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Abstract 

 

Performance monitoring systems have experienced remarkable development in the past few 

decades. In today’s world, an important issue for almost every industry is to find a way to 

appropriately evaluate the performance of the provided service. Having a reliable performance 

monitoring system is necessary, and researchers have developed assessment models and tools to 

deal with this concern. There are many approaches to the development of performance 

measurement and observation systems. The internet-of-things (IoT) creates a broad range of 

opportunities to monitor the systems by using the information from connected people and 

devices. The IoT is providing many new sources of data that need to be managed. One of the key 

issues that arises in any data management system is confidentiality and privacy.  

Significant progress has been made in development and deployment of performance monitoring 

systems in the signalized traffic environment. The current monitoring and data collection system 

relies mostly on infrastructure-based sensors, e.g. loop detectors, video surveillance, cell phone 

data, vehicle signatures, or radar. High installation and maintenance costs and a high rate of 

failure are the two major drawbacks of the existing system. Emerging technologies, i.e. 

connected vehicles (CV), will provide a new, high fidelity approach to be used for better 

performance monitoring and traffic control. 

This dissertation investigates the real-time performance observation system in a multi-modal 

connected vehicle environment. A trajectory awareness component receive and processes the 

connected vehicle data using the Basic Safety Message (BSM). A geo-fence section makes sure 

the infrastructure system (for example, roadside unit (RSU)) receives the BSM from only the 
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connected vehicles on the roadway and within the communication range. The processed data can 

be used as an input to a real-time performance observer component. 

Three major classes of performance metrics, including mobility, signal, and CV-system 

measures, are investigated. Multi-modal dashboards that utilize radar diagrams are introduced to 

visualize large data sets in an easy to understand way. A mechanism to maintain the anonymity 

of vehicle information to ensure privacy was also developed. The proposed algorithm uses partial 

vehicle trajectories to estimate travel time average and variability on a link basis. It is shown that 

the model is not very sensitive to the market penetration rate of connected vehicles. This is a 

desirable feature especially because of the fact that the market penetration rate of connected 

vehicles will not be very high in near future.  

The system architecture for connected vehicle based performance observation applications was 

developed to be applicable for both a simulation environment and a real world traffic system. 

Both hardware-in-the-loop (HIL) and software-in-the-loop (SIL) simulation environments are 

developed and calibrated to mimic the real world. Comprehensive testing and assessment of the 

proposed models and algorithms are conducted in simulation as well as field test networks. A 

web application is also developed as part of a central system component to generate reports and 

visualizations of the data collection experiments. 
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1 Introduction  
 

1.1 Background 

Using wireless sensor networks in today’s applications is rapidly becoming more popular. A key 

issue that arises in any data collection system is confidentiality and privacy. Confidentiality 

requirements are due to either law (e.g. medical applications) or business interests (e.g. banking 

services). However, data sharing can provide mutual gain for the involved parties (Lindell and 

Pinkas, 2000). Research plays an important role in utilizing the datasets from wireless sensors 

while considering the confidentiality issues.   

In transportation, growing traffic demand in urban area is far above the increase rate in arterial 

and freeway lane-miles in the transportation system. In 2011, 5.52 billion hours at a total cost of 

121.2 billion dollars was estimated as the total traffic delay in the United States. During the past 

three decades, the total delay and cost have increased over 400% (Schrank et al., 2012).  

Increasing the efficiency of the existing infrastructure and traffic modes is a significant 

component of the solution to the congestion issue. Due to the lack of space for further expansion 

of the roads in many metropolitan areas, increasing capacity alone cannot alleviate the issue. 

Combinations of smart development and increasing the efficiency of the current transportation 

system using Information Technology (IT) and intelligent management (Schrank and Lomax, 

2002) can provide answers to the question of “how to deal with road congestion?”  

One of the main components in effective management and operation of urban transportation 

systems is performance observation. Travelers make more informed decisions when using a 

system that has travel information from a real-time performance monitoring application. Federal 

and State Departments of Transportation (DOTs) can benefit from the evaluation reports to 
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manage the traffic systems in a more efficient way.  As it was said by the management thinker, 

Peter Drucker, “you can’t manage what you can’t measure.” 

1.1.1 Performance Measurement Systems 

The first mentor of measurement, an ancient Greek named Eratosthenes, did something that was 

probably thought by many in his day to be impossible; measurement of the circumference of 

Earth (Hubbard, 2014). He heard that only once a year the bottom of a certain deep well in 

Syene, a city in southern Egypt, gets light by the noon sun. At the same time by observing the 

fact that vertical objects in Alexandria (north of Syene) cast shadows made him think of the 

possibility of a slightly different angle in receiving the sunlight in the two cities. He realized that 

he could use this observation to measure the curvature of Earth. 

In today’s world, an important issue for almost every industry is to find a way to appropriately 

evaluate the performance of the provided service. Having a reliable performance monitoring 

system is of the essence and researchers have developed assessment models and tools to deal 

with this concern. There are many different application areas including tourism hotel 

management (Hsieh and Lin, 2010), production lines using lean manufacturing methods (Shah 

and Ward, 2007, 2003), airport passenger terminals level of service (A. R. Correia, 2004), 

museum performance assessment (Paulus, 2003), and percutaneous surgery trainings and 

healthcare (Vikal et al., 2010), to name a few. One similar aspect among all these applications is 

the importance of utilizing a performance measurement system with appropriately defined 

metrics. Such a system can be used by managers as a reference in decision making with respect 

to available resources, and help reducing the risk or making improvements.   

There are many approaches to the development of performance measurement and observation 

systems. The internet-of-things provides a broad range of opportunities to monitor systems by 
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using information from connected people and devices. Different technologies that are taking 

advantage of wireless communications make individual and environmental observations more 

accessible. For example, in healthcare an emerging technology known as Wireless Body Area 

Networks (WBAN) allows data collection of a patient’s vital body parameters and movements 

by small wearable sensors (Li et al., 2010). Preserving the privacy of the users in any connected 

environment (i.e. healthcare, banking, or transportation) needs to be one of the top priorities of 

system developers. Otherwise, there is a high risk of serious social unrest due to the fear that 

such communicating devices may be utilized for monitoring and tracking individuals by 

government agencies or private parties (Ameen et al., 2010).    

Capital improvements to transportation systems, such as rebuilding an intersection, arterial, or 

corridor, need to be evaluated in terms of the improvements or impacts to the users of the 

system. Significant progress has been made in development and deployment of performance 

monitoring systems for urban traffic management systems. However, there are still many 

opportunities to improve the accuracy and overall performance in a customized way for both 

traffic agencies and road users. The current monitoring and data collection system relies mostly 

on infrastructure-based sensors, e.g. loop detectors, video surveillance, or radar. High installation 

and maintenance costs and a high rate of failure are the two major drawbacks of the existing 

system. Emerging technologies, i.e. connected vehicles (CV), will provide a new, high fidelity 

approach to be used for better performance monitoring and traffic control. 

1.1.2 Connected Vehicles 

Vehicles equipped with wireless communication devices that are capable of communicating with 

each other (V2V) and the infrastructure (V2I) are called as connected vehicles. A fast, secure, 

and reliable technology that operates at the 5.9GHz spectrum (Andrews and Cops, 2009) called 
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Dedicated Short Range Communication (DSRC) plays a core role in this wireless 

communication system. For both V2V and V2I (generally known as V2X) applications, the 

Society of Automotive Engineers (SAE) has established a set of DSRC message dictionary 

standard. Some of the messages in the standard are (SAE International, 2009a) : 

 Basic Safety Message (BSM): Vehicle position and motion information transmitted at 

the rate of 10 times per second. 

 Signal Phase and Timing (SPaT): Current and future state of the traffic signal indications 

of one or more signalized intersections. 

 MAP: Digital description of the geometry of a signalized intersection. 

 Signal Request Message (SRM): Priority signal request for service broadcasted 

asynchronously by a special class of vehicle.  

 Signal Status Message (SSM): Relates the current status of the signal and any pending or 

active priority requests. 

The Global Positioning System (GPS) that allows navigation and timing is used along with 

DSRC to obtain an estimation of real-time vehicle location. Connected vehicle technology is able 

to transform the way people drive their cars by providing both connectivity and a more complete 

picture of the transportation system for different road users and the infrastructure. Throughout 

this dissertation, the mobile devices in vehicles are referred to as Onboard Units (OBU), and 

infrastructure-based devices are denoted as Roadside Units (RSU). 

Safety, mobility, and the environment are the three major areas of interest that connected vehicle 

technologies are being developed to address (U.S. DOT Intelligent Transportation Systems Joint 

Program Office, 2014). V2V communication provides awareness of the surrounding driving 

situation for the connected vehicles through an in-car information and warning system. Unsafe 
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circumstances caused by sudden changes of speed or driving patterns of a leading car can be 

avoided by informing nearby drivers. V2I communication is a two-way connection between the 

vehicles and the infrastructure. At a signalized intersection, the vehicles are capable of receiving 

the current signal states (SPaT), such as remaining green time and estimated time to green. 

Simultaneously, the infrastructure acquires position and motion, through the BSM, information 

from all nearby connected vehicles. In this world of high fidelity data collection, different 

applications can be implemented for monitoring performance measures in real-time, providing 

priority signal timing for priority eligible vehicles, and allocating green time for all vehicles. 

These applications are mobility applications. Others that can provide driver advisories for 

maintenance and maximum fuel efficiency are instances of environmental applications.    

Based on a recommendation from the National Highway Transportation Safety Administration 

(NHTSA), the federal government will likely mandate that all new manufactured cars be 

equipped with connected vehicle technology for safety applications (Cullen, 2014). At the 2014 

Intelligent Transportation Systems (ITS) World Congress Annual Meeting (Detroit, MI, 

September 8th-12th, 2014), Mary T. Barra, the CEO of General Motors (GM) officially 

announced that 2017 Cadillac CTS will be equipped with a DSRC radio. It is likely that other 

auto manufacturers will start equipping their vehicles with the capability of sending and 

receiving DSRC messages. Connected vehicle technology is a significant step in the 

development process of the future transportation paradigms. 

1.1.3 Multi-Modal Traffic Intelligent Systems (MMITSS) 

This dissertation has been inspired by research conducted in the Multi-Modal Intelligent Traffic 

Signal Systems (MMITSS) project. MMITSS is one of the US DOT Connected Vehicle Pooled 

Fund projects that focuses on connected vehicle Dynamic Mobility Applications (DMA). The 
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sponsors of the research are the actual owners and operators of transportation infrastructure that 

include state and local transportation agencies and the Federal Highway Administration 

(FHWA). 

The project is defined with the primary goal of developing and field testing the next generation 

of traffic signal systems taking advantage of the connected vehicle environment. Multiple 

transportation modes, including regular passenger vehicles, transit, emergency vehicles, freight 

vehicles, and pedestrians are considered as the primary road users. The project consists of four 

main components: real-time Performance Observation (PERF-OBS), Signal Priority (Transit – 

TSP, Freight – FSP, and Emergency Vehicle - PREEMPT), Intelligent Traffic Signal System 

(ISIG), and mobile accessible Pedestrian Signal System (PED-SIG). 

PERF-OBS provides real-time monitoring of all the traffic modes on the road and measures, 

collects, and estimates performance metrics by mode and by movement at signalized 

intersections. This component is the focus of this dissertation. Some of the measures are 

mobility-based including travel time, stopped delay, queue length, and number of stops. The 

range of the radio, proportion of the dropped DSRC messages, and up-time of the devices are 

categorized as Connected Vehicle (CV) system-based measures. The third type of metrics is 

referred to as signal-based evaluations that consist of arrivals on red, and arrivals on green 

measures. Signal Priority provides priority for three different modes of vehicles including transit, 

freight, and emergency vehicles. I-SIG enables adaptive signal control for general vehicles. 

PED-SIG is responsible for a smartphone application that can send pedestrian signal request and 

assist mainly disabled pedestrians. 

More information about MMITSS and other DMA projects can be found at: 

http://www.its.dov.gov/dma/dma_development.htm      
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1.2 Motivation 

Performance monitoring is one of the top priorities of public agencies and the connected vehicle 

system provides an opportunity to significantly improve how performance measurement is 

conducted. Many of the current traffic monitoring systems rely mostly on infrastructure-based 

sensors, including in-pavement loop or video detectors. These fixed-point measuring devices 

provide incomplete profile of the events occurring in the transportation environment with 

instantaneous information only when a vehicle is passing over the detector. 

Building an intelligent transportation management system that monitors traffic and provides 

performance measures has been made possible by recent advances in telecommunication, 

electronics, computing, and the internet. In a connected vehicle environment, mobility 

applications using V2I communication enable the Traffic Management Centers (TMC) to obtain 

a much more complete picture of the road users. Real-time data consisting of vehicle location, 

speed, acceleration, etc. is provided by each equipped vehicle with temporary assigned IDs to be 

changed randomly to ensure privacy. Traffic controllers are also capable of making smarter 

decisions. A single RSU can be installed and maintained at the intersection to collect connected 

vehicle data for a fraction of the cost of traditional sensors. This new source of high fidelity data 

allows more detailed and accurate monitoring of the system performance.   

   

1.3 Research Topic Statement 

This dissertation investigates the design and development of a real-time performance observation 

system to quantity the performance of individual users and devices while ensuring their privacy. 

This concept, as a new performance monitoring system architecture, is specifically designed for 

connected vehicles and was implemented in the MMITSS prototype. Along with the architecture, 
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calculation and estimation algorithms are tested under both simulated and real world (field) 

conditions.  In this section several components of the proposed research are presented as follows: 

 Design and Selection of Desired Performance Metrics 

The first step in any capital improvement project is to identify the project objectives and to 

define appropriate performance measures and metrics. Poor outcomes are most probably results 

of poor selection of measures (Pratt and Lomax, 1996). It is important to make sure that a given 

set of performance measures reflects the real situation of the transportation system. Three major 

classes of performance indicators are introduced including, traffic-based, signal control-based, 

and CV system-based measures.  

 Multi-Modal Data Analytics Comparative Visualization Tool 

Methods of visualization of multi-modal performance measures that can be presented in an easy-

to-understand format to compare different scenarios are described. For visualizing the 

relationship between different measures, a tool has been developed that reflects the performance 

of an intersection by mode and by movement. This tool utilizes radar diagrams as the basic 

element and is not intended to replace statistical analysis and modeling. It can be used 

concurrently with other techniques for analyzing the strengths and weaknesses of the existing 

system. The radar diagrams leverage the rich data sets available to allow visualization of 

different performance metrics. 

 Privacy Ensured Connected Vehicle Environment and Partial Vehicle Trajectories 

Privacy concerns require that personal information be protected and connected vehicle 

applications operate without misuse of the available information. Private connected vehicles 

have randomly assigned temporary ID numbers that change every 5 minutes. A generic 

methodology is developed to both avoid violating the privacy of the road users and provide 



24 
 

performance metric estimations of the vehicles even when their IDs are changed. Fragments of 

vehicle trajectories in Time-Space diagrams are utilized to observe and estimate the required 

performance measures. This approach avoids re-association of vehicles’ once they change their 

ID.  

 Single Intersection Performance Monitoring Algorithms 

A connected intersection receives Basic Safety Messages (BSM) that are broadcasted by all 

connected vehicles within the radio range, with the rate of 10 times per second. An Intersection 

MAP, that describes the geometric structure of the road, is associated with signal phases to be 

utilized for vehicle state estimations. A Trajectory awareness component stores and processes the 

data to locate the vehicles on the predefined map. The real-time performance observation 

algorithms can measure and estimate the designed metrics at the intersection-level and generate 

reports of these measures by movement and by mode (e.g. passenger vehicle, transit, and truck). 

The range of the DSRC-enabled radios within the infrastructure plays a crucial role in the 

context of section-level monitoring of the system performance (section may refer to a group of 

intersections bundled together for traffic control purposes). For example, two consecutive 

intersections can have overlapping radio coverage because of being closely-spaced. However, 

there might be a huge spatial gap between two intersections in an arterial corridor. Do we know 

what happened to the connected vehicles in the gap from one equipped intersection to another? A 

unified section-level observation strategy was developed to take into consideration the 

performance of vehicles while preserving their privacy.  

 Connected Vehicle Simulation Environment 

A simulation environment for connected vehicles has been developed to test and validate the 

calculation and estimation algorithms. A microscopic traffic simulation tool, VISSIM, is utilized 
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to reflect the realistic performance attributes of each individual vehicle while traveling through 

the network. The simulation environment has been utilized to replicate the real world 

performance measurement situation. The communication between the vehicle and the 

infrastructure, standard message transmission, DSRC range calibration, and GPS positioning are 

considered in the connected vehicle simulation environment. Hardware-in-the-Loop simulation 

consisting of a real traffic controller, real Onboard and Roadside Unit (OBU and RSU) was 

implemented as well as Software-in-the-Loop using virtual traffic controllers, OBUs and RSUs. 

 Dynamic Web Application as the User Interface 

One of the main characteristics of a comprehensive performance monitoring system is having a 

user friendly interface for end users (i.e. traffic operators, public transportation agencies, and 

commuters). A dynamic web application has been developed that runs on a Windows or Linux 

server in the same local network as the RSUs. The performance measures resulted from 

processing the connected vehicle data coming from the equipped vehicles that are stored in a 

database server. A variety of visualization tools and dashboards have been utilized to graphically 

show the individual intersection performance as well as the overall system performance to the 

users. The goal was to make the traffic manager’s interaction with the system to be as simple and 

efficient as possible in terms of visualizing performance of their transportation system.  

 

1.4 Dissertation Organization 

The remaining chapters of the dissertation are organized as follows: 
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Chapter 2 provides a comprehensive literature review of performance monitoring systems 

including three major topics: Internet-of-Things (IoT), performance monitoring systems 

framework, and observation of analytical transportation metrics.  

Chapter 3 presents the system architecture of the performance monitoring application in a 

connected vehicle environment. The standard SAE J2735 DSRC messages used throughout the 

system are introduced first. The main components of both the hardware and software are 

presented using system architecture diagrams. The traffic signal controller, Roadside Unit 

(RSU), and On-board Unit (OBU) are the hardware components. DSRC message transmission, 

intelligent traffic control, priority allocation algorithm, and performance observation application 

are among the software components.  

Chapter 4 provides an overview of the performance observer component in a connected vehicle 

environment. A prerequisite application (i.e. Vehicle Trajectory Awareness), the MAP structure, 

and a brief description of how received DSRC messages are used to locate each vehicle on the 

map are first presented. The geo-fencing area that establishes a virtual boundary for utilizing the 

basic safety messages is then described. Finally, the design and selection of performance metrics 

is presented. 

Chapter 5 defines a visualization method to evaluate the performance of a multi-modal traffic 

signal system. A tool, called a multi-modal performance dashboard, is developed to visualize the 

relationship between various performance measures and multiple modes. Numerical results of a 

micro-simulation model are presented to study the effects of different designs and signal timing 

strategies on several performance measures for both vehicles and pedestrians. 
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Chapter 6 focuses on privacy concerns that require personal information be protected and 

connected vehicle applications operate without misuse of the available information. A 

methodology is developed to estimate travel time mean and variance on signalized arterials while 

protecting the privacy expectation of the road users. An extended tardity (ET) function is defined 

that utilizes trajectory fragments of the vehicles that may randomly change their identification 

information. The methodology is tested using both field and Software-in-the-Loop (SIL) 

simulation data based on the Arizona Connected Vehicle Test Bed in Anthem, AZ. 

Chapter 7 provides the assessment and evaluation of the proposed monitoring algorithms in both 

a simulation environment and in a real-world test network. The design and implementation of the 

calibrated simulation environment are presented first. Next, the numerical results of 

simulation/field experiments are analyzed. Finally, a web application as an analytical tool, 

developed for the central system performance observation is explained. 

Chapter 8 provides summaries and contributions of the dissertation and shows the potential 

directions for further research.   
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2 Literature Review 
 

This chapter gives a comprehensive literature review of performance monitoring systems 

including the following topics: 

1. Internet-of-Things  

2. Performance Monitoring Systems Framework 

3. Measurement, estimation, and observation of analytical transportation metrics: 

i. Traffic-based Performance Measures 

ii. Privacy Concerns 

iii. Data Models 

 

2.1 Internet-of-Things 

The Internet of Things (IoT) is an emerging concept that refers to unique objects and their virtual 

representations in a unified structure (Rao et al., 2012). More than a decade ago, the original 

concept was proposed by MIT Auto-ID Lab (Kulik et al., 2002). As a new wave in the era of 

computing, IoT paradigm makes it possible for all modern day living objects to be on the 

network in one form or another. In such a world where different wireless or wired sensor 

network technologies play the main roles to provide smarter connectivity, generation of 

enormous amount of data is inevitable (Gubbi et al., 2013).  Radio Frequency Identification 

(RFID) (Ashton, 2009) and Wireless Sensor Networks (WSN) (Xu et al., 2014) were the two 

main technologies with most contribution to the development of IoT. Significant advances in 

both RFID and WSN in addition to the rise of new sensor technologies (e.g. barcodes, tag reader, 

Global Positioning System (GPS), Near Field Communication (NFC), Bluetooth, smartphones, 
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etc.) envisions a future in which digital and physical entities (Miorandi et al., 2012) can be linked 

to create smarter and more intelligent applications. 

Application fields and market sectors where IoT solutions can be more beneficial compared to 

the current solutions (Miorandi et al., 2012), include a broad range of activities: 

 Smart Buildings. Sensors are the most important parts of IoT technology adoptions in 

housing industry. The two main responsibilities are monitoring the resource 

consumptions (e.g. water, electricity, and gas), and dynamically detecting the residents’ 

demands. Switching on/off the lamps, cooling, and heating are some of the examples of 

controlled actuations in a smart house. Data center information systems are a core part of 

solving the problem of building energy management (Wei and Li, 2011). 

 Healthcare. The ultimate goal of using IoT technologies in healthcare industry is to 

improve both the existing assisted living and personalized well-being solutions. Usage of 

wearable sensors to collect data from daily activities of patients helps the medical staff to 

monitor vital parameters such as body temperature, blood pressure, hemoglobin (HB), 

and breathing activities (Rohokale et al., 2011). Advanced remote monitoring results in 

quick response actions to save lives. 

  Smart Grid. Interactive real-time network connections between the users, corporation, 

and power equipment provides an enriched set of data (Yun and Yuxin, 2010). Different 

networked embedded devices such as smart meters, smart appliances, and energy 

management systems (Karnouskos, 2012) are integrated in the fabric of the smart grid to 

monitor and actuate the energy infrastructure. 

 Water Saving Irrigation. Using wireless sensors to monitor system conditions and set 

control irrigation parameters (e.g. valves open/close, level of water, quality index, etc.) 
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results in a dynamic management of water as a vital but limited resource. IoT enables 

rapid and water-saving agricultural developments, along with more optimal operations 

while reducing the irrigation costs (Feng, 2011). 

 Manufacturing. RFID is one of the popular IoT sensor technologies being used in 

assembly lines of automobile manufacturers (Jia et al., 2012). More efficient replacement 

part ordering, and automated generation of maintenance reminders are some of the 

examples that are achieved by using RFID sensors. 

  Noise Monitoring. Acoustic pollution, Carbon Oxide (CO) in the air, and light pollution 

are different forms of noise that need to be controlled and managed effectively as small 

pieces of a smart city (Zanella et al., 2014). An urban IoT can provide a noise monitoring 

system to measure the amount of noise produced at any given time window 

(Maisonneuve et al., 2009). 

The IoT in any application field is capable of changing the shape of the global supply chain 

networks and offers vast range of benefits but it faces many key challenges (Gang et al., 2011; 

Hu, 2011). One of these challenges is ensuring the privacy of the users. Since sensors and object 

identification technologies (i.e. RFID, barcodes, etc.) play a significant role in the IoT (Khan et 

al., 2012), it is required that privacy preserving approaches be among the top priorities of system 

developers. A number of Privacy Enhancing Technologies (PET) have been developed to 

achieve the goal of protecting the users’ privacy. Weber (2010) categorized PET approaches into 

five classes including Virtual Private Networks (VPN), Transport Layer Security (TSL), Domain 

Name System Security Extension (DNSSE), Onion Routing (i.e. encrypt and mix internet traffic 

from many different sources), and Private Information Retrieval (PIR). Lowering the data 
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quality, limiting the accessibility to a specific group, and using public-key cryptography are the 

most useful strategies to assure the users about their privacy.  

Connectivity by any means, is the key area of interest in today’s applications. The evolution of 

Machine-to-Machine (M2M) communications have been experiencing a new turn mainly 

because of some “macro” factors (i.e. socio-political, environmental, economic, etc.) (Zouganeli 

and Svinnset, 2009). In the world of IoT, things that talk are playing the most important roles in 

providing smarter solutions in different contexts. Considering the pace of improvements and 

technological advances, things that think are not unreachable in near future. 

  

2.2 Performance Monitoring Systems Framework 

Performance measurement systems collect measurements of a set of system parameters that can 

be quantified to judge the efficiency (i.e. an indication of how well the resources are used to 

provide an intended functionality) and/or effectiveness (i.e. an indication whether the 

requirements are met) of a system (Andy Neely et al., 2005). Performance monitoring and 

control systems are also defined as the formal information-based routines and techniques that 

decision makers use to maintain or change patterns in their field of expertise (Simmons, 2000). 

Metrics and indicators of such systems can be compared to themselves over time, compared with 

a predetermined target, or assessed along with other measures. Kellen et al. summarized different 

classes of performance metrics used in control systems (Kellen and Wolf, 2003):  

 Objective vs. Subjective: objective metrics can be independently measured, but 

subjective ones cannot. 
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  Leading vs. Lagging: leading measures are defined to predict and/or estimate future 

performance, whereas lagging ones give feedback on past performance and do not 

provide insight into future. 

 Responsive vs. Non-responsive: the measures that individuals have control over are 

responsive, but the ones outside their control or influence are called non-responsive. 

 Critical vs. Non-critical: the level of a metrics’ impact on successful execution of 

strategies defined by policy makers clarifies the criticality of an indicator.  

Three major develop phases of a performance measurement system are generally defined as 

design, implementation, and use (Bourne et al., 2000). The design phase identifies the key 

objectives and desired metrics. In the implementation stage, collecting and processing the input 

data that is used to enable the measurements and observations play the core roles. The final 

phase is utilizing the developed procedures by main stakeholders to review the measurement 

results for evaluation of whether the target system is efficient and effective (Lohman et al., 

2004). This process is not a one-time effort. Multiple iterations occur to revise and modify the 

designed metrics as more data about input, process, and output becomes available. 

There are two critical questions to be addressed in any performance monitoring system that is 

responsible for collecting data from input resources and generating output reports based on the 

embedded algorithms: “Does the target system perform well?” and “Where is the bottleneck?” 

(Guo et al., 2009). Researchers and data scientists have been trying to answer these questions by 

developing performance measurement tools.  

During the last two decades Performance Measurement  have occupied the minds of academics 

in an ever-increasing number of fields (Folan and Browne, 2005).  
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Due to the importance of the performance measurement topic, the growing trend have continued 

in both organizational and academic field of studies. In today’s world many applications such as 

healthcare, business, education, communication networks, supply chain, etc. are utilizing 

performance monitoring systems but rarely a unified definition of such framework is presented. 

Ji et al. introduced a probabilistic framework based on the Bayesian networks for modeling and 

real-time inferring human fatigue by integrating information from different sensory data and 

certain contextual factors (Ji et al., 2006). Researchers in the field of energy developed and 

implemented a performance monitoring system for distributed solar panels along with automated 

data logging based on a low-cost wireless sensors network (Ranhotigamage and Mukhopadhyay, 

2011). As a critical management activity both at the operational level and system level, a 

performance measurement system of individual airports (Humphreys and Francis, 2002) with a 

focus on the Work Load Unit (WLU), defined as one passenger processed or 100kg of freight 

handled (Doganis et al., 1978), was developed. Turabi et al. constructed a conceptual framework 

of performance indicators for the National Institute for Health Research (NIHR), based on a 

hybridization of the logic model and balanced scorecard approaches (El Turabi et al., 2011). 

Many research interests have focused on performance assessment of univariate and/or 

multivariate control systems (Joe Qin and Yu, 2007). A wide range of control systems from 

Single-Input Single-Output (SISO), to Multiple-Input Single-Output (MISO), and extensions to 

Multiple-Input Multiple-Output (MIMO) have been discussed (Harris et al., 1999, 1996). 

Djemame et al. (2011) presented a performance measurement framework to analyze and address 

the risk factor in Cloud Service Ecosystem for the purpose of optimizing Cloud service 

provision. These are only snippets of the ongoing research and development on performance 

measurement systems in different applications. 
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Management Information Systems (MIS) plays one of the main and important roles in clarifying 

and understanding the evolution and lifecycle of any performance monitoring system. MIS helps 

the performance information to be integrated, dynamic, accessible, and visible to help fast 

decision-making to promote a pro-active management strategies (Nudurupati et al., 2011). In 

order to implement a MIS supported performance measurement system, the commitment is 

required to come from senior management during the three phases of design, implementation, 

and use (Bourne et al., 2000). The role of MIS in facilitating the current procedures confronting 

the management challenges is also valuable and makes it an interesting topic in dealing with 

performance measurement systems.  

2.2.1 Practical Software and System Measurement 

The Joint Logistics Commanders Joint Group on Systems Engineering (JLC JGSE) started a 

measurement project known as Practical Software and Systems Measurement (PSM) in 1994 

(“Practical Software and Systems Measurement: Home,” 2015). The initial purpose was to 

develop software measurement guidance and to transition that guidance into practice. The overall 

PSM project objectives (Practical Software and Systems Measurement (PSM) - Methods of 

Operation, 2006) can be summarized as follows:  

1. Establishing a proven process to implement a tailored information-driven measurement 

procedure for software and systems engineering management 

2. Providing a foundation for objective communication and informed decision making 

3. Establishing a basis for organizational and executive-level performance management 

The concept of PSM has been widely utilized in many applications, such as DOD, government, 

and commercial programs, (Card and Maclver, 2003) as the measurement approach for project 
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management of software-intensive systems. Card et al. (2000) introduced four core elements 

used in creating the measurement framework of PSM: 

Information (measurement) needs 

Information and measurement needs are characterized in terms of goals and obstacles to reach 

those goals. Risks, technical problems, and lack of information are some of the examples of the 

obstacles that may be encountered (Card and Maclver, 2003). Measurement and managing the 

obstacles themselves have crucial roles in achieving the pre-defined objectives. 

Information (measurement) user 

Providing information that helps the decision makers and users in taking appropriate actions is 

another component of the measurement system. The main focus of the information users is the 

efficiency and effectiveness of the organization or system they are working with. 

Measurement process model 

The third element in the framework of PSM, measurement process model, itself consists of four 

basic activities (McGarry and Card, 2002) including: establishing commitment (i.e. acquiring 

essential support to sustain a measurement program), planning measurement (i.e. understanding 

the information needs and defining proper metrics), performing measurement (i.e. collecting and 

analyzing data as defined in the planning stage), and evaluating measurement (i.e. assessing and 

improving the measurement program). Figure 1 illustrates the measurement process model of 

PSM. Planning and performing are the two core measurement activities of project management 

in the model. Planning stage identifies the needs and outlines the appropriate measurement, and 

performing stage is responsible for executing the measurement plan.  
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Figure 1: Measurement Process Model with 4 Basic Components 

 

Measurement information model 

Measurement information model, as the final element of PSM’s framework, describes a steady 

set of terms and concepts for describing measurement activities. As depicted in Figure 2, three 

classes of performance measures (McGarry and Card, 2002) are defined in the model as follows: 

i. Base Measures. These metrics quantify only a single attribute. 

ii. Derived Measures. These metrics are produced by fusing the data from multiple base 

measures 

iii. Indicators. These metrics are the combinations of base and/or derived metrics with 

associated analysis models and decision criteria. 

Such information model may be applied equally well to any enterprise-level measurement, 

mainly because it was adapted from a widely accepted vocabulary defined for measurement 
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(Card and Maclver, 2003). ISO/IEC 15939 is the international standard applied in codifying the 

PSM process and information models (El Emam and Card, 2002). 

 

Figure 2: Measurement Information Model with 3 Classes of Metrics 

In general, any PSM project achieves its objectives by following certain steps (Clark, 2001). The 

first step is to define measurement as a process, not a pre-defined list of graphs or reports. The 

next phase is establishing a flexible measurement process that may be adapted to meet specific 

program and organizational information requirements and goals. Finally, supporting 

organizations and/or projects to integrate measurement requirements into their management and 

development processes. 

 

2.3 Measurement, Estimation, and Observation in Transportation 

The advent of the International Surface Transportation Efficiency Act (ISTEA) and pressure 

from state governments for more accountability of state funds make the federal and local 
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Departments of Transportation (DOT) increasingly more responsible to develop better 

performance measurement systems (Poister, 1997). Having an up-to-date monitoring system is 

vital for both improving the DOTs’ productivity and responding to the outside demands from the 

public.   

Transportation agencies have a wealth of data available from the services they provide (e.g. 

public transit services, traffic signal timings, etc.) and the infrastructure they maintain (Dalton et 

al., 2001). Collecting and analyzing data to provide timely information on whether the strategic 

goals are met, is a significant challenge facing the traffic managers and policy makers. However 

the results of the 2005 Traffic Signal Operation Self-Assessment Survey indicated that many 

agencies do not store or observe traffic system performance data in the operation and 

maintenance of traffic signal systems (Liu and Ma, 2008). With the current advances in computer 

processors, telecommunication technologies, and sensor data mining algorithms Traffic 

Management Centers (TMC) are capable of improving their measurement tools to better monitor 

the performance of the transportation system. 

Capital improvements to transportation systems, such as rebuilding an intersection, arterial, or 

corridor, need to be evaluated in terms of the improvements or impacts to the users of the 

system. Traditional studies have focused either on performance measures such as vehicle delay 

and travel times for a single mode (e.g. passenger vehicles) or on aggregated traffic flow that 

includes passenger vehicles, trucks, buses, etc. Recently, there has been a greater focus on 

mobility and safety of multi-modal travelers. While performance assessment studies for each 

mode exist, there is nevertheless a need for a comprehensive approach to multi-modal 

performance assessment.  
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The first step in any improvement project is to identify the project objectives and to define 

appropriate performance measures and metrics. Poor outcomes are most probably results of poor 

selection of measures (Pratt and Lomax, 1996). Based on the fact that one of the basic 

requirements of transportation system management is managing the multi-objectives of the 

different modes (Hubbard et al., 2008), this dissertation uses both multi-modal and mode-

specific measurements to not only evaluate the total effect, but also to recognize individual 

strengths and deficiencies.  

Transportation improvement projects may include widening an arterial corridor to provide 

additional capacity with the objective of  reducing travel time and delay for vehicles, but this 

may impact pedestrians by increasing their travel time and delay. In other words, this could be an 

effective objective for many corridors, but in environments where there is a high pedestrian 

demand (urban locations), the delays that traffic flow improvements impose on pedestrians might 

be ignored by existing policies (Ishaque and Noland, 2007). Also, inclusion of traffic signal 

priority for transit (or other vehicles such as trucks) could impact both vehicles and pedestrians. 

These types of strategies can impact a traffic mode in a negative way and may result in 

unbalanced assessment, especially in central city areas. So there is a need to understand how 

improvements to one mode may impact, or benefit, another mode. 

The remainder of this chapter is organized as follows: The state of the art in performance 

measurement systems in transportation applications is reviewed in the next section. Different 

categories of performance metrics are discussed. One of the major challenges in transportation 

studies is the concern for privacy which is discussed at the end of this chapter. 
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2.3.1 Traffic-based Performance Measures 

Historically, many studies have focused on using fixed location sensors, such as video 

surveillance and loop detectors, to collect data and monitor traffic. The emergence of new 

technologies enabling richer data collection, such as the Global Positioning System (GPS) 

enabled devices in vehicles, promote a strong future for traffic management systems. These new 

mobile data sources result in more accurate and reliable performance and traffic state estimation 

approaches. This data is applicable for both freeway sections (Herrera and Bayen, 2010; 

Izadpanah et al., 2009) and major arterial networks (Hofleitner et al., 2012; (Jeff) Ban et al., 

2011). 

Traffic-related metrics in any transportation system cover a broad range of indicators that can be 

used to evaluate the overall transportation system performance. The traditional group of 

measures includes travel time, delay, queue length, and number of stops. Reliability studies on 

different number of such metrics, especially on travel time, have been a significant portion of the 

recent literature. 

Travel Time 

Estimating travel time has been of interest in many Intelligent Transportation System (ITS) 

applications as a significant quantitative performance measure playing a key role in Advanced 

Traveler Information System (ATIS) and Advanced Traffic Management Systems (ATMS). 

Reliable travel time prediction provides helpful information to road users for rerouting and/or 

congestion mitigation (Sun et al., 2008). 

There are three major categories for measuring and predicting the travel time information: first, 

having fixed location sensors to log the passage time of the vehicles at specific points on a road 
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segment. Second, utilizing infrastructure-based data obtained from passive matching of vehicles, 

and third, using the vehicle-based data acquired from active matching of GPS-enabled equipped 

vehicles. Basically, inductive loop detectors (Oh et al., 2007; Srinivasan and Jovanis, 1996), 

laser ranging profilers (Kreeger and McConnell, 1996), and video surveillance cameras 

(Coifman et al., 1998) are classified in the first group. In the second category, vehicle signatures 

are captured and matched by deploying different approaches, including wireless magnetic 

sensors (Kwong et al., 2009), license plate recognition systems (Anagnostopoulos et al., 2008), 

Automatic Vehicle Identification (AVI) tags (Zhou and Mahmassani, 2006), Medium Access 

Control (MAC) addresses of Bluetooth and wifi-enabled devices (Wasson et al., 2008), and 

cellular phones (Smith et al., 2003). Finally, GPS probe vehicles (Quiroga and Bullock, 1998), 

fleets of taxis (Long Cheu et al., 2002), and heavy commercial vehicles (Regan et al., 1998) can 

be categorized as a means of performance observations in the third group. Also, Map-matching 

algorithms use a combination of GPS positions and a high resolution spatial network maps as 

input to provide an improved positioning output (Quddus et al., 2007) which can be used to 

provide more accurate trajectories and consequently more reliable performance observations.  

One of the other methodologies that draws much attention is reconstructing the vehicle 

trajectories using the mobile data in order to obtain a complete picture of the traffic flow. A 

microscopic-based approach for trajectory estimation on freeway sections was introduced by 

Goodall et al.  (Goodall et al., 2012). Some other studies (Blumberg and Bar-Gera, 2009; 

Daganzo, 2005; Sun and Ban, 2013) deployed the Variational Formulation (VF) of kinematic 

waves to rebuild the short vehicle trajectories. Ramezani and Geroliminis (2012) developed a 

framework to estimate the arterial travel time distribution using the probe data by considering the 

spatiotemporal nonlinear correlations. 
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Travel Time Variability 

Numerous researchers have concentrated on the importance of travel time studies, whereas travel 

time variability can be even more important. The variability in travel time affects the level of 

frustration for travelers considering trip planning and punctuality (Marthchouk et al., 2011). One 

of the main concerns of travelers is to know the reliability of their total travel time prediction 

rather than how long it will take them to reach the destination (Kaparias et al., 2008). Small et al. 

(1999) concluded that the cost that drivers placed for mean travel time ranges from $2.60 to $8 

per hour while the cost for standard deviation of travel time ranges from $10 to $15 per hour. 

Changes in the combination of vehicle modes on the network, changes in driver reactions, 

changes in delays experienced by different vehicles at intersections, and occurrence of random 

incidents (e.g. signal failure or car breakdowns) could cause variability in travel times (Liu et al., 

2004). Comprehensive studies of travel time reliability modeling regarding theoretical and 

empirical issues have been conducted by Noland et al. (2002).  

Many studies have tried to fit a continuous probability distribution to the travel time data and it 

was first concluded that travel times are normally distributed. Herman and Lam (1974) 

concluded that only the 60% lower values of travel times fit a normal distribution well and 

gamma or log-normal distribution was proposed instead. Later, based on the research goal or the 

level of simplicity, researchers have chosen to use normal (Lomax et al., 2003a), gamma (Dandy 

and McBean, 1984), log-normal (Montgromery and May, 1987; Rakha et al., 2006), or Burr 

(Susilawati et al., 2013) distributions. The numerous studies in this regard implies  the 

importance of the skewness and kurtosis (Li et al., 2006) of the distribution as two main 

characteristics to be considered. 
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Other studies on travel time variability in the literature have focused on two main issues. First, 

providing a clear definition of travel time reliability from the point of view of different 

stakeholders (travelers, traffic managers, and policy makers) (Nicholson et al., 2003; Tu et al., 

2007) or, studying different metrics to quantify the reliability of travel time (Chen et al., 2003; 

Lomax et al., 2003b; Small, 1999; Van Lint and Van Zuylen, 2005). 

Connected Vehicle Performance Measurements 

There are a few studies focusing on performance measure estimation based on data collected 

from V2V and V2I communications in connected vehicle environment. Li et al. (2013b) 

developed an event-based method that uses both probe trajectory and signal timing data to 

estimate queue length when connected vehicle technology is deployed. In a recent study by Ernst 

et al. (2014), a new Kullback-Leibler comparison framework is developed to evaluate travel time 

estimation capabilities of algorithms based on their distribution instead of mean travel time. A 

V2X (combining V2V and V2I communications) architecture is presented to estimate traffic 

density in urban environments at any given time (J. Barrachina et al., 2013). Kianfar and Edara 

(2013a) proposed a methodology to determine the optimal placement of RSUs for travel time 

estimation in a V2I communication environment. However, this work has not been extended to 

consider the microscopic movement of the connected vehicles in order to estimate travel time 

without violating the privacy protection policies. 

Table 1 summarizes some of the studies related to performance monitoring in a connected 

vehicle environment. Most of the studies have used traffic simulators (e.g. VISSIM, AIMSUN, 

PARAMICS) and/or numerical simulation tools (e.g. MATLAB, C++) to validate the results. 

However, very few field data collection experiments were reported in the literature. 
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Table 1: Connected Vehicle Studies, Applications, and Validation Approaches 

Subject Application Authors 
Publication 

Year 
Communication 

Validation 

Approach 

Traffic 

Signal 

Control 

Estimation of 

Vehicle 

Location and 

Speed (EVLS) 

Feng et al.  (2015) V2I VISSIM 

Predictive 

Microscopic 

Simulation 

Algorithm 

(PMSA) 

Goodall et 

al. 
(2013) V2I VISSIM 

Decentralized 

Adaptive 

Control 

Priemer et 

al. 
(2009) V2I AIMSUN  

Performance 

Monitoring 

System 

Vehicle 

Communication 

Bezzina et 

al. 
(2014) V2V 

Light 

Vehicle 

Fleet 

Queue Length 

Estimation 

Tiaprasert et 

al. 
(2015) V2I VISSIM 

Queue 

Spillback 

Detection 

Christofa et 

al. 
(2013) V2I AIMSUN 

Cluster 

Monitoring  

Koulakezian 

et al. 
(2011) V2X SUMO 

Vehicles’ 

Trajectory 

Estimation 

J. Lee et al. (2012) V2I 
VISSIM / 

MATLAB 

Cumulative 

Travel-Time 

Responsive 

(CTR) Control 

Lee et al.  (2013) V2X 
VISSIM / 

MATLAB 

Queue Length / 

Queue 

Spillback 

Monitoring 

Venkatanara

yana et al. 
(2011) V2I VISSIM 

Queue Length 

Estimation 
Li et al. (2013a) V2I VISSIM 

Traffic Density 

Estimation 

Barrachina 

et al. 
(2013) V2I 

Network 

Simulator 

Travel Time 

Estimation  

Kianfar et 

al. 
(2013b) V2I VISSIM 

Delay 

Calculation 
Guler et al. (2014) V2I MATLAB 
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Connected 

Cruise Control 
Ge et al. (2014) V2V 

Numerical 

Simulation 

 

2.3.2 Privacy Concerns in Connected Vehicle Environment 

One of the principle concerns confronting the development of connected vehicle applications is 

ensuring privacy of the public travelers. The connected vehicle system is being developed with 

this privacy issue as a requirement. According to “Annex E: Traffic Probe Message Use and 

Operation” in SAE J2735 (2009) Standards (“J2735: Dedicated Short Range Communications 

(DSRC) Message Set DictionaryTM - SAE International,” 2009), the data collection of a 

connected vehicle does not begin until 500m or 120 seconds (whichever occurs first) after the 

vehicle start up to aid anonymity. If a vehicle changes its temporary ID number while it is being 

observed, it is not difficult to associate its new ID number with its old number based on the 

position data that is received every 100 ms. However, making this association would violate the 

privacy requirement. This could be a significant obstacle to public acceptance as has been 

observed for the emerging technologies, such as Google Street View in Switzerland (Claburn, 

2009).  

Most traditional studies either ignored the privacy issues or deployed a set of non-comprehensive 

privacy protection techniques in order to acquire as much data as possible. These include: 

removing the vehicle IDs (Rass et al., 2008), lowering the quality of the datasets (Gedik and Liu, 

2005), or incrementing the sampling intervals (Tang et al., 2006). All of these approaches have 

some drawbacks that make them unable to achieve an accurate performance 

measurement/observation system. Recently researchers have been focusing more on application-

specific privacy preserving methods which result in more accurate outputs. Hoh et al. (2007) 

introduced the Virtual Trip Line (VTL) concept to specify the time and position for collecting 
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mobile data. Other privacy experts verified the efficiency of this method for freeway sections 

(Herrera et al., 2010), isolated intersections ((Jeff) Ban et al., 2011), and urban corridor/networks 

(Sun et al., 2013). All these studies have constraints on collecting the maximum amount of 

information from the mobile data sources, though they were effective in improving the level of 

privacy. 

2.3.3 Data Models 

A set of advanced applications with the main purpose of enhancing the traveling experience 

define Intelligent Transportation Systems (ITS). Avoiding traffic congestions, increasing the 

safety and effectiveness of traffic management, and improving the environmental impacts are 

some of the examples of ITS in recent years (Cozzetti et al., 2012). Many ITS applications are 

driven by information gathered from multiple sources which is processed to deliver services to 

the road users and travelers. 

Scalability as one of the potential issues and concerns of any performance measurement system, 

due to the limited availability of transceivers, has drawn a lot of attentions recently. Cloud 

computing is known as a way of delivering services such as shared resources, platforms, 

software, and data that is utilized to overcome the challenge of scalability. Amazon Web 

Services (AWS), as part of the Amazon public cloud computing services provide Elastic 

Compute Cloud (EC2), provides end users a powerful and flexible platform for executing 

applications (Bitam and Mellouk, 2012). Software-as-a-Service (SaaS), and Infrastructure-as-a-

Service (IaaS) are two main categories of cloud computing services. There is also another service 

model known as Platform-as-a-Service that makes the development of customized software 

possible by utilizing tools and libraries. 
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There are only a few studies focused on using the cloud computing for the vehicular systems. 

Abid et al. (2011) proposed V-Cloud architecture consisting of one major component called 

Vehicular Cyber Physical System (VCPS), and two layers for vehicle-to-vehicle (V2V) and 

vehicle-to-infrastructure (V2I) networks. In the suggested framework, vehicles are defined as 

cyber-physical system enabled cloud computing entities. In another study, an intelligent system 

with the main goal of collecting vehicular data from multiple locations and finding the possible 

sources of incidents was developed (Alazawi et al., 2011). Some developments such as VANET, 

ITS, Mobile and Cloud computing were utilized to assess the effectiveness of the proposed 

architecture in the case of a disaster on a real city transportation system. Tsubouchi et al. (2010) 

introduced a schedule calculation scheme for transit system in three cities of Japan. Cloud 

services were used to process the data collected from on-board communication devices installed 

in the buses. 
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3 System Architecture 
 

Development of performance monitoring algorithms in a connected vehicle environment, 

requires an overall system architecture that has provisions for testing and evaluation. This 

chapter introduces the overall architecture to support both simulation and field testing. The 

platform supports a variety of connected vehicle performance observation and related traffic 

signal control applications. The architecture is a collection of components where each 

component is responsible for specific system functions. The communication among components 

strictly follows SAE J2735 (2009) standards, except where the research has indicated 

enhancements are required, or recommended.   

Section 3.1 introduces the DSRC technology and the SAE J2735 message set used in the 

platform. Section 3.2 provides the field testing platform structure and Section 3.3 presents the 

system architecture of the simulation environment that can support a variety of applications. 

Finally, Section 3.4 describes the details of the performance observer application and its 

platform. 

 

3.1 Introduction to DSRC 

The communication among connected vehicles (V2V) and between connected vehicles and 

infrastructure (V2I) is through Dedicated Short Range Communications (DSRC). The Federal 

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

of spectrum dedicated for Intelligent Transportation Systems (ITS) vehicle safety and mobility 

applications(U.S. DOT, 2014a). The USDOT has stated that DSRC is the only available 

technology in the near-term that offers the latency, accuracy and reliability required for vehicle 
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safety applications (U.S. DOT, 2014b). The specified communication range for DSRC is 300 

meters, but actual range depends on many factors. One major advantage of DSRC over other 

transmission technologies is that DSRC has much lower latency which is critical to vehicle 

safety applications. The DSRC channels and their associated frequencies are shown in Figure 3 

(Delgrossi and Zhang, 2012). The 75-MHz spectrum is divided into seven 10-MHz stations. 

Channel numbers have a range starting from 172, ending to 184. The latter is known as the high 

power, long range (HPLR) channel and is mainly used for long-distance communications for 

public safety applications. The former is also known as high availability, low latency (HALL) 

channel beans is used for V2V crash avoidance safety applications. The channel in the middle of 

the spectrum (i.e. 178) is identified as the control channel with a range of 5.885-5.895 GHz. 

 
Figure 3: DSRC Radio Spectrum and Channel Frequency 

The Society of Automotive Engineers (SAE) has published the Dedicated Short Range 

Communications (DSRC) Message Set Dictionary, J2735, (SAE International, 2009b) which 

defines the messages for both safety and mobility applications. The messages implemented in the 

proposed system architecture include the Basic Safety Message (BSM), Signal Phasing and 

Timing Message (SPaT), MAP Message (MAP), Signal Request Message (SRM), and Road Side 

Alert (RSA). 

The following subsections briefly introduce each type of message. 
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3.1.1 Basic Safety Message (BSM) 

The BSM is used in a variety of applications to exchange vehicle data, primarily for safety 

applications. The specified transmission rate is 10 times per second. The BSM is often referred 

to as the “Here I am” message since it reports current vehicle location and states. The BSM has 

two parts. Part I contains the mandatory data elements that need to be broadcast by all vehicles. 

Part II is optional and the content is dependent on the requirements of the specific applications. 

Part I includes the following information for a vehicle: 

Temporary VehID: Vehicle temporary identification that is required to change every 5 

minutes to ensure privacy. 

Position: Latitude, Longitude, and Elevation 

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

Control: Break System Status 

Basic: Vehicle Size 

3.1.2 Signal Phase and Timing Message 

The Signal Phase and Timing (SPAT) message is used to convey the current status of the traffic 

signals. Combined with the MAP message, the receiver is able to know the current signal status, 

remaining phase time, and the next phase. In addition, current signal preemption and priority 

status are included in the message. The required transmission rate is 10 times per second. The 

SPAT message includes the following contents: 

Intersection ID: Identification number of a particular intersection 

LanesCnt: Number of movement states included in the data 

MovementState: Information about the current signal states including: Name of the 

movement (e.g. Eastbound left turn), total number of lanes served by the movement, 
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current signal status, current pedestrian signal state, remaining time of the current 

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

detection and pedestrian count. 

Priority: The active priority state data 

Preempt: The active preemption state data 

3.1.3 MapData Message (MAP) 

The MapData (MAP) message is used to describe the geometric information of an intersection 

defined at the lane level. The required transmission rate is 1 time per second. The MAP message 

includes the following contents: 

Intersection ID: Identification number of a particular intersection 

RefPoint: The GPS reference point from which other lane nodes are offset. 

Approaches: Data structure to describe an approach including a set of related egress and 

ingress approaches at the intersection. Each egress or ingress may have multiple 

lanes. 

Lanes: Data structure to describe a lane including lane number, lane width, lane attributes, 

node list, and connection lanes. Each lane may have multiple lane nodes. 

Nodelist: A sequence of points (Xs and Ys) that builds a path for the lane. The values of Xs 

and Ys are signed offsets from the last point. 

3.1.4 Signal Request Message (SRM) 

The Signal Request Message (SRM) is broadcast by a priority eligible vehicle to request signal 

priority. Any SRM includes BSM blob data and some additional information about the vehicle’s 

type, approach lane, time of service, and types of the vehicle. The frequency of the SRM 

message is not fixed. Based on predefined strategies, SRM is updated. 
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MsgCount: The MsgCount data element is used to provide a sequence number within a 

stream of messages. The MsgCount is changed only when the message content has 

changed. 

SignalRequest: A data element that includes the intersection ID, vehicle approaching lane 

(inLane), vehicle egressing lane (outLane), and vehicle type. 

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

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

Transitstatus: Additional information if it is a transit priority vehicle 

VehicleIdent: Additional information about vehicle identification 

VehicleVIN: Vehicle identification information (e.g. vehicle name, VIN number, vehicle 

class) 

Vehicle Data: The BSM message data blob 

 

3.1.5 RoadSide Alert (RSA) 

The RoadSide Alert (RSA) message is used to send alerts regarding nearby hazards to travelers. 

This message delivers simple alerts to the road users (both in vehicle and with nomadic devices). 

A wide range of messages are transmitted such as “accident ahead”, “response vehicles in the 

area” or “work zone ahead”. Many International Traveler Information Systems (ITIS) phrases 

are supported, but those regarding mobile hazards, construction zones, and roadside events are 

amongst the most useful codes. 

The RSA message supports the systems with the main functionality of informing the travelers of 

roadway hazards. One of the basic assumptions is that all receiving devices are aware of their 
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own locations. The type of the messages are represented in the standard ITIS codes in the form 

of an integer value (SAE J2540.1). The RSA message includes the following contents: 

TypeEvent: Objects to encode common events and list items in ITIS codes.  

Priority: The urgency of the message, a relative degree of merit compared with other similar 

messages. 

Position: Includes the roadside event’s position, speed, and heading and an instant in time 

 

3.2 Field-Testing System Architecture 

In order to demonstrate real-time performance monitoring methodologies in the real world, 

hardware Onboard Units (OBU), Roadside Unit (RSU), and signal controller are required. One 

of the physical similarities between the OBU (i.e. installed in the vehicle) and RSU (i.e. located 

in the infrastructure) is the number of antennas for wireless communications. In this dissertation, 

they both have one GPS and two DSRC antennas to broadcast/receive GPS coordinates and 

DSRC messages. 

The general architecture of a traffic signal control system in a connected vehicle environment is 

illustrated in Figure 4. The OBU broadcasts DSRC messages such as BSM, and SRM. The RSU 

sends the received data objects to the traffic control processor to be used by the intersection-level 

traffic control and performance monitoring applications. Messages, including the MAP, SpaT, 

and RSA messages, are transmitted from the infrastructure to the surrounding vehicles. Another 

source of data for traffic controller is the traditional field sensor/detectors that can be fused with 

the DSRC data objects to improve the accuracy level in the estimation algorithms under lower 

market penetration rates of connected vehicles.  
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Figure 4: Traffic Signal Control System in a Connected Vehicle Environment 

 

3.3 Simulation Environment Architecture 

Based on a traffic simulation software comparison study (Jones et al., 2004), micro-simulation is 

a powerful tool that captures driver behavior and simulates the movement of individual vehicles 

on a network. Another advantage of micro-simulation is that it assigns each vehicle a realistic 

performance characteristic while traveling through the network. Similarly, individual vehicle 

performance can be measured and used in analysis. Kaseko et al. (Kaseko, 2002) concentrated on 

micro-simulation’s pedestrian modeling capabilities that are useful for analyzing the pedestrian 

and vehicle interactions in an urban traffic environment. 

The VISSIM microscopic traffic simulation models were used as the traffic simulation tool for 

replicating real world scenarios in the laboratory environment. Based on a traffic simulation 

comparison study (Jones et al., 2004), micro-simulation has been identified as a powerful tool 

that captures driver behavior and simulates the movement of individual vehicles on a network. 

Another advantage of micro-simulation is that it assigns each vehicle a realistic performance 

characteristic while traveling through the network. Similarly, individual vehicle performance can 

be measured and used in analysis studies. 
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Due to the limitation of using hardware-in-the-loop (HIL) simulation in terms of the number of 

RSUs or OBUs in the system, a structure using software-in-the-loop (SIL) simulation called 

“Docker” is also utilized. Docker (www.docker.com) is an open source project that automates 

the deployment of applications inside software containers by providing operating-system-level 

virtualization on Linux. Multiple containers can run on a single Linux PC with unique user 

spaces and network configurations. One Docker container is assigned to each intersection with 

its own set of RSU and Traffic Control Processor applications and is connected to the virtual 

controller in VISSIM. An example of the SIL simulation structure using Docker technology is 

illustrated in Figure 5.  

Both the Linux PC and Windows PC are in the same subnetwork and each Docker container has 

its own IP address. Unique port numbers are used to differentiate the virtual controllers of each 

intersection in VISSIM. The applications running in the Docker containers are the same, but the 

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

depending on each intersection’s characteristics.  

http://www.docker.com/
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Figure 5: The Architecture of the CV Simulation Platform using Docker Containers 

The VISSIM models use the dynamic-link library drivermodel.dll API to get information from 

each connected vehicle. This API provides the option to replace the internal driving behavior by 

a user-defined behavior for some or all vehicles in a simulation model. As shown in Figure 6, 

each vehicle type (e.g. bus, truck, passenger vehicle, etc.) in VISSIM can have a different DLL. 

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

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

the vehicle to the DLL and the DLL computes the vehicle information including position, speed, 

acceleration, steering angle, and other vehicle attributes. A generic open source ASN.1 

encoder/decoder tool (Welkin, 2014) is used to process the SAE J2735 messages and generates 

an encoded message based on a data structure using the C/C++ programming language. The tool 

encodes each BSM and sends it to the OBU through a UDP socket with a specific IP address and 

port. If the simulation network consists of multiple intersections, a component called OBU 
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Distributor is used. The BSMs are first sent to the OBU distributor and depending on different 

vehicle locations in the model, the messages will be routed to the corresponding RSU. 

 
Figure 6: VISSIM Vehicle Type Property Page 

 

3.4 Performance Observer Architecture 

The comprehensive software component design of MMITSS is illustrated in Figure 7. There are 

fifteen applications that reside on the OBU, RSU and Smartphone respectively. This design can 

be applied to both real-world networks and the simulation environment. The performance 

observer component resides on the RSU as part of the roadside processor. The main functionality 

is to receive the vehicle trajectories from the trajectory aware component and fuse the data from 

connected vehicles with the infrastructure sensors/signal controller data (i.e. system detectors) to 

estimate and monitor the desired performance metrics. 
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Figure 7: MMITSS Software Component Design 

 

This figure shows the detailed system structure of the performance monitor component that runs 

with the following applications: BSM Broadcaster, Vehicle Trajectory Awareness, and Traffic 

Controller Interface. The Performance Observer component requests vehicle trajectories from the 

Vehicle Trajectory Awareness that is responsible for locating the vehicles on the roadway based 

on the lane-based map. The Vehicle Trajectory Awareness component sends the locations and 

speeds of all the connected vehicles that are within the DSRC range to the performance 

monitoring application. Upon receiving the data, the Performance Observer component applies 

different algorithms to observe, calculate, and estimate various metrics that are discussed in 

Chapter 4 of this dissertation. The detailed system structure of the Performance Monitor 

component is shown in Figure 8. The right side of the structure depicts a Linux or Windows 

server which gets the final values of the estimated metrics from the performance observer 

application, stores them into database, and visualize them in a dynamic web application. The 

technology has been used to develop the web application is a generic software stack model with 
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four open-source components. The core components include the Windows/Linux operating 

system, the Apache HTTP server, the MySQL relational database management system, and the 

PHP programming language (WAMP/LAMP). 

 

Figure 8: Performance Monitor System Structure including an RSU and a Server 
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4 Performance Observation of Connected Vehicles 
 

The performance observation component in a connected vehicle environment is periodically 

acquiring CV trajectory data and traffic sensor (e.g. loop detector) data to estimate and measure 

different performance indicators. This chapter presents the design of the Performance Observer 

component that processes the input data as shown in the system architecture in Figure 7 and 

Figure 8.  

The frequency of broadcasting BSMs in a connected vehicle environment is 10 Hz. The RSU at 

the intersection and other connected vehicles can receive these basic safety messages. 

Considering an ideal world with 100% market penetration rate of connected vehicles (equipped 

with an Onboard Unit), it is likely that 100-150 vehicles would be present in the range at any 

second during normal traffic flow conditions, such as during the AM peak hour. The number of 

BSMs successfully received by the RSU could be between 1000 and 1200 each second. In 

congested traffic conditions, this number could be even larger. One of the crucial steps in 

preparations for  generating performance reports is to receive, store, and process the vehicle 

information in real-time. As a second step, the constructed trajectories of the vehicles (based on 

the received BSMs) are utilized to analyze different performance metrics and reports.  

Section 4.1 provides an overview of a prerequisite component (i.e. Vehicle Trajectory 

Awareness) and introduces the MAP structure with a brief description of how received BSMs are 

used to locate each vehicle on the map. Section 4.2 defines the geo-fencing area that establishes a 

virtual boundary for utilizing BSMs. Finally, Design and selection of desired performance 

measures are presented in Section 4.3. 
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4.1 Overview of Vehicle Trajectory Awareness Functionality 
 

The main responsibility of the vehicle trajectory awareness component is to process and 

temporarily store the equipped vehicle trajectories. This component locates vehicles on the MAP 

(based on the received BSMs and the constructed digital description of the geometry of the 

intersection) and stores vehicle information such as speed, position, heading, acceleration, etc. 

and provides data to the other system components when requested. The detailed description of 

the algorithms are presented in the dissertation submitted by Yiheng Feng (2015). This section 

selectively describes the essential parts of the trajectory awareness component to be used by the 

Performance Observer application. 

Figure 9  is an activity diagram illustrating the basic operation of the trajectory aware 

component. The first step is to read the intersection MAP and initialize a socket for data 

transmission. Whenever a new message is received on the socket server (from the message 

transceivers), the component first determines the message type. This is an important process 

since the trajectory aware component is receiving different message types (e.g. request message 

from Performance Observer, request message from Adaptive Control algorithm, and an official 

Basic Safety Message). Basically, the trajectory aware is a client of the message transceiver and 

a server for the other components that request trajectory data. If the received message is a BSM, 

the time stamped vehicle information is then extracted from the BSM. If the request message is 

from another component (i.e. Performance Observer), the Trajectory Aware component sends the 

vehicle information with specific data objects back to the requesting component. Temporary 

vehicle ID, current speed, partial vehicle trajectory, distance to stop bar, acceleration, current 

approach, current lane, the stoppage time of the vehicle, etc. are some examples of the data 

objects transferred between the components. 
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Figure 9: Activity Diagram of Trajectory Aware Component (Feng, 2015) 

If the received message is a Basic Safety Message, its temporary vehicle ID is compared with the 

existing temporary vehicle IDs in the active vehicle list. In case the BSM is determined to be 

from a new vehicle, a new vehicle trajectory is added to the active vehicles list. The geo-fencing 

control area works as a criteria to filter the vehicles based on a virtual boundary around the 

intersection. At any point of time that the vehicle considered to be within the geo-fence area, the 
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component locates the vehicle on the MAP. If the vehicle is not within the geo-fencing area, such 

as in a parking lot or driveway, the BSM data is discarded and not considered in the system. The 

details of the geo-fencing algorithm are presented in Section 4.2. Vehicles that are within the 

geo-fence area are located on a one of the approaches and on one of the approach lanes. Once 

this is completed, the vehicle’s active flag is updated to illustrate that the vehicle’s data has been 

updated. A vehicle will be deleted from the active vehicle list only if its active flag hasn’t been 

updated for 15 consecutive seconds. This means that the vehicle either has left the DSRC range 

or the vehicle is still in the range but not within the geo-fence segment. For the Performance 

Observer application, storing the BSMs every 0.1 second is not necessary. A timer in the 

component is implemented to update the trajectories every 0.5 seconds to save computational 

effort. As long as there are messages available on the socket, the loop iterates indefinitely.    

Vehicle trajectory information is stored temporarily as part of an active vehicle list. When the 

vehicle first appears on the exterior boundary of the DSRC radio range, it will be added to the 

list. A trajectory of a vehicle will only be kept for a short period of time to preserve the privacy 

of the road users. If the vehicle changes its temporary ID, the partial trajectory with the old ID 

will be deleted and the new ID will be considered as a completely new vehicle in the system. 

One of the important functions of the trajectory aware component is populating the map of the 

intersections. The intersection map is a lane level Geometric Intersection Description (GID) of 

the road network. The MAP consists of different elements including the intersection ID, 

intersection attributes, intersection GPS reference point, approach, and lane. The lane nodes are 

determined using Google Earth or high precision survey equipment (to gain the accuracy needed 

for safety applications) to describe the geometry of the intersection. Figure 10 is an example of 

an intersection map with the lane nodes manually defined for the intersection of Gavilan Peak 
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and Anthem Way at Anthem, Arizona. The Performance Observer component utilizes a 

comprehensive and wide ranging MAP file. The length of the extension of lane nodes from the 

reference point for each leg of the intersection exceeds 500 meters. This extended MAP file is 

basically designed to help the Performance Observer component have a more accurate estimation 

of the DSRC ranges of the RSUs. More details about DSRC range and geo-fencing segments can 

be found in Sections 4.2 and 4.3.   

 
(a) 
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(b) 

Figure 10: Google Earth MAP - Gavilan Peak and Anthem Way, Anthem, AZ 

Locating vehicles on the map is useful for the Performance Observer component, since the 

fidelity of the data allows observation of performance by movement at the intersection. Four 

different vehicle states are determined based on the map and vehicle location on the map, and the 

speed of the vehicle. Geo-fencing area plays an important role in filtering those vehicles not on 

the road segments on both “approaching” and “departing” states. Figure 11 displays the 

interaction between the states of the vehicles on the map with the initial state of “approaching”. 

  
Figure 11: Vehicle Status Determination Based on Speed and Distance to Stop Bar 
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the intersection isn’t described in the map (SAE J2735, 2009). The algorithm tries to find the 

nearest lane node to the location of the vehicle and compares the lane heading with the vehicle 

heading. When the vehicle is inside the intersection, finding the right lane node (considering the 

vehicles’ maneuver) may not always work properly. Hence, the vehicles retain the previous lane 

and approach until they reach an egress lane.  

 

4.2 Geo-fencing Segments 

Geo-fencing is used to define the geographic region where vehicles are considered to be part of 

the traffic stream that is to be included in the performance assessment. A geo-fence is a virtual 

boundary around the road segment to be used by the Vehicle Trajectory Awareness component 

to choose whether to place the vehicle on the map and add it to the active vehicle list. Geo-

fencing areas can be categorized into two major classes: 

First, the entrance and exit points of the road segments are determined. This type of geo-fence 

area specifies a set of locations that a vehicle can be added to or deleted from the active vehicle 

list. The typical DSRC range for each approach is specified to be around 300 meters or about 

1000 ft. There are a number of environmental factors that may cause significant variation of the 

standard DSRC range such as slope, curvature, vegetation, etc. In some cases, the signal strength 

of the RSU and OBU might be good enough to receive BSMs from vehicles even 800 meters 

away from the intersection. These BSMs should not be handled by the algorithms due to the 

inaccuracy of the estimated arrival time and also the limitations of the MAP lane nodes. In other 

cases where the intersections are closely spaced (i.e. with the middle distance between the two 

intersection being less than 300 meters) the vehicles should be added to the list of a downstream 

intersection only after they pass the upstream intersection. The geo-fencing area helps establish a 
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clear picture of whether the vehicles on the road are considered in the performance 

measurements of a signalized intersection. 

Second, the roadway regions, where the behavior of the vehicles is of interest are determined by 

the geo-fenced area. A staging area within the range of the radio but outside the roadway (i.e. 

parking lot) should not be considered as part of the geo-fence section. Accurate geo-fence 

section design plays an important role during the field implementation and testing phase. As 

shown in Figure 12, vehicles in the CVS parking lot (project staging area) are capable of 

delivering their BSMs to the RSU (located at the infrastructure), but none of the BSMs are useful 

for the desired traffic measurements. Ignoring the messages coming from the vehicles outside the 

roadways can help reducing the computational and processing efforts.   

 
Figure 12: Geo-fence Section based on Extension of MAP Nodes at one intersection in the 

Arizona Connected Vehicle Test Bed. 
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4.3 Design and Selection of Desired Performance Metrics 

Based on the systems requirements document prepared for the MMITSS project (University of 

Arizona (Lead), 2012), performance requirements are divided into two categories: performance 

measure requirements and performance evaluation requirements.  

Performance measures (or measurements) are specified quantities that the Performance Observer 

component estimates, calculates, monitors, controls, uses, and archives in the process of 

functioning and operating the system. For system development, the data is critical in monitoring 

and assessing system performance over varying time intervals (e.g., peak period, all day, short-

term, mid-term, and long-term performance). Agencies fielding, operating, and maintaining 

system deployments will be interested in the operational and state-of-health (SOH) performance. 

In contrast, performance evaluation requirements define specific measures and methods that will 

be used to evaluate the performance of one system design against another system design. In other 

words, they describe how well a design met the totality of all requirements in terms of prescribed 

performance. Given the scope and complexity of MMITSS, a hierarchical structure is employed 

with the performance evaluation requirements to aid in understanding and execution. At the 

highest level, these requirements are divided into intersection, and section level performance. 

The next level is defined by the criteria of interest (e.g. delay, travel time, etc.). The third level, 

where applicable, defines the timeframe or duration of the evaluation criteria (e.g. all-day criteria 

or peak period criteria). Where applicable, the final hierarchical level is defined on a modal basis 

(e.g. passenger vehicles, pedestrians, transit, freight, and EV).   

Considering both measurement and evaluation requirement, the ultimate goal of the Performance 

Observer component is to generate meaningful results reported by mode of the road user and by 

movement at signalized intersections. Table 2 summarizes the list of performance metrics being 
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measured, estimated, and observed by the Performance Observer. The performance measures in 

this dissertation are two folded. Classic metrics are the ones that main stakeholders of the 

MMITSS project requested, but derived measures are those that show the contribution of the 

Performance Observer to the body of research in connected vehicle environment. Some of the 

measures are mobility-based including travel time, stopped delay, queue length, and number of 

stops. The DSRC range of the radio, proportion of the dropped DSRC packets, and up-time of 

the devices are categorized as Connected Vehicle (CV) system-based measures. The third type of 

metrics is referred to as signal-based evaluations that consist of arrivals on red, and arrivals on 

green measures. 

Table 2: List of Observed and Estimated Performance Measures 

 
Performance 

Measure 
Units 

Classic 

Metric 

Derived 

Metric 
Category 

1 Travel Time Second    Mobility 

2 Delay Second    Mobility 

3 
Travel Time 

Variability 
Second2 

   Mobility 

4 Delay Variability Second2 
   Mobility 

5 Queue Length 
Meter/Number 

of Vehicles 
   Mobility 

6 Number of Stops --    Mobility 

7 Volume --    Mobility 

8 Occupancy %    Mobility 

9 Vehicle Throughput --    Mobility 

10 Tardity Second    Mobility 

11 Arrivals on Green %    Signal 

12 Arrivals on Red %    Signal 

13 DSRC Radio Range Meter    CV System 

14 

Data 

Transferred/Received 

Load 

Kbytes    CV System 

15 Link Quality --    CV System 

16 Signal Level dBm    CV System 

17 
Market Penetration 

Rate 
%    CV System 
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18 Device Uptime Second    CV System 

19 Noise Level dBm    CV System 

20 

Packets 

Transferred/Received 

Rate 

--    CV System 

 

Travel Time and Delay: two of the most conventional performance metrics in the field of 

transportation. Travel time is defined as the time spent (in seconds) by each connected vehicle 

traversing within the range of the DSRC radio (or Geo-fence segment). There are several types 

of delay, but in this dissertation, stopped delay as the time spent by the vehicle (in seconds) on 

the ingress approach behind the stop bar (with the speed of 2 miles per hour or less) at a 

signalized intersection is the principal metric.    

Travel Time and Delay Variability: the variability in travel time and delay have direct impact 

on the level of dissatisfaction for the road users in terms of trip planning and scheduling. More 

details on algorithms and estimation method is presented in Chapter 6.  

Queue Length:  an important performance metric at the intersection level is the length of the 

queue of vehicles approaching the stop bar. The functional description of this measure is divided 

into two parts: Observing and estimating the queue length in real time in terms of the distance of 

the last stopped vehicle from the stop bar in each lane, and/or measuring the queue in terms of 

the number of stopped vehicles in each lane. These measures can be easily transformed into each 

other. For example, according to the data available from BSMs delivered from an OBU, the 

average length of vehicles is known, and by knowing the number of vehicles in the queue, the 

overall queue length in terms of the distance from the stop bar can be measured and estimated.  

The main goal is to have an accurate and acceptable estimation of queue length when the market 

penetration rate is low. The algorithm addresses the market penetration problem by adding a 
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parameter called Queue Increase Rate. Information about the last stopped vehicle provides a 

lower bound for the queue length. Then by adding the increase rate factor calculated based on the 

real-time data coming from the loop detectors (system detectors) to the current known queue 

status, an accurate estimate of the queue length is achieved.  

Number of Stops: the total number of times that a vehicle makes a full stop at an intersection. 

Vehicle number of stops is a function of the speed of the connected vehicle (using the speed 

object of BSMs). The threshold for the speed of the vehicle to be considered as a stopped vehicle 

is 2 miles/hour. 

Volume and Occupancy: volume and occupancy are collected from the signal controller using 

NTCIP commands. Volume is defined as the number of vehicles passing a specific location of a 

lane (i.e. system detector) during a certain amount of time. Occupancy is characterized as the 

percentage of time that a specific location in a lane (i.e. system detector) is occupied by a 

vehicle. The frequency of data collection is every 1 second, but the data for the reports and final 

diagrams is aggregated for longer periods of time (i.e. every 1 hour). 

Vehicle Throughput: as a traditional performance metric, vehicle throughput is characterized as 

the total number of vehicles traversing a signalized intersection or roadway section during the 

observation period. In a connected vehicle environment, the traversing segment is defined as the 

range of the DSRC radio. 

Tardity: one of the metrics used to model the relationships among traffic stream characteristics 

is tardity (i.e. inverse measure of speed reported in seconds/meter). Chapter 6 is based on the 

tardity measure and how to utilize the trajectory fragments to estimate the travel time and the 

travel time variability.    
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Arrivals on Green/Red: the number of vehicles that arrive at the stop bar during a cycle when 

the corresponding phase is green or red. In case of having a queue constructed at the signal, the 

location of the last stopped vehicle is where stops are measured. 

DSRC Radio Range: the standard range of a DSRC radio is specified to be 300 meters. Based 

on experience from field testing and implementations, the value of the DSRC range varies 

depending on different factors such as curvature of the road or slope of the roadway. The 

entrance edge, e.g. the point where vehicles approaching the intersection enter the radio range, of 

the DSRC radio is measured after successfully receiving 3 consecutive BSMs from a connected 

vehicle. This metric is dynamically changing for each approach. 

Data Transferred/Received Load: the number of bytes (in KB) transmitted by an interface (i.e. 

ath0 or ath1) on a DSRC radio device. The data load accounts for all successfully transmitted 

packets or all packets that have been queued for transmission.  

Link Quality: the quality of link for a DSRC radio is defined based on several factors including 

the level of conflict or interference, the bit or frame error rate, or the quality of the received 

signal. Link quality is reported as a ratio and doesn’t have a unit. For example, 14/94 is an 

aggregate value and depends on the driver of the Linux device (RSU) and hardware.  

Signal Level: the strength of a received signal for a DSRC radio is determined using the signal 

level metric. It has the same functionality as Received Signal Strength Indicator (RSSI) reported 

in decibel-milliwatt. “dBm” is an electrical power unit in decibels (dB), referenced to 1 milliwatt 

(mW). As shown in Equation (1), the power in dBm (𝑃𝑑𝐵𝑚) has a logarithmic relationship with 

the power in milliwatt (𝑃𝑚𝑊). 

𝑃𝑑𝐵𝑚 = 10. log10 (
𝑃𝑚𝑊

1𝑚𝑊⁄ ) (1) 
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Market Penetration Rate: one of the performance measures that represent the connected 

vehicle operations is the market penetration rate or MPR. It is calculated for each approach by 

fusing the data collected from the system detectors (the vehicle counts) and received BSMs from 

OBUs (the connected vehicle counts). Equation (2) shows the calculation method of MPR.  

𝑀𝑎𝑟𝑘𝑒𝑡 𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑉𝑒ℎ𝑖𝑐𝑙𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑉𝑒ℎ𝑖𝑐𝑙𝑒𝑠
∗ 100 

Device Uptime: a measure of the time that a DSRC radio has been working and available for 

pinging (from another DSRC radio or the central system). It is considered as a reliability measure 

of the connected vehicle infrastructure system. Uptime of a DSRC device represents the amount 

of time that the radio is reachable without needing maintenance or service. One of the bash 

scripts of the Performance Observer application is responsible for sending an email to a pre-

defined address, and report the device uptime in case the DSRC radio becomes unavailable.  

Noise Level: DSRC radios, similar to any other wireless network devices, are subjected to noise. 

Noise level is defined as the background noise when no packet is transmitted. The units reported 

along with values for noise level is decibel-milliwatt (the same as signal level). 

Packets Transferred/Received Rate: the total number of incoming/outgoing packets 

successfully transferred by an interface (i.e. ath0 or ath1) on a DSRC radio device. These metrics 

include all packets that have been queued for transmission. 

 

 

 

(2) 
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5 A Comparative Visualization Tool for Multi-Modal 

Data Analytics 
 

5.1 Introduction 

Collection of Performance data and estimation/observation of performance measures establishes 

the foundation for a performance monitoring system, but visualization of the measures is 

necessary for making this information useful to system operators and managers. The purpose of 

this chapter is to define a visualization method to evaluate the performance of a multi-modal 

traffic signal system. The visualization development will be presented in terms of a case study 

that is comparing several different signal timing designs utilizing the proposed multi modal 

visualization tool. 

Historically, data visualization has been shown to be critical in transportation studies. Bar/line 

charts, box plots, scatter diagrams, and histograms are some of the examples that have been 

utilized in many research studies. In this chapter, visualization methods of multi-modal 

performance measures that can be presented in an easy-to-understand format to compare 

different design alternatives are described. For visualizing the relationship between a variety of 

performance measures of interest and multiple modes, a tool was developed which reflects the 

performance of an intersection. This tool utilizes radar diagrams as the basic element. Similar to 

safety viewgrams (Kim et al., 2007) (a diagram used for safety assessment), radar diagrams are 

not intended to replace statistical analysis and modeling. This tool can be used concurrently with 

other techniques for analyzing the strengths and weaknesses of the existing system and for 

assessing before and after studies.  
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The ability to understand, visualize, and analyze different measures for different movements of 

different modes is an important capability in today’s complex transportation systems. Previous 

transportation studies have concentrated on performance assessment for single modes, such as 

delay or travel time of passenger vehicles, pedestrian delay, and transit running times. In the 

context of a multi-modal transportation system, there have only been a few examples of studies 

that consider pedestrian travel costs in the design of traffic signal systems. Noland (Noland, 

1996) focused on the potential differences in signal-timing options that would follow from 

consideration of pedestrian delay and also collected some empirical data in London to determine 

if optimal signal cycles were being applied in practice (Noland, 2003). These studies considered 

only fixed time signal control and didn’t address issues associated with actuated traffic signal 

controls. 

Many studies have analyzed interactions between pedestrians and turning vehicles at signalized 

intersections from a safety point of view (Akin and Sisiopiku, 2007; Quaye et al., 1993). A LOS 

(Level Of Service) model for signalized intersections regarding the safety risk based on 

pedestrian and vehicle demand was introduced by Zhang and Prevedouros (Zhang and 

Prevedouros, 2003). In their paper, the conflicts between the movement of through vehicles and 

the movement of permitted left-turning vehicles and pedestrians were considered. Hubbard et al. 

(Hubbard et al., 2009) studied the interaction between pedestrians and vehicles caused by 

concurrent right-turning vehicles (right turning on green) at signalized intersections. These 

studies have not considered the impacts of turning vehicles on pedestrians in terms of other 

performance measures (e.g. delay, travel time, and number of stops for different modes of 

vehicles). 
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Urbanik, et al. (Urbanik et al., 2000) conducted an assessment of different split-phasing options 

considering pedestrian crossing treatments. The main focus of their study was on the impact of 

various split-phasing alternatives and alternative pedestrian treatments on traffic operations. Tian 

et al. (Tian et al., 2001) studied four different pedestrian timing treatments including (a) no 

pedestrian timing consideration, (b) pedestrian timing concurrently with vehicle phases, (c) a 

special pedestrian overlap phase, and (d) an exclusive pedestrian phase. 

Considering the geometric layout and control types, there are different kinds of pedestrian 

control strategies that are possible at signalized intersections. Some of the common ones are 

fixed-time pedestrian operation, coordinated operation, and push-button actuation (Ma et al., 

2004; Wang et al., 2009). Lead and lag phasing on the side street of an intersection have been 

investigated as a way to lessen the impacts of pedestrians on coordinated signal systems (Tian et 

al., 1999). 

In the German Traffic Control and Traffic Safety Guidelines for Traffic Signal (Traffic Control 

and Traffic Safety Guidelines for Traffic Signal, 1992), three different categories for 

signalization of two successive pedestrian crosswalks were introduced based on local boundary 

conditions or other considerations of traffic operations including: Simultaneous Signalization, 

Progressive Signalization, and Separate Signalization. Their recommendation was that two 

successive crosswalks can be treated as two independent crosswalks only if the width of the 

central refugee island is more than 4 m. 

In this chapter, an arterial corridor in the Maricopa County Department of Transportation’s 

SMARTDrive test bed is analyzed using the VISSIM micro-simulation model to study the 

effects of different designs and signal timing strategies on several performance measures for both 

vehicles and pedestrians. Based on the results of this study, choosing an appropriate control 
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strategy can impact the different movements of different modes (such as pedestrians) in a variety 

of ways. The more modes involved in the system, the more challenging it is to determine the 

proper control strategy.  Using this comparative tool, alongside statistical models, makes it easier 

for decision makers to understand, visualize, and analyze data. 

Section 5.2 presents the scenarios for designing pedestrian crosswalks considering different 

signal phasing and timings; the performance measure visualization methods used to assess multi-

modal performance measures are then described using a sample radar diagram. A description of 

the network and assumptions, an analysis of the results are explained in Section 5.3. Finally, 

Section 5.4 provides summary and recommendations for further research. 

 

5.2 Methodology 

It is believed that operating agencies might want to establish multi modal operating policies that 

favor one mode over others during certain times of the day or under certain conditions. For 

example, assume that one section of a network is heavily traveled by pedestrians and transit 

vehicles and another section of the same network is heavily traveled by trucks that are moving 

goods from factories and warehouses to an interstate system. Similarly, the pedestrian and transit 

corridor might be heavily used by passenger vehicles in the AM peak period when commuters go 

to work. The ability to observe, analyze and understand the impact of traffic management 

strategies on the different modes and movements is necessary if a multi-modal policy is to be 

implemented.  

The methodology presented in this section is illustrated by comparing three different alternative 

pedestrian phasing strategies at an intersection. The data for the study is generated from a micro 

simulation model, but the methodology has been developed and is intended for deployment as 
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part of the Multi Modal Intelligent Traffic Signal System Pooled Fund project (“Cooperative 

Transportation Systems Pooled Fund Study – Research | Center for Transportation Studies,” 

2014). 

5.2.1 Pedestrian Crossing Scenarios 

In the following analysis of three different pedestrian phasing strategies, the selected split-

phasing design is Protected Left-Turn Arrow Display. Based on a previous study (Tian et al., 

2001) drivers prefer this type of phasing design which requires that a green arrow be displayed 

for each left turn movement. The pedestrian crossing designs considered are as follows: 

Scenario 1: Single-Stage Crossing with Pedestrian Timing Concurrent with Phases 

Single-stage crossing refers to the case when the pedestrian crossing is accomplished in one 

stage without requiring/allowing the pedestrians to wait at a central refugee island (if available). 

As shown in Figure 13(a), pedestrians are served in parallel with the moving traffic. For 

example, the pedestrians using the west crosswalk receive a Walk indication concurrently with 

the adjacent through-vehicle movement (Phase Ф4), and the pedestrian on the other side of the 

street would be served simultaneously with the northbound through movement (Phase Ф8). The 

dashed right-turn arrow in Figure 13 represents a permitted movement in which the vehicles are 

required to yield to the pedestrians.  

The most common signal indications at crosswalks consist of three main intervals: “Walk”, 

“Flashing Don’t Walk” (FDW), and “Don’t Walk”. When a pedestrian is detected by push-

button actuation in the system, the minimum phase duration is determined by the time required to 

traverse the crosswalk and the time needed to serve the vehicular traffic. It is possible that the 

phase duration is longer than the required pedestrian crossing time due to vehicular actuations or 

the assigned phase split time, but sufficient crossing time must be assured for the pedestrians. 
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 Scenario 2: Two-Stage Crossing with Simultaneous Signalization  

In this scenario, pedestrians can traverse the street in two stages; the first stage consists of 

moving from the sidewalk to a central refugee island and the second stage from the center 

refugee island to the far side sidewalk. In this case the pedestrian signal heads must be split to 

control pedestrian movement in each stage. From a signalization standpoint, the signals shown 

both on the edge of the curb and on the central refugee island should display the same 

indications, so pedestrians can cross to the central refugee island and wait for the next Walk 

indication to finish the path. This type of design seems to be more efficient for vehicles and is 

widely used in some European countries, mainly because the impact of long pedestrian crossing 

time on phase duration can be minimized. The shorter the length of the crosswalk, the less 

pedestrian clearance time is needed. Figure 13 (b) illustrates the phasing scheme associated with 

this scenario and depicts the pedestrian phases for both stages. Consider the east crosswalk 

where pedestrians move concurrently with the northbound traffic movement (Phase Ф8) in two 

stages.  

Scenario 3: Two-Stage Crossing with Combination of Simultaneous and Separate Signalization 

By combining two of the main types of signalization, simultaneous and separate (as stated in the 

literature review), improvements can be applied to the system. Generally, separate signalization 

refers to the case when the indication for one of two successive crosswalks displays the Walk 

interval earlier than the other (Ma et al., 2011). As shown in Figure 13 (c), for both stages on 

each crosswalk, the pedestrian intervals are timing concurrently with their adjacent vehicle 

through movement (exactly the same as scenario 2). The option added to this design is that the 

pedestrian timing for one stage of each of the crosswalks can overlap with the left-turning 

vehicles that do not conflict with the pedestrian movement. For example, for the first stage of the 

west crosswalk, pedestrians can start walking concurrently with the southbound through 
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movement (Phase Ф4) and the eastbound left-turn movement (Phase Ф5). While vehicles are 

completing Phase 5, there is no conflict between vehicles and pedestrians in the upper stage of 

the west crosswalk. This makes it possible for both the pedestrians waiting on the northwest 

corner planning to move south and those on the central island intending to reach the northwest 

corner to walk simultaneously with eastbound left-turning vehicles.  

Figure 13 (d) shows the controller phase and ring configuration associated with all the scenarios. 

Pedestrian overlaps A and B corresponds to phase 1 and phase 7 with overlap of northbound 

through movement, phase 8 (A = 1+8 and B = 7+8). Accordingly pedestrian overlaps C and D 

corresponds to phase 5 and phase 3 with overlap of southbound through movement, phase 4 (C = 

5+4 and D=3+4). 

 
(a) 

 

 
(b) 

 

 
(c) 

N 

N 

N 



81 
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Figure 13: Phasing Scheme of (a) Single-stage Crossing, (b) Two-stage Crossing with 

Simultaneous Signalization, (c) Two-stage Crossing with Simultaneous and Separate 

Signalization, (d) Phase Overlaps 

 

5.2.2 Visualization Method: Radar Diagrams 

Performance assessment in this chapter is presented based on a combination of multi modal 

performance measures in the context of the three pedestrian scenarios discussed above. Radar 

diagrams are utilized to visualize the performance measures in an easy to understand way. 

Radar diagrams, which are widely used in the field of organizational development (Kaczynski et 

al., 2008), demonstrate multivariate data in the form of a two-dimensional diagram. In the 

context of transportation, this is a tool that could help monitoring the improvements at 

intersections. Figure 14 is an illustrative sample of the radar diagrams used in this dissertation. 

On each axis of this diagram, the average travel time in seconds for each one of the twelve 

possible movements at an intersection is shown. For example, passenger vehicles on the 

Northbound Right Turn (NBRT) approach spend the least amount of time (17 seconds), and cars 

on Southbound Left Turn (SBLT) movement have the longest travel time (78 seconds). In the 
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next section the three pedestrian design scenarios will be analyzed using performance measures 

capturing the performance of multiple modes using a set of radar diagram. 

 
Figure 14: Sample Radar Diagrams Used to Visualize Traffic Performance 

Different visualization tools can be used to construct the radar diagrams including InDesign, 

Matlab, Excel, CADD, and LaTex. InDesign and Excel were used in this dissertation. Radar 

diagrams have been implemented in a dynamic web application using “Highcharts” and 

“Chart.js” packages in java. 

 

5.3 Analysis 

5.3.1 Micro-simulation Network Description 

 

Figure 15 shows the layout of a target intersection on Daisy Mountain Drive, an arterial in 

Anthem, Arizona, which was coded in the VISSIM (Version 6.00-19) microscopic simulation 

model. Four modes were considered in the model: passenger vehicles, pedestrians, buses, and 

trucks (Heavy Good Vehicles - HGVs). The traffic composition used was: 84% passenger 

vehicle, 11% truck (HGV), and 5% transit for vehicular traffic. Pedestrian flows are considered 
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for each crosswalk with an average of 170 ped/h assumed. The pedestrian mean speed was set to 

3.5ft/s in all crosswalks.  

The duration of the simulation was set to 60 minutes plus 15 minutes of a warm up period. The 

simulation resolution chosen for all the scenarios is 1 second per time step. Based on Fellendorf 

et al. (Fellendorf and Vortisch, 2001), in order to get sufficiently precise results for almost all the 

traffic management applications, this resolution is appropriate. Ten unique random seeds were 

used for experimental replications to make allowances for the stochastic variations. All the 

simulations are conducted with actuated traffic signal controls for both vehicles and pedestrians 

to match the current field operations. The performance measures reported in the study were 

generated by the VISSIM model.  

  
Figure 15: Daisy Mountain Drive and Gavilán Peak in Anthem, AZ 
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Three analysis approaches were considered: 

 Comparing the performance measures of each scenario for a specific mode, 

 Assessing the performance measures of one traffic signal phase in each scenario and 

comparing all the measures for each mode associated with the traffic signal phase.  

 Comparing performance measures of one mode in one specific scenario, and trying to 

determine the correlation between different measures related to that mode. 

5.3.2 One Mode, Different Approaches, Different Scenarios 

In this analysis one specific mode (pedestrians) was analyzed. Figure 16 depicts the average pedestrian 

travel time, in seconds, for pedestrians to walk from one corner of the intersection to another. For 

example, the average travel time (including waiting times) varies for moving from the SouthWest corner 

(SW) to the NorthWest corner (NW) under different scenarios, labeled as SW-NW with the square (red) 

representing the 2-stage crosswalk with simultaneous signalization, triangle (green) representing the 2-

stage crosswalk with simultaneous and separate signalization, and the circle (blue) representing the 1-

stage crosswalk. The single-stage crosswalk has an average travel time of 103 seconds, while the second 

scenario (two-state crosswalk with simultaneous signalization) has an average of 179 seconds, and for the 

third scenario (two-stage crosswalk with combination of simultaneous and separate signalization) has an 

average of 114 seconds. 

 
Figure 16: Pedestrian Travel Time including Waiting Times for Different Movements and 

Scenarios 
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Pedestrian travel time for the second scenario (two-stage crossing with simultaneous signalization) has 

the highest value for almost all the pedestrian movements. The third scenario (two-stage crossing with a 

combination of simultaneous and separate signalization) is placed roughly in between the other two, and 

can be interpreted as the trade-off scenario. The travel time for the second and third scenarios are higher 

than that of first scenario since pedestrians have to wait at the central refugee island, which increases their 

delay and, subsequently, their travel time. 

5.3.3 One Approach, Different Modes, Different Scenarios 

In this analysis, a single intersection approach is analyzed by considering two different modes (passenger 

vehicles and trucks), two different performance measures (travel time and delay), and the three different 

design scenarios. The eastbound through movement was selected for analysis since the 2-stage crosswalk 

impacts the east and west-bound movements which have the highest volume of traffic demand.   

 

 
Figure 17: Eastbound Through Movement Analysis for Different Scenarios and Different 

Modes 

 

The Radar diagram, Figure 17, shows that travel time and delay (in seconds) for both passenger 

vehicles and trucks in the first scenario (single-stage crossing) are higher than that of the second 
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and third scenarios. Generally, considering a measure like vehicle travel time, two-stage 

crosswalks are better than single-stage crosswalks since the pedestrian clearance intervals are 

shorter and the signal can cycle faster. In the previous section, it was demonstrated that 

pedestrian travel time in one-stage crossings had the lowest value, and among two-stage 

crossings, the third scenario is preferred because of its lower travel time and delay. The operating 

agency must make a trade-off between the travel time of pedestrians and vehicles, depending on 

the modal demand, and an appropriate signal control strategy. For example, in an intersection 

where the volume of vehicles is much higher than the volume of pedestrians, a two-stage 

crossing could be recommended. Also, when the street to be crossed is wide, it’s safer to have a 

two-stage crosswalk (Alexson et al., 1999), and an appropriate phasing design (two-stage 

crossing with combination of simultaneous and separate signalization) could provide the best 

service for all road users. 

5.3.4 One Scenario, Different Approaches, Different Measures 

In this analysis, two performance measures for different movements of a signalized intersection, 

are analyzed for one scenario (one-stage crossing). Figure 18 illustrates the relationship between 

two performance measures: travel time in seconds and vehicle throughput for passenger vehicles. 



87 
 

 
Figure 18: Passenger Vehicles Analysis with Different Measures 

The axes of this diagram don’t have specific units, so that both travel time and the number of 

vehicles can be compared in one diagram. Combining measures help identify the factors that can 

contribute to the observed performance. For example, the northbound right-turn movement 

(NBRT) serves a relatively a large volume of vehicles, but their travel time is quite short. The 

primary reason is that there is a dedicated right-turn lane on this approach, which allows the 

vehicles to discharge during the red as well as during the green indications. The westbound right 

turn (WBRT) and the eastbound right turn (EBRT) movements exhibit the same behavior, but 

the southbound right-turn (SBRT) exhibits a different behavior. The SBRT movement doesn’t 

have an exclusive right turn lane at this intersection, hence the travel time is higher. Construction 

of a dedicated SBRT lane would reduce the travel time. The through movements all have similar 

travel time despite the higher volume on the westbound though approach.  

This type of diagram can be extended for other scenarios and transportation modes as well. 

Hence, the concept of a multi-modal transportation dashboard consisting of different radar 

diagrams was developed to help understand the overall situation of the system and to assist the 
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decision makers in choosing the most appropriate design depending on the actual condition of 

the intersection and the trade-offs between performance measures, modes, and movements. 

5.3.5 Dashboards 

When considering the complex interactions of the different transportation modes in a 

complicated network geometry, there is a need for a tool that allows visualization of all the 

modes at the same time. The dashboards provided in this chapter are able to show different 

measures of various modes under specific scenarios. They are presented as follows: first, 

performance measures of all the travelers at only one intersection are investigated and then, radar 

diagrams are deployed to show the efficiency of this tool even in a corridor with numerous 

intersections. 

Intersection-level 

Figure 19 (a) is an example of a dashboard under the two-stage crossing with simultaneous and 

separate signalization design but at two different operational hours (peak vs. off-peak). Vehicle 

and pedestrian demands are assumed to be 825 vehicles per hour per lane and 350 pedestrian per 

hour per crosswalk during the peak period and to be 325 vehicles per hour per lane and 180 

pedestrian per hour per crosswalk during the off-peak period. This dashboard consists of 4 radar 

diagrams, one for each mode concentrating on the following measures: travel time for passenger 

vehicles, delay for transit, number of stops for trucks, and volume for pedestrians. The pie chart 

in the middle depicts the distribution of modes in the system. 

The impact of peak hour demand on vehicle performance measures is clearly shown. The 

increase in travel time for passenger vehicles and number of stops for trucks in the southbound 

through and southbound right-turn movements is significantly more than the increase in the other 

movements. This shows that there is a bottleneck on this approach during the peak period. The 
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reason for this observation is that there is no dedicated right-turn lane for vehicles moving 

southbound at the intersection, as discussed above. 

Figure 19 (b) shows a dashboard consisting of 12 radar diagrams and represents different 

measures considering the alternative pedestrian crossing treatments: travel time for passenger 

vehicles in blue, number of stops for trucks in orange, delay for transit vehicles in green, and 

travel time for pedestrians in red.  

 
 

 

 

(a) 
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Figure 19: (a) Peak vs. Off-peak Performance Observation, (b) Comprehensive Multi-

Modal Assessment under the Three Pedestrian Crossing Designs 

 

(b) 
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Section-level 

Evaluating the performance of the road users along an arterial corridor is of interest for traffic 

engineers, planners, and researchers. Figure 20 shows different measures of multiple modes 

under congested (Peak hour) and uncongested (Off-Peak hour) conditions in the test bed corridor 

which consists of six intersections, as mentioned previously. The pie chart in the middle shows 

the distribution of traffic demand in the corridor. 

 

Figure 20: Hexagonal Radar Diagrams to Show the Performance Measures in a Corridor 

consisting of Six Intersections 

 

The main advantage of using these dashboards as a visualization technique over the typical data 

demonstration methods is that the same data showed in Figure 19 and Figure 20, requires the 

total number of 96 rows and 17 columns in Tables or 238 vertical rectangular blocks in bar 

charts. Finding the value of one specific measure for a particular mode under one of the design 
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scenarios would be challenging. The dashboards provide a quick means to visualize the 

relationships between different measures, modes, and movements as well as consideration of 

alternative control scenarios can impact the users of the system.  

 

5.4 Summary 
 

Transportation improvement projects may include widening an arterial corridor to provide 

additional capacity and reduce travel time and delay for vehicles, but this may impact 

pedestrians. In other words, this could be an effective objective for many corridors, but in 

environments where there is a high pedestrian demand (urban locations), the delays that traffic 

flow improvements impose on pedestrians might be ignored by existing policies (Ishaque and 

Noland, 2007). These types of strategies can impact pedestrian traffic in a negative way and may 

result in unbalanced assessment, especially in city centers, such as central business districts. 

Inclusion of traffic signal priority for transit (or other vehicles such as trucks) could impact both 

vehicles and pedestrians. Hence, there is a need to understand how improvements to one mode 

may impact, or benefit, another mode.  

This chapter has developed a method that can support the visual assessment of a multi-modal 

traffic systems.  A case study is used to illustrate the approach that considers both vehicular and 

pedestrian flow. An arterial corridor in Maricopa County is analyzed considering three different 

pedestrian crossing design scenarios and multiple traffic conditions. 

Generally, according to the radar diagrams generated, strategies that benefit the mobility of 

vehicular traffic may not be beneficial from a pedestrian point of view. There is almost always a 

trade-off between vehicular and pedestrian measures. Although improving either of these two 

modes most probably results in impacting the other, ignoring pedestrians in assessments of the 
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system leads to unintended impacts to some of the road users. Similarly, there will be trade-offs 

between different modes, such as transit buses, trucks and passenger vehicles, and different 

traffic management and control strategies that need to be understood, measures, and assessed. As 

transportation systems develop and connected vehicle systems are developed and deployed, the 

ability to visualize and assess performance and understand will be critical. 
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6 Travel Time Estimation in Privacy Ensured 

Environment 
 

Privacy concerns require that personal information be protected and connected vehicle 

applications operate without misuse of the available information.  In this chapter, a methodology 

is developed to estimate travel time mean and variance on signalized arterials while protecting 

the privacy expectation of the road users. Privacy is ensured by allowing each vehicle to 

randomly change its identification information and by not re-associating the vehicle trajectories. 

To accomplish this, an Extended Tardity (ET) function is developed that utilizes vehicle 

trajectory fragments that may randomly change their identification information. The 

methodology is tested using both field data and Software-in-the-Loop (SIL) simulation data 

based on the Arizona Connected Vehicle Test Bed in Anthem, AZ. Case studies are conducted at 

three different levels including link-level, intersection-level, and section-level under various 

traffic conditions and market penetration rates. The results show that the model is not sensitive to 

the penetration rate of the vehicles so that it can be applied under low market penetration rate 

situations while protecting the privacy of road users. 

 

6.1 Introduction 

One of the principle concerns confronting the development of connected vehicle applications is 

ensuring privacy of the public travelers. The connected vehicle system is being developed with 

this privacy issue as a requirement in its proposed policy framework. According to “Annex E: 

Traffic Probe Message Use and Operation” in the SAE J2735 (2009) Standards (“J2735: 

Dedicated Short Range Communications (DSRC) Message Set Dictionary - SAE International”), 
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the collection of connected vehicle data does not begin until either 500m or 120 seconds 

(whichever occurs first) after the vehicle start up to aid anonymity. If a vehicle changes its 

temporary identification (ID) number while it is being observed, it is not difficult to associate its 

new ID number with its old number based on the position data that is received every 0.1 seconds. 

However, making this association would violate the privacy requirement. This could be a 

significant obstacle to public acceptance as has been observed for other emerging technologies 

such as Google Street View in Switzerland (Claburn, 2009).  

Most of the traditional studies either ignored the privacy issues or deployed a set of simplistic 

privacy protection techniques in order to acquire as much data as possible. These include: simply 

removing the vehicle IDs (Sweeney, 2002; Rass et al., 2008), lowering the quality of the datasets 

(Gedik and Liu, 2005), or incrementing the sampling intervals (Tang et al., 2006). However, all 

these approaches have certain drawbacks that make them unable to achieve an accurate 

performance measurement/observation system. Recently, researchers have been focusing more 

on application-specific privacy preserving methods which result in more accurate outputs. Hoh et 

al. (2008) introduced the Virtual Trip Line (VTL) concept to specify the time and position for 

collecting mobile data. Other privacy experts verified the efficiency of this method for freeway 

sections (Herrera et al., 2010), as well as urban signalized intersections (Ban et al., 2009; (Jeff) 

Ban et al., 2011). Sun et al. (2013) developed privacy mechanisms using VTLs zone-based 

system and filtering approaches to satisfy both privacy protection and data requirements for fine-

grained urban corridor/networks. All these studies have constraints on collecting the maximum 

amount of information from the mobile data sources, though they were effective in improving 

the level of privacy. 
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In this chapter, an Extended Tardity function is proposed to estimate the travel time of connected 

vehicles on signalized arterials in cases where the temporary vehicle IDs are randomly changed. 

To address the anonymization issue, only trajectory fragments of the vehicles, e.g. the 

trajectories during the period when the vehicle ID is static, are used to make performance 

measure estimates. The methodology developed in this chapter is demonstrated using data from 

the Arizona Connected Vehicle Test Bed in Anthem, AZ and from a micro-simulation platform 

of the same network. The test bed is one of the US DOT National Affiliated Test Beds and 

consists of eleven intersections and one freeway interchange. Details of the simulation environment 

is described in Chapter 7.  

The remainder of the chapter is organized as follows: The extended tardity function is defined 

and its simplified version for travel time estimation is proposed. The key assumptions and 

network description are then explained. Experiment results and the statistical properties 

considering different market penetration rates are investigated, and finally, conclusions and 

findings are discussed. 

 

6.2 Methodology 

The longer trajectory data of a vehicle is stored, the higher the chance that a vehicle can be 

identified. High resolution vehicle trajectories are available from V2I data where each vehicle 

reports its position (as part of Basic Safety Message) every 0.1 second. Privacy preserving 

techniques include, but are not limited to, the strategy that a vehicle will randomly change its ID 

every 5 minutes and trajectory data will only be stored for a short period of time (i.e. starting 

from the time when the vehicle enters the range of an intersection (about 300m) until 15 seconds 

after it leaves the range). The tardity based travel time estimation algorithm is developed based 
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on the idea of utilizing the fragments of the trajectories that are observe, but not retained in the 

system for any length of time.  

The trajectory fragments can be used to estimate the travel time over a certain road segment (i.e. 

within the boundaries of observation range). When a vehicle randomly generates a new ID, it’s 

considered as a new entity in the system in order to avoid matching the two trajectory fragments. 

Keeping the trajectories for a short amount of time and assuming the trajectories fragments are 

independent, are two ways to help ensure no vehicle is tracked. In other words, a privacy ensured 

connected vehicle environment is characterized as both non-tracing and non-matching.  

Figure 21 illustrates how the Travel Time (TTR) and Distance traveled (DR) of a single connected 

vehicle are divided into two separate fragments. Assume a vehicle enters the communication 

range of a radio (e.g. DSRC radio in a connected vehicle system) and travels for TT1 seconds 

until it changes its temporary ID, at time Tx, then it travels for TT2 seconds until it departs the 

DSRC range. The two fragments are labeled as Trajectory Fragment Type 1 and Type 2 and are 

considered as two anonymous vehicles. 

 
Figure 21: Trajectory Fragments of a single Connected Vehicle with a changed ID 
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Considering the fact that the IDs of the vehicles are changed periodically, such as every 5 

minutes, there is a probability that the change occurs while the car is passing within the range of 

the radio. This probability is calculated by dividing the vehicle’s travel time with the current ID 

by the maximum time horizon to change ID. The probability of this event for a single vehicle 

among a group of equipped vehicles in the range is shown in Equation (1). The probability of the 

vehicle not changing ID is “1-p”.  

Probability of changing ID = p =
Travel Time with the current ID

Maximum Time to Change ID
 

In this section, the definition and formulation of the tardity function is presented and the 

extended tardity function is introduced to estimate travel times of the connected vehicles without 

tracking IDs.  

6.2.1 Definition 

The concept of tardity (reciprocal of speed) was first introduced in the context of traffic flow 

theory to analyze the effect of the origin-destination patterns on traffic dynamics. Later in the 

traffic flow theory special TRB report (monograph) (Lieu, 2002) it was addressed as one of the 

critical items needed to model the relationships among traffic stream characteristics.  

Λ(x, q) is defined as a piecewise continuous function that representing the travel time per unit 

distance at location x with the flow past x being q (in vehicles per second). Equation (2) shows 

the formulation as a convex function over a time-space region (Vaughan et al., 1984): 

 

Λ(x, q) = a(x) +
b(x)R2(x)

2C(x)(1−q/s(x))
  ,  0<q<s(x) 

 

(1) 

(2) 
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where,   

a(x) = tardity in vicinity of x if all signals are always green and q = 0, 

 b(x) = number of intersections per unit distance in vicinity of x, 

 R(x) = length of red interval at the signal in vicinity of x, 

 C(x) = cycle length of the signal in vicinity of x, 

 s(x) = saturation flow rate in vicinity of x (in vehicles per second). 

Literally, the name tardity expresses the concept of slowness, but it wasn’t meant to be 

interpreted as an indication of being slow. The key concept is that tardity is the inverse of speed 

and is the basic idea used in this chapter to study travel time estimations.   

 

6.2.2 Mean Travel Time Estimation 

The time stamped data (i.e. BSM Part 1) which includes the vehicle speed, location and heading 

is broadcast from each equipped vehicle’s onboard unit (OBU). When the vehicle enters the 

range of an active RSU, the snapshots of data (with resolution of 100 milliseconds) are captured 

by the RSU, and trajectories are constructed. Equations (3) and (4) represent the average distance 

estimator (�̂�) and average tardity estimator (Φ̂). Average link travel time is then estimated by 

multiplying these two components. Equation (5) shows how the estimated average travel time is 

characterized based upon the trajectory fragments in the time-space diagram. The function is 

referred to as Extended Tardity (ET) function hereafter in the dissertation. In these equations, N 

is the number of vehicles that didn’t change their IDs; M is the total number of vehicle trajectory 

fragments for the vehicles that did change their IDs; 𝜌 and 𝛾 are two parameters defined as 

relative values of tardity and distance traveled respectively. 
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where, 

 𝑇𝑇𝑖: Travel Time of Vehicle i that doesn’t change its ID, 

 𝐷𝑖: Distance Traveled by Vehicle i, 

 𝑉𝑖: Speed of Vehicle i,   

 𝑇𝑇𝑗: Travel Time of Vehicle Trajectory Fragment j, 

 𝐷𝑗: Distance Traveled of Vehicle Trajectory Fragment j, 

 𝑉𝑗: Speed of Vehicle Trajectory Fragment j, 

 𝜌: Ratio of mean inverse of speed to mean tardity of trajectory fragments (
𝑇𝑇

𝐷

𝑇𝑇𝑗

𝐷𝑗

) , 

𝛾: Ratio of mean distance to mean distance traveled of trajectory fragments (
𝐷

𝐷𝑗
). 

Bias of the Travel Time Estimator. To verify that the travel time estimator is an unbiased 

estimator, the expected value of 𝑇�̂� needs to be investigated. Equation (6) depicts the 

fundamental components of the expectation of the travel time estimator.  

(4) 

(3) 

(5) 
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𝑇�̂� =  �̂�. Φ̂  ⟹ 𝐸(𝑇�̂�) =  𝐸(�̂�. Φ̂) = 𝐸(�̂�). 𝐸(Φ̂) + 𝜌�̂�,Φ̂. 𝜎�̂�
2. 𝜎Φ̂

2 

Equations (7) and (8) shows that distance estimator is unbiased. 𝐷𝑖, and 𝐷𝑗  are assumed to be 

sequences of independent and identically distributed (IID) random variables. n denotes 

nonnegative integer value of the number of vehicles that did not change their IDs. m depicts the 

total number of trajectory fragments of the vehicles that changed their IDs.  
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Equations (9) and (10) show that the estimator of tardity is unbiased. 
𝑇𝑇𝑖

𝐷𝑖
, and  

𝑇𝑇𝑗

𝐷𝑗
 are 

assumed to be sequences of Independent and Identically Distributed (IID) random variables. 

(7) 

(6) 

(8) 
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𝐵𝑖𝑎𝑠Φ(Φ̂) =  𝐸Φ(Φ̂ − Φ) =  𝐸Φ(Φ̂) − Φ = Φ−Φ = 0 

When a vehicle enters the estimation range of the radio, it may randomly change its ID 

regardless of the distance it traversed and/or the speed of the vehicle. The intuition behind the 

fact that the correlation between distance traveled and inverse of speed is zero, originates from 

the independency of the two variables when the vehicle changes its ID. In other words, the 

distance that a connected vehicle traveled and the speed at which the vehicle traveled do not have 

any impact on the ID changing occurrence. The quality of the mean travel time estimator will be 

evaluated using Mean Absolute Percentage Error (MAPE) and the numerical values are reported 

based on the collected BSMs that are received by RSUs. 

(9) 

(10) 
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6.2.3 Travel Time Variability Estimation 

Variability of travel time, not just as a perception of road users (in terms of added cost to a given 

commute), but as an important metric in the existing traffic and network management solutions 

is studied in this section. Both the average travel time and its variability are key indicators to 

evaluate the benefits of a system (Chen et al., 2003). However, the extent of published research 

on travel time variability using connected vehicle technology is rather small compared to the 

studies investigating average travel time.   

The variance of travel time is represented in Equation (11). 

𝑉𝑎𝑟(𝑇�̂�) =  𝑉𝑎𝑟(�̂�. Φ̂) = 𝐸 [(�̂�. Φ̂)
2
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2
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2
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2
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  = 𝑉𝑎𝑟(�̂�). 𝑉𝑎𝑟(Φ̂) + [𝐸(�̂�)]
2
. 𝑉𝑎𝑟(Φ̂) + [𝐸(Φ̂)]

2
. 𝑉𝑎𝑟(�̂�) +  𝐶𝑜𝑣(�̂�2, Φ̂2)

− [𝐶𝑜𝑣(�̂�, Φ̂)]
2
− 2. 𝐶𝑜𝑣(�̂�, Φ̂). 𝐸(�̂�). 𝐸(Φ̂) 

The rationality presented in the previous section demonstrated zero correlation between distance 

and inverse of speed in the event of changing ID. The assumption is that the covariance terms are 

negligible. Also, Equations (3) and (4) can be substituted into Equation (11) and reformulate it as 

Equation (12): 

𝑉𝑎𝑟(𝑇�̂�) =  𝑉𝑎𝑟(�̂�). 𝑉𝑎𝑟(Φ̂) + [𝐸(�̂�)]
2
. 𝑉𝑎𝑟(Φ̂) + [𝐸(Φ̂)]

2
. 𝑉𝑎𝑟(�̂�) 

(11) 
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                  =  𝑉𝑎𝑟

(

 
 
(∑𝐷𝑖
𝑁

𝑖=1

+∑𝐷𝑗
𝑀

𝑗=1

) .
1

𝑁 +
𝑀
𝛾
)

 
 
. 𝑉𝑎𝑟

(

 
 
(∑

𝑇𝑇𝑖

𝐷𝑖

𝑁

𝑖=1

+ ∑
𝑇𝑇𝑗

𝐷𝑗

𝑀

𝑗=1

) .
1

𝑁 +
𝑀
𝜌
)

 
 

+ (𝐷)
2
. 𝑉𝑎𝑟

(

 
 
(∑

𝑇𝑇𝑖

𝐷𝑖

𝑁

𝑖=1

+ ∑
𝑇𝑇𝑗

𝐷𝑗

𝑀

𝑗=1

) .
1

𝑁 +
𝑀
𝜌
)

 
 

+ (Φ)
2
. 𝑉𝑎𝑟

(

 
 
(∑𝐷𝑖
𝑁

𝑖=1

+∑𝐷𝑗
𝑀

𝑗=1

) .
1

𝑁 +
𝑀
𝛾
)

 
 

 

  

Assuming that for all the fragmented vehicle trajectories 𝐷𝑗, and 
𝑇𝑇

𝐷𝑗

𝑗
 (for j=1, … , M) are 

sequences of independent and identically distributed (IID) random variables, respectively; and 

for all those vehicles that do not change their IDs  𝐷𝑖, and 
𝑇𝑇

𝐷𝑖

𝑖
 (for i=1, … , N) are sequences of 

independent and identically distributed (IID) random variables. In addition, the two groups of the 

vehicles (those that change their IDs and those that do not change their IDs) are assumed 

independent. The two main variance terms in Equation (12) can be expressed as Equations (13) 

and (14). 

𝑉𝑎𝑟

(

 
 
(∑𝐷𝑖
𝑁

𝑖=1

+∑𝐷𝑗
𝑀

𝑗=1

) .
1

𝑁 +
𝑀
𝛾

│𝑁 = 𝑛,𝑀 = 𝑚

)

 
 
= (

1

𝑛 +
𝑚
𝛾

)

2

. 𝑉𝑎𝑟 (∑𝐷𝑖
𝑛

𝑖=1

+∑𝐷𝑗
𝑚

𝑗=1

)  

         =  (
1

𝑛 +
𝑚
𝛾

)

2

. [ 𝑉𝑎𝑟 (∑𝐷𝑖
𝑛

𝑖=1

) + 𝑉𝑎𝑟 (∑𝐷𝑗
𝑚

𝑗=1

)] 

         =  (
1

𝑛 +
𝑚
𝛾

)

2

. [ ∑𝑉𝑎𝑟(𝐷𝑖)

𝑛

𝑖=1

+∑𝑉𝑎𝑟(𝐷𝑗)

𝑚

𝑗=1

] 

(12) 
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         =  (
1

𝑛 +
𝑚
𝛾

)

2

. [ 𝑛. 𝜎
𝐷𝑖
2 +𝑚. 𝜎

𝐷𝑗
2 ] 

 

𝑉𝑎𝑟

(

 
 
(∑

𝑇𝑇𝑖

𝐷𝑖

𝑁

𝑖=1

+∑
𝑇𝑇𝑗

𝐷𝑗

𝑀

𝑗=1

) .
1

𝑁 +
𝑀
𝜌

│𝑁 = 𝑛,𝑀 = 𝑚

)

 
 
= (

1

𝑛 +
𝑚
𝜌

)

2

. 𝑉𝑎𝑟 (∑
𝑇𝑇𝑖

𝐷𝑖

𝑛

𝑖=1

+∑
𝑇𝑇𝑗

𝐷𝑗

𝑚

𝑗=1

)  

         =  (
1

𝑛 +
𝑚
𝜌

)

2

. [ 𝑉𝑎𝑟 (∑
𝑇𝑇𝑖

𝐷𝑖

𝑛

𝑖=1

) + 𝑉𝑎𝑟 (∑
𝑇𝑇𝑗

𝐷𝑗

𝑚

𝑗=1

)] 

         =  (
1

𝑛 +
𝑚
𝜌

)

2

. [ ∑𝑉𝑎𝑟 (
𝑇𝑇𝑖

𝐷𝑖
)

𝑛

𝑖=1

+∑𝑉𝑎𝑟 (
𝑇𝑇𝑗

𝐷𝑗
)

𝑚

𝑗=1

] 

         =  (
1

𝑛 +
𝑚
𝜌

)

2

. [ 𝑛. 𝜎
𝑇𝑇𝑖

𝐷𝑖

2 +𝑚. 𝜎
𝑇𝑇𝑗

𝐷𝑗

2 ] 

 

Substituting Equations (13) and (14) into Equation (12), travel time variability can be 

reformulated as Equation (15): 

 

 

𝑉𝑎𝑟(𝑇�̂�) =  (
1

𝑛 +
𝑚
𝛾

)

2

. [ 𝑛. 𝜎
𝐷𝑖
2 +𝑚. 𝜎

𝐷𝑗
2 ] . (

1

𝑛 +
𝑚
𝜌

)

2

. [ 𝑛. 𝜎
𝑇𝑇𝑖

𝐷𝑖

2 +𝑚. 𝜎
𝑇𝑇𝑗

𝐷𝑗

2 ] 

 

+ (𝐷)
2
. (

1

𝑛 +
𝑚
𝜌

)

2

. [ 𝑛. 𝜎
𝑇𝑇𝑖

𝐷𝑖

2 +𝑚. 𝜎
𝑇𝑇𝑗

𝐷𝑗

2 ] + (Φ)
2
. (

1

𝑛 +
𝑚
𝛾

)

2

. [ 𝑛. 𝜎
𝐷𝑖
2 +𝑚. 𝜎

𝐷𝑗
2 ] 

 

The quality of the travel time variability estimator will be assessed using Mean Squared Error 

(MSE) and two-sided Chi-Square hypothesis tests. The numerical results in the next section are 

reported based on the collected BSMs that are received by RSUs. 

 

(13) 

(14) 

(15) 
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6.3 Simulation Experiment Design 

Figure 22 shows a hypothetical time-space diagram based on six intersections along a major 

arterial road, Daisy Mountain Drive in Anthem, AZ. The performance observation ranges (i.e. 

DSRC radio ranges) are identified for each intersection including where they overlap (i.e. at 

Gavilan Peak and Dedication Road). Several factors can impact the range including the location 

of the RSU on the poll and/or radio transmission power. Four possible situations are illustrated: 

case #1, the vehicle traversing the corridor never changes its ID; Case #2, the vehicle changes its 

ID while passing inside one of the intersection ranges; Case #3, the vehicle ID is changed in the 

gap between two intersection ranges; and Case #4 when a vehicle travels for more than 5 minutes 

to complete the corridor trip and the ID changes twice.  

A brief summary of the assumptions made in this study is presented as follows: 

 The RSUs are able to receive the vehicle trajectory within a predefined range. Five 

seconds after the vehicle leaves the radio coverage range (i.e. 300 meters away from the 

traffic signal), no trajectory is accessible in the database. 

 The duration of each of the simulation runs is set to be 60 minutes with 15 minutes 

warm-up period. 

 The IDs of the vehicles are changing randomly every 5 minutes. 

 To reflect the stochastic variations, 15 and 10 replications of random sampling for travel 

time mean and variability are used respectively.  

 The average traffic volume is set to be 350 vehicles per hour per lane for uncongested 

condition and 850 vehicles per hour per lane for congested condition. 
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Figure 22: Time-Space Diagram of the Corridor Test Bed with Various DSRC Ranges at 

Each Intersection 

 

6.4 Numerical Results 

6.4.1 Results of Software-in-the-loop Simulation 

The Extended Tardity (ET) methodology is applied to estimate both the link travel times and 

travel time variability. The performance of the model is discussed at three different levels 

considering the cases illustrated in Figure 22. First, the estimation accuracy is studied 

independently for each individual link. A comparison between all the possible movements at the 

intersection-level is then analyzed. Finally, the efficiency of the proposed model is evaluated for 

a section. The impact of various market penetration rates of the connected vehicles in the system 

is investigated in all scenarios. Finally, the results of field experiments are presented. 

(O
v
er

la
p
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6.4.1.1 Link-Level 

Figure 23 shows the relationship between the true travel time and the estimated values using the 

Extended Tardity function. In order to assess the performance of the model under different 

scenarios, the trajectory data are processed into datasets of various penetration rates. The results 

are only for the connected vehicles in eastbound through movement. Based on Equation (2) and 

the known average travel time of the vehicles during the simulation time period, the proportion 

of vehicles with changing ID is set to be 0.15.  

 
 

 

 
 

Figure 23: True Travel Time vs. Estimated Travel Time under (a) 100%, (b) 80%, (c) 60%, 

(d) 40%, (e) 20% Market Penetration Rate 

 

A linear regression model was fit to the data using MATLAB for each market penetration rate. 

The results are summarized in Table 3.  

 

 

 

(b) (a) (c) 

(d) (e) 
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Table 3: Statistics of the Linear Regression Model fitted to the Datasets 
 20% PR 40% PR 60% PR 80% PR 100% PR 

p-Value 0.655 0.736 0.777 0.860 0.957 

Root Mean Squared 

Error 

(RMSE) 

0.917 0.842 0.746 0.711 0.685 

R-squared 0.996 0.996 0.997 0.997 0.998 

 

The more time the vehicles spend to traverse the RSU range, the higher their chance of changing 

ID (e.g. Case #4). So, under congested conditions or during the peak period the likelihood of this 

occurring to a vehicle, increases and vice versa. In order to capture the impact of traffic 

conditions on the proposed method, another experiment was conducted. Figure 24 shows the 

error between the ground truth travel time and the estimated travel time under five different 

penetration rates and six different proportions of vehicles with changing ID. The ground truth 

travel time is determined by using vehicle trajectory data with 0.1-second resolution under a 

100% penetration rate and no ID changing. 

The Mean Absolute Percentage Error (MAPE) as a measure of effectiveness and accuracy is 

indicated in Equation (16): 

𝑀𝐴𝑃𝐸 = 
100%

𝑘
∑|

(𝐸𝑇𝑙 − 𝐺𝑇𝑇𝑙)

𝐺𝑇𝑇𝑙
|

𝐾

𝑙=1

 

where, 

 𝐸𝑇𝑙 = Estimated Average Travel Time of link l 

 𝐺𝑇𝑇𝑙 = Ground Truth Travel Time of link l 

 K = Number of Links 

(16) 
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 The ET function works reasonably well even under 20% market penetration rate and 90% 

chance of changing ID (i.e. the case of congestion). Interestingly, the travel time estimation error 

as an indication of performance of the model is more sensitive to the traffic condition rather than 

the penetration rate. The MAPE even increases marginally with the increase in penetration rate 

(e.g. comparing the 20% and 40% penetration rates error under 30% chance of changing ID). As 

long as this difference (which could be a result of randomly selected samples) is negligible, the 

results infer low-sensitivity of the error to market penetration rate. In other words, having more 

connected vehicle data will not necessarily improve the estimation significantly which is a 

helpful feature in practice when the penetration of connected vehicles on the road is not 

relatively high.   

 
Figure 24: MAPE of Travel Time with respect to Market Penetration Rate and Proportion 

of Vehicles with Changing ID 

Travel time variability is studied considering both hypothesis testing using two-sided chi-square 

test and Mean Squared Error (MSE).  
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A chi-square test is designed to test if the variance of travel time values estimated by ET function 

in Equation (15) (𝜎2 = 𝑉𝑎𝑟(𝑇�̂�)) is equal to the ground truth value of travel time 

variability (𝜎0
2). The hypothesis test is defined based on a null hypothesis (𝐻0: 𝜎

2 = 𝜎0
2) and an 

alternative hypothesis (𝐻𝑎: 𝜎
2 ≠ 𝜎0

2). The test statistic, T, is expressed as (𝑁 − 1) ∗ (𝑠 𝜎0⁄ )2, 

where N is the total number of vehicles in the eastbound through movement and s is the sample 

standard deviation. For significance level of 𝛼 = 0.05, corresponding confidence level of 95%, 

respectively the values of lower bound and upper bound in a sample of 100 vehicles, are 

𝜒0.025,99
2 =73.36 and 𝜒0.975,99

2 =128.42.  The null hypothesis can be rejected if 𝑇 < 𝜒𝛼
2⁄ ,𝑁−1

2  or 

𝑇 > 𝜒1−𝛼 2⁄ ,𝑁−1
2 . Table 4 compares values of the test statistics under different market penetration 

rates and proportions of vehicles with changing ID. Since all the test statistics are within the 

range of the boundaries, there is weak evidence against the null hypothesis. Hence, the proposed 

estimator is effective in estimating travel time variability. 

Table 4: Test Statistics of Two-Sided Chi-Square Hypothesis Testing for Eastbound 

Through Movement with N=100 

  Proportion of Vehicles with Changed ID 

  0.15 0.30 0.45 0.60 0.75 0.90 

M
a
rk

et
 P

en
et

ra
ti

o
n

 

R
a
te

 (
%

) 

20 96.28 95.60 102.86 94.72 93.89 104.98 

40 100.97 96.50 96.00 102.45 103.03 94.32 

60 97.36 101.19 101.34 96.07 95.49 103.18 

80 99.91 100.74 97.10 101.69 102.12 95.48 

100 98.80 98.73 99.81 97.73 97.51 100.98 

 

Mean squared error is an indicator of the difference between the travel time variance estimation 

and the ground truth value of travel time variability. MSE is the second moment of the error and 
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incorporates both the variance of the estimator and its bias. Figure 25 shows the MSE values 

under different market penetration rates and proportion of vehicles with changing ID. It depicts 

the trend of the mean of the square of the errors between the variance values. 10 unique 

experiments of changing ID for connected vehicles are conducted for each value of MSE in this 

Figure. 

 
Figure 25: MSE of Travel Time Variability Estimation with respect to Market Penetration 

Rate and Proportion of Vehicles with Changing ID 

 

6.4.1.2 Intersection-Level 

The value of the estimation model is investigated by comparing its performance on different 

movements at one intersection. The intersection of Daisy Mountain Drive and Gavilan Peak 

Parkway is selected as the study area. The software-in-the-loop simulation ran for one hour, and 

the experiment is conducted under 20% penetration rate, when 30% of the vehicles are changing 

their IDs. 
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Figure 26 (a) shows the layout of a section of Daisy Mountain Drive, a major arterial in Anthem, 

Arizona, which was coded in version 6 of the VISSIM microscopic simulation model. Figure 26 

(b) depicts the difference between the true average travel time and the average estimated travel 

time using Extended Tardity function. The radar diagram is utilized to visualize the mean travel 

time for each movement at the intersection on a separate axis. The difference between the two 

values is slightly higher for turning movements in comparison to other movements. Other than 

capturing the curvature of the turning zones, unifying the estimation ranges and the travel time 

sections defined in VISSIM model (used as ground truth reference) can play important role in 

decreasing simulation errors. As long as the estimated travel time is reasonable for all the 

movements at the intersection, the overall performance of the model is inferred to be sufficient. 

  
 

(a) 
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(b) 

Figure 26: (a) Test Bed of six intersections along Daisy Mountain Drive in Anthem, AZ (b) 

Intersection-level Analysis Comparing the Average TT and Estimated TT 

It was shown in the link-level section that the accuracy of the Extended Tardity function does not 

necessarily decrease when the penetration rate decreases. This phenomenon is also studied at 

intersection-level and the results are presented in . Five different market penetration rates (MPR) 

assuming 30% chance of changing ID for all the movements at the intersection are considered. 

The results show that even under congestion and low penetration rates of the connected vehicles, 

the MAPE between the ground truth and estimated travel time is 7.23% (i.e. for Westbound Left 

Turn link, under 20% PR and congested condition). 

 Table 5: Results of Mean Absolute Percentage Error under Different Market Penetration 

Rate 

 MAPE under Uncongested 

Condition (%) 

MAPE under Congested  

Condition (%) 

 

 

 

20% 40% 60% 80% 100% 20% 40% 60% 80% 100% 

NBLT 3.86 3.05 2.23 2.05 1.87 5.65 4.71 3.88 3.23 2.46 

NB 2.02 1.91 1.54 0.98 0.64 3.99 3.54 3.05 2.67 1.89 

NBRT 3.62 3.74 3.12 2.64 1.82 5.68 5.23 4.51 3.85 2.95 

EBLT 3.26 3.33 2.97 3.02 1.81 6.33 5.91 4.52 3.86 2.69 

0

15

30

45

60

75
NB

NBRT

EBLT

EB

EBRT

SBLT

SB

SBRT

WBLT

WB

WBRT

NBLT

Mean Travel Times under 20% MPR and 0.3 Proportion of 

Changing ID

Average True TT (s) Average Estimated TT using Extended Tardity (s)



115 
 

EB 1.66 1.91 1.07 0.89 0.69 4.75 3.81 2.84 2.61 1.93 

EBRT 3.12 2.63 1.88 1.99 1.54 6.11 5.96 4.30 3.12 2.02 

SBLT 3.89 3.24 3.10 2.65 1.92 6.23 4.93 3.92 3.56 2.96 

SB 2.17 2.09 1.34 0.97 0.73 3.86 3.98 3.24 2.93 1.87 

SBRT 3.54 3.07 2.66 2.03 1.76 5.91 4.23 3.95 3.61 2.93 

WBLT 4.73 4.27 3.41 2.97 1.98 7.23 6.64 5.93 4.62 3.22 

WB 2.16 2.31 1.43 1.06 0.96 3.81 3.82 3.06 2.29 1.72 

WBRT 3.80 3.25 2.69 2.02 1.82 6.58 5.72 4.38 3.44 2.10 

 

Travel time variability is also investigated at the intersection level using a two-sided chi-square 

test for all twelve possible movements. Figure 27 shows the boxplots of travel time data. The 

right-turn movements, except for southbound, have smaller mean travel time values compared to 

the other maneuvers. The reason for relatively high travel time for southbound right turn 

movement is that there is no dedicated right turn bay. As a result, vehicles tending to turn right at 

the intersection experience some delay until the queue in front the vehicles dissipate (i.e. blocked 

on right turn on red).  

 
Figure 27: Travel Time Boxplots by Movement at Daisy Mountain and Gavilan Peak 
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Similar to the experiment at link-level, for significance level of 𝛼 = 0.05, corresponding 

confidence levels of 95%, respectively the values of lower bound and upper bound for each 

movement calculated (based on the number of vehicles completed the movement). Considering 

the scenario when the market penetration rate of connected vehicles is 20% and 30% of the 

vehicles are changing their IDs. The values of T statistic are shown in Table 6. For each 

movement lower bound (LB =𝜒𝛼
2⁄ ,𝑁−1

2 ), upper bound (UB =𝜒1−𝛼 2⁄ ,𝑁−1
2  ), and T statistic are 

specified. 

Table 6: Test Statistics of Two-Sided Chi-Square Test for 12 Movements 

NB (N=324) NBRT (N=112) NBLT (N=121) EB (N=471) EBRT (N=163) EBLT (N=169) 

LB UB T LB UB T LB UB T LB UB T LB UB T LB UB T 

275.11 374.68 329.65 83.74 142.05 107.66 91.57 152.21 129.29 411.82 531.96 465.82 128.65 199.13 153.32 134.00 205.78 183.74 

WB (N=466) WBRT (N=159) WBLT (N=165) SB (N=316) SBRT (N=107) SBLT (N=115) 

LB UB T LB UB T LB UB T LB UB T LB UB T LB UB T 

407.15 526.64 473.58 125.09 194.70 169.94 130.43 201.35 150.02 267.73 366.06 320.45 79.40 136.38 119.67 86.34 145.44 100.83 

 

Since the entire test statistics for all the movements are within the range of the boundaries, there 

is weak evidence against the null hypothesis. Hence, the proposed estimator is also effective in 

estimating travel time variability at intersection-level. 

6.4.1.3 Section-Level 

The applicability of the estimation method is also studied for the connected vehicles moving 

along a corridor. The Basic Safety Messages collected from the vehicles at each one of the six 

intersections. They are used to observe the travel times of only those vehicles that completed the 

whole corridor. The ground truth travel times are collected from VISSIM, and compared with 

their estimated values in the case of changing ID (i.e. which may happen at least once for 

vehicles, based on the fact that most vehicle travel times are greater than 300 seconds, Figure 

22). Figure 28 shows the comparison results under different penetration rates. The corresponding 
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MAPE between the true travel time and estimated values (by applying ET function on received 

BSMs) is shown above each batch of bars.       

  

 
Figure 28: Travel Time Comparison between VISSIM and BSM Data 

 

6.4.2 Results of Field Data Collection 

One of the objectives of this study was to compare the output of the performance estimation 

algorithm with ground truth values on a real network. To demonstrate the methodology, one of 

the four-leg intersections of the aforementioned arterial was selected (i.e. Daisy Mountain Drive 

and Gavilan Peak Parkway). Two equipped vehicles covered the northbound and southbound 

movements and two other test vehicles moved on eastbound and westbound direction. Each 

vehicle did 10 rounds of full trip from the staging area to the same location as shown on Figure 

29. The offset between each trip was 20 minutes. The recording took place from 1:30 to 5:00 pm, 

during two typical consecutive weekdays on March 3rd and 4th, 2015 as part of the independent 

impact assessment field study of the Multi-Modal Intelligent Traffic Signal System (MMITSS) 

project (Ahn et al., 2016). 

Data collection of the true travel time values of vehicles on a real intersection is a challenging 

task. So other than one OBU installed on each of the test vehicles, one commercialized portable 
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Wide Area Augmentation System (WAAS)-enabled GPS unit was utilized. The GPS receiver 

gathered second-by-second vehicle trajectories with 2.5m accuracy for latitude and longitude 

data, and 0.1m/s accuracy for speed measurements. 

 

 
Figure 29: Field Test Plan for Travel Time Data Collection 

Figure 30 (a) and (b) compare the average value of the estimated and ground truth travel times of 

10 trips for each movement for the two collected datasets (one for each day). An application was 

running on the roadside processor resides on RSU. It estimated travel time measure based on 

trajectory fragments and extended tardity function in real-time. 

Ground truth values of the same trips extracted from the GPS tracking devices after the field 

testing was finished. Each of these devices had a fixed ID, with time stamped position 

information (latitude, and longitude), and speed.  
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Figure 30: Accuracy Analysis of TT Estimation method vs. Ground Truth for 10 Trips 

 

The intersection-level comparison is summarized in Table 7. Mean Absolute Percentage Error is 

computed by comparing the estimated travel time with the ground truth value of all the trips. One 

of the challenges faced in the field was the loss of some BSM packets caused by the curvature of 

the road and limitation of the map of the intersection. This phenomenon is causing more error on 

southbound movement of the intersection.   

Table 7: Tuesday, March 3rd and Wednesday, March 4th Mean Absolute Percentage 

Error at Intersection-level 

 Tuesday 

Estimated 

TT (s) 

Tuesday 

Ground Truth 

TT (s) 

MAPE 

(%) 

Wednesday 

Estimated 

TT (s) 

Wednesday 

Ground 

Truth TT (s) 

MAPE 

(%) 

Northbound 39.2 40.45 3.18 57.39 59.66 3.95 

Eastbound 56.47 57.90 3.03 68.01 70.62 3.83 

Southbound 33.25 34.69 4.33 31.16 32.43 4.08 

Westbound 38.26 37.14 2.90 80.21 78.26 2.42 
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6.5 Conclusion 

With the emergence of the connected vehicle technology, estimating performance measures such 

as travel time utilizing vehicle trajectory data has received significant attention. High resolution 

location and motion data transferred from OBUs to RSU at intersection can be employed by 

system intruders to identify and track a driver/vehicle and its particular route. Managing data 

with associated geo-location characteristics, as a potential privacy issue, is one of the main 

challenges in this area.  

This chapter proposes a method that estimates both the mean and variance of link travel time 

based on the data collected from OBUs that are changing their IDs every 5 minutes to protect 

privacy. The model uses trajectory fragments and treats the vehicles with a recently changed ID 

as new vehicle in the system without over counting them. The estimation models are tested using 

data from a microscopic simulation model. The output shows promising results that indicate that 

the proposed estimation algorithm is not very sensitive to market penetration rates. This is a 

desirable feature especially because of the fact that the market penetration rate of connected 

vehicles will not be very high in near future.   

Sensitivity analysis is conducted for both the market penetration rate and the proportion of the 

vehicles that change their IDs. In the case of penetration rate, five different percentages of 

connected vehicles in the system (20%, 40%, 60%, 80%, and 100%) are investigated to study 

their impact on the accuracy level of the models. Similarly, the chance of ID changing while 

traversing the estimation range is also investigated (i.e. 15%, 30%, 45%, 60%, 75%, and 90%). 

Under 20% penetration rate when 90% of the vehicles change their IDs, the MAPE for mean 

travel time is less than 5%. Different movements at an intersection under congested and 

uncongested conditions were examined. The result shows that for turning movements the error is 
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higher than other movements. The worst case occurs with 20% penetration rate under congested 

condition for a left turn movement resulting in 7.23% mean absolute percentage error. Then, the 

accuracy of the proposed method is tested for the vehicles moving along a corridor. A 6.04% 

MAPE under 20% penetration rate is determined to be the highest value. Finally, field data 

collected during two consecutive weekdays are investigated. It shows that the accuracy of the 

model, even in real world, is reasonably high although many factors including the packet drop 

rate and human errors in driving behaviors may impact the results. 
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7 Performance Monitoring – Assessment and Evaluation 
 

This chapter focuses on the assessment and evaluation of the proposed performance observation 

and monitoring algorithms. The measurement is conducted in both simulation environment and 

in the field. Section 7.1 will introduce the design and implementation of the calibrated simulation 

environment. The algorithms are evaluated using the Anthem, AZ network (Section 7.2 that 

includes both simulation and field results). Section 7.3 presents the web application developed 

for the central system performance observation and sample reports.  

 

7.1 Simulation Environment  

Utilizing microscopic traffic simulation is necessary due to the complex nature of the traffic 

monitoring systems and the fact that there are no connected vehicles in the market today. Only a 

few connected vehicles are used in field testing experiments. A calibrated traffic simulation 

model helps testing and evaluating the effectiveness and safety of new systems before the field 

deployment phase. One of the main reasons that there are very few existing simulation platforms 

to be used for assessment and evaluation of connected vehicle systems is that connected vehicle 

systems are an emerging technology. Developing a simulation platform for testing the 

performance measurement applications, as well as other traffic management and control 

applications, is an important task. After testing and validating the algorithms in the simulation 

environment, the same applications can be directly implemented in the field with minimal 

adjustments.  

VISSIM is used in this dissertation as the main traffic simulation software to support the unit and 

component testing procedures. 
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7.1.1 Simulation Environment Overview 

The simulation environment is modeled in VISSIM platform for both hardware-in-the-loop 

(HIL) and software-in-the-loop (SIL) simulations. HIL utilizes the DSRC radio devices and SIL 

uses Econolite ASC/3 virtual controller as the main components of the simulation settings. All 

DSRC messaging follow the J2735 (2009) standards. Figure 31 shows the overview structure of 

the simulation environment. 

 
Figure 31: Simulation Structure in VISSIM Platform 

The VISSIM model and the field devices exchange the connected vehicle information using the 

drivermodel.dll API. The main responsibility of this API is to collect the information of each 

vehicle and pack the data objects into different message types. Section 7.1.2 provides more 

details on the functionality of the drivermodel.dll API. For each connected vehicle approaching 

an intersection, the standard BSM message is created and sent from the API to a field DSRC 

radio (RSU). When modeling a network consisting of multiple intersections, another component 



124 
 

called OBU Distributor is utilized to route the BSMs to the right RSU. The BSMs are first sent to 

the OBU distributor and depending on the vehicle location in the simulation model, the BSM is 

routed to the corresponding RSU. More details about the OBU Distributor is presented in Section 

7.1.3. The communication between OBUs and RSUs is through UDP sockets over Ethernet or 

DSRC between hardware OBU and RSU devices. Any RSU is capable of acquiring signal 

controller data objects, such as system detectors information (e.g. volume and occupancy) or 

signal status, by sending national transportation communications for ITS protocol, NTCIP,  

(“NTCIP 1211 Object Definitions for Signal Control and Prioritization, National Electrical 

Manufacturers Association, Rosslyn, VA, 2004.,” 2004)commands to either a real hardware 

traffic signal controller or the software virtual controller in VISSIM. One of the most important 

parts of developing any simulation platform is the calibration phase. Section 7.1.4 explains 

different categories to be calibrated in a connected vehicle environment. 

7.1.2 Drivermodel.dll API 

As explained in chapter 3, the drivermodel.dll works as an interface to VISSIM that makes the 

users capable of manipulating the driving behavior of some or all the vehicles during a 

simulation run. The API is implemented as a dynamic link library (DLL) coded in C/C++. One 

of the main functionalities of this API is to read different vehicle parameters including location, 

speed, and heading and to use this data to construct a DSRC message (i.e. BSM) that can be 

broadcast on the communication network. The internal procedure of the API is described step-

by-step as follows: 

Step 1: Initialization 

 Step 1.1 Acquire IP address and Port number of the corresponding component 

  Option 1.1.1 The target RSU (only one intersection in the VISSIM network) 
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  Option 1.1.2 OBU distributor (multiple intersections in the VISSIM network) 

 Step 1.2 Acquire and initialize the reference point of the network in GPS coordinates 

 Step 1.3 Establish a socket communication Connection through a UDP socket. 

Step 2: Use DriverModelGetValue() function to acquire the vehicle information 

Step 3: Based on the reference point, transform the local X and Y coordinates into GPS 

coordinates (WGS-84) (Farrell and Barth, 1999). 

Step 4: Utilize a generic open source ASN.1 encoder/decoder (Walkin, 2013) to construct 

standard J2735 (2009) DSRC message (i.e. BSM) 

Step 5: Broadcast the constructed message through UDP socket communication. 

The frequency of broadcasting BSMs is used as a reference for setting the VISSIM simulation 

resolution to be 10 steps per simulation second. Hence, BSMs from all connected vehicles are 

broadcast to either an RSU or the OBU distributor every 0.1 seconds of simulation time. 

7.1.3 OBU Distributor 

The connected vehicles enabled with external drivermodel.dll API broadcast BSMs in a VISSIM 

simulation platform. Since all RSUs or Docker containers and the machine running the 

simulation model are in the same subnetwork, every RSU is capable of receiving BSMs from all 

of the connected vehicles. The vehicle trajectory awareness component is capable of filtering the 

BSMs if a connected vehicle is not within the geo-fence segments of the road for a certain RSU. 

However, the filtering process of all connected vehicles in the system will raise the 

computational burden, which is unnecessary. Also, because of the limitations in the 

communication ranges of the DSRC radios in the field, each RSU is only receiving the BSMs 
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from the OBUs within the range. The OBU distributor is a windows application that was 

developed to route the BSMs to a corresponding RSU based on the vehicle location data. Figure 

32 illustrates the basic concept of the OBU distributor and the way it works along with the 

drivermodel.dll to deliver the BSMs to a right RSU. 

 
Figure 32: OBU Distributor Fundamental Concept 

The OBU distributor first receives a BSM from the drivermodel.dll, and unpacks the message to 

acquire the vehicles GPS coordinates. The GPS coordinates are transformed to X and Y VISSIM 

local coordinates. As long as the vehicle location is within the range of the radio, the BSMs are 

directed to the corresponding RSU. In some cases where a vehicle is in the DSRC overlap area of 

multiple RSUs (i.e. vehicle in the bottom left corner), the BSM is sent to all RSUs in the range.  
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7.1.4  Simulation Model Calibration 

A VISSIM microscopic traffic simulation model in a connected vehicle environment, similar to 

any other simulation model, requires calibration and validation to replicate the real-world field 

conditions. Evaluation of the results and data analysis for different connected vehicle 

applications, including the Performance Observer, component are significantly dependent on the 

quality of the simulation model. Therefore, certain calibration procedures are conducted to the 

VISSIM simulation models to attain an acceptable calibration level. The better a traffic 

simulation model is calibrated and validated, the closer the results are compared to the field 

testing and demonstrations.  

To address the importance of the model calibration procedure, significant time and effort have 

been spent to obtain validity for the models. Three main categories are calibrated carefully in the 

VISSIM simulation models utilized in this dissertation: 

Roadway Geometry. Since one of the fundamental responsibilities of the trajectory aware 

component is to locate connected vehicles on lane-base maps, it is necessary to carefully 

calibrate the geometry of the road segments in the simulation models. The Performance Observer 

application calculates and estimates some of the performance metrics (e.g. queue length) at lane-

level, so having an accurate simulation model (mapped on real-world geometry of intersections) 

is vital.  

Usually a screenshot from Google Earth with known size parameters (perpendicular angle view) 

is used as the background image for an intersection in a VISSIM simulation model. Then using 

the VISSIM “Set Scale” option on the imported image, the size parameters are synchronized. All 

links and routes are then created as a layer on top of the real-world background image.     
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DSRC Radio Range. The range of the DSRC radio is different for each leg of the intersection. 

Field data collection provides a clear picture that 300 meter range for an RSU is not necessarily 

true all the time. Figure 33 illustrates the field calibrated DSRC radio ranges (in meters) for 

different movements at intersection. The two intersections on the left (i.e. Gavilan Peak Parkway 

and Dedication Trail) are closely spaced and their DSRC ranges have considerable overlap.  

 
Figure 33: Field Calibrated DSRC Radio Ranges of the Anthem Network 
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The DSRC ranges of the six intersections by approach are presented in Table 8. The data 

collected for measuring the DSRC radio ranges is based on four on-road experimental 

observations for each intersection. Depending on whether the connected vehicles are 

approaching or leaving an intersection, the radio ranges vary. As stated in chapter 4, there might 

be several reasons for the aforementioned differences. Bai et al. (2010) created a list of factors 

that may have impact on the range of the DSRC radios. This list includes controllable elements 

such as separation distance, relative/effective vehicle velocity, signal propagation environment, 

radio transmission power, or modulation rate. The reported DSRC ranges is measured as the 

longest distance from the RSU location where still three consecutive packets can be delivered.  

Table 8: Anthem Network DSRC Range of Each Intersection by Movement 
 Gavilan Dedication Meridian Hastings Memorial Anthem 

Movement App. Leav. App. Leav. App. Leav. App. Leav. App. Leav. App. Leav. 

NB 623.3 380.7 - 329.1 368.3 - 204.6 - 496.6 484.1 382.5 68.3 

EB 751.6 653.6 459.7 317.8 315.2 245.5 220.4 310.1 231.2 308.0 304.1 387.0 

SB 399.6 699.8 270.7 - - 348.0 - 222.2 474.6 286.1 71.2 361.8 

WB 698.8 754.3 299.1 483.6 208.0 347.7 358.7 212.9 300.3 213.5 333.7 318.9 

 

Traffic Controller Parameters. Certain virtual signal controller factors need to be mimicked 

exactly the same way as they are implemented in the field. Signal timing plans, system and stop 

bar detectors status, and vehicle/pedestrians phases and overlaps are a few examples of the 

parameters that are required as part of the calibration procedure. Maricopa County Department of 

Transportation provided all the signal timing sheets, detector assignment sheets, and other 

necessary documentations for the Anthem test bed. VISSIM has a software-in-the-loop virtual 

ASC/3 controller which uses the identical software as the ASC/3 controllers in the field.  
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7.2 Anthem Network  
 

The Anthem network has two distinct sections. The focus of this dissertation is on the segment 

along Daisy Mountain Drive (with three lanes each direction) that consists of six consecutive 

intersections from Gavilan Peak Parkway to Anthem Way in Anthem, Arizona. The other 

segment along Gavilan Peak Parkway (with two lanes each direction) was recently equipped 

with RSUs at three intersections from Daisy Mountain Drive to Anthem Way. Figure 34 displays 

both segments in the network. 

 
Figure 34: Anthem Network Overview 
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7.2.1 Anthem Simulation Results 

A VISSIM 6.0-19 simulation model is constructed for the corridor. The three main calibration 

factors (i.e. roadway geometry, DSRC radio range, and controller signal parameters) are 

carefully applied to replicate exactly the same environment as in real world. MAP of each 

individual intersection is built based on Google Earth way points. The VISSIM drivermodel.dll 

API generates surrogate DSRC messages (e.g. BSMs) and the OBU distributor routes the BSMs 

from the drivermodel.dll to the corresponding intersections. 

The total simulation period is three hours (i.e. 10800 seconds). The first half an hour (i.e. 0-1800 

seconds) is considered as the warm-up period and the rest of the simulation period (i.e. 1800-

10800 seconds) is used for data collection. Five different traffic demand levels, where each level 

lasts for 30 minutes, are distributed through the simulation period as follows: 

 Demand Level 1: 1800s-3600s (Medium) 

 Demand Level 2: 3600s-5400s (High) 

 Demand Level 3: 5400s-7200s (High) 

 Demand Level 4: 7200s-9000s (Medium) 

 Demand Level 5: 9000s-10800s (Low) 

One of the biggest challenges in a connected vehicle environment is the market penetration of 

the equipped vehicles in the system. Four different penetration levels for connected vehicles are 

tested (i.e. 100%, 75%, 50%, and 25%). Results of the Performance Observer component are 

compared with the ground truth outputs from VISSIM to evaluate the accuracy level. 

Travel Time 

Travel time (TT) estimations of the Performance Observer component is studied under different 

market penetration rate of the connected vehicles. The ground truth VISSIM outputs are 
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compared with the estimated values from the Performance Observer application that is running 

on the RSU. Figure 35 shows the results under four different market penetration rates. Travel 

time data is accumulated every 5 minutes for the eastbound through movement at the intersection 

of Daisy Mountain and Gavilan Peak. As the penetration rate decreases, the variation in 

estimating the travel time of all vehicles increase. The purpose of this analysis is to show that the 

Performance Observer can estimate the population travel time based only on observations of 

some percentage of connected vehicles (e.g. market penetration). 

  

 

  

 

Figure 35: Link-level Travel Time Estimation of Performance Observer vs. VISSIM 

Output for different Penetration Rates; (a)100%, (b)75%, (c) 50%, and (d) 25% 

0

20

40

60

80

100

1800 3600 5400 7200 9000 10800

T
ra

v
el

 T
im

e 
(s

)

Simulation Time (s)

100% Market Penetration Rate

Performance Observer TT VISSIM TT

0

20

40

60

80

100

1800 3600 5400 7200 9000 10800

T
ra

v
el

 T
im

e 
(s

)

Simulation Time (s)

75% Market Penetration Rate

Performance Observer TT VISSIM TT

0

20

40

60

80

100

1800 3600 5400 7200 9000 10800

T
ra

v
el

 T
im

e 
(s

)

Simulation Time (s)

50% Market Penetration Rate

Performance Observer TT VISSIM TT

0

20

40

60

80

100

1800 3600 5400 7200 9000 10800

T
ra

v
el

 T
im

e 
(s

)

Simulation Time(s)

25% Market Penetration Rate

Performance Observer TT VISSIM TT

(a) 

(d) (c) 

(b) 



133 
 

Intersection-level comparison between the direct output of VISSIM and the Performance 

Observer application results under 10% market penetration rate is shown in Figure 36. Each axis 

on the radar diagram represents the values of travel time (in seconds) for the corresponding 

movement. The intersection of Daisy Mountain and Meridian Road consists of 6 possible 

movements based on the demand level identified in the simulation model. 

 
Figure 36: Intersection-level Travel Time MMITSS Estimation vs. VISSIM 

More error on the westbound right turn movement results from the fact that no connected vehicle 

came from the side street during the last half an hour of the simulation. Figure 37 depicts this 

phenomena by comparing the VISSIM output with the estimation results. From simulation time 

of 9000-10800s, there wasn’t any connected vehicle under 10% penetration rate taking the 

westbound right turn movement. However, over three hours of simulation, the overall MAPE for 

all movements is 9.15% which shows the ability of the performance observer to have an 

acceptable estimation of travel times. 
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Figure 37: Westbound Right Turn Movement at Daisy Mountain and Meridian 

Section level travel time estimations at all six intersections are studied. Figure 38 summarizes 

the system wide average vehicle travel time by different market penetration rates and demand 

levels over time. 

 
Figure 38: Corridor-level Average Vehicle Travel Time 
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Daisy Mountain and Gavilan Peak are shown in Figure 39. Blue dots represent the trajectory of 

unequipped vehicles, red dots show the trajectory of connected vehicles, and yellow lines display 

how the Performance Observer application is estimating the queue length. Figure 39 (a) belongs 

to the southbound left lane movement where there is no active system detector, and the 

estimation is purely based on the arrival rate of the connected vehicles. Figure 39 (b) is for the 

southbound right lane movement where an active system detector exists. Both time-space 

diagrams in Figure 39 follow the algorithm explained in Chapter 4 (i.e. Figure 4-5) that fuses the 

BSM data objects from the connected vehicles with the volume information from the signal 

controller. 

 

 

 
(a) 
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Figure 39: Simulated Queue Length Estimation Results: (a) with Detectors, (b) without 

Detectors 

Number of Stops 

One of the metrics characterized based on the speed information of the connected vehicles at a 

signalized intersection is the number of stops (a metric that is particularly interesting for Trucks). 

A threshold is defined to be 2 miles per hour. A vehicle that has a speed less than this threshold 

value is considered to be fully stopped. The average number of truck stops per vehicle are 

estimated at the intersection of Daisy Mountain and Gavilan Peak. In this simulation study, 

trucks composed 10% of the total vehicle fleet (demand) and some percentage (market 

penetration rate) of the trucks were considered to be connected vehicles.  

The results are shown in Figure 40. The orange points represent the VISSIM measured number 

of stops for all (100%) of the trucks simulated. The blue points represent the estimated number 

of stops using only BSM data that was communicated to the RSU. Different market penetration 

rates (of trucks) are considered. Each movement at the intersection is presented on one of the 

(b) 
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axis of the diagram. The results show the ability of the performance observer to accurately 

estimate the number of stops (truck) with the estimation error increasing as the market 

penetration decreases. This would be expected as the number of samples considered in the 

estimation is reduced. 

   

    

Figure 40: Truck Average Number of Stops by Movement for Market Penetration Rates 

of: (a) 100%, (b) 75%, (c) 50%, and (d) 25% 
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Arrivals on Green/Red 

Two important signal performance measures studied at intersection-level are the number of 

arrivals during green or red signal. Figure 41 shows the number of vehicle arrived at the signal 

during green and red for phase 2 (eastbound movement) of the intersection of Daisy Mountain 

and Gavilan Peak during 10 consecutive cycles. 

 
Figure 41: Arrivals on Green and Red, for Eastbound Through Movement (Phase 2), Daisy 

Mountain and Gavilan Peak 

 

7.2.2 Anthem Field Results 

Field testing experiments have been occurred at different times throughout the years from 2012 

to 2016. For each data collection experiment, the OBUs were installed into the vehicles and the 

RSUs ran the MMITSS applications. The number of connected vehicles during each test varied 

depending on the purpose of the data collection or the availability of resources.    

Some of the field data collection as part of the FHWA impact assessment (IA) effort where an 

independent contractor evaluated the MMITSS system occurred on March 3rd and 4th, 2015 in 

0

5

10

15

20

25

30

35

0 100 200 300 400 500 600 700 800 900

Arrivals on Green/Red

Daisy Mountain and Gavilan Peak - Phase 2

Arrivals On Green Arrivals On Red



139 
 

Anthem, AZ. Based on the detailed test plans presented by the IA contractor (Leidos), on the 

first day (March 3rd), two trucks were enabled with signal priority and traveled for 10 round 

trips in northbound-southbound direction at the intersection of Daisy Mountain and Gavilan 

Peak. Meanwhile, two transit vehicles were enabled with signal priority and traveled 

eastbound/westbound through the network of six (6) intersections for 10 round trips. The transit 

vehicles headway was 20 minutes. The average dwell time at each bus stops was 20 seconds. The 

second day (March 4) was designated for the base-case data collection only using GPS units. 

Figure 42 shows time-space diagrams for 10 rounds of testing on the northbound through 

movement at the intersection of Daisy Mountain and Gavilan Peak from 1:30 pm – 5:00 pm. 

Trajectories for the trucks on Tuesday, March 3rd and Wednesday, March 4th are displayed on 

Figure 42 (a) and (b) accordingly. The diagrams are drawn based on the BSMs received at the 

intersection RSU. Missing points in the trajectory of the vehicles on both days are an indication 

of packet loss in the wireless communications.  
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(b) 

 

Figure 42: Time-Space Diagram of 10 rounds of data collection for trucks: (a) With 

MMITSS, and (b) Without MMITSS 

On Tuesday, the MMITSS signal priority applications were running which gives priority to the 

equipped vehicles. During 10 rounds of test, the equipped truck only fully stopped once and 
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(a) 

 
(b) 

Figure 43: Travel Time Comparison for 10 Rounds of Testing (a)Transit #1, and (b) 

Transit #2 

 

Travel Time 
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comparison is to show a correlation between the data calculated by an external entity (i.e. Impact 

Assessment group) and the data estimated by a MMITSS internal component (i.e. 

PerformanceObserver).  

 

Figure 44: Travel Time Analysis based on: (a) GPS data collected, and (b) Performance 

Observer data logs 

Table 9 summarizes the statistics of the correlation analysis for the two days during the afternoon 

test runs and shows that the Performance Observer is effective at estimating travel time. 

Table 9: Correlation between MMITSS Observed and GPS-based Travel Time Data 
 Tuesday Afternoon Wednesday Afternoon 

 GPS-based TT 

(sec) 

Performance Observer 

TT (sec) 

GPS-based TT 

(sec) 

Performance Observer 

TT (sec) 

Northbound 43 40.44 57.60 59.66 

Eastbound 62.56 57.90 75.89 70.62 

Southbound 53.95 34.96 50.7 32.43 

Westbound 42.66 37.14 81.15 78.26 

 Correlation of 

Travel Times on 

Tuesday 

Afternoon 

 

0.72 

Correlation of 

Travel Times on 

Wednesday 

Afternoon 

 

0.92 

 Correlation of Travel Times between Performance Observer & GPS-

based data on Tuesday and Wednesday 

0.90 
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Accuracy assessment depends on the starting and ending travel time sections. These locations 

depend on where the vehicles are located when the BSMs are received by the RSU which can be 

variable based on packet loss and other factors. The vehicle GPS location extends beyond the 

RSU radio range, so only locations that align with the RSU points should be used. To address 

this source of variability, unified travel time segments are considered for the two data sets, and 

the results of estimated travel times obtained from Performance Observer application and ground 

truth values based on GPS data logged on OBUs are shown in Figure 45. 

 

Figure 45: Accuracy Analysis of Performance Observer compared to GPS-based Travel 

Time data for: (a) March 3rd, 2015, and (b) March 4th, 2015 

 

Queue Length 

Field data collection for validating the results of the queue length estimation methodology was 

done on November 4th, 2014. The southbound right lane at the intersection of Daisy Mountain 

and Gavilan Peak was selected. A camera was placed 150ft away from the intersection to capture 



144 
 

the queue. Table 10 shows the comparison between the observed queue length using the video 

recorded data and the estimated value using the system detectors data and BSMs received.  

Table 10: Field Queue Length Estimation using System Detectors Data and Received BSMs 

Iteration 
Video 

Time 
Real Time 

# of CVs in 

the Queue 

Estimated 

Maximum Queue 

Length 

(meters ~ vehicles) 

Observed 

Maximum 

Queue Length 

(meters ~ 

vehicles) 

Penetration 

Rate 

#1 9:07 15:57:48 1 16.5m ~ 3 18.5m ~ 3 33.3% 

#2 10:48 15:59:33 0 27m ~ 4 13.5m ~ 2 0% 

#3 12:43 16:01:10 1 35.84m ~ 6 32m ~ 5 20% 

#4 14:10 16:03:10 0 13.5m ~ 2 15m ~ 2 0% 

#5 16:01 16:04:39 1 43.5m ~ 7 70m ~ 8 12.5% 

#6 17:50 16:06:16 0 54m ~ 8 50m ~ 8 0% 

#7 20:09 16:08:36 1 6.09m ~ 1 6m ~ 1 100% 

#8 21:28 16:10:00 0 13.5m ~ 2 6.5m ~ 1 0% 

#9 22:37 16:11:17 2 49.58m ~ 8 40m ~ 6 33.3% 

 

DSRC Range 

The DSRC radio range is an important system performance measurement that impacts the 

distance (headway) of the vehicle information (BSM and SRM) available for the MMITSS 

control algorithms.  This performance measure was analyzed at different points of time during 

the project, but the MMITSS Performance Observer is responsible for continuously capturing 

this data. In addition to being an important operational performance measure, this data is very 

helpful for calibration of the simulation models. Figure 46 shows two pictures of the RSU radio 

mounting locations. In Figure 46 (a) the RSU is mounted on the side of the light pole (the radio 

shown in the upper left is part of a wireless network link to the I-17 and Daisy Mountain 

interchange).  After capturing the radio range data, it was decided to remount the radios on the 

street lighting mast arm so that there would be no interference by having the antenna so close to 

the pole. Figure 46 (b) shows the relocated mounting.  
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Figure 46: Mounting Location of DSRC Radios. (a) Initial Mounting and (b) Remounted 

Position 

Table 11 shows the improvements made in the range of the radio after remounting. The 

approaching range is the distance from which BSMs from vehicle approaching the intersection 

are received. The leaving range is the distance from which BSMs from vehicles leaving the 

intersection are no longer received, e.g. the last received location. Additional considerations need 

to be made to control the power based on the FCC RFC 90 requirements. 

Table 11: DSRC Range Before and After Remounting the Radio 
 Approaching Range (m)  Leaving Range (m)  

Movement Before 

Remounting 

the Radio 

After 

Remounting 

the Radio 

Improvement 

(%) 

Before 

Remounting 

the Radio 

After 

Remounting 

the Radio 

Improvement 

(%) 

Northbound 318.19 623.35 95.90 175.55 380.79 116.91 

Eastbound 536.58 751.67 40.08 496.07 653.69 31.77 

Southbound 183.56 399.67 117.73 365.03 699.81 91.71 

Westbound 527.21 698.86 32.55 536.23 754.33 40.67 

The greater radio range can allow each MMITSS controlled intersection to have a better view of 

the traffic approaching the intersection. In MMITSS, the extent of the MAP is used to create a 

geo-fence to limit the consideration of vehicles that are not in the roadway.  Figure 47 illustrates 

the situation. The figure on the left shows the range from which BSM messages are received 

(yellow points in the lanes). The figure on the right shows the geo-fence area covered by the 
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MAP. Clearly, the MAP is a significantly limiting factor in utilizing the full DSRC range. 

Experience in implementing the MAP showed that the number of lanes and roadway curvature 

and turning pockets required that the MAP range be severely limited. This impacts the collection 

of performance measures. The MAP messages was developed using the 2009 version of the SAE 

J2735 standard. The 2016 version of the standard significantly redefined the MAP description 

and requires a data encoding method (UPER) that is much more efficient in message size 

compression. It is believed that the new standard will help address this limitation.  

 

 

 

 

 

 

 

Field data collection for evaluating the defined connected vehicle system performance metrics 

occurred on May 11th, 2016 in Anthem, AZ. The main goal was to measure some of the DSRC 

radios’ indicators under different scenarios. The total data collection period was 3 hours 

consisting of 4 rounds of testing. In the first round, only one connected vehicle drove through 

different movements of a target intersection (i.e. Daisy Mountain and Gavilan Peak). For the 

second round, another connected vehicle was added to the system traversing through the 

intersection. The third and fourth rounds were planned with 4 connected vehicles in the range of 

the radios. The difference was that during the third round, the 4 vehicles were driving only 

Figure 47: DSRC Range of the Radio based on Received BSMs vs. GeoFence Area based on 

MAP Lane Nodes 
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through the target intersection scattered, but for the final round the same vehicles created a 

platoon and went through the corridor consisting of the six intersections in which the initial 

target intersection was included.  

DSRC radio interface “ath1” (i.e. channel 172) was investigated and different performance 

measures such as the data transmission (KB), the number of packets transmitted, link quality, 

signal level (dBm), noise level (dBm), and DSRC range (m) were studied. The detailed 

performance reports are implemented in the Central System performance analytics tool that will 

be presented in the next section. Figure 48 compares four different measures collected on ath1 

interface of the RSU installed at the intersection of Daisy Mountain and Gavilan Peak during the 

four rounds of testing. The four measures are collected by the Savari RSU operating system as 

follows: data transmitted in KB per 10 seconds (ath1_Tx_d), data received in KB per 10 seconds 

(ath1_Rx_d), number of packets transmitted per 10 seconds (ath1_Tx_p), and number of packets 

received per 10 seconds (ath1_Rx_p). This diagram shows scatter plot of matrices, with bivariate 

scatter plots below the diagonal, histograms on the diagonal, and the Pearson correlation above 

the diagonal (psych package in R, version 1.6.4). Also, correlation ellipses and linear regression 

fits are shown for both y by x and x by y axis.  
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Figure 48: CV-system Performance Metrics on DSRC Interface ath1 During Four Rounds 

of Field Data Collection at Daisy Mountain and Gavilan 

The high correlation between the transmitted data and number of packets (0.92), and between the 

received data and number of packets (0.84) are shown above the diagonal and correspond to the 

scatter plots below the diagonal. Time is included in the diagram as a parameter to demonstrate 

the variability of the indicators during different rounds of testing with different number of 

connected vehicles. 

The same set of data analysis have been conducted for all the six intersections during different 

periods of time. As mentioned earlier the detailed results with more than 80 diagrams are 

embedded in the Central System tool introduced in the next section.  
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7.3 Central System Performance Analytics Tool 

The MMITSS Central System is a Linux or Windows server which gets the final values of the 

estimated metrics from the performance observer application, stores them into database, and 

visualize them in a dynamic web application (WAMP/LAMP: Windows/Linux, Apache, 

MySQL, PHP). The tool allow operators to have access to both system configuration and 

visualization of the Performance Observations. Figure 49 shows the MMITSS Central System 

main web page that allows a user to access both configuration pages and performance reports. 

On the bottom left corner of the page, there is a list of different data collection studies for both 

simulation and field. The operator can choose the event based on date and click on the 

performance report.   

 
Figure 49: MMITSS Central System Main Web Page 
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Figure 50 shows the MMITSS Central System performance report configuration page. This 

report allows the operator to select the performance measures, periods, target signalized 

intersection, granularity level, and chart styles to be selected. On the left side of the page, Meta 

data on the collection specification (for both simulation and field), including the site 

location/network, data collection purpose, total time period, etc. is presented. Usually a picture 

that provides more details about the data collection experiment is shown on the right side of the 

web page (e.g. system detectors configuration and signal controller parameters of the target 

intersection). 

 
Figure 50: MMITSS Central System Performance Observer Report Setup 

Figure 51 shows sample performance report dashboards (with both field and simulated data). 

Based on the operators’ selection on the “Report Spec” page, different charts and diagrams are 

generated in the dashboards.  
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(a) 

 
(b) 

Figure 51: MMITSS Central System Performance Observation Dashboards; (a) Field Data 

on CV-System Performance Indicators at Daisy_Meridian, (b) Simulated Data on Vehicle 

Trajectories and Smoothness at San Mateo, CA Network 
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Figure 51 (a) displays three line charts (DSRC radio parameters) and one radar diagram (DSRC 

radio ranges) for an experiment done on May 11th, 2016 for evaluating the connected vehicle-

system performance metrics. The level of granularity, round number, and performance metrics 

are selected in the previous page by the operator. Figure 51 (b) shows the results of a simulation 

experiment conducted on June 22nd, 2016. Scatter plots of the vehicle trajectories going through 

a corridor on San Mateo, CA network with their associated smoothness factors are presented. 

Three scenarios of traffic signal controls are studied: Free Operation, Coordinated, and Green 

Rest signals. 
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8 Summary, Contributions and Future Research 
 

8.1 Research Summary 

Performance monitoring is one of the top priorities of public agencies and the connected vehicle 

system provides an opportunity to significantly improve how performance measurement is 

conducted. Many of the current traffic monitoring systems rely mostly on infrastructure-based 

sensors, including in-pavement loop or video detectors. These fixed-point measuring devices 

provide an incomplete profile of the events occurring in the transportation environment with 

instantaneous information only when a vehicle is passing over the detector. Significant research 

has been conducted over the past 70 years trying to process and interpret fixed-point detection 

data in terms of system performance. The emergence of connected vehicle technologies 

significantly changes this paradigm.  

Building an intelligent transportation management system that monitors traffic and provides 

performance measures has been made possible by recent advances in telecommunication, 

electronics, computing, and the internet. In a connected vehicle environment, mobility 

applications using the Vehicle-to-Infrastructure (V2I) communication enable the Traffic 

Management Centers (TMC) to obtain a much more complete picture of the road users. Real-

time data consisting of vehicle location, speed, acceleration, etc. is provided by each equipped 

vehicle with temporary assigned IDs to be changed randomly to ensure privacy. Traffic 

controllers are capable of making smarter decisions. With less investment that's traditional 

sensors (e.g. video or loop), a single RSU can be installed and maintained at the intersection to 

collect connected vehicle data. This new source of high fidelity data allows more detailed and 

accurate monitoring of the system performance. 
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The main objective of this dissertation was to provide a generic real-time performance 

observation system architecture and tool for connected vehicles that can be implemented in any 

simulation or field test network. This dissertation consists of the following components: 

8.1.1 Performance Observer of Connected Vehicles 

This component is responsible for acquiring data from other connected vehicle components such 

as MMITSS, to compute performance measures. The Performance Observer functionalities 

include estimation, managing, and archiving the data. All of the acquired performance 

observations and metrics are collected and reported in terms specially defined time period. 

One of the crucial steps before generating performance reports is to receive, store, and process 

the vehicle information appropriately in real-time. As a second step, the constructed trajectories 

of the vehicles (based on the received Basic Safety Messages) are utilized to analyze different 

performance metrics and reports. The vehicle trajectory awareness component processes and 

temporarily stores the equipped vehicle trajectories. This component locates vehicles on the 

MAP (Feng, 2015) (based on the received BSMs and the constructed digital description of the 

geometry of the intersection) and stores vehicle information such as speed, position, heading, 

acceleration, etc. Two geo-fencing sections are defined to set a virtual boundary on the road for 

the component to decide whether to add the vehicle into the active list or locate the vehicle on 

the map. Also, the area within the intersection is excluded. To address the privacy concern, a 

vehicle’s trajectory is only stored for a short period of time when the vehicle is “active”. A 

vehicle is deleted from the list when it leaves the DSRC radio range. 

Based on the MMITSS systems requirements, performance requirements including both 

measurement and evaluation requirements are addressed. The Performance Observer component 

generates meaningful results reported by mode of the road user and by movement at signalized 
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intersections. A list of performance metrics with their associated detailed definitions is presented 

(in Chapter 4) and numerical results are discussed. 

8.1.2 Multi-Modal Data Analytics Comparative Visualization Tool 

Providing a visualization method to evaluate the performance of a multi-modal traffic signal 

system is important for traffic engineers, system operators and policy makers. Previous studies 

have concentrated on performance assessment for single modes, such as delay or travel time of 

passenger vehicles, or transit running times. The methodology presented in this dissertation 

considers an integrated approach to multi-modal performance assessment.  

A tool, called a Multi-Modal Performance Dashboard, was developed to visualize the 

relationship between various performance measures and multiple modes. Dashboards can be 

used to characterize the performance of an existing system and also to compare before and after 

studies when a new design is implemented. Radar diagrams are the basic element of the Multi-

Modal Performance Dashboard tool and are constructed for performance measures, e.g. 

passenger vehicle travel time, transit delay, pedestrian volume, and truck stops, and for each 

movement at an intersection. An arterial corridor in the Maricopa County Department of 

Transportation’s SMARTDrive test bed (also known as the Arizona Connected Vehicle Test 

Bed) is analyzed using the VISSIM micro-simulation model to study the effects of different 

designs and signal timing strategies on several performance measures for both vehicles and 

pedestrians. Based on the results of this study, choosing an appropriate control strategy can 

impact the different movements of different modes (including pedestrians) in a variety of ways. 

The more modes involved in the system, the more challenging it is to determine the proper 

control strategy.  Using this comparative tool, alongside statistical models, makes it easier for 

decision makers to understand, visualize, and analyze data. The dashboards with radar diagrams 
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provide a quick means to visualize the relationships between different measures, modes, and 

movements as well as consideration of alternative control scenarios can impact the users of the 

system. 

 

8.1.3 Travel Time Observations in Privacy Ensured CV Environment 

With the emergence of the connected vehicle technology estimating performance measures, such 

as travel time, utilizing vehicle trajectory data has received significant attention. High resolution 

location and motion data transferred from OBUs to RSU at intersection can be employed to re-

identify a driver/vehicle and its particular route. Managing data with associated geo-location 

characteristics, as a potential privacy issue, is one of the main challenges in this area.  

This dissertation proposes a method that estimates the link travel time based on the data collected 

from OBUs that are changing their IDs every 5 minutes. The model uses trajectory fragments 

and treats the vehicles with a recently changed ID as new vehicle in the system without over 

counting them. This model is tested using data from a microscopic simulation model. The output 

shows promising results that indicate that the proposed estimation algorithm is not very sensitive 

to market penetration rates. This is a desirable feature especially because of the fact that the 

market penetration rate of connected vehicles will not be very high in near future.   

Sensitivity analysis is conducted for both the market penetration rate and the proportion of the 

vehicles that change their IDs. In the case of penetration rate, five different percentages of 

connected vehicles in the system (20%, 40%, 60%, 80%, and 100%) are investigated to study 

their impact on the accuracy level of the model. Similarly, the chance of ID changing while 

traversing the DSRC radio range is also investigated (i.e. 15%, 30%, 45%, 60%, 75%, and 90%). 

Under 20% penetration rate when 90% of the vehicles change their IDs, the MAPE is less than 
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5%. Different movements at an intersection under congested and uncongested conditions were 

examined. The result shows that for turning movements the error is higher than other 

movements. The worst case occurs with 20% penetration rate under congested condition for a 

left turn movement resulting in 7.23% mean absolute percentage error. Then, the accuracy of the 

proposed method is tested for the vehicles moving along a corridor. A 6.04% MAPE under 20% 

penetration rate is determined to be the highest value. Finally, field data collected during two 

consecutive weekdays are investigated. It shows that the accuracy of the model, even in real 

world, is reasonably high although many factors including the packet drop rate and human errors 

in driving behaviors may impact the results. 

8.1.4 Connected Vehicle Simulation Environment Development  

Utilizing microscopic traffic simulation models are beneficial to evaluate the effectiveness of 

new systems (especially for large-scale deployments) before their implementation in real world. 

A simulation environment based on VISSIM platform (commercially available through PTV 

Group) was developed in collaboration with Dr. Yiheng Feng and Mehdi Zamanipour that 

includes both hardware-in-the-loop (HIL), and software-in-the-loop (SIL) simulations. Field 

DSRC radio devices play important roles in the HIL simulation models, and the Econolite ASC3 

virtual controller is a key component of the SIL models. Both platforms adopt standard SAE 

J2735 (2009) DSRC messaging. The developed connected vehicle simulation platform supports a 

wide range of traffic signal applications including real-time performance observation (i.e. the 

focus of this dissertation), adaptive signal control, and signal priority components. The VISSIM  

drivermodel.dll API is used to create and send Basic Safety Messages from VISSIM to OBUs or 

RSUs. This API is utilized as an interface to VISSIM that enables the user to replace the default 

internal car following and/or driving behavior with a fully user-defined behavior. Different DLLs 
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can be assigned to different vehicle types. The Docker technique was used to run SIL for 

multiple intersections. A Windows application called OBU distributor was developed to route 

BSMs from the VISSIM network to different intersections based on vehicle locations. A 

simulation networks was built in VISSIM based upon the SMARTDrive program test bed in 

Anthem, Arizona. The constructed model requires calibration and validation to replicate the real-

world field conditions. Certain calibration procedures are conducted to the VISSIM simulation 

models to attain an acceptable calibration level. The key calibrated components in the simulation 

models include: roadway geometry, DSRC radio range, and traffic controller parameters. The 

performance observer component was tested under different traffic demand levels and market 

penetration rates.  

 

8.2 Research Contributions 

This dissertation made several contributions to the current performance measurement 

applications and laid a foundation for the privacy ensured connected vehicle based performance 

observation systems. The main contributions include: 

1. This research constructed and implemented a system architecture for performance 

measurement applications in a connected vehicle environment. The proposed architecture 

can be applied in both simulation and real-world field deployments. The system design 

includes real DSRC radios (i.e. Roadside Unit and On-board Unit), and traffic signal 

controllers. 

2. This research developed several models, algorithms, and components on the RSU to 

support the new architecture. These applications include: 



159 
 

a. A real-time connected vehicle performance observer component that can 

systematically receive the processed BSM data from trajectory awareness 

application and turn them into meaningful performance indicators. The real world 

use cases, such as geo-fencing the incoming BSMs and protecting vehicle privacy 

are considered. A new set of performance metrics in addition to the pre-defined 

classic traffic measures are introduced. 

b. Methods of visualization of multi-modal performance measures that can be 

presented in an easy-to-understand format to compare different scenarios are 

described. For visualizing the relationship between different measures, a tool has 

been developed that reflects the performance of an intersection by mode and by 

movement. The tool can be used concurrently with statistical techniques for 

analyzing the strengths and weaknesses of the existing system. 

c. A generic methodology to both avoid violating the privacy of the road users and 

provide performance metric estimations of the vehicles even when their IDs are 

changed. Fragments of vehicle trajectories in Time-Space diagrams are utilized to 

observe and estimate the mean and variance of travel time by movement at 

signalized arterials. 

3. This research proposed an analytical tool (i.e. dynamic web application) that runs on a 

Windows or Linux server in the same local network as the RSU. The connected vehicle 

data coming from the equipped cars that is already translated to meaningful performance 

measures are stored in a database server. Different visualization tools and dashboards 

have been utilized to graphically show the overall system performance to the end users. 

Connected vehicles system performance metrics have not been considered in most of the 
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previous studies. This dissertation investigated both classic and derived performance 

indicators. Also, traffic manager’s interaction with the system will be made as simple and 

efficient as possible in terms of accomplishing traffic operators’ preferences.  

4. This research introduced a simulation environment for connected vehicle related 

performance monitoring applications. The simulation environment supports both HIL and 

SIL. Standard SAE J2735 (2009) DSRC messages have been implemented in all the 

microscopic traffic simulation models. Performance observer application requires 

calibrated simulation environment to experience minimum modification when the system 

is deployed in the field.  

5. Performance observer component running on the RSU, along with the bash scripts and 

central system performance analytics tool are implemented in a real-world arterial 

corridor (Arizona National Affiliated Connected Vehicle Test Bed). 

 

8.3 Future Research 

Improvements to the proposed performance observer system can be made in certain areas. 

Several suggestions may include: 

1. Extending the list of performance metrics. The list currently is consisting of more than 20 

performance measures in three main categories. However, more categories of 

performance indicators can be added to the list. Defining novel metrics that meet the 

requirements of an environment (i.e. connected vehicle) is necessary to keep the balance 

between the technology growth and the research studies. Newer technology necessitates 

newer means of analysis. For example, connected vehicle mode-specific measures such 

as pedestrian-vehicular interactions are among the potential additions.  
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2. Updating the DSRC message versions from SAE J2735 2009 to 2016. One of the main 

positive impacts of using the most recent version of the standard in messaging may be 

achieved by updating the Basic Safety Messages. BSM part Ι in the 2009 version of the 

message standard does not have the vehicle type or class information, although it can be 

estimated using the vehicle size data.   

3. Using DSRC messages other than BSM. One of the first candidates to consider is Signal 

Request Message (SRM) that is sent by a priority eligible vehicle to the infrastructure to 

request signal priority. A SRM includes the corresponding BSM data and additional 

information about the vehicle’s type, approach lane, time of service, and request type. 

Other DSRC messages such as Emergency Vehicle Alert (EVA), Probe Vehicle Data 

(PVD), and Road Side Alert (RSA – which was deployed as part of the extended 

MMITSS field demonstrations) are among the useful messages that can help providing a 

more mature performance reports of the traffic system.   

4. Universalizing the simulation environment. More generic simulation models that include 

different types of roads, various weather conditions, and autonomous driving along with 

connected vehicles will increase the applicability of the framework. Certain CV-system 

performance metrics including the DSRC radio range, packet drop rate, etc. may vary 

significantly under different weather circumstances.  

5. Compatibility with other dynamic mobility, safety, and environmental applications. The 

research in this dissertation was inspired by Multi-Modal Intelligent Traffic Signal 

Systems (MMITSS) that was only one of the dynamic mobility applications in the 

connected vehicle domain. Integrating any of the other applications such as driver 

advisories/warning, speed harmonization, queue warning, eco-driving, dynamic transit 
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operation, and maintenance for maximum fuel efficiency with MMITSS will result in a 

super system that provides an enhanced framework for further performance monitoring 

system development. 

6. Integrating the performance observer application as a new module into signal 

controllers. Design and implementation of an analytics platform that generates 

performance metrics from real-time signal status and CV trajectory data will be a big next 

step. Traffic engineers and system operators will benefit significantly if such a system 

gets embedded into the signal controllers as a new module on the infrastructure. 

7. Transform the semi-automated Performance Observer tool to fully-automated. The 

dynamic web application developed as a tool as part of this dissertation can benefit from 

more automated processes. Having a unified file format for all the log files (i.e. .txt or 

.csv), automatically generating the database tables and populating the tables with real-

time CV data, are among the potential tasks to be automated in the next versions of the 

Performance Observer tool. 

8. Peer-to-peer communication. One of the biggest challenges in a connected vehicle 

environment is the limitation of the DSRC radio range with typical 300 meters stated in 

the standards. As discussed in chapter 7, there are many factors such as radio 

transmission power and modulation rate that may have impacts on the range of each 

individual radio. However, having a peer-to-peer communication between multiple 

intersections may positively impact the DSRC range. Extending the radio range can be 

useful for performance observer and/or trajectory awareness components to identify 

BSMs earlier and generate more accurate performance reports in real-time.  
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9. Considering Vehicle-to-Vehicle (V2V) communication along with the Vehicle-to-

Infrastructure (V2I). Connected vehicles on the roads are generating at least BSMs 

(might broadcast other DSRC messages such as RSA, EVA, etc.) very frequently. The 

focus of this dissertation was to use the generated BSMs at the infrastructure (i.e. RSU) 

and producing meaningful performance reports. However, if other connected vehicles on 

the road receive the same BSMs coming from the cars nearby, there would be a potential 

for the OBUs to generate expressive safety measures.  

10. Providing situational awareness as part of the web application. The next versions of the 

dynamic web application as part of the central system performance monitoring can 

improve in near future. One of the useful features that can be added to the current version 

is real-time situational awareness component that monitor and visualize the connected 

vehicle trajectories as they come into or leave the range of the RSU. Signal status, 

detectors data, and any external source of data can be added to the web pages to provide a 

more complete picture of the traffic system in real-time.  

11. WAVE messaging and MAP resolution. There is a WAVE messaging requirement that 

states messages must be less than 1 KB in size. This limitation requires that the quantity 

of data in the MAP message be limited. Since the MAP is composed of waypoints (in a 

local coordinate system) this requirement implies that the number of waypoints must be 

reduced. Waypoints are used to describe each lane on the approach (ingress) and leaving 

(egress) legs of an intersection. The number of waypoints required depends on the 

curvature of the roadway, location of critical geometric features such as turning pockets, 

and distance to be covered. In future research a higher resolution mapping tool can be 

utilized. 
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