presented in the previous chapters considers binary 

variables to assign priority requests to the cycles. Each solution, ),,( θgt , contains a unique 

request-cycle assignment, θ . Therefore, the modal delay function space is discrete. Each feasible 

request-cycle assignment solution creates a single point as the modal delay function space. Since 

only two cycles are considered, there are at most 2: different solutions, where n is the total number 

of requests. Some of these assignments are not feasible solutions.  

Table 8-2 lists the active requests table for one particular test problem where the minimum green 

is 7 seconds and clearance time for each phase of an eight-phase signal is 3 seconds. Assume phase 

2 is about to start and there are two vehicles of mode 1 (e.g. transit vehicles) requesting phase 2 

and one from mode 2 (e.g. truck) requesting phase 4, a conflicting phase, in the test problem.   

 

Table 8-2 An Example of 3 Active Requests, Their Arrival Range and Requested Phase  

Request Mode Range Requested Phase 

1 1  [7,11] 2 

2 1 [12, 16] 2 

3 2 [22, 28] 4 
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Among all of the 8 possible request-cycle assignments, only 4 of them are feasible. Table 8-3 lists 

the feasible assignments and the average delay of each mode for each assignment. If all of the three 

requests are served in the second cycle, the total delay is the largest. Figure 8-3 (a), (b), and (c) 

show the time – phase diagram of the first three solutions respectively. In solution number 1, all 

of the requests are served in the first cycle and the total delay is minimum. Request number 1 and 

2 from mode 1 are served without delay and request number 3 has 7 seconds of delay. The total 

average delay of all requests is minimum in this solution. In the solution number 2, the request 

number 2 is served in the second cycle. In the third solution, both request numbers 1 and 2 are 

served in the second cycle and only the third solution is served in the first cycle. Therefore, the 

request number 3 can pass the intersection without delay but the first two requests will have a 

higher delay. The total average delay in this solution is 31.5 and is higher than other two solutions. 

 

Table 8-3 Feasible Request-Cycle Assignment and Corresponding Modal Delay (seconds) 

Solution 

 Number  

Served Requests 

in Cycle 1  

Served Requests 

in Cycle 2 
Feasible 

Avg. Delay of 

Mode 1 

Avg. Delay of 

Mode 2 

Total Avg. 

Delay 

1 1,2,3 - Yes 0  7 7 

2 1,3 2 Yes 16 2 18 

3 3 1,2 Yes 31.5 0 31.5 

4 - 1,2,3 Yes 30.5 38 68.5 

5 2,3 1 No - - - 

6 2 1,3 No - - - 

7 1 2,3 No - - - 

8 1,2 3 No - - - 
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Figure 8-3 Time – Phase Diagram of: (a)Solution 1, (b)Solution 2, (c)Solution 3 in Table 8-3 

 

(a) 

(b) 

(c) 
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(a) 

 

(b) 

Figure 8-4 Modal Delay Space and Total Average Delay of the Feasible Solutions in the 

Test Problem of Table 8-2 
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Figure 8-4 illustrates the 4 feasible solutions of the test problem in the modal delay space. The 

Pareto frontier consists of the non-dominated solutions 1, 2, and 3. However, feasible solution 

number 4 is not a non-dominated solution because solution numbers 1 and 2 dominate it.  

 

Figure 8-5 Pareto Frontier Points of the Test Problem in Table 8-2 

 

Figure 8-5 shows the Pareto frontier of the test problem. The line equations between the points can 

be used to obtain the critical weights. It was illustrated in Figure 8-6 that different objective weight 

ranges result in different Pareto frontier solutions. If the weight of mode 2 is less than 3.2, the first 

solution is selected. If the weight of mode two is greater than 3.2 and less than 7.75, the second 

solution is selected; if it is greater than 7.75, the third solution is selected. The test problem shows 

that that there are critical modes weights that force requests to be assigned to different cycles and 

as a result, different Pareto frontier points are reachable. 
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(a) 

 
(b) 

 

 
(c) 

Figure 8-6 Pareto Frontier Points and Weighted Sum Approach (w1D1+w2D2) Where: (a) 

w1=1, w2<3.2 (b) w1=1, 3.2<w2<7.75, (c) w1=1, w2>7.75 
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8.4 Evaluation and Assessment 

To investigate the effect of policy makers’ modal weights, two test scenarios are considered. In 

the first scenario, the Campbell and Speedway intersection in Tucson, AZ is selected as the test 

intersection. The ASC/3 actuated signal control logic is utilized at the intersection. No coordination 

is considered. In the second scenario, two coordinated intersections in Anthem, AZ are considered. 

The geometry of the network is described in Figure 6-14.  

8.4.1 Weight Analysis without Coordination  

Figure 4-4 shows the geometry of the Campbell and Speedway intersection. This is a symmetric 

intersection and there is no curvature in any approach. All through movements have three lanes. 

There are two left turn lanes northbound and two southbound. Eastbound and westbound directions 

have only one left turn lane. The demand profile is documented in Table 8-1. There are two transit 

lines in the eastbound-westbound direction. The transit stops are both on the far side. Five percent 

of the vehicles in the northbound-southbound direction are trucks. The simulation period is 4 hours 

and the data is gathered after 30 minutes of warm up. Priority is provided for both transit vehicles 

and trucks. Different pairs of weight for trucks and transit vehicles are tested.  

Table 8-4 Speedway-Campbell Demand Profile 

 Eastbound Westbound Northbound Southbound 

Volume 

(Veh./h/) 

L T R L T R L T R L T R 

119 952 278 130 583 58 218 519 86 54 243 24 

 

Figure 8-7 shows the relationship between modes weight and average delay of the trucks and the 

buses. The weights are listed in the x-axis. Each point in the diagram is obtained by getting the 
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average of delay of the buses or the trucks form 5 different simulation replications (with 5 different 

random seeds). Since all of the simulations are in real time, it takes 20 hours to obtain each point.  

The purple and green lines indicates the average delay of the trucks and the buses respectively 

when no priority is provided for them. The blue line shows the average delay of the transit vehicles 

and the red line shows the average delay of the trucks. If the weight of both trucks and buses equals 

one in the objective function of the priority model, the average delay of the trucks and buses is 

12.1 and 13.4 respectively.  

 

Figure 8-7 Transit Vehicles and Trucks Average Delay for Different Weights 
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As the relative weight of the trucks to the transit vehicles increase, the delay of the trucks decreases 

(right side of the diagram). If the weight of the bus and truck is zero and one respectively, no 

priority is considered for the transit vehicles and the transit vehicles delay increases to 35 seconds 

which is even more than their average delay without priority (26.8 seconds). In this case, the 

northbound-southbound direction phases have relatively higher green ratio because of the trucks. 

Vice versa, if the weight of the transit vehicles increases, the delay of the buses decreases (left side 

of the diagram). When the weight of the transit vehicles and the trucks is one and zero respectively, 

the transit vehicles have minimum delay. In this case, the delay of the trucks is not higher than 

their average delay without priority (25 seconds) because the frequency of the transit vehicle 

arrival to the intersection when compared to the trucks arrival rate is not very high. 

Figure 8-8 shows the modal delay space. If the number of simulation replications increases, the 

modal delay space should take the shape of the Pareto frontier.  

 

Figure 8-8 Modal Delay Space for No Coordination Scenario 
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8.4.2 Weight Analysis with Coordination  

To evaluate the effect of the coordination weight along with traffic modes weight in the decision 

framework, the Gavilan Peak and the Dedication Trail intersections are considered. Figure 6-14 

illustrates the geometry of the intersections. The cycle length in the coordination signal plan is 

assumed to be 100 seconds and 30 seconds of split for coordinated phase 2 and 6 along the main 

street is considered. The offset is considered to be 20 seconds. The simulation period is 4 hours. 

The data is collected after a half hour warm up. Transit vehicles move along main street with a 

headway of 10 minutes. Two percent of the vehicles along the northbound-southbound direction 

at Gavialan Peak intersection are trucks. Only trucks and transit vehicles are CVs and priority is 

provided for truck, transit vehicles and coordination priority requests. Figure 8-9 illustrates the 

signal timing of coordinated phase 6 during the simulation. In Figure 8-9 (a), the weight of 

coordination is 5 times more than trucks and transit vehicles. Although there are competitions 

between the priority requests, the relative importance of coordination is higher. This causes the 

cycles to always be 100 seconds during simulation. In Figure 8-9 (b), the weight of coordination 

priority requests, transit vehicles and trucks equals one. It is shown that there is a variation is the 

cycle length in some of the cycles. In these cycles, the coordination request is shortened to serve 

trucks or transit vehicles. In Figure 8-9 (c), the fluctuation in cycle length during the simulation 

increases because the trucks and transit vehicles have more weight compared to the coordination 

weight. 
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(a) 

 
(b) 

 
(c) 

Figure 8-9 Coordinate Phase 6 Signal Timing at Gavilan Intersection When Priority 

Weights for Coordination, Transit Vehicles, and Truck Are: (a) 5,1,1, (b) 1,1,1, (c) 1, 5, 5 
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Figure 8-10 shows the travel time (TT) of transit vehicles, trucks, and passenger vehicles in both 

eastbound-westbound (EB-WB) and northbound-southbound (NB-SB) directions at the Gavilan 

intersection. The transit vehicles, trucks, EB-WB passenger vehicles, and NB-SB passenger 

vehicles travel time is shown by blue, green, red, and orange bars respectively. The left two sets 

of bars show the vehicles travel time when no priority is provided.  The vehicles travel time under 

fully actuation and actuated coordination control logic is illustrated. With actuated coordination 

control, the travel time of vehicles moving in the main street decreases while the NB-SB vehicles, 

as well as trucks, have more delay.  

 

 

Figure 8-10 Comparison of Transit Vehicles, Trucks and Passenger Vehicles Average 

Travel Time with Different Modes Weight Combination at the Gavilan Intersection 
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The performance of priority framework is tested under two cases and 5 different set of weights for 

coordination, trucks, and transit vehicles. In the first case, whenever there is a priority request 

(transit vehicle or truck) at the intersection, the maximum green time of the requested phase 

increases by 15%.  (Skabardonis 2000) shows that extension in maximum green time of requested 

phase can be useful. In the second case, no extension is considered. The set of bar charts in the 

right side of the diagram shows the result of no extension scenario. Comparing with and without 

the extension case, it is shown that if the coordination weight is not zero, the extension is very 

useful in reducing the average travel time of priority vehicles, especially transit vehicles that move 

in the direction of coordinated phases. Extension reduces the transit vehicles and trucks travel 

times by 4.6% and 1.9% when the weight of all trucks, transit vehicles, and coordination is one.  

If the coordination weight is 5, the travel time of the EB-WB passenger vehicles is minimum while 

side street vehicles have higher travel time. Vice versa, if the coordination priority weight is zero 

and truck and transit vehicle weight is one, both trucks and transit vehicles have minimum travel 

time and the travel time of the EB-WB passenger vehicles is at the highest level. Since the 

frequency of trucks is higher than buses, the passenger vehicle in the NB-SB receives more benefit 

and its travel time is less than the other combination of weights.  

 

8.5 Summary 

A signal control policy might be established that gives transit and pedestrians priority over trucks 

and passenger vehicles in one section and priority for trucks over passenger vehicles and transit in 

another section. Establishing this priority signal control policy requires an understanding of how 

the importance and impact of each request affects the performance of the overall system. This 

chapter, introduced the basic concepts of multi objective optimization. The relationship between 
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Pareto frontier points of competing objective functions and weighted sum approach was discussed. 

The effectiveness of the decision framework to accommodate the priority policy by varying the 

mode weights was illustrated in two scenarios. In the first scenario, transit vehicles and trucks were 

considered; in the second, transit vehicles, trucks, and coordination are considered. The simulation 

result in the first scenario showed that the average delay of the trucks (or transit vehicles) decreases 

as the weight of the trucks (or transit vehicles) increases.  It was shown that if the weight of the 

buses and trucks is one, both of them receive equal benefit. In the second scenario, the performance 

priority framework was tested under two scenarios and 5 different sets of weights for coordination, 

truck, and transit vehicles. It was shown that the passenger vehicles and priority vehicles travel 

time can be manipulated by changing the modes weight combination. 
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Chapter 9 Summary, Contributions and Future Research  

 

9.1 Research Summary 

The need to manage multimodal transportation systems efficiently and sustainably has recently 

become imperative due to the continuous growth in traffic demand that exceeds network capacities 

in many cities. Traditionally, actuated traffic signal control is widely available in urban networks 

where different conflicting movements of vehicles at intersections are controlled by phases that 

are called by detectors when vehicles are present. Motivated by recent advances in vehicle 

positioning and vehicle-to-infrastructure (V2I) communication, the traffic controllers are able to 

make smarter decisions. This dissertation focused on providing a real-time decision making 

framework for multi modal traffic signal control that considers several transportation modes in a 

unified framework using CV technologies. The unified framework is based on a systems 

architecture for CVs that is applicable in both simulated and real world (field) testing conditions. 

This dissertation consists of the following topics. 

 

9.1.1 Priority Request Generator and Server 

Vehicles that are eligible for signal priority communicate their desired for priority treatment to the 

roadside infrastructure.   As soon as the priority eligible vehicle receives the intersection map, the 

Priority Request Generator (PRG) components acquires GPS data and locates the vehicle on the 

map that determines its relation to the intersection. The PRG knows the vehicle type, and estimates 

the desired service time (e.g. estimated time of arrival at the stop bar) and broadcasts a priority 

request in the form of Signal Request Message (SRM). It is possible that the vehicle receives the 

map of two or more closely spaced intersections if it is in the control range of multiple 
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intersections. Based on the vehicle position, the PRG determines the closest approaching 

intersection among maps in the intersection map list and labels it the “Active Map”. The PRG 

labels the intersections that are not the closest one or the vehicle has already left them as “Non-

Active Map”. The PRG creates a SRM that contains the closest intersection ID. The PRG 

broadcasts a SRM with the isCancel value equal to True to cancel the priority request at the 

intersection that the vehicle has passed or no longer needs priority service. The PRG is responsible 

for broadcasting this new SRM to let the Roadside Unite (RSU) know that the vehicle has left the 

intersection. This component checks several conditions in order to decide if it should send a new 

SRM or not. For example, if the vehicle speed changes beyond a specific threshold because of 

acceleration and deceleration, if the vehicle joins the queue, or if the previous broadcast SRM is 

not delivered successfully, the PRG will broadcast an updated SRM. The Priority Request Server 

(PRS) is responsible for managing the SRMs from multiple priority eligible vehicles on the same 

or conflicting movements. The PRS constructs an Active Request Table (ART) based on the 

received SRM(s) that consists of information on all requests that are in the communication range 

of the intersection. This information includes vehicle ID, vehicle type, vehicle status, requested 

phase, and Estimated Time of Arrival (ETA). The PRS passes the ART as input to the Priority 

Solver component. The PRS also encodes the ART into Priority Status Message (PSM) and 

broadcasts the PSM to nearby priority vehicles and lets them know that their SRM has been 

received and is in the PSM. The PRS filters the SRMs that are not related to the intersection based 

on the intersection ID in the SRMs. 
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9.1.2 Traffic Signal Priority 

CV technologies provide opportunities to significantly enhance current signal priority systems by 

providing more accurate information of the priority vehicles at the intersections. In a CV 

environment, signal priority for multiple vehicles with different modes (transit, freight and 

emergency) can be managed within an integrated framework. A real-time traffic signal priority 

control algorithm is developed by simultaneously considering the needs of vehicle priority requests 

from different modes. The algorithm consists of a Mixed-Integer Linear Programming (MILP) 

model and a flexible implementation algorithm that guarantees the optimal signal schedule is 

applied with minimum negative impact on regular vehicles. The flexible implementation algorithm 

takes advantage of vehicle actuation using loop detectors. The MILP considers phase precedence 

relationships, phase minimum and maximum green times, and phase change and clearance 

intervals. The sequence of phases in each ring is assumed fixed and phase skipping is not allowed, 

unless there is no vehicle present on the vehicle stop bar detector. The MILP model is solved any 

time a new updated SRM from a CV in the control range of the intersection is received by the PRS. 

The MILP is capable of integrate system-level traffic concepts such as coordination as virtual 

priority requests. The objective of the optimization model is to minimize the total weighted sum 

of coordination delay and the weighted sum of priority eligible vehicles delay in the next two 

cycles, including the current cycle. The solution of the model is an optimal signal timing schedule. 

The model is a polynomial solvable problem that is solved fast enough (less than a second) to be 

applicable in real time traffic signal control. The priority model is tested in a simulation framework 

on two different networks: San Mateo, CA and Anthem, AZ. The simulation experiments show 

that the model, when compared to fully actuated control, is able to significantly reduce average 

priority vehicle delay and travel times while it does not have significant negative impact on the 
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passenger cars. Simulation experiments on the Arizona network show that the model is able to 

reduce transit vehicles delay at two closely spaced coordinated signals. The field results of 

implementing the priority framework in the National Affiliated Connected Vehicles Test Bed in 

Anthem, AZ show the effectiveness of the model in the real world.  

 

9.1.3 Extended Signal Priority Model with Queue Consideration 

When the penetration rate of the CVs increases, the ability to predict the queue more accurately 

increases. The existence of the connected regular vehicles in the queue provides a better estimate 

of the true trajectory of the priority vehicle. The CVs’ trajectories allow an estimation of the 

queuing delay for both regular CVs and priority requesting vehicles. Without considering the 

queue, the estimated arrival time (ETA) of the priority vehicle is too early since the vehicle will 

have to wait for the queue to clear. The queue in front of the priority needs to be discharged so that 

the vehicle can pass the intersection. Meanwhile, consideration of the queuing shockwaves on all 

phases will prevent the queue spills back on non-priority phases due to reducing their green time 

to a minimum value for the sake of serving the priority requested phase quickly. The connected 

regular passenger vehicles’ trajectories are integrated into a unified lane-based MILP model along 

with priority eligible vehicles and virtual coordination priority requests. The objective of the model 

is to minimize the estimated average delay of connected regular vehicles as well as the delay of 

the coordination priority requests. A network of two closely space intersection in Anthem is 

simulated to evaluate the effectiveness of the model. Two demand levels and penetration rate are 

considered. The numerical results show that the extended model reduces the overall travel time of 

vehicles in all of the studies scenarios. The model outperforms fully actuated, actuated 

coordinated, and coordination priority in reducing the travel time of buses.  
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9.1.4 Connected Vehicle Simulation Testing Environment 

Microscopic traffic simulation is the most suitable tool to show the potential outcomes of CV 

applications in large-scale deployments. The simulation platform used in this research is created 

based on the VISSIM simulation software. The platform is separated into hardware-in-the-loop 

(HIL) simulation with the field DSRC-equipped devices and software-in-the-loop (SIL) simulation 

with the Econolite ASC3 virtual controller. The VISSIM Drivermodel API is recoded to create the 

J2735 (SAE International 2009) messages in the both SIL and HIL simulation using an open source 

generic ASN.1 encoder/decoder. The Drivermodel.dll API is an interface to VISSIM that provides 

the option to replace the default internal car following and driving behavior by a fully user-defined 

behavior for some or all vehicles in the simulation. Each vehicle type in VISSIM can have a 

different DLL.  In the HIL simulation, real RSU and Onboard Unit (OBU) devices are used. In the 

SIL simulation, a containerization technology software, Docker, is used. The purpose is to run 

applications inside the Docker containers as if they were running on individual hardware devices. 

In the VISSIM simulation, all CVs from one type broadcast their SRMSs through the 

DriverModel.dll API. Therefore, each one of the Docker containers that exist in the same sub 

network receive SRM from all vehicles in the network. Although the PRS application at each 

Docker container is able to filter the SRMs if the SRM does not belong to the intersection, it is not 

necessary to increase the computational burden of the processor in the container. Each intersection 

should only receive the SRM from the vehicles that are in their DSRC range. Thus, a Windows 

application is developed to route the SRMs to the geo-correct RSU. Two simulation networks were 

built in VISSIM: Anthem network in Anthem, Arizona and El Camino Real Network in San Mateo, 

California. The proposed CV simulation platform supports different signal control applications, 

including adaptive signal control, signal priority and real-time performance measurement.  
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9.1.5 Priority Policy Implementation Mechanism 

The responsible operating agency may establish a priority policy for each equipped section of 

traffic signals that determines the relative importance of different modes of travel. Establishing 

this priority signal control policy requires understanding of how the importance and impact of each 

request affects the performance of the overall system. This priority policy should impact how the 

signal timing is adapted to accommodate the multiple active requests for priority. The 

mathematical framework presented in this dissertation allows multiple priority requests with 

different requested phase to be considered simultaneously based on the priority policy. There may 

be a competition between the requests for green time. Therefore, minimizing the delay of the 

priority requests from one mode may, or is likely to, increase the delay of the requests of other 

modes on conflicting phases. Based on modal weights, the framework makes a tradeoff between 

priority requests from different modes and determines the best way to time the signals. It is shown 

that the decision framework is effective in accommodating the priority policy by varying the mode 

weights. 

 

9.2 Main Contribution 

This dissertation investigates traffic signal priority control strategies under CV environment. The 

specific contributions include: 

1) This research designed a system structure for traffic signal priority control applications in a 

CV environment. The architecture consists of real DSRC devices such as RSU, OBU, and 

signal controllers. 
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2) A real-time priority control optimization model and implementation algorithm was developed 

using CV data.  

3) A unified intelligent signal control and priority control algorithm was designed and 

implemented in real-time. 

4) A mechanism was proposed that helps traffic managers implement their priority policy 

decisions. 

5) A generic simulation environment for CV applications was enhanced using both hardware 

and software in the loop simulation. The communication of the simulation environment 

follows national/international standards and protocols and can be applied to different 

applications with minimum modification. 

6) The traffic signal priority control system was implemented in a real-world arterial corridor 

(Arizona National Affiliated Connected Vehicle Test Bed).  

  
9.3 Future Research 

There are several research suggestions that can be conducted in future based on the obtained 

knowledge from this dissertation. These suggestions are as follows: 

1) Predicting the vehicle speed in the PRG: Traffic modes behave differently in sending 

priority requests. For example, a truck has different speed profiling than a transit vehicle 

or an emergency vehicle. Studying the speed profiling characteristics of each mode will be 

useful in predicting the time when the PRG should update the request. On the other hand, 

the speed profiling may be tied to driver behavior. A machine learning module can be 

embedded into the PRG to predict driver behavior and help the PRG with the times that 

SRM should be updated.  
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2) Adding route information into the PRG: If the priority eligible vehicle is a transit vehicle, 

the PRG may acquire information about its route. If the transit vehicle wants to make a left 

turn at the signal, the requested phase should be calculated as a left turn phase as soon as 

the vehicle enters the DSRC range, not a through movement phase.   

3)  Knowing the bus schedule and occupancy: The PRG may get information about lateness 

and occupancy of the bus before sending signal request message. This can help PRS at the 

intersection to ignore those buses that are not behind the schedule and prioritize the buses 

with high occupancy.  

4) Near side transit stops: In this research, only far side transit stops are considered. If there 

is a nearside transit stop at the intersection, a dwell time prediction module can be added 

into the PRG to estimate the departure time of the bus from the bus stop. Or, logic can be 

added to the PRG to hold sending the request until the vehicle has closed its doors and is 

ready to depart the stop. It is also possible, that the transit vehicle will need priority to get 

to the stop due to a queue blocking the stop. Priority could be used to allow the transit 

vehicle to get to the stop and then again when it is ready to depart the stop. The logic of 

near side transit stops needs additional research.  

5) DSRC range analysis: A sensitivity study on DSRC range can be conducted to obtain the 

effect of this range on the signal priority model. The broader range may improve the 

performance of the model. If the DSRC range can’t be extended, it is possible that peer-to-

peer communication between RSUs could be used to forward requests to the downstream 

intersection. Or, other communication technologies, such as 4G/5G cellular or other 

wireless technologies, could be used to send priority requests.  
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6) Modal weights evaluation in real-world: In order to analyze the effect of mode weight in 

real world, many field tests should be implemented. The field data evaluation is very 

important to prove the effectiveness of the proposed algorithms in applying policy makers’ 

decisions in real-world environment. 

7) Estimating non-equipped passenger vehicles: The extended mathematical model that is 

presented in Chapter 7 only minimizes the weighted sum of connected passenger vehicle 

delay, coordination delay and the weighted sum of priority eligible vehicle delay. 

Estimating the delay of non-equipped passenger vehicles is very important especially under 

low penetration rates. A generalized model could minimize the delay of all vehicles at the 

intersection.  

8) Pedestrians priority requests: Similar to priority eligible vehicles, pedestrians can be 

considered for priority if they are capable of sending a request using a nomadic device or 

infrastructure sensor. Integrating pedestrians into the model will increase applicability of 

the framework in residential areas like ‘downtown’ where there is a pedestrian call in 

almost every cycle. 

9) Dynamic coordination signal plan:  In the coordination priority model presented in Chapter 

6, it is assumed there is an optimized predefined offline coordination signal plan. A platoon 

recognition algorithm that predicts arrival of the vehicles from upstream intersection can 

be added to the coordination priority model to dynamically account for the platoon of 

vehicles. 

10)  Extending the CV simulation environment:  Along with CV technology, automated vehicle 

technology is recognized as the only available way in the near future that is capable of 

addressing safety, mobility, and environmental issues in the nation’s surface transportation. 
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The CV environment can be extended to include the automated vehicles as well and 

produced a generic Connected and Automated Vehicle (CAV) simulation environment.  

11)  Integrating into the other mobility, safety, and environmental applications: The 

integration of a large-scale complex system such as Multi-Modal Intelligent Signal System 

(MMITSS) into larger system-of-systems architecture is a significant and invaluable 

research that will result into the development of the next generation of transportation 

systems. The presented traffic signal control system can be unified with eco-approaching 

systems to provide a speed advisory as the vehicle approaches the intersection in order to 

reduce vehicle emission.  
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