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Intersection control is an important component of the transportation system and 

can significantly contribute to vehicular delay along urban streets. The current emphasis 

on the development of automated (i.e., driverless and with the ability to communicate 

with the infrastructure) vehicles brings at the forefront several questions related to the 

functionality and optimization of intersection control in order to take advantage of these 

advanced vehicle capabilities. The objective of this research is to develop and simulate 

an intersection control algorithm that allows for the system performance and the 

trajectory of each single vehicle to be jointly optimized under an automated vehicle 

environment.  

First, a signal control optimization algorithm was developed assuming a simple 

intersection with two through movements. An optimization horizon scheme was 

developed to implement the algorithm and to continually process newly arriving 

vehicles. The algorithm was coded in MATLAB and results were compared against 

traditional actuated signal control for a variety of demand scenarios. It was concluded 

that that the proposed signal control optimization algorithm could reduce the intersection 
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average travel time delay by 16.2% to 36.9% and increase throughput by 2.7% to 

20.2%, depending on the demand scenario.  

Next, the proposed optimization algorithm was expanded for a four-approach 

intersection with the consideration of turning movements and a full set of possible 

phases. Implementing the proposed algorithm, the intersection controller makes 

decisions on the vehicle passing sequence using a genetic algorithm based optimization 

method, and at the same time it calculates the optimum vehicle trajectories. The 

optimization process repeats over a time horizon to process continually arriving 

vehicles. The algorithm was coded in Java and was compared against the conventional 

actuated signal control. The results showed that the proposed algorithm is able to 

reduce the intersection average travel time delay (by 16.3% to 56.0%) and increase the 

throughput (by 3.5% to 27.3%) under various demand scenarios. Compared to the 

actuated control method, the proposed algorithm is less sensitive to the balances in 

demand. An increase in the percentage of turning traffic increases ATTD slightly. Also, 

the proposed algorithm provides greater benefits for longer communication ranges 

under relatively congested conditions. 
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

Automated vehicles are those that use various sensors and connectivity to gather 

information and autonomously perform driving functions. The National Highway Traffic 

Safety Administration (NHTSA) defined vehicle automation into five levels, ranging from 

vehicles that do not have any automated control functions (level 0) through fully 

automated vehicles (level 4) (NHTSA , 2013).  Fully automated vehicles are able to 

perform all driving functions and monitor roadway conditions for an entire trip. They are 

different from autonomous vehicles which sense the environment, navigate and perform 

driving functions with no assistance from other vehicles or the infrastructure, or 

connected vehicles which are connected with the surrounding vehicles and roadside 

infrastructure but still need a driver to control the steering, acceleration, and braking. 

The combination of their autonomous and communication functions allows the 

automated vehicle to operate more efficiently and safely.  

Automated vehicle technology has advanced significantly in the past few years. 

In June 2011, Nevada passed a law that authorized the use of automated cars on public 

roads. So far four U.S. states (Nevada, Florida, California, and Michigan), along with 

Washington D.C., have legalized the operation of automated vehicles. The availability 

and potential wider use of automated vehicles poses the question: How can we use this 

technology to improve traffic operations in our transportation systems?  

Intersection control is an important component of the transportation system and it 

has a significant impact on transportation system efficiency. Based on the control 

method, intersections can be classified into: 1) uncontrolled intersections, which 
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operates based on the basic rules of the road; 2) yield and stop controlled intersections 

which explicitly assign the right-of-way to road users through the used of stop or yield 

signs; and 3) signalized intersections. Among the three types of intersection control 

method, the uncontrolled and yield or stop controlled methods are usually used for 

intersections with relative low volume. For high volume intersections where the less 

restrictive form of control is not able to effective in assuring safety and efficiency, 

installation of traffic signals need to be considered. If properly installed and designed, 

traffic signals are able to increase the intersection capacity, improve safety and allow 

orderly movement through a complex situation (Roess, Prassas, & McShane, 2004). 

Therefore, compared to other control types, signalized intersection plays a very 

important role in improving transportation system performance and mitigating 

congestions, and improvement in traffic signal timing has the potential to significantly 

benefit the transportation system. 

For signalized intersections, throughput and delay depend on signal control, 

which is determined as a function of flow. Pre-timed control uses historical flow 

information, while actuated control uses actual approach demand on a cycle-by-cycle 

basis. The development of adaptive signal control (ASC) improves the conventional 

actuated signal control to a certain extent by adjusting the signal timing to 

accommodate time-varying traffic patterns. In the ASC system, vehicular traffic is 

detected by strategically placed sensors to predict when and where the traffic will be, 

and the signal controller utilizes these predictions to compute optimal signal timings and 

simultaneously implement them in real-time. However, the effectiveness of ASC largely 

depends on the prediction of vehicle arrivals. Several field implementation results 
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indicate that the benefits of ASC are still debatable  (Shoup, 1998; Girianna & 

Benekohal, 2002).  

The limitations in getting accurate real-time demand information causes 

difficulties in optimizing signal timings. As a result, the developed signal timing plan may 

not be adequate to meet the fluctuations. This ineffective response to the fluctuating 

demand is one source of the delay for currently used signal control methods (i.e. pre-

timed signal control, actuated signal control, and ASC). The automated vehicles are 

able to provide full information regarding the vehicle arrivals to the controller. Then, the 

controller will be able to produce a more efficient timing plan or vehicle passing plan (if 

traffic signals are not used in the intersection system) to guide vehicles through the 

intersection.  

Another source of delay is due to driver reaction-related delays. The use of 

automated vehicle technology also has the potential to reduce this type of delay through 

the use of their communication capability as well as the potential to fully control vehicle 

trajectories. If the optimized vehicle trajectories, which are calculated based on the 

signal timing information or the vehicle passing plan, are transmitted to approaching 

vehicles in advance, the intersection capacity would be better utilized.  For example, 

these optimal trajectories may direct vehicles to accelerate (up to a point) to fill up the 

gaps and save time for the following vehicles. 

There have been some studies that developed algorithms to improve 

intersection control employing the communication capability and the automated 

functions of the automated vehicles. However, most of the previous research either 

used more detailed and accurate data obtained from the approaching vehicles to 
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improve the intersection control algorithm, or optimized vehicle trajectories based on the 

signal timing information or vehicle passing plane provided in advance. In both cases, 

only data obtained through one-way communication (either from the vehicle to the 

controller or from the controller to the approaching vehicles) are used in the 

optimization. In order to fully utilize the advanced technology of the automated vehicle 

system and maximize the intersection efficiency, an intersection control algorithm that 

allows to jointly optimize the system performance and the trajectory of each single 

vehicle, is proposed and developed in this dissertation.   

1.2 Dissertation Objectives 

The objective of this research is to develop an intersection control algorithm that 

allows for the system performance and the trajectory of each single vehicle to be jointly 

optimized under an automated vehicle environment. It is assumed that this automated 

vehicle environment enables bidirectional communication between vehicles and the 

intersection controller. Thus, the control algorithm is optimized based on more detailed 

and accurate information (such as speed, location, etc.) obtained from all automated 

vehicles entering the intersection’s communication range. At the same time, vehicle 

trajectories are optimized based on the decisions from the controller (signal timing or 

vehicle passing sequence), and these are transmitted to the automated vehicles. In 

order to evaluate the proposed algorithm under various scenarios, simulation tools that 

are capable of modeling the proposed optimization systems are also developed.  

The following tasks are performed to accomplish the above objectives. 

1. Develop a control optimization algorithm for an intersection that consists of two 
single lane through-only approaches under a 100% automated vehicle 
environment.  
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2. Code a simulator implementing the algorithm proposed in Task 1, and compare 
the results against traditional actuated signal control to assess its effectiveness.  

3. Expand the proposed optimization algorithm in Task 1 so that it can be 
implemented for a general four-approach intersection with the consideration of 
turning vehicles and all possible phase combinations.  

4. Code an intersection simulator implementing the optimization algorithm 
developed in Task 3 and compare the proposed algorithm to traditional actuated 
signal control.  

1.3 Dissertation Outline 

The remainder of this dissertation is organized as follows. Chapter 2 provides an 

overview of the literature on the existing intersection control methods especially the 

signal control strategies, the Automated Vehicle technology, and previous research that 

developed intersection control algorithms employing automated vehicle functionalities. 

Chapter 3 discusses the development of a signal control optimization algorithm for a 

very simple intersection that consists of two one-way streets with through traffic only, 

under an automated vehicle environment. A MATLAB simulation and analysis of the 

proposed algorithm are also presented in this Chapter. An extended optimization 

algorithm for a standard four-approach intersection which considers turning movements 

is presented in Chapter 4, along with the development of a Java-based simulation and 

evaluation of the proposed algorithm. Finally, the overall conclusions and 

recommendations for future work are provided in Chapter 5. 
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CHAPTER 2 
LITERATURE REVIEW 

This chapter first provides a brief summary of the existing intersection control 

methods with the emphasis on the existing signal control strategies. Following that, it 

describes the advanced automated vehicle technology, along with a discussion of the 

vehicular communication system. Finally, a review of the existing intersection control 

algorithms implementing wireless vehicle to infrastructure communication is presented.  

2.1 Intersection Control Methods 

Intersection is an integral component of the transportation system. A typical four-

approach intersection has twelve vehicular movements which create many potential 

crossing and merge conflicts. The objective of intersection control is to control and 

manage these conflicts in a way that provides safe and efficient movement through the 

intersection for vehicles and other road users.  

The existing intersection control strategies can be classified into three different 

levels (Roess, Prassas, & McShane, 2004):  

 Level 1: basic rules of the road (uncontrolled intersections) 

 Level 2: yield or stop control 

 Level 3: traffic signalization 

The uncontrolled intersection does not have signing or traffic signals installed. It 

operates under the basic rules of the road, such as vehicles on the left must yield to 

vehicles on the right and the through vehicles have the right of way over turning 

vehicles. The uncontrolled intersections are common in rural areas and residential 

neighborhoods, where both the traffic volume and speed are low and no or little collision 

history has been observed in history.  
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If the sight distance of the intersection is not sufficient or the intensity of the traffic 

demand and the complexity of the intersection indicate an unsafe operation under no 

control, a higher level of control, the yield or stop control, need to be considered. The 

three basic control strategies of Level 2 control are yield control, two-way stop control, 

and multi-way stop control.  

Yield sign is placed on certain approaches, generally not on the major street, to 

an intersection. Vehicles controlled by the yield sign have to slow down and yield to the 

traffic that is given the right-of-way. Vehicles need stop only when necessary to avoid 

interference with the major street traffic. Tow-way stop control is the most common form 

of the level 2 control. The stop signs should normally be posted on the minor street to 

stop the traffic before they entering the major roadway. It is used when application of 

less restrictive control or the basic rules of the road cannot provide safe and efficient 

operations of the intersection. Under the multi-way stop control, traffic from all 

intersection approaches are required to stop before entering the intersection. 

Intersections with multi-way stop control are generally implemented as a safety 

measure and are often used on low-speed, low volume facilities with approximately 

equal volumes on the intersecting roadways.  

Traffic signalization is the ultimate form of intersection control. It alternately 

assigns right-of-way to specific movements to reduce the number of conflicting 

movements. If properly installed and designed, traffic signals are able to increase the 

intersection capacity, improve safety and allow orderly movement through a complex 

situation efficiently. For intersections where the less restrictive control method cannot 

accommodate the traffic demand and the complexity of the intersection safely and 
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effectively, installation of traffic signals need to be considered. Compared to the other 

form of control, traffic signalization is usually implemented for more congested 

intersection. Therefore, it plays a very important role in improving transportation system 

performance and mitigating congestions. 

2.2 Existing Signal Control Strategies 

2.2.1 Conventional Signal Timing Methods 

The conventional signal timing methods include two primary types of signal 

timing algorithms that are currently widely implemented in the field: pre-timed and 

traffic-actuated. 

Pre-timed signal control has fixed interval durations and cycle length that are 

predetermined. During the signal control process, the intervals rotate following a fixed 

sequence and timings. Pre-timed signals can be optimized by adjusting their control 

parameters (cycle length and time split) off line base on the predicted demand. Most of 

the modern day signal timing for a pre-timed control is based on the theoretical work 

conducted by Webster (1958). Well-designed pre-timed traffic signals are able to 

provide a fairly efficient operation for intersections with tight spacing, such as 

intersections at central business districts or diamond interchanges (MoDOT, 2013). 

However, these cannot deal with unplanned fluctuations in traffic flows, and thus 

actuated controllers are preferred at most intersections. 

In contrast to pre-timed control, intervals for actuated control are called and 

extended in response to the presence of detected traffic.  Therefore, it provides greater 

efficiency compared to pre-timed signals by servicing traffic as required. Depending on 

the number of traffic movements that are monitored by detectors, actuated control 

algorithms are divided into fully-actuated and semi-actuated. Both types can reduce 
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delay and number of stops by being responsive to changes in demand and traffic 

patterns, but their efficiency also largely depends on the selection of the appropriate 

control parameters. There are a number of programs used for actuated signal timing 

optimization. Transyt-7F, Synchro, and PASSER II are some of the most widely used 

optimization tools.  

As traffic patterns change over days and weeks, both the pre-timed and actuated 

signals usually operate different timing plans at different times of the day and days of 

the week. This operation is conducted based on the predetermined time-of-day and 

day-of-week schedule, and is referred to as the Time-of-Day (TOD) signal control 

(Koonce , et al., 2008). Most of the US traffic systems implement the TOD signal timing, 

and most of these systems use three to five weekday timing plans and up to six plans 

for other special cases such as weekends, holidays, incidents, etc. (Gordon, 2010). 

However, the TOD signal control method only works well for consistent and predictable 

traffic conditions. For unusual situations (e.g. special events, incidents, construction, 

extreme weather), the timing plan selected based on the time-of-day schedule may not 

be the most appropriate for the current traffic condition.  

2.2.2 Traffic Responsive Control 

Traffic responsive control methods are based on traffic detector data and they 

automatically select a plan from the timing plan library that is best suited to the current 

traffic conditions (Koonce , et al., 2008).  There are generally two categories of timing 

plan selection strategies that are currently used by the traffic responsive signal control 

systems in the US.  

Signature matching strategy. Using this strategy, a “signature” set is developed 

for each specific timing plan stored in the library. For a specific timing plan, each 
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detector has a signature. Its value is usually a combination of volume and occupancy, 

and is often referred to as the expression Volume (V) + Factor (k) x Occupancy (O) 

(Koonce , et al., 2008). During the operation, data from multiple detectors are obtained 

and matched to the library of signature sets. If the signal timing plan that best matches 

the detected data is not the one that is currently in use, a transition will be made to the 

signal timing plan with the closest match. In order to avoid unnecessary back and forth 

transitions between timing plans that are close to the selection threshold, this strategy 

also develops a hysteresis algorithm that smooth the responses to changes in traffic 

conditions (Gordon & Tighe, 2005). 

Parameter selection strategy. This strategy assigns specific detectors to select 

particular signal control parameters. A detector may be assigned to one or more 

parameters. Selection of cycle, split and offset is based on the respective detector data 

(Gordon, 2010).  

2.2.3 Adaptive Signal Control 

Adaptive Signal Control (ASC) is a signal control technology that automatically 

adjusts signal parameters in response to real-time traffic conditions. In an ASC system, 

vehicle data are detected through strategically placed sensors at an upstream and/or 

downstream point. Then, a particular algorithm is used to predict the traffic condition at 

the downstream intersection and adjust the signal timing parameters. Despite the 

different algorithms for traffic prediction and signal timing optimization, all ASC systems 

follow a similar process: 1) Collect and process data through a detection system to 

identify traffic conditions; 2) Evaluate alternative signal timing plans using a traffic 

model; 3) Identify the best signal timing strategy based on a performance metric and 

implement it in the signal controller. The above three steps are repeated every few 
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minutes to keep traffic flowing smoothly. As the ASC technology is designed to adjust 

the signal timing in reaction to actual conditions, it is expected to reduce queue length, 

traffic delay and travel times. The remainder of this section describes several ASC 

algorithms that have been deployed in the U.S. 

Sydney Co-ordinated Adaptive Traffic System (SCATS). SCATS is the first 

real-world application of the adaptive traffic system. It was first implemented in 

Australia, in the 1970s (Lowrie, 1982). SCATS adaptive control strategy is conducted at 

two levels, Strategic Control by the regional computer and Tactical Control by the local 

control at each intersection, to determine the three principal signal timing parameters 

(cycle length, phase split and offset). Strategic Control is the top level of control that 

determines the optimum cycle length, split and offset for a group of signals (which are 

know as subsystems) to suit the average traffic condition of the subsystem. 

Intersections in a subsystem are always coordinated and one of them is defined as the 

critical intersection. Cycle length and phase split of the critical intersection is determined 

based on the principle that the most congested lane has a degree of saturation, which is 

defined as the ratio of the effectively used green time to the total available green time, 

around 0.9. The non-critical intersections share a common cycle length, interrelated split 

and offset with the critical intersection. Under the control of the regional computer, 

Tactical Control is operated by the local controller for determining split and offset that 

meet the cyclic variation in demand at each intersection. The combination of the 

Strategic Control and Tactical Control enables the system to handle both the gradual 

systemic changes and the rapid cyclic variations in traffic demand. SCATS also 

combines adaptive signal control with other conventional control strategies, including 
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isolated signal operation, time based coordination, and flashing yellow operation, to 

meet various operational needs. 

Split Cycle Offset Optimisation Technique (SCOOT). Since its inception by 

the UK Transport Research Laboratory in 1981, SCOOT has become the most widely 

used adaptive traffic control system with over 200 world wide implementations (Jhaveri, 

Perrin, & Martin, 2003) (Zhao & Tian, 2012). The SCOOT system divides a network into 

“regions”, each containing a number of intersections. All intersections inside the same 

region are coordinated. The operation of SCOOT significantly relies on its detection 

system. Both stop line detectors and advance detectors, which are typically placed 150-

1000 feet upstream of the stop line, are used in the SCOOT system (Koonce , et al., 

2008). The advance detectors provide a count of approaching vehicles. Based on those 

data, the SCOOT model predicts the progression of traffic from the detector to the stop 

line.  The stop line detectors collect the vehicles’ passing information and transfer the 

data to the system to construct “Cyclic Flow Profiles” for each link (Transport Research 

Laboratory, UK, 2013). All this  information collected by the detection system is then 

used by SCOOT in three optimizers: split optimizer, offset optimizer, and cycle time 

optimizer (Zhao & Tian, 2012). The cycle time optimizer continuously adapts the cycle 

time of each region to ensure the most congested intersection in the system is operating 

at 90% saturation. The split optimizer incrementally changes the pre-determined green 

time of every phase and calculates the system’s performance index to determine 

whether the phase should be extended, shortened or remain the same. The offset 

optimizer evaluates the scheduled and the possible changed offsets based on 

information stored in cyclic flow profiles, and implements the one with the best predicted 
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performance measures. With the three optimizers, SCOOT can adjust signal timing 

plans in response to the real-time traffic fluctuations and follow trends over time to 

maintain constant co-ordination of the signal network (Transport Research Laboratory, 

UK, 2013).  

Real Time Hierarchical Optimized Distributed Effective System (RHODES). 

RHODES was developed by a research team at the University of Arizona in 1990 

(Mirchandani & Head, 2001). As a real-time traffic adaptive control system, it collects 

traffic data from various types of detectors, predicts future traffic streams, and 

calculates the optimum signal timing plan based on these predictions. The control and 

prediction problem is decomposed into three hierarchical levels in the RHODES system. 

The highest level of RHODES, which is referred to as the network loading level, predicts 

the general travel demand characteristics over longer periods of time (typically one 

hour) and estimates the traffic load on each particular link. Based on the load estimates, 

the middle level control, which is the network control level, establishes coordination 

constraints for each intersection and allocates the approximate green times for different 

movements. At the lowest level, the intersection control level, phase sequence and 

durations are determined based on observed and predicted arrivals of individual 

vehicles, as well as coordination and operation constraints. The development team 

pointed out three features of RHODES that makes it a viable and effective control 

system (Mirchandani & Head, 2001): 1) it allows implementation of the most recent 

technology in the control system to advance the data transferring, processing and 

control strategy implementing process; 2) it considers the stochastic variations in traffic 
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flow; and 3) it explicitly predicts individual vehicle arrivals, platoon arrivals and traffic 

flow rates in response to this variation. 

Optimized Policies for Adaptive Control (OPAC). Sponsored by the U.S. 

Department of Transportation, OPAC was originally developed at the University of 

Massachusetts, Lowell in the early 80s (Liao, 1998). OPAC is a real-time demand 

responsive algorithm that utilizes dynamic programing techniques to optimize signal 

timing plans and minimize the total intersection delay and stops. Using OPAC, a 

sequence of switching decisions is made in a control period at fixed time intervals to 

determine whether the current phase should be terminated or extended. Dynamic 

programming method is used for the optimization, and a rolling horizon technique is 

applied to dynamically revise the decisions based on real-time arrival information 

collected by the upstream detectors. Although originally designed for signal control of 

isolated intersections, OPAC can also serve as a building block for coordinated network 

signal optimization in the Virtual-Fixed-Cycle network version (VFC-OPAC) (Gartner, 

Pooran, & Andrews, 2001). VFC-OPAC consists of a three-layer control architecture: 

the Local Control Layer (Layer 1) for determining phase durations subject to the cycle 

length constraint from Layer 3, the Coordination Layer (Layer 2) for optimizing the 

offsets at each intersection (once per cycle), and the Synchronization Layer (Layer 3) 

for calculating the network-wide virtual-fixed-cycle.  

Adaptive Control Software Lite (ACS-Lite). In 2001, FHWA initiated the 

development of ACS-Lite, a reduced-scale version of ACS, to reduce the high cost of 

deployment and maintenance of the regular adaptive systems (Shelby, Bullock, 

Gettman, Ghaman, Sabra, & Soyke, 2008). ACS-Lite is designed to consolidate the 
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adaptive processing into the closed loop systems, and provide cycle-by-cycle 

adjustments to the signal timing parameters (cycle, split and offset) in response to 

changing traffic conditions. The control algorithms of ACS-Lite include a Run Time 

Refiner, Transition Manager and Time of Day Tuner.  Based on the principle that the 

recent past predicts the near future, the Run Time Refiner uses the most recent data to 

evaluate alternative timing plans. Cycle, splits, and offsets are adjusted in small, 

incremental steps to balance the degree of utilization across all phases and capture the 

maximum progressed traffic flow in the green band. The adjusted timing plan is 

downloaded to the local controller every 5-15 minutes. When transitioning between one 

plan and another, the Transition Manager choses the best transition method to minimize 

the time spent out of coordination. The Time of Day Tuner periodically updates the time-

of-day signal timing plans and uses the updated signal timing plans as the baseline for 

its adaptive operation. Compared to other ASC algorithms, ACS-Lite is slower in 

responding to rapid changes in traffic flows, however, it significantly reduces the costs 

for implementing the ASC technology (Shelby, Bullock, Gettman, Ghaman, Sabra, & 

Soyke, 2008) (Koonce , et al., 2008). 

According to Zhao and Tian (2012), the ASC technology is expected to improve 

the intersection traffic conditions as it is designed to adjust the signal timing in response 

to the real-time condition. However, previous field tests and evaluation studies showed 

mixed results. A lot of studies indicated improvements over the traditional signal control 

systems (Peters, Monsere, Li, Mahmud, & Boice, 2008) (Samadi , Rad , Kazemi , & 

Jafarian, 2012) (Hutton, Bokenkroger, & Meyer, 2010) (Andrews, Elahi, & Clark, 1997). 

However, there are also studies which showed no improvements (Petrella, Bricka, 
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Hunter, & Lappin, 2005) (Girianna & Benekohal, 2002) (Shoup, 1998). Petrella et al. 

(2005) concluded from their study that if an optimized signal timing plan has already 

been deployed, the ASC systems cannot further improve the system performance. They 

also indicate that the effectiveness of ASC heavily relies on traffic and network 

conditions.  

2.3 Advanced Automated Vehicle Technology 

2.3.1 Development of The Autonomous Vehicle 

Autonomous vehicles are those that are capable of driving without human 

intervention. They are also known as self-driving cars. These vehicles detect the 

operational environment via a variety of sensors such as GPS, lidar, radar and 

computer vision. The detected information is then compared to a preloaded map to 

identify obstacles and find the appropriate navigation paths (Wikipedia, 2014) (Pawsey 

& Nath, 2013).  

The earliest quasi-autonomous demonstration system dates back to the 1920s 

when Houdina Radio Control demonstrated a radio-controlled driverless car in New 

York City (Wikipedia, 2014). The vehicle was controlled through radio signals sent by a 

car that followed it. The radio impulses were received by the transmitting antennae on 

the tonneau of the vehicle and were transmitted to a circuit-breaker to direct the 

movements of the vehicle. The important milestone in the development of the 

autonomous vehicle was the Mercedes-Benz robotic van designed by Ernst Dickmanns 

and his team at Bundeswehr University Munich in the 1980s (Forrest & Konca, 2007). 

The prototype achieved 39 miles per hour on the roads without traffic.  

Since then, the development of autonomous vehicle has advanced significantly 

both in technology and legislation. Numerous major companies and research 
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organizations are involved in autonomous vehicle-related projects. Many major 

automotive manufacturers, including Mercedes-Benz, General Motors, Ford, 

Volkswagen, Audi, Nissan, Toyota, BMW and Volvo, are developing and testing 

prototype autonomous vehicles. In June 2011, Nevada passed a law that authorized the 

use of autonomous cars on public roads. As of the end of 2013, four U.S. states 

(Nevada, Florida, California, and Michigan) have legalized the operation of autonomous 

vehicles.  

2.3.2 Connectivity of Automated Vehicles and Vehicular Communication Systems 

The autonomous driving capabilities of autonomous vehicles have the potential 

to benefit the transportation system in the form of reducing crashes that are cause by 

driver error, reducing the space required for safety gaps, and relieving the constraints 

on drivers’ state (i.e., it does not matter if the driver is under age, over age, disabled, or 

distracted). However, the self-driving capability cannot bring further improvements in 

terms of improving system operation, mitigating congestions, and reducing 

environmental impacts as long as the vehicles operate all by themselves (Parent, 2013).  

With the development of the vehicular communication technology, vehicles are 

able to exchange information with the surrounding vehicles and the roadside 

infrastructures. By taking advantage of this communication technology, the automated 

vehicle combines the communication functionality with its autonomous capability. 

Besides perform driving functions autonomously, automated vehicles also enables 

information exchange relevant to driving safety and transportation efficiency with other 

vehicles and roadside infrastructures (Walsh, 2014). Through the communication, 

automated vehicles can be much more efficient in avoiding accidents and traffic 

congestions. For example, they can notify surrounding vehicles before making a lane 
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change so other drivers can make safer decisions. Automated vehicles can also 

cooperate with the infrastructure to improve traffic condition by implementing variable 

speed limits or advanced intersection management. All the information exchanges are 

accomplished through the vehicular communication system. 

Vehicular communication system is a peer-to-peer network that uses vehicles 

and roadside units as the communicating nodes. Through vehicle-to-vehicle (V2V) and 

vehicle-to-infrastructure (V2I) communication, which are accomplished by on-board 

sensors, processing, and wireless communication modules available on the vehicles 

and roadside units, applications can be enabled to enhance transportation safety and 

efficiency (Papadimitratos, et al., 2008).  

The ability to exchange information through the V2V and V2I communication is a 

foundation for the vehicular communication system. There are several different 

communications platforms that support information exchange between vehicle and 

infrastructure, including 

 Dedicated short range communications (DSRC) 

 Wi-Fi 

 Worldwide Interoperability for Microwave Access (WiMAX) 

 Cellular 

 Bluetooth 

 3G/4G 

However, the non-DSRC communications have 1.5 to 5 second latencies, which 

would delay data transmission.  The latency of DSRC is only 0.002 seconds (Smith, 

Venkatanarayana, Park, Goodall, Datesh, & Skerrit, 2011).  Besides, DSRC has many 

other advantages: it is very robust in the face of radio interference; it works with high 

vehicle speeds (up to 120 mph); and its performance is immune to extreme weather 
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conditions (RITA, 2011) (Smith, Venkatanarayana, Park, Goodall, Datesh, & Skerrit, 

2011).   

DSRC is a short to medium range communications service that is specifically 

designed to support cooperative, safety-critical applications in a vehicular 

communication system by permitting high data transmission. In Report and Order FCC-

03-324, the Federal Communications Commission (FCC) allocated 75 MHz of spectrum 

in the 5.9 GHz band for DSRC (RITA, 2014). The spectrum was allocated for safety 

purposes. However, it is flexible enough to support mobility and environmental 

applications.  

The types of safety and mobility information that could be sent and received with 

DSRC in a vehicular communication system are specified by the Society of Automotive 

Engineers (SAE) J2735 DSRC Message Set Dictionary. The standard defines three 

levels of information carried by the DSRC:  data elements, data fields, and message 

sets. Data elements are grouped into different data fields, which are further grouped into 

message sets (SAE, 2009). The intersection signal control operation studied in this 

dissertation primarily relies on the Basic Safety Message (BSM) Part I, which contains 

core data elements, including vehicle position, heading, speed, acceleration, steering 

wheel angle, and vehicle size. The specific data elements contained in the BSM Part I 

are listed below.  

 MsgCount  

 TemporaryID  

 DSecond  

 Position (Local 3D) 
The data elements are: Latitude, Longitude, Elevation, Positional Accuracy  

 Motion  
The data elements are: Transmission and Speed; Heading; Steering Wheel 
Angle; Acceleration Set 4 Way (3 axes of acceleration plus yaw rate)  
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 Control
Brake System Status 

 Vehicle Basic
Vehicle Size 

The BSM Part 1 message could be transmitted approximately 10 times per 

second over DSRC (McGurrin, 2012 ). By receiving these messages from approaching 

vehicles, the intersection controller could gain a more comprehensive understanding of 

the incoming traffic and would be able to optimize the signal timing based on this 

information, as discussed later in this dissertation.  

2.4 Intersection Control Algorithms Using Wireless Communication 

Most of the existing literature related to employing communication technology to 

improve intersection control can be summarized into two categories. The first category 

uses data obtained from approaching vehicles to improve the intersection control 

algorithm the controller’s perspective, while the second provides signal timing 

information to the drivers so that they can optimize their trip from a single vehicle’s 

perspective. There are also a few studies that have investigated vehicle trajectory 

adjustment and vehicle passing time optimization, and developed intersection control 

algorithms without using the conventional stop-and-go style traffic signals in a vehicle 

infrastructure cooperation environment. Each of the above-mentioned categories is 

discussed in the following subsections. 

2.4.1 Intersection Control Algorithm Employing Vehicle-to-Infrastructure 
Communication Technology 

Gradinescu et al. (2007) proposed an adaptive signal control algorithm based on 

short-range wireless communication between vehicles and fixed controller nodes 

installed at the intersections. Based on the volume and demand information received 

from the approaching traffic within the communication range, the intersection controller 
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calculates the timing plan once every cycle for the cycle that follows the current one. 

Cycle length is first calculated using Webster’s formula, and green splits are then 

determined to maintain equal degrees of saturation on each link. The calculated signal 

timing plan is further adjusted to meet the maximum cycle and pedestrian minimum 

green. An integrated simulation tool was developed and two intersections in Bucharest 

were coded into the simulator. By comparing the proposed algorithm to the existing, 

pre-timed signal control method in the simulation environment, the researchers 

concluded that the proposed system significantly reduced the intersection average 

delay, fuel consumption and pollutant emissions during rush hours.  

Based on the communication technology between traffic signals and the 

approaching vehicles, Yan et al. (2008) proposed an algorithm to control traffic signals 

at an isolated intersection that consists of two single-lane approaches.  During the 

control process, traffic lights of each direction detect the movements of incoming 

vehicles in its road. The detected information, including vehicle intentions, speeds, 

positions and priorities are then used in a vehicles-passing-sequence problem to find 

the signal timing that minimizes the total travel time of the intersection. The Branch and 

Bound method was adopted for solving the problem and the depth-first search method 

was chosen to find the optimum solution.  Analysis of the computational times in various 

scenarios showed that the proposed algorithm is practical for implementing in the field. 

They then conducted a follow-up study (Yan, Dridi, & Moudni , 2009) and expanded the 

algorithm to analyze a four- way intersection with shared right-turn lanes and exclusive 

left-turn lanes. A forward dynamic programming algorithm was proposed to solve the 

intersection evacuation problem. 



35 

Berg (2010) proposed improvements to the conventional red light preemption 

(RLPE) and green light extension (GLE) algorithm based on instantaneous traffic data 

obtained through short-range wireless transmitters in cars and elements of the road 

infrastructure. The proposed algorithm was demonstrated for a fully actuated 

intersection, which was controlled based on instantaneous location coordinates and 

velocity vectors transmitted from approaching vehicles. They described the architecture 

of the software in both RSE (Road Side Equipment) and OBE (On Board Equipment) 

domains for implementation of the RLPE and GLE functionality, and implemented the 

algorithm in a control environment at DENSO's Vista, California facility. Performance 

improvements were observed at the tested intersection compared to the existing signal 

control scheme.  

Smith et al. (2011) developed three signal control algorithms (oversaturated 

conditions algorithm, vehicle clustering algorithm and predictive microscopic simulation 

algorithm) based on the conventional control strategies to address spill back during 

oversaturated conditions, prevent the breakup of vehicle platoons on the major street, 

and reduce the predicted future vehicle delays using the real-time DSRC data. The 

oversaturated conditions algorithm was developed to modify the offset and splits at the 

upstream intersection, so the affected approach is either delayed or cut short, as 

dictated by the real-time queue length on the downstream link. Additional time available 

from the affected approach is allocated to the opposing approach. The Vehicle 

Clustering Algorithm (VCA) was designed primarily for a high-speed major corridor 

crossing low-speed, low-volume side streets. It uses a novel gap-out approach, ensures 

that leftover queues on roads with green indications are cleared, and prevents the 
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breakup of vehicle platoons using the single-link clustering algorithm (SLINK). The 

Predictive Microscopic Simulation Algorithm (PMSA) was developed based on the 

rolling horizon traffic control scheme. Using the location and speed data obtained from 

DSRC-equipped vehicles, microscopic simulation models are developed to continuously 

minimize the predicted future vehicle delays over the rolling horizon. The three 

proposed algorithms all take advantage of the advanced V2V and V2I communication 

technologies, they are either impossible or cost prohibitive with the conventional 

detector data alone. The algorithms were evaluated using the VISSIM microscopic 

traffic simulation software. The results showed that when assuming 100% market 

penetration, significant reductions were observed for all algorithms, up to 28% in certain 

oversaturated scenarios, 6% in VCA, and 8% in PMSA. At 20% market penetration, the 

oversaturated conditions algorithm generated 8% improvements in delay, while at 25% 

market penetration the VCA and PMSA benefits were either insignificant or non-

existent.  

By taking advantage of the vehicle-tracking capability of the IntelliDriveSM system, 

Yi (2011) developed a dilemma zone protection method for high-speed intersections.  

The proposed system continuously tracks the position and speed of the approaching 

vehicles through DSRC. Based on the information, the system determines whether a 

vehicle needs dilemma zone protection, and dynamically calculates the passage time. 

The proposed method was compared with the conventional fixed-point detection 

scheme.  Equations were developed for calculating the probability of failure of dilemma 

zone protection, and a quantitative analysis was conducted to evaluate the 

effectiveness of different control strategies. The results showed that for high-speed 
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intersections, the size and passing time of the dilemma zone are sensitive to the 

variations in field conditions, and the proposed algorithm operates more safely and 

more effectively as it can better capture this variation.  

He et al. (2011) developed a signal control optimization algorithm using a unified 

platoon-based mathematical formulation (PAMSCOD) under a vehicle-to-infrastructure 

communications environment. During the proposed optimization process, existing 

queues and significant platoons from each intersection approach are first identified 

using a proposed headway-based platoon recognition algorithm using real-time 

information from probe vehicles. Based on the identified platoon data, the current traffic 

signal status, and requests from vehicles with higher priorities (such as transit buses 

and emergency vehicles), a mixed-integer linear program (MILP) formulated with the 

consideration of shockwaves and physical queues is solved to determine future 

optimum signal timing plans. Arterial coordination was also considered in PAMSCOD 

using a platoon-based dynamic coordination strategy. Different from the conventional 

coordinated signals, which are managed through the determination of offsets, splits, and 

a global cycle length, the proposed algorithm calculates the optimal parameters of the 

coordinated signal timing plans in the MILP problem using real-time platoon information. 

Simulation experiments were conducted using VISSIM under different saturation levels, 

including both non-saturated and oversaturated scenarios. Both automobiles and buses 

were considered in the traffic stream. Compared to the conventional coordinated-

actuated signal control, PAMSCOD significantly reduce delays in all the tested 

scenarios for both travel modes.  
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Yan et al. (2013) studied a vehicle passing sequence problem under the 

framework of AIM. In their study, autonomous vehicles were grouped into small units 

and each unit was considered as and independent individual. The system controller 

gathers arrival information of all the units and finds the most efficient passing sequence 

that can minimize the overall evacuation time using the proposed GA. Comparison with 

the pre-timed signal control and the adaptive signal control showed that the proposed 

algorithm efficiently improved the intersection performance. However, the system 

controller only makes decisions on vehicle passing sequence using the given arrival 

information but does not consider adjusting vehicle trajectories to further improve the 

intersection performance. 

2.4.2 Vehicle Warning or Control Algorithms Using Infrastructure-to-Vehicle 
Communication Data  

Mandava et al. (2009) introduced an arterial velocity planning algorithm which 

dynamically provides speed advice to vehicles approaching a signalized intersection to 

reduce the number of stops, improve fuel efficiency and reduce emissions. In the 

proposed system, signal timing information is transmitted to equipped vehicles when 

they are approaching an intersection equipped with DSRC technology. After receiving 

the signal timing information, the vehicle acceleration/deceleration rate is determined by 

solving an optimization problem with the objective to minimize the 

acceleration/deceleration rates and increase the possibility of encountering a green 

light. The corresponding speed profile is then back-calculated and provided to the 

driver. The proposed algorithm was implemented for a 10-intersection corridor in a 

stochastic simulation environment. It was found that the velocity planning algorithm 

could reduce energy consumption and emissions by 12-14%. 
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Sunkari and Balke (2011) described a proof of concept of the development of an 

Advance Warning of End of Green Systems (AWEGS) under the Connected Vehicle 

environment to improve intersection safety and reduce lost time. Based on the constant 

message exchanging between vehicles and signal controllers, the OBE installed in each 

vehicle identifies the scenario it may encounter and determines whether or not to 

display its “Be Prepared to Stop” message based on the corresponding criteria. 

Activation of the warning message provides the drivers with enough time to respond to 

the termination of the current green phase. Different form the conventional AWEGS 

application, in the proposed system the advance warning massage is displayed inside 

the vehicle instead of on the roadside. Also, the message is vehicle-specific and only 

displayed for those that absolutely need it. The proposed AWEGS are expected to 

improve intersection safety and eliminate deficiencies of the conventional AWEGS.  

Rakha et al. (2012) developed a fuel-optimal vehicle trajectory adjustment 

algorithm at signalized intersections using vehicle-to-infrastructure communication. In 

the proposed system, trajectory optimization is conducted in two steps after the vehicle 

enters the DSRC communication range around an intersection. First, a proposed arrival 

time at the intersection is computed based on existing queue length, lead-vehicle 

information, and signal timing information. Then, a fuel-optimal speed profile is 

calculated using a vehicle acceleration model, roadway characteristics, a microscopic 

fuel consumption model, and the proposed time computed in step one. Simulations in 

MATLAB were conducted for various scenarios to evaluate the proposed eco-vehicle 

speed control application. Simulation results showed that the proposed algorithm has 
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the potential to reduce fuel consumption by preventing sudden stop and sharp 

acceleration/deceleration. 

Cai et al. (2012) proposed an adaptive traffic signal control method, which is 

denoted as the vehicle-to-infrastructure communication-based adaptive control 

(VICAC), using real-time DSRC data.  Based on a vehicle travel time estimation model, 

the proposed VICAC selects the optimum timing plan using an approximate dynamic 

programming method with the objective to minimize travel time throughout the 

controlled network. As an additional feature of the VICAC method, a speed adjustment 

algorithm was developed to reduce unnecessary stops, improve fuel efficiency and 

reduce emissions. Using the algorithm, the VICAC controller selects the leading vehicle 

of a platoon, calculates the adjusted speed and sends the message back to the 

selected vehicles through Infrastructure-to-Vehicle (I2V) communication. Although 

signal optimization and vehicle trajectory adjustment are both considered in the VICAC 

system, they are not optimized at the same time. The optimized signal timing is used as 

input information in the calculation of the adjusted speed. Therefore, speed adjustment 

in the proposed system is just an additional performance improvement function 

supplementary to the adaptive signal control. It does not take a role in the signal control 

optimization.  

Some automobile companies also have developed vehicle-to-traffic signal 

communication systems to assist vehicles to take advantage of the green wave. Two 

such examples are the Audi Travolution project and the BMW Traffic Light Assistant 

project. In 2006, the automobile company Audi launched the Travolution project aims to 

provide the drivers with more efficient, safer and greener driving experiences at 
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signalized intersections by taking advantage of the vehicle-to-infrastructure 

communication technology (Audi, 2010). The project uses wireless LAN and UMTS links 

that allows vehicles to communicate with traffic lights. Traffic signals in the system 

continuously transmit a package of timing information to the approaching vehicle. Based 

on this information, the on-board computer can calculate an optimal speed using which 

the vehicle is able to go through the intersection without having a stop. The calculated 

optimal speed is shown on the car’s display screen or is adopted by the adaptive cruise 

control (ACC) system, which can automatically alter the vehicle’s travelling speed 

without human intervention. For vehicles that are stopping at the light, the system can 

provide them the amount of remaining red time. A similar system was developed by the 

BMW Traffic Light Assistant project, which uses advance information of traffic signal 

phasing for determining the optimum speed to enable the drivers to take advantage of 

the green wave (BMW, 2012). The system can also warn the drivers if they are about to 

run a red light.  

2.4.3 Non-Signalized Intersection Control in A Vehicle Infrastructure Cooperation 
Environment 

There are a few papers that have studied vehicle trajectory adjustment and 

vehicle passing time optimization for developing an intersection control algorithm 

without using the conventional stop-and-go style traffic signals. Dresne and Stone 

(2004) developed an automated intersection management (AIM) system utilizing a cell-

based intersection reservation system. The system identifies clear paths that can direct 

the vehicles through the intersection by processing the time-space reservation requests 

sent from vehicles.  Follow-on research was conducted to accommodate high-priority 

vehicles (Dresner & Stone, 2006) and traditional human-driven vehicles (Dresner & 
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Stone, 2007) and to maximize the vehicle arrival speed in order to minimize the time 

spend inside the intersection (Au & Stone, 2010).  The proposed system provides 

feasible paths for vehicles to go through the intersection without conflict and the 

calculated trajectory for a particular vehicle is the optimum for itself. However, the 

proposed system cannot optimize the system performance with the consideration of all 

the vehicles. For example, if the reservation request sent by a vehicle is denied 

because of an existing conflicting request, the vehicle has to slow down and make 

another reservation later. The front vehicle cannot speed up to create a gap for the 

vehicle to fill in. 

Another similar study was conducted by Rakha et al. (2012), to develop a 

Cooperative Vehicle Intersection Control (CVIC) system based on bidirectional 

communications between vehicles and an intersection controller. Vehicle trajectories 

are adjusted and their passing time is determined based on solving a non-linear 

constrained optimization problem. As a result, vehicles are able to safely cross the 

intersection through sufficient gaps in the opposing approach. This algorithm was 

reported to largely reduce the total stopped delay compared to an actuated control. 

However, the objective function of the optimization problem is minimizing conflicts 

between vehicle trajectories of opposing approaches. Only feasible, not the optimum, 

solutions can be found for the vehicles to find sufficient gap. Therefore, the adjusted 

trajectories are not necessary to be the ones that can minimize the intersection delay. 

2.5 Summary of the Literature Review 

Automated vehicles are those that use a variety of sensing techniques and 

connectivity with surrounding vehicles and roadside infrastructures to gather information 

and autonomously perform driving functions. They are different from autonomous 
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vehicles which sense the environment, navigate and perform driving functions all by the 

vehicle themselves, or connected vehicles which are connected with the surrounding 

vehicles and roadside infrastructure but still need the drivers to control the steering, 

acceleration, and braking. Automated vehicles integrate the communication functionality 

with their autonomous capability and enable information exchange relevant to driving 

safety and transportation efficiency through the V2V and V2I communication 

technology. Among the various communication platforms that support information 

exchange between vehicle and infrastructure, DSRC is the only short-range wireless 

alternative that provides designated licensed bandwidth, fast speed, low latency, high 

reliability, security and privacy. Also, the safety and mobility information that can be sent 

and received with DSRC are specified by the SAE J2735 DSRC Message Set 

Dictionary. 

Automated vehicle technology has advanced significantly in the past few years 

both in technology and legislation. The current emphasis on the development of 

automated (i.e., driverless and with the ability to communicate with the infrastructure) 

vehicles allows for the possibility of developing a new intersection control algorithm that 

can simultaneously optimize the vehicle trajectories and optimize decisions of the 

intersection controller (i.e. traffic signal changing decisions or vehicle passing 

sequence) to improve the intersection efficiency. The intersection control algorithms 

developed so far either use data obtained from approaching vehicles to improve the 

control algorithm form the controller’s perspective, or optimize the trajectory for each 

single vehicle based on the signal timing information provided in advance. Both of these 

approaches rely on one-way communication, either from the controller to the vehicle or 
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from the vehicle to the controller. There are also a few papers that have studied vehicle 

trajectory adjustment and vehicle passing time optimization. They developed non-

signalized intersection control algorithms in a vehicle infrastructure cooperation 

environment. However, the proposed algorithms cannot optimize the system 

performance to its maximum efficiency.   
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CHAPTER 3 
SIGNAL CONTROL OPTIMIZATION FOR A SIMPLE TWO-APPROACH 

INTERSECTION 

This chapter introduces the proposed methodology that can cooperatively 

optimize the vehicle trajectories and the signal timing for a simple two-approach 

intersection. The first section provides an overview of the methodology framework for a 

two-approach intersection. The second section details the trajectory optimization 

algorithm, and the third explains the optimization horizon algorithm implementation. The 

fourth section outlines the simulation effort along with a comparison of the proposed 

algorithm performance against conventional actuated control. 

3.1 Methodology Framework  

The methodology assumes there is an intersection optimization controller 

designed to gather individual vehicular information and to calculate optimum signal 

timings. The resulting optimum signal timing plan is implemented, while at the same 

time the intersection controller calculates the optimal trajectories for all vehicles within 

the intersection’s communication range and transmits these back to the vehicles.  

The communication between the intersection controller and the vehicles is 

assumed to follow V2I communication protocols. A suitable wireless communication that 

can provide high accuracy and low latency is required. Therefore, in this study, the 

proposed algorithm was developed based on the DSRC communication technology. 

The optimization is conducted inside the assumed communication range as 

shown in Figure 3-1. The magnitude of this range depends on the efficient 

communication distance between vehicles and the infrastructure. Using the DSRC 

communication technology, the maximum communication rage is 1000 meters (3281 
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feet) (Guo & Balon, 2006). Therefore, the communication range is assumed to be 3000 

feet from the center of the intersection.  

Since the analysis intersection during this initial stage has only two single-lane 

approaches, the methodology considers only two signal phases, and no turning 

movements or lane changes. Also, communication and computation performance are 

assumed to be completed instantaneously, resulting in no time delays for the computing 

process and information transmission. All the vehicles are assumed to be passenger 

cars.  

With the above assumptions the optimization process is as follows: 

1. At the beginning of the optimization, identify the vehicles inside the 
communication range and gather the required input information for the 
intersection controller; 

2. Based on the length of the optimization period, minimum green time and 
maximum green time for each approach, enumerate all the feasible timing plans 
and compute the optimum vehicle trajectories and associated minimum average 
travel time delay (ATTD) of each timing plan;  

3. Identify the minimum among the minimum ATTDs; the associated signal timing 
plan is the optimum signal timing plan and the adjusted vehicle trajectories are 
the optimum vehicle trajectories; 

4. Transmit the optimization results to the signal controller and the vehicles 
respectively, and implement the optimized signal timing and vehicle trajectories 
for the designated optimization period;  

5. Repeat step 1 through step 4 to conduct the optimization over the time horizon 
for continuously entering vehicles. 

As discussed earlier, it is assumed that there are no delays in the first three steps 

and in the information transmission of the fourth step. Thus the optimized vehicle 

trajectory and signal timing can be determined and implemented at the beginning of 

every optimization period. Note that this assumption was made for simplifying the 

optimization process. However, the proposed optimization algorithm is capable of 
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considering the additional time required for data transmission and computation to better 

reflect field conditions. The difference is that vehicle trajectories during this additional 

time period need to be estimated. 

The remainder of this section provides additional information on the vehicle 

trajectory adjustment logic as well as the feasible signal timing enumeration. 

3.1.1 Trajectory Adjustment Logic 

The time-space diagrams in Figure 3-2 illustrate two basic vehicle trajectory 

adjustments. In Figure 3-2A, travelling at its original speed, the subject vehicle would 

have to stop at the intersection and wait for the next green signal as shown by the 

dashed curve. But if the signal timing information is available in advance, we can 

calculate the speed at which the vehicle could drive through the intersection without 

having to stop. In this way, stopped delay as well as startup delay (accelerating from a 

complete stop) can be reduced.  The horizontal distance between the dashed curve and 

the solid curve is the travel time saved by this trajectory adjustment. Likewise in Figure 

3-2B, a vehicle may be directed to accelerate (without exceeding the speed limit) in 

order to clear the intersection earlier. These two trajectory adjustment behaviors can not 

only reduce these vehicles’ travel times, but also provide the possibility for the following 

vehicles to leave the intersection earlier.  

3.1.2 Feasible Signal Plan Enumeration 

Since only two phases are considered in this research and the resulting number 

of scenarios is limited, simple enumeration is implemented for selecting the optimum 

signal timing plan. (The next chapter discusses the expansion of this method to 

multilane approaches and considers a more rigorous optimization approach.) 
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First, based on the length of the optimization period, minimum green time and 

maximum green time for each arterial approach, we calculate the minimum and the 

maximum total number of phases that could be scheduled for the optimization time 

period using the following two equations:  

Nmax= ⌊
topt

gmin,1+gmin,2

⌋×2 + ⌊
topt-⌊

topt

(gmin,1+gmin,2)
⌋×(gmin,1+gmin,2)

gmin,1

⌋                                                   (3-1) 

Nmin= ⌊
topt

gmax,1+gmax,2

⌋×2 + ⌈
topt-⌊

topt

(gmax,1+gmax,2)
⌋×(gmax,1+gmax,2)

gmax,1

⌉                                                (3-2) 

where  

Nmax    = maximum total number of phases 

Nmin    = minimum total number of phases 

gmin,1    = minimum green time of approach 1 (the approach that is first given 

green during the optimization time period), sec 

gmin,2    = minimum green time of approach 2, sec 

gmax,1    = maximum green time of approach 1, sec 

gmax,2    = maximum green time of approach 2, sec 

topt = length of the optimization period, sec 

⌊x⌋ = round down to the largest integer that does not exceed x 

⌈x⌉

 

= round up to the smallest integer that is not less than x 

Second, for each specific number of phases N∈[Nmin, Nmax], enumerate all the 

feasible phase splits that solve Equation 3-3 with the minimum green and the maximum 

green constraints:  

topt=∑ g
1,i

n1

i=1 +∑ g
2,j

n2

j=1    ,         (n1+n2=N)                                                                 (3-3) 
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Where

 
topt = length of the optimization period, sec 

g1,i    = duration of the i th green phase of approach 1, sec 

g2,j    = duration of the j th green phase of approach 2, sec 

N    = total number of phases 

n1    = number of green phases for approach 1 

n2    = number of green phases for approach 2 

Those combinations of the number of phases and the phase durations are all the 

feasible signal timing plans. This process was coded in the MATLAB simulation using 

looping statements. 

3.2 Trajectory Optimization Algorithm 

The key issue of the optimization process is the algorithm of finding the optimum 

vehicle trajectories that can minimize the ATTD for a given signal timing plan. A 

trajectory optimization algorithm was developed considering the maximum discharge 

rates from each intersection approach. Using this algorithm, vehicles are required to 

accelerate to the maximum allowed speed before they reach the intersection and leave 

the intersection at the saturation flow rate. In other words, as shown in Figure 3-3 all the 

trajectories are required to meet and coincide with the hypothetical maximum speed 

trajectory (the dashed line) before they arrive at the intersection in order to utilize the 

green time to its maximum efficiency. However, some of the vehicles are not able to 

accelerate to the maximum speed before they reach the intersection (the first vehicle in 

Figure 3-3) or at the hypothetical time (the last vehicle in Figure 3-3). In those cases, 
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the vehicles are required to accelerate to the maximum speed at their earliest possible 

time.   

Each optimized trajectory must have at least two components.  This is because a 

single component trajectory (Figure 3-4A) with a constant acceleration rate can be 

controlled either by the final speed or by the travel time, but not both. In order to 

schedule the vehicle arrivals at saturation time headway and to have them accelerate to 

the maximum speed when they reach the intersection, both parameters must be 

controlled.  However, using only two-component trajectories (Figure 3-4B) does not 

offer as much flexibility, and vehicles cannot easily be scheduled to reach the 

intersection at maximum speed. If the vehicle cannot be scheduled to reach the 

intersection with the maximum speed, it has to accelerate to the maximum speed in the 

downstream link, which also results in a three-component trajectory. As shown in Figure 

3-4C, the three-component trajectory provides considerable flexibility for controlling 

vehicle arrival time and arrival speed. However, since all the vehicles accelerate to the 

maximum speed at the time when they arrive at the intersection, using this type of 

trajectory there is not as much flexibility for controlling the time headway between two 

consecutive vehicles during the acceleration/deceleration. Therefore, the vehicles are 

allowed to accelerate to the maximum speed before they arrive at the intersection, 

resulting in at most a four-component trajectory. As shown in Figure 3-4D, the first and 

third components have constant acceleration, while the second and the fourth have 

constant speed. The speed of the fourth component is always the maximum speed. 

Generally, the optimized vehicle trajectories obtained in this research consist of four 
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components; however, some vehicles may only have three or two or even one 

component if the time duration of one or some of the components is 0. 

Based on the definition for the four-component trajectory, a trajectory 

optimization algorithm was developed to minimize the vehicle travel time and to 

maximize the green time utilization. For a given signal timing plan with multiple green 

phases, the green intervals are considered in chronological sequence during the 

trajectory optimization process, one in each iteration.  In every iteration, all the vehicles 

that have not left the intersection will be considered for traveling through the intersection 

during the current green interval. The initial location and speed of the vehicles are used 

as input at the beginning of every iteration. The following steps are followed in every 

iteration: 

3.2.1 Step 1: Determine The Trajectory of The First Vehicle. 

Ideally, the first vehicle reaches the intersection at the beginning of the green 

using the maximum speed and all the following vehicles discharge keeping a saturation 

time headway, as depicted in Figure 5-a. However, sometimes the first vehicle is not 

able to accelerate to the maximum speed when the green starts and generates a lost 

time, as depicted in Figure 5-b. Therefore, the trajectory of the first vehicle determines 

the maximum capacity of the green interval and the hypothetical arrival time scheduled 

for the following vehicles. So the first step in the trajectory adjustment algorithm is to 

determine the trajectory of the first vehicle. 

At the beginning of the optimization, the vehicle is either stopped at the 

intersection or is a certain distance away from the intersection. For vehicles that are 

stopping at the intersection, in order to save time for the following vehicles, they are 

required to accelerate to the maximum speed at their earliest feasible time using the 
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maximum acceleration rate. For vehicles that are a certain distance away from the 

intersection, we assume their trajectories are three-component trajectories (the first and 

last component of the trajectory has constant acceleration, while the middle one has 

constant speed) as shown in Figure 3-6. The reason for not using the four-component 

trajectory is that there is no need to consider the time headway for the first vehicle and 

the three-component trajectory provides sufficient flexibility for adjusting the vehicle’s 

arrival time and speed.  

Based on vehicle kinematics, the following equations can be used for calculating 

a three-component trajectory:  

{
 
 
 

 
 
 

t1+t2+t3=T

d1+d2+d3=D

v2
2-v0

2=2a1d
1

v2t2=d2

v3
2-v2

2=2a3d
3

v2=v0+a1t
1

v3=v2+a3t
3

                                                                                                            (3-4) 

In the above equations, the input variables are:  

T  = time duration from the beginning of the optimization to the time when the 

green interval starts, sec 

D  = the initial distance of the vehicle to the intersection, ft 

v0  = the initial speed of the vehicle, ft/sec 

v3  = final speed when the vehicle reach the intersection, ft/sec 

a1   = deceleration rate (negative) for the first component of the trajectory, 

ft/sec2 

a3  = acceleration rate (positive) for the third component of the trajectory, ft/sec2 

The output variables that define the trajectories are: 
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v2  = speed for the constant speed component of the vehicle trajectory, ft/sec 

t1  = time duration of the first trajectory component, sec 

t2  = time duration of the second trajectory component, sec 

t3  = time duration of the third trajectory component, sec 

d1  = distance the vehicle passed in the first trajectory component, ft 

d2 = distance the vehicle passed in the second trajectory component, ft 

d3  = distance the vehicle passed in the third trajectory component, ft 

Among the input parameters listed above, T, D, and v0 are given at the beginning 

of the optimization. v3, a1, and a3 have to be determined on a case by case basis.  

For through vehicles studied in this chapter, we assume their approaching 

speeds do not exceed the predetermined maximum allowed speed. As a result, the last 

non-constant speed trajectory component is always an acceleration component (a3 >0) 

in order to maximize the vehicle arrival speed at the intersection. Based on the vehicle’s 

initial arrival time (arrival time using its initial speed v0) and the start time of the green 

phase, the first component of the vehicle trajectory may be an acceleration component, 

a deceleration component, or the vehicle trajectory only has one acceleration 

component.  

Based on the above discussion, the trajectory of the first vehicle can be 

categorized in one of the following four cases.  

 Case 1: The vehicle is stopped at the intersection at the beginning of the 
optimization.  

 Case 2: At the beginning of the optimization, the vehicle is a certain distance 
away from the intersection, and using the initial speed the vehicle will arrive the 
intersection before the green starts. 

 Case 3: At the beginning of the optimization, the vehicle is a certain distance 
away from the intersection. Using the initial speed the vehicle will arrive the 
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intersection after the green starts, and if the vehicle accelerates to the maximum 
speed at the beginning using the maximum acceleration rate, it will arrive at the 
intersection before the green starts. 

 Case 4: At the beginning of the optimization, the vehicle is a certain distance 
away from the intersection. If the vehicle accelerates to the maximum speed at 
the beginning of the optimization using the maximum acceleration rate, it will still 
arrive at the intersection after the green starts. 

The trajectory optimization method for each of the cases will be discussed below 

in more detail.  

Case 1. In this case, the vehicle is initially stopping at the intersection. In order to 

fully utilize the green time, it is required to accelerate to the maximum speed using the 

maximum acceleration rate at the beginning of the green to save time for the following 

vehicles. Adjusted trajectory for the first vehicle in this case is as illustrated in Figure 3-

7. The hypothetical arrival times (those that ensure the maximum utilization of the green 

time, and the associated hypothetical arrival speed is vmax) for the following vehicles 

are:  

Tarrival=g
start

+
vmax

2aacc, max
+hsat×(i-1)                                                                                  (3-5) 

where  

Tarrival,i    = hypothetical arrival time of the i th  vehicle, sec  

gstart    = start time of the green interval, sec 

vmax    = maximum allowed speed for all vehicles, ft/sec 

aacc,max = maximum acceleration rate for all vehicles, ft/sec2 

hsat = saturation time headway, sec 

Case 2. At the beginning of the optimization, the vehicle of this case is a certain 

distance away from the intersection, and using the initial speed the vehicle will arrive the 

intersection before the green starts. Therefore, ideally the vehicle in this case should 
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first decelerate and then accelerate to the maximum speed before arriving at the 

intersection.  

Since the vehicle in this case must first decelerate and then accelerate to the 

maximum speed, based on the available distance for the acceleration and deceleration 

this case is further divided into four subcases in order to determine the specific values 

for v3, a1, and a3. 

Case 2-a: D ≥
v0

2

-2adec,max
+

vmax
2

2aacc,design
 ;  

Case 2-b: 
v0

2

-2adec,max
+

vmax
2

2aacc,max
≤ D <

v0
2

-2adec,max
+

vmax
2

2aacc,design
 ;

 

Case 2-c: 
v0

2

-2adec,max
 ≤ D <

v0
2

-2adec,max
+

vmax
2

2aacc,max
 ; 

Case 2-d: D <
v0

2

-2adec,max
 . 

Where 

aacc,design = designed acceleration rate. It is a predetermined value that is less 

than the maximum acceleration rate and is used in the algorithm to 

smooth the trajectory and avoid rapid acceleration, ft/sec2 

aacc,max = maximum acceleration rate for all vehicles, ft/sec2 

adec,max  = maximum deceleration rate for all vehicles, ft/sec2 

All the other variables are as previously defined. 

For all these four subcases, vehicles can always arrive at the intersection at the 

time when the green interval starts, and the objective of the trajectory adjustment is to 

maximize the vehicle arrival speed (up to the maximum allowed speed) and direct the 

vehicle to depart the intersection smoothly. Among those four cases, the values of D in 

Case 2-a and Case 2-b are both long enough for vehicles to accelerate to vmax before 
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they arrive at the intersection. However, Case 2-a has a longer D that allows vehicle to 

use smaller acceleration and deceleration rate. Vehicles of Case 2-c also have both the 

deceleration and acceleration process, but they are not able to accelerate to vmax before 

arrive at the intersection. Therefore, adec,max and aacc,max are implemented to maximize 

the vehicle arrival speed. The values of D in Case 2-d is too short that vehicles only 

have the deceleration component before they arrive at the intersection. In this research 

we assume the vehicles always have enough distance to stop if they need to do so. But 

the initial distance to the intersection stop bar in this case is less than the distance 

required for a full stop. It is implies that the green interval will start before the vehicle’s 

speed decelerates to 0.  Therefore, the vehicle in this case first decelerates to reach the 

intersection at the beginning of the green interval, and then accelerates to vmax using the 

maximum acceleration rate after departing the intersection.  

Figure 3-8 shows the adjusted trajectories for these four subcases. The input 

variables, v3, a1, and a3, for each of the subcases of Equation 3-4 are listed in Table 3-

1. adec,design is defined as the design deceleration rate. It is a predetermined value that is 

less than the maximum deceleration rate and is used to smooth the trajectory. All the 

other variables are as previously defined. Plugging those values of the input variables 

back into Equation 3-4, the vehicle trajectories of these four subcases can be solved by 

the following equations:  
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{
 
 
 
 

 
 
 
 v2=

(2a1v3-2a1a3T-2a3v0
)-√∆

2(a1-a3)

t1=(v2-v0)/a1

t3=(v3-v2)/a3

t2=T-t1-t3

d1=(v2
2-v0

2)/2a1

d2=v2t
2

d3=(v3
2-v2

2)/2a3

                                                                                           (3-6) 

Δ in the above equations can be calculated by the following equation:  

∆=4a1a3 ((v0-v3)
2+a1a3T

2
+2a3v0T-2a1v3T+2a1D-2a3D)                                          (3-7) 

Case 3. At the beginning of the optimization, the vehicle of this case is a certain 

distance away from the intersection, and using the initial speed the vehicle will arrive the 

intersection after the green starts. If the vehicle accelerates to the maximum speed at 

the beginning using the maximum acceleration rate, it will arrive at the intersection 

before the green starts. Therefore, using a general three-component trajectory, the 

vehicles in this case have two acceleration components, which means the vehicle first 

accelerates to a certain speed and keep this speed for a while, and then accelerates 

again to reach the maximum speed. Some vehicles are possible to have only two or 

even one component if the time duration of one or some of the components is 0.  

Calculation of the trajectories in this case is similar to the discussion for Case 2. 

The trajectories can also be calculated using Equation 3-4, except in this case the value 

of a1 is positive as the first component is an accelerating component. In order to 

determine the input variables v3, a1, and a3, Case 3 is further divided into three 

subcases based on the length of the initial distance between the vehicle and the 

intersection. 

Case 3-a: D ≥ 
vmax

2

2aacc,design
; 
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Case 3-b: 
vmax

2

2aacc,max
≤ D <

vmax
2

2aacc,design
;  

Case 3-c: D <
vmax

2

2aacc,max
. 

All the variables are as previously defined 

Vehicles of those subcases can also arrive at the intersection at the time when 

the green interval starts, thus the objective of the trajectory adjustment is to maximize 

the vehicle arrival speed (up to the maximum allowed speed) and direct the vehicle to 

depart the intersection smoothly.  

The values of D in Case 3-a and Case 3-b are long enough for vehicles to 

accelerate to vmax before they arrive at the intersection. The difference is compared to 

Case 3-a, the distance in Case 3-b is shorter and vehicles have to use aacc,max in order 

to reach vmax before their arrival. But in Case 3-a, smaller acceleration can be 

implemented to smooth the trajectory. The values of D in Case 2-c is too short that 

vehicles only have one acceleration component before they arrive at the intersection. 

They will accelerate to vmax using aacc,max after departing the intersection. Figure 3-9 

shows the adjusted trajectories for the three subcases of Case 3.  

Besides the subcases discussed above, there is a special case for both Case 2-a 

and Case 2-b. As illustrated by Figure 3-10A, assume the acceleration component is a 

portion of the departing trajectory with a acceleration rate aacc (aacc,design for Case 2-a 

and aacc,max for Case 2-b). For a normal case in Case 2-a or Case 2-b, the arrival time 

using the initial speed t0, is greater than the tangent line arrival time ttan. Therefore, the 

vehicle trajectory can be calculated by solving Equation 3-4. However, there are also 

cases, the initial speed arrival time t0 of which is smaller than ttan, as shown in Figure 3-

10B.  For such cases, Equation 3-4 has no solution assuming a positive value for the 
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acceleration rate a1 of the first acceleration/deceleration component. Therefore, a 

negative value should be used for a1and these cases should be considered using the 

method proposed for Case 2. They may be categorized into Case 2-a, Case 2-b or 

Case-c based on the vehicle’s initial distance to the intersection. 

Based on the above discussions, the input variables for each of the subcases 

(not including the special cases discussed above) of Case 3 are listed in Table 3-2. All 

the variables are as previously defined. Vehicle trajectories of these three subcases can 

be calculated by plugging the values of the input variables listed in Table 3-2 back into 

Equation 3-4. The solutions are: 

{
 
 
 
 

 
 
 
 v2=

(2a1v3-2a1a3T-2a3v0
)+√∆

2(a1-a3)
, if a1≠a3 or v2=

2a1D+v0
2-v3

2

2a1T+2v0-2v3
, if a1=a3

t1=(v2-v0)/a1

t3=(v3-v2)/a3

t2=T-t1-t3

d1=(v2
2-v0

2)/2a1

d2=v2t
2

d3=(v3
2-v2

2)/2a3

                                  (3-8) 

Δ in the above equations can be calculated by the following equation. 

∆=4a1a3 ((v0-v3)
2+a1a3T

2
+2a3v0T-2a1v3T+2a1D-2a3D)                                          (3-9) 

Note that, for this case it is possible that a1 and a3 have the same value. In that 

case, the second equation in Equation 3-8 for calculating v2 will be used.  

Case 4: At the beginning of the optimization, the vehicle of this case is a certain 

distance away from the intersection. If the vehicle accelerates to the maximum speed at 

the beginning of the optimization using the maximum acceleration rate, it will still arrive 

at the intersection after the green starts.  
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In this case, the vehicles are not able to reach the intersection at the time when 

the green starts. Therefore, they are required to accelerate to the maximum speed at 

their earliest time to save time for the following vehicles. Two subcases of this case are:  

Case 4-a: D ≥ 
vmax

2 -v0
2

2aacc,max
 ;  

Case 4-b: D < 
vmax

2 -v0
2

2aacc,max
 .  

Figure 3-11 shows the adjusted trajectories for vehicles of this case. The vehicle 

trajectories for these two subcases can be represented also by the equations for a 

general three-component trajectory. The mathematical expression for the adjusted 

trajectories of Case 4-a is:  

 

{
 
 
 
 

 
 
 
 

 a1=aacc,max

v2=v3=v
max

t1=(vmax − v0)/a1

t2=
D

vmax
−

vmax
2 -v0

2

2aacc,max

t3=0

d1=(vmax
2 − v0

2)/2a1

d2=v2t
2

d3=0

                                                                                               (3-10) 

The adjusted trajectories of Case 4-b is: 

{
 
 
 
 

 
 
 
 

 a1=aacc,max

v2=√2aacc,maxD+v0
2

t1=(v2-v0)/a1

t2=0

t3=0

d1=(v2
2-v0

2)/2a1

d2=0

d3=0

                                                                                                 (3-11) 

The hypothetical arrival time for the following vehicles is: 
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Tarrival, i=

{
 

 vmax-v0

aacc,max
+

D-(vmax
2 -v0

2)/2aacc,max

vmax
+hsat×(i-1), for Case 4-a

vmax-v0

aacc,max
-
(vmax

2 -v0
2)/2aacc,max-D

vmax
+hsat×(i-1),  for Case 4-b

                                   (3-12) 

All the variables are the same as previously defined.  

3.2.2 Step 2: Calculate The Trajectories of The Following Vehicles. 

After determining the trajectory of the first vehicle, trajectories of the following 

vehicles are calculated one by one. As shown in Figure 3-4D, four-component 

trajectories are assumed for the following vehicles. The first and third components have 

constant acceleration, while the second and the fourth one have constant speed. The 

speed of the fourth component is always the maximum speed. 

The following equations can be used for the trajectory calculation. 

{
 
 
 
 

 
 
 
 

t1+t2+t3+t4=T

d1+d2+d3+d4=D

v2
2-v0

2=2a1d
1

v2t2=d2

v4
2-v2

2=2a3d
3

v4t4=d4

v2=v0+a1t
1

v4=v2+a3t
3

                                                                                                     (3-13) 

In the above equations, the input variables are: 

T  = time duration from the beginning of the optimization to the time when the 

green interval starts, sec 

D  = the initial distance of the vehicle to the intersection, ft 

v0  = the initial speed of the vehicle, ft/sec 

v4  = final speed when the vehicle reach the intersection, ft/sec 
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a1   = acceleration/deceleration rate for the first component of the trajectory, 

ft/sec2 

a3  = acceleration/deceleration rate for the third component of the trajectory, 

ft/sec2 

t4  = time duration of the fourth trajectory component, sec 

d4  = distance the vehicle passed in the fourth trajectory component, ft 

The output variables that define the trajectories are: 

v2  = speed for the constant speed component of the vehicle trajectory, ft/sec 

t1  = time duration of the first trajectory component, sec 

t2  = time duration of the second trajectory component, sec 

t3  = time duration of the third trajectory component, sec 

d1  = distance the vehicle passed in the first trajectory component, ft 

d2 = distance the vehicle passed in the second trajectory component, ft 

d3  = distance the vehicle passed in the third trajectory component, ft 

Among the input parameters, D, and v0 are given at the beginning of the 

optimization; v4 equals the maximum speed; T, a1, a3, t4, and d4 have to be determined 

based on the trajectory of the previous vehicle.  

Note that the trajectory cases of the first vehicle discussed in the previous step 

all have an acceleration component before they reach the maximum speed (the orange 

curve in Figure 3-8 through Figure 3-11). Assuming the acceleration component of the 

first vehicle is part of a departure curve, where the vehicle starts from full stop and 

accelerates to the maximum speed, there is a set of saturation departure curves that 

maximize the green time utilization for the following vehicles that depart the intersection. 
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Since four-component trajectories are assumed for the following vehicles studied in this 

step, the ideal situation is that the third and forth component of the vehicle trajectories 

can meet and coincide with the hypothetical saturation departure curves, such as the 

first four vehicle trajectories depicted in Figure 3-12. However, some of the vehicles, 

such as the fifth vehicle in Figure 3-12, are not able to meet the hypothetical departure 

curve even using the maximum acceleration rate at the beginning. In this case, the most 

time-saving maneuver for the vehicle is to accelerate to the maximum speed at its 

earliest possible time.  

Based on the initial speed and distance at the beginning of the optimization 

period, following vehicles are divided into three categories to calculate the input 

variables in Equation 3-13.  

 Case F-1: Using the initial speed the vehicle will arrive the intersection (t0) before 
or at the tangent line arrival time ttan.  

 Case F-2: Using the initial speed the vehicle will arrive the intersection (t0) after 
the tangent line arrival time ttan, and if the vehicle accelerates to the maximum 
speed at the beginning using the maximum acceleration rate, it will arrive the 
intersection before the hypothetical departure curve.  

 Case F-3: Using the initial speed the vehicle will arrive the intersection after the 
tangent line arrival time ttan, and if the vehicle accelerates to the maximum speed 
at the beginning using the maximum acceleration rate, it will arrive the 
intersection after the hypothetical departure curve. 

The adjusted trajectories of the above cases are presented in Figure 3-13. The 

trajectory optimization method for each of the cases will be discussed below in more 

detail.  

Case F-1. Using the initial speed, the vehicle of this case will arrive the 

intersection (t0) before or at the tangent line arrival time ttan. Therefore, the vehicle in this 

case should first decelerate and then accelerate to the maximum speed before arriving 
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at the intersection. The third and forth component of the trajectory coincide with the 

hypothetical departure curve.  

Assume the vehicle is the i th vehicle that is considered to depart during the 

current green interval. Input variables Ti, a3,i , d4,i , t4,i , and a1,i ,  are determined by the 

following equations. 

T i=Tdepart, i                                                                                                               (3-14) 

a3,i=adepart,i                                                                                                               (3-15) 

d4, i={
ddepart,i-

vmax
2

2adepart, i
 ,      if ddepart, i≥vmax

2 /2adepart, i

0                   ,      if  ddepart, i < vmax
2 /2adepart, i

                                                 (3-16) 

t4, i={

ddepart,i

vmax
-

vmax

2adepart, i
 ,     if ddepart, i≥vmax

2 /2adepart, i

0                 ,      if  ddepart, i < vmax
2 /2adepart, i

                                                     (3-17) 

a1,i=min (−
v0

2

2D-vmax
2 /adepart,i

, adec,design)                                                                         (3-18) 

Where 

ddepart,i    : distance of the hypothetical departure curve to the intersection for the i 

th  vehicle, ft  

T depart,i    : arrival time of the hypothetical departure curve for the i th  vehicle, sec  

a depart,i    : acceleration rate of the hypothetical departure curve for the i th  vehicle, 

sec 

Other variables are the same as previously defined. 

After determining the input variables, vehicle trajectory can be calculated by 

plugging those values into Equation 3-13. The resulting trajectory can be expressed by 

the following equations. 
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{
 
 
 
 

 
 
 
 v2=

(2a1v3-2a1a3
(T-t4)-2a3v0

)-√∆

2(a1-a3)

t1=(v2-v0)/a1

t3=(v3-v2)/a3

t2=T-t1-t3-t4

d1=(v2
2-v0

2)/2a1

d2=v2t
2

d3=(v3
2-v2

2)/2a3

                                                                                     (3-19) 

Δ in Equation 3-19 can be calculated by the following equation. 

∆=4a1a3 (
(v0 − v3)

2+a1a3(T− t4)
2+2a3v0(T− t4) − 2a1v3(T− t4)

+2a1(D− d4) − 2a3(D−d4)
)                      (3-20) 

Case F-2. Using the initial speed the vehicle of this case will arrive the 

intersection (t0) after the tangent line arrival time ttan, and if the vehicle accelerates to the 

maximum speed at the beginning using the maximum acceleration rate, it will arrive the 

intersection before the hypothetical departure curve. Therefore, the vehicle in this case 

the vehicles in this case have two acceleration components, and it first accelerates to a 

certain speed and keep this speed for a while, and then accelerates again to reach the 

maximum speed. The third and forth component of the trajectory coincide with the 

hypothetical departure curve.  

Input variables Ti, a3,i , d4,i , and t4,i , can also be calculated using Equation 3-14 

through Equation 3-17 as those variables are all determined by the hypothetical 

departure curve. The input variablea1,i ,  can be determined by the following equations. 

a1,i= aacc,max                                                                                                             (3-21) 

Vehicle trajectory can be calculated by plugging those values into Equation 3-13. 

The solutions are: 
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{
 
 
 
 

 
 
 
 v2=

(2a1v3-2a1a3T-2a3v0
)+√∆

2(a1-a3)
, if a1≠a3 or v2=

2a1D+v0
2-v3

2

2a1T+2v0-2v3
, if a1=a3

t1=(v2-v0)/a1

t3=(v3-v2)/a3

t2=T-t1-t3

d1=(v2
2-v0

2)/2a1

d2=v2t
2

d3=(v3
2-v2

2)/2a3

                                (3-22) 

Δ in the above equations can be calculated by the following equation. 

∆=4a1a3 ((v0-v3)
2+a1a3T

2
+2a3v0T-2a1v3T+2a1D-2a3D)                                        (3-23) 

Case F-3. In this case, if the vehicle accelerates to the maximum speed at the 

beginning using the maximum acceleration rate, it will still arrive the intersection after 

the hypothetical departure curve. Therefore, the vehicles are not able to meet the 

hypothetical departure curve, and they are required to accelerate to the maximum 

speed at their earliest time to save time for the following vehicles. 

The vehicle trajectories for this case can also be represented by the equations 

for a general four-component trajectory. The mathematical expression for the adjusted 

trajectories of Case F-3 is:  

{
 
 
 
 

 
 
 
 

 a1=aacc,max

v2=vmax

t1=(vmax-v0)/a1

t2=
D

vmax
-

vmax
2 -v0

2

2aacc,max

t3=t4=0

d1=(vmax
2 -v0

2)/2a1

d2=v2t
2

d3=d4=0

                                                                                                    (3-24) 

From on the discussions above, it can be noted that calculations of the input 

variables Ti, a3,i , d4,i , t4,i , and a1,i , are all based on the hypothetical departure curves, 

which can be defined by three characteristic parameters ddepart,i, adepart,i, and Tdepart,i. 
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Since the determination of the hypothetical departure curves depends on the trajectory 

of the previous vehicle, equations for calculating the values of those three characteristic 

parameters are developed based on the trajectory cases of the previous vehicle. The 

equations are listed in Table 3-3. 

3.2.3 Step 3: Check Whether The Vehicle Can Depart The Intersection before The 
End of Green. 

The algorithm checks whether the vehicle can depart the intersection before the 

end of green; if not the vehicle is assigned to the next iteration. The first vehicle that 

cannot depart the intersection before the current green will be the first vehicle to depart 

during the next green interval. 

3.3 Optimization Horizon Scheme 

An optimization horizon scheme was developed to conduct the optimization over 

the time horizon for continuously entering vehicles. Using this scheme, the overall 

planning horizon (tplanning) is divided into overlapping stages. These stages overlap at 

fixed intervals, the length of which is referred to as the optimization period (topt). The 

stage length (tstage) is the time period over which vehicle trajectories are projected and 

the optimum signal timing is calculated (Figure 3-14.)  Optimization is conducted at the 

beginning of every stage using the available information (initial speed and location) of all 

the vehicles inside the communication range. The optimization yields the optimum 

vehicle trajectories and the optimum signal timing plan over the time period tstage. For 

Stage 1, the optimization is conducted over the entire time period for all the vehicles 

inside the communication range at T1, start. Therefore, topt in Equation 3-1 through 3-3 

equals tstage for this stage.  In order to avoid frequent changes in vehicle trajectories, 

starting from Stage 2, signal timing is only optimized for the tail period (topt) that does 
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not overlap with the previous stage. Signal timing in the remaining time of the stage 

(tstage - topt) remains as previously calculated. In this way, vehicles that could pass the 

intersection during the previous stages can keep their scheduled trajectories. Only 

trajectories of the residual vehicles from the previous stage (vehicles represented by the 

thicker lines in Figure 3-14) and the newly arriving vehicles (vehicles that enter the 

communication range before the next stage starts) are optimized in the new stage. 

The reason for having the overlap between stages is to avoid having vehicles too 

close to the intersection at the start of the new stage. That would result in relatively low 

flexibility for modifying their trajectories. 

In the optimization horizon scheme discussed above, the stage length tstage is a 

very important quantity. If it is too long, all the vehicles will pass the intersection before 

the stage ends and the remaining time is wasted. If it is too short, vehicles that are far 

away from the intersection cannot arrive at the stop bar even at the end of the stage, 

and only the vehicles that are close to the intersection can be scheduled. However, the 

closer the vehicle is to the intersection, the more difficult it is to modify the vehicle’s 

trajectory. The ideal situation is the last vehicle passes the intersection just before the 

stage ends. Based on this, the following is developed for estimating tstage. 

tstage=max((
D1

vavg,1
+

D2

vavg,2
) ∙dinf∙hsat ,

dinf

 vmax
 )                                                                (3-25) 

D1  : = demand of approach 1, veh/sec 

D2  : = demand of approach 2, veh/sec 

vavg,1  : a= average travelling speed of the vehicles from approach 1, ft/sec 

vavg,2  : = average travelling speed of the vehicles from approach 2, ft/sec 
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vmax  : = maximum feasible travelling speed of all the vehicles, ft/sec 

dinf  : = distance between the boundary of the communication range and the 

intersection, ft 

hsat : = saturation time headway, sec 

Another important parameter of the optimization horizon scheme is the length of 

the optimization period topt. The closer the vehicle to the intersection, the more difficult it 

is to adjust its trajectory.  Thus the first newly arrived vehicle should be at such a 

distance that it can be scheduled to pass the intersection at the beginning of the new 

signal timing period to avoid any lost time. This idea can be expressed by the following 

equation: 

dinf−vavg∙topt

 tstage−topt
 ≤vmax                                                                                                         (3-26) 

All the variables are as previously defined.  

Solving the above equation for topt: 

topt≤
tstage∙vmax−dinf

 vmax−vavg
                                                                                                         (3-27) 

topt should be estimated for both approaches, and the smaller one should be 

implemented for the optimization system. The resulting value should also be adjusted to 

ensure that tstage is an exact multiple of topt. 

3.4 Experimental Evaluation 

The proposed algorithm was coded in MATLAB. The flow chart in Figure 3-15 

summarizes the steps of the simulation process used for evaluating the optimization 

algorithms described previously.  

The simulation tests were run for 15 minutes with a warm-up period of 1 minute 

to initialize the input data for the optimization of the first stage. At the beginning of the 
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simulation, the system randomly generates the arrival times and speeds for all the 

vehicles that enter the communication range during the overall planning horizon 

(tplanning=15 minutes). When conducting optimization for a specific stage, only residual 

vehicles left from the previous stage and the vehicle arrivals since the previous stage 

beginning are considered, along with their associated arrival times and speeds are used 

as input.   

Vehicle arrival was assumed as a Poisson process (i.e., interarrival times follow 

the exponential distribution), with the average time headway as the rate parameter λ of 

the exponential distribution. Vehicles’ initial speed was assumed to follow a normal 

distribution. The average travelling speed was assumed as the mean of the distribution 

(), and standard deviation () was assumed as 1. Based on these assumptions, 

vehicle arrival times and initial speeds were generated using the random number 

generator in MATLAB. 

Several parameters must be determined before the implementation. Such 

parameters include the maximum travelling speed, the maximum acceleration and 

deceleration rates, the saturation headway, the maximum and minimum green times, 

the optimization period, and the stage length. The values of these parameters for this 

study are provided in Table 3-4. The value of the optimization period topt and the stage 

length tstage were determined for each of the tested scenarios using Equation 3-25 and 

Equation 3-27. 

Two of the most important outputs of the proposed algorithm are the optimized 

signal timing and the optimized vehicle trajectories. In this MATLAB simulation, the 

optimized signal timing plan is summarized by a two-row matrix for each approach. The 
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first row lists the start time of each green phase and the second row presents the 

associated phase duration. The optimized trajectory for each vehicle is presented using 

a four-row matrix. The four elements of each column represent the time, and the 

associated location, speed and acceleration rate at each acceleration changing point of 

the optimized trajectory. Based on the information provided by this matrix, vehicle 

trajectories can be plotted. In addition, the departure time, final speed, and the travel 

time delay of each vehicle, throughput of each approach and the intersection ATTD are 

calculated and presented as outputs at the end of the simulation. Computational cost 

was also calculated for each optimization stage. It shows that getting the optimum 

solution for a regular stage takes less than 1 second (the average of 50 runs is 0.8783 

second). Therefore, it is reasonable to assume the computation performance is 

instantaneous. 

Various scenarios were tested using the MATLAB simulation. The same set of 

scenarios and intersection configuration was also simulated for an actuated signalized 

intersection using CORSIMTM. Two performance measures, intersection ATTD and 

average throughput, were compared. For each scenario tested in both MATLAB and 

CORSIMTM 10 runs were conducted with different random number seeds to obtain 

statistically valid results.  

Figure 3-16 presents the comparison between the actuated control and the 

proposed algorithm under different demand levels (averages of 10 runs). Figure 3-16A 

and Figure 3-16B shows the comparison results when balanced demands were 

assigned to the two approaches. In those two figures, both the ATTD and the 

throughput are improved after implementing the proposed optimization algorithm and 
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the improvement is more significant for scenarios with higher demand. When the 

demand is not more than 1000 vphpl, implementation of the proposed optimization 

algorithm reduces the ATTD by 16.2% to 27.6%, and increases the throughput by 2.7% 

to 5.5%, depending on the demand scenario. When the demand increases to 1200 

vphpl, improvement in ATTD and throughput is as high as 36.9% and 20.2% 

respectively. Note that under the actuated signal control, throughput for the 1000 and 

1200 vphpl scenarios is similar, implying that the demand of 1000 vphpl is near/at 

capacity for the approach. For the proposed algorithm, the throughput increases 

significantly. Therefore, it can be concluded that the proposed optimization algorithm 

increases the capacity of the intersection approach. 

Figure 3-16C and Figure 3-16D presents how the balances in demand impact the 

performance of the proposed algorithm. For all the tested scenarios, the total demand of 

the two approaches is 2000 vphpl, but different levels of demands were assigned to 

each approach in different scenarios. The two figures show that for all the tested 

scenarios, both the ATTD and the throughput are improved after implementing the 

proposed algorithm, and the improvement decreases (the improvement decreases from 

26.7% to 13.5% in ATTD and decreases from 13.4% to 2.1% in throughput) as the 

demand difference between the two approaches increases. This is because in order to 

accommodate the unbalanced demand, limited green time is assigned to the side 

streets. As a result, the green intervals for the side street are short and far apart. 

Although the proposed algorithm can reduce time lost by better utilizing the green time, 

some vehicles still need to wait for a long time before being discharged, resulting in high 

delays for the side street traffic. 
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Figure 3-17 presents comparisons of the ATTD between the two control 

algorithms for different communication range/link length. For the proposed algorithm, 

the communication range changes for different test scenarios. In order to ensure the 

delay times were calculated inside the area with the same size, the link length of the 

actuated test scenarios were changed accordingly. Figure 3-17A presents the 

comparison for a demand of 800 vphpl for both approaches, and Figure 3-17B provides 

results for a demand of 1100 vphpl for both approaches. Both figures show that the 

proposed algorithm significantly reduces the average delay time when the 

communication range is more than 2000 feet, and the amount of improvements are 

similar for different scenarios (30.1% to 31.9% for the 800 vphpl demand scenarios and 

33.9% to 36.3% for the 1100 vphpl demand scenarios). However, when the 

communication range is shorter than 2000 feet, the improvements decrease as the 

distance decreases (from 30.1% to 3.3% for the 800 vphpl demand scenarios, and from 

33.9% to 14.7% for the 1100 vphpl demand scenarios). This is because the closer the 

vehicle to the intersection, the more difficult to adjust its trajectory. The extent of the 

communication range limits the trajectory optimization ability of the proposed algorithm. 

Note that although the threshold for the most efficient communication range is 2000 feet 

for both demand levels, this value might be different for other scenarios with different 

settings (demand, maximum speed, optimization stage length, etc). Comparison 

between Figure 3-17A and Figure 3-17B also shows that the proposed algorithm works 

better for the more congested scenarios. Throughputs were also compared for the same 

set of scenarios but there is no clear trend.  
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Table 3-1. Input variables for Case 2 subcases. 
 

Subcases                  Input Variables 
Hypothetical Time for 

Following Vehicles 

Case 2-a 
a1 =min(−

v0
2

2D-vmax
2 /aacc,design

, adec,design) 

a3 = aacc,design  

v3 = vmax

 

Tarrival, i =g
start

+hsat×(i-1)  

Case 2-b 
a1 =min(−

v0
2

2D-vmax
2 /aacc,design

, adec,design)

 a3 = aacc,max  

v3 = vmax 

Tarrival, i =g
start

+hsat×(i-1)   

Case 2-c a1 = adec,max 

a3 = aacc,max 

v3 =√2aacc,max (D+
v0

2

2adec,max

)
 

Tarrival, i =g
start

+
(vmax-v3)

2

2aacc, maxv
max

 

+hsat×(i-1)  

 

Case 2-d a1 =(2D-2Tv0)/T
2

 
t2 = 0 

t3 = 0 
v2 = v3 = v0+a1T 

Tarrival, i =g
start

+
(vmax-v3)

2

2aacc, maxv
max

 

+hsat×(i-1) 

 
Table 3-2. Input variables for Case 3 subcases. 

Subcases Input Variables Hypothetical Time for Following Vehicles 

Case 3-a a1 = aacc,max 

a3 = aacc,design  

v3 = vmax

 

Tarrival, i =g
start

+hsat×(i-1) 

Case 3-b a1 = aacc,max 

a3 = aacc,max  

v3 = vmax 

Tarrival, i =g
start

+hsat×(i-1) 

Case 3-c a1 =(2D-2Tv0)/T
2
 

t2 = 0 

t3 = 0 
v2 = v0+a1T 

Tarrival, i =g
start

+
(vmax-v2)

2

2amaxv
max

+hsat×(i-1) 
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Table 3-3. Trajectory Calculation input variables for the following vehicles.  

Trajectory Cases 
of the Previous 

Vehicle 
ddepart,i adepart,i Tdepart,i 

Case 1 Lveh aacc,max 

{
g

start
+

vmax

2aacc, max
+hsat   ,if ddepart,i≥

vmax
2

2aacc,max

g
start

+hsat-
Lveh

vmax
+
√2aacc,maxddepart,i

aacc,max
, if ddepart,i<

vmax
2

2aacc,max

  

Case 2-a vmax
2

2aacc,design

+Lveh 
aacc,design g

start
+hsat 

Case 2-b vmax
2

2aacc,max

+Lveh 
aacc,max g

start
+hsat 

Case 2-c 
D1+

v0
2

2adec,max

+Lveh 
aacc,max 

{
 

 g
start

+
(vmax-v3,1)

2

2aacc, maxv
max

+hsat   ,if ddepart,i≥
vmax

2

2aacc,max

g
start

-
v3,1

aacc,max
+hsat-

Lveh

vmax
+
√2aacc,maxddepart,i

aacc,max
, if ddepart,i<

vmax
2

2aacc,max

   

Case 2-d v3,1
2

2aacc,max

+Lveh 
aacc,max 

{
 

 g
start

+
(vmax-v3,1)

2

2aacc, maxv
max

+hsat   ,if ddepart,i≥
vmax

2

2aacc,max

g
start

-
v3,1

aacc,max
+hsat-

Lveh

vmax
+
√2aacc,maxddepart,i

aacc,max
, if ddepart,i<

vmax
2

2aacc,max

  

Case 3-a vmax
2

2aacc,max

+Lveh 
aacc,max g

start
+hsat 

Case 3-b vmax
2

2aacc,max

+Lveh 
aacc,max g

start
+hsat 
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Table 3-3. Continued 

Trajectory Cases 
of the Previous 

Vehicle 
ddepart,i adepart,i Tdepart,i 

Case 3-c v3,1
2

2aacc,max

+Lveh 
aacc,max 

{
 

 g
start

+
(vmax-v2,1)

2

2aacc, maxv
max

+hsat   ,if ddepart,i≥
vmax

2

2aacc,max

g
start

-
v3,1

aacc,max
+hsat-

Lveh

vmax
+
√2aacc,maxddepart,i

aacc,max
, if ddepart,i<

vmax
2

2aacc,max

  

Case 4-a 
D1+

v0
2

2aacc,max

+Lveh 
aacc,max vmax-v0

aacc,max

+
D-(vmax

2 -v0
2)/2aacc,max

vmax

+hsat 

Case 4-b 
D1+

v0
2

2aacc,max

+Lveh 
aacc,max 

{
g

start
+

vmax-v0

aacc,max
-
(vmax

2 -v0
2)/2aacc,max-D

vmax
+hsat   ,if ddepart,i≥

vmax
2

2aacc,max

g
start

-
v2,1

aacc,max
+hsat-

Lveh

vmax
+
√2aacc,maxddepart,i

aacc,max
, if ddepart,i<

vmax
2

2aacc,max

  

Case F-1 and 
Case F-2 

ddepart,i-1+Lveh adepart,i-1 

{
Tdepart,i-1+hsat   ,if ddepart,i≥

vmax
2

2aacc,max

g
start

-
v4,i-1

adepart,i-1
+hsat-

Lveh

vmax
+
√2aacc,maxddepart,i

aacc,max
, if ddepart,i<

vmax
2

2aacc,max

  

Case F-3 
D1+

v0
2

2aacc,max

+Lveh 
aacc,max 

{

vmax-v0,i

aacc,max
+

D

vmax
+

vmax
2 -v0,i

2

2aacc,maxvmax
+hsat    ,if ddepart,i≥

vmax
2

2aacc,max

v2,i-v0,i

aacc,max
+hsat, if ddepart,i<

vmax
2

2aacc,max
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Table 3-4. Required input parameters. 

Parameters Values Assumed in This Study 

Maximum Travelling Speed (mph) 35 
Maximum Acceleration Rate (ft/s2) 4.5 

Design Acceleration Rate (ft/s2) 2.5 
Maximum Deceleration Rate (ft/s2) -11.0 

Design Deceleration Rate (ft/s2) -6.0 
Saturation Time Headway (sec) 2.0 

Minimum Green (sec) 6 
Maximum Green (sec) 25 
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Figure 3-1. Sketch of the two-approach Intersection and its communication 

range. 

 

   A 

     B 

Figure 3-2. Vehicle trajectory adjustment behavior at a signalized intersection. A) 
Scenario of deceleration, B) scenario of acceleration.  



79 

 

Figure 3-3. Optimized vehicle trajectories. 

 

 

 

     A 

Figure 3-4. Vehicle trajectories with different number of components. A) One-
component trajectory, B) two-component trajectory, C) three-
component trajectory, D) four-component trajectory. 
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     B 

     C 

     D 

Figure 3-4. Continued 
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       A 

       B 

Figure 3-5. Different departing scenarios based on the trajectory of the first 
vehicle. A) Ideal scenario, B) time lost scenario.  
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Figure 3-6. Three-component vehicle trajectory. 

 

 

Figure 3-7. Adjusted trajectory for the first vehicle in Case 1. 
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        A 

        B 

          C 

           D 
Figure 3-8. Adjusted trajectories for vehicles of Case 2. A) Case 2-a, B) Case 2-

b, C) Case 2-c, D) Case 2-d. 
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    A 

       B 

                  C 

Figure 3-9. Adjusted trajectories for vehicles of Case 3. A) Case 3-a, B) Case 3-
b, C) Case 3-c. 
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A 

 B 

Figure 3-10. The special case of Case 3-a and 3-b. A) A normal case of Case 3-a 
and 3-b, C) A special case of Case 3-a and 3-b.
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          A 

                 B 

Figure 3-11. Adjusted trajectories for vehicles of Case 4. A) Case 4-a, B) Case 4-
b. 

 

Figure 3-12. Hypothetical departure curve.
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                   A 

              B 

           C 

Figure 3-13. Adjusted trajectories for the following vehicles. A) Case F-1, B) Case F-2, 
C) Case F-3.  
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Figure 3-14. Layout of the optimization horizon scheme. 
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Figure 3-15. Flow chart of the optimization process. 
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              A  

              B 

              C  

Figure 3-16. Comparison of the actuated signal control and the proposed signal 
optimization algorithm under various demand levels. A) Comparison of ATTD 
(balanced demand), B) Comparison of throughput (balanced demand), C) 
Comparison of ATTD (unbalanced demand), D) Comparison of throughput 
(unbalanced demand). 
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              D  

Figure 3-16. Continued 

              A  

              B  

Figure 3-17. Comparison of the actuated signal control and the proposed signal 
optimization algorithm under different communication range/link length. A) 
Scenarios with the demand of 800 vphpl, B) Scenarios with the demand of 
1100 vphpl. 
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CHAPTER 4 
INTERSECTION CONTROL OPTIMIZATION FOR A GENERAL Twelve-movement 

INTERSECTION 

This chapter expands the optimization algorithm developed in the previous 

chapter for general four leg, twelve-movement intersections with the consideration of 

turning vehicles. First, an overview of the methodology framework is presented in the 

first section. Then, the second section details the optimization algorithm, including the 

trajectory optimization algorithm and the implementation of the Genetic Algorithm (GA) 

for solving the optimization problem. The proposed algorithm was coded in Java. The 

third section outlines the simulation effort, and the last section discusses the sensitivity 

analysis and compares the performance of the proposed algorithm to conventional 

actuated control. 

4.1 Methodology Framework 

The optimization algorithm proposed in the previous chapter was developed for a 

signalized intersection system. Trajectory optimization algorithm was developed based 

on signal timing plan and the resulting optimized signal timing was transmitted to the 

roadside traffic signals. However, it can be note that the control algorithm is designed 

for a 100% automated vehicle environment, and the vehicles do not need the signal 

indications to decide when to stop or go. Instead, they are able to receive the optimized 

trajectories from the intersection controller through the wireless communication 

technology, and the optimized trajectories will guide the vehicles to go through the 

intersection. Therefore, the conventional signal phasing and green splits are not used 

for the intersection control system proposed in this chapter. Instead, an intersection 

controller is designed to allow conflicting traffic to proceed by allotting the right-of-way to 

each single vehicle, rather than to a certain movement, over time and space. As a 
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result, the original signal timing optimization problem is converted to a vehicle passing 

sequence problem, which determines the optimum vehicle passing sequence that can 

minimize the average intersection delay. In this way, the vehicle trajectories can be 

scheduled with more flexibility and the intersection can be more efficiently used without 

the consideration of minimum green and maximum green constraints. 

Figure 4-1 shows the configuration of the intersection used in this study. We 

assume the studied intersection is a four-leg intersection with three lanes on each 

approach, one for each turning movement. We also assume there is an intersection 

optimization controller that is designed to gather vehicle information, make decisions on 

vehicle passing sequence and calculate optimal vehicle trajectories.  

The communication between the intersection controller and the vehicles is 

assumed to be enabled by DSRC communication technology. Based on the 1000 

meters (3281 feet) maximum communication rage of DSRC, the communication range 

of the intersection control system is assumed to be 3000 feet from the center of the 

intersection. It is also assumed that the exclusive left- and right-turning lanes are long 

enough that they allow turning vehicles to enter their objective lanes before entering the 

Communication Range so that lane changes are not considered in the proposed 

algorithm. The numbers with arrows in Figure 4-1 indicate the number of different 

movements.  

At the beginning of the optimization, the intersection controller identifies the 

vehicles inside the communication range and gathers the information that is required for 

the optimization. Then, the controller runs the optimization algorithm and solves the 

vehicle passing sequence problem. At the same time, vehicle trajectories are calculated 
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by implementing the trajectory optimization algorithm. After getting the optimization 

result, the calculated vehicle trajectories are transmitted to vehicles directing them 

through the intersection. After the last vehicle in this group leaves the intersection, the 

first optimization stage ends. Then, a new optimization stage starts and the above 

process is repeated for vehicles that entered the communication range during this 

second time period. This iterative process is repeated until all the vehicles that have 

entered the communication range during the entire optimization period are processed. 

Figure 4-2 shows this optimization process graphically. Since the number of vehicles 

that are being processed during each optimization stage is different and the departing 

time of the last vehicle is uncertain, the duration is different for each optimization stage. 

For simplicity, it is also assumed that the information transmission and the 

computing process (Step 1 through Step 3 in Figure 4-2) can be completed with no 

measurable processing delay. With the assumptions discussed above, the optimization 

algorithm being used in each optimization stage is discussed in the following section in 

more detail. 

4.2 Optimization Algorithm 

As discussed earlier, the control algorithm is designed for a 100% automated 

vehicle environment, and the vehicles do not need signal indications to decide whether 

to proceed or stop.  Instead, they receive the optimized trajectories from the intersection 

controller through the wireless communication technology, and the optimized 

trajectories guide the vehicles through the intersection. Therefore, traditional phasing is 

not considered, and movements through the intersection are allowed in a much more 

flexible way in order to minimize delay.  
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In order to develop the optimization algorithm for this type of control system the 

following two tasks need to be completed: 1) develop a trajectory optimization algorithm 

that can optimize vehicle trajectories based on the vehicle passing sequence; and 2) 

select an optimization method and implement it to solve the vehicle passing sequence 

problem.  

To compete those two tasks, a trajectory optimization algorithm, which can 

optimize the vehicle trajectory only based on the trajectory of its previous vehicle and 

the exiting time of the last vehicle that has departed the intersection from a conflicting 

approach, was first developed. Based on the proposed trajectory optimization algorithm 

a vehicle passing sequence problem was formulated with the objective of finding a 

vehicle passing sequence that can minimize the average intersection delay. GA was 

adopted to solve this optimization problem. 

The following two sub-sections present the two algorithms in more detail. The 

following notations are used:  

i    : the i th vehicle that will be scheduled to pass the intersection, i ∈ 

{1, 2, …, N}, N is the total number of vehicles inside the communication 

range. 

j : the j th vehicle from a particular movement 

k : the k th movement, k ∈ {1, 2, …, 12} 

C(k)    : the set of movements that conflict with movement k 

4.2.1 Trajectory Optimization Algorithm 

For the intersection control system proposed in this chapter, there are two rules 

that must be followed by all the vehicles inside the system to avoid conflicts. First, no 
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lane changes are allowed, thus vehicles on the same lane cross the intersection First-

In-First-Out (FIFO). Second, vehicles from conflicting movements cannot be located 

inside the intersection at the same time.  

On the basis of these two rules, the trajectory optimization algorithm is developed 

to optimize the vehicle trajectories such that vehicles can leave the intersection at their 

earliest possible time and the average intersection delay can be minimized. 

4.2.1.1 Trajectory Optimization Algorithm for Through Vehicles  

Define the trajectory component as a portion of vehicle trajectory with a constant 

acceleration rate. Then, the number of trajectory components for a vehicle is the 

number of times its acceleration rate changes during the trip. For example, if the 

acceleration rate does not change during the entire trip, the vehicle trajectory is a single 

component trajectory.  

Vehicle trajectories with different number of components were compared and 

analyzed for their feasibility and flexibility in controlling the vehicles’ arrival time and 

speed. Similarly to the trajectory optimization algorithm developed in Chapter 3, the 

four-component trajectory is used for all vehicles that are not the first vehicle of a 

particular movement and the three-component trajectory is used for all the first vehicles 

since there is no need to consider the time headway for them.  

Since vehicles must accelerate to reach the maximum speed before departing 

the intersection, the third trajectory component is always an acceleration component 

and the speed of the fourth component is always the maximum speed. Assume that the 

third and the fourth component are part of a hypothetical departure curve, which starts 

from a full stop and accelerates to the maximum speed. The hypothetical departure 
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curve that can reach the intersection at the earliest feasible time is defined as the 

hypothetical saturation flow departure curve, as the dashed curve in Figure 4-3A. The 

time difference between the hypothetical saturation flow departure curve and the fourth 

component of the previous vehicle trajectory is the saturation time headway. Therefore, 

the hypothetical saturation flow departure curve can be determined based on the third 

and the fourth component of the previous vehicle trajectory.  

The hypothetical saturation flow departure curve can be defined by three 

parameters, which are the hypothetical departure distance dhypo depart, hypothetical 

saturation flow departure time Thypo,depart and the hypothetical acceleration rate 

ahypo,depart, as shown in Figure 4-3A. Those three parameters can be calculated using 

the following equation.  

dhypo, depart, i = dhypo,  depart,  ji-1
+ dstop                                                                           (4-1)  

Thypo, depart, i = Thypo, depart,  ji-1
 + hsat-

dstop

vmax,  ki

                                                                  (4-2) 

ahypo, depart, i = a3, ji-1
                                                                                                    (4-3) 

where 

ji : the sequence number for the i th vehicle  

dstop : the vehicle length, ft 

vmax, k   : the maximum speed of movement k, ft/sec 

a3, j   : the acceleration rate for the third trajectory component of the j th vehicle 

from a particular movement, ft/sec2 

hsat    : the saturation time headway, sec 

All the other variables are as previously defined.  
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The objective of the trajectory optimization algorithm is to adjust the vehicle 

trajectory such that it can meet and coincide with the hypothetical saturation flow 

departure curve. In this way, all the vehicles try to leave the intersection at their earliest 

possible time and save time for the following vehicles in order to maximize the utilization 

of the approach and minimize delay. Also, the vehicle trajectory cannot go above the 

hypothetical saturation flow departure curve to ensure a safe headway with the vehicle 

in front. 

The utilization of the hypothetical saturation flow departure curve helps optimize 

vehicle trajectories and at the same time guarantees the FIFO rule. To address the 

second rule, the parameter Tenter, which is the earliest feasible time that the vehicle can 

enter the intersection, is defined. The value of Tenter can be calculated as the 

intersection exiting time for the last vehicle that has left the intersection from a 

conflicting movement, such that when the vehicle enters the intersection, vehicles from 

the conflicting movements all have cleared the intersection. Tenter can be calculated 

using the following equation: 

Tenter, i=maxci ∈ C(ki)
{Texit(ci, i)}                                                                                    (4-4) 

where 

ki   : the movement tfrom which the i th vehicle approaches the 

intersection 

Tenter, i    : the earliest time that the i th vehicle can enter the intersection, sec 

Texit (k, i) : the intersection exiting time of the last vehicle from movement k 

before the i th vehicle enters the intersection, sec 

All the other variables are as previously defined.  
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After determining the hypothetical saturation departure curve, the earliest 

entering time Tenter is also calculated. If the arrival time at the intersection for the 

hypothetical saturation departure curve Tarrival, hypo is earlier than Tenter, the hypothetical 

saturation departure curve is shifted to ensure a vehicle arrival time at Tenter, as shown 

in Figure 4-3B. The shifted hypothetical saturation departure curve is then used for the 

trajectory calculation. For the shifted hypothetical saturation departure curve, the values 

of dhypo,depart and ahypo,depart are the same as those in the original hypothetical saturation 

flow departure curve. But the Thypo,depart will be delayed such that the vehicle will not 

arrive at the intersection before Tenter. The value of the new Thypo,depart can be calculated 

using the following equation. 

Thypo, depart, i = Thypo, depart,  ji-1
 + hsat −

dstop

vmax,  ki

+Tenter, i − Tarrival, hypo, i                             (4-5) 

All the variables in the above equation are as previously defined.  

After determining the hypothetical saturation flow departure curve, vehicle 

trajectory calculation is categorized into different cases based on the vehicle’s initial 

speed and location. The categorization of the trajectory optimization cases and the 

equations for the vehicle’s specific trajectory calculation is can be found in the previous 

chapter. The only change need to be made is that during the trajectory calculation 

process, the variable Tarrival, hypo (hypothetical intersection arrival time) used in Chapter 

3 should be calculated using the method discussed in this chapter.  

In summary, trajectory optimization for through vehicles is conducted following 

the steps shown in Figure 4-4. If the vehicle is the first vehicle of a specific movement 

that passes the intersection during the current optimization stage, Tenter is first calculated 

as the earliest time that the vehicle can enter the intersection. Then, the vehicle 
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trajectory calculation case will be identified based on Tenter and the vehicle’s initial speed 

and location. Trajectory optimization cases for the first vehicles are also identified in the 

previous chapter. Vehicle’s trajectory can be calculated implementing the equations for 

the specific trajectory calculation case accordingly. Tenter is used as Tarrival, hypo in those 

equations. 

If the vehicle is not the first vehicle of that movement, the hypothetical saturation 

flow departure curve of this vehicle should first be determined. Then, Tenter is calculated 

and compared with the intersection arrival time for the hypothetical saturation departure 

curve Tarrival, hypo to determine whether it must be shifted. Based on the initial speed and 

distance of the vehicle, its trajectory optimization case will be identified and its trajectory 

will be calculated.  

4.2.1.2 Trajectory Optimization Algorithm for Turning Vehicles  

While through vehicles can accelerate to the maximum allowed speed before 

reaching the intersection in order to maximize the green time utilization, turning vehicles 

need to enter the intersection at a lower desired entering speed vin (Point A in Figure 4-

5). After entering the intersection, the vehicle continues decelerating while making the 

turn until it reaches a minimum speed. According to previous research (Fitzpatrick & 

Schneider, 2005), the midpoint of the turning curve (Point B in Figure 4-5) appears to be 

the location where the speed is the slowest. Then, the vehicle accelerates again and 

leaves the intersection (Point C in Figure 4-5) with speed vout. At some point in the 

downstream link (Point D in Figure 4-5), the vehicle accelerates to its desired speed. 

The entering speed vin, exiting speed vout and midpoint speed vmid all depend on the 



101 

conditions along the entering approach and the intersection geometry (free-flow speed, 

radius of the curve, lane width, etc.) 

Despite the difference in vehicles' trajectories when crossing vs. turning at the 

intersection, the essential idea of optimizing trajectories for turning vehicles is still to 

maximize efficiency and intersection utilization. Similar to the algorithm proposed for 

through vehicles, three-component trajectories are implemented for first vehicles and 

four-component trajectories are implemented for the following vehicles. All the turning 

vehicles are required to reach the same desired entering speed vin (all the vehicles 

studied in this research are assumed to be passenger cars) and enter the intersection at 

the earliest feasible entering time. For vehicles that are able to reach vin at the stop bar, 

a predetermined turning trajectory can be implemented. Other vehicles are required to 

traverse the intersection at their earliest possible time. 

For through vehicles, we assume their approaching speeds do not exceed the 

maximum allowed speed. As a result, the last non-constant speed trajectory component 

before they arrive at the intersection is always an acceleration component. Therefore, 

the hypothetical saturation departure curves are introduced for the trajectory calculation. 

However, for turning vehicles, their travelling speeds may be higher than the desired 

entering speed vin, and in that case the vehicles need to decelerate before making a 

turn. Therefore, the third trajectory component for turning vehicles could either be an 

acceleration component or a deceleration component. Accordingly, the hypothetical 

saturation flow curve, which is used for the trajectory optimization, could either be a 

hypothetical saturation flow departure curve or a hypothetical saturation flow 

deceleration curve. During the trajectory optimization process, the type of the 
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hypothetical curve should be determined by the trajectory of the previous vehicle. Figure 

4-6 shows the two scenarios under which these two types of hypothetical curves are 

used. 

The hypothetical saturation flow departure curve for turning vehicles is similar to 

that for the through vehicles. It is used when the last non-constant speed component of 

the previous turning vehicle is an acceleration component. It can be calculated using 

Equation 4-1 through Equation 4-3, but replacing vmax with vin in Equation 4-2. The 

hypothetical saturation deceleration curve starts from the maximum speed vmax and 

decelerates to the desired intersection entering speed vin. It is used when the last non-

constant speed component of the previous vehicle is a deceleration component, and it 

keeps a saturation time headway with the hypothetical saturation deceleration curve of 

the previous vehicle, as shown in Figure 4-6B. The three parameters that define the 

hypothetical saturation flow deceleration curves are the hypothetical saturation 

deceleration distance dhypo,dec, hypothetical saturation flow deceleration time Thypo,dec 

and the hypothetical deceleration rate ahypo,dec. The three parameters can be calculated 

using the following equations: 

dhypo, dec, i =dhypo,  dec,  ji-1
+ dstop                                                                                  (4-6) 

Thypo, dec, i = Thypo, dec, ji-1
 + hsat −

dstop

vmax,  ki

                                                                     (4-7) 

ahypo, dec, i = a3, ji-1
                                                                                                      (4-8) 

All the variables are as previously defined. 

If the shifted hypothetical saturation flow deceleration curve is used, the values of 

dhypo,dec and ahypo,dec are the same as in the original saturation flow deceleration curve. 

The value of the new Thypo,dec can be calculated using the following equation:  
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Thypo, dec, i = Thypo, dec, ji-1
 + hsat −

dstop

vmax,  ki

+Tenter, i − Tarrival, hypo                                    (4-9) 

Based on the definitions of the hypothetical saturation flow curves, the trajectory 

for turning vehicles can be optimized following the steps in Figure 4-4. If the vehicle is 

the first vehicle for a certain movement during the current optimization stage, its 

trajectory can be calculated based on the earliest vehicle entering time Tenter and its 

trajectory optimization case, which can be identified based on the vehicle’s initial speed 

and initial distance to the intersection. If the vehicle is not the first vehicle, its 

hypothetical saturation flow trajectory curve first needs to be determined. The trajectory 

of the vehicle is then calculated based on the hypothetical saturation trajectory curve 

and its trajectory optimization case. 

The trajectory optimization cases for turning vehicles, including the criterion for 

selecting the suitable case and the shape of the vehicle trajectory (vehicle's maneuvers 

during the entire trip, starting from the time it enters the communication range until it 

finishes the turning and accelerates back to the maximum speed) associated with each 

case, are discussed in the following paragraphs .  

Trajectory Optimization Cases for The First Vehicle 

Similar to the algorithm proposed for through vehicles, three-component 

trajectories are assumed for the first vehicle. The first and last component of the 

trajectory has constant acceleration, while the middle one has constant speed. Based 

on the kinematic equations, the following equations are developed for calculating a 

general three-component trajectory.  
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{
 
 
 
 

 
 
 
 

t1+t2+t3=Tarrival, hypo − Tstart

d1+d2+d3=D

v2
2-v0

2=2a1d
1

v2t2=d2

v3
2-v2

2=2a3d
3

v2=v0+a1t
1

v3=v2+a3t
3

                                                                                     (4-10) 

In the above equations, the input variables are:  

Tarrical,hypo  = the intersection arrival time of the hypothetical saturation flow curve or 

the shifted hypothetical saturation flow curve, sec 

Tstart = the start time of the optimization stage, sec 

D  = the initial distance of the vehicle to the intersection, ft 

v0  = the initial speed of the vehicle, ft/sec 

v3  = final speed when the vehicle reach the intersection, ft/sec 

a1   = deceleration rate (negative) for the first component of the trajectory, 

ft/sec2 

a3  = acceleration rate (positive) for the third component of the trajectory, 

ft/sec2 

The output variables that define the trajectories are: 

v2  = speed for the constant speed component of the vehicle trajectory, ft/sec 

t1  = time duration of the first trajectory component, sec 

t2  = time duration of the second trajectory component, sec 

t3  = time duration of the third trajectory component, sec 

d1  = distance the vehicle passed in the first trajectory component, ft 

d2 = distance the vehicle passed in the second trajectory component, ft 
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d3  = distance the vehicle passed in the third trajectory component, ft 

Among the above input parameters, Tstart, D, and v0 are given at the beginning of 

the optimization, v3 and Tarrival, hypo can be calculated after getting the hypothetical 

saturation flow curve using Equation 4-1 through Equation 4-9. Therefore, it is the other 

two parameters, a1, and a3, that determine the vehicle’s trajectory. These two variables 

vary as the initial status of the vehicles and Tarrival,hypo changes, thus need to be 

determined on a case-by-case basis. In order to simplify the trajectory calculation, it is 

assumed that there are only two predefined feasible values aacc,max and adec,max to 

choose from. The ideal value for v3 is vin. However, for some of the cases, there is not 

enough distance for the vehicle to accelerate to vin, resulting in an entering speed that is 

lower than vin. For safety concerns, it is assumed that vehicles are always able to 

decelerate to a speed that is no higher than vin before its arrival at the intersection. 

The trajectory of the first vehicle is first categorized into four cases based on its 

initial distance to the intersection at the beginning of the optimization stage. For each 

case, the feasible types of the vehicle trajectory are analyzed. Vehicle trajectories are 

further categorized into different subcases based on their intersection arrival time, and 

each subcase contains only one trajectory type. The value of the input variables (a1, 

and a3), and the threshold intersection arrival times for each subcase are identified. For 

a subject turning vehicle, given the actual start time of the optimization (Tstart), 

hypothetical intersection arrival time (Tarrival,hypo), and the vehicle’s initial distance to the 

intersection (D), we can identify which subcase the vehicle belongs to and what are the 

values for the input variables for calculating its trajectory. In order to differentiate the 
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turning vehicle trajectory cases from the through vehicle cases, capital letter T is used in 

the case number. 

Case T1: In this case, the vehicle’s initial distance to the intersection is long 

enough for it to complete any acceleration or deceleration maneuver and reach their 

desired speed when arriving at the intersection. The vehicle’s initial distance satisfies 

the following constraint: 

d0 ≥ max {  
vmax

2 -v0
2

2aacc,max
+ 

vin
2 -vmax

2

2adec,max
,  

-v0
2

2adec,max
+ 

vin
2

2aacc,max
}                                                     (4-11) 

Subcase regions, and the corresponding threshold trajectory and arrival times 

are shown in Figure 4-7A. In Case T1A, the initial speed v0 is lower than the desired 

entering speed vin while in Case T1B v0 is greater than vin. The subcases in Case 1 are: 

Case T1A-a/Case T1B-a: Tarrival,hypo ≤ T1 

Case T1A-b/Case T1B-b: T1 < Tarrival,hypo ≤ T2 

Case T1A-c/Case T1B-c: T2 < Tarrival,hypo ≤ T3 

Case T1A-d/Case T1B-d: Tarrival,hypo > T3 

As previously defined, Tarrival,hypo is the hypothetical intersection arrival time and is 

also the earliest time that the vehicle can enter the intersection. T1, T2 and T3 in the 

above criterion are the threshold values that used to identify the trajectory calculation 

subcase in Case T1 (including both Case T1A and Case T1B). Their values are 

summarized in Table 4-1. 

Among all the trajectories in this case, the trajectory 1 has the earliest arrival 

time. If Tarrival,hypo locates before T1 on the time axis (Case T1A-a and Case T1B-a), the 

vehicle is required to use Trajectory 1 to reach the intersection at its earliest feasible 

time. More specifically, the vehicle needs to first accelerate to the maximum speed vmax 
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using the maximum acceleration rate aacc,max and travel with that speed for a certain 

time, then decelerate to vin (desired entering speed) using the maximum deceleration 

rate adec,max before arriving at the intersection.  

For Tarrival,hypo between T1 and T2 (Case T1A-b and Case T1B-b), the shape of the 

vehicle trajectory is similar to Trajectory 1. The only difference is that the vehicle does 

not need to reach the maximum speed vmax. Instead, it accelerates to a speed vconstant 

less than vmax, and uses vconstant for the constant speed portion of the trajectory. Then, 

the vehicle decelerates to vin before arriving at the stop bar. 

As Tarrival,hypo moves to the right, it will get to a point T2 and the vehicle trajectory 

associated with this arrival time (Trajectory 2 in Figure 4-7A and Figure Figure 4-7B) 

only has an acceleration component at the beginning (for Case T1A) or only has a 

deceleration component before the stop bar (for Case T1B). If Tarrival,hypo moves further 

to the right and locates between T2 and T3, the vehicle trajectory will have two 

acceleration components (for Case T1A-c) or two deceleration components (for Case 

T1B-c). For vehicle of this subcase, it first accelerates/decelerates to a certain speed 

(lower than vin for Case T1A and higher than vin for Case T1B) and maintains this speed 

until it gets close to the intersection. Then, it accelerates/decelerates again to reach vin. 

As Tarrival,hypo moves from T2 to T3, the time duration of one acceleration/deceleration 

component keeps increasing while the other acceleration/deceleration component 

keeps decreasing until Tarrival,hypo get to the point T3, when the vehicle trajectory only has 

one acceleration or deceleration component. 

As Tarrival,hypo moves to the right of T3, the vehicle has to slow down to a speed 

that is less than vin to further extend the travel time. Therefore, the vehicle of Case T1A-
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d and Case T1B-d first decelerates to a certain speed and maintains it for a while. When 

it is close to the intersection, the vehicle will accelerate to vin. 

Case T2: In this case, the vehicle’s initial distance satisfies the following 

constraints. 

D <
vmax

2 -v0
2

aacc,max
+

vin
2 -vmax

2

adec,max
                                                                                                    (4-12) 

and/or   D<
vin

2

aacc,max
-

v0
2

adec,max
                                                                                         (4-13) 

and       D ≥{

vin
2 -v0

2

aacc,max
    for  Case T2A

vin
2 -v0

2

adec,max
    for  Case T2B

                                                                       (4-14) 

In this case, the initial distance to the intersection is not long enough for vehicles 

in some subcases to complete the acceleration or deceleration maneuvers even using 

the maximum acceleration/deceleration rate. Therefore, for some subcases, vehicles 

cannot arrive at the intersection with the speed vin. Subcase regions, and the 

corresponding threshold arrival times and associated trajectory are illustrated in Figure 

4-8. In Case T2A, the initial speed v0 is lower than the desired entering speed vin while 

in Case T2B v0 is greater than vin. The subcases in Case T2 are: 

Case T2A-a/Case T2B-a: Tarrival,hypo  ≤ T1 

Case T2A-b/Case T2B-b: T1 < Tarrival,hypo ≤ T2 

Case T2A-c/Case T2B-c: T2 <Tarrival,hypo  ≤ T3 

Case T2A-d/Case T2B-d: T3 <Tarrival,hypo  ≤ T4 

Case T2A-e/Case T2B-e: T4 <Tarrival,hypo ≤ T5 

Case T2A-f/Case T2B-f: Tarrival,hypo > T5 
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The same as previously defined, Tarrival,hypo is the hypothetical intersection arrival 

time and is also the earliest time that the vehicle can enter the intersection. T1 through 

T5 in the above criterion are the threshold values that used to identify the trajectory 

calculation subcase in Case T2 (including both Case T2A and Case T2B). Their values 

are summarized in Table 4-2. The discussions below only consider the case when both 

Equation 4-12 and Equation 4-13 are satisfied. If only Equation 4-12 is satisfied, vehicle 

trajectories in Case T2A/B-d, Case T2A/B-e and Case T2A/B-f are the same as in Case 

T1A/B-d. If only Equation 4-13 is satisfied, the trajectory adjustment methods in Case 

T2A/B-a, Case T2A/B-b are the same as in the corresponding subcases in Case T1.  

Trajectory 1 in Figure 4-8 determines the earliest arrival time of all the trajectories 

in this case. Using this adjustment method, the vehicle first accelerates using the 

maximum acceleration rate aacc,max. After reaching a speed v2, the vehicle immediately 

slows down to ensure it will decelerate to vin when arriving at the intersection stop bar. 

Since the vehicle have to decelerate before reaching the maximum speed (v2 < vmax) 

and there is no constant speed trajectory component, the earliest arrival time in this 

case is not as early as that in Case T1, and as the initial distance decreases, T1 will 

move to the right. For all vehicles belong to Case T2A/B-a, Trajectory 1 will be used as 

their adjusted trajectory. 

The trajectory adjustment methods for Case T2A/B-b, Case T2A/B-c, and Case 

T2A/B-d are similar to the corresponding subcases in Case T1. In those cases, vehicles 

can reach the speed vin at the stop bar. However, as Tarrival,hypo moves to the right in 

Figure 4-8, the vehicle needs to travel at a low speed for a longer time. When it is able 

to accelerate, there is not enough space to reach the desired speed vin. As Tarrival,hypo 
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moves to the right, the speed at the time when the vehicle enters the intersection 

(Tarrival,hypo) will decrease. The minimum varrival will be reached when Tarrival,hypo gets to the 

time point T5. The vehicle associated with Trajectory 5 first decelerates using the 

maximum deceleration rate adec,max. After to decelerating to the speed of 0, the vehicle 

immediately accelerates and enters the intersection with the minimum varrival. For 

vehicles belongs to Case T2A/B-f, they all have to stop for a certain time, and the 

stopping time increases as Tarrival,hypo moves to the right. varrival for all vehicles of this 

subcase is the same as the varrival in Trajectory 5. 

Case T3: In this case, the vehicle’s initial distance is very short and it satisfies 

the following constraint:  

D <
vin

2 -v0
2

aacc,max
                                                                                                                 (4-15) 

For safety concerns, in this study we assume all vehicles could arrive at the 

intersection with a speed lower or equal to vin.  Therefore, this case is only for vehicles 

with an initial speed lower than vin. Denote T0 as the arrival time of the vehicle using its 

initial speed. If Tarrival,hypo <T0, the vehicle should accelerate with the acceleration rate 

min {(2D-2(T
arrival,hypo

 –Tstart)v0)/(T
arrival,hypo

-Tstart)
2
, aacc,max}. If Tarrival,hypo <T0 the vehicle 

needs to decelerate with a deceleration rate (2D− 2(T
arrival,hypo

 –Tstart)v0)/(Tarrival,hypo
 –

Tstart)v0
2
. 

Trajectory Optimization Cases for Following Vehicles 

If the vehicle is not the first vehicle of a certain movement, its trajectory need to 

be calculated based on the hypothetical saturation flow curve and the earliest 

intersection arrival time. Similar to the algorithm for through vehicles, four-component 
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trajectories are assumed for the following vehicles. The first and third components have 

constant acceleration, while the second and the fourth one have constant speed. The 

following equations can be used for calculating the four-component trajectories. 

{
 
 
 
 

 
 
 
 

t1+t2+t3+t4=Tarrival, hypo − Tstart

d1+d2+d3+d4=D

v2
2-v0

2=2a1d
1

v2t2=d2

v4
2-v2

2=2a3d
3

v4t4=d4

v2=v0+a1t
1

v4=v2+a3t
3

                                                                                (4-16) 

In the above equations, the input variables are: 

Tarrical,hypo  = the intersection arrival time of the hypothetical saturation flow curve or 

the shifted hypothetical saturation flow curve, sec 

Tstart = the start time of the optimization stage, sec 

D  = the initial distance of the vehicle to the intersection, ft 

v0  = the initial speed of the vehicle, ft/sec 

v4  = final speed when the vehicle reach the intersection, ft/sec 

a1   = acceleration/deceleration rate for the first component of the trajectory, 

ft/sec2 

a3  = acceleration/deceleration rate for the third component of the trajectory, 

ft/sec2 

t4  = time duration of the fourth trajectory component, sec 

d4  = distance the vehicle passed in the fourth trajectory component, ft 

The output variables that define the trajectories are: 

v2  = speed for the constant speed component of the vehicle trajectory, ft/sec 
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t1  = time duration of the first trajectory component, sec 

t2  = time duration of the second trajectory component, sec 

t3  = time duration of the third trajectory component, sec 

d1  = distance the vehicle passed in the first trajectory component, ft 

d2 = distance the vehicle passed in the second trajectory component, ft 

d3  = distance the vehicle passed in the third trajectory component, ft 

Among the input parameters, Tstart, D, and v0 are given at the beginning of the 

optimization; v4, Tarrival,hypo, t4, and d4 can be calculated after getting the hypothetical 

saturation flow curve using Equation 4-1 through Equation 4-9; a1, a3, have to be 

determined based on the trajectory of the previous vehicle. 

As discussed earlier in this section, for turning vehicles, the hypothetical 

saturation flow curve could either be a hypothetical saturation flow departure curve or a 

hypothetical saturation flow deceleration curve. Therefore, trajectory calculation 

methods for the following vehicles are developed separately for these two scenarios. 

Also, since the initial speed v0 could be either lower or greater than the desired entering 

speed vin, and the relationship between the two determines the type of the vehicle 

trajectory, these two different conditions are also discussed separately. Based on the 

above analysis, four cases are identified for developing the trajectory calculation 

algorithm for the following vehicles. They are: 

Case TF1A: The last non-constant speed component of the leading vehicle’s 

trajectory is an acceleration component, and the initial speed v0 of the studied vehicle is 

lower than vin. 
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Case TF1B: The last non-constant speed component of the leading vehicle’s 

trajectory is an acceleration component, and v0 is greater than vin for the studied 

vehicle. 

Case TF2A: The last non-constant speed component of the leading vehicle’s 

trajectory is a deceleration component, and v0 is less than vin for the studied vehicle. 

Case TF2B: The last non-constant speed component of the leading vehicle’s 

trajectory is a deceleration component, and v0 is greater than vin for the studied vehicle. 

Trajectory adjustment algorithms for each of the four cases are discussed below 

in more detail. 

Case TF1A. For the vehicle in this case, its initial speed v0 is less than vin, which 

is the arrival speed at the intersection, and its leading vehicle’s trajectory has an 

acceleration component before it reaches the intersection. As shown in Figure 4-9A, 

vehicles in this case are further divided into three subcases based on their initial 

distance to the intersection (denoted as D). Assume the vehicle is the j th vehicle of a 

particular movement. The two threshold values D1 and D2 for this vehicle can be 

calculated using the following equation. 

D1, j=
vin

2 -v0,j
2

2aacc,max
+ (Tarrival, hypo, j −

vin-v0,j

2aacc,max
) vin                                                                (4-17) 

D2, j=
vmax

2 -v0,j
2

2aacc,max
+

vin
2 -vmax

2

2adec,max
+ (Tarrival, hypo, j −

vmax-v0,j

2aacc,max
−

vin-vmax

2adec,max
) vmax                                (4-18) 

Where 

vin   = the desired speed when the vehicle enters the intersection, ft/sec  

v0,j  = the initial speed for the j th vehicle of a particular movement, ft/sec 

vmax  = the maximum allowed speed, ft/sec 
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Tenter, j   = the earliest time that the j th vehicle of a particular movement can enter 

the intersection, sec 

aacc,max = the maximum acceleration rate, ft/sec2 

adec,max = the maximum deceleration rate, ft/sec2 

For vehicle with an initial distance that is shorter than D1, it needs to first 

accelerate or decelerate (depends on the vehicle’s initial speed and the location) to a 

certain speed that is lower than vin, and maintains the speed until it meets the saturation 

flow departure curve (dashed yellow curve in Figure 4-9A). Then, it follows the 

hypothetical saturation flow departure curve to accelerate and enters the intersection 

with the speed vin.  

For vehicle with an initial distance that is between D1 and D2, it needs to first 

accelerate to a certain speed that is greater than vin but less than vmax, and maintains 

this speed for a certain time. Before its arrival at the intersection, the vehicle 

decelerates to meet the saturation flow departure curve to ensure its entering speed is 

vin. Note that for vehicle in this case, the last component of its trajectory is a 

deceleration component. Therefore, the hypothetical saturation flow curve for its 

following vehicle is a hypothetical saturation flow deceleration curve. 

For vehicle with an initial distance that is longer than D2, they are not able to 

enter the intersection at the prescheduled Tarrival,hypo. Therefore, vehicles of this case 

should follow its quickest trajectory. It first accelerates to vmax and travels with this 

constant speed. Before entering the intersection, it decelerates to vin using the 

maximum deceleration rate. The hypothetical saturation flow curve for its following 

vehicle is also a hypothetical saturation flow deceleration curve. 
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Case TF1B. As shown in Figure 4-9B, vehicles in this case are further divided 

into three subcases based on their initial distance to the intersection. The two threshold 

values D1 and D2 for vehicles in this case can be calculated using the following 

equation. 

D1, j=
vin

2 -v0,j
2

2adec,max
+ (Tarrival, hypo, j −

vin-v0,j

2adec,max
) vin                                                               (4-19) 

D2, j=
vmax

2 -v0,j
2

2aacc,max
+

vin
2 -vmax

2

2adec,max
+ (Tarrival, hypo, j −

vmax-v0,j

2aacc,max
−

vin-vmax

2adec,max
) vmax                               (4-20) 

For vehicle with an initial distance that is shorter than D1, it needs to first 

decelerate to a certain speed that is lower than vin, and maintains the speed until it 

meets the hypothetical saturation flow departure curve at its acceleration portion. Then, 

it follows the hypothetical saturation flow departure curve to accelerate and enters the 

intersection with the speed vin.  

For vehicle with an initial distance that is between D1 and D2, the vehicle first 

accelerates or decelerates (depends on the vehicle’s initial speed and the location) to a 

certain speed that is greater than vin but less than vmax, and maintains this speed for a 

certain time. Before its arrival at the intersection, the vehicle decelerates to ensure its 

entering speed is vin.   

For vehicle with an initial distance that is longer than D2, its trajectory calculation 

method is similar to the corresponding subcases in case TF1A. The vehicle first 

accelerates to vmax and travels with this constant speed. Before entering the 

intersection, it decelerates to vin. The arrival time for vehicles in this case is later than 

Tarrival,hypo. 
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Case TF2A. As shown in Figure 4-10A, vehicles in this case are further 

categorized into three subcases based on their initial distance to the intersection. 

Assume the vehicle is the j th vehicle that is considered to depart from this movement. 

The threshold distance D1 and D2 for this vehicle can be calculated using the following 

equation. 

D1, j =
vin

2 -v0, j
2

2aacc,max
+ (Tarrival, hypo, j −

vin-v0,i

2aacc,max
) vin                                                               (4-21) 

D2, j =
vmax

2 -v0,j
2

2aacc,max
+

vin
2 -vmax

2

2adec,max
+ (Tarrival, hypo, j − tvin,j −

vmax-v0,i

2aacc,max
−

vin-vmax

2adec,max
) vmax+tvin,jvin         (4-22) 

Where 

tvin, j   = the time duration of the constant speed portion (with the speed vin) of the 

hypothetical saturation flow deceleration curve, sec  

Other variables are the same as previously defined. 

For vehicle with an initial distance that is shorter than D1, it needs to first 

accelerate or decelerate (depends on the vehicle’s initial speed and the location) to a 

certain speed that is lower than vin, and maintains the speed. Before arriving at the stop 

bar, the vehicle accelerates to vin. Since the last component of this vehicle trajectory is 

an acceleration component, the hypothetical saturation flow curve for its following 

vehicle is a hypothetical saturation departure curve. This subcase only occurs when the 

hypothetical saturation flow curve is shifted and is far away from the hypothetical 

saturation deceleration curve of the previous vehicle. 

For vehicle with an initial distance that is between D1 and D2, the vehicle needs 

to first accelerate to a certain speed that is higher than vin, and maintains the speed until 

it meets the hypothetical saturation flow deceleration curve (dashed blue curve in Figure 



117 

4-10A). Then, it follows the hypothetical saturation flow deceleration curve to decelerate 

and enters the intersection with the speed vin. 

For vehicle with an initial distance that is longer than D2, the vehicle first 

accelerates to the maximum speed using the maximum acceleration rate aacc,max, and 

maintains this speed for a certain time. Before its arrival at the intersection, the vehicle 

decelerates to ensure its entering speed is vin. The trajectory of this vehicle may not be 

able to arrive the intersection at the desired entering time Tarrival,hypo if the trajectory 

cannot meet the hypothetical saturation flow deceleration curve during the deceleration.   

Case TF2B. As shown in Figure 4-10B, vehicles in this case are further divided 

into three subcases based on their initial distance to the intersection. The three 

subcases are similar to the corresponding subcases in case F2A. Assume the vehicle is 

the j th vehicle that is considered to depart from this movement. The two threshold 

values D1 and D2 for this vehicle can be calculated using the following equation. 

D1, j =
vin

2 -v0, j
2

2adec,max
+ (Tarrival, hypo, j −

vin-v0,i

2adec,max
) vin                                                               (4-23) 

D2, j =
vmax

2 -v0,j
2

2aacc,max
+

vin
2 -vmax

2

2adec,max
+ (Tarrival, hypo, j − tvin,j −

vmax-v0,i

2aacc,max
−

vin-vmax

2adec,depat
) vmax + tvin,jvin      (4-24) 

For vehicle with an initial distance that is shorter than D1, it needs to decelerate 

to a certain speed that is lower than vin, and maintains the speed. Before arriving at the 

stop bar, the vehicle accelerates to vin. Similar to the corresponding subcase in Case 

TF2A, since the last component of this vehicle trajectory is an acceleration component, 

the hypothetical saturation flow curve for its following vehicle is a hypothetical saturation 

departure curve.  
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For vehicle with an initial distance that is between D1 and D2, the vehicle needs 

to first accelerate or decelerate (depends on the vehicle’s initial speed and the location) 

to a certain speed that is higher than vin, and maintains the speed until it meets the 

saturation deceleration curve. Then, it follows the hypothetical saturation deceleration 

curve to decelerate and enters the intersection with the speed vin. 

For vehicle with an initial distance that is longer than D2, its trajectory calculation 

method is the same as the subcase in case TF1A. The vehicle first accelerates to the 

maximum speed using the maximum acceleration rate aacc,max, and maintains this speed 

for a certain time. Before its arrival at the intersection, the vehicle decelerates to vin. 

Similarly, the trajectory of this vehicle may not be able to arrive the intersection at the 

desired entering time Tarrival,hypo if the trajectory cannot meet the hypothetical saturation 

deceleration curve during the deceleration. 

For all the turning vehicles discussed above, including both the first vehicles and 

the following vehicles, if they are able to reach the desired speed vin when arriving at the 

intersection, they will pass the intersection by following the pre-determined passing 

trajectory after entering the intersection. For vehicles that enter the intersection with a 

speed lower than vin (the enter speed cannot be higher than vin for safety concerns), 

they are required to reach the pre-determined speed vmid at the midpoint of the turning 

curve and follow the rest portion of the pre-determined passing trajectory to leave the 

intersection. 

When calculating the optimum trajectory for a particular vehicle, its trajectory 

case first need to be identified based on the vehicle’s initial status and the criteria for 

each trajectory optimization case. Then, the shape of the vehicle trajectories 
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(acceleration rate for each trajectory component) can be determined based on the 

above discussion. Using Equation 4-10 and Equation 4-16, the parameters that define 

the vehicle trajectories can be calculated. In this research, the optimized trajectory for 

each vehicle is presented using a four-row matrix. The four elements of each column 

represent the time, and the associated location, speed and acceleration rate at each 

acceleration changing point of the optimized trajectory. 

4.2.2 Genetic Algorithm-Based Control Optimization 

The trajectory optimization algorithm discussed in the previous section provides a 

way for adjusting the vehicle trajectories, such that vehicles can leave the intersection 

as close to the saturation flow rate as possible, while minimizing the ATTD. Trajectory 

calculations for a particular vehicle are conducted based on the trajectory of the 

previous vehicle from the same movement and the exiting time of vehicles that have 

already left the intersection from conflicting movements. Therefore, given a particular 

vehicle passing sequence, the optimum trajectories can be calculated vehicle by 

vehicle. The objective of the optimization problem in this paper is to determine the 

vehicle passing sequence that optimizes the intersection performance (i.e. minimizes 

the ATTD).  

The trajectory optimization algorithm is a scenario-based calculation process that 

cannot be expressed by simple numerical equations. Therefore, there is very little 

information about the searching space of the optimization problem. Optimization 

algorithms that require special characteristics of the candidate solution set cannot be 

used for this optimization problem.  

Dynamic programming is a method that can be potentially used for solving this 

vehicle passing sequencing problem. Instead of determining the passing sequence for 
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all the vehicles at one time, we can break down the problem into multiple stages and 

only consider one vehicle passing the intersection at each stage. Decisions are made at 

the beginning of every stage to determine which vehicles and from which movements 

should enter the intersection. Then, dynamic programming can be adopted to solve this 

sequential decision making problem. This idea works for a two-phase intersection that 

consists of two single-lane through movements. However, as the number of movements 

increases, the size of the feasible solution set increases exponentially. For a twelve-

movement problem studied in this research, the size of the problem is far beyond the 

capability of the computer.  

GAs are adaptive heuristic search algorithms that are designed to solve 

optimization problems using the evolutionary ideas of natural selection and genetic, 

such as inheritance, mutation, selection and crossover (Bajpai & Kumar, 2010). The 

evolution of a GA starts from a population of random generated candidate solutions. 

The fitness of each individual is evaluated. The more fit individuals are selected, and 

then being recombined or possibly randomly mutated to create a new population, which 

is called a new generation. The new generation will be used for creating the next 

offspring generation. The iterative process is repeated until a desired fitness level has 

been reached or the predefined maximum number of generation has been created. It is 

a powerful method for problems that have very large set of candidate solutions and 

complex search spaces. Therefore, GA is is implemented for this optimization problem. 

Assume there are N vehicles approaching the intersection from different 

movements. Let X denote the state space, which includes the index for all the 

movements. For the problem studied in this research, X = {1, 2, … , 12}. Define 
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Ik(xi) = {
1,   for  xi=k 

0,   for   xi≠k
                                                                                                 (4-25) 

A candidate solution of the vehicle sequencing problem looks like: 

[x1,  x2, …, xN]                                                                                                         (4-26) 

𝑥𝑖 represents the movement index of the i th vehicle. The solution should satisfy 

the following equation. 

∑ Ik(xi)=Nk,   for ∀ k ∈ {1, 2, …, 12}N
i=1                                                                     (4-27) 

Where 

i    = the i th vehicle that will be scheduled to pass the intersection, i ∈ 

{1, 2, …, N} 

k = the k th movement,  k ∈ {1, 2, …, 12} 

Nk = the total number of vehicles from the the k th movement 

The GA is implemented following the steps shown in Figure 4-11. 

A solution generated by GA is called an individual. Assume the population size of 

each generation is M. First, an initial population of M individuals is generated randomly. 

Then, for each individual (i.e. a string of the vehicle passing sequence as in Equation 4-

26), the intersection performance is calculated based on the vehicle trajectories 

determined using the proposed trajectory optimization algorithm.  

Individual solutions are then selected from the current population as parents for 

the next generation. For each selection, a tournament population with a size Mt (Mt < M) 

is created by randomly selecting Mt individuals from the original population. The fittest 

individual is selected as one parent. In this way, the more fit individuals are typically 

more likely to be selected.   
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A pair of selected parent solutions is used to create one child solution using the 

method of crossover and mutation. Uniform crossover technique is used in this research 

and the parameter of uniform rate is defined as the ratio of genes that the offspring will 

inherit from its first parent. For example if the uniform ratio is 0.5, the offspring will have 

approximately half of the genes from the first parent and the other half from the second 

parent. A random number between 0 and 1 is generated at each step when looping over 

the gene size (number of elements in an individual solution). If the random number is 

smaller than the uniform rate, the gene from the first parent solution will be used at the 

corresponding position of the child solution. Otherwise, the gene from the second parent 

solution will be used for its offspring. The total number of vehicles for each movement is 

fixed. If the gene xi inherited from its parent is the movement that all the vehicles from 

which has already left the intersection, then a random movement index will be selected 

from the remaining movements. In this way, the child solution can always satisfy 

Equation 4-27.  

The parameter of mutation rate is defined for conducting the mutation process. It 

determines the percentage of genes in each individual solution that will be replaced. 

Looping over the genes in one individual solution, a random number between 0 and 1 is 

generated for each gene. If the generated random number is smaller than the mutation 

rate, the gene will be saved as a candidate for mutation and its position will be marked. 

When another candidate gene is selected, the two genes exchange their position. 

After the crossover and mutation process, an individual solution is produced for 

the new generation. This process will be repeated to create M-1 new individuals, and 

the last individual for the new generation is the best individual kept from the previous 
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generation. The new generation will undergo the same process (i.e. evaluation, 

selection, crossover and mutation) to produce more generations. This generational 

process is repeated until a predetermined number of generations is reached. The fittest 

individual from the last generation is the optimum solution of the vehicle passing 

sequence problem. 

4.3 Simulation  

A simulator was coded in Java implementing the proposed algorithm. It consists 

of 5 components, including vehicle generator, single trajectory optimizer, intersection 

performance calculator, GA operator, and the main controller that used for reading 

input, organizing the optimization process and writing output. The flow chart in Figure 4-

12 summarizes the steps of the simulation process. 

At the beginning of the simulation, input parameters are read from a separate 

TXT file. There are four types of input for the simulation: 1) geometric information, 

including the length of the communication range and the length of the intersection; 2) 

parameters used for vehicle generation, i.e. parameters of the distribution that was used 

for generating the vehicles; 3) parameters used for optimization operation, such as the 

length of the optimization period and the length of the warm up period; and 4) vehicle 

motion parameters, including the maximum/minimum speed, maximum/minimum 

acceleration rate, saturation time headway,  and the predefined vehicle turning curve.  

After reading the input parameters, the system randomly generates the arrival 

times and speeds for all the vehicles that enter the communication range during the 

overall planning horizon (15 minutes). When conducting optimization for a specific 

stage, only vehicles arrivals since the beginning of the previous stage are considered, 

along with their associated arrival times and speeds are used as input for the stage 
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optimization. Vehicle arrival is assumed as a Poisson process, and as a result, the inter 

arrival times follow the exponential distribution. The average time headway is used as 

the rate parameter λ of the exponential distribution. Vehicles’ initial speed is assumed to 

follow a triangular distribution, with the maximum speed as the upper limit, the minimum 

travelling speed as the lower limit and the average travelling speed as the mode.  

The GA runs for 20 generations for each optimization stage with a population 

size of 100 for each generation. A uniform rate of 0.5 is used for crossover, indicating 

that each child solution has approximately half of the genes from one parent and the 

other half from the other parent. The mutation rate is 0.02. So during the mutation step, 

about 2% of genes in each individual solution are randomly replaced. Using those 

parameters, it can be observed that for the last several generations, there is no 

significant improvement in the optimization result (average travel time delay) from one 

generation to the next. 

There are three major outputs of the proposed algorithm, the optimum vehicle 

passing sequence, the optimized vehicle trajectory and the intersection average travel 

time delay (ATTD). The optimized vehicle passing sequence is presented by an array 

as in Equation 4-26. The optimized trajectory for each vehicle is presented using a four-

row matrix. The four elements of each column represent the time, and the associated 

location, speed and acceleration rate at each acceleration changing point of the 

optimized trajectory. Vehicle trajectories can be plotted based on the trajectory points 

provided by this matrix. The vehicle trajectory points are recorded until they accelerate 

back to the maximum allowed travelling speed in the downstream link. In addition, the 

travel time delay of each vehicle, average travel time delay of each movement, and 
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throughput of each movement are also calculated and can be presented as outputs at 

the end of the simulation if needed. Computational time was also calculated for each 

optimization stage. It shows that getting the optimum solution for one stage takes about 

1 to 2 seconds. 

4.4 Sensitivity Analysis 

Sensitivity analysis was performed to test how sensitive the proposed 

optimization algorithm is to selected inputs. The following factors were tested: 

 Demand (balanced and un-balanced demand)  

 Turning percentage 

 Length of the communication range 

For each of these factors, various scenarios were tested using the Java 

simulation implementing the proposed intersection control optimization algorithm. The 

same set of scenarios and intersection configuration was also simulated for an actuated 

signalized intersection using CORSIMTM. The ATTD and the intersection throughput 

were compared for the two intersection control methods. In order to obtain statistically 

valid results, for each scenario tested in both Java simulation and CORSIMTM, 10 runs 

were conducted using different random number seeds (these are used in our algorithm 

for vehicle generation, while in CORSIM they are used in vehicle generation and 

movement.) Figure 4-13 through Figure 4-16 show the comparison between the 

conventional actuated control and the proposed algorithm under different scenarios. All 

the test results in the figures are average values of 10 runs. 

Figure 4-13 presents the comparison results when balanced demands were 

assigned to all four approaches. For all the scenarios tested in these two figure, the 

turning percentage was 15% for both the left turning and right turning traffic, and the 

communication range is 3000 feet from the center of the intersection. It can be observed 
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that, after implementing the proposed optimization algorithm, the ATTD is reduced by 

16.3% to 56.0%, and the intersection throughput is increased by 3.5% to 27.3% 

depending on the demand scenario, and the improvement is more significant for 

scenarios with higher demand. It can be note that that under the actuated signal control, 

the improvement in throughput decreases after the demand reaches 1200 vehicle per 

hour per approach, implying that the demand is getting close to the capacity of the 

approach. For the proposed algorithm, the throughput increases significantly until the 

demand reaches about 1400 vehicle per hour per approach. Therefore, it can be 

concluded that the proposed optimization algorithm increases the capacity of the 

intersection approach. 

Figure 4-14 presents how the relative proportions in demand impact the 

performance of the proposed algorithm. For all the test scenarios in this figure, the total 

demand of the entire intersection is the same (4000 vehicles per hour for all four 

approaches combined), but different levels of demand were assigned to the major street 

approaches and the side street approaches in different scenarios. Figure 4-14 shows 

that for actuated control, the ATTD slightly increases and the throughput slightly 

decreases as the demand difference between the major street and side street 

increases. However, the relative proportions in demand do not have much impact for 

the proposed algorithm, and there are no significant changes in ATTD or the throughput 

when there is a higher proportion of demand on the major street. Therefore, as long as 

the total intersection demand does not change, there is no significant change in ATTD 

or the intersection throughput. Also, it can be noted that for all test scenarios in Figure 

4-14, the performance of the proposed algorithm is better than the actuated control 
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method. The in ATTD is reduced by 51.8% to 61.3%, and the intersection throughput is 

increased by 2.6% to 6.6% depending on the unbalanced demand scenarios. 

Figure 4-15 presents how the percentage of turning traffic impacts the 

performance of the proposed algorithm. For all the test scenarios in this figure, the 

demand is 1000 vehicles per hour for each approach, and the right turning traffic takes 

up 5% of all traffic demand. The left turning traffic demand changes for each test 

scenario, from 5% to 30%. For all test scenarios, the ATTD is improved by 60.2% to 

68.9% and the intersection throughput is improved by 7.0% to 13.2% after implementing 

the proposed intersection optimization algorithm. The proposed algorithm is more 

flexible in allocating time for vehicles to pass the intersection. The figure also shows that 

for actuated control, the ATTD first increases and the throughput decreases before the 

turning percentage reaches 15%, and after that the ATTD decreases and the 

throughput increases as the percentage of turning traffic increases. This is because 

when the demand of turning traffic is at a very low level, it doesn’t have much impact on 

the intersection average performance, and when the demand of turning traffic is 

relatively high the turning phases are longer to avoid too much waiting time for the 

turning vehicles.  

For the proposed algorithm, the ATTD slightly increases as the percentage of 

turning traffic increases. Because of their turning maneuvers, turning vehicles have a 

higher delay than the through vehicles when passing the intersection. Therefore, the 

intersection average delay slightly increases as the percentage of turning traffic 

increases. The increase in the percentage of turning traffic increases does not have 

significant impact on the throughput. 
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Figure 4-16 and Figure 4-17 presents comparisons of the ATTD and the 

intersection throughput between the two control algorithms for different communication 

range/link lengths under different demand levels. For the proposed algorithm, different 

communication ranges were used for each test scenario. The link length of the actuated 

test scenarios were modified accordingly to ensure the delay times were calculated 

inside a link with the same length. For all the test scenarios in this figure, the demand is 

1000 vehicles per hour for all approaches, and 15% left turning and right turning traffic 

were assigned to all the turning movements.  

Comparison of the ATTD in Figure 4-16 shows that for all the tested scenarios, 

the proposed algorithm the proposed algorithm works better than the actuated, and the 

improvement in the ATTD per unit length (100 feet) decreases (in percentage) as the 

communication range decreases. This is because the closer the vehicle to the 

intersection, the more difficult to adjust its trajectory. The extent of the communication 

range limits the trajectory optimization ability of the proposed algorithm. Also, it can be 

note that, the improvement is most significant for the 1400 vehicle per hour per 

approach scenario.  

Figure 4-17 shows the comparison of throughput for the same set of test 

scenarios. It can be note that only for the 1400 vehicle per hour per approach demand 

scenario, the improvement in throughput increases as the communication range 

increases. For other demand scenarios, the change in the throughput as the 

communication range increases does not have a clear trend. This is because under low 

demand conditions, throughput for all scenarios is relatively high. Therefore, although 

the delay is improved as the communication range increases, it does not have 
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significant on throughput. Also, when the demand is under a congested condition, 

throughput is constrained by the capacity of the intersection and cannot be improved by 

adjusting vehicle trajectories.   
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Table 4-1. Threshold vehicle arrival times for Case T1. 

Threshold Threshold Time Ti 

T1 

vmax-v0

aacc,max

+
vin-vmax

adec,max

+

D-
vmax

2 -v0
2

aacc,max
-
vin

2 -vmax
2

adec,max

vmax

 

T2 

{
  
 

  
 

vin-v0

aacc,max

+

D-
vin

2 -v0
2

aacc,max

vin

   , for Case T1A

vin-v0

adec,max

+

D-
vin

2 -v0
2

adec,max

v0

   , for Case T1B

 

    
T3 

{
  
 

  
 

vin-v0

aacc,max

+

D-
vin

2 -v0
2

aacc,max

v0

   , for Case T1A

vin-v0

adec,max

+

D-
vin

2 -v0
2

adec,max

vin

   , for Case T1B
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Table 4-2. Threshold vehicle arrival times for Case T2. 

Threshold Threshold Time Ti 

T1 v2-v0

aacc,max

+
vin-v2

adec,max

 

v2=√
aacc,maxadec,maxD+adec,maxv

0
2+aacc,maxv

in
2

adec,max-aacc,max

 

T2 

{
  
 

  
 

vin-v0

aacc,max

+

D-
vin

2 -v0
2

aacc,max

vin

   , for Case T1A

vin-v0

adec,max

+

D-
vin

2 -v0
2

adec,max

v0

   , for Case T1B

 

    
T3 

{
  
 

  
 

vin-v0

aacc,max

+

D-
vin

2 -v0
2

aacc,max

v0

   , for Case T1A

vin-v0

adec,max

+

D-
vin

2 -v0
2

adec,max

vin

   , for Case T1B

 

T4 v2-v0

adec,max

+
vin-v2

aacc,max

 

v2=√
aacc,maxadec,maxD+aacc,maxv

0
2+adec,maxv

in
2

aacc,max-adec,max

 

T5 

-v0

adec,max

+

√2aacc,max (D+
v0

2

2adec,max
)

aacc,max
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Figure 4-1. Sketch of the intersection and its Communication Range. 

 
 
 

 

Figure 4-2. Layout of the optimization process. 
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                            A 

                        B 

Figure 4-3. Hypothetical saturation flow departure curve and shifted hypothetical 
saturation flow departure curve. A) Hypothetical saturation flow departure 
curve, B) Shifted hypothetical saturation flow departure curve.  
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Figure 4-4. Flow chart of the trajectory calculation process.  

 

Figure 4-5. Trajectory and spatial path of turning vehicles.  
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                          A 

                             B 

Figure 4-6. Hypothetical saturation flow departure curves and hypothetical saturation 
flow deceleration curves for turning vehicles. A) Hypothetical departure curve, 
B) Hypothetical deceleration curve.  
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                    A 

                                 B 

Figure 4-7. Illustration of the subcase regions for Case T1. A) Case T1A, B) Case T1B. 
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                       B  

Figure 4-8. Illustration of the subcase regions for Case T2. A) Case T2A, B) Case T2B.  
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            B 

Figure 4-9. Illustration of the subcase regions for Case TF1. A) Case TF1A, B) Case 
TF1B. 
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     B 

Figure 4-10. Illustration of the subcase regions for Case TF2. A) Case TF2A, B) Case 
TF2B. 
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Figure 4-11. Genetic Algorithm flowchart. 
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Figure 4-12. Flow chart of the optimization process. 
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Figure 4-13. Comparison of the actuated signal control and the proposed signal 
optimization algorithm under balanced demand scenarios. A) Comparison of 
ATTD, B) Comparison of throughput.  
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                              B 

Figure 4-14. Comparison of the actuated signal control and the proposed signal 
optimization algorithm under unbalanced demand scenarios. A) Comparison 
of ATTD, B) Comparison of throughput.  
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Figure 4-15. Comparison of the actuated signal control and the proposed signal 
optimization algorithm under different turning percentage scenarios. A) 
Comparison of ATTD, B) Comparison of throughput.  
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                            D 

Figure 4-16. Comparison of the average travel time delay between the two control 
algorithms under different communication range/link length. A) 600 vph per 
approach scenario, B) 1000 vph per approach scenario, C) 1400 vph per 
approach scenario, D) 1800 vph per approach scenario. 
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Figure 4-17. Comparison of the throughput between the two control algorithms under 
different communication range/link length. A) 600 vph per approach scenario, 
B) 1000 vph per approach scenario, C) 1400 vph per approach scenario, D) 
1800 vph per approach scenario. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 

The research presented in this dissertation first developed an optimization 

algorithm for a simple signalized intersection with two single-lane approaches under a 

100% automated vehicle environment. Then, the proposed signal control optimization 

algorithm was expanded for a full four-leg intersection with the consideration of turning 

movements, and a full set of possible phases. Simulation code was developed for both 

algorithms, and the simulation results were compared against conventional actuated 

signal control for a variety of scenarios. 

5.1 Signal Control Optimization for A Two-Approach Intersection 

An optimization algorithm was first developed for a simple signalized intersection 

with two single-lane approaches under a 100% automated vehicle environment. In order 

to develop the optimization algorithm, a trajectory optimization algorithm, which is able 

to optimize the vehicle trajectories for any given signal timing plan (the combination of 

number of phases and phase splits), was first proposed considering through vehicles 

only. Implementing this algorithm, optimum vehicle trajectories can be developed in 

conjunction with the optimum signal timing plan using an enumeration technique. A 

rolling horizon scheme was developed to implement the algorithm over a time horizon 

and to process the continually arriving vehicles. Using the proposed algorithm, vehicle 

trajectories and the signal timing can be optimized simultaneously.  

The proposed signal control optimization algorithm was coded in MATLAB.  

Actuated signal control was simulated for an intersection with the same configuration 

using CORSIM TM. Comparison between the two control algorithms was conducted for 

various scenarios. The results showed that the proposed optimization algorithm is able 
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to improve the intersection performance by reducing vehicle travel time delay, 

increasing throughput and increasing intersection capacity for both balanced and 

unbalanced demand scenarios, and it works better for the more congested conditions. 

However, the proposed algorithm works best when the communication range is bigger 

than a certain value (2000 ft for the tested scenarios in this research). If the 

communication range is smaller than that value, improvements brought by the proposed 

algorithm decrease as the communication range decreases. 

5.2 Intersection Control Optimization for A General Four-Approach Intersection 

An intersection control optimization algorithm was developed for a four-approach 

intersection with the consideration of turning movements under an automated vehicle 

environment. The proposed algorithm is an expansion of the signal control optimization 

algorithm developed for two-approach intersections. Traffic signals were not used in the 

proposed system. Instead, an intersection controller is designed to decide the optimum 

vehicle passing sequence and to calculate the optimum vehicle trajectories. A trajectory 

optimization algorithm was developed. Implementing the proposed algorithm, optimum 

vehicle trajectories can be calculated for any given vehicle passing sequence. Genetic 

Algorithm was implemented for selecting the optimum vehicle passing sequence that 

can optimize the intersection performance. In this way, the proposed intersection control 

algorithm is able to optimize the system performance and the trajectory of each single 

vehicle at the same time. The optimization process was designed to repeat over a time 

horizon in order to process continually arriving vehicles.  

An intersection simulator was coded in Java implementing the proposed 

algorithm. An actuated signalized intersection with the same configuration was 

simulated using CORSIM TM. Comparison between the two control algorithms was 
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conducted for various scenarios. The results showed that the proposed algorithm is able 

to improve the intersection performance by reducing the average travel time delay and 

increasing throughput under various demand scenarios, and it works better for more 

congested conditions. Compared to the actuated control method, the proposed 

algorithm is less sensitive to the balances in demand. An increase in the percentage of 

turning traffic increases ATTD slightly, since turning movements are slower through the 

intersection. The proposed algorithm provides greater benefits for longer 

communication ranges under relative congested conditions, as these allow for more 

flexibility in adjusting vehicle trajectories.   

5.3 Recommendations for Future Research 

The two proposed optimization algorithms were developed for intersections with 

a configuration where lane changing does not need to be considered. It was also 

assumed all the vehicles are automated vehicles that are able to wirelessly 

communicate with the intersection controller and strictly follow the trajectories provided 

to them as optimized by the intersection controller. Future research should expand the 

proposed algorithms with the consideration of lane changing. Also, future work should 

consider the optimization when non-automated vehicles (conventional as well as 

connected vehicles) are present in the traffic stream. Such research would be very 

helpful in gradual implementation of the automated vehicle technologies.  

In future research, if the algorithm is expanded for a mixed traffic environment, 

the conventional vehicles, which are not capable of wireless communication, will need 

the presence of traffic signals. In that case, the formulation of the optimization problem 

for the four-approach intersection (a problem that decides the vehicle passing 

sequence) can still be used since the signal phasing split can be easily calculated 
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based on the passing time of vehicles from each movement. However, constraints 

should be made on the minimum number of vehicles that need to be processed at one 

time for each movement to guarantee a minimum length of each green time interval. 

The algorithm should also be further expanded to consider urban networks and 

the interaction in operations between adjacent intersections (for example, 

interchanges.) Future work should also consider the impacts of 

transmission/communication/computational delays and their effect on the algorithm 

effectiveness. 
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