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ABSTRACT 

 

With the rapid growth in modern cities and congestion on major freeways and local 

streets, public transit services have become more and more important for urban 

transportation. As an important component of Intelligent Transportation Systems (ITS), 

Transit Signal Priority (TSP) systems have been extensively studied and widely 

implemented to improve the quality of transit service by reducing transit delay. The focus 

of this research is on the development of a platform with the physical queue 

representation that can be employed to evaluate and/or improve TSP strategies with the 

consideration of the interaction between transit vehicles and queues at the intersection.  

This dissertation starts with deterministic analyses of TSP systems based on a 

physical queue model. A request oriented TSP decision process is then developed which 

incorporates a set of TSP decision regions defined on a time-space diagram with the 

physical queue representation. These regions help identify the optimal detector location, 

select the appropriate priority control strategy, and handle the situations with multiple 

priority requests. In order to handle uncertainties in TSP systems arising in bus travel 

time and dwell time estimation, a type-2 fuzzy logic forecasting system is presented and 

tested with field data. Type-2 fuzzy logic is very powerful in dealing with uncertainty.  

The use of Type-2 fuzzy logic helps improve the performance of TSP systems.  The last 
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component of the dissertation is the development of a Colored Petri Net (CPN) model for 

TSP systems. With CPN tools, computer simulation can be performed to evaluate various 

TSP control strategies and the decision process. Examples for demonstrating the process 

of implementing the green extension strategy and the proposed TSP decision process are 

presented in the dissertation. The CPN model can also serve as an interface between the 

platform developed in this dissertation and the implementation of the control strategies at 

the controller level. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Transit Signal Priority (TSP) is an important component of Intelligent Transportation 

Systems (ITS). According to ITS America, TSP is “an operational strategy that facilitates 

the movement of in-service transit vehicles, either buses or streetcars, through 

traffic-signal controlled intersections” (2004).  

The target objectives of transit signal priority include improved schedule adherence, 

improved transit efficiency, contribution to enhanced transit information, and increased 

road network efficiency (ITS America, 2004). In other words, TSP aims at enhancing 

transit service quality and benefiting general traffic as well. The system structure of a 

typical TSP system at the local intersection level is depicted in Fig 1.1.  

As shown in the figure, once the detector receives the signal from the emitter of a 

transit vehicle, it then sends a priority request to a local signal controller, which is usually 

preprogrammed to handle various TSP requests. Alternatively, at the network level, a 

transit vehicle sometimes can communicate directly with a traffic management center, 

which would process the request and manage the local traffic signal controller to serve 

the transit vehicle.  
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Fig. 1.1  A Simple Example of TSP System (ITS America, 2004) 

In response to a TSP request, the signal controller or the traffic management center 

makes two decisions: 

a) Should priority be granted to this transit vehicle?  

b) What kind of TSP strategy should be employed to serve this transit vehicle? 

TSP can be implemented with various strategies, including green extension, red 

truncation, phase insertion, phase rotation, queue jump phase, etc. We will give a detailed 

review of the strategies in the next section. The strategies are designed to modify the 

normal signal timing or sequence. Once a TSP strategy is selected, the signal controller 

will modify the signal phases so as to provide priority to the transit vehicle. 

TSP is typically implemented at the local intersection level. With the priority requests 

from transit vehicles, TSP strategies are employed by the signal controller to grant 
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priority to transit vehicles. More sophisticated approaches may be implemented with the 

real-time location and schedule information of a transit vehicle. In this case, TSP requests 

for different intersections may be handled collectively at a network level. 

The earliest studies of TSP systems can be traced back to the 60’s and the 70’s of the 

last century (Wilbur Smith and Associates et al., 1968; Richbell and Averbeke, 1972). It 

has been perceived that the benefits of TSP include improved schedule adherence and 

reduced travel time for buses, leading to increased transit quality of service (ITS America, 

2004). It was found that delay at intersections is the primary source of bus delay (Sunkari 

et al., 1994). From an optimization point of view, the objective of TSP is to minimize the 

traffic delay per passenger, rather than per vehicle. From the experiences of previous 

deployments, the bus travel time savings are in the order of 15 percent (ITS America, 

2004), which has the potential to attract some auto riders to take buses, so that they can 

avoid traffic congestion and reduce fuel consumption. Since a bus has a much larger 

capacity than a normal vehicle, with more auto riders taking buses, a better traffic 

condition can be achieved. Wattleworth (1977) evaluated a demonstration project 

established in Miami in 1973. The project aimed at developing more efficient people 

moving capacities on a 10 mile corridor. A reserved bus lane was developed to provide 

express bus service. In addition, a park-and-ride facility was also developed to attract 

auto riders. In spite of the increased accident rate related to the reserved bus lane, the 
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result showed a significant reduction in passengers’ travel time. 

However, TSP can potentially have negative impacts on general traffic. If not 

implemented properly, a TSP system may incur extra delay to general traffic on the cross 

street, which will counteract the delay reduction to transit vehicles on the major streets. 

Besides, TSP control applied to a single intersection can disrupt the signal coordination 

between adjacent intersections, resulting in delay to overall traffic.  

As a result, in the decision making process of TSP, both the benefits and the costs 

should be considered to maximize the delay reduction to transit vehicles and at the same 

time to minimize the adverse impact to general traffic.  

 

1.2 An Overview of TSP Strategies 

In practice, TSP is implemented with different strategies. In ITS America (2004), TSP 

strategies are commonly categorized as passive priority strategies, active priority 

strategies, and adaptive priority/real-time control. Similar categorization can be found in 

Skabardonis (1999).  

 

Passive Priority Strategies 

Passive priority strategies consist of methods for developing signal timing plans (cycle 

length, green times and offsets) to favor transit along signalized arterials (Skabardonis, 
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1999). Passive priority does not require any detection and request. It continuously 

operates in favor of transit vehicles. One passive priority strategy is establishing signal 

progression for transit vehicles. In general, when transit operations are predictable (e.g., 

consistent dwell times), transit frequencies are high, and traffic volumes are low, passive 

priority strategies can be an efficient form of TSP (ITS America, 2004). Although passive 

priority strategies have potential benefits to transit vehicles, their benefits tend to be 

limited to only some traffic conditions. In this research, we won’t address this type of 

TSP strategies in detail.  

 

Active Priority Strategies 

Active priority strategies provide priority to detected transit vehicles. There are many 

different active priority strategies (ITS America, 2004): 

1. Green Extension is a strategy that will extend the green phase for the 

approaching transit vehicle. This strategy only applies when the signal is green 

for the approaching TSP-equipped vehicle. Green extension is one of the 

fundamental and most effective strategies of TSP. It does not require additional 

clearance intervals and allows the transit vehicle to be served in the current 

green phase. 

2. Red Truncation, which is sometimes called early green, is a strategy that will 
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truncate the current red phase, or equivalently, start the next green phase earlier. 

It is another fundamental strategy that could significantly reduce the travel time 

for transit vehicles.  

3. Phase Insertion is a special priority phase inserted within the normal signal 

sequence. An example of phase intersection would be a leading left-turn-only 

phase specifically for transit vehicles (ITS America, 2004). 

4. Queue Jump Phase is a special case of actuated transit phases. It allows a transit 

vehicle to enter the downstream link ahead of the normal traffic stream.  

 

Adaptive Priority/Real-Time Control 

Adaptive/real-time TSP strategies provide priority while simultaneously trying to 

optimize given performance criteria. The criteria may include person delay, transit delay, 

vehicle delay, and/or a combination of these criteria. These strategies require the 

pre-existence of an adaptive control system which continuously monitors traffic 

conditions and adjusts control strategies; its application to TSP continuously optimizes 

the effective timing plan based on real-time, observed data, including transit vehicle 

location (ITS America, 2004).  
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1.3 An Overview of the State-of-the-Practice 

Many transit agencies have implemented Transit Signal Priority (TSP) programs. The 

following is a list of operational TSP deployments in North America (ITS America, 

2004): 

• Alameda-Contra-Costa Transit District (AC Transit), Oakland, CA 

• Ben Franklin Transit, Richland, WA 

• Calgary Transit, Calgary, Canada 

• City of Glendale, CA 

• Greater Vancouver Transportation Authority (TransLink), Vancouver, Canada 

• Jefferson Transit Authority, Port Townsend, WA 

• King County Metro Transit, Seattle, WA 

• Kitsap Transit, Bremerton, WA 

• Los Angeles County Metropolitan Transportation Agency, Los Angeles, CA 

• Metropolitan Atlanta Rapid Transit Authority, Atlanta, GA 

• Napa County Transportation Planning Agency/Vine Transit, Napa, CA 

• Pace Suburban Bus Service, Arlington Heights, IL 

• Pierce Transit, Tacoma, WA 

• Sacramento Regional Transit District, Sacramento, CA 

• San Francisco Municipal Transportation Agency (MUNI), San Francisco, CA 
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• Skagit Transit, Burlington, WA 

• Toronto Transit Commission, Toronto, Canada 

• Tri-County Metropolitan Transportation District of Oregon (TriMet), Portland, OR 

• Union City Transit, Union City, CA 

 

From the deployments, TSP has been recognized to reduce running time delay 

successfully (Collura et al., 2003; TSP Overview 2004). Taking Tualatin Valley Hwy., 

Portland, OR as an example, the benefits and impacts are identified as: 

• Bus travel time savings of 1.7 to 14.2% per trip 

• 2 to 13 seconds reduction in per intersection delay 

• Up to 3.4% reduction in travel time variability 

Over the past ten years or so, people have conducted other analyses of the benefits of 

TSP based on field implementations in a number of places in the U.S. (Hunter-Zaworski, 

1994; Lewis, 1996; LA Metro, 2001; King County DOT, 2002; Crout, 2003). The 

majority of TSP studies show positive changes in certain key performance measures 

following implementation.  

 Not all of the deployments of TSP systems, however, show positive benefits. Kimpel 

et al. (2005) used an abundance of trip-level data collected from the TriMet’s Bus 

Dispatch System in Portland, Oregon to perform a TSP analysis. They focused on the 
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most common performance measures of interest to both transit operators and passengers. 

The result showed that the expected benefits of TSP were not consistent across routes and 

time periods, nor were they consistent across the various performance measures. They 

found that the primary benefits of TSP on mean running time were limited to the 

afternoon peak time period in the primary direction of travel. The on-time performance 

was decreased overall since bus trips tended to shift from being either on time or late 

toward being early. These findings suggested the need for a considerable amount of 

additional work on improving the signal priority program to fully realize the expected 

benefits of TSP. 

 

1.4 Organization of the Dissertation 

Despite the tremendous support from advanced technologies, there are still many 

issues of TSP that require further research. The organization of this dissertation is as 

follows. In Chapter 2, we will give an extensive literature review focusing on the 

technical aspect of TSP and identify the problems arising in previous research. Chapter 3 

provides a framework of the physical queue representation for a TSP system in the 

deterministic case. With the physical queue representation, we explore several issues such 

as the optimal detector location, the decision regions on a time space diagram, and the 

multiple TSP request situation. We also incorporate the physical queue representation into 
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another platform for comparison purposes. Chapter 4 deals with the uncertainty issues for 

flow level and travel time estimation in a TSP system. We develop a type-2 fuzzy logic 

forecasting system for traffic flow and dwell time estimation. In Chapter 5, a Colored 

Petri Net model is developed to evaluate the performance of the TSP strategies, followed 

by a summary of findings and a discussion of future research given in Chapter 6.  
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CHAPTER 2 

LITERATURE REVIEW AND FOCUS OF THIS RESEARCH 

We can categorize past research on TSP into two groups: evaluation of the performance 

of TSP systems and development of TSP control strategies.  

 

2.1 Evaluation of TSP Systems 

The work on evaluating the performance of TSP systems has been focusing more on 

examining the potential benefits of implementing TSP. It has been done either by field 

tests (Sunkari et al., 1994; Teng et al., 2003; Nash, 2003) or by microscopic computer 

simulation using the software such as VISSIM, CORSIM, NETSIM etc. (Chang and 

Ziliaskopoulos, 2002; Lownes and Machemehl, 2005; Lee et al., 2005; Dion and Rakha, 

2005). Hardware-in-the-loop simulation is also used to evaluate signal control strategies 

for TSP (Byrne et al, 2005). 

 In field tests, traffic data is often employed to evaluate TSP strategies or validate a 

TSP model. Sunkari et al. (1994) developed a priority model to evaluate the impacts of 

implementing priority strategies at signalized intersections. The authors used the delay 

equation for signalized intersections in the 1985 Highway Capacity Manual (HCM) to 

determine the impacts of the priority strategies. They considered five cases of actions to 
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the priority phase: maximum extension, minimum extension, maximum early start, 

minimum early start and no priority. The result was compared with the field data from the 

intersection of Texas Avenue and Southwest Parkway in College Station, Texas. Although 

the model tends to overestimate the delay, it is applicable in the evaluation of the bus 

priority strategies. In the model, waiting period of a bus depends on the point in cycle at 

which the bus arrives and also whether priority is provided. However, no detailed 

expressions are described.  

 Early TSP research using computer simulation can be found in Benevelli et al. 

(1983). The authors employed UTCS-BPS (Urban Traffic Control System - Bus Priority 

System) and NETSIM (Network Simulation) to perform the TSP simulation of an arterial 

corridor (Monument Avenue) in Richmond, Virginia. The focus of their study was on bus 

preemption, in which transit vehicles are always given higher priority than non-transit 

vehicles. They use a simple preemption algorithm in the simulation program and studied 

the benefits to bus by comparing the change in bus delay with the change in delay to 

general traffic. They also considered bus stop location in this evaluation procedure. It was 

found that the benefits of bus preemption are limited by the preemption algorithm 

structure and bus stop location.  

 Some researchers focused on the impacts of implementing TSP systems. Cisco and 

Khasnabis (1994) developed two methods to assess changes in queue lengths and delays 
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resulting from the revised signal timing. They adapted these methods from queueing 

theory and used a deterministic approach to simulate traffic flow at the intersection by 

superimposing a revised signal phasing on the regular signal phasing. They applied the 

two methods to three intersections in Ann Arbor, Michigan, with different volume levels 

at the cross street. The evaluated delay is limited to average vehicle/person delay without 

considering the arrival time of buses. Then, Khasnabis et al. (1996) employed NETSIM 

to assess the possible consequences of signal preemption. By performing the microscopic 

simulation that can properly capture bus delay, they studied both intersection level delay 

and route level delay. The simulation result shows that the savings in delay on the bus 

route exceed increased delay along the cross street, resulting in net savings in total delay.  

People have found that the benefit of implementing TSP systems is not consistent in 

general. The TSP implementation in Washington DC resulted in early schedule and 

over-saturated traffic queues (McGowan, 1975). Skabardonis (1999) pointed out that the 

performance of a TSP system depends on several factors such as network configuration 

and characteristics, network traffic pattern, and frequency/characteristics of transit service. 

Moreover, although a TSP system has the potential benefit to transit vehicles as discussed 

in the previous chapter, study also showed that its benefits could be bounded (Lin, 2002).  

2.2 Development of TSP Control Strategies 

In addition to evaluating the commonly used TSP control strategies discussed earlier, 
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many researchers have focused on developing new and more sophisticated TSP control 

strategies to improve the performance of a TSP system.  

 Yagar and Han (1994) developed a deterministic model to calculate the total delay, 

where the delay of every vehicle in the queues is weighted and added up. Among all 

types of vehicles, transit vehicles are given a larger weight. In this way, the model 

generates signal plans in favor of transit vehicles, but still avoids serious impact to 

general traffic. Since the position of a bus in the queue is not considered, the queue delay 

for a bus is not accurately represented. 

 Some proposed TSP systems employ modern technologies to improve the 

performance. Li et al. (2005) developed an adaptive TSP system upon the closed-loop 

actuated control systems. Within the system, GPS (Global Positioning System) device is 

used to monitor bus movements and predict bus arrival time. They developed a heuristic 

TSP algorithm to provide priority to buses and validated the system through simulation 

and field test. 

 Head et al. (2006) proposed a mathematical programming model serving as the core 

logic of a traffic signal controller and applied it in a TSP system. Specifically, they 

developed a mixed-integer programming formulation based on the precedence graph to 

handle multiple priority requests. Instead of treating the requests with 

first-come-first-serve policy, this model can determine the optimal signal setting which 
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minimizes the total delay to all priority requests. 

In developing effective control strategies for a TSP system, research efforts have also 

been focused on some other issues important for the performance of a TSP system. The 

issues include: the consideration of cross street traffic, the recovery of signal coordination, 

and the handling of near-side bus stops. 

1. Cross Street Traffic 

TSP strategies typically serve transit vehicles on the major street, which may 

introduce extra delay to the cross-street traffic. This can counteract the system’s 

overall benefits. Researchers have been working on system-wise TSP approaches to 

solve the problem. In Yagar and Han (1994), the delay calculation accounts vehicles 

from all approaches. Therefore, other than serving transit vehicles, the signal plan 

considers both major street traffic and cross street traffic. Li et al. (2005) developed a 

heuristic TSP algorithm and employed it to provide priority to buses and at the same 

time to limit negative impacts on the cross-street traffic.  

2. Traffic Signal Recovery 

TSP strategies usually change the signal timing or sequence. In order to bring the 

signal back to normal operation, traffic signal recovery operation is necessary. It will 

also benefit the cross streets traffic and help to maintain coordination along the 

corridor (ITS America, 2004). Obenberger and Collura (2001) discussed and 
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evaluated different signal recovery strategies. In general, the recovery operation has 

two categories: one is for uncoordinated signal timing plans and the other is for 

coordinated ones. 

For isolated intersections, the signal timing plan is not coordinated with other 

signals. In this case, the appropriate recovery strategy will be specifying an interval or 

sequence of intervals. The specified interval could be a pre-empted phase or 

designated phase.  

For a coordinated signal timing plan implemented for a group of intersections, 

there are several recovery strategies, including, hold (dwell), maximum dwell, long 

way (add), short way, and best way (smooth). All the strategies modify the signal 

intervals to bring the signal back to a coordination point.  

3. Near-side Bus Stop 

Bus stop is another important issue in TSP research. Bus arrival time, which is the 

time when the bus arrives at the intersection stop line, is crucial to the decision 

making process. Nearside bus stops incur more uncertainty and therefore lead to 

inaccurate bus arrival time estimation. Hsu et al. (2003) modeled and evaluated bus 

preemption signal control on bus lane with near-side bus stop. The result shows that 

TSP strategies work well only in certain situations. Kim and Rillett (2005) proposed 

an improved TSP system for networks with nearside bus stops. This improved TSP 
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algorithm, which explicitly considers the prediction interval, was developed in order 

to reduce the negative impacts of nearside bus stops. Specifically, they used 

weighted-least-squares (WLS) regression modeling to estimate bus stop dwell time 

and, more importantly, the associated prediction interval. The TSP algorithm was 

tested on a VISSIM model for an urban arterial section of Bellaire Boulevard in 

Houston. Researchers have done some other work to estimate the bus dwell time at 

the bus stops (Rajbhandari et al., 2003), which may be used to estimate the bus arrival 

time at the intersection. GPS equipment can also help to improve the accuracy of the 

bus arrival time prediction (Li et al., 2005). Lee et al. (2005) developed a special TSP 

strategy called queue dissipation for approaching transit vehicles, in which a green 

phase is provided to the cross streets while the transit vehicle is serving passengers at 

the stop. The queue dissipation strategy is applied when the detected transit vehicle is 

not expected to be able to complete the passenger service by the end of the regular or 

extended transit phase. 

 

In general, issues like cross street traffic, traffic signal recovery and near side bus stop 

still need further research to be incorporated into the TSP decision process. Existing 

models used in addressing the issues often have some inherent limitations. For instance, 

they do not consider the spatial aspect of queues, which could affect the detection time of 
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transit vehicles, and, ultimately, the choice of TSP strategies in response to priority calls. 

In addition, most analytical models assume that only one bus is considered at a time, 

which may not always be true in practice. Furthermore, existing models usually do not 

consider uncertainty in queue length and bus travel time, which can be an important 

aspect that may affect the performance of the models.   

 

2.3 Focus of this Research 

In this dissertation research, we will focus on: 

1. Developing a platform to evaluate TSP strategies based on the physical queue 

representation; 

2. Developing a TSP decision process with the physical queue representation that 

can handle multiple request situation; 

3. Analyzing uncertainties in TSP systems and developing a type-2 fuzzy logic 

forecasting system for TSP that explicitly considers uncertainty in traffic flow 

and travel time estimation; 

4. Developing a Colored Petri Net (CPN) model for a TSP system and using CPN 

simulation to evaluate the performance of a TSP system and implement the 

control strategies developed in 3. 

 With the analyses based on the physical queue representation, the type-2 fuzzy logic 
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system, and the CPN simulation model, TSP strategies can be evaluated and/or developed 

in a more realistic way.  
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CHAPTER 3 

DETERMINISTIC ANALYSIS OF TSP WITH PHYSICAL QUEUE MODEL 

3.1 Physical Queue Representation of Transit Signal Priority 

Delay to a transit vehicle at an intersection typically includes two parts: the signal delay 

and the queue delay. The distinction between the two is important for evaluating a TSP 

system since the knowledge of when and where a transit vehicle is detected are important 

to the decision making process in a TSP system. 

Different queuing representations may lead to very different results (Lin, 2006). 

Development of TSP strategies with and without considering physical queues could be 

very different.  For example, for bus arrival time estimation, suppose a bus is detected, 

based on the average speed and distance to the intersection, we expect it to arrive at the 

intersection at time t. With the presence of a queue at the intersection, the bus will 

actually join the queue first and wait until the queue dissipates before it arrives at the 

intersection. Thus, the actual arrival time of the bus at the intersection should be greater 

than t. A TSP treatment based on the expected arrival time t may fail to work properly. By 

considering physical queue models, we can capture the process of queue formation, 

propagation, and dissipation. The physical queue model used in this section is the one 

based on the hydrodynamic theory of traffic flow (Lighthill and Whitham, 1955; Richards, 
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1956). The basic physical queue model can be represented on a time space diagram as 

shown in Fig 3.1.  

t

d

R G

B C

A

 

Fig. 3.1  the Physical Queue Model 

In the figure, the horizontal axis represents time and the vertical axis represents 

distance. We assume here that vehicles are moving in the upward direction. Assume also 

that the location of an intersection is at the origin. On the time axis, there are two signal 

phases. ‘R’ represents the red signal phase, and ‘G’ the green signal phase. Area A is the 

arrival region. The shaded triangular area B in the figure is the queue region. Area C is 

the free flow region. The left edge of the shaded triangle is the tail of the queue and the 

right edge the head of the queue.  

The building and dissipation process of the queue works in the following way: at the 

beginning of the red signal phase, the queue starts building up. The tail of the queue 

moves in the upstream direction, indicating the growth of the queue. When the signal 

changes from red to green, the queue starts dissipating. Unlike models without 



 
 
 

                       34 

considering physical queues, vehicles in the queue will not start moving all at once in a 

physical queue model. Instead, vehicles at the head of the queue will move first, followed 

by the second vehicle, the third vehicle, and so on. The head of the queue line represents 

the dissipation process of the queue. At the same time, the new arriving vehicles continue 

to join the end of the queue. At a certain time point, the queue is fully dissipated.  

The physical queue model that captures the queue dynamics can be constructed 

based on the mathematical relationship between vehicle flows and vehicle densities. 

Graphically, the relationship is often called the flow-density diagram, or the q-k diagram 

as shown in Fig. 3.2.  
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Fig. 3.2  the Flow-Density Diagram 

The flow density relationship shown in Fig. 3.2 can be determined by three variables, 

capacity (qm), jam density (kj), and free flow speed (v).  These three parameters are 

usually a function of the roadway configuration. Each point on the curve corresponds to a 

traffic sate with a specific flow level and vehicle density (e.g., state B is the one 
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corresponding to jammed traffic in which both flow and speed are equal to zero). The 

flow-density relationship shown here can be employed to explain the queuing process 

shown in Fig. 3.1. The three traffic states, A, B, and C, correspond to the three regions A, 

B, and C, respectively, shown in Fig. 3.2. State A represents a specific traffic arrival state, 

state B represents the congested region, and state C represents the traffic state that 

reaches the flow capacity. Some additional notations are defined as follows:  

 q  = traffic flow (vehicle/hour) 

 k = traffic density (vehicle/mile) 

 qA = flow level at traffic state A (vehicle/hour) 

 kj = jam density (vehicle/mile) 

 w = the slope between traffic state B and C (mile/hour) 

 u = the slope between traffic state A and B (mile/hour) 

With the aid of the flow-density relationship given in Fig. 3.2, the following 

observations can be made based on the diagram given in Fig. 3.1:  

1. Region A is an area where incoming vehicles can move almost at the speed limit. 

The increase of the number of vehicles will raise the flow level and vehicle 

density. 

2. Region B represents the congested zone, which means the increase of the number 

of vehicles will raise the vehicle density, and at the same time, reduce the flow 
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level.  

3. Region C represents the traffic state that has the maximum flow, which is also 

called the flow capacity of the road.  

All of the interfaces between two different regions shown in Fig. 3.1 are well-defined 

with a given flow density relationship. 

1. The tail of the queue, which is the interface between A and B, travels at the 

speed, u,  

                      
AB

AB

kk
qqu

−
−

= ;             (3.1a)  

2. The head of queue, which is the interface between regions B and C,  travels at 

the speed of w, 

CB

CB

kk
qq

w
−
−

= ;             (3.1b) 

3. The trajectories of vehicles in regions A and C is equal to the free-flow speed. 

Physical queue model provides important information about the spatial and temporal 

content of queues, which could be important for modeling bus movements in a TSP 

system. With physical queue model, the bus trajectory can be represented by line 

segments indicated in Fig 3.3.  
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Fig. 3.3  the Bus Trajectory in the Physical Queue Model 

In TSP research, point queue models have been widely employed to analyze vehicle 

queues at intersections and to implement different TSP strategies accordingly on a 

real-time basis. Though point queue models can provide insights into the process of the 

queue development and dissipation, they do not capture the spatial aspect of queues 

important to a TSP system. Physical queue models have many advantages over point 

queue models since they can represent the detector location and the bus stop location in 

an explicit way, which would have an important impact on the decision making process 

in a TSP system. 

The difference between the point queue model and the physical queue model can be 

illustrated with an example. Let’s consider the near-side detector situation, as shown in 

Fig. 3.4. 



 
 
 

                       38 

d

t

detector

bus trajectory

t*

R G

 

Fig. 3.4  TSP with Near-side Detector 

As shown in the figure, the horizontal dash line represents the detector location. t* is 

the time point at which the tail of the queue bypasses the detector. The thicker solid line 

represents the bus trajectory. 

According to a physical queue model, a bus that joins the queue after t* will not be 

detected until the queue starts dissipating. In this case, no TSP strategy is applicable. 

However, in a point queue model, since the spatial effect of queues is not considered, bus 

will always get detected before it joins the queue and served by certain TSP strategy.  

This example indicates that physical queue models have a better representation about 

the spatial information of queues. The research work for this dissertation is thus based on 

physical queue models.  More discussion about the detector location is in the following 

sections. 
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In order to evaluate the performance of any TSP strategy, we need to investigate the 

delay to the bus. Assuming that a bus is detected by a detector at a certain place on the 

road, the bus delay thus depends on the following five factors: 

1. Traffic flow rate 

Traffic flow rate is critical in the queue development. The length of the queue 

highly depends on the traffic flow rate. Larger flow rate leads to a longer queue. 

The queue length will then impact the queuing delay to buses. Usually traffic 

flow rate can be estimated with the occupancy data from detectors. 

2. Flow capacity 

Flow capacity is used to determine the discharging rate of the queue, which can 

affect the queueing delay to bus. Flow capacity can be estimated from the road 

infrastructure, such as speed limit, lane width, grade, etc.  

3. Signal setting 

Signal setting directly determines bus signal delay, which is another part of the 

total delay to bus. All the TSP strategies aim at changing signal setting in favor 

of transit vehicles.  

4. Detector location 

Detector location affects the detection time of the bus. The further the detector is 

from the intersection, the earlier the bus can be detected. The effect of detector 
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location on bus delay depends on the specific TSP strategies applied. 

5. Bus detection time 

For a given detector location, bus detection time can define the expected 

trajectory of the bus, which is fundamental to estimate the bus delay.  

In a physical queue model, all these five factors can be conveniently represented on a 

time space diagram. Bus delay can then be identified through tracking the trajectory of 

the bus from the time it is detected to the time it clears the intersection as shown in Fig. 

3.5.  
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Fig. 3.5  Transit Delay Graph 

where tR is the start time of the red signal phase, and tG is the start time of the green 

signal phase. 
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We observe that the bus delay is equal to 23 tt − . To compute this bus delay, we 

define 

( )Ru ttuy −−= ;        (3.2a) 

( )Gw ttwy −−= ;        (3.2b) 

where uy  is the distance between the tail of the queue and the intersection and wy  is the 

distance between the head of the queue and the intersection. Then we use 1y  to 

represent the expected free flow trajectory of the bus, and 3y  to represent the free flow 

trajectory that pass the dissipation point qt .  

From uy  and wy , we have 

R
uw

wtt Rq ⋅
−

+= ;       (3.3a) 

R
uw

wuyq ⋅
−

−= .        (3.3b) 

It follows that, 

( ) ( ) R
uw
vuwttvy R ⋅

−
+

−−=3 .       (3.4) 

For the known detector location Ld,  

( ) dLttvy +−= 11 .          (3.5) 

From (3.2a) and (3.5), 

vu
L

t
vu

vt
vu

ut d
R +

−⋅
+

+⋅
+

= 12 ;      (3.6) 

( ) dRt L
vu

utt
vu

uvy ⋅
+

+−
+

−= 12
.      (3.7) 

From (3.2b) and (3.7), 
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( ) RtL
vuw

utt
vuw

uvt RdR ++⋅
+

−−
+

=
)()( 13 .    (3.8) 

It follows that the bus delay, calculated by 23 tt − , is equal to: 

( ) RL
vuw

uwtt
vuw
uwv

dR +⋅
+
−

+−
+
−

)()(
)(

1 .     (3.9) 

 

3.2 TSP Strategies with Physical Queue Representation 

With the physical queue representation, various TSP strategies can be represented on a 

time-space diagram as follows: 

Green Extension: 
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Fig. 3.6  the Green Extension in the Physical Queue Model 

In Fig 3.6, the bold line starts from the ‘bus arrival’ is the expected bus trajectory without 

TSP strategies. The dotted line depicts that, with the green extension strategy, the bus will 

cross the intersection without any delay. ‘G_ext’ represents the maximum extension to the 
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current green phase, which initially ends at tR. ‘t_imp’ represents the delay time 

improvement, which is usually called delay reduction.  

In this figure, '0t  is the expected arrival time of the bus if there is no queue. In this 

case, the expected trajectory (called free trajectory) of the bus as a function of time would 

be 

( )'' 0ttvyB −⋅= .        (3.10) 

The tail and the head of the queue are: 

( )Ru ttuy −⋅−= ;          (3.11a) 

( )Gw ttwy −⋅−= .         (3.11b) 

Since the bus trajectory and the tail of the queue intersect at point 1, from (3.10) and 

(3.11a), we have 

uv
utvt

t R

+
+

=
'0

1 ;        (3.12a) 

( )'01
tt

uv
vuy Rt −
+

= .        (3.12b) 

Using (3.11b) and (3.12b), we get 

( ) ( ) GR ttt
uvw

vut +−
+⋅

= '02 .      (3.13) 

These results lead to the delay reduction, 

( )
( ) ( ) Rtt

uvw
wuvttimpt R +−

+
−

=−= '_ 012 .      (3.14a) 

If we extend the green signal phase to the maximum amount G_ext, then we have 
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( )
( ) RextG

uvw
wuvttimpt +

+
−

=−= __ 12 .       (3.14b) 

From (3.1a) and (3.1b), we can derive the following relations, 

vq
k

w m

j 11
−= ;        (3.15a) 

vq
k

u
j 11
−= .         (3.15b) 

Using these relations and replacing qm and q with μ  and λ , we have 

RextGimpt +⋅
−

= __
μ
μλ .      (3.16) 

This result shows that the analysis based on physical queue representation is consistent 

with classical queuing theory analysis. 
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Fig. 3.7  Red Truncation in Physical Queue Model 
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Similar to the green extension case, the dotted line depicts that, with the red truncation 

strategy, the bus will cross the intersection without any delay. ‘R_trunc’ represents the 

truncated part of the current red phase. ‘t_imp’ is the delay reduction. 

 In this figure, we observe that the free trajectory of the bus, the tail and the head of 

the queue are defined in the same way as in the green extension case. This gives us the 

same delay reduction: 

( )
( ) ( ) Rtt

uvw
wuvttimpt R +−

+
−

=−= '_ 012 .     (3.17) 

Note that Rtt −'0  is no longer bounded by G_ext.  

The time we truncated from the red signal phase should be bounded by R_trunc, 

which is equal to R - min_R (min_R is the minimum duration of the red signal phase). 

In the case we truncate the red signal phase to the maximum amount as shown in Fig 

3.7, two situations can arise. If the bus still has to join the queue with red truncation, we 

call the situation ‘red truncation with queue delay’. If the bus bypasses the queue 

completely due to red truncation, we call the situation ‘red truncation without queue 

delay’. 
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Fig. 3.8  Red Truncation with Queue Delay 

As shown in the figure, even if we truncate the red signal phase to the minimum 

duration, the bus will still join the queue at t1, and wait until t2. 

In this case, delay reduction for red truncation with queue delay situation is equal to 

R_trunc. And the queue delay would be, 

( ) Rttttdelayt R min_'_ 012 +−
−

=−=
μ
μλ .    (3.18) 

 

Green Truncation: 
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Fig. 3.9  Green Truncation in a Physical Queue Model 

This is a situation in which a bus arrives at the green signal phase but is blocked by a 

queue as shown in Fig. 3.9. We cannot serve it in the current phase even with green 

extension. In this case, we may want to truncate the current green signal phase so that the 

bus can clear the intersection earlier. Green truncation is not a common TSP strategy. But 

it is doable with an adaptive real-time signal controller.  

 Using the previous result, we can get 

( ) Rtttt R +−⋅
−

=− '034 μ
μλ ;       (3.19a) 

( ) Rtttt R +−⋅
−

=− ''012 μ
μλ .       (3.19b) 

The delay reduction would be, 

( ) ( ) ( )RR ttttttimpt −
−

=−−−= '_ 1234 μ
μλ .        (3.20a) 
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If we truncate the green signal to the maximum amount (denoted by ‘G_trunc’), then 

truncGimpt __
μ
μλ −

−= .     (3.20b) 

The bus will still join the queue. The queue delay is 

( ) Rttdelayt R +−
−

= '_ 0μ
μλ .      (3.21) 

Since the bus will still join the queue, we may apply red truncation after green 

extension to further reduce the delay as shown in Fig. 3.10. 
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Fig. 3.10  Green Truncation and Red Truncation 

As depicted in the figure, the extra delay reduction by truncating the red signal phase is 

R_trunc. 

The total delay reduction is, 

truncRtruncG __ +
−

−
μ
μλ .        (3.22) 
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The total queue delay is, 

( ) Rttdelayt R min_''_ 0 +−
−

=
μ
μλ ,     (3.23) 

where truncGtt RR _' −= . 

 

3.3 TSP Decision Regions with a Physical Queue Model 

In section 3.2, we analyzed different TSP strategies with physical queue representation. 

We observe that each TSP strategy only applies to a unique situation. That’s why we need 

to choose the most appropriate TSP strategy when we receive a TSP request. To this aim, 

the critical decision region, which is the area before the bus joining the queue, should be 

further categorized and analyzed.  

With the basic TSP strategies discussed before, the decision region of one signal 

cycle in the time-distance diagram can be divided into 8 TSP decision regions as shown 

in Fig 3.11. 
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Fig. 3.11  TSP Decision Regions 

These TSP decision regions are: 

1. Green extension region 

In this region, the green signal phase in the previous signal cycle can be extended 

to serve the bus so that the bus won’t experience any delay. The maximum 

extension is denoted by G_ext. 

2. Green truncation region 

In this region, the green signal phase in the previous signal cycle can be truncated 

to reduce the queue delay for the bus. This only happens when green extension to 

the maximum amount won’t work for the bus and the previous cycle can afford to 

reduce a portion of its green phase. Maximum delay reduction can be achieved if 

we assume that green truncation is followed by red truncation. 
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3. Full red truncation with queue delay region 

In this region, the current red signal phase can be truncated to minimum red 

(denoted by minR). In this case, it is full red truncation. However, the bus cannot 

avoid joining the queue. 

4. Full red truncation without queue delay region 

In this region, the current red signal phase can be truncated to minimum red. And 

the bus will experience no delay. 

5. Partial red truncation with queue delay region 

In this region, the current red signal phase can be truncated partially, since the 

decision time has passed minimum red. Even if we truncate the red signal 

immediately, the bus still has to join the queue and is thus subject to queue delay. 

The amount of delay, however, will be reduced. 

6. Partial red truncation without queue delay region 

In this region, the current red signal phase can be truncated partially. However, if 

we truncate the red signal immediately, the bus will be able to avoid joining the 

queue. 

7. No action with queue delay region 

In this region, the green signal phase of the current signal cycle has already 

started. Though bus should be able to clear the intersection during the green phase, 
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no TSP strategies can be applied to reduce queue delay, as is evident in Fig. 3.11.  

8. No action without queue delay region 

In this region, the bus will not join the queue at all. There is no need for TSP 

operations. 

The dotted line crossing the TSP decision regions is the detection line, indicating the 

location of the detector. The detection line defines a set of decision intervals, which will 

be discussed in the next section.  

With the physical queue model, functions characterizing the boundaries of the TSP 

decision regions can be easily constructed. By assuming a triangular flow-density 

relationship, these functions are all linear in the form of y = f(t).  :  

1. Green extension region 

The left boundary is the free flow trajectory to the start of the current signal cycle, 

tvy ⋅= ;          

where t is negative. 

The right boundary has two parts, the top part is bounded by 0=t , the other part 

is the free flow trajectory to the maximum green extension, 

( )extGtvy _−= ;        

where t is negative. 

2. Green truncation region 
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The left boundary is, 

( )extGtvy _−= ; 

where t is negative. 

The right boundary is t = 0. 

3. Full red truncation with queue delay region 

The left boundary is t = 0. 

The right boundary has two parts, the top part is t = min_R, the other part is, 

( ) R
uw
vuwvty min_

−
+

−= . 

The upper boundary is the tail of the queue, 

( )Rtq ttuy −⋅−= .  

4. Full red truncation without queue delay region 

The left boundary is  

( ) R
uw
vuwvty min_

−
+

−= . 

The right boundary is t = min_R. 

5. Partial red truncation with queue delay region 

The left boundary is t = min_R. 

The right boundary is t = R. 

The upper boundary is the tail of the queue. 

The lower boundary is the interval defined by two points t1 and t2, which will be 
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derived later. 

6. Partial red truncation without queue delay region 

The left boundary is t = min_R. 

The upper right boundary is the interval defined by two points t1 and t2. The lower 

right boundary is the free flow trajectory that will cut tq, the dissipation point of 

the queue. tq will be derived later. 

7. No action with queue delay region 

The left boundary is t = R. 

The right boundary is the free flow trajectory that will cut tq. 

8. No action without queue delay region 

The left boundary is the free flow trajectory that will cut tq. 

The right boundary is the free flow trajectory to the end of the current signal 

cycle. 

 The above functions can be further simplified. By observing the boundaries between 

different regions, we find that four points, t*
, t1, t2, tq, are critical in defining the decision 

regions. 
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Fig. 3.12  Critical Points in the TSP Decision Regions 

where t* is the queue dissipation time point when red signal is truncated to min_R. It’s 

defined by the tail of the queue and ( )Rtwy min_−−= , then we have, 

R
uw

wt min_* ⋅
−

= ;      (3.24a) 

R
uw

wy
t

min_* ⋅
−

−= .     (3.24b) 

t1 can be derived from t = min_R and the free flow trajectory to t*, which is  

( ) R
uw
vuwvty min_

−
+

−= .      (3.25) 

Then, we have  

t1 = min_R;        (3.26a) 

( ) R
uw
vwuyt min_

1
⋅

−
+

−= .        (3.26b) 

tq can be derived from the tail and the head of the queue as in (3.3a) and (3.3b), then we 

have 
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R
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= ;       (3.27a) 
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⋅
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−= .      (3.27b) 

Since t2 is defined by t = R and the free flow trajectory to tq, we can get 

t2 = R ;         (3.28a) 

( ) R
uw
vwuyt ⋅

−
+

−=
2

.      (3.28b) 

To this point, we have defined all the boundaries of the TSP decision regions based 

on the physical queue representation.  The basic framework shown here can be 

employed not only to evaluate different TSP strategies, but also to help investigate the 

optimal detector location problem and the decision making process in the situation when 

multiple requests are received, which will be studied further in the next few sections in 

this chapter.  

 

3.4 Deterministic Analysis of TSP Strategies with a Physical Queue Model  

In this section, three problems, optimal detector location and TSP decision interval, 

multiple requests TSP, and minimum adverse impacts on general traffic are discussed in 

the context of physical queues. Analytical solutions can be derived under deterministic 

cases. 

 

3.4.1 Optimal Detector Location and Decision Interval 
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In a TSP system, the detection of transit vehicles is a critical component. Without a 

proper detection method, TSP strategies cannot be fully employed. There are many 

methods for detecting a transit vehicle, such as loop detector detection, bus equipped 

signal emitter/transponder, camera detection, GPS/AVL (Global Positioning 

Satellite/Automatic Vehicle Location) detection and RF (Radio Frequency) tags 

detection. 

Detection with loop detectors is widely used to gather traffic information. Once a 

vehicle arrives at the place where a loop detector is installed underneath, a continuous 

signal is generated. The length of the signal will last until the vehicle passes. In this way, 

with one loop detector, we get the signal as shown in Fig. 3.13, where y is the magnitude 

of the on-pulse. 

t

y

 

Fig. 3.13  the Signal from A Loop Detector 

With a double loop detector, we can get the signal as shown in Fig. 3.14, where y1 and y2 

are the detector location.  
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t

y

y2

y1

t1 t2 t1' t2'  

Fig. 3.14  the Signal from Two Loop Detectors 

In this situation, it’s easy to estimate the vehicle speed and length: 

 Speed:       
12

12

tt
yyv

−
−

= ;       (3.29a) 

 Length:       ( )11 ' ttvl −⋅= .      (3.29b) 

Bus equipped signal emitter/transponder generates signals, either radio frequency 

signal or laser signal, for priority request. The signal will be picked up by a dedicated 

detector installed at the intersection for further process and communication.   

Camera detection employs various pattern recognition techniques to identify vehicles 

either by their license plates or some other characteristics. This method remains to be an 

area for further research.     

GPS/AVL and RF tags detection are capable of providing continuous detection or 

tracking of transit vehicles in real-time.  

These detection methods work in different situations. “Transit routes that operate on 

an exclusive right-of-way can use any detection system, such as conventional induction 

loop detectors, optical emitters, radar detectors, video detectors, global positioning 
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satellite (GPS)/AVL, and Radio Frequency (RF) tags among others since the detector 

does not need to discriminate between transit and other vehicles. For transit systems that 

share right-of-way with other vehicular traffic it is much more difficult to separate the 

transit vehicle from other vehicles and fewer detection technologies can perform this task, 

such as RF tags, optical emitters, infrared detectors, and GPS/AVL systems.” (ITS 

America, 2004)  

No matter what type of detection method is selected, transit vehicle detection 

systems can be categorized as: driver activated, point detectors, area detectors, and zone 

detectors.  

In a driver activated system, request signal is initiated by bus drivers. This type of 

system is no longer a desirable method for transit vehicle detection because of the 

inconsistency from human factor. 

Point detector can provide detection information at a certain point. It is one of the 

most commonly used detection methods in TSP systems. Previously installed traffic 

monitoring devices can be used as a point detector for transit vehicle, which can reduce 

the implementation cost of TSP system. 

An area detector, usually GPS/AVL, provide a vehicle’s movement information 

through an area. With the accurate vehicle location at any time point, more advanced TSP 

strategies could be developed. For this reason, area detectors are emerging as the most 
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favorable detection systems for TSP. (ITS America, 2004) 

A zone detector can detect the presence of a transit vehicle near to the intersection. 

However, it may not identify the location and movement of the transit vehicle. Recent 

improvement to this type of detectors has made them more like area detectors. 

In addition, exit detection is another element that can affect TSP control. In some 

TSP systems, detectors at the intersection are placed to detect when the transit vehicle 

exits the signalized intersection. This could affect the logic of TSP decision process. 

The focus of this research is primarily on the point detector method, since it is one of 

the most common methods currently in use as part of traffic surveillance systems.  

Before discussing the detail of the ‘optimal’ detector location, let us explore how 

detector locations could affect TSP strategies. 

First, consider the extreme case in which there is no traffic at all. The bus can 

approach the intersection without any obstacle. As shown in Fig. 3.15, we have two 

detectors, D1 and D2. D1 is near to the intersection. D2 is relatively far away from the 

intersection. A bus is detected at point A and point B, respectively.  
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Fig. 3.15  Comparison of the Impact of the Detector Location 

For the existing signal setting marked by “R” and “G” as shown in Fig. 3.15, when 

the bus is detected at point B, the system is capable of making a decision to extend the 

current green phase to let the bus cross the intersection. On the other hand, if the bus is 

detected at point A, at which the signal has already changed to red, there is no way for the 

bus to clear the intersection during the current green phase. The bus will have to wait at 

the stop line for the next green phase. Therefore, detectors should not be installed too 

close to the intersection. 

This may lead to another extreme: placing the detector as far as possible. 

Theoretically, it’s good to detect the buses earlier so that the controller will have 

sufficient time to respond to a priority request. However, the uncertainty of vehicle 

movements will also arise significantly when the distance between the detector and the 

intersection increases. This uncertainty may have an adverse impact on the system 

performance. 
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Considering the trade-off between near-side detector and far-side detector, there 

should exist an ‘optimal’ detector location. It’s worthwhile to clarify that, since in most 

point detection systems, detector location is more like a check point, where TSP requests 

are sent to signal controllers. Therefore, in this dissertation research, the optimal detector 

location means the best check point position for transit vehicles sending requests to signal 

controllers, which determines the leading time of a signal controller informed with the 

existence of an approaching bus. This leading time is critical for TSP decision.  

In order to derive that optimal location analytically, let’s consider a typical queuing 

situation as shown in Fig. 3.16. 

 

t
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Fig. 3.16  the TSP Decision Diagram with Traffic Queue 
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In this figure, Ld is the distance between the detector and the intersection. The dotted 

line is the detection line, where the bus will be detected at certain time t. The interval in 

the bracket, Id, is the decision interval on the detection line. The dash lines represent the 

trajectories of vehicles traveling at free flow speeds. By following the vehicle trajectories 

in Id down to the intersection, one can see that the decision interval corresponds to the 

first signal cycle.  

 By reviewing the previous analyses of the TSP decision regions, we observe that 

once the detector location is fixed, the decision interval Id in fact covers several TSP 

decision regions. The sub-intervals are defined accordingly. 

 In this case, the ideal detector location should be the one that avoids the no action 

with delay region (region 7 in Fig. 3.11), and maximize the overall delay reduction of the 

decision interval. The bottom boundary of the no action with delay region is the point 

( )
2

,2 tyt  in Fig 3.12. So, the optimal detector location should be, 

R
uw
vwuyL td ⋅

−
+

−==
)(

2

* .      (3.30) 

 This optimal detector location is related to the traffic flow rate, the capacity and the 

length of the red phase. It can be viewed as a guideline of the best detection location 

under a specific traffic condition, which means, it may not be optimal in other traffic 

conditions. However, we can evaluate the optimal detector location with different traffic 

flow rate and find the detector location with the best performance. Numerical example 
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will be presented later. 

By applying the optimal detector location Ld
*, the decision interval Id can be divided 

into several sub-intervals, as shown in Fig. 3.17. 

 

GE RWQ RWOQ NWOQ

Id

GT

 

Fig. 3.17  the Decision Interval Id 

where, 

 GE:   Green Extension Interval, 

 GT   Green Truncation Interval 

 RWQ:  Red Truncation with Queue Delay Interval, 

 RWOQ:  Red Truncation without Queue Delay Interval, 

 NWOQ:  No Action without Queue Delay Interval, 

Based on this framework and the previous discussion, we have observed the 

following: 

1. The length of each sub-interval is not static. It’s related to: 

a) Detector location; 

b) Traffic queue; 

c) Signal setting. 
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2. For different sub-interval, the expected queue delay for buses is different. 

In order to evaluate further the expected delay for each interval, we use the following 

notation to represent the queue as before: 

 v: the free flow speed;  

 u: the tail of the queue’s speed; 

 w: the head of the queue’s speed. 

Then the length and expected delay for each sub-interval can be calculated. 

GE:   

Left bound:   ( ) R
uwv
vwu
⋅

−
+

−
)(

; 

Right bound:  ( ) extGR
uwv
vwu _
)(

+⋅
−
+

− ; 

Length:    extG _ ; 

Expected delay:  0. 

GT: 

Left bound:   ( ) extGR
uwv
vwu _
)(

+⋅
−
+

− ; 

Right bound:  0; 

Length:    ( ) extGR
uwv
vwu _
)(

−⋅
−
+ ; 

Expected delay:  ( )
( ) Rt

vuw
uwv

+⋅
+
−

− '0 . 
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RWQ: 

Left bound:   max( ( ) extGR
uwv
vwu _
)(

+⋅
−
+

− , 0); 

Right bound:  [ ]RvwuRvuw
uwv

⋅+−⋅+⋅
−

)(min_)(
)(

1 ; 

Length:    extGR
uwv
vuw _min_
)(
)(

−⋅
−
+ ; 
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( ) Rt

vuw
uwv min_'0 +⋅

+
−

− . 

RWOQ: 

Left bound:   [ ]RvwuRvuw
uwv

⋅+−⋅+⋅
−

)(min_)(
)(

1 ; 

Right bound:  R; 

Length:    ( )
( ) ( )RR
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−
+ ; 

Expected delay:  0. 

NWOQ: 

Left bound:   R; 

Right bound:  R+G ( ) R
uwv
vwu
⋅

−
+

−
)(

; 

Length:    G ( ) R
uwv
vwu
⋅

−
+

−
)(

; 

Expected delay:  0. 
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From the above analysis of TSP decision intervals, we can observe that, according to 

the bus detection time, the selected TSP strategy will provide specific performance in 

terms of bus delay. The boundaries of the TSP decision intervals depend on traffic 

conditions. In a physical queue model, under different traffic conditions, arrival rate 

varies significantly, while the departure rate and free-flow speed are usually stable. For 

this reason, the optimal detector location is investigated as a function of the arrival rate.  

 In order to compare the performance of different optimal detector locations for 

different arrival rates, a Performance Index (PI) is developed as, 

      ( ) ( )( ) ( )
∑ ×=

i

i
i C

qlength
qimptEqPI _ ;     (3.31) 

where, 

 q: the traffic flow rate; 

 t_imp: the delay reduction; 

 i: index of decision intervals; 

 length(q)i:  the duration of the ith decision interval at the flow level q; 

 C: the signal cycle length. 

With this PI, among all the optimal detector locations corresponding to different traffic 

flow rates, we are able to identify the best detector location with maximum delay 

reduction. In order to check the PI for different detector locations, we use the following 

setting as a numerical example. Suppose that capacity flow is 1800 vehicles/hour; jam 
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density is 180 vehicles/mile; free flow speed is 40 miles/hour The durations of the red 

and the green phases are 30 and 60 seconds respectively. The  minimum green is 20 

seconds and the maximum green extension 10 seconds. The result of the optimal detector 

location as a function of the flow level calculated based on (3.31) is displayed in Fig. 

3.18. 
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Fig. 3.18  Performance Index of Optimal Detector Location at Different Flow Rates 
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The numeric example indicates that the performance index increases as the arrival 

rate goes up. This may lead to the result that detectors should be placed far from the 

intersection to handle the heavy traffic situation, which will incorporate tremendous 

uncertainty into the decision process. To avoid this uncertainty, we want to choose the 

detector location with a good performance and not too far from the intersection. To this 

aim, we can use the arrival rate in the saturation condition to calculate the optimal 

detector location.  

 When queues cannot be cleared during the green signal phase, the traffic is 

considered as in a saturated state. According to Fig. 3.12, we can construct the saturation 

free flow trajectory from 2t  and qt  as: 

( ) R
uw
vuwvty ⋅

−
+

−= .        (3.32) 

This line will intersect with the time axis at ( )0,GR + , which leads to the result of the 

saturation arrival slope: 

( ) vGRvw
wvGus ++

= .       (3.33) 

The corresponding arrival rate can be calculated as,  

μλ ⋅
+

=
GR

G
s ,       (3.34) 

which is consistent with queuing theory result.  Applying the saturation arrival rate to 

the optimal detector location equation, we can derive the optimal detector location as: 

( ) R
uw
vwuLs ⋅

−
+

−=*  
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         vG= .         (3.35) 

According to equation (3.35), the optimal detector location is equal to free flow 

speed multiply by the duration of the green signal phase. This optimal detector location is 

thus calculated based on the assumption that the signal timing is appropriately 

configured.  

As depicted in the numerical example, in case of 1200 vehicles/hour traffic flow, the 

optimal detector location is around -0.9 mile. In real world, detectors are usually not that 

far away from the intersection and even the distance between intersections is not that 

much. In that situation, the exit detectors of the upstream intersection can be employed. 

Once a bus is detected by an exit detector of the upstream intersection, a TSP request is 

sent to the signal controller to initiate the TSP decision process. Then, the detectors close 

to the intersection will be used to further track this bus and modify the TSP decision if 

necessary.  

As discussed before, our research focus is on point detection. In fact, the presented 

optimal detector location can be applied to other detection systems too.  
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For example, in a TSP system with GPS/AVL detection, a bus needs to send the 

position information to the signal controller at certain locations. These locations are 

critical to the performance of a TSP system. The presented optimal detector location can 

be used as the location for a bus to send the first request signal, which enables the signal 

controller to make a proper TSP decision. With the real-time tracking function supported 

by a GPS/AVL system, TSP decisions can be further modified whenever the bus location 

information is updated.  

   

3.4.2 Multiple TSP Requests 

In an urban area where public transit is one of the major transportation modes,, it is quite 

common to have more than one bus approaching the same intersection almost at the same 

time.  In this case, the signal controller at the intersection may receive multiple requests 

within a small time window. Under the multiple request situation, the 

first-come-first-serve rule was proved to be inefficient. In (Kimpel, 2005), it was found 

that applying TSP to the major street buses will introduce extra delay to the cross street 

buses, this would badly affect the overall system performance. A decision making process 

that can handle the multiple request situation, especially the trade-off between major 

street buses and cross street buses is crucial to effective TSP implementation.  

 In Yagar and Han (1994), each transit vehicle is assigned a weight larger than normal 
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vehicle in the traffic queue so that the signal setting will be optimized in favor of transit 

vehicle. In this way, even if we have multiple TSP requests, since the requests have equal 

weight, they are considered equally in the decision process. However, sometimes we do 

want to give different priority to different buses. To handle this situation, we introduce 

here a simple priority evaluation strategy (Li et al., 2005), 

∑
=

∗+
+

+∗=
n

i
iX

estt
lengthqi

1_
_Pr γ

δ
βα ;    (3.36) 

[ ]1,0,, ∈γβα ; 

{ }1,0=iX ; 

where γβα ,, are weights addressing different concerns. q_length represents the queue 

length of the requesting transit vehicle’s approach. The request with a longer queue 

length should be given a higher priority. t_est is the estimated time that the transit vehicle 

can clear the intersection. If the current signal is green, then t_est is the estimated time for 

the transit vehicle to clear the intersection at the current speed. If the current signal is red 

and the transit vehicle is stopped, then t_est is the estimated time for the transit vehicle to 

start and clear the intersection. The request that needs less time to clear the intersection 

will gain more weight. This strategy is similar to the deadline driven scheduling strategy 

of a multi task embedded system. The accuracy of q_length and t_est is critical to the 

performance of the system, which can be achieved with a queue monitoring and transit 

vehicle tracking system.δ is introduced to avoid the situation in which t_est could be 
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quite small. Xi is the other factor that should be taken into consideration, such as the 

status of schedule adherence and the traffic condition of bus routes.  

 This priority evaluation strategy was used in a Colored Petri Net model for signal 

priority/preemption control (Li et al., 2005). The problem with the strategy is that 

although we can identify the bus with the highest priority and set the signal in favor of 

this bus, the resulting signal timing might not be optimal to the requests in all.  

 With the presented decision intervals, each TSP request is associated with one 

decision that is either a TSP action or ‘no action’. Since all the actions either extend a 

signal phase or truncate a signal phase, we can present these actions from physical queue 

representation. A simple example with two conflicting TSP requests is shown in Fig. 

3.19. 
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 (a) Bus Trajectories with Physical Queue Representation 
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tR1 tG1 tR2
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 (b) Two Conflicting Requests for Priority Control   

Fig. 3.19  An Example of Two Conflicting TSP Requests 

Suppose that bus A coming from the major street is detected as shown in Fig. 3.19(a). It 

requests a red truncation, i.e., a shift of tG1 to the left.  On the contrary, bus B coming 

from the cross street requests a green extension, i.e. a shift of tG1 to the right, as indicated 

in Fig. 3.19(b). In the two request situation, by considering all possible conflicts, we can 

come up with a conflict matrix resulting from the basic TSP strategies: 

 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

NNC
NNC
CCN

GT
RT
GE

GTRTGE

 

where GE represents green extension, RT represents red truncation, GT represents green 

truncation, N means no conflict and C means conflict. This matrix depicts the conflicting 

situation between major street requests and minor street requests. 

From the conflict matrix, we can observe that, in several cases, there is no conflict 

between the TSP requests. However, any TSP actions serving early request will change 

the queue, therefore may affect the subsequent requests. 

 In order to solve a TSP problem with multiple requests ‘optimally’, two approaches 
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can be applied: 

1. Signal phase oriented approach 

The objective of a TSP problem with multiple requests is to decide the optimal 

signal setting, or equivalently, signal phase durations. Thus, signal phase 

oriented approach is straight-forward. Since solutions to this problem are 

combinations of signal phase durations, mathematical programming is powerful 

in finding the optimal solution. Either mixed-integer programming or dynamic 

programming formulation can be employed to solve this problem, which will be 

discussed in section 3.5.  

2. Request oriented approach 

Instead of finding the optimal solution from combinations of signal phase 

durations, we can also focus on optimal TSP strategies for requests. By 

responding to one request at a time, the decision process is close to the actual 

control process of a TSP system. Optimal signal setting is obtained by modifying 

original signal setting incrementally. The structure of the decision process is as 

shown in Fig. 3.20. 
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Fig. 3.20  the Flow Chart of the TSP Decision Process 

As shown in the flow chart, the proposed TSP heuristic has the following steps: 

Step 1: Generate the Request List 
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 Once a TSP request is sent to a signal controller, a TSP request list that contains all 

the TSP requests will be updated. Meanwhile, any transit vehicle that has cleared the 

intersection will be removed from the request list. Based on the request list, a time 

window is defined by the detection time of the first TSP request and the expected arrival 

time of the last TSP request. TSP related signal phases are determined by this time 

window. 

Step 2: Generate the Action List 

 With the current signal setting, the TSP decision intervals are decided, which will be 

used to process the TSP requests on the request list into a set of candidate signal 

modification action.  

Step 3: Multiple Request Test 

 In most time, TSP system handles one request. In that case, the optimal signal plan is 

obtained directly from the action list. Otherwise, further process is necessary to avoid 

conflict.  

Step 4: Strategy Evaluation 

 Strategy evaluation is employed to calculate the expected delay for the conflicting 

actions. Equation 3.9,  

( ) RL
vuw

uwtt
vuw
uwv

dR +⋅
+
−

+−
+
−

)()(
)(

1 , 

is used to evaluate the transit delay with a specific candidate action.  
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Step 5: Modify Optimal Signal Plan 

 After evaluating the candidate strategy, if the total delay is less than the delay with 

current signal plan, then by modifying the signal plan with this strategy, optimal signal 

setting is decided. On the other hand, if the candidate strategy will increase the total delay, 

then alternative action for this request will be evaluated. For instance, for a TSP request, 

if it is not allowed to truncate the red phase to the maximum amount for optimization 

purposes (e.g. a situation in which the request for red truncation is in conflict with the 

request for green extension on the other approach), we can truncate the red phase a 

certain duration less than the maximum amount to achieve smaller bus delay than the 

current signal setting. This gives us the optimal signal setting. 

Step 6: Signal Recovery 

 By comparing the optimal signal setting for TSP with the original signal setting, 

signal changes are identified. According to the time window defined in step 2, the signal 

phases after TSP related signal phases are recovered using ‘smooth’ strategy. This 

completes the TSP decision process. 

A numerical example with two scenarios is provided here to illustrate the 

computation process of the proposed decision process. In this example, we assume that 

the flow rate on both major street and cross street is 600 vehicles/hour, with 1800 

vehicles/hour as flow capacity and 40 miles/hour as free flow speed. The detectors are 
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located at 0.1667 mile away from the intersection for both major street and cross street. 

The signal settings and bus detection times are as shown in Fig. 3.21, where 

i
Rt :  start time of the red signal phase in the ith cycle; 

 i
Gt :  start time of the green signal phase in the ith cycle. 
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Fig. 3.21  Signal Setting in the Numerical Example 

Scenario 1: Two TSP Requests  

 In this scenario, we have two buses coming from both major street and minor street. 

The detection time and expected delay is as shown in Fig. 3.22. 
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Fig. 3.22  Transit Delay for Two TSP Requests on Both Major And Cross Streets 

where, 

At :  detection time of bus A on the major street;  

 Bt :  detection time of bus B on the cross street;  

 AD : delay to bus A on the major street;  

 BD : delay to bus B on the cross street.  

In this case, for TSP requests A and B, the bus delays are 23.3 seconds and 20 

seconds respectively. This is a typical conflicting situation, where bus B requests for a red 

truncation and bus A requests for a green extension. 

Using the proposed TSP decision process, we get the following signal setting and 

expected bus delay as shown in Fig. 3.23. 



 
 
 

                       81 

t

d

tR
1 tG1 tR

2 tG
2 tR

3
30 75 95 161

tB = 75 sec

tA = 85 sec

DA = 3.3 sec

Total Delay
8.3 seconds

DB = 5 sec

 

Fig. 3.23  Optimal Setting for Two TSP Requests (Solved by Proposed TSP Decision 

Process) 

The minimum total delay obtained from our proposed decision process is 8.3 

seconds. 

Scenario 2: Three TSP Requests 

Sometimes, the conflict is not just between the requests from major and cross streets. 

There might be multiple requests on the major street, like in Fig. 3.24. 



 
 
 

                       82 

t

d

tR
1 tG

1 tR
2 tG2 tR

3

30 90 120 210

tB = 75 sec

tA2 = 100 sec

DB = 20 sec

DA2 = 13.3 sec

Total Delay
33.3 seconds

tA1 = 65 sec

0

DA1 = 0 sec

 

Fig. 3.24  Transit Delay to Two TSP Requests on Major Street and One on Cross Street 

The difference between this scenario and scenario 1 is that for the major street, there 

are two TSP requests from buses A1 and A2, detected at 65 second and 100 second 

respectively. In this case, for TSP requests from buses A1, A2 and B, bus delays are 0 

seconds, 13.3 seconds and 20 seconds respectively. Although in the current signal setting, 

A1 will not experience any delay, optimal TSP action for the other TSP requests may 

force A1 to join the queue. Thus, tA1 has to be considered in the decision process. 

 Using the proposed TSP decision process, we get the following signal setting and 

expected bus delay as Fig. 3.25, 
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Fig. 3.25  Optimized Setting for Two TSP Requests on Major Street and One on Cross 

Street (Solved by Proposed TSP Decision Process) 

The minimum total delay obtained from our proposed decision process is 10 seconds. 

This numerical example will be discussed further together with the computation 

results from the mathematical programming approach in section 3.5. 

 

3.4.3 Minimum Adverse Impacts on General Traffic   

In previous discussion, the objective of the TSP problems is limited to reduce delay to 

transit vehicles. However, TSP strategies may have significant adverse impacts on 

general traffic. In order to take this factor into the decision process, the impacts of TSP 

strategies to general traffic need to be studied based on the theory of traffic signals. 
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 The theory of traffic signals focuses on the estimation of delays and queue lengths 

that result from the adoption of a signal sequence of intersections. Traffic delays and 

queues are principal performance measures that enter into the determination of 

intersection level of service (LOS), in the evaluation of the adequacy of lane lengths, and 

in the estimation of fuel consumption and emissions (Rouphail et al., 1997).  

 In general, currently used delay models at intersections are described in terms of a 

deterministic and stochastic component to reflect both the fluid and random properties of 

traffic flow. Several exact and approximate expressions for delay were developed since 

1950’s. 

 One widely used approximate delay expression was developed by Webster (1961): 

( )
( )[ ] ( )

( )cgx
q
c

xq
x

xcg
cgcd /52

3
1
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22

65.0
12/12

/1 +
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⎞
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⎝

⎛
−

−
+

−
−

= , 

where, 

  d = average delay per vehicle (sec), 

  c = cycle length (sec), 

  g = effective green time (sec), 

  x = degree of saturation (flow to capacity ratio), 

  q = arrival rate (veh/sec). 

 The first term represents delay when traffic can be considered arriving at a uniform 

rate. The second term represents the randomness of the arrivals, assuming a Poisson 
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arrival process and constant departure rate. The last term is calibrated based on 

simulation result. It’s within the range of 10 percent of the first two terms.  

 Other steady-state delay models include the exact expressions: Beckman (1956), 

McNeil (1968); the approximate expressions: Miller (1963), Newell (1965). In (Ohno, 

1978), a comparison of the existing delay formulae for a Poisson arrival process and 

constant departure time during green was carried out and the result is that the modified 

Miller expression is accurate and simpler than other expressions. The comparison of the 

percentage relative errors for delay models is as Fig. 3.26. 
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Fig. 3.26  Percentage Relative Errors for Approximate Delay Models by Flow Ratios 

(Ohno 1978) 

 The modified Miller expression is: 

      ( )
( ) ( ) ⎥

⎦
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−
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/1  , 

 where Q0 is the overflow queue that has the following expression: 
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( )[ ]

( )x
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Q
−

−−
=

12
/133.1exp

0 ; 

 S = departure flow rate from queue during green. 

 The degree of saturation x is, 

         
cg
Sqx

/
/

= . 

If we have detectors that can gather the traffic flow data, then the modified Miller 

expression can be applied to evaluate the delay to normal traffic.  

 In (Sunkari et al., 1994), a simpler delay equation for signalized intersections in the 

1985 Highway Capacity Manual (HCM) is used to evaluate the impacts of implementing 

a priority strategy at signalized intersections. The delay express is, 

    
V

IV
Delay s∑ ×

= ,  (stopped delay, in sec/vehicle) 

    ∑ sV  = sum of stopped vehicle counts, 

    I = length of interval (sec),  

    V = total volume observed during study period. 

 Similar impacts study can be found in (Cisco and Khasnabis, 1994). These researches 

focus on evaluating the impacts of TSP strategies at signalized intersections. Taking one 

step further, the delay to traffic could be embedded into the TSP decision process to avoid 

adverse impacts to traffic. In addition, since it is usually difficult to incorporate traffic 

delay to TSP problem directly, we can use equation (3.36) for evaluation purpose, which 
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consider queue length as a major performance measurement.  

 With the physical queue representation given in this chapter, the total vehicle delay 

can be calculated directly based on the cell transmission model (Daganzo, 1993).  The 

cell transmission model is a discrete version of the hydrodynamic theory of traffic flow. It 

can be easily implemented with a computer program. Computation of total delay with the 

physical queue representation can be performed numerically defined by a set of 

state-space equations in the computer program. 

 

3.5 Incorporating the Physical Queue Representation into a Mathematical Programming 

Platform for TSP 

In the previous sections, the physical queue model is embedded in a time-space diagram 

in our proposed TSP decision process. It can to also be embedded in other platforms, for 

instance, the mathematical programming platform, to solve TSP problems.  

Mathematical programming formulation of traffic signal control has been studied 

(Gartner, 1975) in the past. Due to computational complexity, the benefit of mathematical 

programming approach was not fully recognized. In the last decades, the rapid 

development of Operation Research (OR) has solved the problem and makes the 

implementation and field testing applicable (Gartner et al, 2002). Commercial solver like 

CPLEX is sophisticated enough in handling this type of problem within a second. Some 
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other OR approaches like dynamic programming can even meet the real-time requirement 

(Sen et al., 1997; Head et al., 1992) and ready for installation on current field hardware.  

As discussed before, in Head et al. (2006), a mathematical model of the core logic of 

a traffic signal controller is proposed and applied in handling multiple priority requests. 

The mathematical model is based on precedence graphs that are similar to some project 

management techniques such as Gantt charts, the critical path method (CPM), and the 

program evaluation and review technique (PERT). The model is for a North American 

standard dual ring signal controller as shown in Fig. 3.27. 

 

1 2 3 4

5
6

7
8

Barrier Barrier

 

Fig. 3.27  Dual-ring Controller (Head et al., 2006) 

The precedence graph representation of dual ring controller is as shown in Fig. 3.28. 

 

Fig. 3.28  Precedence Graph Representation of Dual Ring Controller (Head et al., 2006) 
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Using the precedence graph of dual ring controller, TSP requests can be easily 

represented on the arcs, which represent specific signal phases. Bus signal delay can be 

calculated from expected arrival time and the time when bus is served by the requesting 

signal phase.  

Another advantage of the precedence graph approach is the hierarchical structure of 

the model. Each signal phase can be expended to include all the detail signal intervals, 

such as the pedestrian walk signal. 

 With the precedence graph, the priority control problem is formulated as (Head et al., 

2006) 

     Minimize Total Priority Delay 

     s.t. 

      Precedence Constraints; 

      Phase Duration Constraints; 

      Service Phase Selection Constraints. 

 We incorporate the physical queue model into the above framework to solve the TSP 

problem with multiple requests. For illustration purposes, instead of closely representing 

practical traffic signal controllers in details, our formulation focuses only on finding the 

optimal signal setting according to the physical queue model of TSP. For simplicity in 

illustration, the following assumptions are made: 
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1. Each signal cycle consists of one red signal phase and one green signal phase, 

which means, instead of using a dual-ring model, we use a single-ring model; 

2. There is no initial queue at the beginning of each signal cycle; 

3. No left turn movement is considered for transit vehicles; 

4. Vehicle queues start accumulating at the beginning of the red signal phase; 

5. The arrival rate will not exceed the departure rate (flow capacity) at any time.  

Suppose we have a signalized intersection with two approaches, major street A and 

cross street B. The variables and coefficients of the model: 

CA:  coefficient of approach A   ( ( )
( )AAA

AAA

vuw
uwv

+
− ); 

Lda:  
A

dA

v
L       (LdA is the detector location of approach A); 

CB:  coefficient of approach B  ( ( )
( )BBB

BBB

vuw
uwv

+
− ); 

Ldb:  
B

dB

v
L       (LdB is the detector location of approach B); 

A
ijD : bus delay of request from approach A; 

B
ijD : bus delay of request from approach B; 

i:  the request index; 

j:  the cycle index; 

j
Rt :  decision variable that represents the start time of the jth red signal phase; 
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j
Gt :  decision variable that represents the start time of the jth green signal phase; 

A
ijθ :  decision variable that assigns the ith request on approach A to cycle j; 

B
ijθ :  decision variable that assigns the ith request on approach B to cycle j; 

M:  large penalty value. 

Based on the previous analysis for deterministic TSP with physical queue model, we 

formulate the multiple TSP requests problem as, 

Objective function: 

 

      ∑∑ ⋅
i j

A
ij

A
ij Dθmin + ∑∑ ⋅

i j

A
ij

B
ij Dθ . 

 

The objective function is based on the delay function derived in previous chapter. The 

goal is to minimize the delay to the TSP requests from buses on both major street A and 

cross street B.  

Constraints: 

a. Delay function constraints 

Bus delays A
ijD  and B

ijD  are derived from equation (3.9), where 

 

  A
ijD  = ( )[ ]0,1max daA

i
AA

j
G

j
RA LCtCttC ⋅+⋅−+− ; 

  B
ijD  = ( )[ ]0,1max 1

dbB
i
BB

j
R

j
GB LCtCttC ⋅+⋅−+− + . 
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We can avoid using the ‘max’ operator by replacing the following constraints: 

 

  ( ) daA
i
AA

j
G

j
RA

A
ij LCtCttCD ⋅+⋅−+−≥ 1 ; 

  ( ) dbB
i
BB

j
R

j
GB

B
ij LCtCttCD ⋅+⋅−+−≥ +11 ; 

  0≥A
ijD ; 

  0≥B
ijD . 

 

b. Request selection constraints 

Each TSP request needs to be served by one signal cycle. For approach A, each 

signal cycle starts from the red signal. When the signal for approach A turns 

green, the signal for the other approach, approach B, turns red, and thus starts the 

signal cycle for approach B. Since the selection variable ( )B
ij

A
ij θθ  is a binary 

variable, when it’s equal to 0, the large value M will disable this constraint.  

 

( ) MLtt A
ijda

i
A

j
R ⋅−++−≥− 1θ ; 

( ) MLtt A
ijda

i
A

j
R ⋅−+−≥+ 11 θ ; 

( ) MLtt B
ijdb

i
B

j
G ⋅−++−≥− 1θ ; 

( ) MLtt B
ijdb

i
B

j
G ⋅−+−≥+ 11 θ . 
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c. Selection variable constraints 

The following constraints will set the selection variable as binary variable and 

guarantee that each TSP request is served once. 

 

1,0=A
ijθ ; 

1,0=B
ijθ ; 

∑ =
j

A
ij 1θ ; 

∑ =
j

B
ij 1θ . 

 

d. Signal phase constraints 

For the sake of simplicity, the durations of the red and the green signal phases 

are represented by the intervals (min_R, max_R) and (min_G, max_G), which 

could be replaced by the detail signal intervals, as in (Head et al., 2006). 

 

Rtt j
R

j
G min_≥− ; 

Gtt j
G

j
R min_1 ≥−+ ; 

Rtt j
R

j
G max_≤− ; 

Gtt j
G

j
R max_1 ≤−+ . 
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e. System saturation constraints 

System saturation is one of the critical issues in TSP. According to (Li et al., 

2005), the benefit of TSP is not significant when traffic becomes over-saturated. 

For this example, we make it into an assumption to avoid the occurrence of this 

situation. However, further analytical studies of TSP in an oversaturated situation 

are expected.  The following constraints are derived from the saturation 

condition discussed in previous section: 

0
11 ≥−⋅
−

++

A

j
Gj

R
A

Aj
R C

t
t

C
C

t ; 

0
1 1

1 ≥−⋅
−

+
+

+

b

j
Rj

G
b

bj
G C

tt
C

C
t ; 

 

f. Signal coordination constraint 

Signal coordination is important in traffic management to minimize vehicle stops 

and delay. It has been considered as one of the objective in signal phase 

optimization (Gartner, 1975). Coordinated neighbor intersections have certain 

off-set in between to help the platoon get through without delay. In traffic signal 

control, this is usually done by setting certain synchronization point. The signal 

cycle will start at these time point. Signal preemption and priority control will 
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change the signal setting and therefore break the coordination. It’s common to 

take 5 cycles for the signal to get back into coordination. The signal recovery 

constraint will force the Nth signal cycle to start at the coordination point.  

 

CcNt N
G ⋅= .  (Cc is the coordinated cycle length) 

 

Using the same numerical example as given in section 3.4.2, the result from the 

mathematical programming method will be compared with the result from our proposed 

TSP decision process. 

Scenario 1: Two TSP Requests 

 Using LINGO to solve the optimization problem, we get the following result as 

shown in Fig. 3.29. 

t

d
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2 tR
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tB = 75 sec

tA = 85 sec

DA = 0 sec

Total Delay
0 seconds

DB = 0 sec

 

Fig. 3.29  Optimal Setting for Two TSP Requests (Solved by LINGO) 
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 In the optimal solution, the total delay is reduced from 43.3 seconds to 0 seconds. 

This example shows that the mathematical programming formulation is capable of 

finding the optimal signal setting to minimize the total transit delay. As presented in the 

previous section, our proposed TSP decision process gets a solution with 8.3 seconds 

total delay, which is close to the objective function value at optimality from the 

mathematical programming approach. The slight difference comes from the response to 

TSP request: in the decision making process, one important rule is, any signal changing 

cannot truncate a signal phase to some time earlier than the detection time of the 

requesting bus. In other words, the best way to serve a TSP request is to truncate the 

current signal phase immediately, which is also called preemption. For instance, bus B is 

detected at 75 seconds, the best we can do is to start the next green phase right away, 

which will truncate the current red phase by 15 seconds. This rule can be represented by 

the following constraints: 

( )j
G

i
A

ij
A ttdelta 0,0max −= ; 

( )j
R

i
B

ij
B ttdelta 0,0max −= ; 

Mdeltatt ij
A

i
A

j
G ⋅−≥ ; 

Mdeltatt ij
B

i
B

j
R ⋅−≥ , 

 where j
Gt 0  and j

Rt 0  are the signal start times in the initial signal setting.  

 By adding these constraints to the formulation, we get exactly the same result with 
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our proposed TSP decision process as shown in Fig. 3.30. 

t
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tB = 75 sec

tA = 85 sec

DA = 3.3 sec

Total Delay
8.3 seconds

DB = 5 sec

 

Fig. 3.30  Optimal Signal Setting with Modified Constraints (Solved by LINGO) 

Scenario 2: 

In scenario 2, another TSP request is added into the problem. As we discussed before, 

although in the original signal setting, bus A1 will not experience any delay, but potential 

signal modification for the other requests may force bus A1 to join the queue, which leads 

to a bad decision. Optimization with the mathematical programming formulation is 

expected to handle this problem. Solving the problem with LINGO, we get the result as 

shown in Fig. 3.31. 
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tA1 = 65 sec

DA1 = 0 sec

0

 

Fig. 3.31  Optimized Signal Setting for Two TSP Requests on Major Street and One on 

Cross Street (Solved by LINGO) 

In the optimal solution generated by LINGO, the total delay is reduced from 33.3 

seconds to 6.7 seconds. The minimum delay obtained from our proposed decision process 

is 10 seconds. Again, the difference comes from the request preemption rule. With several 

extra constraints, the previously discussed preemption rule can be included in a 

mathematical programming formulation. The results from the two methods are then 

consistent. 

The mathematical programming formulation of the multiple TSP requests problem is 

a mixed integer linear programming formulation, which can be solved by LINGO, 

CPLEX or other optimization solvers. This formulation can also be transformed into a 
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dynamic programming problem and therefore implemented on field signal controllers.  

 In summary, deterministic TSP with the physical queue representation is presented 

and analyzed in this chapter. Taking advantage of physical queue models in handling 

spatial queues, TSP decision regions are developed on a time-space diagram. Decision 

intervals derived from the TSP decision regions are constructed to 1) identify the optimal 

time and location to detect a transit vehicle and 2) determine the corresponding TSP 

strategy to be implemented.  Although the work presented is based on the point 

detection method, it can be applied to TSP systems with other detection methods as well. 

Deciding the best TSP strategy for a single bus is not enough, since in practice the 

multiple request situation could occur and conflicts between buses on major streets and 

cross streets requesting for priority within a small time window can reduce the overall 

performance. The proposed TSP decision process handles the multiple request situation 

by evaluating total delay for all the candidate strategies. In this chapter, we have also 

incorporated the physical queue representation into a mixed-integer programming 

platform to generate an optimal solution, the result is consistent with that generated from 

the time-space diagram. With the discussed delay estimation methods, a future extension 

to the proposed decision process would take total vehicle (i.e. both transit and non-transit 

vehicles) delay into consideration, in order to minimize the adverse impact of TSP on 

general traffic. 
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CHAPTER 4 

TSP UNDER UNCERTAINTY 

4.1 Sources of Uncertainty in TSP 

Uncertainty is naturally inherited in transportation systems. In TSP, the effectiveness of 

control strategies depends highly on the prediction of bus arrival time at the intersection. 

In general, the decision is made to modify the traffic signal by seconds. High accuracy is 

required to guarantee the performance. 

 The major sources of uncertainty in TSP are: 

1. Traffic flow (traffic arrival rate) 

Traffic flow is the most important variable in the queue length estimation. In 

traffic signal control theory, arrival is typically assumed to be uniform arrival, 

Poisson arrival, or Compound Poisson arrival. In practice, data from the 

detectors appears to have a lot of uncertainty.   

2. Traffic departure rate (flow capacity) 

Traffic departure rate is more constant than traffic arrival rate. Although it can be 

affected by the vehicle start-up process and different driving behavior, in traffic 

signal analysis, departure rate is generally considered as a constant rate. 

3. Bus dwell time at bus stops 
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Most TSP systems do not work well in transit networks with nearside bus stops 

because of the uncertainty in bus dwell time (Kim and Rilett, 2005). It results 

from various factors, including the boarding and alighting processes at bus stops, 

the bus headway, and the configuration of bus stops.  

4. Other factors 

There are several other factors that lead to the uncertainty in TSP, such as 

multiple lanes, other sources or sinks on the road, and the permissive turning 

movement at the intersection.  

 These sources of uncertainty make the decision process of TSP difficult. Neglecting 

these factors may result in false prediction and give transit vehicles extra delay. Among 

all the factors, traffic flow and bus dwell time are the most critical ones to the TSP 

decision process. In the following sections, we will first explore the robustness of the 

deterministic TSP model with uncertain traffic flow. Then a better traffic flow prediction 

mechanism based on type-2 fuzzy logic is developed. The last two sections will consider 

both traffic flow and bus dwell time factors in TSP system, followed by some risk 

analyses. 

4.2 Sensitivity Analysis of Deterministic TSP Based on Physical Queue Model 

As analyzed in the previous chapter, the deterministic model of TSP based on the 

physical queue representation has the capability of predicting bus arrival time, which is 
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equal to the detected time plus the expected delay in queue. Therefore, the core of the 

model is the expression for the expected delay in queue, which is, 

( ) RL
vuw

uwtt
vuw
uwv

dR +⋅
+
−

+−
+
−

)()(
)(

1 , 

where u can be calculated from, 

vq
k

u
j 11
−= ; 

and  

q = traffic flow (veh/hour), 

kj = jam density (veh/mile), 

u = speed of the tail of the queue (mile/hour), 

w = speed of the head of the queue (mile/hour), 

v = free flow speed (mile/hour), 

Ld = detector location, 

tR = start time of red signal phase, 

t1 = time point when a bus is detected, 

R = duration of red signal phase. 

Therefore, since kj and v are usually time-invariant, u is then a sole function of traffic 

flow q. The uncertainty in q will affect the calculation of the expected transit delay.  

In order to test the sensitivity of the model, we assume that the red signal phase starts at 
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t=0, changes to green at t=30 second and changes back to red at t=90 second. Assume 

that a detector is located at 0.5 mile upstream, the traffic flow rate is 900 vehicles/hour 

and the capacity flow is 1800 vehicles/hour, and the jam density is 180 vehicles/mile with 

the free flow speed equal to 40 miles/hour. 

Since bus delay is also related to the detection time of the bus, four scenarios with 

different detection time are tested as shown in Fig. 4.1. In this case, the TSP decision 

cycle starts from -45 seconds. It’s important to note that, as an example, the flow rate in 

the figure is selected as 900 veh/hour. Since in this case 1200 veh/hour is the saturation 

flow (from equation (3.34)), the actual flow rate in the sensitivity analysis varies from 0 

to 1200 veh/hour.   

t

d

R G

Ld

Detection
LinetA1 tA2 tA3 tA4  
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Fig. 4.1  Sensitivity Test Scenarios 

where, 

 tA1 = -35 seconds,  

 tA2 = -15 seconds,  

 tA3 = 15 seconds, 

 tA4 = 44 seconds. 

These bus detection times are selected to cover different situations. If a bus is 

detected at tA1 or before tA1, green extension will be applied to serve it. tA2 is the detection 

time for buses that will not experience any signal delay if there is no queue at all in light 

traffic situation. With the flow rate equal to 900 veh/hour (as depicted in the figure), tA3 is 

the boundary time point that a detected bus doesn’t need any TSP service. If a bus is 

detected at tA4, it will just catch the green signal unless the intersection is over-saturated. 

Again, the 900 veh/hour flow rate is selected as a special case. When it changes, tA3 and 

tA4 are no longer boundary points.  

Delay is evaluated for the four scenarios with a traffic flow 10% off the average. The 

results are as shown in Fig. 4.2. 
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 (a) Scenario 1: Bus Detected at -35 Seconds 
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 (b) Scenario 2: Bus Detected at -15 Seconds 
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 (c) Scenario 3: Bus Detected at 15 Seconds 
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 (d) Scenario 4: Bus Detected at 44 Seconds 

Fig. 4.2  Sensitivity Analysis Results of Bus Delay with 4 Scenarios 

From the figures, we can observe that, 

1. If a bus is detected at the early stage of the TSP decision cycle (scenario 1), the 

absolute error is very small, with the maximum value 0.66 seconds. The reason 

is, without green extension, a bus in this scenario is expected to join the queue 

near the head; therefore the delay is very close to the whole red signal phase, 

which is independent of traffic arrival rate. 

2. In scenario 2, a bus will not experience any signal delay if there is no queue at 

all. In this case, the delay equation can be simplified as, 
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Thus, it is a linear function to q, as depicted in the figure. The absolute delay is 

also small with its maximum at 2 second. 

3. In scenarios 3 and 4, a bus will not experience any delay in light traffic. When 

traffic flow is larger than a threshold, the absolute error of the delay starts to 

increase. In scenario 3, the maximum absolute error is 4 seconds. In scenario 4, 

there is a drastic jump from 0 second to 30 seconds. The reason is, for any flow 

rates larger than 1200 veh/hour, traffic is over-saturated, thus the bus has to wait 

for the next green signal phase, with the bus delay increased from 0 to 30 

seconds.  

4. In general, in a TSP decision cycle, the earlier the bus detection time is, the 

smaller is the absolute error.  

These observations help to validate the TSP model based on the physical queue 

representation. Since in scenario 1, a bus is detected early in the decision interval, 

according to the proposed model, green extension will serve the TSP request. Green 

extension is usually bounded strictly by the maximum green time. If the bus arrives at the 
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intersection later than its expected arrival time, it may miss the extended green signal and 

wait the whole red signal phase. Improved prediction accuracy can guarantee the priority 

service to the transit vehicle, and at the same time, avoid losing much green time by 

overestimating the delay. On the other hand, when traffic is heavy but not saturated, in 

scenarios 2 and 3, the bus is expected to be served by red truncation strategy, the 

accuracy requirement is less crucial. Even if the prediction is off by 4 seconds, the time 

lost by triggering the red truncation earlier (later) will be just about 4 seconds.  

However, we cannot draw the conclusion that the deterministic TSP model based on 

the physical queue representation is capable of handling uncertainties. The reasons are: 

1. Although red truncation does not require high accuracy as green extension does, 

in multiple TSP request situation, the truncated red time to the major street 

signal is associated with the green signal on the cross street signal, which may 

be critical to the cross street TSP request. Therefore, highly accurate prediction 

is still necessary. 

2. There is significant uncertainty in bus dwell time, which is not yet included in 

the current deterministic model. (This will be discussed in section 4.4.) 

 

4.3 Traffic Flow Prediction with Type-2 Fuzzy Logic Forecasting System 

The accurate prediction of bus arrival time relies on short term traffic flow prediction. 
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The problem of short-term traffic forecasting is to determine the traffic volume or 

condition in the next time window, usually in the range of five to thirty minutes, based on 

the historical traffic information and/or real-time information. Traffic forecasting is often 

part of the daily routine in traffic operations, useful for implementing algorithms and 

deploying traffic control strategies. The accuracy level of traffic forecasts is imperative to 

the performance of many components of Advanced Traffic Management Systems 

(ATMS), such as adaptive ramp metering, traffic signal control, and variable message 

signs.  It is also an important component for advanced traveler information systems 

(ATIS).  The performance of a dynamic traveler information system providing drivers 

with real-time information about traffic conditions and route guidance for trip planning or 

route choice purposes relies heavily on the quality of traffic forecasts.  

For the past twenty years or so, many studies have been devoted to this area. Various 

approaches have been developed to forecast traffic flows, vehicle speeds, or other traffic 

variables, including ones that are based on the time series model (Moorthy and Ratcliffe, 

1988; Lee and Fambro, 1999), Kalman filter theory (Okutani and Stephanedes, 1984), 

non-parametric methods (Davis and Nihan, 1991; Turochy and Pierce, 2004), simulation 

models (Duncan and Littlejohn, 1997; Chrobok et al., 2001), local regression models 

(Davis 1990; Smith and Demetsky, 1997; Sun et al., 2003), and neural network 

approaches (Smith and Demetsky, 1994; Dochy and Lechevallier, 1995; Florio, 1995; 
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Park et al., 1998; Dia, 2001; Alecsandru and Ishas, 2004). These models usually generate 

only a single forecast value rather than a range of forecast values in the form of 

prediction intervals. Prediction intervals are very important, especially in traveler 

information systems.  For such applications, prediction intervals can provide the user 

with a sense of how reliable the forecast is.  It will also protect the system provider from 

the potential liability of failing to provide the “right” forecasts. In this paper, we will 

make use of type-2 fuzzy logic, described in detail in (Mendel, 2001), to develop a model 

for forecasting traffic that would specifically take this feature into consideration.   

It is well known that the day-to-day weekday traffic pattern at a given location 

usually repeats itself at a broad scale. Within a smaller time window such as fifteen to 

thirty minutes, however, traffic conditions at a given location may vary from day to day, 

governed by traffic conditions upstream and downstream, weather conditions, and other 

factors. A spillover of queues from the downstream could reduce the capacity, which in 

turn, will reduce the flow and induce congestion.  A capacity reduction upstream can 

also reduce the flow level and reduce the congestion level downstream. A distinctive 

advantage of type-2 fuzzy logic is that it is very powerful in handling uncertainties. The 

proposed traffic forecasting model based on the type-2 fuzzy logic will explicitly 

consider both the day-to-day recurrent traffic pattern and the real-time fluctuation that 

may behave like random walks.  By utilizing membership functions in type-2 fuzzy 
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logic capable of handling uncertainty, the proposed model can generate traffic forecasts 

with reasonable accuracy.  Moreover, as a byproduct of the type-2 fuzzy logic, the 

model will yield time dependent prediction intervals for forecasts.   

In the next subsection, we discuss the basic concept of type-2 fuzzy logic, its 

definition of fuzzy sets and the notations for fuzzy set operations. Following that, we will 

discuss the type-2 fuzzy logic system in the context of traffic forecasting. The five 

components of a type-2 fuzzy logic system will be discussed in detail along with other 

special considerations and treatment of using type-2 fuzzy logic for this particular 

application.  We will then provide the results of applying the model to field data.  

Standard measures of performance are utilized to show the performance of the model.   

 

4.3.1 Formulation and Properties of Type-2 Fuzzy Logic   

Basic Concepts and Fuzzy Set in Type-2 Fuzzy Logic 

Compared with type-1 fuzzy logic, type-2 fuzzy logic has different definitions for 

membership functions and operators. With these operators and the extension principle, 

the properties of type-2 fuzzy logic can be derived from type-1 fuzzy logic. The 

definition of type-2 fuzzy sets is given by:  

( ) ( )( ) [ ]{ }1,0,,,,~
~ ⊆∈∀∈∀= xA JuXxuxuxA μ ,        (4.1) 
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where ( ) 1,0 ~ ≤≤ uxAμ . Different from the definition of a type-1 fuzzy set which is 

usually defined as ( )( ){ }XxxxA A ∈∀= μ, , where ( ) 10 ≤≤ xAμ , a type-2 fuzzy set has 

an additional dimension, u, associated with the membership value ( )xAμ . In other words, 

for type-1 fuzzy logic, when xx ′= , its fuzzy set has a crisp membership value, ( )xAμ , 

as shown in Figure 4.3(a).  

 

 

 (a) An Example Membership Function in Type-1 Fuzzy Logic 

 

 

 (b) Deterministic Membership Function in Type-2 Fuzzy Logic 

 

'x

'x
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 (c)  Random Membership Function in Type-2 Fuzzy Logic 

Fig. 4.3  Membership Function Examples in Type-1 and Type-2 Fuzzy Logic 

A type-2 fuzzy set, however, has a membership function that would yield multi-valued 

( )xAμ  for xx ′= , as shown in Figure 4.3 (b) and (c). In particular, u can be viewed as a 

type-1 fuzzy set, with the membership function xJ ′  in three-dimensional space.  Jx , a 

vertical slice of ( )uxA ,~μ , is called the secondary membership function, denoted by 

( ) ( ) ( )∫
′∈ ′=′≡′=

xJu xAA uufxuxx /, ~~ μμ ,     (4.2)  

where ( ) 10 ≤≤ ′ uf x  and ( )uf x′  is the amplitude of a secondary membership 

function called a secondary grade. ( )∫ ∈ '

/'
xJu x uuf in (2)  means that the type-2 fuzzy set 

has a membership u associated with grade ( )uf x′  for xx ′= . Note that, as customary in 

the fuzzy logic notation, ∫
′∈ xJu

 is not an integration operator but a symbol that 

represents the collection of all points of u in xJ ′ .  ( ) uuf x /′  is not a division operator. It 

means that the grade corresponding to the membership value u is ( )uf x′ . An interval 

type-2 fuzzy set is a special case of type-2 fuzzy sets, in which the secondary 

membership functions are defined by ( ) [ ]1,0,1 ⊆∈∀= xx Juuf . For xx ′= , the primary 

'x
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membership value u can be represented as an interval [l, r].   

Since Xx ∈′∀ , we drop the prime notation and refer to ( )xA~μ  as a secondary 

membership function. The type-2 fuzzy set can be defined as: 

 

( )( ){ }XxxxA A ∈∀= ~,~ μ ;        (4.3) 

or, 

( ) ( )∫ ∫∫ ∈ ∈∈ ⎥⎦
⎤

⎢⎣
⎡==

Xx Ju xXx A xuufxxA
x

//~
~μ ,  [ ]1,0⊆xJ .    (4.4) 

The domain of a secondary membership function is called the primary membership of x. 

In (4), Jx is the primary membership of x, where [ ]1,0⊆xJ  for Xx∈∀ . As in Type-1 

fuzzy logic, once the fuzzy set is defined, the fuzzy inference can be obtained based on 

the fuzzy set and the choice of operators for operations on the fuzzy set.  

Operators of Type-2 Fuzzy Logic 

There are several set theoretic operations on general type-2 fuzzy sets (17), which are 

the basis of a type-2 fuzzy logic system:  

1. Union of Two Type-2 Fuzzy Sets 

The union of two type-2 fuzzy sets, ( )xA~μ and ( )xB~μ , is expressed by: 

( ) ( )∫ ∫∈ ∈∪
=

u
x

w
xJu Jw xBA ufx~~μ  ( ) vwg x /  ( ) ( )xx BA ~~ μμ ∏≡ ,    Xx∈ ,   (4.5) 

where wuv ∨≡ , and ∨ denotes maximum t-conorm operation (t-conorm is a fuzzy 

union operation, maximum is the common t-conorm operator). Symbol  can either 
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denote minimum or product t-norm (t-norm is a fuzzy intersection operation; 

minimum and product are two common t-norm operators). Symbol C denotes the 

join operator. Computationally, it means, for any x, the join operator will enumerate 

all the possible combination of u and w, take the maximum of u and w as the resulting 

primary membership value, and take the minimum or product of the two secondary 

grade, ( )uf x  and ( )wg x , as the resulting secondary grade. This operation will give 

a new type-2 fuzzy set. In the interval type-2 fuzzy set, the join operator will be 

simplified as i
n
i F1=C , representing the join of n interval type-1 sets F1,…Fn, having 

domains [l1,r1], …,[ln,rn], respectively, or ( ) ( )[ ]nn rrrlll ∨∨∨∨∨∨ ...,... 2121 . 

2. Intersection of Two Type-2 fuzzy Sets 

The intersection of two type-2 fuzzy sets, ( )xA~μ and ( )xB~μ , is expressed by: 

( ) ( )∫ ∫∈ ∈∩
=

u
x

w
xJu Jw xBA ufx~~μ  ( ) vwg x /  ( ) ( )xx BA ~~ μμ ∏≡ ,   Xx∈ ,   4.6) 

where wuv ∧≡ , and ∧  denotes the minimum or product function. Symbol ∏  here 

denotes the meet operator. Computationally, it means, for any x, the meet operator 

will enumerate all the possible combination of u and w, take the minimum or product 

of u and w as the resulting primary membership value, and take the minimum or 

product of the two secondary grade, ( )uf x  and ( )wg x , as the resulting secondary 

grade. This operation will give a new type-2 fuzzy set. For the interval type-2 fuzzy 

set, the meet operator will be simplified as∏ =

n

i iF
1

, representing the meet of n interval 
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type-1 sets F1,…Fn, having domains [l1,r1], …,[ln, rn], respectively, or [(l1  l2 …  

ln),( r1  r2 …  rn)]. 

3. Complement of Type-2 Fuzzy Sets 

The complement of a type-2 fuzzy set, ( )xA~μ , is expressed by: 

    ( ) ( ) ( ) ( )∫ ∈ ¬≡−=
u
xJu AxA

xuufx ~~ 1/ μμ ,  Xx∈ ,     (4.7) 

where ¬ denotes the negation operator. Computationally, it means, for any Xx∈ , the 

primary membership value of the complement type-2 fuzzy set will be 1-u, with the 

secondary grade ( )uf x . 

 

4.3.2 Type-2 Fuzzy Logic For Short Term Traffic Forecasting 

In this subsection, we discuss the type-2 fuzzy logic system in conjunction with our 

application. A type-2 fuzzy logic system is a rule-based system, comprising of five 

components: fuzzifier, fuzzy rules, inference, type-reducer, and defuzzifier, as shown in 

Figure 4.4. All the rules have antecedents and consequents. Based on the input and the 

antecedents of the rules, the fuzzy inference process will compute a ‘firing level’ for each 

rule, combine the consequents of the rules according to the firing level, and then give the 

resulting type-2 fuzzy set. The type-reducer and defuzzifier will perform the 

type-reduction and defuzzification to get a crisp value from the type-2 fuzzy set. This 

crisp value is the output of the type-2 fuzzy logic system. 
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Fig. 4.4  A Type-2 Fuzzy Logic System for Traffic Forecasting 

The type-2 fuzzy logic system discussed in this section will have the following five 

assumptions: 

1. All the type-2 fuzzy sets are interval type-2 fuzzy sets; 

2. Antecedent and consequent membership functions are Gaussian primary 

membership functions; 

3. Input membership functions are Gaussian primary membership functions, with 

uncertain standard deviation; 

4. The fuzzy operations use product implication and t-norm; 

5. The type-reduction uses a center-of-sets method and the defuzzification process 

uses a simple average method. 

Assumptions 1 to 3 are made since traffic is a nonstationary process full of uncertainty. It 
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is in general fairly difficult to determine the exact probability density function for such a 

process. The interval type-2 fuzzy set and Gaussian primary membership functions are 

quite robust compared with other choices. Assumptions 4 and 5 are made for 

simplifications in computation.  

The Membership Functions in the Traffic Forecasting Model 

The interval type-2 fuzzy set has an upper membership function and a lower 

membership function. This property can be conveniently utilized to generate a prediction 

interval.  

For the type-2 fuzzy logic model for traffic forecasting, we use Gaussian primary 

membership functions with uncertain mean or variance. A Gaussian primary membership 

function with fixed standard deviation,σ , and uncertain mean is: 

 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −

−=
2

2
1exp

σ
μ mxxA ,  [ ]21 ,mmm∈  .    (4.8) 

 

For each value of m, there is a corresponding membership curve. The choice of 1m  

and 2m  is based on the historical information. In the case of interval type-2 fuzzy set, 

the upper membership function, ( )xA~μ , is defined by: 
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whereas the lower membership function, ( )x
A~

μ , is defined by: 

( ) ( )
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,
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σ
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Similarly, a Gaussian primary membership function with fixed mean, m, and 

uncertain standard deviation is: 

 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −

−=
2

2
1exp

σ
μ mxxA ,      [ ]21,σσσ ∈ .    (4.11) 

 

For each value of σ , there is a corresponding membership curve. In the case of 

interval type-2 fuzzy set, the upper membership function, ( )xA~μ , is 

 

( ) ( )xmNxA ;, 2~ σμ = .       (4.12) 

 

The lower membership function, ( )x
A~

μ , is defined by: 
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( ) ( )xmNx
A

;, 1~ σμ = .       (4.13) 

 

The Design of the Traffic Forecasting Model based on the Type-2 Fuzzy Logic 

The process has the following five steps: 

Step1: Design of Fuzzifier 

The input data of a fuzzy logic system are a set of crisp values. The function of the 

fuzzifier is to transform the crisp values into a set of fuzzy values, i.e, variables with a 

fuzzy membership function. In the traffic forecasting model, the fuzzifier will take the 

traffic variable at the kth time interval, '
kx , as an input to generate a type-2 fuzzy set. The 

membership functions used in our model are Gaussian primary membership functions 

with uncertain standard deviations given by:  

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−=

2'

2
1exp

σ
μ kk

kk
xx

x  ,  [ ]21 ,σσσ ∈ .   (4.14) 

It is reasonable to make the fuzzifier time-dependent since the mean traffic variables 

at different time periods are very different (e.g. rush hour traffic vs. after hour traffic).  

The variance of the traffic variable, however, falls into a range with its boundary values 

determined from data across different data sets. The resulting membership function is 

shown in Figure 4.5. For simplicity in notation, we omit the subscript to denote days here 

as well as in the following subsections. 
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Fig. 4.5  The Type-2 Fuzzy Membership Function with Uncertain Variance 

Step 2: Construction of Fuzzy Rules 

Once the set of type-2 fuzzy membership function is defined, the next step is to 

construct the fuzzy rules for processing the fuzzy input.  In our case, historical data is 

used to build the fuzzy rules. It is similar to a training process in which data sets are 

utilized one by one to establish the center of the fuzzy sets that appear in the antecedents 

and consequents of the rules. 

The lth fuzzy rule in the set with a total of M rules has the format: 

 

Rl: IF x1 is F1
l and … and xp is Fp

l, THEN y is Gl    l = 1,…,M, 
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where l
iF  is the antecedent, Gl is the consequent of the lth fuzzy rule, x1, …, ,xp are 

the input of the fuzzy logic system, and y is the output for this rule which will be utilized 

in fuzzy inference. In our model, rules are mostly developed based on historical 

information. Since data available to us are quite limited, we use a single data set (data 

obtained on a single day) to construct a single fuzzy rule. This does not have to be the 

case.  There are many other alternative ways to construct fuzzy rules. For example, with 

more data available, one can group data based on various criteria to construct fuzzy rules. 

In our case, the data obtained on the real time basis are also included to construct an 

additional rule similar to the ones described above. 

 

Step 3: Design of Fuzzy Inference Engine 

Fuzzy inference is the key component of the fuzzy logic system. Based on the input 

and the antecedents of the rules, it calculates a ‘firing level’ for each rule, and then 

applies these firing levels to the consequent fuzzy sets. In type-2 fuzzy logic systems, the 

output type-2 fuzzy set of the fuzzy inference of the lth fuzzy rule, ( )ylB~
μ  is: 

 

( ) ( ) ( ) ( )[ ] ( ) ( )[ ]{ }C CC ∏ ∏ ∏∏ ∈∈
=

Pp
l
pp

lll Xx pFpXXx FXGB xxxxyy ~~1~1~~~ ...
11 11

μμμμμμ ,

Yy∈ ,                  (4.15) 

where ( )iX x
i

~μ  is the type-2 membership function of the input, ( )iF
xl

i
~μ  is the 
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type-2 membership function of the antecedent i of the lth rule, and ( )ylG~
μ  is the type-2 

membership function of the consequent of the lth rule. Equation (4.15) can be written as: 

 

( ) ( ) ( )xFyy l
GB ll ′∏= ~~ μμ ,      (4.16) 

 

where ( )xF l ′  is the firing level of the input data. 

 

Since the interval type-2 fuzzy sets are used for forecasting traffic, the firing level 

will also be an interval set:  

( ) ( ) ( )[ ] [ ]lllll ffxfxfxF ,','' ≡= ,     (4.17) 

where 

 

( ) ( )∫ ∫∈ ∈
=′

1 1
1~[...sup

Xx Xx Xx
l

pp

xxf μ ( )]1~
1

xlF
μ … [ ( )1~

1
x

X
μ ( )]1~

1
xlF

μ /x;  

                  (4.18) 

( ) ( )∫ ∫∈ ∈
=′

1
1 1~[...sup

Xx Xx Xx

l

pp

xxf μ ( )]1~
1

xlFμ … [ ( )1~
1

xXμ ( )]1~
1

xlFμ /x.  

                  (4.19) 

The supremum is attained when terms in the brackets attain their supremum. Then, 

 

( ) ( )C yy
lB

N
lB ~1~ μμ == ,      (4.20) 
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which will combine the resulting type-2 sets of all the rules and generate the type-2 

fuzzy set.  

 

Step 4: Type Reduction 

For traffic forecasts, the type-2 fuzzy set generated from the previous steps needs to 

be converted to a crisp value. This is realized through steps 4 and 5, type reduction and 

defuzzification. 

Type reduction generates the centroid type-1 fuzzy set of a type-2 fuzzy set. There are 

several other methods for type reduction, such as center-of-sums type-reduction, height 

type-reduction, modified height type-reduction, and center-of-sets type-reduction.  

For the sake of computational efficiency, we employ the center-of-sets type-reduction 

method. Instead of combining the type-2 sets from the fuzzy inference of all the rules 

before reduction, the center-of-sets type-reduction makes use of the centroid method to 

reduce the resulting type-2 sets from each rule and obtain a type-1 set ],[ i
r

i
l yy  for each 

rule i. The weighted combination of these type-1 sets is then used to get the final type-1 

set ],[ rl yy : 

∑
∑

=

== M

i
i

l

i
l

M

i
i

l
l

f

yf
y

1

1 ;        (4.21) 

and 
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∑
∑

=

== M

i
i

r

i
r

M

i
i

r
r

f

yf
y

1

1 ,        (4.22) 

 

where, i
l

i
r ff ,  are the firing level corresponding to i

ry and i
ly  of rule I that will 

maximize yr and minimize yl.  i
l

i
r ff ,  can be enumerated in the interval [ ]ii ff ,  . 

 

Step 5: Defuzzification 

Defuzzification is the last step to get the final forecast result. The defuzzification of 

type-2 fuzzy logic system is identical to the defuzzication of type-1 fuzzy logic system. 

The defuzzification of type-1 fuzzy or type-2 logic system also has several methods, such 

as centroid defuzzifier, center-of-sums defuzzifier, height defuzzifier, modified height 

defuzzifier, and center-of-sets defuzzifier. A commonly used defuzzification method is 

the centroid method: 

( )
( )
( )∑

∑
=

== N

i iB

N

i iBi
c

y

yy
xy

1

1

μ

μ
,       (4.23) 

 

in which the range of y is discretized into N points. The subscript ‘c’ denotes the 

centroid method. In the case of the interval set, we can defuzzify the interval ],[ rl yy  

from type-reduction using the average of ly and ry . Hence, the crisp value of the type-2 
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fuzzy logic system used in our model is simply: 

2
)( rl yy

xy
+

= .       (4.24) 

 

4.3.3 Model Validation 

Data Description 

The data used for testing the performance of the proposed model are from the California 

PATH database collected from a section in a 7-mile long freeway segment on Interstate 

880, the Nimitz Freeway, in Alameda County, California, between Alverado Niles Road 

and S/R 238 for the Freeway Service Patrol (FSP) program (Skabardonis, 1994). The 

specific site where the data were collected is a northbound segment between A Street and 

Hesperian Blvd. A total of 24 data sets with each data set covering a single day are used. 

Data for each day covers a time period between five to ten in the morning and two to 

eight in the afternoon.  

Fig. 4.6(a) is a plot of flow over time for all 24 data sets. The plot exhibits a clear 

pattern of recurrent traffic. On each day, the onset of peak-hour traffic during which flow 

increases steadily occurs almost at the same time. Likewise, the end of the peak hour also 

takes place at the same time of day. If we compare the flow levels of a given time period 

across days, the flow levels for the same time period from different days appear to be 
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similar. Fig. 4.6(b) is a plot of flow over occupancy for the same 24 data sets. It becomes 

clear that day-to-day traffic conditions are not similar. On certain days there are heavy 

congestions, whereas on some other days congestions appear to be fairly mild. Further 

investigating into the data set (the result is not plotted here) reveals that within a smaller 

time window traffic patterns could vary substantially from day to day.  

 

 

 

 

 

 

 

 

 (a) Flow vs. Time Plot  
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 (b) Flow vs. Occupancy Plot 

Fig. 4.6  Plots of All 24 Data Sets 

Performance Measures 

The performance of the model is compared against three commonly used performance 

measures for prediction models, the mean absolute error ( MAE ), the mean relative error 

( MRE ), and the mean square error ( MSE ), defined as: 
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and       
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where n
ix̂  is traffic forecasts made at time 1−i  for the occupancy level at i  in run n .  

N is the total number of runs and I is the total number of data points for prediction in 

each run.  

Results 

The 24 data sets shown in Figure 4.6 are used for model calibration and prediction. We 

consider two cases. In the first case, we use only historical information for rule 

construction. In the second case, we use both historical and real-time information for rule 

construction. A total of 30 runs are made. In each run, we randomly selected a data set for 

testing the proposed model. In the process of building the fuzzy logic system, we 

randomly choose 15 out of the remaining data sets for constructing the fuzzy rules. This 

will ensure that the data set used for testing will not be used for rule construction. 

A plot of observed occupancy versus the prediction interval is given in Fig. 4.7 for 

data collected at five-minute intervals. The performance measures for prediction of flows 

and occupancies are listed in Tables 4.1 and 4.2, respectively.  
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Table 4.1  Performance Measures for Forecasting Occupancy 

  

Method Historical information only both historical information 

and real-time information 

Mean Relative Error (MRE) 12.48% 11.97% 

Mean Absolute Error (MAE) 1.67 1.54 

Mean Square Error (MSE) 8.05 6.71 

 

Table 4.2  Performance Measures for Forecasting Flows 

  

Method Historical information only both historical information 

and real-time information 

Mean Relative Error (MRE) 5.84% 5.61% 

Mean Absolute Error (MAE) 5.97 5.75 

Mean Square Error (MSE) 65.75 58.49 

 

The mean relative error is in the neighborhood of 12% for occupancies and 5% for 

flows. As indicated in the tables, in all cases, using both historical and real-time 

information improves the performance of the model. The improvement in the 
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performance measures for occupancies is more pronounced than that for flows, 

suggesting that flows are more recurrent than occupancies. Changes in occupancies are 

tied closely with traffic conditions that often fluctuate more widely from day to day. 

0 20 40 60 80 100 120

10
20

30
40

 

Fig. 4.7  The Plot of Predicted Occupancy vs. Observed Occupancy 

Compared with other existing models, the model based on type-2 fuzzy logic will not 

only generate traffic forecasts but also generate prediction intervals.  The process of 

model formulation is fully tractable, making it easy to incorporate site-specific 

information into the forecasting model for better prediction results.  The model is also 

robust since there is no fitting process involved when using the historical data. 

Consequently, the overfitting problem that commonly exists in the goodness-of-fit type 

models would not arise.  

Time (1 unit = 5 minutes) 

Occupancy 
(%) 
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For the sake of simplicity, we currently use interval fuzzy set for the fuzzy engine and 

use the simple average in the defuzzification process (Equation (4.24)). Yet the 

performance of the model seems to be reasonably well for us to apply it to TSP system.  

Due to the lack of data from the city streets, we use here the freeway traffic data for 

model validation. Traffic flow at signalized intersections can also be predicted by a 

type-2 fuzzy logic forecasting system. There is little difference in the prediction process 

except that the fuzzy logic system is trained by a different data set. 

Another important issue is the prediction horizon. The tested freeway data is sampled 

at every 5 minutes. However, for traffic flow at signalized intersections, cycle-by-cycle 

prediction would be more important for TSP systems. Advanced traffic control systems 

with more detectors can improve prediction accuracy significantly. In (Head, 1995), an 

event-based short-term traffic flow prediction model is proposed, which is based on the 

use of detectors on the approach of each upstream intersection, together with the traffic 

state (arrivals and queues), and the control plan for the upstream signals to predict future 

arrivals. The prediction horizon is then reduced from 5~15 minutes to a single cycle.  

 

4.4 Type-2 Fuzzy Logic Forecasting System for TSP Under Uncertainty 

In the TSP decision process, the key problem is the estimation of bus arrival time,  

which is closely tied with the uncertainty in traffic flow and bus dwell time. In order to 
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make the decision process more robust, investigating the impacts of these two factors are 

crucial.  

 Bus arrival time is typically estimated from bus detection time, transit delay (queue 

delay and signal delay), free flow travel time and bus dwell time (if we consider the case 

with near-side bus stops). Since both bus detection time and free flow travel time are 

fixed when the detector location and the free flow speed are given, the main source of 

uncertainty is in the estimation of transit delay and bus dwell time. 

According to the previous discussion, transit delay depends on traffic flow. With the 

proposed type-2 fuzzy logic traffic flow forecasting system, a prediction interval is 

produced, represented as [ ]rl qq , , where ql is the left bound and qr is the right bound. 

Beyond the numerical sensitivity analyses in section 4.2, analytical results are derived 

here. 

From the delay equation, 
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It can be rewritten as, 

v
L

ttq
q

v
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tt
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d
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1

1
.      (4.25) 

Since we assume qm, Ld, tR, tG, t1 are all known, for a bus detected at t1, transit delay 

becomes a linear function of traffic flow q. In addition, the impact of traffic flow q to 

transit delay can be easily identified with the coefficient
m

d
R

q
v

L
tt −−1

.  

Using equation (4.25), a prediction interval of traffic flow can be transformed into a 

prediction interval of transit delay, which is represented as [tdelayl, tdelayr], where tdelayl is 

the left bound and tdelayr is the right bound.  

When it comes to considering bus dwell time in a TSP system, Kim and Rillett (2005) 

developed a weighted-least-squares (WLS) regression model to estimate bus stop dwell 

time and, more importantly, the associated prediction interval. It is then employed to 

construct a priority window [w, w’], which determines the selection of TSP strategies. 

Similar to traffic flow prediction, the type-2 fuzzy logic forecasting system can also 

be applied to bus dwell time prediction. The result would be a prediction interval [tdwl, 

tdwr]. 

To this point, transit delay and bus dwell time can be viewed as two random variables. 

The prediction intervals of transit delay and bus dwell time can be used to construct the 
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prediction interval of bus arrival time.  

Let’s consider three cases as shown in Fig 4.8. 
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(a)  Case 1: a Bus Arrives at Bus Stop First, Leaves When Queue is Dissipating 
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(b)  Case 2: a Bus Arrives at Bus Stop First, Leaves After Queue Is Dissipated 
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(c) Case 3: a Bus Joins the Queue First, Arrives at Bus Stop After Queue Is 

Dissipated, Waits Some Time, Then Cross Intersection 
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(d) Case 4: a Bus Joins the Queue First, Arrives at Bus Stop After Queue Is 

Dissipated, Waits Some Time, Then Join the Next Queue and Wait for Green Signal 

Fig. 4.8  Four Cases of Bus Delay with a Near-Side Stop 

In Fig. 4.8(a), a detected bus arrives at the bus stop first, waits for some time for 
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boarding and alighting, then waits in the queue till it is dissipated, starts moving again at 

t* 
, and then crosses the intersection. In Fig. 4.8(b), a bus arrives at the bus stop, serving 

passengers. After the queue in before is dissipated at t*, it’s still in service, and then some 

time later, it starts moving and crosses the intersection. In Fig. 4.8(c), a bus joins the 

queue first, after the queue in before is dissipated, it starts moving and arrives at the bus 

stop. After waiting certain amount of time (bus dwell time), it leaves the bus stop and 

cross the intersection. Another case as shown in Fig. 4.8(d) is that a bus joins the queue, 

waits there, and then arrives at the bus stop. After a while, it leaves the bus stop. And 

since the signal has been changed into red again, it has to join the queue again and wait 

for the next green signal. 

These examples indicate that bus arrival time cannot be determined from transit 

delay and bus dwell time without considering the spatial aspect of the queue, more 

specifically, the sequence of a bus joining the queue and arriving at the bus stop. As 

shown in Fig. 4.9, the uncertainty of traffic flow will affect the sequence. u’ represents 

the speed of the tail of the queue in a lighter traffic, and u’’ represents the speed of the tail 

of the queue in a heavier traffic. Obviously, in heavy traffic, a bus that is supposed to 

arrive at the bus stop before joining the queue will have to join the queue first, which is 

the same situation as in case 3 or 4 in Fig. 4.8. The switch from case 1 or 2 to case 3 or 4 

in Fig. 4.8 will result in a difference in the estimated bus arrival time.  



 
 
 

                       141 

t

d

R GtR tG

u

w

Detector (Ld)

Bus Stop (Ls)

bus arrival

u''

u'

 

Fig. 4.9  the Impacts of Uncertainty of Traffic Flow 

Using prediction intervals, it is possible to evaluate the chance for a bus to join the 

queue first. In this case, bus arrival time can be estimated as, 

v
L

tt
v

LL
tt s
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where td is the time that a bus is detected, dwt~  is the random variable that represents bus 

dwell time, t* is the time point when the bus stop line intersects with the head of the 

queue, Ld is the detector location, and Ls is the bus stop location. 

If a bus arrives at the bus stop first (as in cases 1 and 2), the corresponding bus 

arrival time is (assuming it can cross the intersection in the current green signal phase as 

in case 3), 

dwdelay
d

da tt
v

L
tt ~~'~ ++−= ,      (4.30) 

where, delayt~  is the random variable that represents transit delay, which is from the 
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prediction interval [tdelayl, tdelayr] in previous discussion. 

In the TSP decision process, strategies can be developed to select the most-likely bus 

arrival time according to the probabilities. With the prediction interval of bus arrival time, 

TSP strategies that can only serve the bus with a very small probability can be avoided, 

which makes TSP systems more robust and effective.  

In some TSP systems, bus stops are equipped with check-in and check-out detectors, 

which will enable us to revise the decision if the calculated sequence is incorrect. With 

this, even if a wrong estimation of the sequence is made, the TSP system still has time to 

correct previous decisions.  

 With the proposed type-2 fuzzy logic forecasting system for TSP under uncertainty, 

we are able to provide more accurate prediction of bus arrival time, especially in a 

situation with near-side bus stops. In addition, the prediction in a probabilistic form 

enables us to identify risks of TSP decisions quantitatively, making  the TSP decision 

process more robust.  
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CHAPTER 5 

COLORED PETRI NET MODEL FOR TSP 

In previous chapters, we presented a platform that can be employed to develop and 

evaluate TSP strategies. We analyzed several TSP research issues are analyzed 

deterministically, and developed a TSP decision process that specifically considers 

multiple request situation. In order to fully recognize the advantages of the presented 

platform, computer simulation can be employed for this purpose. 

In recent literatures, people use software packages such as NETSIM, VISSIM, 

CORSIM etc. to simulate TSP systems. The most important advantage of the simulation 

software is that the standard modules of links, intersections and vehicle dynamics can 

reduce the modeling effort to configure the traffic network. The software can handle the 

detailed traffic dynamics automatically.  

From the nature of traffic signal control, we can identify the most critical 

requirements of the simulation. Traffic signal control can be viewed as a bunch of 

sequential discrete events. The synchronization between the discrete events is very 

important to guarantee safe transition. Besides, for a TSP system, TSP strategies are 

closely related to signal control logic. When it comes to implementation, we need to 

bridge the gap between the two. To achieve this aim, we use Colored Petri Net (CPN) to 
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provide the simulation platform for TSP evaluation. 

In this chapter, the concepts of Petri Net (PN) and Colored Petri Net will be 

introduced, followed by a review of previous development of PN and CPN models of 

traffic signal control systems. We then present a CPN model of a TSP system. With CPN 

tools, simulation is performed to evaluate green extension strategy and the TSP decision 

process presented in chapter 3. 

 

5.1 Basic Concepts of Petri Net and Colored Petri Net 

Petri Net (PN) is a formal and graphical appealing language known for its effectiveness 

in modeling discrete event systems. It was initially developed by Dr. Petri in his 

dissertation in 1960’s. It was soon accepted as a power modeling tool which is 

appropriate for modeling systems with concurrency and resource sharing. Peterson (1981) 

gave a more formal and standardized definition of Petri Net, which has five basic 

components: 

1. Petri Net Structure: 

A Petri net structure, C, is a four-tuple, C = (P, T, I, O). P = {p1, p2, …, pn} is a finite 

set of places, 0≥n . T = {t1, t2, …, tm} is a finite set of transitions, 0≥m . The set 

of places and the set of transitions are disjoint, φ=∩TP . ∞→ PTI :  is the 

input function, a mapping from transitions to bags of places. ∞→ PTO :  is the 
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output function, a mapping from transitions to bags of places. (Note that ‘bag’ is an 

extension of ‘set’ which allows multiple occurrences of elements.) 

 Most theoretical work on Petri nets is based on the formal definition of Petri net 

structures. For illustrating Petri net theory, a graphical representation of a Petri net 

structure is more useful.  

2. Petri Net Graphs: 

A Petri net graph has two types of nodes. A circle represents a place; a bar 

represents a transition. Therefore, they are called place and transition respectively. 

Directed arcs connect the places and the transitions. An arcs directed from a place to 

a transition defines the place to be an input of the transition, and arcs directed from 

transitions to places define the places output of the transitions.  

3. Petri Net Markings:  

A marking μ  of a Petri net C = (P, T, I, O) is a function from the set of places P to 

the nonnegative integers N. NP →:μ . A marked Petri net M = (PN,μ ) is a Petri 

net structure PN = (P, T, I, O) with a markingμ . The marking of a Petri net is an 

assignment of tokens to the places.  

A token is a primitive concept for Petri nets and represented by a small dot in a 

circle which represents a place of a Petri net. Tokens are assigned to, and can be 

thought to reside in, the places of a Petri net. The number and position of tokens 
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may change during the execution of a Petri net. The tokens are used to define the 

execution of a Petri net.  

4. Execution of Petri Nets 

A Petri net executes by firing transitions. A transition fires by removing tokens from 

its input places and creating new token which are distributed to its output places. 

 There are two execution rules for Petri nets: 

A transition Tt j ∈  in a marked Petri net C = (P, T, I, O) with markingμ is enabled 

if for all Ppi ∈ , 

( ) ( )( )jii tIpp ,#≥μ  

A transition jt  in a marked Petri net with marking μ  may fire whenever it is 

enabled. Firing an enabled transition tj results in a new marking 'μ  defined by 

( ) ( ) ( )( ) ( )( )jijiii tOptIppp ,#,#' +−= μμ  

5. Petri Net State Spaces: 

 The state of a Petri net is defined by its marking. The firing of a transition 

represents a change in the state of the Petri net by a change in the marking of the net. 

The state space of a Petri net with n places is the set of all markings, which is Nn. 

The change in state caused by firing a transition is defined by the next-state 

functionδ : nn NTN →×  for a Petri net C = (P, T, I, O) with marking μ  and 

transition Tt j ∈  is defined if an d only if  
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( ) ( )( )jii tIpp ,#≥μ  

for all Pp j ∈ . If ( )jt,μδ is defined, then ( )jt,μδ = 'μ , where  

( ) ( ) ( )( ) ( )( )jijiii tOptIppp ,#,#' +−= μμ  

for all Pp j ∈ . 

A simple example of Petri net graph is as shown in Fig. 5.1, where P1, P2, P3 are places 

and T1, T2, T3 are transitions. 

P1

P3

P2

T1

T3

T2

 

Fig. 5.1  a Simple Example of Petri Net Graph 

 Initially, a token resides in P1. Transition T1 is enabled. Once T1 is fired, the token in 

P1 will be removed and a new token will be deposit in P2. Then, T2 is enabled and fired, 

which will remove the token and P2 and deposit a new one in P3. After T3 is fired, the 

token in P3 will be removed and a new token will be deposit in P1, which means the 

system renews.  
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As shown in the example, with the definitions of Petri net graph and its execution, 

we can model systems in many areas. Modeling and analyzing a Petri net can help us to 

identify the structure and dynamic behavior of the modeled system.  

 The advantages of Petri nets are (Petri Net World): 

1. Petri nets sharply distinguish between states and activities (the latter being 

defined as changes of state). This corresponds to the distinction between places 

(local states) and transitions (local activities). 

2. Global states and global activities are not basic notions, but arc derived from 

their local counterparts. This is very intuitive and suits well the description of a 

distributed system as the sum of its local parts. It also facilitates the description 

of concurrent behavior by partially ordered sets. 

3. While being satisfactory formal, Petri nets also come with a graphical 

representation, which is easy to grasp and has therefore a wide appeal for 

practitioners interested in applications. 

With their representation as bipartite graphs, Petri nets have useful links both to 

graph theory and to linear algebra. Both links can be exploited fro the verification of 

systems. 

Colored Petri Net (CPN), introduced by Kurt Jensen (Jensen, 1995), is a modeling 

language that is powerful in handling systems in which communication, synchronization, 
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and resource sharing play an important role. Colored Petri Net is an extension of Petri 

Nets with the capability of high level programming languages. CPN has been actively 

studied and applied to various areas of computer science and technology, especially in 

communication and software industries. Most recently, CPN is accepted as the activity 

diagram tool for UML 2.0.  

The formal definition of Colored Petri Net is (Jensen, 1995): 

A non-hierarchical CP-net is a tuple CPN = ( )IEGCNATP ,,,,,,,,Σ  satisfying the 

requirements below: 

1. Σ  is a finite set of non-empty types, called color sets. 

2. P is a finite set of places. 

3. T is a finite set of transition. 

4. A is a finite set of arcs such that: 

      φ=∩=∩=∩ ATAPTP  

5. N is a node function. It is defined from A into PTTP ×∪× . 

6. C is a color function. It is defined from P intoΣ . 

7. G is a guard function. It is defined from T into expressions such that: 

( )( ) ( )( )( )[ ]Σ⊆∧=∈∀ tGVarTypeBtGTypeTt : . 

8. E is an arc expression function. It is defined from A into expressions such that: 

( )( ) ( )( ) ( )( )( )[ ]Σ⊆∧=∈∀ aEVarTypeapCaETypeAa MS:  
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where p(a) is the place of N(a). 

9. I is an initialization function. It is defined from P into closed expressions such 

that: 

( )( ) ( )[ ]MSpCpITypePp =∈∀ :  

 In this definition, ‘Type(v)’ means the type of a variable, v; ‘Type(expr)’ means the 

type of an expression, expr and ‘Var(expr)’ means the set of variables in an expression, 

expr. 

 Comparing with Petri net, Colored Petri Net has several new concepts that need 

further explain: 

1. Color sets (Σ ): 

The set of color sets determines the types, operations and functions that can be 

used in the net inscriptions (i.e., arc expressions, guards, initialization 

expressions, color sets, etc.). 

2. Guard function (G): 

The guard function G maps each transition, t, to an expression of type Boolean. 

Moreover, all variables in G(t) must have types that belong to Σ . 

3. Arc expression (E): 

The arc expression function E maps each arc, a , into an expression which must 

be of type C(p(a))MS. This means that each evaluation of the arc expression must 
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yield a multi-set over the color set that is attached to the corresponding place.  

Comparing with the discussed simulation tools, Colored Petri Net has the following 

special advantages: 

1. Hierarchical modeling structure can help to model the system from the most 

abstract framework to the detail design of every control element; 

2. Capable of handling resource sharing, synchronization, and communication, 

which are the essential requirements in traffic signal control; 

3. Powerful graphical tools can support the editing, simulating and analyses of the 

designed model in a convenient and flexible way; 

4. Performance analyses including liveness check, boundness check, and invariance 

check enable the user to identify the deadlock and other deficiencies in the 

system design.  

Therefore, in this research, Colored Petri Net is used as the simulation tool to evaluate 

transit signal priority strategies. 

Based on the structure of Petri Net with places, transitions and tokens, the Colored 

Petri Net equip each token with an attached data value, which is called token color. In this 

way, different data types can be declared and used within the Colored Petri Net model. 

Usually, by evaluating the initialization expressions, the initial marking is determined. 

When the simulation is running, the tokens will move around between places and 



 
 
 

                       152 

transitions according to the transitions’ constraints and arcs’ inscriptions. 

 

5.2 Petri Net and Colored Petri Net for Transportation Modeling Problem 

 PN and CPN have been widely used in traffic analysis, especially in traffic signal 

control. 

 PN was first used to model traffic signal control in (DiCesare et al., 1994). Recent 

research in this area focused primarily on implementing signal control logic (List and 

Cetin, 2004), developing functioning rules for controllers (Gallego et al., 1996), and 

extending to Hybrid Petri Nets (HPN) to model the urban traffic control structure 

(Febbraro et al., 2004).   

 In (List and Cetin, 2004), traffic signal is modeled as shown in Fig. 5.2. 
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Fig. 5.2  Indication Display Module of a Traffic Signal Control PN Model (List and Cetin, 

2004) 

 Some of the places represent states indicating traffic signals, for example, 

 GG:  Go green; 

 GR:  Go red; 

 DG:  Display green; 

 Yel:  Yellow; 

 RR:  Red Rest. 

 Other nodes represent system status or transition actions, such as, 
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 Act:  Transition actuation; 

 FO:  Force off; 

 M:  Movement. 

 The traffic signal control PN model is composed of indication signal display modules 

and modules that control signal transition from one phase to another phase. This PN 

model handles signal control logic and guarantee safe movement. Signal phase durations 

can be decided by an external optimization program.  

 CPN has been actively studied and applied to various areas of computer science and 

technology. CPN models for traffic signals were proposed recently in (Perkusich et al., 

1999) in which Design/CPN tools are used for design and animation of the CPN models. 

The model is very compact and contains multiple intersections. Cars that are blocked by 

red signal are also considered into this model.   

 The previous PN or CPN models for traffic signal control focus more on signal 

control logic. It’s not convenient to change phase durations and sequencing within this 

model, which is important to TSP system.  

 

5.3 Colored Petri Net Model of TSP 

In order to take transit signal priority into consideration, the model has to include signal 

priority component and possibly signal timing optimization component. In my previous 
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research (Li, 2005), the structure of the system is shown in Fig. 5.3, 

Signal Logic Control

Priority
Control

Optimal
Control

 

Fig. 5.3  Traffic Signal Control System Structure 

In this system structure, the signal logic control part handles the signal sequence and 

timing to enforce the safety requirement, especially the synchronization between traffic 

signals. The priority control part will make decisions on applying TSP strategies when 

transit vehicle is detected. The decisions may include whether priority should be granted 

to the transit vehicle or not, what kind of TSP strategy should be used, when to activate 

the strategy, etc. Optimal control is one option enabled by adaptive traffic signal 

controller, in which the signal timing can be modified according to traffic condition, like 

traffic flow or queue length. In our simulation, the signal logic control and priority 

control components will be described in detail. The optimal control part will be briefly 

discussed in the following sections. It’s worth to note that with the CPN model, we can 

now focus more on modeling the signal control logic to serve randomly generated 

incoming buses rather than the detail of traffic behavior. 
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5.3.1 CPN Model for Signal Logic Control  

Most traffic signal controller is dual-ring controller, which is introduced in section 3.5. 

According to the structure of dual-ring controller, the CPN model should contain 8 signal 

phases. Synchronization should be done at the end of phase 2 and 6, as well as phase 4 

and 8. With CPN’s hierarchical modeling capability, we can expend each signal phase 

into detail like pedestrian signal. For simplicity, we don’t model the signal controller into 

that detail; instead, we assign duration to each signal phase. The CPN model is as shown 

in Fig. 5.4. 

 There are two parts of the model. The top half is the part that contains phase 1, 2, 5 

and 6, as shown in Fig. 5.4 (b). The bottom half contains phase 3, 7, 4, and 8, as shown in 

Fig. 5.4 (c). 
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      (a) Overview of the CPN Model 
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 (b) the First Half Cycle Model 
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 (c) the Second Half Cycle Model 

Fig. 5.4  the CPN Model for Dual-Ring Controller 

As shown in the first half cycle model, the signal cycle start at the place ‘CycleStart’. 

There is an initial token ‘1`(ph(0),0,1)’ in this place, which means, the current phase is 0, 

the signal duration is 0, and the current signal cycle is 1. Since our CPN model is 

timed-CPN, the signal phase tokens are all associated with time. The green rectangle 
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besides the place is the token in the current time. In this figure, the 1`(ph(0),0,1)@0 

means the initial token starts from time 0. Once the transition ‘start’ is fired, the initial 

token is removed from the place ‘CycleStart’, and two tokens will be deposited in place 

‘Ph1’ and ‘Ph2’. The inscription on the input arcs of ‘Ph1’ is ‘1`(ph(1), pd1, c)’, this 

means, when transition start fires, the new token to place ‘Ph1’ will be (ph(1), pd1, c), 

which represents phase 1 with duration pd1 in the cth cycle. It is same with other arcs’ 

inscriptions. When the transition ‘Ph1_end’ is fired, the token in ‘Ph1’ will be removed, 

and a new token 1`(ph(2), pd2, c) will be deposited in place ‘Ph2’. The symbol ‘@+pd1’ 

at the side of the transition means there is a delay of ‘pd1’ seconds associate with this 

transition. Once there is a token in ‘Ph2’, the transition ‘Ph2_end’ is enabled. After the 

phase duration ‘pd2’, the transition is fired, signal phase 1 and 2 are done. When phase 5 

and 6 are also finished, the ‘NextHalf’ transition is enabled. The firing of this transition 

will lead to the second half the dual-ring controller model. 

The token moving and transition firing of the second half are the same as the first 

half. Once the transition ‘NextCycle’ is enabled, the arc inscription ‘1`(ph(0), 0, c+1)’ 

will deposit a new token in ‘CycleStart’ with the cycle index as ‘c+1’, which represent a 

new signal cycle starts. 

 All the signal tokens and phase duration variables are defined in the declaration part 

of the model as: 
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Signal phase declarations 

 Colset Cycle = int’ 

 Colset PH = index ph with 0..8; 

 Colset PD = int; 

 Colset PHASE = product PH * PD * Cycle timed; 

 Colset Counter = product E * Cycle timed; 

 Var p : PH; 

 Var c : Cycle; 

 Var pd : PD;  

Phase durations 

Val pd1 = 6; 

Val pd2 = 20; 

… 

Val pd8 = 20; 

With this dual-ring controller model, we can run CPN simulation tool as shown in 

Fig. 5.5, 
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Fig. 5.5  the CPN Simulation Tool 

By using this tool, after 50 steps simulation, we can get the marking, as shown in Fig. 

5.6, 

 

Fig. 5.6  the 50 Steps Simulation Result 

This marking means, at time point 214 seconds, in the 5th signal cycle, phase 2 and 6 start. 

In order to change the phase duration, we can put another delay variable in the delay 

declaration of the phase transitions. This will be shown in the TSP model. 
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5.3.2 CPN Models for Priority Control 

Before modeling various TSP strategies with CPN, a no-priority model is build to 

consider bus delay without any TSP strategies. The major add-on to the dual ring model 

is three components for each signal phase: 

A. Ri: Request list place for signal phase i 

This place will contain the TSP requests for signal phase i. Since each bus 

requests for one signal phase, after being detected, the bus request will be 

contained in this waiting list until served by the traffic control system. Before the 

request is served, the service flag variable ‘s’ will be ‘false’. 

B. TSPi: Request serving transition for signal phase i 

The serving for bus requests depends on the detection time, the current signal 

setting and the TSP strategies. In the no-priority case, the condition of serving 

the bus is simply that the expected arrival time of the bus should fall into the 

requested signal phase i. If certain TSP strategy is used, then this transition will 

have an associated code section to define the TSP decision. 

C. Rfi: Served request list place for signal phase i 

Once the bus request is served, it will be recorded in the served request list for 

further analysis. The served request will be recorded with the bus arrival time 

and the bus delay, and the service variable ‘s’ will be ‘true’. 
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The model for dual-ring controller with TSP requests is shown in Fig. 5.7, 

 

Fig. 5.7  the CPN Model for Dual-Ring Controller with TSP Requests 

The declaration part is as following, 

Requests declarations 

Colset ReqID = index req with 1..10; 

Colset TA = int; 

Colset TD = int; 

Colset S = bool; 

Colset REQ = product ReqID * TA * TD * S; 

Var s : S; 
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Var ta : TA; 

Var td : TD; 

Var r : ReqID; 

With this model, once we assign the initial request tokens to the request lists, we can 

use simulation tool to get the delay for every TSP request. However, it will be 

inconvenient to modify the requests. Besides, it’s not practical that we know the exact bus 

request time for several signal cycles. Therefore, a bus request generation model is 

developed as shown in Fig. 5.8, 

 

Fig. 5.8  The CPN Sub-Model For Bus Request Generation 

The components of the model are: 
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A. Routei 

This place starts with the initial token for bus route i at time 0. With the firing of 

the ‘generatori’ transition, the token is replaced by the next bus of the same 

route. 

B. Generatori 

This transition is always enabled. It has an associated delay, which is the 

headway of this bus route. The output arc of this transition will actually put the 

new request in the request list. The inscription of this output arc adds an 

exponential distributed random variable to the bus detection time, since in 

practical, buses usually comes at time or a little bit late. The rate of this random 

variable can be modified easily as needed. 

C. ReqListi 

This request list is shows the bus is approaching the intersection. However, it’s 

may not be detected yet. 

D. Requestsi 

In the code segment of this transition, a detection function will decide whether 

this bus request is detected or not. If it’s detected, the request will be added to 

the TotalRequest and waits for service. Otherwise, it will be still contained in the 

ReqListi place. The detection function is not fixed, since we may have different 
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detection method. For simplicity, the following simulation didn’t assume any 

detection method, as long as the bus request is generated, the bus arrives at the 

intersection and waits for service. 

E. TotalRequest 

This place contains all the TSP requests from all the bus routes. It is fused with 

the request list of each signal phase. Once the TSP request is served, it will be 

removed from the ‘TotalRequest’ service. By putting a monitor on this place, we 

can assess how often we fall into the multiple request situation. 

The declaration of the bus generation sub-model is as following, 

Bus generation declarations 

Colset busID = int with 1..20; 

Colset route = int with 1..20; 

Colset headway = int; 

Colset bus = product route * headway * PH timed; 

Var random : INT; 

Var headway : headway; 

Var det : BOOL; 

Var bus : bus. 

The headways and exponential rates are, 
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Headway1 = 600; 

Headway2 = 720; 

Rate1 = 0.05; 

Rate2 = 0.06. 

In the following TSP evaluation model, the TSP requests will be generated with this 

bus request generation sub-model. 

 

5.4 Simulation with Green Extension Strategy 

Green extension is the most commonly used TSP strategy. From previous analysis, it has 

the largest delay reduction to the buses detected within the GE decision interval. In order 

to evaluate the benefits and costs of green extension, the CPN model for the dual-ring 

controller with TSP requests is modified as shown in Fig. 5.9, 
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Fig. 5.9  the Modified CPN Model with Green Extension 

 The major modification is that, after the TSP decision transition TSPi, the signal 

token may go to one of the two branches. The ‘Ph2_NP’ branch is the normal phasing 

branch. The ‘Ph2_GE’ branch is the green extension branch. The transition ‘TSPi’ makes 

the decision based on the arrival time of the bus and the current signal setting. If the 

transition ‘TSPi’ make a decision that the signal don’t need green extension to serve the 

request, the signal will go with the normal phasing with the duration pdi. Otherwise, the 

signal token goes to the green extension branch, and then the phase duration will be pdi + 

ext, where ext is the time duration of green extension. This duration can be assigned 
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arbitrarily or based on arrival time of the bus.  

 The core decision is whether or not the green phase should be extended. In our CPN 

model, it’s handled by the GE function, which is defined in the declarations as, 

fun GE (i:int, j:int, k:int) =  

let 

in 

(i < j + k + ext) andalso (i > j + k) 

end; 

In the code segment of the transition ‘TSPi’, calling GE (ta, ts, pd2) means the bus is 

expected to arrive after the current green phase, but before the maximum phase duration 

with the green extension. 

 

5.4.1 Special Case Simulation 

In order to show the best performance of green extension, the following setting is 

selected as special case for simulation. 
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Fig. 5.10  the Special Case Requests 

As shown in Fig. 5.10, we have two requests for phase 2. The first one (req(3)) is 

expected to arrive at the intersection at 30 seconds. The second one (req(4)) is expected 

to arrive at the intersection at 100 seconds. The basic signal settings are: 

 The left turn phases (1, 5, 3, and 7):  8 seconds. 

 The through phases (2, 6, 4, and 8):  20 seconds. 

 Without green extension, these two requests will be served with 54 seconds total 

delay (the fourth attribute in the token is the bus delay), as shown in Fig. 5.11. The two 

requests are served by two signal cycle. The first request is served with 34 seconds delay. 

The second request is served with 20 seconds delay. 

 

Fig. 5.11  Served Requests without Green Extension 
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 By setting 10 seconds green extension, these two requests will be served with no 

delay, as shown in Fig. 5.12. This result comes from two consecutive green extensions to 

phase 2. 

 

Fig. 5.12  Served Requests with Green Extension 

 This result shows that, in certain circumstances, green extension can reduce the bus 

delay significantly.  

 

5.4.2 General Case Simulation 

As we have discussed, only the buses arrived in certain time period can be served by 

green extension. In order to evaluate the overall performance of green extension, we need 

to use the bus request generation model to generate bus comings with certain randomness 

and run the simulation.  

 The signal settings are, 

Phase 2 & 6    30 seconds; 

Phase 4 & 8    20 seconds; 
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Phase 1 & 5      8 seconds; 

Phase 3 & 7      6 seconds. 

 The buses on the major street that will request for signal phase 2 and 6 is provided 

green extension option. Since there is no major difference between the buses requesting 

these two phases, we count the delay to these two bus routes together to identify the 

improvement. The simulation result of bus delay (in seconds) in no green extension 

Table 5.1  Simulation Result without Green Extension 

Bus 
Index    Bus Delay Without Green Extension (sec) 

  

  
Group 1 Group 2 Group 3 

1 5 1 27 
2 58 42 47 
3 0 21 0 
4 54 15 49 
5 24 33 35 
6 54 8 14 
7 49 51 16 
8 32 26 60 
9 55 0 0 
10 48 36 48 
11 15 0 60 
12 0 46 22 
13 41 25 38 
14 29 22 23 
15 54 0 7 
16 55 52 35 
17 23 17 34 
18 39 19 0 
19 63 7 24 

Average 36.74 22.16 28.37 
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situation is shown in Table 5.1, the unit is seconds. 

The average bus delay in this case is 29.1 seconds. 

The simulation result of using 10 seconds green extension strategy is as shown in 

Table 5.2. 

Table 5.2  Simulation Result with 10 Seconds Green Extension 

Bus 
Index Bus Delay with 10 Second Green Extension (sec) 

  

  
Group 1 Group 2 Group 3 

1 15 6 0 
2 0 32 25 
3 19 0 22 
4 40 59 0 
5 15 28 50 
6 47 0 1 
7 9 13 39 
8 3 37 28 
9 23 0 10 

10 0 42 26 
11 52 3 3 
12 39 5 0 
13 21 44 17 
14 55 30 34 
15 36 0 0 
16 6 0 0 
17 24 19 33 
18 7 2 13 

Average 22.83 17.78 16.72 

 The average delay with green extension is 19.1 seconds. Therefore, the overall delay 

reduction for green extension is 34.4%. 
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 Although the simulation result shows obvious benefits for the buses on the major 

streets, green extension may induce extra delay to the buses on the cross street. In order 

to check the impacts to the cross street buses, another two bus routes are added to the bus 

generation model with the headway equal to 15mins (900 seconds). 

 Without green extension on major street, the simulation result of the cross street bus 

delay is as shown in Table 5.3. 

Table 5.3  Simulation Result of Cross Street Bus Delay without Green Extension on Major 

Street 

Bus 
Index 

Cross Street Bus Delay without  
Major Street Green Extension (sec) 

  

  
Group 1 Group 2 Group 3 

1 3 5 33 
2 2 30 29 
3 24 13 10 
4 10 25 52 
5 9 18 0 
6 42 10 17 
7 28 0 33 
8 32 15 12 
9 29 9 22 
10 13 25 59 
11 9 60 21 
12 48 10 38 

Average 20.75 18.33 27.17 

The average delay to the cross street buses is 22.1 seconds with the average standard 

deviation as 16.3 seconds. 

 With green extension given to the major street, the simulation result is as shown in 
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table 5.4. 

Table 5.4  Simulation Result of Cross Street Bus Delay with Green Extension on Major 

Street 

Bus 
Index 

          Cross Street Bus Delay with  
Major Street Green Extension (sec) 

  

  
Group 1 Group 2 Group 3 

1 0 28 25 
2 19 61 26 
3 23 40 63 
4 26 23 13 
5 17 34 10 
6 10 28 23 
7 34 46 29 
8 11 14 9 
9 20 0 15 
10 16 54 17 

Average 21.25 35.5 24.3 

The average delay to the cross street buses is 27.0 seconds with the average standard 

deviation as 15.8 seconds.  

 The result shows that buses on the cross street experienced 22.2% extra delay with 

green extension on major street and the standard deviation of the bus delay is also 

increased by 3 seconds, which indicate that although green extension can possibly reduce 

delay significantly for buses on the major street, it may introduce extra delay to the cross 

street buses. This will counteract the system wide benefit.  
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5.5 Simulation of TSP System Based on Physical Queue Representation 

The proposed TSP decision process based on physical queue representation considers 

both major street and cross street. In order to verify its advantage over TSP system with 

green extension strategy only, the decision heuristic developed in chapter 3 is combined 

with the CPN model for simulation.  

 TSP decision process takes TSP requests, signal settings and traffic conditions as 

input, and give optimal signal setting as the result. The optimal signal setting can be 

represented by a list of signal duration changes (deltai, i is signal phase index).  

 Therefore, based on previous CPN model for TSP system, a sub-model is developed 

to change signal phase durations according to the result from the TSP decision process. 

The CPN sub-model is as shown in Fig. 5.13, 
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Fig. 5.13  Signal Phase Duration Module 

A colored set ‘DELTA’ and a variable ‘delta’ added to the model are defined as, 

colset DELTA : product PH * PD * Cycle; 

var delta: PD; 

where  PH is signal phase index set; 

  PD is signal phase duration set; 

  Cycle is signal cycle index set. 

 Unlike the green extension strategy simulation, in this CPN model, deterministic TSP 

with physical queue representation is used to evaluate delay to each TSP request, which 
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means, delay to each bus is calculated by equation 3.9.  

Here we use the same example in chapter 3. Running simulation tools give the 

following result. 

 

Fig. 5.14  Simulation Result for an Example with Three TSP Requests 

The result is exactly the same with that from the proposed TSP decision process, 

which proves that, with the modifications to signal phase and delay calculation, the 

proposed CPN model for TSP systems can handle multiple TSP requests and give optimal 

signal setting according to real-time traffic conditions. It can also be applied to evaluation 

other TSP strategies. Given more design requirement of traffic signal controllers, this 

CPN model can be further modified into a traffic signal controller model with an 

advanced on-line TSP heuristic, which can be very helpful in system evaluation and 

development procedure. 

 Besides, the CPN model can be easily extended for other TSP research. For instance, 

with the CPN hierarchy tools, we are empowered to assembly the models of isolated 
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intersections into a network. That way, signal coordination and bus schedule adherence 

can be taken into consideration. In addition, the performance of TSP system can be 

evaluated in terms of bus travel time per trip, rather than delay reduction at a local 

intersection.  
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CHAPTER 6 

CONCLUSION AND FUTURE RESEARCH 

6.1 Summary of the Research Work 

Transit Signal Priority (TSP) is an important ITS component that aims at improving the 

performance of transit service in terms of its schedule adherence and system efficiency. 

In this dissertation, we have explored the use of physical queue models in developing and 

evaluating TSP control strategies. With the physical queue representation, we analyzed 

various TSP strategies and incorporated them into a set of TSP decision regions 

developed with a time-space diagram. The TSP decision regions reveal how the detector 

location can affect the decision process in a TSP system and help identify the optimal 

detector location with the maximum delay reduction to buses. Based on the identified 

optimal detector location, we develop a request oriented TSP decision process to handle 

the multiple request situation. The process sequentially evaluates the candidate strategies 

for requests to minimize total delay. For the purpose of comparison, we have also 

incorporated the physical queue representation into a mixed-integer programming 

platform. The result is consistent with that from the deterministic analysis conducted on a 

time-space diagram. 

 The dissertation work also considers the uncertainty issue in a TSP system, which in 
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practice can affect the performance of the TSP system significantly. The sensitivity 

analysis performed shows that the deterministic model is robust only in some range of the 

traffic flow. The key to the model is bus arrival time prediction. In order to predict bus 

arrival time more accurately, we develop a type-2 fuzzy logic forecasting system to 

predict traffic flow, which is one of the major sources of uncertainty. The relative error of 

the traffic flow prediction, performed on field traffic flow and occupancy data, is within 

10 percent, which is within a range acceptable to a TSP system. One of the key 

advantages of the prediction system is that it provides a prediction interval that does not 

require very restrictive assumptions, which enables us to initiate different priority control 

strategies according to situations with different flow levels. We have also explored 

uncertainties resulting from near-side bus stops.   

 Simulation models are often used to test system performance. In this dissertation 

work, we have explored the use of Colored Petri Net (CPN), which is different with many 

existing traffic simulation models, to evaluate the performance of a TSP system for a 

single intersection and to serve as an interface between control algorithms and the signal 

controller. The hierarchical structure and powerful graphic tools of CPN make this model 

flexible and straight-forward. We can either make it compact to explain the system 

structure, or make it as detail as possible to capture all elements relevant for system 

implementation Three components (subpages) have been developed. They are: a 
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dual-ring signal controller, bus request generation and signal phase duration. Using CPN 

simulation tools, we first evaluated the green extension strategy, where we find that green 

extension to major street buses can significantly reduce bus delay. However, it may result 

in extra delay for cross street buses, which will counteract the overall benefit. In order to 

check the effectiveness of the proposed TSP decision process in chapter 3, we modify the 

signal phases according to the optimal signal plan calculated from the TSP decision 

process. The result is consistent with the previous numerical example. 

 The specific contributions made in this dissertation include:  

• The development of a platform for evaluating and/or improving TSP strategies 

that specifically takes into account the interaction between transit vehicles and 

queues at the intersection.  

• The use of the physical queue representation to examine TSP strategies, which 

enables us to consider the spatial aspect of developing TSP strategies in a more 

realistic way. It makes the platform capable of handling the detector location 

problem very well. 

• The derivation of analytical expressions for determining the TSP decision regions, 

the optimal detector location, and the multiple request situation in deterministic 

cases.  

• The use of the identified TSP decision regions in the development of a TSP 
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decision process for implementing effective TSP strategies that can handle 

multiple TSP requests and consider signal recovery process. 

• The development of a type-2 fuzzy logic forecasting system to handle 

uncertainties in TSP, such as the accurate prediction of vehicles arrivals at the 

intersection, which can increase the robustness of the TSP decision process and 

reduce the chance for buses to miss the priority service. 

• The development of a Colored Petri Net (CPN) model to serve as an interface 

between the platform developed in this research work and the implementation of 

the control strategies at the controller level. The modularized and hierarchical 

structure of the CPN model is scalable, making it easy to be extended to cover a 

network with multiple intersections. 

 

6.2 Future Research 

 Although the result from this dissertation work demonstrates that a physical queue 

based platform can be useful in developing and evaluating TSP control strategies, further 

research is still needed in this area. Some of the specific problems for further research are 

identified as follows: 

1. In subsection 3.4.3 of chapter 3, we mentioned the delay to general traffic at 

signalized intersection. In order to avoid adverse impact to general traffic, we 
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need to incorporate the delay to general traffic into the TSP decision process. 

However, when it comes to assess delay to every vehicle, physical queue 

representation has to work with certain assumptions, such as the average vehicle 

length. Otherwise, we need to incorporate some other model for it. 

2. In chapter 4, the type-2 fuzzy logic forecasting system for traffic flow provides 

us a prediction interval, where the possible values are uniformly distributed. The 

same forecasting system can be applied to predict bus dwell time. However, 

since bus dwell time is usually considered to follow normal distribution, the 

modification to the forecasting system will need some additional work.  

3. In chapter 5, the CPN model changes signal phase durations according to the 

offline calculation of the proposed TSP decision process. It is because the current 

version of CPN tool does not have good interface with other programs. Once that 

type of interface is available, the process can be fully automated. The decision 

process will then work online just like the TSP modules in a real signal 

controller. 

4. In chapter 5, the CPN model is developed for an isolated intersection. By 

connecting the ‘intersections’ together, we can construct a network, where the 

transit service quality can be assessed in terms of the delay reduction of a “trip”. 

This would require that the neighboring signals operate in a more coordinated 
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way so as to minimize bus delay while at the same time have a minimum 

negative impact on general traffic. 
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