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Abstract 

People with vision impairment have various challenges in wayfinding, navigation, and crossing 

signalized intersections. They often face physical and information barriers that impede their 

mobility and undermine their safety along a trip. Visually impaired people usually use a white cane 

as their primary aid when crossing urban traffic intersections.  In order to improve their mobility, 

safety and accessibility, it is important to provide an assistive system to help them in intersection 

navigation and to provide information regarding the surrounding environment.  While assistive 

systems have been developed to help visually impaired pedestrians to navigate and find their way, 

using these systems may be inconvenient. Furthermore, none of the currently available systems 

provide communication between the users and traffic signal controller that can help them request 

pedestrian crossing signal timing. Emerging connected vehicle technologies can provide a solution 

to assist visually impaired people and address their challenges. 

Conflicts between vehicles and vulnerable road users (VRUs) often result in injuries and 

fatalities. A situational awareness system could be based on wireless communications between 

vehicles and VRUs for the exchange of situational awareness information. Compared to the radar-

based and vision-based systems, the wireless-based system. can improve VRUs’ safety, especially 

in non-line-of-sight (NLOS) situations. In particular, it can be very helpful when drivers are 

making a right or left turn where there is a pedestrian in a crosswalk and visibility conditions are 

poor. 

The Smart Walk Assistant (SWA) system was designed, developed, and tested during the 

research of this dissertation. It includes two wireless communication pathways; pedestrian-to-

infrastructure (P2I) and pedestrian-to-vehicle (P2V). The first communication pathway enables 
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users to send a pedestrian signal request to the traffic signal controller and receive traffic signal 

status. The second communication pathway enables pedestrians and vehicles to exchange 

information, including location, speed, and heading, that can be used to detect possible conflict 

between pedestrian and vehicles and provide conflict alerts. The SWA system may be especially 

beneficial to pedestrians with disability (e.g., blind or visually impaired pedestrians) who would 

benefit from active support to safely cross streets at signalized intersections. 

Developing a reliable situational awareness system for pedestrians is much more 

challenging than for vehicles because a vehicle’s movement is more predictable and usually 

remains in the lane in the road. In order to provide better location-based services for pedestrians, 

a position accuracy is needed of, at most, the width of a crosswalk or sidewalk. The SWA system 

includes a method to estimate a pedestrian’s position. The algorithm is based on integrating Map-

Matching and an Extended Kalman Filter (EKF) in a connected vehicle environment to provide 

precise location information.  

 The system architecture for the SWA application was developed to be applicable for both 

a simulation environment and a real world traffic system. Hardware-in-the-loop (HIL) simulation 

environment is developed and calibrated to mimic the real world. Comprehensive testing and 

assessment of the system and algorithms are conducted in simulation as well as field test networks. 

 

 

 

  

 



Chapter 1 Introduction 

According to the Global Status Report on Road Safety 2013 (World Health Organization 2013), 

nearly half (46%) of those killed in traffic crashes are pedestrians, cyclists, or users of motorized 

two-wheeled vehicles. The probability of being in traffic crashes is even higher for visually 

impaired and blind users, who face numerous challenges when crossing urban traffic intersections 

and have both physical and informational barriers that limit their transportation accessibility and 

mobility. The use of location-based systems is rapidly increasing in intelligent transportation 

systems to provide safer and more efficient operating environments. The advance of mobile 

devices equipped with a global positioning system (GPS) and wireless sensor networks provides 

opportunities to develop location-based systems for different types of road users, especially for 

vulnerable road users (VRUs) such as pedestrians, cyclists, and motorized two-wheeled vehicles, 

who are at higher risk of being injured or killed in traffic crashes. 

1.1 Background 

Pedestrian fatalities continue to increase in the United States. Based on a National Highway Traffic 

Safety Administration (NHTSA) report (Traffic Safety Facts 2014 Data – Pedestrians 2016), in 

2014, a total of 4,884 pedestrians were killed, and an estimated 65,000 were injured in traffic 

crashes. This equates to a pedestrian being killed every two hours or injured every eight minutes 

in traffic crashes on average (Traffic Safety Facts 2014 Data – Pedestrians 2016). 

In traditional approaches to intersection control, traffic signal controllers are used to 

coordinate and assign non-conflicting control indications to vehicles and pedestrians. These traffic 

signal control indications operate under the assumption that all traffic rules are obeyed, and the 

signal timing does not cause any confusion or any sudden response from drivers. There are also 

instances where pedestrians carelessly attempt to cross the street at a non-crosswalk marked 
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intersection, which increases the risk of a vehicle-pedestrian crash. Currently, there is no way of 

dynamically warning pedestrians about approaching vehicles or dangerous crossing situations.  

Based on a World Health Organization (WHO) report published in 2014,1 285 million people 

are estimated as visually impaired worldwide. Thirty-nine million of them are blind. There are 

around 10 million blind or visually impaired in the United States.2 Navigation and wayfinding are 

challenging activities for people with vision impairment. Navigation is usually defined as 

following a path between a specific origin and destination (Liao 2016). However, wayfinding 

consists of both sensing the immediate environment for obstacles and hazards, and finding a path 

(not necessarily traveled previously) between an origin and a destination (Bradley and Dunlop 

2005). 

Crossing signalized intersections can be a dangerous activity for pedestrians, especially the 

disabled, blind, or visually impaired. There are particular risks for the visually impaired, especially 

at signalized intersections; these risks include parallel traffic turning into a crosswalk, 

perpendicular right-turn-on-red traffic crossing or blocking a crosswalk, and vehicles running a 

red light from a perpendicular street (Sauerburger 1900). 

With the advent of wireless technologies and the proliferation of smartphones, some of these 

problems could be addressed. The advance of wireless sensor networks and mobile devices 

equipped with a global positioning system (GPS) and an Inertial Navigation Systems (INS) 

provides opportunities to develop various location-based systems for  different types of road users. 

Abundant research using these techniques is present studied in the literature. Various prototype 

systems have been developed to assist blind people with navigation and wayfinding. However, 

                                                 
1 http://www.who.int/mediacentre/factsheets/fs282/en/ 
2 https://nfb.org/fact-sheet-blindness-and-low-vision 
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these systems do not address all the needs of visually impaired people to navigate and cross 

intersections and a white cane is still the primary mobility tool used by blind people to navigate 

unfamiliar environments. 

   The GPS receiver has been broadly used as one of the primary navigation sensors for 

providing a positioning solution. However, the positioning accuracy of a smartphone’s GPS 

receiver can range from a few meters to tens of meters depending on the GPS chip, environment, 

satellite availability, and other factors. GPS errors can be classified as common or non-common 

mode (Farrell and Barth 1999). Common mode errors have the same effects on all receivers 

operating in a limited geographic area. In contrast, non-common mode errors are different between 

two GPS receivers and have a typical standard deviation on the order of 25 meters (Farrell and 

Givargis 2000). To obtain a user’s location, smartphones use four main methods: GPS, cellular 

towers (Cell ID), Wi-Fi, and Assisted GPS (A-GPS) (Zhao 2000). A GPS receiver needs 

information from at least four satellites to calculate a position by triangulation, but it may take 

time or not happen at all if the user is in an urban canyon of buildings that may reflect satellite 

signals. The time to first fix (TTFF) of a GPS can take up to several seconds (Lehtinen et al. 2008).  

Assisted GPS (A-GPS) is a system that improves TTFF of a GPS based position system by 

combining information from satellites and cell tower data to improve quality and precision when 

the receiver is in a poor satellite signal environment. With Cell ID technology, mobile phone 

carriers use signal strength to identify a cell at which customer’s mobile has registered lately and 

its distance from neighboring cells. Wi-Fi technology is similar to Cell ID. The Received Signal 

Strength Indication (RSSI) is a common method used in Wi-Fi systems to determine a user’s 

location by utilizing the signals that the phone detects from nearby access points and a database of 

Wi-Fi network locations. The position accuracy of smartphones is often very limited and cannot 
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achieve a sufficient level of accuracy to locate a pedestrian in a crosswalk. There is a need to 

develop techniques to fill this gap. 

Although significant progress has been made in developing location-based systems to 

improve pedestrian safety, there are still many opportunities to improve overall systems 

performance, especially for people with vision impairment. Emerging new wireless 

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

approach that will provide safety, mobility, and accessibility for road users. 

1.1.1 Connected Vehicles 

Connected vehicles are vehicles equipped with wireless communication devices that are able to 

communicate with other vehicles (V2V), the infrastructure (V21), and pedestrians (V2P). The 

wireless communication is based primarily on networking technology known as dedicated short-

range communications (DSRC), which is fast, secure, and reliable and operates in the 5.9GHz 

spectrum (Andrews and Cops 2009). DSRC radios send and receive short-to-medium sized 

messages 10 times per second over a range of about 1,000 to 1,500 feet (300 to 1000 meters) 

depending on the conditions. DSRC plays a key role in developing communications-based active 

safety applications. For applications using the connected vehicle technology, the Society of 

Automotive Engineers (SAE) has established a set of DSRC message standards (SAE J2735) and 

a Minimum Performance Requirement of Vulnerable Road Users (SAE J2945/9). Some of the 

standard messages include: 

• Basic Safety Message (BSM): vehicles broadcast position and motion information (10 

times per second). 

• Signal Phase and Timing (SPaT): current status of a signalized intersections (10 times per 

second). 
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• MAP Message (MAP): digital description of the geometry of the roadway.  

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

asynchronously by a special class of vehicle.  

• Personal Safety Message (PSM): vulnerable road users broadcast position and motion 

information (10 times per second). 

The USDOT envisions that the connected vehicle environment can have a significant impact 

on three major areas: safety, mobility, and environment. The connected vehicle technology has the 

potential to reduce vehicle crashes by as much as 80 percent (Craig et al. 2017). Safety applications 

are designed to reduce or eliminate crashes through vehicle-to-vehicle (V2V) or vehicle-to-

pedestrian communications (V2P). These applications include real-time user warnings and 

advisories. There are many mobility applications being developed for connected vehicles including 

intelligent traffic signal control (I-SIG), traffic signal priority for transit (TSP) and freight vehicles 

(FSP), priority/preemption for emergency vehicles (PREEMPT), and pedestrian signal assistant 

(PED-SIG). This suite of applications is bundled as the Multi Modal Intelligent Traffic Signal 

System (MMITSS) (Multimodal Intelligent Traffic Signal System (MMITSS) Prototyping and 

Field Testing). 

Based on recommendations from the National Highway Traffic Safety Administration 

(NHTSA), the federal government is currently considering a mandate that would require all new 

light vehicles be equipped with connected vehicle technology for safety applications.3 At the 2014 

ITS World Congress, General Motors (GM) CEO Mary T. Barra announced that th 2017 Cadillac 

                                                 
3 https://www.federalregister.gov/documents/2017/01/12/2016-31059/federal-motor-vehicle-safety-standards-v2v-

communications 
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CTS will be equipped with a DSRC radio (Detroit, MI, September 8th – 12th, 2015). It would be 

prudent for other auto manufactures to equip their vehicles with the capability to send and receive 

DSRC messages as well. 

1.1.2 Multi-Modal Traffic Intelligent Systems (MMITSS) 

This dissertation research was conducted as part of the Multi-Modal Intelligent Traffic Signal 

Systems (MMITSS) project, one of the US DOT Connected Vehicle Pooled Fund Studies (CTS 

PFS) entitled “Program to Support the Development and Deployment of Cooperative 

Transportation System Applications.” The sponsors of the research are the owners and operators 

of transportation infrastructure that include state and local transportation agencies and the Federal 

Highway Administration (FHWA). MMITSS is a next-generation traffic signal system that 

provides a comprehensive traffic information framework to service all road users. MMITSS seeks 

to improve mobility through signalized corridors using advanced communication technologies and 

data to facilitate the efficient travel of passenger vehicles, pedestrians, transit, freight, and 

emergency vehicles. 

1.1.3 Connected Pedestrian Research 

Connecting pedestrians with the surrounding environment through pedestrian-to-infrastructure 

(P2I) and vehicle-to-pedestrian (V2P) technologies can potentially address pedestrian safety. 

Recently, USDOT has been researching and testing a connected vehicle (CV) system to improve 

pedestrian safety, mobility, and accessibility. The Accessible Transportation Technologies 

Research Initiative (ATTRI) is a joint USDOT initiative, co-led by the FHWA and Federal Transit 

Administration (FTA), with support from the Intelligent Transportation Systems (ITS) Joint 
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Program Office (JPO) and other federal partners.4 ATTRI focuses on research to improve the 

independent mobility of travelers with disabilities through the use of Intelligent Transportation 

Systems (ITS) and other advanced technologies. ATTRI stakeholder groups include people with 

disabilities, veterans with disabilities, and older adults. ATTRI focuses on five technology areas 

to improve transportation for these group, including the following: 

• Wayfinding and Navigation 

• ITS and Assistive Technologies 

• Automation and Robotics 

• Data Integration 

• Enhanced Human Service Transportation 

1.2 Motivation 

Improving transportation for pedestrians is one of the top priorities of transportation research, and 

the connected vehicle system provides an opportunity to significantly improve mobility, safety, 

and accessibility for pedestrians. Pedestrian fatalities are increasing rapidly, and there is a need to 

integrate wireless communication, mobile computing, and GPS to improve their safety. Blind and 

visually impaired people’s perception of the environment is different from the spatial cognition of 

sighted people. They rely on auditory and tactile feedback for navigation, wayfinding, and 

reactions to their environment. Due to the lower reliability of information from non-visual sensory 

systems, tasks such as navigation, crossing signalized intersections, and situational awareness are 

challenging. In particular, crossing the street includes complex tasks for visually impaired 

pedestrians: locating the edge of street, locating the crosswalk, aligning toward the crosswalk, 

                                                 
4 http://ri.cmu.edu/wp-content/uploads/2017/04/1_ATTRI_SOP_2017-04.pdf 
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locating the pedestrian pushbutton (if there is one), discerning when to cross, and maintaining 

alignment to the crosswalk while crossing an intersection (Liao 2016). Each of these activities can 

be challenging and dangerous for blind people. 

Although various research has been conducted to improve pedestrian safety and wayfinding 

for the blind using various types of technologies, there is a need to develop a comprehensive 

system to provide crossing assistance, traffic signal status, and situational awareness for 

pedestrians. 

1.3 Research Topic Statement 

This dissertation investigates the design and development of a location-based system to improve 

pedestrian safety. This concept, called the Smart Walk Assistant (SWA) system, is specifically 

designed for a connected vehicles environment and was implemented in the MMITSS framework. 

Along with the system architecture, system logic, algorithms to estimate accurate location, and 

integrated haptic and auditory feedback systems have been tested under both simulated and real 

world (field) conditions. 

The objectives of this dissertation include: 

1- Understand the needs of visually impaired community regarding transportation 

accessibility and mobility. 

2- Design and develop an assistive system, called Smart Walk Assistant (SWA), to 

provide wayfinding and traffic information through the integration of connected 

vehicle technologies, embedded sensing, and computing. This application can be 

considered as an aid for people with visual impairments. 
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3- Develop a positioning and mapping algorithm using connected vehicle technologies 

that achieves to required level of accuracy. 

4- Develop a situational awareness algorithm that can alert drivers and pedestrians to 

avoid conflict between pedestrians and vehicles using connected vehicle technologies. 

Smart Walk Assistant (SWA) is a location-based application to be installed on a 

smartphone carried by the pedestrian. SWA was developed to provide intersection navigation and 

traffic signal information to pedestrians, and especially to the visually impaired. It was developed 

in the connected vehicle environment, which integrates information from sensors commonly 

available on smartphones(i.e., GPS and compass) and then wirelessly communicates with the 

intersection road side unit and the traffic signal controllers. After confirming the direction and 

orientation of a pedestrian who intends to cross, SWA helps the pedestrian send requests to the 

traffic controller wirelessly from a smartphone and also provides real-time Signal Phasing and 

Timing (SPaT) information to the pedestrian. SWA eliminates the need to physically locate and 

press a pushbutton near a crosswalk, and provides auditory and haptic warning messages to 

pedestrians with different signal status modes. 

 Smartphones with an embedded GPS sensor are becoming more powerful and capable of 

location determination to enable location-based services (LBS) and to deliver location context 

pervasive computing services such as maps and navigation. However, in an urban canyon, or a 

GPS-denied environment, the GPS positioning solution is not sufficiently reliable to locate a 

pedestrian. In order to study GPS position errors, several experiments were conducted to assess 

the accuracy of smartphone position estimates. This dissertation presents a low-cost positioning 

and mapping method that is developed to complement GPS solutions using connected vehicle 
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technologies. This algorithm utilizes Map-Matching and an Extended Kalman Filter to provide 

accurate pedestrian position estimates. 

 A conflict avoidance algorithm was developed to detect conflicts between pedestrians and 

vehicles. In the connected vehicle environment, every vehicle is equipped with an On-Board Unit 

(OBU) that is used to broadcast vehicle location information, heading, speed, width, and length; 

this information is broadcast in a Basic Safety Message (BSM). The SWA application can 

broadcast a Pedestrian Safety Message (PSM) so that the vehicles will be aware of crossing 

pedestrians. These real-time data can be used to improve situational awareness and alert drivers to 

possible conflicts between pedestrians and vehicles. 

1.4 Dissertation Organization 

The remaining chapters of the dissertation are organized as follows: 

Chapter 2 provides a comprehensive literature review of technologies to detect 

pedestrians, navigation and wayfinding technologies, mobile navigation technologies, application 

to assist visually impaired pedestrians, and improving location estimation methods. 

Chapter 3 defines a positioning and mapping algorithm to improve pedestrian location 

estimation. Different experiments on GPS errors based on pedestrian trajectories are discussed. 

The MAP structure and how this data can improve location estimation is presented. Analysis 

results using Map-Matching and an Extended Kalman Filter are presented.  

Chapter 4 presents the system architecture of the smartphone based application, titled 

Smart Walk Assistant (SWA), which was developed to provide wayfinding and traffic signal 

information to pedestrians, and in particular to people with vision impairment. Two standards, 

SAE J2735 and SAE J2945/9, for DSRC messages are used throughout the system. The main 

components of both the hardware and software are presented using system architecture diagrams. 
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The traffic signal controller, Roadside Unit (RSU), On-board Unit (OBU), and smartphone are the 

hardware components. 

Chapter 5 presents the system architecture of the situational awareness component, which 

integrates MMITSS applications (i.e., Vehicle Trajectory Awareness and Pedestrian Trajectory 

Awareness) to detect conflicts between pedestrians and vehicles and provide alerts. 

Chapter 6 provides summaries and contributions of the dissertation and shows the potential 

directions for further research. 
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Chapter 2 Literature Review 

 

This chapter presents a literature review on topics related to pedestrian safety at intersections and 

is organized as follows: 

1. Application to assist visually impaired pedestrians 

2. Technologies in pedestrian collision avoidance systems 

3. Navigation technologies 

4. Improving location estimation methods 

2.1 Assistive Technologies for Blind and Visually Impaired  

Assistive technologies consist of equipment, devices and systems that can be used to overcome 

the social, infrastructure, and other barriers experienced by disabled and visually impaired people 

(Marion and Michael 2008). People with vision impairment are more vulnerable to collision due 

to insufficient information regarding their surrounding environment and physical barriers 

(Loomis et al. 2001). Improving their mobility, accessibility, and level of confidence in using 

transportation systems can be helpful to improve their safety and remove barriers. 

2.1.1 Assistive Technologies for Navigation  

 

In general, wayfinding consists of both sensing the immediate environment for obstacles and 

hazards, and finding a path (not necessarily traveled previously) between an origin and a 

destination (Bradley and Dunlop 2005). The navigation process is defined as two steps 

processes, first one is accurately determining position and the second step is planning and 

executing the maneuvers necessary to move between desired locations (Farrell and Barth 1999). 

Navigation is often referred to as an optimal path based on a specific goal, such as the shortest 
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time, distance, minimum cost, etc. In general, the wayfinding process is more adventurous and 

exploratory (Liao 2016). Navigation and wayfinding are exceedingly difficult to accomplish for 

disabled and visually impaired people and there are high risks associated with failure in these 

tasks. Blind and visually impaired people are using different tools for navigation. They usually 

use standard white cane. It is a simple mechanical device, inexpensive, and provides tactile cues 

about potential obstacles, both indoors and outdoors. However, white canes cannot provide any 

information for wayfinding, such as distance to destination, or current heading direction (Hesch 

and Roumeliotis 2010). Assistance dogs are another aid that can be used to increase safety and 

wayfinding. They can detect and avoid potential hazards, and help blind people find their way. 

Unfortunately, high cost of training of assistance dogs make them unaffordable by many. 

Considerable efforts have been expended to supplement or replace the white cane with 

electronic travel aids (ETAs) to assist with obstacle avoidance and wayfinding (Loomis et al. 

2001). Based on (Giudice and Legge 2008) electronic travel aids can be classified according to 

their sensor characteristic: sonar-based, vision-based, infrared, or GPS devices. Development of 

navigation aids based on GPS to guide blind and visually impaired people has a long history and 

has been studied extensively (Gill, 1997; Garaj 2001; Coughlan and Shen 2013; Tian et al. 

2015). Bousbia-Salah et al. (2011) developed an obstacle detection by integrating ultrasonic 

sensors on a cane with haptic feedback. Al-Fahoum et al. (2013) developed a navigational 

guidance for visually impaired people by using infrared sensors to detect and determine the 

distance of objects in their surrounding environment. Radio Frequency Identification (RFID) tags 

is another technology is used to provide navigation and wayfinding information for visually 

impaired pedestrians (Willis and Helal 2005; Fernandes et al. 2014). They developed RFID tags 

which each tag is programmed upon installation with spatial coordinates and information 
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describing the surroundings. However, RFID tags systems require short range communication, 7 

to 15 cm and a high density of tags, 30 cm apart to provide navigational guidance (Liao 2016). 

Kim et al. (Kim et al. 2010) provided an navigation system at transit transfer stations for visually 

impaired people by using an electronic white cane with integrated camera, ZigBee wireless radio 

and RFID tag reader. 

Brusnighan et al. (1989) conducted the first evaluation of GPS to assist people with vision 

impairment. They developed a portable device for visually impaired to determine distance and 

direction of travel to a desired destination point. 

Golledge et al. (1996) developed a navigation systems for blind and visually impaired 

pedestrians by integration of Geographic information System (GIS) and GPS. They enabled 

visually impaired users with a GPS antenna to receive satellite information, a compass to obtain 

heading, and a notebook computer to store GIS software and map data. Based on this information 

they provided navigation assistant for visually impaired. (Helal et al. 2001) presented a pedestrian 

navigation system that integrates several technologies including wearable computers, voice 

recognition and synthesis, GIS, and GPS. Zelek and Holbein (2007) and Wilson et al. (2007) 

developed a wearable tactile belt that is integrated with GPS, a compass, inertial sensor, battery 

and small vibration motor to provide wayfinding information. Wearing or carrying such systems 

while travelling are inconvenient and are not adopted by users. There is a need to develop an 

assistant system to be used easily by visually impaired. 

In recent years, smartphones have advanced significantly in computational capabilities and 

available internal sensors, such that smartphones are currently considered one of the assistive 

devices. (Ye et al. 2014) studied the impact of smartphones in the daily lives of visually impaired 

people and results show smartphones have grown in popularity as aids among visually impaired. 
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Various research is conducted to developed smartphone-based system to provide navigation and 

wayfinding for visually impaired and blind pedestrians. (Ganz et al. 2011) developed a 

smartphone-based system, called PERCEPT, to help people with vision impairment navigate 

unfamiliar environment by providing audio feedback to guide users. They used RFID technology 

with a customized glove to support navigation for visually impaired people in an unfamiliar indoor 

environment. Dias (2014) conducted a research, the NavPal project, to develop a smartphone 

application and accessible online software tools for indoor navigation and wayfinding. This system 

integrates GPS, inertial sensors, Wi-Fi and cellular signal strength fingerprinting techniques to 

determine the user’s location. Accessible online tool helps blind and deafblind to pre-plan routes 

in an unfamiliar indoor environment. Barbeau et al. (2010) developed a GPS-enabled smartphone 

application to assist transit riders in navigation of the transit system. When a transit vehicle 

approaches a bus stop where a rider wants to exit, the travel assistance device (TAD) software 

vibrates (tactile message) and delivers audio and visual messages to instruct the rider to request a 

stop and exit the vehicle.  Currently, there are different smartphone application in market to 

provide assistance for visually impaired people; Seeing Eye GPS, BlindSquare, Nearby Explorer, 

BlindWays, and Aridane GPS. However, none of them provides traffic signal status information 

and situational awareness information.  

2.1.2 Assistive Technologies for Intersection Crossing 

Crossing at signalized intersections is a challenging activity for blind and visually impaired 

pedestrians. Generally, they have difficulty making crossing decision due to the lack of 

information available to them about traffic signal status and intersection geometry (Ponchillia et 

al. 2007).  Barlow et al. ( 2005) conducted a study on visually impaired pedestrian difficulties at 

signalized intersections. The identified difficulties included finding the crosswalk, determining 
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the onset of the walk interval, maintaining alignment with the crosswalk, and completing 

crossing before the onset of perpendicular traffic.  The study showed that only 49% of crossing 

started during the walk interval. Furthermore, the study showed that only a few (0-16.3%) of 

visual impaired pedestrians were able to find the pedestrian pushbutton and 27% of all crossing 

ended after the onset of the perpendicular conflicting traffic stream. In addition, although 72% of 

blind participants started with an appropriate alignment, 42% ended their crossing maneuver 

outside the crosswalk. Therefore, providing useful cues for people with vision impairment at an 

intersection may be an effective method to improve mobility, accessibility and safety. 

 Currently, many intersections in the United States are equipped with accessible 

pedestrian signal (APS) and pedestrian pushbutton to indicate the onset of the pedestrian phase at 

the signalized intersection to assist people with vision impairment at intersection crossing. APS 

systems and pushbutton provide information about the ‘WALK’ and ‘DON’T WALk’ intervals 

at signalized intersections in non-visual formats such as audible tones and haptic surfaces to 

blind pedestrians. An APS provides information only about when the Walk signal is on, not that 

it is safe to cross.  Harkey et al. (2007) found that at unfamiliar intersections, pedestrians who are 

visually impaired have no way to know if pedestrian actuation is required and where to find the 

pedestrian pushbutton if it is required. Therefore, they are more likely to cross relying only on 

traffic flow (sounds) as their cue. Furthermore, crossing a modern roundabout is more 

challenging for blind pedestrian in maintaining alignment and determining walking direction 

(Long 2007). 

 Developing a wireless-based system to provide signal information for people who are 

blind or have low vision is another technique that is used in various studies. Bohonos et al.( 2007 

;2008) developed a Bluetooth-based system, called Universal Real-Time Navigational Assistance 
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(URTNA) to provide signal information to a user’s cell phone. Coughlan and Shen ( 2013) 

developed a smartphone-based system, called ‘Crosswatch’, to provide guidance and information 

about signalized intersections to blind and visually impaired pedestrians. They integrated 

computer vision, geographic information systems (GIS), and sensor data to estimate user’s 

location more precisely than using GPS alone. Wang et al. ( 2014) conducted a study to use 

machine vision processing techniques to detect and recognize stairs, crosswalk and traffic 

signals. However, vision-based systems face significant challenges when the street markings are 

unclear, lightening, and vision are limited (Liao 2016).  

2.2 Technologies in Pedestrian Collision Avoidance Systems 

Gandhi & Trivedi ( 2007) classify pedestrian collision avoidance systems into three main 

categories: improving infrastructure, active systems, and passive collision. Infrastructure 

improvement focuses on physical treatment such as separation of pedestrian and vehicle as well as 

speed control. Passive pedestrian systems involve vehicle design and focus on reducing the impact 

of the collision with the pedestrians, and include treatments such as intelligent bumpers, pop-up 

bonnets, and windscreen airbags. Active pedestrian collision avoidance systems focus on 

designing pedestrian detection systems by employing different types of sensors and computer 

vision algorithms. These systems involve predicting the possibility of collisions and providing 

warnings for the driver. Technologies that are currently used in active pedestrian collision 

avoidance systems can be divided into three main types vision-based, radar-based, and wireless-

based (Ho and Chen 2016). Each of these techniques has some advantages and disadvantages. 

Various vision-based pedestrian detection techniques and algorithms have been used to 

predict pedestrian trajectories and the possibility of collisions (Cherubini et al. 2014;Llorca et al. 

2009; Keller et al. 2011). Chen et al. ( 2014) developed a vision-based system utilized camera to 
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detect pedestrian and used extended Kalman filter to predict motion of pedestrian. Based on 

trajectory prediction, time to collision was calculated. One of the main advantages of using vision-

based techniques to detect pedestrians is their low cost. They also have various disadvantages. 

Poor visibility conditions, such as bad weather or nighttime, can cause performance problems. 

They have long recognition and processing latency, and background color and lights can affect 

their performance (Ho and Chen 2016). None of these studies has investigated communication 

between pedestrian and drivers; they only provide alerts to the driver. 

Wang et al. (2012) conducted a study on vision-based technologies where a smartphone 

application was developed to use the phone’s embedded camera to detect vehicles approaching the 

user and provide an alert to drivers. In this system, there is no communication between pedestrians 

and drivers. Also, this system cannot be used if the smartphone is in a pocket or if the camera is 

facing the ground or the sky (Anaya et al. 2014). 

Radar-based techniques (Li et al. 2012; Zheng & Chen, 2012) such as far-infrared image 

processing systems (Bertozzi et al. 2007; Benenson et al. 2014), millimeter wave radar and laser 

scanners (Bu and Chan 2005), and Lidar (Premebida et al. 2009; Schlosser et al. 2016) were 

presented to overcome some problems of the vision-based systems. The Radar-based technologies 

also have challenges. For example, these techniques can only detect obstacles but cannot recognize 

whether the obstacle is a pedestrian or another object. Using these techniques is expensive, and 

they tend to perform better at low-moving speeds.  

A combination of vision-based and radar-based technologies were proposed to detect 

pedestrians. These technologies do not perform well without Line-of-Sight (LOS) between the 

sensor and the target (pedestrian). While Biebl and Morhart (2007) accident study showed that half 

of all fatal pedestrian accidents occurred when a pedestrian was hidden from the driver’s line-of-
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sight until shortly before the accident happened. It is important to study and develop new 

technologies to overcome these problems and fill the missing gaps (Anaya et al. 2014).  

Wireless-based technologies can be a good alternative to overcome some problems such as 

weather conditions and non-line-of-sight (NLOS). (Biebl and Morhart 2007; Fackelmeier et al. 

2008; Kubota et al. 2006) studied the use of radio frequency identification (RFID) to design 

pedestrian collision avoidance systems. The short range of RFID communication, which is about 

60 meters, is a significant drawback of this technique. Bluetooth technology is another option for 

using wireless-based technologies to predict pedestrian trajectory (Utsch and Liebig 2012). 

Bluetooth is used for short range communication and mostly used for in-vehicle communication 

(Al Masud et al. 2009).  DSRC, Wi-Fi, and cellular systems are other possible technologies to 

detect pedestrian in collision avoidance systems. Table 2-1 presents a comparison of  various 

wireless protocols (Dhondge et al. 2014). 

Table 2-1 Comparison of Various Wireless Protocols 

Protocol Data Rate Range Mobility 

DSRC 3-27 Mbps < 1 Km > 60 Mph 

Wi-Fi (With   

Association) 

6-54 Mbps < 100 m < 5 Mph 

Cellular < 2 Mbps < 10 Km > 60 Mph 

Mobile WiMax 1-32 Mbps < 15 Km > 60 Mph 

 

In wireless communication, mobility means the ability of a client device to roam or switch from 

one access point to another while still maintaining an active network connection (Henry and Luo 



33 

 

2002). Based on the data in Table 2-1, the range and mobility of DSRC offers is better than Wi-Fi 

and cellular systems. 

Wu et al. (2014) proposed the development of a wireless-based communications 

technology based on DSRC to provide communication between pedestrians and vehicles to detect 

collision between them. Although DSRC is a fast, reliable technology, there is currently no phones 

in the market embedded with DSRC radios. 

Wi-Fi or cellular systems are another technologies to provide communication between road 

users. (David and Flach 2010; Sugimoto et al. 2008) studied the performances of Wi-Fi and cellular 

systems. Their results showed Wi-Fi-based systems can have shorter communication delays. Engel 

et al. (2013) presented a collision avoidance system based on WLAN5 802.11 b/g/n using external 

antennas and a router which is connected to a PC in the vehicle. The PC is connected to the CAN6 

Bus and an uBlox to gather vehicle dynamic and location information. Pedestrian by connecting 

to the router can communicate with vehicle. Equipping vehicles with a PC and router cannot be 

implemented in all vehicles. Also, they did not address the scenario which several vehicles should 

be connected to several pedestrians. 

Dhondge et al. (2014) designed a collision avoidance system based on Wi-Fi to alert drivers 

and pedestrians. They proposed WiFiHonk application to provide alerts for pedestrian and driver 

by using Wi-Fi Beacon-Stuffing to remove the delay of Wi-Fi association. A study was conducted 

by Anaya et al. ( 2014) to find the minimum distance requirement for allowing pedestrians to have 

sufficient time to make a decision and react to a possible collision. They developed an application 

based on Wi-Fi communication, risk calculation, and hazard alarming, but they did not provide 

                                                 
5 Wireless Local Area Network 
6 Controller Area Network  
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information about how Wi-Fi communication is established between vehicles and pedestrians. All 

of these wireless-based systems were conducted to provide direct communication between 

pedestrian and vehicles. Therefore, various problems such as range and mobility can be drawbacks 

of these systems. Also, there is no need for all vehicles to receive all pedestrian information. A 

middle connection device can be used to receive pedestrian position information and vehicle 

information to calculate the possibility of collisions and provide alerts only to drivers and 

pedestrians who are at risk of a possible collision. 

Systems that were developed in literature, provide alerts for one side of the communication 

(e.g. pedestrian or driver). There is a need to design a system to provide alerts for all users; 

pedestrians and drivers should have the same opportunity to make decisions to avoid conflicts.  

Connected vehicle technology can be a solution to overcome these problems and provide a fast, 

reliable, and mobile collision avoidance system. 

2.2  Navigation and Wayfinding Technologies  

The Global Positioning System (GPS) has been wieldy used in different positioning and navigation 

approaches such as surveying, aviation, land vehicles, and tracking, etc. to provide accurate 

position information (Misra and Enge 2006). An introduction to the GPS positioning algorithm 

can be found in (Farrell and Barth 1999). GPS receivers can provide position information with 

different accuracy levels.  

GPS navigation system is subjected to different errors. GPS errors can be classified as 

either a common or non-common mode (Farrell and Givargis 2000). Common mode errors have 

the same effects on all receivers operating in a limited geographic area. Some of the common mode 

errors are satellite ephemeris, satellite clock, ionospheric delay, stratospheric delay, multi-path, 

and GPS receiver (Bao and Liu 2006). This source of error is called bias or slow drift error (Xu et 
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al. 2010). Non-common mode errors are different between two GPS receivers and have a typical 

standard deviation on the order of 25 meters (Farrell and Barth 1999). The multi-path and GPS 

receiver errors are some of the non-common mode errors (Bao and Liu 2006). The error component 

from these sources is considered to be a random distribution that is known as the white noise error 

(Kim et al. 2000). 

2.3 Mobile Navigation Technologies 

Smartphones have gone through an incredible evolution in the last decade. Smartphones are 

becoming more like personal assistants; monitoring our behavior and tracking our movements. 

The development of micro electromechanical system (MEMS) technologies provided the 

opportunity to integrate accurate accelerometers, gyroscopes, and magnetometers into personal 

navigation devices, such as smartphones and tablets (Qian et al. 2013). Pedestrian navigation using 

MEMS sensors requires advanced algorithms due to the relatively low travel speed of pedestrians 

as compared to sensor errors. Pedestrian Dead Reckoning (PDR) algorithms have been developed 

to integrate MEMS sensors to provide reliable position information in smartphones. PDR is a 

relative navigation technique, which determines the relative location of a pedestrian by using 

various approaches. These approaches include step detection, step length estimation, and heading 

determination (Kappi et al. 2001 ;Moafipoor et al. 2008; Shin et al. 2010), zero-velocity update 

(Groves 2013), body-mount inertial navigation system (Soehren and Hawkinson 2008; Kourogi et 

al. 2010), and using the kinetic model of the human gait (Matthews et al. 2010). PDR can be 

integrated with other techniques such Wireless LAN (WLAN) finger printing, which is based on 

Receiver Signal Indicators (RSSI) and a calibrated Radio Frequency (RF) map of an environment 

(Frank et al. 2009) to improve position estimation. 
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Smartphones use four main methods including GPS, Assisted GPS (A-GPS), Wi-Fi, and 

cellular towers (Cell ID) to obtain a user’s location (Zhao 2000). A GPS receiver needs information 

from at least four satellites to calculate a position by triangulation, but it may take time or not 

happen if user is in an urban canyon of buildings that may reflect satellite signals and prevent 

access to a sufficient number of signals. Time to first fix (TTFF),  defined as the time required for 

a GPS receiver to start up, acquire satellite signals, navigation data, and calculate its current 

position, has a significant meaning in the usability of a GPS receiver (Lehtinen et al. 2008). TTFF 

of a GPS can take up to several seconds (Lehtinen et al. 2008). 

The latest generation of smartphones integrates Assisted GPS (A-GPS), a technology that 

uses data from external sources, to offer a shorter TTFF. A-GPS technology uses wireless network 

resources, such as an assistance server and reference network, to improve TTFF. In the A-GPS 

system, there is a server with a reference GPS receiver that has clear views of available satellites. 

The server provides satellite orbit and clock information, the initial position and time estimate, 

satellite selection, range, and range date, as well as position computation (Zandbergen 2009). A 

smartphone which is equipped with A-GPS does not need to decode the GPS messages for each 

satellite or perform an extensive search for visible satellites when the system is turned on. This 

results in reduced power consumption and rapid TTFF. A-GPS method can be divided into two 

different categories based on where the user GPS position calculation is performed. If the position 

is calculated at the user, it is called the Mobile Station (MS)-based GPS; if the network calculates 

the position, it is called an MS-assisted GPS (Syrjärinne 2001). MS-based GPS requires assistance 

data from the network prior to position computation in the handset (Karunanayake et al. 2004).  

Most cellular service providers have adopted A-GPS as the technology of choice to meet 

the U.S. Federal Communications Commission (FCC) requirements for location information to 
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support E911 services. Based on these requirements, handset-based systems should locate the 

caller within 50m for 67% of calls and within 150m for 95% of calls (Zandbergen 2009). However, 

GPS and A-GPS do not work well in urban areas due to limited satellite visibility, and they 

typically do not perform well indoors due to signal obstructions. Mezentsev (Mezentsev 2006) 

argued that the reliability and accuracy of such positioning technique using assistance from 

external sources is questionable. 

Wi-Fi based positioning system is another method to locate mobile users. It takes 

advantage of high density Wi-Fi access points in urban communities and offer positioning 

solutions by using terrestrial based Wi-Fi access points (APs) to determine location. Over the past 

several years, Wi-Fi APs have been deployed for private and public use to provide high speed 

wireless coverage inside buildings and in outdoor areas. All of these APs repeatedly broadcast a 

signal announcing their existence to the surrounding area. Without making connection to these 

APs, Wi-Fi positioning software identifies the existing Wi-Fi signals within range of a Wi-Fi 

enabled mobile device and calculates the current location of the device (Zandbergen 2009). 

Algorithms for Wi-Fi positioning systems can be divided in four main categories: geometric 

techniques, statistical techniques, fingerprinting, and particle filters (Zandbergen 2009). 

Geometric and statistical techniques provide location estimation by using the knowledge of the 

exact location of APs and the ability to model signal strength as a function of distance from an 

AP’s location (Madigan et al. 2005; Zàruba et al. 2007). 

Fingerprinting and particle filters are based on measuring signal strength from different 

APs. They rely on recording the signal strength from several APs to the known position and 

capturing this information in a database. During positioning phase, the current signal strength at 

an unknown location is compared to those locations stored in the database, and the closest match 
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is returned as the estimated user location (Brunato and Battiti 2005 ;Hightower and Borriello 

2004). Wi-Fi based positioning techniques are mostly used for indoor positioning with a very high 

AP density (Cheong et al. 2009; Manodham et al. 2008). Performance of Wi-Fi positioning varies 

with APs density and distribution, reliability of the positional reference database, and the 

positioning algorithm employed (Zandbergen 2009). 

 Cellular positioning is another method to estimate smartphone user’s location. Cellular or 

mobile networks have been developed to provide wireless communication infrastructure with 

almost worldwide coverage. Cellular structures are divided into cells and each of these cells has a 

base station (cellular tower) associated with it. There are different techniques to track a mobile 

user’s location when is moving through network. One of these methods is cell identification (cell 

ID). In this method, when a user connects to the network, the mobile device is allocated to the base 

station transmitting with the strongest field strength and based on the known location of this base 

station, it provides user’s location estimation. The accuracy of this method mainly depends on the 

cell size, the density of base stations, and the reliability of time of arrival measurements. 

2.5 Improving Location Estimation Methods 

Location Based Services (LBSs) for pedestrian need accurate location information to provide 

better services for users. A position accuracy of at most the width of a crosswalk or sidewalk is 

needed. The Federal Highway Administration guideline for sidewalk design specifies a width of 

1.52 meters (Kirschbaum et al. 2001). Because of different errors associated with the GPS 

receivers the accuracy of an independent GPS navigation system cannot satisfy LBSs systems’ 

need. Over the several past years, various techniques have been developed to improve GPS 

accuracy for vehicle location estimation. Map-Matching is one of the techniques that have been 

used to obtain the vehicle location by using GPS tracks and the underlying road maps (Xu et al. 
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2010). Map-Matching algorithms can be categorized in to three main categories: geometric 

analysis, topological, and probabilistic approach. 

 Geometric analysis (Kim 1996; Lingyu et al. 1998; Joshi 2001) can be categorized into 

three main types of algorithms: point-to-point, point-to-curve, and curve-to-curve (White et al. 

2000). Point-to-point algorithm maps the GPS point to the closest node or shape point in the 

network. Point-to-curve matching algorithm, projects the GPS point to the closest arc in the 

network based on the minimum distance from the point to the curve. Curve-to-curve algorithm 

matches arcs defined by a series of GPS point positions with arcs defined by a set of points that 

define partial road (Quddus et al. 2003). 

Topological approach integrates topological information of the road network, connectivity, 

and contiguity in the Map-Matching process (Chen et al. 2008; Greenfeld 2002; Meng et al. 2002). 

Honey et al. ( 1989) and Ochieng et al. (  proposed a probabilistic Map-Matching and hybrid 

Bayesian network to improve GPS accuracy. The algorithm computes candidate paths and their 

probabilistic values given a GPS trajectory. The most probable candidate path can then be selected 

as the Map-Matching outcome. 

Kalman Filter (KF) is another method to improve location estimation accuracy. Under 

various assumptions on the system, the KF can be considered as a model-based algorithm that is 

used to recursively estimate both the state mean vector and state covariance matrix (Bageshwar et 

al. 2009). The estimated state covariance matrix KF are very common tools in location estimation 

because they estimate past, present and future of systems states and even future system states and 

they can do so even when the precise nature of the modeled system is unknown (Zhao et al. 2003). 

The two main features of the KF formulation and problem solution are vector modeling of the 

dynamic process under consideration and recursive processing of the noisy measurement data 
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(Misener and Shladover 2006). When either the system state dynamics or the observation 

dynamics is nonlinear, an Extended KF will be used. A KF that linearizes the system is referred to 

as an Extended Kalman Filter (EKF). Although the linearization and Gaussian distributed noise 

assumption in the EKF may seriously affect the accuracy of the obtained solution, or can 

sometimes lead to divergence of the system (Welch and Bishop 1995) , the EKF can handle 

approximate nonlinear filtering in real time without the curse of dimensionality, which greatly 

reduces the computational complexity of the system (He 2010). One of the drawbacks of the EKF 

is that the initial state estimation error can have a significant impact on the accuracy of estimation 

of future states. 

 Xua et al. ( 2010) proposed a new method to improve the Kalman Filter using Map-

Matching. He and Head ( 2010) used Map-Matching to identify turn events and lane changing 

using a EKF to estimate and predict the vehicle position in connected vehicle environment. 

Jagadeesh et al. ( 2004) used Map-Matching to reduce GPS errors on vehicle trajectories. 

Simulation was used to evaluate Jagadeesh’s algorithm. It is important that the Map-Matching 

technique used in any navigation system meet the requirements set for that particular service. 

Using some current algorithms can provide a position accuracy up to 5.5 meters that still cannot 

meet the specified requirement for pedestrian location-based system needs.  
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Chapter 3 Correction Algorithm to Improve Location 

Estimation 

Developing a reliable situational awareness system for pedestrians is much more challenging 

than for vehicles because a vehicle’s movement is more predictable and usually remains in the 

lane in the road. Tracking pedestrian trajectories is much more challenging and can be effected 

by GPS positioning error.  

In order to study GPS position errors, several experiments were conducted to assess the 

accuracy of the smartphone position estimate. The first experiment measured the GPS errors on a 

smartphone when it was stationary at a fixed location with a known GPS position. A Nexus 5 

smartphone was chosen as a phone test. The smartphone was held at a stationary position above 

the sidewalk and data was collected at a frequency of once per second for 30 minutes after 10 

minutes warm up time. The weather was clear and the smartphone had a clear view of the sky. 

Figure 3-1 shows the recorded GPS points. All GPS points were converted to local X and Y 

coordinates. The red point is the true location as measured using a Real Time Kinematic (RTK) 

receiver and is used as the reference point. As Figure 3-1 shows, the GPS points collected by the 

smartphone have a significant bias and vary over time with 7.88 meter average error. In order to 

provide better location-based services for pedestrians, a position accuracy of at least the width of 

a crosswalk or sidewalk is needed.  
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Figure 3-1 GPS Points at Stationary Location 

In the second experiment a pedestrian’s trajectory was collected as he/she traveled along 

a sidewalk and crosswalk. Location data was collected every 1 second. Figure 3-2 shows the 

pedestrian location collected by the smartphone (green dots) and the true path (RTK-measured 

GPS points), is shown in yellow markers using Google Earth. As Figure 3-2 shows, the GPS 

points collected by the smartphone have a significant bias and vary over time. 
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Figure 3-2 Pedestrian GPS Trajectory VS True Path 

               The smartphone position estimate and the MAP data can be used together with an 

assumption that pedestrians generally walk on the sidewalk when approaching an intersection 

and in the crosswalk when crossing the street. This may not be absolutely true, but in general, 

this is how pedestrians behave and how a disabled or visually impaired pedestrian could be 

expected to behave if they were using a smartphone assistant to cross at signalized intersections. 

Figure 3-3 shows a network representation, N, consisting of a set of polylines which 

describe sidewalks (Si) and a set of crosswalks (Ci) in ℝ2, where Si and Ci  ∈ N. Each sidewalk 

and crosswalk is consist of a finite series of points (p1, p2, p3, …, pn). In the Map-Matching we 

try to match a known measurement, a GPS location, 𝑝 ̂(𝑡), with a sidewalk or crosswalk in the 

network to determine a location on Si and Ci that best corresponds to 𝑝 ̂(𝑡). 
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Figure 3-3 Map-Matching in Street Network 

 

The minimum distance between a GPS location, 𝑝 ̂ (𝑡), and a polyline (Si, Ci) can be expressed as 

equation 1 

                                        𝑀𝑖𝑛{ 𝐷𝑖𝑠𝑡 [ 𝑝 ̂(𝑡), 𝜎 𝑝𝑖 + (1 − 𝜎)𝑝𝑖+1]}                                           (1) 

Where, 𝜎 ∈ [0,1], 𝑝𝑖 ∈  𝑆𝑖, 𝐶𝑖 , 𝑖 = 1 𝑡𝑜 𝑛 

 The nearest neighbor (NN) point search is performed by considering all the point features 

from each street network polyline. The nearest neighbor algorithm was initially used to solve the 

traveling salesman problem (TSP). Given a dataset with n points and a query point, p, the nearest 

neighbor problem is to find the point closest to the query point. The nearest neighbor algorithm 

is defined as follows. 
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 Given 

  A set of point in network N with n points, 

  A query point �̂�, and 

  An initial minimum computed distance (dm) is set to ∞ 

 For each point, 𝒑𝒊 ∈ 𝑁, where 𝑖 = 1 𝑡𝑜 𝑛 

  Compute the distance di between point 𝑝 ̂, and 𝒑𝒊. 

  If the computed distance, is the less than minimum distance (dm), then set 

  dm= di. 

  Result is the value of minimum distance, dm. 

 The Kth nearest neighbors (KNN) method, supported by an informative and efficient 

index structure, can be applied to find k nearest points in a two dimensional street network. 

Evaluation of KNN queries for a large street network can be computational expensive, because 

the distance is a function of the network path connecting the points, shortest distance between 2 

points (Liao 2016). Using a two-phased query that is based on a Generalized Search Tree (GiST) 

can provide more efficient search process. 

 The smartphone application consists of a GPS service, the compass service, and the 

digital MAP database. The GPS and compass service on smartphone provide location and 

orientation updates to the user. Intersection geometry, sidewalks and crosswalk directional 

information broadcast to the smartphone through Wi-Fi interface.  
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3.1 Intersection Map Construction 

An intersection MAP is a lane level geometric intersection description (GID) of the road 

network. The MAP is provided by the infrastructure management system. The MAP includes the 

intersection ID, attributes of the intersection, intersection GPS reference point, sidewalk 

information, crosswalk boundaries directional information, and an end of file indicator. The 

MAP coding supports GPS location accuracy up to 10-7 degrees (1.1 cm). To determine the 

locations of the sidewalks and crosswalk, survey grade RTK-GPS equipment (Leica Geosystem 

RTK 1.30) is used and each waypoint information is added manually to characterize the 

geometry of the intersection. A reference point, which has been selected as one of these points, 

should be added to the MAP. Figure 3-4 shows an example of the Google Earth Map for the 

Intersection of Gavilan Peak and Daisy Mountain at Anthem, Arizona.  
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Figure 3-4 MAP - Daisy Mountain Dr. and Gavilan Peak, Anthem, AZ 

 

The MAP description file is stored on the RSU and can be used by other applications. The 

Message Broadcaster component on the RSU reads the file to generate message that is broadcast 

through Wi-Fi and smartphone can receive it. The content of the map description file is defined in 

Chapter three.  

3.2 Locating a Pedestrian on the MAP 

One of the components of the algorithm is location a smartphone user on the MAP using Map-

Matching. This algorithm combines the pedestrian information from PSMs, including location, 
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speed and heading, with the MAP data structure to provide a measurement for pedestrian location.  

It is necessary to transform the GPS coordinates to local coordinates based on the reference point.  

The transformation algorithm is adopted from (Farrell and Barth 1999). First the GPS coordinates 

are transformed to earth-centered earth-fixed (ECEF) rectangular coordinates. The ECEF 

coordinates has its x axis extended through the intersection of the prime meridian (0° longitude) 

and the equator (0° latitude). The z axis extends through the true North Pole. The y axis completes 

the right-handed coordinate system, passing through the equator and 90° longitude. Then the ECEF 

coordinates are transformed to local x and y coordinates for comparison with the MAP dataset. An 

activity diagram showing the logic of the locating a vehicle on the MAP algorithm is described 

below and shown in Figure 3-5. 
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Figure 3-5 Activity Diagram of the Map-Matching Algorithm 
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1. Receiving GPS coordinates, heading of the pedestrian from smartphone and MAP database 

from RSU. 

2. Find the two nearest lane node to the pedestrian and determine the current approach. 

3. Calculate the lane heading based on the two nearest nodes. Compare the node heading with 

smartphone heading to determine whether the pedestrian and nodes are in the same 

approach. 

4. Calculate distance between GPS location and two points.  

5. Determine direction of travel whether east, west, north or south. 

6. Calculate ∆𝑥 or ∆𝑦. 

Figure 3-6 shows the Map-Matching location estimate when pedestrian travels to the west 

direction. This figure includes a part of the street network, points (p1, p2, p3, …, pn) are MAP 

points describe sidewalks and crosswalks. 𝑝1 = (𝑥1, 𝑦1) and 𝑝2 = (𝑥2, 𝑦2) are two closest map 

point to the GPS location �̂� = (�̂�, �̂�) . Distance (d) between 𝑝 ̂ (t) from to the line between (p1, p2) 

and can be calculate by equation 2. Note that in this case, the ∆𝑥  error is shown, but the ∆𝑦 error 

is unobservable since there is no information about the true location along the sidewalk.  

 

                                           𝑑2 =
((𝑥1−𝑥2)(𝑦2−�̂�)−(𝑦1−𝑦2)(𝑥2−�̂�))2

𝑙2
                                       (2) 

Where 𝑙2 is the squared length of the segment 𝑝1𝑝2. 

                                           𝑙2 = (𝑥1 − 𝑥2)
2 + (𝑦1 − 𝑦2)

2                                             (3) 
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Figure 3-6 Map-Matching Algorithm 

 

The matched location between a smartphone and MAP points are then incorporated into an 

Extended Kalman Filter (EKF), which is described in the following section, to estimates and 

predicts the pedestrian position as the pedestrian moves along the MAP. 

3.3 Position Estimation Using Extended Kalman Filter (EKF) 

The Kalman Filter (KF) is a recursive solution to estimate unknown variables based on a series 

of measurements containing noise and other inaccuracies over time (Kalman 1960). The Kalman 

Filter (KF) has been broadly used as a tool guidance, navigation, system control of vehicles, and 

numerous other applications in engineering industries. The KF method was selected to optimally 

fuse current position estimates with the most recent measurements. The KF approach is used to 
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estimate the location of a smartphone user based on Map-Matching measurement. Based on the 

knowledge about the uncertainties of the current position estimates and the measurement, the KF 

combines the information to minimize the estimation error. The extended Kalman filter (EKF) 

was used for the non-linear system. The (true) state of the pedestrian is defined as the following 

vector: 

 

𝑋𝑃(𝑡) = [ 𝑥𝑝(𝑡)   𝑦𝑝(𝑡)  sin ∅𝑝(𝑡)  cos ∅𝑝(𝑡)  𝑠𝑝(𝑡)] 

Where 

𝑥𝑝(𝑡)= Pedestrian location in the east direction at time t, measured in meters. 

𝑦𝑝(𝑡) =Pedestrian location in the north direction at time t, measured in meters (m). 

sin ∅𝑃 (𝑡) = The sine of the pedestrian heading, in radians, with north being zero. 

cos ∅𝑝(𝑡) =  The cosine of the pedestrian heading, in radians, with north being zero. 

𝑠𝑝(𝑡)= speed of the pedestrian, in m/s (assumed to be constant for 1 second between 

measurements). The location of the pedestrian can be modeled in the following form. 

𝑥𝑝(𝑡) = 𝑥𝑝(𝑡 − 1) + 𝑠𝑝(𝑡 − 1) 𝑠𝑖𝑛 ∅𝑝(𝑡 − 1) + 𝑤𝑥(𝑡 − 1)  (4) 

𝑦𝑝(𝑡) = 𝑦𝑝(𝑡 − 1) + 𝑠𝑝(𝑡 − 1) 𝑐𝑜𝑠 ∅𝑝(𝑡 − 1) +𝑤𝑦(𝑡 − 1)   (5) 

𝑠𝑖𝑛 ∅𝑝(𝑡) = 𝑠𝑖𝑛 ∅𝑝(𝑡 − 1) + 𝑤3(𝑡 − 1)     (6) 

𝑐𝑜𝑠 ∅𝑝(𝑡) = 𝑐𝑜𝑠 ∅𝑝(𝑡 − 1) + 𝑤4(𝑡 − 1)     (7) 

𝑠𝑝(𝑡) = 𝑠𝑝(𝑡 − 1) + 𝑤5(𝑡 − 1)     (8) 
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Where 𝑤 represents the process noise vector. 

The measurement variables are defined as follows: 

𝑍(𝑡) = [ 𝑥𝑝𝑚(𝑡)   𝑦𝑝𝑚(𝑡)  sin ∅𝑝(𝑡)  cos ∅𝑝(𝑡)  𝑠𝑝(𝑡)] 

𝑥𝑝𝑚(𝑡)   = the Map-Matching corrected measurement of the pedestrian easting position. 

𝑦𝑝𝑚(𝑡)  = the Map-Matching corrected measurement of the pedestrian northing position. 

𝑥𝑝𝑚(𝑡) and 𝑦𝑝𝑚(𝑡) are not equal to the raw position �̂� = (�̂�, �̂�) that are read from the smartphone, 

they are the measurements that include Map-Matching correction of the location  estimation at 

time t. 𝑥𝑝𝑚(𝑡) and 𝑦𝑝𝑚(𝑡) are defined as 

𝑥𝑝𝑚(𝑡)  = �̂�(𝑡) + ∆𝑥(𝑡)       (9) 

𝑦𝑝𝑚(𝑡)  = �̂�(𝑡) + ∆𝑦(𝑡)       (10) 

Where ∆𝑥(𝑡) and ∆𝑦(𝑡) are x and y distance correction made by the Map-Matching algorithm. 

The measurement equations are defined as 

𝑥𝑝𝑚(𝑡) = 𝑥𝑝(𝑡) + 𝑣1(𝑡)       (11) 

𝑦𝑝𝑚(𝑡) = 𝑦𝑝(𝑡) + 𝑣2(𝑡)       (12) 

𝑠𝑖𝑛∅𝑝𝑚(𝑡) = 𝑠𝑖𝑛∅𝑝(𝑡) + 𝑣3(𝑡)      (13) 

𝑐𝑜𝑠∅𝑝𝑚(𝑡) = 𝑐𝑜𝑠∅𝑝(𝑡) + 𝑣4(𝑡)      (14) 

𝑠𝑝𝑚(𝑡) = 𝑠𝑝(𝑡) + 𝑣5(𝑡)       (15)
 

Where 𝑣 represents the vector of measurement noise vector.  
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These measurement equations represent a nonlinear set of state equations. The nonlinear state 

equations and measurement equations above can be written in matrix form as 

          𝑋𝑡 = 𝑓(𝑋𝑡−1) + 𝑤𝑡−1       (16) 

                                             𝑍𝑡 = ℎ(𝑋𝑡) + 𝑣𝑡        (17) 

Where the function f can be used to compute the predicted state from previous estimate and the 

function h will be used to compute the predicted measurement from the predicted state. 

The functions f  and h  are nonlinear and cannot be directly applied. Hence, they are linearized 

about the previous and current states, respectively, and are written as follows 

                                                   𝑋𝑡 ≈ �̃�𝑡 + 𝐴(𝑋𝑡−1 − �̂�𝑡−1) + 𝑤𝑡−1                                       (18) 

                                                   𝑍𝑡 ≈ �̃�𝑡 + 𝐻(𝑋𝑡 − �̂�𝑡) + 𝑣𝑡                                                 (19) 

Where 

Xt and Zt  are the actual state and measurement vectors, 

𝑋�̃� and 𝑍�̃� are the approximate state and measurement vectors defined as follows 

     �̃�𝑡 = 𝑓(�̂�𝑡−1)                                                                      (20)                                           

�̃�𝑡 = ℎ(�̂�𝑡)                                                                          (21) 

�̂�𝑡 is the a posteriori estimate of the state and A  is the Jacobian matrix of f with respect to the 

states X. H is the Jacobian matrix of h with respect to X and is an identity matrix. 

At each time step the Jacobian is evaluated using the current predicted states. The complete set of 

EKF equations is as below 
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                                                           �̂�𝑡
− = 𝑓(�̂�𝑡−1)                                                               (22) 

                                                             𝑃𝑡
− = 𝐴𝑡𝑃𝑡−1𝐴𝑡

𝑇 + 𝑄                                                     (23) 

                                                            𝐾𝑡 = 𝑃𝑡
−𝐻𝑡

𝑇(𝐻𝑡𝑃𝑡
−𝐻𝑡

𝑇 + 𝑅)                                           (24)                          
 

                                                        �̂�𝑡 = �̂�𝑡
− + 𝐾𝑡(𝑍𝑡 − ℎ(�̂�𝑡

−))                                          (25)
 

𝑃𝑡 = (𝐼 − 𝐾𝑡𝐻𝑡)𝑃𝑡
−                                                        (26)                                        

The filter is started with 𝑃0 = 𝐼, and the covariance matrices Q and R are both defined as fixed 

diagonal matrices, 

𝑄 =

[
 
 
 
 

0.01 0 0 0 0
0 0.01 0 0 0

     0 0 0.0001

     
0
0

0
0

0
0

0
0.0001

0

0
0

0.01]
 
 
 
 

 

 

𝑅 =

[
 
 
 
 

0.08 0 0 0 0
0 0.08 0 0 0

     0 0 0.001

     
0
0

0
0

0
0

0
0.001

0

0
0

0.1]
 
 
 
 

 

One of the important components of the Map-Matching and Kalman Filter is the heading 

(∅). An experiment was conducted to study the variance of the phone heading. In this experiment 

the pedestrian started at the west side of the intersection and walked to the northeast side of the 

intersection, traversing two crosswalks (west to east and south to north). Figure 3-7 shows the 

result of the heading changing in degrees in the two different directions. The first part of the 

graph is for the west to east direction (blue part) and the second part is from south to north (red 



56 

 

part). As Figure 3-7 shows, the heading in each direction does not have a lot of variation and is 

assumed to be accurate. This simplifies the Kalman Filter.   

 

Figure 3-7 Heading Observation in two Different Directions 

 

3.4 Experimental Result and Performance Evaluation 

In order to generate high fidelity MAPs, RTK GPS equipment (Leica Geosystem RTK 1.30) was 

used to collect waypoints along sidewalks and crosswalks at three different intersections. Two of 

the intersection are near the University of Arizona campus (Speedway and Mountain, Campbell 

and Speedway) and the other is in Anthem (Arizona) which is part of the Arizona Connected 

Vehicle Test Bed (Maricopa County). 
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    Different test scenarios were conducted to validate the algorithm. In all test scenarios, pedestrian 

used the application and location trajectory data was collected via the phone GPS. In the first 

scenario, the pedestrian started walking from the sidewalk at the west end and south side of the 

intersection as shown by red arrow (32 meters from thr crosswalks) on a path to the northeast side 

of the intersection, The route included two crosswalks and a path continuing to the north. The 

pedestrian uses the SWA application to send the pedestrian request wirelessly to the traffic 

controller through RSU. Figure 3-8  shows the pedestrian location data collected by the smartphone 

(green points), and the true path that pedestrian walked shown in yellow points. The red points 

show the location estimation after applying the Map-Matching algorithm and the Kalman Filter. 

As the pedestrian reached the northeast corner of the intersection, where there are two large 

buildings very close to the sidewalk, multipath errors effected the GPS accuracy and the raw data 

located the pedestrian is in the street instead of on the side walk As Figure 3-8 shows the estimation 

results are close to the true path. As the pedestrian reached the northeast corner of the intersection, 

where there are two large buildings very close to the sidewalk, multipath errors effected the GPS 

accuracy and the raw data located the pedestrian is in the street instead of on the side walk. Also, 

the street width on the north side of the intersection is just 24 meters, so the two sides of the street 

are close to each other. After applying Map-Matching, the points are incorrectly projected to the 

other sidewalk; to address these types of errors, the concept of Continuity of Path is added to the 

algorithm. For every MAP point an approach index is defined. This index is used to detect locations 

where the pedestrian could make a turning maneuver, such as turning north from the east approach, 

as long as the pedestrian continues the same path and there is no change in the directions (heading), 

each GPS point should be projected to the MAP points set that has the same approach index.  
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The second experiment was at the intersection of Speedway and Campbell in Tucson, AZ. 

This intersection is one of the intersections in Tucson that Southern Arizona Association for the 

Visually Impaired (SAVVI) uses to teach blind or visually impaired pedestrians the crossing 

processes. A path starting from southeast of the intersection and passing through three crosswalks 

in a counterclockwise direction was selected. Figure 3-9 shows the pedestrian location collected 

by smartphone (green points), and the true path that pedestrian walked shown in yellow points. 

The location estimation after applying the Map-Matching algorithm and the Kalman Filter are 

shown in red points. 

The third experiment was conducted at the intersection on Daisy Mountain Dr and Gavilan 

Peak Pkwy in Anthem, AZ. This intersection is one of the intersections in the Arizona Connected 

Vehicle Test Bed in Maricopa County. A path starting from northwest of the intersection and 

passing through all four crosswalks in a counterclockwise direction was selected. At each 

crosswalk, the pedestrian uses the SWA application to send pedestrian request. Figure 3-10 show 

the pedestrian location collected by smartphone (green points), and the true path that pedestrian 

walked shown in yellow points. The red points show the location estimation after applying the 

Map-Matching algorithm and the Kalman Filter. 
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Figure 3-8 Phone Trajectory vs True Path vs Estimated Path, First Scenario 
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Figure 3-9 Phone Trajectory vs True Path vs Estimated Path, Second Scenario 
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Figure 3-10 Phone Trajectory vs True Path vs Estimated Path, Third Scenario 
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3.5 Summary 

One of the main components of this location-based system is pedestrian location estimation. 

Integrating location-based services and connected vehicle technologies has the potential to 

improve pedestrian location estimation. This chapter introduces the Correction Algorithm to 

Improve Localization that was implemented in the SWA application. A key development 

presented in this chapter is a new algorithm to improve pedestrian location estimation using a 

combination of the smartphone GPS, the connected vehicle MAP, Map-Matching, and an 

Extended Kalman Filter. The location estimation algorithm was able to correctly locate the 

pedestrian in the correct sidewalk and in the correct crosswalk. Also, because this algorithm uses 

an Extended Kalman Filter to predict states, in case of GPS loss, it still provides an estimation 

according to the previous state. Test results show that the location estimation algorithm 

implemented in the SWA application meets the pedestrian location-based system accuracy 

specifications. 
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Chapter 4 A Smartphone Application to Assist Pedestrians 

 

This chapter presents a system design for a smartphone based pedestrian assistant application, 

called Smart Walk Assistant (SWA). 

4.1  Introduction 

92% of American adults use a cellphone (Anderson 2016) and, 64% of  U.S. adults own a 

smartphone.  Sensors on smartphones, such as GPS, compass, accelerometers, gyroscope, and 

cameras, create a powerful platform for hosting assistive applications. The two major touch-screen 

smartphone platforms from Google and Apple, include two built-in accessibility options for 

visually impaired people: a screen magnifier and a screen reader. These features can help visually 

impaired people use smartphones.  

Intersection navigation and crossing signalized intersections are challenging activities for 

the blind people. The emerging connected vehicle capabilities with the proliferation of 

smartphones presents a timely opportunity to address these fundamental needs in a way that can 

improve safety and reliability as well as address the needs of disabled pedestrians. Understanding 

the user needs is the first step in designing a useful smartphone based system that can be used as 

an aid for blind people for intersection navigation, crossing signalized intersections, and collision 

avoidance. 

4.2  User Needs Investigation 

Pedestrians currently can request the pedestrian interval of a traffic signal by pressing a pedestrian 

call button that is usually located on a pole at the intersection. While this is a reliable system, it 

provides little flexibility and almost no feedback to the pedestrian that their request has been 
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received. Many intersections are equipped with pedestrian heads (“pedhead”) to instruct 

pedestrians when it is lawful to cross. There are many signalized intersections that are equipped 

with Accessible Pedestrian Signals (APS) that provides information about the WALK and DON'T 

WALK intervals for pedestrians in audio format (Harkey et al. 2007). The APS can be embedded 

with a tactile arrow which is in the direction of travel on the associated crosswalk. Blind 

pedestrians can use the arrow to be sure the APS is for the crosswalk they intend to cross. Factors, 

such as disagreement among blind people on the need and effectiveness of audible pedestrian 

signals, noise pollution, and community opposition, have made APS technology sporadically 

installed in the United States (Harkey et al. 2007). 

The Southern Arizona Association for the Visually Impaired (SAAVI) in Tucson, AZ is an 

organization that works with blind and visually impaired people. SAAVI began this work in 1964 

and serves over 2,000 blind and visually impaired clients per year. Members of this community 

were interviewed to collect information regarding intersection navigation and crossing at the 

signalized intersections. The interviewers helped to understand the different challenges that blind 

and visually impaired pedestrians have while crossing streets.  

Another part of the understanding the user needs was surveying individuals and two 

different professional groups through the TRB Technical Committees including the TRB 

Committee on Accessible Transportation and Mobility (ABE 60) and the TRB Signal System 

Committee (AHB 25). The survey was initially sent to a selected group of individuals for pre-

testing. It collected data about pedestrians’ experiences at signalized intersections, their use of 

smartphones, and information about whether or not they were disabled. In addition, the concept of 

the SWA application was illustrated and feedback was collected. Appendix A contains the survey 

and comments from respondents.  
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Liao (2016) also reported valuable survey results regarding challenges that blind and 

visually impaired pedestrians are facing at intersections. According to surveys results and 

interviews with SAAVI, a list of challenges that visually impaired people face and possible 

solution of the mobile-based system are presented in Table 4-1. 

 

Table 4-1 Recommendation for Possible Requirements of a Mobile-Based System 

Need of visually impaired  people at  

signalized intersections 

Possible solution 

Not enough information about the geometry of 

the intersection and signal timing. 

Provide intersection navigation and signal 

timing via smartphone. 

They need to listen to traffic flow. Auditory message should be brief and clear. 

Provide tactile feedback such as vibration. 

They have difficulties to find pedestrian 

crossing actuation button. 

Activate crossing actuation automatically or 

from a smartphone. 

It is hard for them to maintain alignment with 

the crosswalk while they are crossing. 

Provide tactile feedback to help them to be 

aligned with the crosswalk. 

Each intersection has its own type of 

messaging format. This makes it difficult to 

teach blind people. 

Use a uniform message format on the 

smartphone. 

 

4.3 Introduction to Connected Vehicle Technology 

Connected vehicle technology is a wireless technology that enables vehicles to communicate with 

each other, with the infrastructure, and with other road users. The deployment of connected vehicle 

technology can provide benefits to the public, such as improving safety, mobility, and the 

environment. Connected vehicle technology is based on Dedicated Short Range Communication 

(DSRC), which is fast, secure and reliable. In October 1999, the Federal Communications 
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Commission (FCC) allocated 75MHz of bandwidth in the 5.9GHz band dedicated for Intelligent 

Transportation Systems (ITS) vehicle safety and mobility applications (U.S. DOT 2014). The 

spectrum is divided into seven different channels (172, 174, 176, 178, 180, 182, and 184). 

Channel172 is for safety of life applications.  

In the connected vehicle environment, each intersection is equipped with a Roadside Unit 

(RSU) and vehicles are equipped with an On Board Units (OBUs). These devices use DSRC to 

provide vehicle-to-vehicle communication (V2V) and vehicle-to-infrastructure (V2I). Vehicle-

to-pedestrian (V2P) and pedestrian-to-infrastructure (P2I) communications need additional 

capabilities since there is no DSRC pedestrian device available. Wireless media, including 

cellular (4G/LTE/5G) or Wi-Fi (802.11), can be used to provide P2I communications and V2I 

can be used to relay information to the pedestrian to create a V2P pathway. 

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

(SAE J2735) and performance requirement for V2P applications (SAE J2945/9). Some of the 

standard messages include: 

• MAP Message (MAP): Digital description of the geometry of the intersection. The required 

transmission rate is 1 time per second and it is transmitted on the channel 172. The MAP 

message includes the following information: 

Intersection ID: Identification number of a particular intersection 

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

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

ingress approaches to the intersection. Each egress or ingress may have multiple lanes also 

includes a description of each crosswalk and other roadway geometry. 
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Lanes: A data structure to describe lanes, including lane width, lane attributes, lane nodes, 

and connection lanes. Each lane may have multiple lane nodes. 

• Signal Phase and Timing (SPaT): Current status of a signalized intersections. The required 

transmission rate is 10 times per second and it is transmitted on the channel 172. The SPAT 

message includes the following contents: 

Intersection ID: Identification number of a particular intersection 

MovementState: Information about the current signal state, including: Name of the 

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

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 

• Basic Safety Message (BSM): Vehicles broadcast position and motion information at the 

rate of 10 times per second and it is transmitted on the channel 172. The BSM message 

includes the following information for a vehicle: 

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

ensure privacy. 

Position: Latitude, Longitude, and Altitude 

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

Control: Break System Status 

Basic: Vehicle Size 
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• Personal Safety Message (PSM): Vulnerable road users broadcast a pedestrian safety 

message 10 times per second. This message can be called a “Here I am” message because 

it reports current vulnerable road users’ position. PSM messages include the following 

components: 

VRU Type: type of vulnerable road user (pedestrian, bicyclist). 

Temporary ID: identifier for each pedestrian. 

Location information: GPS location information (Latitude, Longitude, altitude). 

Position Accuracy: GPS location accuracy 

Speed: speed of pedestrian in m/s. 

Heading: compass heading of the pedestrian (phone) in degrees. 

Crossing request status: pedestrian has sent a request. 

4.4 System Components and Design 

The idea of the Connected-Pedestrian application, which is called Smart Walk Assistant (SWA), 

is to assist pedestrians at signalized intersections and improve pedestrians’ safety by using 

connected vehicle technology. Figure 4-1 shows the basic system components. The Pedestrian 

Assistant component, the Correction Algorithm to Improve Localization, and the Pedestrian Safety 

Message Provider are installed on the smartphone. The Pedestrian Assistant component 

communicates with the Intersection Information Provider component on the RSU to assist 

pedestrians at signalized intersections. The Situational Awareness component is installed on the 

RSU and communicates with the Pedestrian Safety Message Provider on the smartphone. The 

Situational Awareness component methods to detect potential collisions between pedestrians and 
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vehicles. A position correction algorithm is implemented on the smartphone to improve pedestrian 

location estimation and overcome GPS positioning challenges. In this chapter Pedestrian Assistant 

communication is presented, and descriptions of other modules are presented in later chapters. 
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Collision Alert

 

Figure 4-1 SWA System Components 
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There are different technologies to provide communication between pedestrians and the 

infrastructure. The various non-DSRC communication channels considered for communication 

between the RSU and the smartphone include: 

1. Wi-Fi 

2. Bluetooth 

3. 3G/4G/LTE 

Sugimoto et al. (2008) and David and Flach (2010) studies the capability of such 

technologies to the pedestrian communication with vehicles and infrastructure. They studied the 

delay performances of Wi-Fi and cellular systems and showed that Wi-Fi can provide at least one 

order of magnitude shorter delay than that of the cellular systems (10 and 400 ms of delay in Wi-

Fi and 3G systems, respectively). Wi-Fi may be the best option for communication between the 

smartphone and the RSU for the development of the prototype. Designing a system using a purely 

cellular  (3G/4G/LTE) remains an option, but considering the operational costs and requirement 

for a server which will be recurring in case of cellular technology use on the infrastructure side 

make this design less feasible for use as a safety system. 

The SWA application was developed as a a web-based application that can be used in 

android or ios platform. The smartphone communicates to the local intersection infrastructure 

equipment RSU using Wi-Fi. The RSU can communicate with the traffic controller through the 

Ethernet. Figure 4-2 shows a basic system design architecture.  
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Figure 4-2 System Design Architecture 

 

The Intersection Information Provider on the RSU sends the MAP to the application. The 

MAP data is used to determine the location of crosswalks and sidewalks. The MAP is based on 

accurate GPS measurements which were obtained using survey grade RTK-GPS equipment (Leica 

Geosystem RTK 1.30). This information plays a key role to provide navigation and wayfinding 

for visually impaired pedestrians. Figure 4-3 shows MAP points that include the sidewalks and 

crosswalks on a Google Earth image. 
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Figure 4-3 Example of MAP Points (Speedway and Mountain, Tucson, AZ) 

 

The SWA application integrates several sensors on the smartphone including GPS and 

inertial sensors to estimate the user location and orientation with respect to the intersection. Based 

on a location estimate (see Chapter 5) and Geo-Fencing, SWA will determine which crosswalk the 

pedestrian is facing. Geo-fencing is used to define the geographic region where pedestrians are 

considered close to the crosswalk and can send a pedestrian request. Figure 4-4 shows use cases 

for this system.  
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Figure 4-4 Pedestrian Use Cases 

 

A geo-fence is a virtual boundary around the crosswalk used by SWA to let the pedestrian 

send a pedestrian request through his/her smartphone. The pedestrian may be in range of Wi-Fi, 

but if the pedestrian is not close to any crosswalk, it should not send request to traffic controller. 

The geo-fencing area will exclude those pedestrian that are not close to the crosswalks but are 

within the Wi-Fi range. The geo-fencing is based on the four points that describe each crosswalk 

boundary. According to these point a circle with radius of 5 meters is defined as a boundary. If the 

pedestrian is out of this boundary, the Cross button is not activated for the pedestrian. The SWA 

application provides feedback via the Text-to-Speech feature to the user that says, “You are not 
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close to any crosswalk”. Figure 4-5 shows the geo-fencing areas of crosswalks at Speedway and 

Mountain in Tucson, Arizona. 

 

Figure 4-5 Example of Geo-fencing (Speedway and Mountain, Tucson, AZ) 

 

Figure 4-6(a) shows the initial screen of the SWA application. A user must first select 

pedestrian or bicycle. For this research only the pedestrian features are discussed. The other sensor 

of the smartphone that is used by SWA is the digital compass. The compass orientation of the 

smartphone is very important and if it is not oriented in the same direction as the candidate 

crosswalk, it will not allow the pedestrian to request service when they press the Cross button but 

will provide feedback via the Text-to-Speech feature to the user that he/she is not aligned with the 

crosswalk, see Figure 4-6(b). With the phone oriented towards the crosswalk and the pedestrian in 
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the 5 meters boundary, the pedestrian can press the Cross button on the screen and a pedestrian 

request is sent to the RSU and forwarded to the traffic signal controller. The audible message will 

be played to the pedestrian that says, “Ped request has been send”. 

The Intersection Information Provider on the RSU broadcasts the SpaT messages which 

the SWA application can receive over Wi-Fi. The smartphone will display pedestrian signal 

information using visual, haptic, and auditory cues based on the SPaT status associated with the 

identified crosswalk. The visual display uses the standard pedestrian signal head graphics and a 

combination of auditory and haptic alerts. During the “Don’t walk” interval, a standard “Don’t 

Walk” graphic is displayed. If the pedestrian presses the Cross button during the “Don’t Walk” 

interval, a message will warn him/her that the signal is red, and provides audio feedback, “Don’t 

Walk”, see Figure 4-6(c). During the “WALK” interval a standard WALK graphic is displayed, 

Figure 4-6(d). During the pedestrian clearance interval (“Flashing Don’t Walk, the standard 

pedestrian graphic and a countdown timer are displayed, including an auditory countdown (e.g. 

10, 9, 8,), Figure 4-6(e).  
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Figure 4-6 (a), (b), (c), (d), Signal Status on SWA Application 

 

4.5 Aligned Status Monitor - EWMA SPC Control Chart 

Based on the studies have been conducted, one of the main challenges for blind people is 

maintaining alignment with the crosswalk while they are crossing. While the deviation from 

crosswalk can be dangerous for blind pedestrian safety. However, based on the literature there is 

no assistant system to detect deviation from the crosswalk and provide feedback for the blind 

pedestrian. In order to provide an assistant for blind pedestrian, SWA includes an algorithm named 

Aligned Status Monitor (ASM), which was developed to detect any deviation from the crosswalk 

and provide haptic alert to help blind people get back to the crosswalk. The ASM algorithm is 

based on the statistical process control (SPC) to monitor pedestrian heading changes. He et al. ( 

2010)developed a statistical process control model to detect vehicle lane changing and turning 

event.  
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 Statistical process control (SPC) consists of a  set of various tools which can help monitor 

process behavior and process improvement. Control chart, also known as Shewhart chart, is the 

most common method in SPC (Shewhart 1931). A control chart is a tool to track changes in the 

mean and variance of a variable over time. It contains a center line (CL), the upper control limit 

(UCL), and lower control limit (LCL). CL represents the average value of the quality characteristic 

being monitored and corresponds to the in-control state. LCL and UCL represent the statistical 

decision value that is used to determine the in-control and out-of-control state of the process. As 

long as the points remain within the control limits, the process is assumed to be “in-control,” and 

no action is necessary. However, when points on a control chart move outside the upper or lower 

control limit, is interpreted as evidence that the process is “out-of-control.” In the traditional 

Shewhart control chart Techniques (Shewhart 1931), the decision regarding the state of control of 

the process at any time t depends solely on the information about the process contained in the most 

recent sample measurement and ignores any information given by the entire time series of points. 

The exponentially weighted moving average (EWMA) control chart utilizes an exponentially 

weighted average of all past and current data to detect small process shifts (Montgomery 2007). 

The statistic that is calculated in EWMA is defined as: 

𝐸𝑊𝑀𝐴 (𝑡) =  𝜆𝑌(𝑡) + (1 − 𝜆)𝐸𝑊𝑀𝐴 (𝑡 − 1) 

𝐸𝑊𝑀𝐴 (0) =  �̅�  

The center line for the control chart is the target value or EWMA (0) and the UCL and LCL 

of the EWMA control charts are: 

𝑈𝐶𝐿 =  �̅� + 𝐿𝜎√
𝜆

2 − 𝜆
[1 − (1 − 𝜆)2𝑡] 
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𝐿𝐶𝐿 =  �̅� − 𝐿𝜎√
𝜆

2 − 𝜆
[1 − (1 − 𝜆)2𝑡] 

 Where 𝑌(𝑡) is the observation at time t, and 𝐸𝑊𝑀𝐴(𝑡) is the 𝐸𝑊𝑀𝐴 data at time t. 𝜎 is 

the standard deviation of control variable 𝑌. The initial value EWMA (0) is equal to the average 

of preliminary data, �̅�. 𝜆𝜖 (0,1] is a constant which assigns weight between new data and past data. 

𝐿 is a factor which defines sensitivity of detection and false alarms and can be interpreted as a 

multiplier of the standard deviation for control limits. For example, 𝐿 = 3 would be the typical 

three-sigma control limits. 

To implement EWMA SPC control chart on the changing detection being aligned, the 

observation data is defined as:  

𝑌(𝜏) = 휀ℎ(𝜏) = 𝜙𝑝(𝜏) − 𝜙𝑙(𝜏) 

Where 휀ℎ(𝜏) is the heading error (degrees) between the pedestrian heading  𝜙𝑝(𝜏) 

(degrees) and the lane heading 𝜙𝑙(𝜏) (degrees) at time τ. Figure 4-7 illustrates pedestrian deviation 

from the crosswalk. 
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Figure 4-7 Pedestrian Deviation from the Crosswalk 

 

The UCL and LCL of being aligned process are defined as:  

𝑈𝐶𝐿 = �̅� + 3𝜎√
𝜆

2 − 𝜆
[1 − (1 − 𝜆)2𝜏] 

𝐿𝐶𝐿 =  �̅� − 3𝜎√
𝜆

2 − 𝜆
[1 − (1 − 𝜆)2𝜏] 

Since heading on the phone is assumed to have insignificant error and pedestrian can send 

pedestrian request only if he/she is aligned with the crosswalk, the average heading error  �̅� should 

be zero. One of the main parameters in defining the control char limits is the standard deviation of 
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heading error 𝜎. In order to calibrate 𝜎, the deviation from crosswalk is modeled. To simplify 

calibration, average heading error 휀ℎ̅ is calculated from 휀ℎ(𝜏). 𝜎 is not directly measurable or 

known and must be estimated either from the data or from the blind pedestrian behavior dynamics. 

If 𝜎 is estimated to be too small, 𝑈𝐶𝐿 will define a narrow range and some noise or small 

disturbances in the heading error will be classified as a not aligned event, that is, as a “false 

positive.” If  𝜎 is estimated to be too large, 𝑈𝐶𝐿 will define a wide range, and the EWMA data 

might not exceed the control limit and a “false negative” or “miss detection” would occur. 

Therefore, it is necessary to estimate a value of  𝜎 that will provide good performance in term of 

false alarms and missed detections. Historical data was used to estimate 𝜎 which is 6.94. 

Another parameter that is important to define the control limits is 𝜆. The parameter 𝜆 

determines the rate at which previous data enter into the calculation of the EWMA statistic. A 

large value of λ (closer to 1) gives more weight to recent data and less weight to older data; a small 

value of λ (closer to 0) gives more weight to older data. Different experiments were conducted to 

find 𝜆 that fits to data. 𝜆 = 0.2 is chosen for this study. Figure 4-8 illustrates data and control limits 

where the pedestrian was moving inside the crosswalk. Figure 4-9 shows a study where the 

pedestrian started walking on the sidewalk then deviated from the crosswalk; data was collected 

every one second. As Figure 4-10 shows the pedestrian left the crosswalk boundaries at time=12, 

control limits in Figure 4-9 detects the deviation at time=9 which is the time when the pedestrian 

started deviating from the crosswalk. The control chart provided this opportunity to detect 

pedestrian deviation and provide haptic (vibration) feedback before the pedestrian left the 

crosswalk. 
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Figure 4-8 Data Visualization, inside of the crosswalk 

 

 

Figure 4-9 Data Visualization, outside of the crosswalk 
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Figure 4-10 Deviation from the crosswalk in Y direction 

 

 

4.6 Testing System Architecture 

The system architecture involves both hardware and software components including: Onboard unit 

(OBU), Roadside Unit (RSU), signal controller (real or virtual), traffic simulation software or field 

test environment and supporting computer network. This architecture can be implemented in both 

simulation environment (VISSIM 6.0) and tested in the field. Figure 4-1 shows component 

diagram. The location-based systems consist of the following components 7: 

1- Roadside Equipment 

2- Traffic Signal Controller 

3- Smart Walk Assistance (SWA) application on the smartphone 

4- Connected Vehicle 
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Roadside Unit: The RSU is the critical point of integration for the SWA system and is responsible 

for handling the multi-radio communications. The core SWA application resides on the RSU and 

is responsible for: 

• Transmitting SPaT/MAP messages to the smartphone applications and connected vehicles. 

• Listening for pedestrian phase requests from the smartphone.  

• Sending pedestrian phase requests to the actuated traffic signal controller. 

• Receiving BSM messages from vehicles. 

• Receiving PSM message from pedestrians. 

• Identifying potential path conflicts between pedestrians, bicyclists and motorists. 

Traffic Signal Controller: The traffic signal controller coordinates the signal timings and phases 

at the intersection. It communicates with the RSU using NTCIP for sending phase status as well 

as getting phase requests from the RSU. The controller is a standard eight phase dual ring 

controller. 

4.6.1 Field Test Architecture  

In the field, the OBU installed in the vehicle and connected to a GPS antenna to receive GPS 

coordinates and two DSRC antennas to broadcast vehicle related DSRC messages such as the 

BSM. The RSU is located at the intersection and broadcasts infrastructure-related DSRC 

messages, including SPAT and MAP, using different DSRC channels.  Pedestrian is equipped with 

SWA application to communicate with RSU and broadcast Wi-Fi messages. Figure 4-11 illustrates 

systems architecture in the field test. 
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Figure 4-11 Systems Architecture in the Field Test 

 

In order to implement the system in the field, Onboard Unit (OBU) installed in vehicles. Every 

connected vehicle broadcast BSM. The vehicle and RSU can exchange DRSC messages when the 

vehicle is within radio range of the intersection. The minimum DSRC range for each approach is 

specified to be 300 meters, or about 1000 ft. A number of environmental factors may cause 

significant variation of the standard DSRC range, such as slope, curvature, building, vegetation, 

etc. 

 A wireless access points or routers installed at the traffic control cabinet to provide wireless 

network in the same subnet of the controller. Pedestrians using SWA application can connect to 

the network to communicate with the RSU to exchange different Wi-Fi messages. RSU broadcast 
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MAP, SPaT messages and the first component of the SWA, pedestrian assistant, can receive this 

information and send pedestrian request to through Wi-Fi. The RSU controls the signal controller 

through commands (e.g. VEHICLE_CALL, FORCE_OFF, HOLD, and OMIT) defined by 

National Transportation Communications for Intelligent Transportation System Protocol (NTCIP). 

The second component of the SWA, collision avoidance, broadcast PSM and RSU can receive it. 

4.6.2 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. VISSIM is a micro-simulation program that can be used as a tool to simulate pedestrians 

and vehicles and helps us to study different scenarios to examine travel time or other interested 

information for vehicles and pedestrians. In the proposed research we are using micro-simulation 

because analytical methods are inapplicable to represent large real traffic networks. Also micro-

simulation is a more accurate tool to analyze the operation of public transport vehicles and has the 

ability to model system components such as bus lane, controlled and uncontrolled pedestrian 

crossing and individual driver behavior. 

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

from each connected vehicle. The drivermodel.dll API is used to generate surrogate BSMs and 

broadcast through Ethernet and a Virtual ASC 3 controller, RSU and a router which are in the 

same subnet use to simulate connected vehicle environment. The pedestrian part is the same as the 

field test environment. Figure 4-12 shows systems architecture in the simulation environment.  
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Figure 4-12 Systems Architecture in the Simulation Environment 

 

 

 

 

 

Chapter 5 Situational Awareness System 

Traditional approach for improving pedestrian safety include reducing speed limits, increasing 

lighting, building more pedestrian infrastructure, education pedestrians, and basic in-vehicle 

technologies (Lidar or radar based systems).  Although, these approaches can prevent some of the 

traffic crashes, they cannot address all dangerous accident scenarios. For example, radar-based 
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systems usually are used at low-moving speed. The high cost of Lidar also limits the use of it. In 

addition, radar-based technologies can only detect obstacles but cannot recognize whether the 

obstacle is a pedestrian, tree or just a stone. 

The National Highway Traffic Safety Administration (NHTSA) (Yanagisawa et al. 2014) 

identified three categories of pedestrian crashes with vehicles illustrated in Figure 5-1. Half of the 

accidents happen on straight roads without a visual obstruction of the pedestrian. Approximately, 

37% of the accidents happen if the pedestrian is not visible or if the vehicle turns into a street. 

The vision-based systems for pedestrians and bicyclists protection may not perform well 

in these situations while a wireless-based system can be used to detect hidden pedestrians(Dhondge 

et al. 2014). The advantage of wireless communications in the connected vehicle environment can 

provide a valuable solution for the development of future pedestrian protection systems. 

 

Figure 5-1 Crash scenarios between pedestrian and vehicles 

The USDOT’s Intelligent Transportation Systems Joint Program Office (ITS JPO) has 

collaborated with universities, small business, industry, and cities for over a decade to conduct 
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various research on the potential safety benefits of using connected vehicle technologies to 

improve pedestrian safety. The Situational Awareness Component as shown in Figure 4-1 was 

developed in the SWA application to utilize connected vehicle technology to provide situational 

awareness system for pedestrians. The Situational Awareness system is made of three components: 

the OBU deployed on the vehicle, the RSU at the intersection, and the SWA application on 

smartphone of the pedestrian. Figure 5-2 shows the system architecture. 

 

Figure 5-2 V2P communication components. 

Vehicle information can be collected by connecting the OBU interface and the GPS antenna. The 

RSU receives Basic Safety Messages (BSM) that are broadcasted by all connected vehicles within 

the radio range, with the rate of 10 times per second through DSRC. On the pedestrian-end part, 

the application creates a Pedestrian Safety Message (PSM) and packs this information into a string 

in the smartphone, and sends out to the RSU through the Wi-Fi channel. An application running 

in the RSU unpacks this message and adds pedestrian information to the pedestrian list, then 
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broadcasts this information.  The SWA application utilize Vehicle Trajectory Component and 

Situational Awareness Component to detect possible collision between pedestrian and vehicles.  

5.1 Overview of Vehicle Trajectory Awareness Component 

Connected vehicles are broadcasting BSMs every 0.1 seconds that other vehicles and the RSE at 

the intersection can receive. The main responsibility of the “vehicle trajectory awareness” 

component is to process and temporarily store the equipped vehicle trajectories. This component 

utilizes the received BSMs and intersection map to locate vehicles on the map and store vehicle 

information such as speed, position, heading, acceleration, and requested phase. This component 

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 

SWA application. 

Figure 5-3 illustrates an activity diagram showing the basic operation of the component of 

the trajectory awareness application. First, the component reads the intersection map and initializes 

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 SWA component, request message from Performance Observer, 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 request message is from another 

component (i.e. SWA component), the trajectory awareness component sends the vehicle 

information including temporary vehicle ID, current speed, acceleration, current approach, current 

lane, and position information. If the received message is a Basic Safety Message, its temporary 
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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. 

 

Figure 5-3 Activity Diagram of Trajectory Aware Component (Feng 2015) 
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5.2 Situational Awareness Component 

The Situational Awareness component on the RSU (Figure 4-1) is for responsible for receiving 

vehicle information messages and pedestrian information messages to detect possible collisions. 

The RSU receives Basic Safety Messages (BSM) that are broadcasted by all connected vehicles 

within the radio range through DSRC. An application on the RSU, called Vehicle Trajectory 

component receives this information. On the smartphone, the Pedestrian Safety Message Provider, 

creates a Personal Safety Message (PSM). According to the SAE J2945/9 standard, the PSM 

includes: 

• VRU Type: the type of vulnerable road user (pedestrian, bicyclist). 

• Temporary ID: identifier for each VRU. 

• Location information: GPS location information (Latitude, Longitude, Altitude). 

• Position Accuracy: GPS location accuracy 

• Speed: speed of VRU in m/s. 

• Heading: compass heading of the VRU in degrees. 

• Personal Crossing Request: VRU crossing request status. 

Figure 5-4 shows an activity diagram for this component. Socket initialization for data 

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

message transceivers), the component first determines the message type. If the received message 

is a vehicle information message, it stores vehicles information in a list of vehicles and waits to 

receive pedestrian information. When pedestrian information is received, the Situational 

Awareness component unpacks and stores this information in a list of pedestrians. After receiving 

this information the Situational Awareness component utilizes the collision prediction algorithm 
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to detect any possible collision between pedestrian and vehicles.  If there is a possible collision, it 

alerts the vehicle driver and pedestrian. 

 

Figure 5-4 Activity Diagram Situational Awareness Component 
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5.3 Situational Awareness Algorithm  

The SWA application can address a variety of dangerous situations at the intersection including 

scenarios in Figure 4-1. Although some of these scenarios only result if there was a traffic violation 

at the signalized intersection such as a pedestrian in a crosswalk during the Don’t Walk interval or 

a vehicle violating a red indication and entering a crosswalk. The only requirement to use this 

system is to have an equipped intersection with RSU and Wi-Fi. 

 An application on the RSU is responsible for retrieving information from vehicles and 

pedestrians to anticipate the possible collision point and estimate the time-to-collision (TTC). The 

TTC is one of the safety indicators in collision analysis (Hussein et al. 2016; Jiménez et al. 2013). 

TTC is defined as the time the vehicle and pedestrian require to reach the conflict point, based on 

the pedestrian’s trajectory and the vehicle’s trajectory. The collision prediction approach is based 

on the algorithm presented in (Hussein et al. 2016; Jiménez et al. 2013). After receiving a 

pedestrian PSM and vehicle BSMs, the GPS coordinates of the pedestrian and vehicles are 

transformed to local x and y coordinates, respectively (xv, yv) and (xp, yp). The conflict point can 

be calculated by equations (1) and (2). Where 𝜃𝑖 is the compass heading of pedestrian (1), vehicle 

(2) and 𝑥𝑐 and 𝑦𝑐 are collision point (c) as shown in Figure 5-5. 

 

𝑥𝑐 =
𝑦𝑣−𝑦𝑝−(𝑥𝑣∗tan𝜃2− 𝑥𝑝∗tan𝜃1)

(tan𝜃1− tan𝜃2)
                                                          (1)                            

 

𝑦𝑐 =
𝑥𝑣−𝑥𝑝−(𝑥𝑣∗cot𝜃2 − 𝑥𝑝∗cot𝜃1)

(cot𝜃1− cot𝜃2)
                                                             (2) 

 



95 

 

 

Figure 5-5  Collision Prediction Algorithm Modeling 

 

The time to reach to the collision point from the perspective of the pedestrian (TTCp) is 

different from the vehicle, TTCv. However, if the difference is less than a specific threshold (δ), 

the situation is considered potentially unsafe. TTCp and TTCv can be calculated by equations (3) 

and (4) where Vp and Vv are the speeds of the pedestrian and vehicle, respectively. 

 

𝑇𝑇𝐶𝑝 =
√(𝑥𝑝−𝑥𝑐)2+ (𝑦𝑝−𝑦𝑐)2 

𝑉𝑝
                                                             (3) 

𝑇𝑇𝐶𝑣 =
√(𝑥𝑣−𝑥𝑐)2+ (𝑦𝑣−𝑦𝑐)2 

𝑉𝑣
                                                              (4) 

𝑇𝑇𝐶𝑑 = |𝑇𝑇𝐶𝑝 − 𝑇𝑇𝐶𝑣| <  𝛿                                                        (5) 
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The value of the δ parameter depends on the driver reaction time, breaking time of the 

vehicle, pedestrian reaction time, and alert message transmission delay. The study of the impacts 

of these parameters is not in the scope of this project and values have been selected based on the 

literature (Hussein et al. 2016) where 6 second is assumed. This collision prediction algorithm can 

address the first and second dangerous scenarios in Figure 4-1. In order to address the third 

scenario, the trajectory of the vehicle needs to be estimated. A algorithm proposed by Jiménez et 

al. (Jiménez et al. 2013) considered linear motion for the vehicle. To develop a system that can 

perform well in all scenarios, a new prediction algorithm was developed based on Anaya et al. ( 

2014).  In their study a bicycle model was used to predict vehicle trajectories during turning 

maneuvers (Kong et al. 2015).  In the bicycle model, the left and right front wheels are represented 

by one single wheel at one point. Similarly the rear wheels are represented by one central rear 

wheel at one point (Rajamani 2011). Figure 5-6 shows the bicycle model and a conflict point based 

on a vehicle trajectory. RS, d, and (Xs,Ys) are the radius to the gravity center, distance between 

conflict point and the pedestrian, and the coordinate of Instantaneous Center of Rotation (Is) 

respectively. (𝑥𝑐,𝑦𝑐) is the conflict point of the pedestrian (Pc). 
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Figure 5-6 Bicycle Model to Calculate Conflict Point and TTC 

Equations (6)-(9) describe how to calculate the conflict point and TTC. Vv, w, 𝜺r, Vp, and L 

are vehicle velocity, yaw rate, the vehicle steering angle, pedestrian velocity, and the length of the 

vehicle respectively (SAE J2735).  (𝑥𝑝,𝑦𝑝) is the position of the pedestrian. 

 

              𝑅𝑠 =
𝑉𝑣

𝑤
     휀𝑟 =

𝐿

𝑅𝑠
            𝑋𝑠 = 0        𝑌𝑠 = 𝑅𝑠 × cos(

𝜀𝑟

2
)                  (6)                                    

                                            𝜃 = 𝑎 tan(
𝑌𝑝−𝑌𝑠

𝑅𝑠
,
𝑋𝑝−𝑋𝑠

𝑅𝑠
)               (7) 
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                                               𝑇𝑇𝐶 = 
𝜃−

𝜀𝑟
2

+
𝜋

2

𝑤
                                                                                 (8) 

                                𝑋𝑐 = 𝑅𝑠 × cos 𝜃 +
𝜀

2
−

𝜋

2
+ 𝑋𝑠    𝑌𝑐 = 𝑅𝑠 × sin 𝜃 +

𝜀

2
−

𝜋

2
+ 𝑌𝑠                   (9) 

Based on (𝑥𝑐,𝑦𝑐) the distance between the conflict point and the pedestrian (d) can be 

calculated by equation (10). If the pedestrian will reach conflict point before the vehicles arrives 

(i.e. 𝑑 < 𝑉𝑝 × 𝑇𝑇𝐶), the pedestrian is in the conflict area and the pedestrian and the driver should 

be alerted to a potential conflict. 

 

𝑑 = √(𝑥𝑝 − 𝑥𝑐)2 + (𝑦𝑝 − 𝑦𝑐)2                                           (10) 

The SWA application addresses all dangerous scenarios in Figure 4-1 by using two conflicts 

prediction algorithms which were presented above. The SWA application uses PSM information 

to monitor a phase that pedestrian has been requested. The Situational Awareness component on 

the RSU can create a warning message for the requested phase and start to alert vehicles that may 

share the same road path with the pedestrian based on the vehicle trajectory.  
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5.4 Summary 

Avoiding conflicts between pedestrians and vehicles is an important issue in intelligent traffic 

systems. Wireless communications and connected vehicle technologies can have a significant 

role in improving pedestrian safety and provide accessibility and mobility for disabled 

pedestrians. The SWA system utilizes V2I and P2I communications to create a V2P pathway to 

provide alerts to pedestrian and drivers to avoid possible conflicts. This chapter presented the 

Situational Awareness Component of the SWA application which is responsible for receiving 

pedestrian PSMs and vehicle BSMs to detect possible conflict between vehicles that may share 

the same road path with the pedestrian based on the vehicle trajectory. The Situational 

Awareness algorithm models vehicle trajectory based on two algorithms to address dangerous 

scenarios that involve more pedestrian accidents.  
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Chapter 6 Summary, Contributions, and Future Research 

This chapter provides summary of the development of a location-based system to support 

wayfinding and situational awareness for pedestrians, especially people with vision impairment, 

in a connected vehicle transportation network. Implementation guidance, benefits, and potential 

impacts of the system are discussed, along with system limitation and future research. 

6.1 Research Summary 

Pedestrian fatalities in traffic crashes are increasing rapidly. Pedestrians face various challenges 

traveling in a transportation network. This even gets more serious when they are visually impaired 

or disabled. People with vision impairment use white cane as their primary aid for wayfinding and 

obstacle detection. They usually use auditory and tactile feedback to make their decision at 

different levels of navigation and situational awareness. However, the lack of information 

regarding surrounding environment limits their transportation accessibility, mobility, and safety.  

The advance of connected vehicle technology, which is based on wireless communication 

between road users, provides an opportunity to develop location-based systems to provide safer 

transportation networks. The goal of this dissertation is to improve pedestrian safety, mobility, and 

accessibility for vulnerable road users. The location-based system, called Smart Walk Assistant, 

(SWA) was developed to improve mobility and safety for visually impaired people by removing 

information barriers. The SWA system was designed, developed, and tested under both a 

simulation environment and in a real world field test network to assist pedestrians in transportation 

network.  

Prior to the design of the SWA application, a comprehensive survey, interviews 

with Southern Arizona Association for the Visually Impaired (SAAVI), and literature were 
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conducted to better understand the challenges that people with vision impairment face and the 

types of information that are useful while crossing signalized intersections. Based on the findings 

from these sources, a smartphone-based pedestrian assistant was developed. The SWA system 

integrates GPS, an accelerometer, a digital compass, Wi-Fi, and a Text-To-Speech (TTS) interface 

on the smartphone with a connected vehicle technology component. This dissertation consists of 

the following components: 

6.1.1 Smartphone Application to Assist Pedestrian 

This component is responsible for assisting pedestrians at signalized intersection. The goal of this 

component is to provide communication between pedestrians and a traffic signal controller to help 

pedestrians access different services through their smartphones. The smartphone communicates to 

the Roadside Unit (RSU) using Wi-Fi. MAP data, that is the geometric information describing an 

intersection, is sent to the application over the Wi-Fi. The MAP is based on accurate GPS 

measurements obtained using survey grade RTK-GPS equipment. 

The SWA application uses the smartphone’s GPS and inertial sensors to estimate the 

location and heading of the pedestrian. Based on this location estimate, the application determines 

which crosswalk the pedestrian is facing. With the phone oriented towards the crosswalk, the 

pedestrian can press the Cross button on his/her phone and a pedestrian request is sent to the RSU 

and will be forwarded to the traffic signal controller. 

Applications on the RSU broadcast signal phase and timing (SpaT) messages that the SWA 

application can receive over Wi-Fi. The smartphone will display pedestrian signal information, 

visual, haptic, and auditory, based on the SPaT status associated with the identified crosswalk. The 

SWA application uses the standard pedestrian signal head graphics and a combination of auditory 

and haptic alerts.  During the “Don’t walk” interval, a standard “Don’t Walk” graphic is displayed, 
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and if the pedestrian presses the Cross button during the “Don’t Walk” interval, a message will 

warn him/her that the signal is red. During the “WALK” interval, a standard “WALK” graphic is 

displayed, and during the pedestrian clearance interval (Flashing “Don’t Walk”), a standard 

pedestrian graphic is displayed and an auditory countdown timer reinforces the information (e.g., 

10, 9, 8,).  

6.1.2 Situational Awareness Component 

The situational awareness component is responsible for receiving vehicle and pedestrian 

information messages to detect possible collisions. Vehicle information can be collected by 

connecting the Onboard Unite (OBU) interface and the GPS antenna. The RSU receives Basic 

Safety Messages (BSM) that are broadcasted by all connected vehicles within the radio range, at 

the rate of 10 times per second, through Dedicated Short Range Communication (DSRC). An 

application on the RSU, called vehicle trajectory awareness, receives the information. On the 

pedestrian application on the smartphone, the vulnerable road user Safety Message (PSM) is 

created. When pedestrian information is received by the situational awareness component, it 

unpacks and stores this information in a list of pedestrians. After receiving the information, it 

utilizes the collision prediction algorithm to detect any possible collision between pedestrians and 

vehicles, and if there is a possible collision, it provides an alert for drivers and pedestrians. 

6.1.3 Correction Algorithm to Improve Localization 

Developing a reliable situational awareness system for pedestrians is much more challenging than 

designing for vehicles because a vehicle’s movement is more predictable and it usually remains in 

the same lane on the road. Tracking pedestrian trajectories is much more challenging and can be 

effected by GPS positioning error. In order to study GPS position errors, field measurements were 

conducted to assess the accuracy of the smartphone position estimate. In order to provide better 
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location-based services for pedestrians, a position accuracy of at least the width of a crosswalk or 

sidewalk is needed. The Federal Highway Administration guidelines for sidewalk design specifies 

a width of 1.52 meters.  

The location correction algorithm component provides a correction algorithm to improve 

the pedestrian’s location estimation. The algorithm uses Map-Matching to project the pedestrian’s 

location to the nearest point on the MAP and an Extended Kalman Filter to correct the random 

measurement errors as the pedestrian moves along the MAP. Different test scenarios were utilized 

to validate the algorithm. 

6.2 Research Contributions 

This dissertation made several contributions to improve mobility, accessibility, and safety for 

pedestrians, especially the blind and visually impaired, by using a connected vehicle technology. 

The main contributions are as follows. 

1. This research studied the visually impaired community’s needs to understand the physical 

and information barriers faced at intersections.  

2. This research implemented a system architecture, called Smart Walk Assistant (SWA), to 

assist the visually impaired at intersections and to provide them traffic signal information. 

This system integrates connected vehicle technology, embedded sensing, and computing. 

The architecture can be applied in real-world field deployment.  

3. This research developed a position correction algorithm, using connected vehicle 

technology that achieved the required level of accuracy to assist pedestrians. 
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4. Using connected vehicle technology, the SWA system included a wireless-based 

situational awareness algorithm that can detect possible conflicts between pedestrians and 

vehicles and provide alerts to drivers and pedestrians. 

5. The SWA system was tested in a real-world arterial corridor (Arizona Connected Vehicle 

Test Bed).  

6.3 Future Research 

There are several researches  that can be conducted in the future based on the knowledge gained 

from this dissertation. These suggestions are as follows: 

1. Adding route information into the SWA application: SWA may acquire information about 

pedestrians’ routes. If a pedestrian wants to cross the intersection, according to the 

pedestrian’s distance from the intersection and his/her arrival time, a pedestrian request can 

be sent as soon as the pedestrian enters a Wi-Fi range. 

2. Pedestrian priority request: Similar to the priority-eligible vehicles in the connected 

vehicle environment, pedestrians can be considered for priority. This can be practical 

during winter in cold areas that unlike drivers, they are not protected by vehicle shell.  

3. Providing more time for eligible pedestrians: Disabled, visually impaired, or elder 

pedestrians may not finish crossing the crosswalk during walk interval and need more time. 

Providing more walking time for eligible pedestrians can increase their safety. 

4. Developing a better Human Machine Interface (HMI): Providing details for orientation 

compensation (e.g., inform users to turn by a specific angle and/or to the left/right 

direction). This can be useful to assist blind pedestrians in wayfinding and navigation. 
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5. In the near future, when users’ smartphones could be equipped with DSRC technology, the 

communication between pedestrians, vehicles, and infrastructure can be faster and more 

reliable. 
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Appendix A: Survey Questions 

 

Background 

In 2011, 4,432 pedestrians were killed (a 3-percent increase from the number reported in 2010) 

and an estimated 69,000 were injured in traffic crashes in the United States. On average, a 

pedestrian was killed every two hours and injured every eight minutes in traffic crashes. 

In traditional approaches to intersection control, traffic signal controllers are used to coordinate 

and assign non-conflicting control indications to vehicles and pedestrians. These traffic signal 

control indications operate under the assumption that all traffic rules are obeyed and the signal 

timing does not cause any confusion or sudden responses from drivers. There are also instances 

where careless pedestrians attempt to cross the street at a non-intersections increasing their risk. 

Even at well-marked but un-signalized mid-block crossings, this remains a problem. Currently, 

there is no way of dynamically warning pedestrians about approaching vehicles or dangerous 

crossing situations. However, with the advent of wireless technologies in vehicles and 

proliferation of smartphones, a networked intersection presents an opportunity to address this 

problem. Using infrastructure based Road Side Equipment (RSE), a traditional Traffic Signal 

Controller, and a Smartphone, this project aims to develop a commercially viable system that can 

alert pedestrians/bicyclists of dangers and increase driver awareness of the presence of 

pedestrians/bicyclists in real-time. 

 

Demographics 

1. How old are you? 

8-12 

13-20 

20-30 

31-50 

Older than 50 

2. What is your gender? 

Female 

Male 

3. What is the highest level of education you have completed? 

Grade or Middle School 

High School 
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College 

Graduate School 

Post Graduate/Professional 

Other 

 

Familiarity with Smartphones 

4. Do you use a Smartphone? 

Yes 

No 

5. What Smartphone operating system do you use? 

iOS (iPhone) 

Android 

Windows OS 

Blackberry OS 

Other (please specify)   

  

6. How often do you use your Smartphone while simultaneously walking? 

Often 

Sometimes 

Seldom 

Never 

7. Have you ever use any special apps related to transportation or traffic control? (If yes, 

write the name of apps) 

Yes 

No 

Name of Application(s)        
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Pedestrian Experiences 

8. How frequently (times per day) do you use a pedestrian cross walk? 

Times per day 

9. Do you always use the pedestrian push button at an intersection to request crossing? 

Yes 

No 

10. Have you ever had to wait more than one cycle to cross a street? 

Yes 

No 

11. Have you ever been caught in a cross walk when the cross traffic started moving? 

Yes 

No 

 

Pedestrians with Disabilities 

12. Are you a disabled pedestrian? 

Yes 

No 

13. Which of the following best describe your disability? 

Sight-impaired 

Mobility-impaired 

Hearing-Impaired 

Other (please specify) 

 

14. Do you use any aids to assist you in crossing the street as a pedestrian? 

Yes 

No 

Please specify 
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Smartphone Pedestrian Application 

The overall vision of this research effort that is titled “Smart Walk Assistant” is to make use of 

emerging and state-of-the-art technologies such as wireless communications, including 

3G/4G/LTE and DSRC, to find innovative and effective ways to minimize pedestrian and 

bicyclist injuries/fatalities. This can be achieved by means of effective and timely warnings to 

pedestrians through applications running on smartphones. The smartphone has been chosen to 

play the role of a safety device primarily due to ease of use and proliferation of the devices 

among the public. These devices have significant networking features as well as considerable 

processing power in a relatively small package. 

 

When a pedestrian approaches the intersection with the smartphone in hand, they should hold the 

smartphone in the orientation of the crosswalk. When the pedestrian is within range of the RSU 

at an intersection, the SmartCross application begins monitoring the pedestrian's approach to the 

intersection and if the pedestrian orientation matches with the orientation of the crosswalk, the 

application will show the current phase status for the particular crosswalk. The pedestrian can 

then request a pedestrian phase by pressing the ‘CROSS’ button on the smartphone screen. A 

pictorial illustration of the SmartCross application is shown below. 

The first picture is the WALK Phase – This screen appears when the pedestrian phase is active 

for the crosswalk matching the pedestrian orientation. The timer indicates the walk time 

remaining wherever this information is available. 

 

The second picture is the FLASHING DON’T WALK Phase – This screen is displayed when the 

pedestrian phase is active and in the flashing don’t walk interval for the crosswalk that the 

pedestrian intends to cross/is crossing. The timer displays the time remaining for the flashing 

don't walk interval whenever this information is available. 
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The third picture is the DO NOT WALK Phase – This screen is displayed when the pedestrian 

signal phase is not active (don’t walk). This screen is also displayed when the pedestrian has not 

started crossing and the pedestrian phase changes from WALK to FLASHING DON’T WALK. 

This is also displayed when the pedestrian signal head is in the WALK state but the system 

detects a fast moving vehicle in a conflicting path. 
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The following page shows an animation of the SmartCross app (Some web browsers have 

security enabled that may block the video) 

Comments for smart cross app 

15. Would you use a Smartphone application like the one is described above that allowed 

you to request pedestrian service and shows signal status? 

No 

Yes, sometimes 

Yes, frequently 

16. Please provide your comments about the application that is described above. 
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