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Executive Summary 

Red-light violations at trafc signals are a major contributor to crashes and fatalities. Right-angle type crashes 

typically account for most of the serious crashes at trafc signals. However, most right-angle type crashes are 

caused by red-light running. Many currently available vehicles include standard safety features like lane-departure 

warnings and brake assistance. With the emergence of connected vehicle technology, red-light running warnings 

could also be valuable as a standard feature to warn drivers if they are about to run a red light. An appropriately 

timed warning could encourage drivers to brake before they enter the intersection unsafely. Warnings could also 

be given in multiple forms: A “yellow” warning could alert drivers that they need to start slowing down, whereas 

a “red” warning might indicate that drivers should apply hard braking. Additionally, a “red” warning could be 

connected to the vehicle’s braking system to provide automatic hard barking at the last moment if the driver fails 

to do so. The purpose of this project is to develop a red-light running warning system (RLRWS) and demonstrate 

it on Scott County’s CSAH 18/CSAH 21/Southbridge Parkway intersection. The research team mainly completed 

the following tasks: 

Task 1: The project team purchased a Roadside Unit (RSU) and worked with MnDOT to install it 

on Scott County’s CSAH 18/CSAH 21/Southbridge Parkway intersection. This task required coordination and 

support from MnDOT to install a new RSU. 

Task 2: The project team developed the on-road connected vehicle testbed. That involved connecting one 

of the existing dedicated short-range communications (DSRC) receivers to a laptop and developing an application 

programming interface (API) so that messages received by the DSRC receiver triggered decoding by a program 

on the laptop, which could then activate the RLRWS if desired. This involved setting up a RSU at a specifed 

intersection so that Signal Phase and Timing (SPaT) information could be communicated with the DSRC receiver. 

The second part of this task involved connecting a GPS chip to provide positions and speeds to the API also. 

Finally, we connected a second GPS chip in a diferent vehicle to provide positions and speeds of the second vehicle 

over the internet or over DSRC to the laptop as well. At the end of this task, all of the information needed to run 

the RLRWS (SPaT, target vehicle position and speed, and the position and speed of the vehicle being followed) was 



available, and the operation of the program would be verifed on Scott County’s CSAH 18/CSAH 21/Southbridge 

Parkway intersection. The program would also record all data with time stamps for review. The RLRWS would 

later be implemented in that program in Task 6. 

Task 3: The project team modifed a microsimulation software to be a testbed for RLRWS. This involved 

modifying the control logic of a target vehicle so that it could be instructed to run red lights. The project team 

had prior experience working with Simulation of Urban MObility (SUMO) and it was used. We also constructed 

an API similar to the one in Task 2 where all necessary information for the RLRWS was made available to a single 

program. Within microsimulation, this could be implemented by adding an external, additional software call each 

time step that gathers the SPaT information and the positions/speeds of the relevant vehicles. This software call 

could occur as part of the target vehicle control logic modifcation. 

Task 4: The project team developed an RLRWS for an individual target vehicle, meaning that the available 

information was the SPaT data and the position/speed of the target vehicle. The RLRWS was based on the stopping 

sight distance kinematics, but had to be calibrated to provide appropriate warnings. We generated “yellow” and 

“red” warnings late enough so that they did not become nuisance alarms, yet early enough so that the driver had 

time to stop when using the full braking authority. The RLRWS system was implemented in microsimulation and 

validated by watching when the system activated. 

Task 5: The RLRWS system developed in Task 4 was modifed with the addition of position/speed 

information from vehicles in front of the target vehicle. Such information could become available through vehicle 

connectivity or from sensors on the target vehicle. We aimed to detect a diferent type of red-light running scenario 

in which the target vehicle followed a platoon through the intersection, but only the target vehicle would run a 

red light. By following the platoon, the red-light violation was more likely to occur, but could be mitigated by 

additional warnings. 

Task 6: In Task 4 and 5, we implemented RLRWS in microsimulation. Now we transfered the implemen-

tation to the connected vehicle on-road testbed developed in Task 2. Once the individual target vehicle RLRWS 

from Task 4 was fnished in microsimulation, we started implementing it in the on-road testbed. This also involved 

the creation of an appropriate audio/visual warning, which was chosen by reviewing the literature on driving sim-

ulations of RLRWSs. Because we were testing the RLRWS on Scott County’s CSAH 18/CSAH 21/Southbridge 

Parkway intersection, the warning should be sufcient to be noticed by a passenger operating the RLRWS but 

should not unduly distract the driver to ensure safe vehicle operations. 

Task 7: Using one vehicle or a pair of vehicles, each operated by two members of the project team, we 

drove through Scott County’s CSAH 18/CSAH 21/Southbridge Parkway intersection to demonstrate the RLRWS. 



One team member will drove while a second operated the RLRWS. For a reliable on-road demonstration without 

running red lights, we also modifed the software to display green-light “warnings”, which demonstrated the ability 

of the system to detect signal phasing. After we validated the signal phasing, we then drove through Scott County’s 

CSAH 18/CSAH 21/Southbridge Parkway intersection until we encountered scenarios where the RLRWS should 

activate. Since we followed all applicable road laws, we had to increase the sensitivity of the RLRWS to obtain 

consistent activation. We frst demonstrated the RLRWS using the position/speed information from the target 

vehicle alone, and then we performed additional demonstrations of the platooning version. 

Task 8: During earlier phases of the project, key benefts were selected to clearly defne the benefts the 

state of Minnesota will receive from the results and conclusions of this research. This task produced a fnal mem-

orandum that clarifes and documents the methodology used to calculate benefts, including any assumptions and 

steps required. In addition to quantitative calculations (when feasible), this task also included a qualitative discus-

sion of the estimated benefts. The memorandum also included key steps that agencies could take to implement 

the research. 

Key Findings 

A RLRWS was developed and demonstrated in real-time through on-road test drives. The results showed 

that the proposed algorithm could provide a reliable warning signal to the driver to prevent running the red light. 



Chapter 1 

Introduction 

Safety constitutes a paramount concern in the realm of transportation. Among the factors that contribute to severe 

accidents, running red lights stands out as a frequent reason. According to statistics from the Insurance Institute 

for Highway Safety (IIHS) [1], in the United States, 928 people were killed and an estimated 116,00 people were 

injured in accidents that involved red-light running in 2020. Clearly, the development of efective countermeasures 

targeting red-light running violations can signifcantly reduce the number of these accidents. 

Diferent methods have been attempted to reduce red-light running violations at signalized intersections. 

These include pavement markings to indicate upcoming trafc signals [2, 3] and the use of red-light cameras as a 

trafc enforcement tool [4, 5]. Red-light cameras are designed to capture images of vehicles that enter an intersection 

after the signal has turned red, resulting in penalties for the ofending drivers. Studies suggest that these cameras 

contribute to a 21.3% reduction in fatal collisions caused by red-light violations [6]. Despite these benefts, the 

deployment of automated enforcement cameras is not widespread, and their legal status varies by jurisdiction [7]. 

Additionally, the presence of red-light cameras can lead to unintended consequences, such as drivers braking 

suddenly to avoid fnes, and may increase the frequency of rear-end collisions [8]. Meanwhile, frequent stops during 

the yellow-light phase can disrupt trafc fow efciency at signalized intersections [9]. Similarly, using fashing 

green or yellow lights as a prelude to the red signal has been shown to reduce red-light violations [10, 11], but this 

approach also tends to increase the incidence of early stops. Countdown timers that display the time remaining 

before the light changes [12, 13] yield mixed results in curbing red-light violations, particularly because aggressive 

drivers may accelerate during the yellow phase [14]. These strategies are largely reactive, ofering limited guidance 

to drivers on how to avoid running a red light. Therefore, it is essential to develop more proactive and efective 

measures to enhance safety at intersections. 
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One solution is to develop a red-light running warning system (RLRWS), which alerts drivers proactively 

to the risk of running a red light. Previous work [15, 16, 17] uses a RLRWS based on the vehicle’s speed and 

remaining distance to the signalized intersection. However, the fast-changing trafc environment, such as the 

queue before the intersection, has a signifcant impact on the output of warning messages and should be considered 

in the algorithm. 

Previous work shows that it is possible to predict future trafc states by using information from other 

connected vehicles (CVs) along with the SPaT data from trafc signals. Therefore, based on the obtained predicted 

trafc states, it is possible to develop a RLRWS that proactively alerts drivers to the risk of running a red light. 

To achieve this, we propose a new structure that calculates the optimal warning signal based on predicted trafc 

states from the trafc-prediction framework and the driver-reaction model. A model predictive control (MPC) 

problem is then formulated to determine this optimal warning signal. To experimentally validate the proposed 

RLRWS, a on-road testbed involving both RSU and OBU is built for this project. Test vehicles equipped with 

the warning algorithm are used to demonstrate the framework’s performance through on-road test drives. The 

advantages of the proposed warning system are evaluated by assessing both the potential implementation costs, 

including hardware purchase and installation, and the economic benefts derived from a reduction in crashes related 

to red-light running violations. 

This report is organized as follows: in Chapter 2, we present the hardware purchase (OBU and RSU) and 

installation. In Chapter 3, the confguration of the on-road connected vehicle testbed is presented. Chapter 4 talks 

about the development of a microsimulation testbed that will be used for RLRWS development. The algorithm 

design of RLRWS for an individual target vehicle and vehicle in the car-following are shown in Chapter 5 and 

Chapter 6, respectively. Chapter 7 presents the implementation of the proposed warning algorithm in real-time. 

The on-road demonstration of the proposed algorithm is summarized in Chapter 8. Chapter 9 analyzes the potential 

benefts of implementing the warning system. Finally, Chapter 10 presents concluding remarks and potential future 

work. 
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Chapter 2 

Obtain RSU and Install it on Trafc 

Signal 

2.1 Introduction 

Safety is critical for on-road transportation. Among all factors that can result in serious accidents, red light 

running happens frequently and is often deadly. According to statistics from the Insurance Institute for Highway 

Safety (IIHS) [1], 928 people were killed in crashes that involved red light running in 2020. Additionally, an 

estimated 116,000 people were injured in accidents related to red light running. It’s obvious that developing 

efective countermeasures on red light running violations can signifcantly reduce the number of these accidents and 

improve road safety. One solution is to develop a red light running warning system (RLRWS), which can provide 

a warning signal to drivers about the possibility of running a red light in advance. 

To develop a reliable RLRWS, it’s necessary to predict the vehicle’s future longitudinal position. Recently, 

emerging connected vehicle (CV) technologies have presented a promising solution for performing short-term real-

time trafc prediction [18]. Equipped with dedicated short range communication (DSRC) or cellular vehicle-

to-everything (C-V2X) devices, CVs can obtain real-time trafc information such as Signal Phase and Timing 

(SPaT), as well as speed and location data from other CVs, via Vehicle-to-Infrastructure (V2I) and Vehicle-to-

Vehicle (V2V) communication, respectively. The obtained trafc information can be used to estimate the current 

trafc state ahead of the vehicle and predict future trafc trafc states. The vehicle’s future longitudinal position 

can then be computed based on the predicted trafc states. Therefore, it’s necessary to install communication 

devices to enable the V2I and V2V communication for this research project. Specifcally, the roadside unit (RSU) 
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and onboard unit (OBU) are required. Since the RSUs formerly on TH-55 are no longer active, the research team 

purchased new devices and worked with MnDOT to install them. 

2.2 Overview on RSU and OBU 

The RSU and OBU are two key components of the intelligent transportation systems. The RSU is installed at 

the intersection, while the OBU serves as the in-vehicle equipment. The RSU and OBU can broadcast or receive 

messages from other devices based on SAE J2735 standard [19]. Among the diferent types of messages, the 

following are most widely used for CVs: 

• Basic Safety Message (BSM): The BSM is used to make CVs exchange safety data regarding vehicles and 

updates at 10 Hz. The BSM contains vehicle’s position information (latitude and longitude coordinates, 

elevation, heading angle). When the device gets access to the vehicle’s Controller Area Network (CAN), 

vehicle’s throttle, brake, transmission state and steering angle are also be available in the BSM. 

• Map Data Message (MAP): The MAP message is used to convey road geographic information and updates 

at 1 Hz. Currently, its primary usage is to describe the signalled intersection’s geography. It contains the 

geographic locations of the intersection’s driving lanes, which describes the approach direction and connections 

of ingress to egress lanes. The group ID of the signal phase is also included. 

• Signal Phase and Timing Message (SPaT): the SPaT message is used to convey the status of the signalized 

intersection and updates at 10 Hz. Along with the MAP message, SPaT message can show the state of the 

current signal phasing and when the next expected phase will occur. 

The RSU broadcasts the signalized intersection’s SPaT and MAP messages, while the OBU broadcasts 

the vehicle’s BSM and receive messages transmitted from other CVs and intelligent infrastructures. 

Diferent wireless communication technologies can be used for CVs communication [20],including dedicated 

short-range communications (DSRC), cellular network, Bluetooth, Wi-Fi, and ZigBee. Among these candidates, 

the DSRC and cellular network are the two most commonly used technologies in CV applications. 

DSRC [21] was frst introduced in the United States in 1999 and uses the 5.9 GHz frequency band. The 

DSRC standard is based on IEEE 802.11p [22]. The communication range between connected devices is typically 

up to 1000 meters. 

Recently, cellular communication has also been used for CV technologies [23]. C-V2X is based on the 

3rd Generation Partnership Project (3GPP) standard, and currently, 3GPP standardised 4G LTE and 5G mobile 

cellular connectivity are used. C-V2X includes the following two modes: 
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• Device-to-network: in this mode, the device is connected to the conventional cellular network for vehicle-to-

network (V2N) applications such as cloud services. 

• Device-to-device: in this mode, the device can communicate with other V2V or V2I devices without the use of 

a network. Compared to the traditional DSRC, the C-V2X can exceed the range of communication between 

diferent connected devices by about 25%. 

In summary, C-V2X provides more reliable communication for intelligent transportation systems. The CVs 

can obtain information from other CVs and intelligent infrastructures through its device-to-device communication 

mode. When the device is connected to the conventional cellular network, CVs can exchange information through 

the cloud, which can beneft the whole on-road transportation systems. Therefore, the research team decided to 

purchase RSU and OBU using C-V2X standard. 

2.3 Signal controller used at the target intersection 

Based on the work plan, the RSU would be installed at the Scott County’s CSAH 18/CSAH 21/Southbridge 

Parkway intersection. Therefore, the purchased device must be compatible with the trafc signal controller and 

cabinet used at the intersection. 

The intersection uses the Cobalt trafc signal controller (see Fig. 2.1) from Econolite [24]. The device is 

based on National Transportation Communications for ITS (Intelligent Transportation Systems) Protocol (NTCIP), 

which is a family of standards used to achieve interoperability and interchangeability between computers and 

electronic trafc control equipment from diferent manufacturers. It can transfer the standardized SPaT information 

through the Ethernet port. Therefore, the purchased RSU must support the NTCIP interface and be able to receive 

the SPaT information through Ethernet communication. 

Additionally, the purchased RSU should also meet other requirements, such as being able to receive the 

power through the socket in the trafc signal cabinet. Since the RSU would work outside, it must be able to 

work under various extreme weather conditions such as high winds, heavy rain, snowstorm and thunderstorm. 

Specifcally, it should function well in the cold winter of Minnesota. The research team used all of the above 

criteria to select the candidate device. 

2.4 Characteristic of purchased RSU and OBU 

During the preparation for task 1, the project team conducted research on vendors of connected vehicle equipment 

and discussed the requirements for compatibility with the Cobalt trafc signal controller, hardware, and warranty 

support. The team fnally decided to purchase the RSU [25] (Fig. 2.2) and OBU [26] (Fig. 2.3) from Commsignia 
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Figure 2.1: The Cobalt trafc signal controller used at the Scott County’s CSAH 18/CSAH 21/Southbridge Parkway 
intersection. 

for the project. The RSU and OBU support the C-V2X communication. Specifcally, the RSU supports various 

trafc management center (TMC) interfaces ,which includes the NTCIP used by the Cobalt trafc signal controller. 

The standard power over Ethernet (PoE) works as the power supply, through which the SPaT information from 

the trafc signal controller can be transferred to the RSU. The device meets the requirement of NEMA4X - IP67 

and can work outdoors under extreme weather conditions. 
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Figure 2.2: RSU with antenna. 

Figure 2.3: OBU with antenna. 
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In addition to the basic requirements mentioned earlier, the RSU and OBU from Commsignia ofer several 

advantages. Both devices come with a powerful onboard Central Processing Unit (CPU) and run on the Linux 

operating system. This allows for the development of real-time applications used on the devices. For example, 

the device can transmit the received messages to the laptop in real-time, which will be used for the later on-road 

demonstration of the red light running warning system. The devices can be accessed via Ethernet cable or Wi-Fi 

network, and they ofer two interfaces: a graphical user interface (GUI, Fig. 2.4) and a command-line interface 

(CLI, Fig. 2.5). The Wi-Fi connection is particularly useful for the RSU, as it eliminates the need for a lift truck 

to physically connect the device to a computer for confguration changes. The manufacture also provides a V2X 

software development kit (SDK) in diferent programming languages (Python and C++), making it easy for the 

research team to integrate the received V2X messages with other scripts. Additionally, the manufacturer ofers 

an online technical support team that can provide timely assistance. Based on these factors, the research team 

decided to purchase the RSU and OBU from Commsignia. 

Figure 2.4: Access the device through GUI. 
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Figure 2.5: Access the device through CLI. 

2.5 RSU installation 

After receiving the RSU and doing some preparation on campus, the research team came to the intersection to 

install the purchased RSU with the help of Scott County. 

2.5.1 Install the RSU and connect it with the trafc signal controller 

To ensure optimal communication range, the area between the RSU and the road section should remain free of 

obstructions. Therefore, the RSU was mounted to the master arm of the trafc signal (Fig. 2.6). The installation 

process required a lift truck and was completed in approximately 1 hour. 
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Figure 2.6: Mount the RSU to the master arm of the trafc signal. 

The RSU is powered by the power over Ethernet (PoE), which means that the Ethernet cable will provide 

both power and data transmitted from the trafc signal controller. This required the Ethernet cable to be pulled 

from the cabinet to the master arm before the installation. A diagram of the connection between the RSU and 

trafc signal controller is shown in Fig. 2.7. Since the RSU was solely connected to the signal controller and did 

not have access to the IT fber network, its installation posed no IT security concerns. 

Figure 2.7: Diagram for the connection between the RSU and trafc signal controller. 

2.5.2 Confguration of the trafc signal controller 

The Econolite trafc signal controller supports two formats for transmitting SPaT messages to the RSU: ICD-2009 

format and SAE J2735 SPaT messages format via immediate forward. For this project, SAE J2735 SPaT messages 
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need to be transmitted to the RSU. However, the SPaT message was not enabled by default on the Cobalt trafc 

signal controller; the research team changed the confguration fle of the trafc signal controller to enable it. Since 

the Cobalt controller is a simple network management protocol (SNMP) enabled network device, the MIB browser 

was used for this purpose. The controller’s Ethernet’s IP address and UDP port number were required, which were 

accessed through the MM-1-2-1 (Fig. 2.8) and MM-1-2-5 (Fig. 2.9) commands on the controller. 

Figure 2.8: Cobalt’s Ethernet Setup Menu. 

Figure 2.9: Cobalt’s NTCIP Setup Menu. 

Given this IP address and UDP port number, we set the MIB Browser as shown in the Fig. 2.10. Both 

read community and write community felds were set to public. 
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Figure 2.10: MIB Browser Setup. 

Then according to the Cobalt controller manual provided by Econolit, we changed the value of object 

identifers (OID) .1.3.6.1.4.1.1206.3.5.2.9.44.1.1 from 0 to 6 (Fig. 2.11), which meant that the transmitting of SPaT 

messages was enabled. 

Figure 2.11: OID Field Setup. 

After this, we rebooted the Cobalt controller for this change to take efect. Finally, we went to the 

controller’s V2I/CONNECTED VEH page to set the destination IP address and port number (Fig. 2.12 ), which 

was accessed through the MM-1-2-7 command on the controller. The destination IP address was the IP address 

of the RSU. Since the Cobalt controller transmit the SPaT message via immediate forward, the port number was 

set to same as the RSU’s immediate forward message UDP port. For the Commsignia’s RSU, this port number is 

1516. 
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Figure 2.12: Controller V2I/CONNECTED VEH. 

2.5.3 Confguration of the RSU 

The frst step was to save the MAP message to the RSU, which described the target intersection’s geometric 

information and trafc signal information. The online tool [27] provided by the U.S. Department of Transportation 

(USDOT) was used to generate the MAP message. Firstly, a parent map was constructed, which included the 

intersection’s geometric information such as latitude, longitude and elevation, as well as a self-defned ID number 

(Fig. 2.13). 

Figure 2.13: Parent Map for the MAP Message. 

Then, a child map was built, which described the intersection’s detailed information. Specifcally, the 

13 



following items were included: 

• Approach: This describes the location information of the diferent directions of an intersection. There are two 

diferent kinds of approach: ingress approach and egress approach. Diferent approaches must be assigned 

diferent ID numbers. 

Figure 2.14: Child map with approach attributes. 

• Lane: This describes the detailed geometric information of driving lanes. Each driving lane should be assigned 

a diferent ID number. 

Figure 2.15: Child map with lane attributes. 

• Connection: This introduces the connection relationship between the ingress lanes and egress lanes. Each 

connection should be assigned the correct signal group ID information, which is based on the signal controller’s 

phase confguration (Fig. 2.17). 
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Figure 2.16: Child map with connection attributes. 

Figure 2.17: The signal controller’s phase confguration at the target intersection. 

Then, the generated MAP message was encoded into the UPER Hex format (Fig. 2.18) 
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Figure 2.18: MAP Message Encoder. 

To make the Commsignia RSU transmit the generated MAP message, this UPER Hex data was copied to 

the payload session of the message frame. This fle was saved in the following directory: /rwdata/etc/rsu msgs/. 

Notice that, for the Commsignia RSU, the maximum size for the MAP message is 1500 bytes. If the generated 

MAP message exceeds this limit, the confguration of the child map should be changed. 

Since the RSU and the trafc signal controller must be in the same sub-network as shown in Fig. 2.7, we 

changed the RSU Ethernet port IP address from 192.168.0.54 to 10.224.182.20 (Fig. 2.19). We added the correct 

port number (1516 for this project) to the RSU’s frewall confguration and set the listenPort of the trafc signal 

controller to this port number. This made the RSU listen to the SPaT message transmitted through this port 

number. 
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Figure 2.19: RSU Ethernet Port IP Address. 

2.6 RSU and OBU communication validation 

After the installation, we tried to validate the communication between the RSU and OBU. The OBU’s antenna 

was mounted to the roof of the vehicle by magnet (Fig. 2.20). The OBU was powered by the vehicle’s 12V DC 

power (Fig. 2.21) and was connected to the laptop through the Ethernet cable. 

Figure 2.20: OBU’s antenna. 
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Figure 2.21: OBU with 12V DC Power. 

To record the received message to the OBU, the following json fle was saved under the OBU’s directory 

/rwdata/v2x confgs/data logger ftw: 

Figure 2.22: Json fle for recording received message. 

This allowed the OBU to save the received data in pcap format in the same folder. Then, Wireshark was 

used to open the saved data, and an online tool [28] was used to decoded the messages: 

18 



Figure 2.23: Received BSM message. 

Figure 2.24: Received SPaT message. 
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Figure 2.25: Received MAP message. 

2.7 Summary 

In this work, the research team purchased the required RSU and OBU for the red light running warning project. 

The RSU has been successfully installed at the target intersection and could receive the SPaT information from the 

trafc signal controller. The OBU was capable of receiving BSM, SPaT, and MAP messages, and these received 

messages could be interpreted using an online tool to extract the information for the future research project. 
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3.1 Introduction 

To develop the red light running warning system (RLRWS), the algorithm should be able to predict the vehicle’s 

future trajectory. Since the vehicle trajectory depends on trafc condition of the road section, information from 

the trafc signal and other surrounding vehicles is required. For connected vehicles (CVs), the dedicated short 

range communication (DSRC) or cellular vehicle-to-everything (C-V2X) is used to obtain the real-time trafc 

information such as Signal Phase and Timing (SPaT), as well as speed and location data from other CVs, via 

Vehicle-to-Infrastructure (V2I) and Vehicle-to-Vehicle (V2V) communication, respectively. 

The research team has purchased the roadside unit (RSU) and onboard unit (OBU) for Task 1 of the 

project. With the help of MnDOT, the RSU has been successfully installed at the intersection of Scott County’s 

CSAH 18/CSAH 21/Southbridge Parkway. To validate the performance of the purchased RSU and OBU, the 

research team collected real-world trafc data in diverse trafc scenarios using these devices and analyzed the 

collected data. The data included CVs’ trajectories, signal phase and timing (SPaT) and MAP messages. 

Two diferent modes of data collection were employed: in the frst mode, the OBU stored the CVs 

messages, which were then copied to the laptop for further analysis; in the second mode, the OBU broadcast the 

CVs messages to the laptop in real-time using the user data protocol (UDP), and the self-developed Python scripts 

were used to receive and interpret these messages in real-time. 

Additionally, to gather information from other CVs, the OBUs from the previous project were also installed 

on two other test vehicles. The data were stored in the OBUs and copied to the laptop for further usage. 

All the developed applications and scripts would be used for task 6: implementing RLRWS with au-

dio/visual warning for the on-road testbed. Further details about Task 2 will be discussed in the following sections. 

3.2 In-Vehicle Equipment 

3.2.1 Overview 

Two major in-vehicle equipment were used in this project: the OBU and the laptop. The OBU could receive 

diferent types of CV messages from various sources: 

• From surrounding RSUs: This includes the SPaT messages and the MAP messages, which show the intersec-

tion’s trafc signal status and geometric information. 

• From other surrounding CVs: This includes the basic safety messages (BSM) from other CVs, which provide 

trafc information about other CVs. 
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Meanwhile, the OBU would also broadcast the BSM of the instrumented vehicles to RSUs and other surrounding 

CVs. However, since the OBUs from the previous project were based on the DSRC standard and didn’t support 

C-V2X, they could not communicate with the newly purchased Commsignia OBU and RSU. They could only store 

the BSM message of the instrumented vehicles. The collected data from these older version OBUs were used solely 

for ofine RLRWS algorithm validation. The main components of the OBU are shown in Fig. 3.1. The antenna is 

used to receive messages from other intelligent transportation devices (e.g. other OBU and RSU) as well as GPS 

signals. The power cable is used to supply power to the OBU using the vehicle’s standard 12V DC power supply. 

The OBU processor is equipped with a powerful central processing unit (CPU) and runs the Linux operating 

system. It can process the received signals in real-time, store data and run user-developed scripts. 

During the test drive, a laptop was connected to the OBU through an Ethernet cable. It served as 

the human machine interface (HMI), monitoring the status of the connected OBU, receiving and interpreting the 

transmitted messages. In future tasks, this laptop would also run the developed RLRWS algorithm based on the 

received information. 

3.2.2 In-Vehicle Connection 

During the on-road test, the OBU was powered by the vehicle’s 12V DC power supply (green circle in Fig. 3.2). 

This power cable was provided by the manufacturer. To receive Global Positioning System (GPS) information 

and CV messages from other intelligent transportation systems, the antenna was placed on the test vehicle’s roof 

(red circle in Fig. 3.2). The OBU processor (blue circle in Fig. 3.2) was connected to the laptop (purple circle in 

Fig. 3.2) using an Ethernet cable. 

3.3 Data Collection 

In June 2023, the research team went to the Scott County’s CSAH 18/CSAH 21/Southbridge Parkway intersection 

multiple times to test the performance of the newly installed RSU and OBU. The team collected several groups of 

trafc data under diferent scenarios and performed analysis. 

As shown in Fig. 3.3, three test vehicles equipped with OBUs were driven by research team members 

to collect data at the intersection. The blue vehicle was equipped with the newly purchased Commsignia OBU, 

which could receive both instrumented vehicle’s BSM, SPaT and MAP messages from the RSU. The other two 

test vehicles were equipped with older version OBUs, which could not communicate with the newly purchased 

Commsignia OBU. They would be used to collect the instrumented vehicles’ data purely. 

To collect trafc data in diferent trafc scenarios, the project team visited the intersection during varying 

demand periods, such as peak and of-peak hours. Fig. 3.4 shows the trafc fow during two diferent time windows. 
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Figure 3.1: Main components of the OBU are shown in the fgure. 
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Figure 3.2: OBU installation for the test vehicle. 

Figure 3.3: Test vehicles equipped with the OBU. 
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The green trafc fow line indicates normal trafc, the yellow trafc line shows medium trafc, and the red line 

indicates heavy trafc. As shown in Fig. 3.4, the intersection experienced normal trafc fow around 11:30 on 

weekdays and heavy trafc fow around 16:30 on weekdays. Therefore, the driving tests were conducted during 

both non-peak and peak times, resulting in data collection under diferent trafc conditions. 

(a) Trafc demand at of-peak time (11:30 on week-
days) 

(b) Trafc demand at peak time (16:30 on weekdays) 

Figure 3.4: Trafc demand at the intersection. 

To further capture typical driving patterns observed in the real-world, the project team defned more 

detailed driver behaviours during the test drives. Three diferent driving behaviours shown in Fig. 3.5 were imple-

mented as the test vehicles approached the intersection: (a) car-following, (b) cut-in, (c) cut-out. The collected 

data were stored and would be used for analysis. 

3.4 Ofine Data Collection 

In the frst step of data collection, the collected data was stored in the OBUs, and the fles were copied to the laptop 

for further analysis. For the newly purchased Commsignia OBU, a confguration fle in JSON format was required 

to enable storing the collected data. Fig. 3.6 shows an example of the confguration fle. The “true” variable in the 

line 2 is a default setting. The variables after the ‘direction’ attribute indicate whether the OBU’s received message 

(with the “In” option) or transmitted message (with the “Out” option) would be stored. Similarly, the variable in 

the line 6 is a default setting. The “Raw” option after the ‘format’ attribute shows that the raw messages would 

be stored. The attributes ‘fleName’, ‘maxAge’ and ‘maxSize’ show the fle’s position, maximum time duration for 

data collection, and maximum fle size, respectively. The last two attributes between the line 19 and line 22 were 

two variables based on the OBU’s confguration version. 

For the older version OBUs, no such confguration fles were required. Following commands were used to 

start or stop recording collected data: 
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Figure 3.5: Diferent driver behaviours. 
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Figure 3.6: Confguration fle in JSON format for data storage of Commsignia OBU. 

• Start recording data: /etc/init.d/tcpdump start 

• Stop recording data: /etc/init.d/tcpdump stop 

The collected data would be stored in the folder /nojournal/pcaplogs. 

Both OBUs use the packet capture (PCAP) format to save the collected data. After copying the fles 

to the laptop, these fles could be viewed using Wireshark. The online tool [28] could be used to decode the raw 

messages. Additionally, to interpret messages quickly, an open-source packet analyzer plugin tool [29], based on the 

SAE J2735 standard [19], was also employed. This tool automatically interpreted the CVs messages. An example 

of this tool is shown in Fig. 3.7. 

3.5 Real-Time Data Collection 

The newly purchased Commsignia OBU also has the capability to broadcast the received messages to the laptop in 

real-time. Fig. 3.8 illustrates an example of the confguration fle to enable this real-time communication. The real-

time communication is based on the User Datagram Protocol (UDP). Unlike the confguration fle in the previous 

section, the destination IP address (line 14) and destination port number (line 15) are required. 
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Figure 3.7: CVs messages interpretation in Wireshark. 

Figure 3.8: Confguration fle in JSON format for real-time data transmission of Commsignia OBU. 
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To receive and interpret the real-time messages on the laptop, a user-developed Python scripts shown in 

Fig. 3.9 was utilized. The socket package was employed to receive the UDP-based data stream. The python package 

“pycmssdk” developed by Commsignia [30] was used to interpret the messages in real-time. In this example, the 

interpreted messages were displayed in the terminal. These messages would also be available for the upcoming 

demonstration of the RLWRS algorithm. 
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Figure 3.9: Python scripts to receive the real-time UDP-based data stream. 
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3.6 Data Analysis 

The received CVs messages were used for analysis to demonstrate the performance of the newly confgured RLRWS 

testbed. Python scripts were written to perform this analysis. 

3.6.1 SPaT 

The SPaT message is employed to show the current status of a signalized intersection. The main information used 

in this project is the present state of the intersection and the estimated time range for its completion. Along with 

the MAP message, which describes the intersection’s geometric layout, the instrumented vehicle can determine the 

state of the signal phasing and predict when the next signal status will occur. The SPaT messages are broadcast 

by the RSU every 0.1 seconds. The raw SPaT messages are in hexadecimal format, and the Python scripts decodes 

these raw messages into the SAE J2735 format. Fig. 3.10 shows an example of the interpreted SPaT messages. 

From the interpreted messages, the ID of the intersection, signal phase, and timing for next signal phase 

are displayed. In Fig. 3.10, the data element ‘id:0’ represents the intersection ID, which was manually assigned in 

the installed RSU. This ID was used to distinguish the received SPaT messages when multiple RSUs were within 

the communication range. Next, the data element ‘moy:218184’ indicates the minute of the year, representing 

151 days 12 hours and 24 minutes, equivalent to 12:24 PM on June 1st. The data element ‘timeStamp: 53508’ 

corresponds to 53.508 seconds. These two data elements show that this message was generated at 12:24:54 PM on 

June 1st, 2023. 

The elements in ‘states’ show the signal status and timing of diferent signal phases. The data element 

‘signalGroup’ signifes the signal phase number. Currently, the frst 8 phases are used at the Scott County’s CSAH 

18/CSAH 21/Southbridge Parkway intersection. The data element ‘eventState’ displays the status of the signal. 

According to the SAE J2735 standard, the following states are included: 

• Green Status: permissive-Movement-Allowed, pre-Movement, protected-Movement-Allowed 

• Yellow Status: permissive-clearance, protected-clearance, caution-Conficting-Trafc 

• Red Status: stop-And-Remain, stop-Then-Proceed 

• Error Status: dark, unavailable 
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Figure 3.10: An example of interpreted SPaT message. 

Therefore, we determined that the current signal status for signal group 1 was red. The data elements ‘minEndTime’ 

and ‘maxEndTime’ indicate the potential time range for the next signal status change and are in units of 1/10th of 

a second. Since the trafc signal controller at the intersection utilizes actuated signal control technology [31], these 

two data elements have diferent values. For instance, for signal group 1, ‘minEndTime: 15073’ represents 1507.3 

seconds (equivalent to 25 minutes 7 seconds). This implies that the earliest possible time for signal group 1 to 

change to the next signal status would be at 12:25:7 PM on June 1st, 2023. The data element ‘maxEndTime:36000’ 

corresponds to 3600 seconds (equivalent to 60 minutes). This solely indicates the maximum time range for the next 

signal status change. 
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3.6.2 MAP 

The MAP message is utilized to provide geometric information about the intersection, including the lane’s layout, 

The RSU broadcasts the MAP messages every 1 second. Similar to the raw SPaT messages, the raw MAP messages 

are also in hexadecimal format. An example of an interpreted MAP message is presented in Fig. 3.11. 

Figure 3.11: An example of interpreted MAP message. 

The following key data elements are crucial for CV applications. The data element ‘id:0’ represents 

the intersection ID, which is used to match the appropriate SPaT message. The ‘refPoint’ contains the latitude, 

longitude and elevation of a reference point, which will be used to compute the ofset of subsequent data points. 

The data element ‘laneWidth’ denotes the driving lane’s width, measured in centimeters. The data element ‘laneID’ 

indicates the assigned index for the driving lane. The data element ‘ingressApproach’ signifes that the lane is an 

ingress lane. The data element ‘nodeList’ is used to describe a list of positions for the lane’s nodes. Each node has 

an X and Y ofset from the previous node point. As per the defnition, the X-axis extends from west to east and 

the Y axis extends from south to north. The units are in centimeters. The lane’s node list consists of a sequence of 

points that describe the lane’s centerline. Finally, the connection between two lanes and signal phase information 

are displayed in the data element ‘connectTo’. 

3.6.3 BSM 

The BSM message is used to exchange safety data concerning the vehicle’s state, including position and speed 

information. This data will be used in this project. The OBU broadcasts the BSM messages every 0.1 seconds. 

The raw BSM messages are also in hexadecimal format. An example of an interpreted BSM message is shown in 

Fig. 3.12. 
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Figure 3.12: An example of interpreted BSM message. 

The data elements ‘msgCnt’ and ‘id’ represent the message ID information. The ‘secMark‘ denotes the 

milliseconds within a minute, indicating the time at which the message was generated. The data elements ‘lat’, 

‘long’ and ‘elev’ show the vehicle’s latitude, longitude and elevation based on GPS signal, respectively. The elevation 

is measured in units of 0.1 meters. The data element ‘speed’ indicates the vehicle’s speed, measured in units of 

0.02 m/s. 

3.6.4 Communication Reliability 

The performance and reliability of the installed RSU were evaluated through driving tests. Since driving towards 

the intersection from the north towards the intersection required accessing the highway, the project team conducted 

driving tests from other directions. The research team initially examined the maximum and efective range of RSU-

transmitted message reception. Theoretically, the communication range of intelligent transportation systems can 

reach up to 1000m. However, the actual range of communication depends on factors such as the geographic location 

of trafc signals and roadway, obstructions from stationary objects (e.g. building), moving objects (e.g. vehicles), 

the position of the OBU antenna, and weather conditions [32]. The collected data revealed that the communication 

range varied for diferent driving directions. The red points in Fig. 3.13 represent the positions where the OBU 

successfully received the SPaT and MAP messages from the RSU. When the test vehicles approached the intersection 

on County Road 21 from the south, they could receive the SPaT information at a range of approximately 500m 

ahead of the intersection. 
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Figure 3.13: Communication reliability of the installed RSU. 

3.6.5 Test Vehicles Trajectory and SPaT 

Fig. 3.14 shows the vehicle trajectories of test vehicles along with the signal phase and timing at the intersection 

when the vehicles were traveling on the County Road 21 in the northbound direction. The blue, orange, and purple 

lines represent the vehicle trajectories of three test vehicles. The middle line indicates the trafc signal status at 

the intersection. It is evident that all test vehicles came to a stop at the intersection when the light was red and 

proceeded through the intersection once the light changed to green. 
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Figure 3.14: Test vehicles trajectories and SPaT information. 

3.7 Summary 

In this study, real-world trafc data was obtained under diferent trafc conditions using OBUs and RSU. The 

trafc data comprised information from the test vehicles as well as the signal phase and timing at the intersection. 

The research team developed algorithms to read and analysed data, which would be utilized for the development 

of RLRWS. The results show that the newly installed OBUs and RSU function properly. The RSU successfully 

received accurate SPaT information from the trafc signal controller, while the OBU received the SPaT messages 

broadcasted by the RSU. Furthermore, the real-time communication between the OBU and laptop was also validated 

during this task, serving as preparation for the RLRWS demonstration. 
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4.1 Introduction 

Connectivity brought a novel opportunity into trafc engineering. Connected vehicles are able to transfer data 

between each other and even to the signal. The current task will use the connection between a target vehicle and 

signalized intersection. The main goal of this task is not how to fnd and recognize RLRWS (Red Light Running 

Warning System); this process will be developed in further tasks. However, it is required to generate a testbed and 

demonstrate this phenomena. The testbed for RLRWS (Red Light Running Warning System) has been created 

by modifying through a microsimulation. Specifcally, the control logic of a target vehicle has been adjusted to 

enable it to run red lights. Given the project team’s familiarity with VISSIM, Aimsun, and SUMO (Simulation of 

Urban Mobility), one of these softwares is used, although the choice is not critical for testing the RLRWS as the 

goal is to implement the illegal behavior of running red lights. Additionally, an API similar to the one developed 

in Task 2 will be constructed to provide all the necessary information for the RLRWS to a single program. Within 

microsimulation, this will involve adding an external software call at each time step that collects SPaT information 

and the positions/speeds of relevant vehicles. This call will be incorporated as part of the target vehicle control 

logic modifcation. 

Generally, the objective of Task 3 is to adjust the control logic of a target vehicle to enable it to run 

red lights, with a focus on analyzing both normal driver behavior and red light runner behavior. By default, 

simulation platforms are equipped with strict safety protocols to ensure that vehicles abide by driving rules and 

prevent accidents. As a result, these platforms do not allow vehicles to violate trafc rules, including running red 

lights. However, it is possible to modify the simulation’s default settings to allow for the demonstration of red light 

running by programming the simulation to adjust its safety protocols when detecting certain behaviors exhibited 

by red light runners. While drivers typically stop at red signals and wait for them to turn green, some drivers 

disregard red signals and proceed through intersections. Task 3 aims to address both types of behavior, with an 

emphasis on capturing the behavior of red light runners. 

The project team aims to develop techniques to demonstrate red light running at the intersection under 

consideration. The frst step involves selecting a vehicle that will be programmed to run the red light (demonstrate 

RLR), and the team will ensure that the simulation process can accurately represent this. These methods must 

be compatible with the simulation process and feasible to implement. Once the team has developed a set of viable 

methods, the best option is selected for implementation on the microsimulation platform. 

Assuming that the algorithm for detecting and monitoring vehicles has been fnalized from other tasks, 

the simulation system will generate responses based on the inputs it receives. These responses may prompt the 

system to provide specifc instructions to the vehicle, such as ”keep going,” ”be careful,” or ”apply emergency 

brakes.” If the response calls for a warning or emergency brake, the simulator will take control of the vehicle and 
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initiate a potential stop before passing through the intersection. 

4.2 Platform for microsimulation 

The project team has selected SUMO for microsimulation in this project. SUMO (Simulation of Urban Mobility) 

is an open-source trafc simulation software developed by the German Aerospace Center (DLR). It is designed to 

simulate real-world trafc scenarios and the project team has prior experience of working with it. 

SUMO is capable of simulating a range of transport modes, including cars, buses, bicycles, and pedestrians, 

and can model complex interactions between these modes. It can use advanced trafc fow models to simulate the 

behavior of vehicles and other road users, such as their acceleration, deceleration, and lane-changing behavior, and 

can simulate a range of trafc control systems, including trafc lights and roundabouts. It is possible to monitor a 

certain vehicle and change values for its states such as speed. 

There are several advantages for using SUMO for trafc simulation. SUMO is open source, performs com-

prehensive simulation, has realistic behavior, integrates with other tools, is user-friendly and the most signifcant, 

it is controllable and programmable. Users can implement what they mean by this feature. 

The SUMO simulation provides the ability to model a variety of networks and trafc scenarios, including 

trafc demand, signal properties, and lane and route details. For the purposes of this study, the project team will 

be modeling a network with moderate trafc volume and a typical signal phasing at the intersection. This will 

allow for the evaluation of the network’s performance under realistic conditions. 

4.3 Intersection Modeling 

According to the project work plan, the target location is Scott County’s CSAH 18/CSAH 21/Southbridge Parkway 

intersection. Figure 4.1 shows a map view from the area. The current study is going to be demonstrated for 

northbound CSAH 21. Thus, red light running and warnings are modeled for this direction (however it is simply 

possible to enable the method for any given direction and route). 

The simulator platform allows users to manually draw the road or network and determine properties. 

Also, it is possible to use available map tools to load any given network. For this study, project intersection is 

loaded using OpenStreetMap. Figure 4.2 shows how mentioned location is fnally modeled as a network scenario. 

Each direction is increased to fve lanes just before the intersection. Two lanes are assigned for the left turn, one 

lane is for the right turn, and two lanes in middle are determined to go straight. This structure is similar to what is 

actually available in the feld. Comparing map view in Figure 4.1 with modeled intersection in Figure 4.2 represents 

that coordinations are similar to available maps and documents. Even horizental allignments such as curves are 
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Figure 4.1: project intersection map view, target routes are highlighted 

modeled accurately as much as possible. 

Notwithstanding the appropriate functioning of the web wizard, errors may occur in certain aspects such 

as the number of lanes, signal phases, speed limit, etc. To ensure accuracy, the web wizard’s output is checked 

using Google Maps and Google Street View. 

After loading and drawing the network, the next thing is to input trafc demand. This is basically how 

many vehicles are passing through the intersection from diferent directions. To keep assumptions realistic, the 

model is loaded with moderate trafc. To make it more obvious when someone runs a red light, scenarios include 

a single car that runs the red light. 

4.4 Methods 

The primary objective of this study is to observe and monitor the behavior of drivers who run red lights, in order to 

develop a suitable model for this phenomenon. To achieve this, it is imperative to comprehend the characteristics 

of this behavior and to have the ability to accurately identify it. It is evident that drivers who run red lights 

disregard trafc laws and fail to stop at intersections when required to do so, unlike normal drivers. 

The proposed methodology involves frst gaining an understanding of this behavior and subsequently 

devising a pattern to follow it when red light running is detected. Since red light running is not defned as an 

activity in SUMO, it is only possible to capture this behavior through a dedicated methodology and programming 

a simulation that can accurately represent it. The project team came up with some methods that are capable to 
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Figure 4.2: Capture of what modeled in SUMO software as the project intersection 

program in microsimulation. In this section, three various methods are developed to frst follow a red light running 

and then demonstrate it in SUMO. How realistic they are in addition to their Side efects is evaluated in separate 

sections. 

The primary challenge lies in the fact that standard vehicles in SUMO adhere to trafc rules, such as 

coming to a stop at red lights. Therefore, the proposed approaches will focus on either modifying the vehicle type 

or altering network properties to facilitate the demonstration of red light running. Subsequently, this vehicle can 

be controlled through a displayed warning. 

The trafc demand for a given scenario can be defned by the user, who has the ability to specify various 

types of vehicles that will be present. Each vehicle in the simulation must belong to a specifc type, such as ”bus” 

or ”car”. If the user modifes certain characteristics for a specifc vehicle type, those changes will only afect vehicles 

in that type. Other vehicles within the scenario will remain unchanged. 

Using the SUMO platform provides users with the ability to monitor and update vehicle characteristics 

in real-time. For instance, the speed of a particular vehicle can be set for each time step during the simulation. 

Most methods for demonstrating red light running and controlling the vehicle will adhere to these criteria. For 

each method, pros and cons is mentioned separately. 
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Figure 4.3: How Emergency Vehicle responds to a red light when its blue device is activated 

4.4.1 Emergency Vehicle 

Emergency vehicles are granted priority on the road and are permitted to run red lights if necessary. Emergency 

vehicles are like ambulances and police vehicles. Given their unique privileges, it may be possible to leverage the 

behavior of emergency vehicles to model red light running in a simulation and see a red light runner acting like an 

emergency vehicle. 

Various types of vehicles can be assigned in trafc simulations, including the ”Emergency Vehicle” type, 

which is defned in the SUMO software. However, the privileges associated with an emergency vehicle will not be 

activated unless the user explicitly activates the ”Blue Light Device” class. The blue light indicates that the vehicle 

is operating with special rights, such as the use of a siren and blue fashing lights [33]. To model a red light runner 

vehicle in SUMO, it may be possible to assign it the ”Emergency Vehicle” type and activate the blue light device 

when it approaches an intersection. This will allow the vehicle to ignore red trafc signals. 

While red light runners and emergency vehicles may exhibit similar behaviors, there are several side 

efects associated with converting a regular vehicle to an emergency vehicle. For instance, emergency vehicles are 

authorized to drive through the opposite direction of trafc or make turns from the wrong lanes. Additionally, 

emergency vehicles can afect the behavior of other vehicles on the road, such as causing them to move to the side 

of each lane or stop doing lane changing. These efects are not refective of red light running behavior and may 

negatively impact the simulation of the overall trafc stream. [33] 
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Given these considerations, the project team has decided to reject the emergency vehicle approach as the 

primary method to model red light running. While the approach is relatively quick and easy to implement, it is 

not well-suited for accurately refecting red light running behavior in the simulation. Instead, the team will explore 

alternative methods that more closely align with the actual behavior of red light runners on the road. 

4.4.2 Safety Properties 

Drivers have a set of safety considerations in mind when approaching an intersection, such as which direction they 

need to turn and what actions they need to take to make a safe maneuver. They adjust their speed accordingly 

and stop when necessary to avoid a potential collision. However, a driver who runs a red light may exhibit looser 

safety considerations and take the risk of going through the intersection even if it could result in a collision. This 

method aims to model this type of behavior by modifying safety consideration. 

The literature review indicates that most red light violations occur within the frst few seconds after 

the light changes from yellow to red. A study reveals that more than 95% of red light violations happen in frst 

2 seconds of switching [34]. To model this type of behavior, SUMO ofers three safety models: car following, 

lane-changing, and junction. The junction model is particularly signifcant for intersections and has parameters 

that afect safety-related junction behavior, such as red light violation after switching yellow to red. The target 

parameter in this method is the time after the light changes from yellow to red when a vehicle can still run the red 

light. 

The simulation adds the capability of violating the red light a few seconds after the light switches to red 

if the algorithm recognizes a particular vehicle. The user can set the value for how many seconds after the light 

switches to red a vehicle can run the red light. For example, a value of 0 means that drivers can only run the 

red light during the yellow phase, while a value of 3 means that a red light runner can be seen to run up to three 

seconds after the light switches to red. 

However, this method has a major side efect. All modifcations are executed at the intersection, and safety 

properties are generally related to the network rather than the trafc. Therefore, it is not possible to set a specifc 

junction property for a particular vehicle. Instead, the project team made it possible to demonstrate red light 

running behavior for any given vehicle by constantly monitoring the intersection. When a vehicle is recognized as 

violating the red light, the junction property for the intersection is modifed to allow the capture of that particular 

red light runner. During this time, the intersection is modifed for all approaching vehicles, not just the ofending 

vehicle. It is challenging to simulate the whole trafc stream accurately during this period considering edited safety 

properties. 
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


4.4.3 Speed Mode 

In order to demonstrate red light running, it is crucial to consider the behavior of a single vehicle. As previously 

mentioned in the report, drivers constantly adjust their speed to ensure safe driving given the surrounding condi-

tions. SUMO software provides various parameters for vehicles’ speed mode, including safe speed, minimum and 

maximum acceleration, right of way at intersection, and the ability to brake hard to avoid running a red light. To 

simulate red light running, users can modify these parameters [35]. Disabling some of these parameters including 

safe speed, maximum and minimum acceleration, allows a vehicle to run a red light. If a vehicle runs a red light, 

it ignores its safe speed while passing through the intersection. 

 0 if red light runner 
Vi(t) = c > 0 if normal vehicle 

(4.1) 

where Vi(t) is speed of vehicle i in time step t. If a red light violation is appearing, speed at the location of 

intersection has value of c which is non-zero (it could be chosen depending on the free fow speed and what drivers 

usually follow in green phase). Figure 4.4 depicts demonstrating a red light running modeled by modifed speed 

mode, while other vehicles stopped behalf of safe speed equal to zero. 

Technically, the model is implemented and defned in following steps: 

1. First Add another modifed speed mode for the case of allowing red light violation 

2. Second Every vehicle approaching to the intersection if is in determined range 

3. Third Recognize the target vehicle which is trying to run the red light 

4. Forth If it is a red light runner, chose the modifed speed mode, otherwise use the default speed mode 

5. Fifth Check that red light runner will violate the red light according to determined safe speed 

It is important to note that the red light runner still follows the car-following model properties, ensuring 

that there are no concerns with this method. Due to declared reasons, speed mode modifcation method is selected 

as the main method to demonstrate red light running in this study. Also speed mode is applied for control strategy 

when warning issued. 
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Figure 4.4: Red colored vehicle is recognized as red light running modeled with modifed speed mode method 

4.5 Warning and Control 

Connected technology developed by SPaT leads the control strategy. The connectivity established between the 

trafc signal and the vehicle enables the proposed method to frequently monitor and update the algorithm. The 

installed devices provide real-time information about the location and speed of each vehicle, which is then fed into 

the algorithm to detect potential red light violations. When the algorithm is certain that a red light violation is 

occurring, a warning is issued to the particular vehicle. With access to the vehicle’s speed and location data, the 

goal is to ensure a safe stop before entering the intersection by computing the required deceleration rate. This 

can be viewed as a kinematic problem, where the deceleration rate is determined based on the current speed and 

location of the vehicle. 

At the instance of recognizing the red light warning, it is required to provide a stop in a certain distance; 

the acceleration is calculated in Equation 2. In this equation, it is assumed that deceleration occurs with no delay 

or reaction time. In other words, if a driver is modeled, reaction time is not included in this equation; it is assumed 

modeling happens just when pushing the brake. It is possible to add reaction time to the equation but main reason 

to remove that is emergency brake will be enabled automatically. Therefore this automated mechanism works 

without delay and will be activated quickly after warning. If the warning deployed, control mechanism would be 

enabled. 

Vi(t)
2 = V 2 + 2a∆x (4.2)0 
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Figure 4.5: After capturing red colored vehicle as red light running, emergency brake is issued and control provided 
in simulation 

where Vi(t) is speed of target vehicle at the moment t (m/s), moment t is just the time that vehicle is 

recognized as red light runner, V0 is the speed at the end of control process which is zero (vehicle will be stopped, 

a is the deceleration rate to be calculated (m/s2), ∆x is the distance from the front bumper of target vehicle to 

the stop line at the intersection. The deceleration rate is assumed to be constant while stopping is the equation 

but it is available to model this braking process more rational in SUMO. Deceleration rate could be started from 

zero, by next time steps increase to reach a peak point, and fnally reduce to zero when the vehicle stops. 

As mentioned, when mechanism detects a red light running, the deceleration rate is computed. Since the 

vehicle is violating the signal, emergency braking must be activated, which is a relatively hard brake. This process 

can efectively prevent the vehicle from running through the intersection, as long as the computed deceleration rate 

is less than or equal to the maximum available brake deceleration. However, if the vehicle is traveling at a very 

high speed or the detection is delayed, the target vehicle may stop beyond the stop line. 

The described method is implemented in this study. The ”Trafc Control Interface” (TraCI) is a tool that 

provides a way to interact with and send specifc commands to simulated objects in the SUMO microsimulation 

environment [36]. TraCI enables on-time changes to the states and values of the simulated objects, using a pro-

gramming language. This feature allows the project team to focus on a specifc vehicle and modify its dynamics 

during specifed time intervals. The changes made using TraCI are implemented within the simulation during the 

given time steps and it can be interrupted by user. Therefore Traci can set a determined speed or acceleration rate 

for a certain vehicle. The program is updated each time step synced with simulation and will set the speed for 

target vehicle considering the derived deceleration rate. 

The proposed method provides the necessary control logic for preventing red light running, and the project 

team successfully modeled scenarios using this control method. A sample scenario is shown in the Figure 4.5, where 

the target vehicle was detected as a potential red light runner. If the control had not been implemented, the vehicle 
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would have crossed the stop line. However, with the control enabled, the vehicle is forced to stop by applying the 

maximum available deceleration rate (4.5 m/s2 for this scenario). The tail lights of the red vehicle indicate that 

the control strategy has activated the emergency brake. 

4.6 Scenarios 

The methods developed in this project are designed to operate under any conditions when a vehicle approaches 

an equipped intersection. However, to validate and demonstrate the efectiveness of these methods, various trafc 

demand with diferent number of vehicles were simulated in scenarios. The update rate for the simulation’s time 

step is set to 0.1 seconds to ensure sufcient resolution. Length unit is meter in SUMO. The length of a regular 

vehicle is set to 5 meters (16 ft), with a maximum acceleration of 2.6 m/s2 and a maximum braking deceleration 

rate of 4.5 m/s2 . For scenarios with emergency vehicle, that certain vehicle had diferent visualization refecting its 

specifc rights. A sample signal timing with three phases (green, yellow, and red) is used for the signal with diferent 

signal groups. It is obviously possible to adjust phasing and timing for this signalized intersection according to any 

timing plan. 

According to the methodology section of this study, three diferent methods were proposed. However, since 

the frst two methods were not selected for the fnal demonstration and control, only one scenario is developed for 

each. In contrast, the chosen method, speed control, is presented in more detail and applied in multiple scenarios. 

4.6.1 Scenario for Emergency Vehicle 

In a scenario, two types of vehicles are defned: regular vehicles with normal driving behavior and emergency 

vehicles. The emergency vehicle is a predefned vehicle type in SUMO, distinguished by its longer length and 

higher priority, as outlined in the methodology section. 

The simulation was implemented on a single lane road leading to an intersection, with a moderate trafc 

volume of 500 vehicles per hour. Initially, all vehicles enter the road section as regular vehicles, and the algorithm 

starts monitoring their behavior. If a red light runner is detected, the vehicle’s type is immediately changed to an 

emergency vehicle. The SUMO simulator allows the emergency vehicle to run the red light, as demonstrated in the 

simulation. Figure 4.3a depicts this process. 

4.6.2 Scenario for Safety Properties 

A simulation is generated with only regular vehicles on a single lane road, and a moderate trafc volume of 500 

vehicles per hour is loaded. In this case, if a red light violation is detected, the safety properties of the intersection 

are modifed in real-time, allowing for a red light running demonstration. 
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To achieve this, the project team aims to program a command that changes the value of a parameter called 

”jmDriveAfterRedTime”. This parameter controls how many seconds after the signal switches to red, vehicles can 

still run the red light in the intersection. The default value of this parameter is -1, which means that vehicles 

only have one second left from the yellow phase before switching to red. To enable red light running, this value 

is changed to a larger value, but only when the red light runner vehicle is approaching the intersection. Once the 

vehicle passes the signal, the parameter is returned to its default value. 

4.6.3 Scenario for Speed Mode 

Since the speed control method was selected to implement for the project study, all scenarios are simulated at the 

modeled network of the intersection. Additionally, red light running is demonstrated for the target approach of the 

intersection which has two lanes for going straight, two left turn lanes, and one right turn lane. All vehicles enter 

the modeled edge of the road with an initial speed of 10 m/s, and the speed limit is set at 25 m/s (55mph). Since 

the trafc volume is not severe in the scenarios, the vehicles drive at the speed limit when they approached the 

intersection. 

During the simulation, each vehicle follows a certain speed mode. Two speed modes are available for the 

scenarios. The default speed mode in SUMO requires drivers to follow the rules and stop at the red light. When 

a vehicle approaches a red light, the speed mode selects a speed of zero for the vehicle. The second speed mode is 

programmed by the project team, and it allows a value larger than zero for the speed, which allows the vehicle to 

ignore stopping at the red light. All vehicles enter the road with the default speed mode. 

In the frst scenario, only one vehicle approaches the intersection when the trafc signal is in the red phase 

for that direction. This vehicle does not provide appropriate deceleration before the stop line, and the algorithm 

detects it as a red light violation. Therefore, the speed mode for that vehicle immediately changes from the default 

to the second speed mode, which allows the vehicle to ignore the red light at an empty intersection. 

The second scenario involves a regular vehicle passing through a yellow light, which is not considered a 

violation. However, when a second vehicle follows closely behind, the trafc signal changes to red. Despite this, the 

second vehicle does not stop and continues forward, resulting in a red light violation. The speed mode for the frst 

vehicle remains in the default mode, while the second vehicle switches to the second speed mode, which enables it 

to run the red light. Figure 4.6 depicts this scenario for the empty intersection. 

To ensure the realism of the scenarios, moderate trafc loads is included in the third and fourth scenarios. 

A trafc volume of 200 vehicles per hour is loaded for each approach except for the target approach, where the red 

light violation occurs. The right and left turn lanes have a trafc volume of 60 vehicles per hour. All vehicles in 

other approaches are programmed to follow the default speed mode, which makes them stop in accordance with 
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Figure 4.6: Yellow colored vehicle runs yellow light but red colored vehicle will face a red light 

the trafc signal phase. 

The third scenario involves the detection of a single vehicle violating the red light in the target approach, 

while all other approaches have moderate trafc demand. Figure 4.7 depicts how the red colored vehicle runs 

the red light while other vehicles have stopped before entering the intersection. The simulation process is similar 

to scenario one, with a focus on the single vehicle violating the red light. The fourth scenario is generated in a 

moderate trafc demand environment and is similar to scenario two, with the only diference being the moderate 

trafc demand. 

4.7 Summary 

This task aimed to achieve two primary objectives: demonstrating red light running behavior and providing a 

control logic in microsimulation. Technical mechanism for identifying red light running will be developed in future 

tasks using connected technology. Therefore task 3 assumed the mechanism detected red light running among 

trafc fow. Based on that, various methods were developed to model this phenomenon. Microsimulation was 

programmed to monitor intersections and approaching vehicles. If red light running was detected, the methods 

could demonstrate it in microsimulation. Among the proposed methods, modifying speed selection was selected 

because it had no side efects during simulation. 

The application of this mechanism enabled the control of a target vehicle and forced it to stop in microsim-
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Figure 4.7: A vehicle violates the red light in moderate trafc 

ulation. The control logic involved monitoring each individual vehicle approaching the intersection to capture a 

potential violation. The deceleration value was then determined, and a forced stop was initiated before the vehicle 

runs through the intersection. 

In this task, demonstration and control platform was created, which will be used as a basis for future 

tasks. The next tasks will focus on developing a detection algorithm that can identify red light runner vehicles. 

When a vehicle is detected by the algorithm, the platform created in this task will be activated to simulate a 

red light violation, without any negative impact. Therefore, Task 3 will operate within the overall methodology 

established for the upcoming tasks. 
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Figure 4.8: A vehicle violates the red light in moderate trafc 
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Chapter 5 

RLRWS for individual target vehicle 

September, 2023 

5.1 Introduction 

Connectivity has introduced a fresh perspective to trafc engineering, specifcally through two key aspects: vehicle-

to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication. This development has opened up a realm of 

possibilities, with the potential to enhance road safety, optimize energy usage, and improve overall trafc fow [37] 

and [38]. 

In our previous tasks, we have detailed the installation of essential equipment within both vehicles and 

at signalized intersections. The primary objective was to establish seamless communication between these critical 

components on the road, with a particular focus on receiving signal timing plans as vehicles approach intersections. 

In Task 3, the Red Light Running Warning System (RLRWS) was demonstrated along with gaining 

control over a target vehicle within a microsimulation environment. In this task, the project team took the reins 

in developing a red light running warning algorithm. The algorithm was designed to provide advanced warnings 

to vehicles approaching signalized intersections, thus mitigating the risk of red light violations. The algorithm’s 

development hinges on acquiring crucial data: Signal Phasing and Timing (SPaT) messages and the longitudinal 

distance between the target vehicle and the signal’s stop bar. Leveraging this data, the control algorithm will 

generate a warning system tailored to each specifc scenario. 

The demonstration of the RLRWS process begins with receiving the necessary information through mea-

surements and V2I connections. This information, which includes vehicle dynamics and signal phasing plans, is 
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continually updated as the vehicle approaches the intersection. Vehicle dynamics generally encompass two aspects: 

First, information about other vehicles, especially the preceding vehicle, such as speed and spacing to the target 

vehicle. This information is transmitted via vehicle-to-vehicle (V2V) connections. Second, the dynamics of the 

current vehicle, which includes its current speed and coordinates. When implementing the system for an individual 

vehicle, there is no need to anticipate the motion of the preceding vehicle. The demonstration of the RLRWS in a 

platoon of vehicles will be addressed in Task 5. 

The updated states are then processed through the warning algorithm, which is comprehensively explained 

in this report. The algorithm calculates the appropriate warning message, namely the corresponding acceleration-

deceleration values for a specifc horizon. Furthermore, the warning algorithm is designed to be adaptive which 

means displaying warning messages based on the current vehicle dynamics. 

Figure 5.1 explains the aforementioned process. Measurement and connectivity obtain the required data 

and then update the algorithm which computes an adaptive warning message. The algorithm returns the results 

to the vehicle to be displayed and control the target CAV accordingly. The process is been repeated as a cycle for 

the next time step when updated information are available. 

Figure 5.1: An overview of the RLRWS framework 

It is crucial to test the proposed RLRWS before implementing it in vehicles and deploying it on the road. 

Consequently, the RLRWS is modeled and tested in microsimulation to ensure the correctness and reliability of 

the algorithm’s performance. The Simulation of Urban MObility (SUMO) is utilized as the microsimulation tool 

to control a target vehicle by adhering to the warning messages generated by the algorithm. SUMO simulation is 

introduced in Task 3 in detail. 

The described process is implemented within the SUMO simulation to validate the proposed algorithm. 

A target vehicle is simulated as it approaches a signalized intersection. The simulation continually updates the 

target vehicle with the latest vehicle dynamics and signal phasing plans. These updated states are then inputted 

into the warning algorithm. Ultimately, the computed warning messages are utilized to control the behavior of the 
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target vehicles within the simulation environment. 

The warning output will be clear and user-friendly, consisting of a message that guides the driver on 

the appropriate action to enhance safety. Our ultimate goal is to make intersections safer through this innovative 

technology by guiding the driver when required. The structure of the current task begins with describing the 

warning message and control plan, subsequently the required information for the algorithm is prepared, followed by 

elaborating the warning algorithm. Furthermore, implementing the algorithm into microsimulation is presented. 

Finally, multiple scenarios of a single vehicle when approaching the intersection are elaborated in order to ensure 

the performance of the warning system and represent the warning message accordingly. 

5.2 Warning Message 

The warning algorithm forms an integral part of this system, addressing a complex mathematical problem within 

the confnes of real-world physical constraints. It seeks to derive optimal acceleration values that should guide the 

vehicle’s behavior. However, it is essential to underscore that the target vehicles in this context are controlled by 

the drivers. The driver retains control of the vehicle at all times and the RLRWS displays messages to guide the 

driver for a safe stop. 

These fndings have led the project team to devise a warning message system that can efectively communi-

cate the level of braking required for the impending stop. First, the RLRWS computes the acceleration-deceleration 

rate during the prediction horizon based on the current vehicle dynamics to stop at the signal location. Second, 

the warning message is generated based on the algorithm’s output, which is then displayed to the driver. 

Within this framework, the warning messages are displayed in a colored bar where values represent the 

accelerate-decelerate intensity with respect to the maximum braking and maximum acceleration rate. Since the 

project is focused solely on studying the stopping process, the main focus is on deceleration and the acceleration 

process is studied as normal driving behavior (the driver has regular actions and no guidance is required). Therefore, 

the color mainly describes the suggested brake intensity. Colors are categorized into three distinct colors: Green, 

Yellow, and Red, as outlined in Table 5.1. Furthermore, Figure 5.2 displays the full range of all possible warning 

messages with the corresponding color. The vertical axis is the intensity with respect to the maximum rate. For 

example, if the maximum deceleration is defned to be 5 meters per second squared, a warning message of 50% 

means to brake with half power or a rate of 2.5 meters per second squared. This example also will be displayed in 

the yellow light. 

Table 5.1 and Figure 5.2 explain the warning bar where the colors represent the intensity range. the green 

color represents normal driving behavior, and the RLRWS does not provide any additional guidance, encompassing 
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all positive acceleration values as well as minor acceleration values. The yellow color indicates that the driver needs 

to make a moderate deceleration, including moderate deceleration rates (or moderate brake intensity rates), while 

the color switches to red when there is an imminent risk of a red-light violation with the necessity of an intense 

brake. Generally, the red color is displayed when the driver has not followed the yellow color bar after a few seconds 

ago. As a result, yellow switches to red, and the brake intensity is increased in the displayed bar gradually as the 

driver did not follow the message. 

Table 5.1: Warning message color classifcation 

Warning Message Defnition 

Green No action required, far from signal or signal is green when the vehicle arrives 
Yellow Driver needs to decelerate gradually, a full stop is required soon 
Red A hard brake is required, otherwise will run the red light 

Figure 5.2: Warning message range, where the vertical axis represents the intensity of acceleration when above zero 
and deceleration when below zero 

Figure 5.2 represents a range for all possible messages involving acceleration or deceleration. However, 

it is important to note that what the RLRWS actually displays to the driver is a warning message based on the 

algorithm in real-time. As aforementioned, the RLRWS focuses on the braking process, not acceleration. Therefore, 

the brake intensity is only displayed to the driver, not the acceleration intensity. In the case of acceleration, the 

system only displays ”normal driving” with a green color without specifying the intensity amount. Figure 5.3 

illustrates three examples of what is displayed to the driver at each instance. The warning message is provided in 
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a horizontal bar ranging from normal driving behavior to the maximum brake that displays the suggested brake 

intensity at the current time. Figure 5.3a represents the case of a green color. The text ”normal driving” is only 

colored green, and the acceleration intensity is not mentioned, which means braking is not required. Figures 5.3b 

and 5.3c also represent brake intensities with the corresponding value that comes from the algorithm. Since the 

warning message for these cases ranges between 0 and 100 percent, the bar spans between normal driving behavior 

and the maximum brake. 

  

  

  

Figure 5.3: Examples of warning message displayed to the driver while driving 

Crucially, it should be emphasized that the warning message system operates on a time-dependent con-

tinuum. It begins with a Green color, signifying that all conditions are safe with regard to red-light violations. 

Subsequently, it transitions to Yellow, indicating the need for caution, and fnally to Red if the driver fails to initiate 

sufcient deceleration for a safe stop. Thus, it never immediately starts by displaying a harsh brake intensity via 

red color. Messages begin with moderate braking intensity with green and yellow color. If the driver does not follow 

the message which means a red light violation is more possible, the bar intensity will increase to suggest a harsh 

brake. However, in typical driving scenarios where drivers maintain a deceleration intensity close to the suggested 

rate, the warning message will not escalate to the Red level. A comprehensive exploration of the warning message 

display logic is detailed in Section 5.6. 

The warning message is updated based on the current dynamics of the vehicle. The warning algorithm in 

the following sections relies on the initial states, which are the current vehicle dynamics. It is essential to utilize 

the current vehicle dynamics to maintain an updated acceleration-deceleration strategy. For the red light warning, 

the latest location to enable the brake is computed using kinematics and is a function of the current speed and 
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maximum deceleration rate. The earliest time for displaying the warning should be when there is enough spacing 

left to reach the signal. Presenting an intensity ratio scaled to 100% for the warning message is chosen to avoid 

confusion and simplicity. Most drivers are not familiar with the deceleration value and they do not know how 

to make a brake that is equal to a given deceleration amount. Instead, drivers are used to their vehicle braking 

capabilities and what the maximum braking feels like. Based on that, they can press the brake pedal with the 

desired intensity such as 50% of maximum braking. 

5.3 Signal and vehicle dynamics 

As mentioned, to deliver warning messages efectively, the algorithm relies on both the current status of the target 

vehicle and the signal’s phasing and timing plan. The vehicle’s present conditions are necessary to calculate the 

appropriate location and severity of the required deceleration. Furthermore, the signal’s phasing and timing data 

informs the target vehicle about the current signal phase, the remaining duration until the next phase, and what 

the upcoming phase will be. 

While the target vehicle approaches the intersection, the algorithm continuously monitors the collected 

data to make decisions. When the vehicle is a considerable distance away from the signal, it should continue 

operating under regular trafc conditions. In such cases, the algorithm remains passive and does not intervene 

in controlling the vehicle. However, as the target vehicle gets closer to the intersection, the algorithm takes into 

account both the signal’s timing plan and the vehicle’s current dynamics. It predicts when the vehicle will arrive 

at the intersection and uses the signal’s timing information to assess the signal phase at that moment. If the signal 

phase indicates that the light is green, the algorithm allows the vehicle to proceed through the intersection without 

intervention. Conversely, if the signal phase indicates a red light, the algorithm initiates a warning process, ensuring 

that the vehicle comes to a complete stop before reaching the stop bar. 

First, the V2I connection and SPaT messages are assumed to be established by previous tasks. Therefore 

the current phase, future phases, and corresponding timings are also available. Most signifcantly, the current phase 

and duration left of the current phase are required by the model. 

Second, the longitudinal distance to the signal is required for the algorithm. OBU devices which are 

installed on the vehicles, have the latitude and longitude coordinates constantly. In addition, V2I connectivity 

provides the actual signal coordinates. 

Distance to Signal 

The distance between the location of the current vehicle and the signal stop bar is not the diference between the 

latitude and longitude coordinates of those two points. Vehicles are traveling toward a road with complicated to-
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pography not a straight line. Therefore, we calculate the true distance based on the distance traveled by monitoring 

the path where the previous vehicle has completely crossed through the intersection. 

For the target intersection in the project when implementing the RLRWS in reality, precise coordinates 

and profles of all incoming and outgoing roads (streets, arterial roads, etc.) within the connectivity range (the 

maximum distance that CVs can receive SPaT messages) are predefned and loaded. These values are stored as 

map messages for the signal control unit. This information can be transmitted to the target vehicle via V2I. The 

data received by the target vehicle serves as a reference list and the following process can be applied to the actual 

roads. In this task and for the modeling stage, a reference vehicle is simulated only once for the target approach, 

and the x and y coordinates are recorded during this process for each simulation time step. 

Each x and y represents a point in the two-dimensional space. The recorded points generate a reference 

list for the following sections. The distances between each of two adjacent points are computed by Equation (5.1) 

for entire elements in the reference list. These distances represent the traveled distance between those two points: 

p
di,i+1 = (xi+1 − xi)2 + (yi+1 − yi)2 (5.1) 

where i is the index of an element in the reference list. 

The location of the signal is also available from V2I. Among the points in the list, the closest point to 

the signal location is computed. This point represents the closest location that the reference vehicle had to the 

signal and signifes the signal location. In the reference list, all points after that will be ahead of the signal, while 

earlier points are before arriving at the signal. Traveled distances are used to compute cumulative traveled distance 

starting from the element of the signal location, going backward and forward separately. Moving backward from 

the signal location explains the distance left to the signal, and moving forward explains how much has been passed 

from the signal. 

The aforementioned process computes the distance remaining to the signal in each location. In order to 

develop the algorithm and be able to implement it for a target vehicle, it is required to update the remaining 

distance for each time interval. Therefore, the current x,y coordinates of the target vehicle are compared to the 

reference list. We try to fnd the closest point in the reference list to the current location of the target vehicle called 

Jc in Equation (5.2). 

n � � 
Jc = arg min (xi − xt)

2 + (yi − yt)
2 for every i = 1 to n (5.2)

i=1 

where n is the number of points in the reference list, xt and yt are the current coordinates of the target vehicle. 
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The fnal step is to fnd the remaining distance from that element in the list to the signal location. Since 

we already computed the cumulative distances for each element, the cumulative value is approximately the target 

distance. It should be noted that if the algorithm time step is chosen to be large, major errors will be added to the 

values particularly when the vehicle is close to the signal. In order to address this issue, this study is using a time 

step of 0.1 second for simulations. 

5.4 Warning algorithm 

In this section, we show the formulation of the proposed red light running warning system. The proposed algorithm 

will be formulated in the model predictive control (MPC) fashion, which calculates the optimal input of a control 

system under several constraints given the initial condition. The MPC algorithm can optimize the system’s input 

based on the system’s predicted future states. This is suitable for the development of the RLRWS, which requires 

the algorithm to consider the future behaviour of a driver given the future signal status. Fig. 5.4 shows the general 

framework of the proposed system. The input of the system is the trafc condition, which includes the target 

vehicle’s speed and location information, signal phase and timing (SPaT) information from trafc signals that are 

in the V2I range. The output of the system is the warning signal, which suggests the target vehicle’s driver to 

do reaction in advance to avoid running a red light. Two modules are included in the system: trafc prediction 

algorithm and MPC-based optimization problem. The proposed system will update the warning signal every 1 

second and details about the system will be discussed in the following subsections. 

Figure 5.4: A framework of proposed red light running warning algorithm. The input of the system is the trafc 
condition and the output of the system is the warning signal to the vehicle’s driver. 

To provide the warning signal to the vehicle’s driver in advance, the algorithm should have the capability to 

predict future trafc states. The trafc prediction framework proposed in [39] is used in the proposed system. 

Using the target vehicle’s speed and location information, along with the SPaT information from nearby signalized 
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intersections, the trafc prediction algorithm will predict the target vehicle’s longitudinal trajectory for the next 15 

seconds. This predicted trajectory will be used by the MPC-based optimization problem. The following formulation 

will be used: 

Z tf 

u ∗ (t)=argmin q(x(t), v(t), a(t))dt (5.3a) 
t0 

s.t. ẋ(t) = v(t), (5.3b) 

v̇(t) = a(t), (5.3c) 

a(t) = f(u(t), x(t), v(t)), (5.3d) 

0 ≤ u(t) ≤100 (5.3e) 

vmin ≤ v(t) ≤ vmax, amin ≤ a(t) ≤ amax, (5.3f) 

x(t) ≤ xtl−v(t)τ0, if the trafc signal is red at t, (5.3g) 

v(tf ) = 0 and x(tf ) ≥ xtl − d0, if the trafc signal is red at tf and xpred(tf ) ≥ xtl − d0 (5.3h) 

x(t0) = xt0 , v(t0) = vt0 (5.3i) 

where u(t) is the warning signal provided to the driver; x(t), v(t) and a(t) are the vehicle’s longitudinal position, 

longitudinal speed and longitudinal acceleration, respectively; t0 and tf represent the beginning and end time step 

of the optimization problem; xtl is the longitudinal position of the trafc signal; τ0 represents the desired time 

headway; d0 is a small distance value; xpred(tf ) indicates the vehicle’s predicted longitudinal location at the end 

time step of the optimization problem; (5.3a) shows the optimization’s objective function; function f(·) is the driver 

model, which shows the driver’s reaction to the warning signal; (5.3e) represents the constraint on warning signal’s 

value; (5.3f) indicates the physical constraint on vehicle’s speed and acceleration; (5.3g) and (5.3h) are used to 

avoid running a red light and will be explained later; (5.3i) is the initial condition of the optimization problem. 

This optimization problem could be solved using any type of nonlinear numerical solver. 

The objective function is employed to describe the cost of vehicle’s movement along the prediction horizon. In this 

task, the objective function is set to q(x(t), v(t), a(t)) = w1a
2(t) + w2ȧ 2(t) + w3(v(t) − vref)2 , where w1, w2 and w3 

are weighting factors; vref is a reference speed as shown in Fig. 5.5. In the fgure, we assume the trafc signal is at 

the 500 m. When the trafc signal is green, the reference speed is the free fow speed of the road. When the trafc 

signal is red, the reference speed drops before the stop bar. To simplify the computational process of the solver, 

this reference speed is modeled in the form of a sigmoid function. As a result, the proposed objective function will 

minimize the vehicle’s acceleration and jerk while tracking the reference speed along the prediction horizon, which 

provides a smoother longitudinal maneuver. 

Given a warning signal, the driver will react to it by adjusting the vehicle’s longitudinal speed v(t). However, when 

the vehicle is driving at diferent speed or is locating at diferent longitudinal location, the driver’s reaction to the 
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Figure 5.5: Reference speed used for MPC optimization. 

same warning signal will be diferent. For example, when the vehicle is far away from a signalized intersection, the 

driver tends to apply a smaller force to the braking pedal compared to the scenario when the vehicle is close to the 

red light. Therefore, the real relationship between the warning signal and the vehicle’s acceleration also depends 

on the vehicle’s location and speed. In this work, the function f(·) is used to describe this. For Task 4, a linear 

driver model a(t) = −u(t)/20 with 0 ≤ u(t) ≤ 100 is used as this driver model. It is obvious that drivers may 

not follow this model perfectly and will have diferent behaviours. However, since the MPC problem will update 

the warning signal every 1 second, the algorithm will use the latest vehicle state at each update instance as the 

initial condition. For example, a larger warning signal will occur if the driver doesn’t decelerate the vehicle at the 

beginning. 

At the beginning of each optimization circle, the prediction algorithm will predict the vehicle’s longitudinal tra-

jectory along the prediction horizon. If the vehicle is predicted to reach the stop bar at the end of the prediction 

horizon tf under red light (reach a certain range ahead of the stop bar, e.g. the vehicle is predicted to be within 

20 m ahead of the stop bar at the terminal horizon), the constraint (5.3h) will be included in the optimization 

problem. This will force the vehicle stop close to the stop bar at the time tf . To avoid infeasibility of the problem, 

positive slack variables γv and γx are included in the optimization problem and constraint (5.3h) is re-written as: 

v(tf ) == γv and x(tf ) + γx ≥ xtl − d0. Term wvγv 
2 + wxγx 

2 with two large positive weighting factors wv and wx is 

added to the objective function (5.3a). In this way, the optimization problem allows the problem to slightly violate 

these constraints when they cannot be satisfed, which guarantee the feasibility of the algorithm. 

When the ego vehicle is approaching the stop bar and the trafc signal is red, shorter prediction horizon is required 

by the MPC optimization and the terminal constraint (5.3h) on distance will be re-written in a stricter form. This 

is because as the vehicle is approaching the intersection, it requires shorter time to reach the stop bar and the 

vehicle is expected to stop closer to it. In this problem, the initial prediction horizon is 15 sec and d0 is set to 20 
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m. When the ego vehicle is 60 m away from the stop bar, these two values will be updated to 10 sec and 15 m; 

When the ego vehicle is 40 m away from the stop bar, these two values will be updated to 8 sec and 10 m; When 

the ego vehicle is 20 m away from the stop bar, these two values will be updated to 6 sec and 5 m. This process 

will speed up the computational process and force the vehicle to stop before the stop bar completely. 

5.5 Simulation implementation 

As explained in previous tasks, SUMO simulation is employed to demonstrate the algorithm for a target vehicle. In 

this task, the V2I communication range is assumed to be 500 m. There are many simulations for modeling trafc 

behavior but most of the simulation platforms follow a static network loading and are not programmable as well. 

In other words, the trafc volume should be repetitive, and changes on a microscopic scale such as focusing on a 

certain vehicle are not possible. However, SUMO includes an API that allows the user to interact with the simulator, 

adjust vehicle behavior, and control any vehicle by developing a desired algorithm. Therefore, programming and 

live interaction are available in SUMO which is why we choose to implement the RLRWS in SUMO. The project 

network including the intersection zone is defned in previous tasks. The current task is focused on a single vehicle 

RLRWS. Therefore, the trafc demand consists of a single passenger vehicle which follows the maximum speed 

limit or the road. Table 5.2 explains the defned parameters for the vehicle physics. 

Additionally, SUMO is capable of retrieving the current vehicle speed, assuming it originates from sensor 

measurements or vehicle onboard units. The computation of acceleration, coupled with the current speed, leads to 

the determination of the speed for the next time step, facilitating the control of the target CAV. 

Table 5.2: Loaded vehicle characteristics into SUMO 

Parameter Value 

Length (m) 5 
max speed (m/s) 30 (67 mph) 
max acceleration (m/s2) 2.6 
max deceleration (m/s2) 5 
max deceleration (m/s2) 5 

The simulation starts running the defned network by loading the defned vehicles with respect to time 

steps. As mentioned in Figure 5.1, the simulation time step is chosen to be 0.1 seconds in order to ensure accuracy. 

In each time step, the vehicle coordinates are compared to the reference list which results in the remaining distance 

to the signal. Short time intervals guarantee to fnd the closest coordinate to the actual coordinates. Furthermore, 

using short time intervals for the SUMO section will not result in high computation time since there is minor 

computation in the SUMO section. The main computation is within the warning algorithm which will be updated 

every 1 second rather than each time step to handle the computation time. 
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The warning algorithm will compute a list of warning messages for the warning algorithm prediction 

horizon (forward-looking time interval that the model predicts the information) which is the next 10 seconds. This 

list is split into 0.1-second time steps to demonstrate the control. As discussed in previous sections, the warning 

message is a continuous brake intensity with a color as driver guidance which is modeled in SUMO accordingly. In 

each second, the algorithm is run based on the current vehicle states which results in an acceleration list. Values for 

the next second which includes 10 time steps, are employed to set the vehicle speed for the next 10 time steps. At 

the beginning of the next time step, the algorithm will be updated again. Therefore, the only values corresponding 

to the next time step will be used for the speed control. Furthermore, the speed of the next time step is computed 

as: 

v(i + 1) = v(i) + u(i) × dt (5.4) 

where v(i) is vehicle speed at time i, u(i) is the warning signal value computed by algorithm from Equation (5.3a) 

and i is the current time step. It assumed that the driver followed the warning message provided for the next time 

step with a relatively small error. 

It is assumed that the maximum acceleration rate for the vehicle is 3 meters per second squared (9.84 feet 

per second squared) and maximum deceleration is 5 meters per second squared (16.40 feet per second squared) for 

the simulation process. The maximum rates are adjusted based on the vehicle type and the warning message will be 

displayed based on them. There are also assumptions regarding the warning message and the corresponding color. 

When the vehicle is within the connection range and the acceleration rate computed by the warning algorithm is 

above zero or smaller than 0.5 meters per second squared (10% brake intensity in the warning message) for the 

deceleration rate, the warning message has a green color. When the rate exceeds 0.5 meters per second squared of 

deceleration (10% brake intensity), the warning message switches the yellow light. 

If the driver follows the warning message, the algorithm will remain in the generated plan and corre-

sponding brake intensities for the prediction horizon. However, if the message is displayed but the driver does 

not take any corresponding action, the message will be updated for the upcoming time steps based on the current 

driver speed not the predicted speed value by the warning algorithm. Therefore, as the vehicle approaches the 

intersection, the brake intensity rates become higher. It will switch to the red color and a hard brake suggestion if 

the driver does not take any action until the last seconds. The scenarios for these described cases will be assessed 

in the following section. 

Furthermore, if the warning message corresponds to higher intensities and then switches to lower values 

as it gets closer to the intersection, even if the intensity falls below 10% (the threshold for switching from yellow 

to green), the warning message will continue to be displayed with the yellow and red colors. The reason for not 

switching to the green color is that the driver might become confused and attempt to accelerate while the signal 
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is still red. When the vehicle is close to the intersection and the signal turns green, the algorithm obtains the 

required acceleration but since the focus is on the brake process, the warning message only displays a green color 

which means normal driving behavior. In this case, the system does not suggest any deceleration or acceleration 

intensity to avoid showing additional information to the driver. 

5.6 Evaluation for scenarios 

This task aims to propose a warning algorithm that provides optimal deceleration rates and ensures a complete 

stop before the stop bar and for a single vehicle. Therefore, this section primarily assesses the performance of 

the proposed algorithm for all possible real-world scenarios. The signal phase when the vehicle is approaching the 

intersection and when it arrives at the signal location is a key parameter, in addition to whether the driver follows 

the warning message consistently or not. Therefore, the modeled scenarios include the green phase and red phase. 

The yellow light is considered an extension of the green light since vehicles are still permitted to proceed through 

the intersection. There are two possible cases for each signal phase. First, the signal phase is consistent when 

the vehicle is approaching it. The duration of consistency means only when arriving at the signal is within the 

prediction horizon. Otherwise, the vehicle is not aware of the trafc signal. Second, the signal phase is in one color 

when the vehicle is approaching, and it switches to another phase with a diferent color. In this case, the vehicle is 

also aware of the upcoming phase via V2I, and it should also be refected in the RLRWS message. Therefore, all 

possible cases in respect to the signal will be as follows: 

1. Consistent green light when the vehicle is approaching. 

2. Red light at frst when the vehicle is approaching and switch to the green light when the vehicle is close to the 

intersection. 

3. Consistent red light when the vehicle is approaching. 

4. Green light at frst when the vehicle is approaching and switch to the red light when the vehicle is close to the 

intersection. 

In case 2, the signal is green, meaning that the vehicle can freely pass the intersection. Therefore, there is 

no possibility for the red light warning, and in the scope of the RLRWS study, it can be viewed as a regular green 

light. Therefore, cases 1 and 2 are described as a single scenario. 

Furthermore, concerning the driver’s adherence to the warning message, there are various possibilities. 

The driver could follow the warning message from the beginning, or not follow the messages at frst and start 

following when close to the intersection. Other situations, such as following the message at frst and then ceasing 

to follow it, or following haphazardly, are also possible. However, presenting one scenario of partially following the 

warning message will demonstrate that the proposed framework can address all other situations as well. 
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In summary, three cases of changes in the signal phasing are presented when the driver is following the 

RLRWS suggestions. In addition, a scenario where the driver does not follow the messages at frst but will follow 

when the vehicle is close to the signal is presented in the following sub-sections. 

Vehicle dynamics could also be a variable, but driving with the maximum speed and slowing down to zero 

will cover the speed values in between. For example, when a driver is driving slower than the maximum speed, the 

RLRWS will suggest deceleration later than when driving with the maximum speed. 

In the following scenarios, three plots are presented including a space-time plot, a speed plot, and a 

warning message plot as the vehicle is approaching the intersection up to when the vehicle passes the intersection. 

The current status of the trafc signal is depicted with the dashed line in all plots and the location of the trafc 

signal is marked with a yellow arrow in all space-time plots. As described, the warning message is representative 

of the acceleration-deceleration values. Therefore, the sole acceleration plot is not presented. 

5.6.1 Green phase 

When the target vehicle approaches an intersection, it is expected to proceed when the signal is in the green phase. 

This scenario assumes that the vehicle is traveling at its desired speed. The prediction indicates that the vehicle 

will reach the intersection while the signal is still in the green phase. Even when the vehicle is approaching at a low 

speed or accelerates while approaching the intersection, the algorithm is totally based on the speed at the current 

time step. First, it predicts the time when the vehicle will arrive at the intersection which is based on the current 

step. Second, if the signal status is green at the predicted time, it will not suggest any brake which means keeping 

the normal driver behavior. Therefore, the algorithm is adaptive based on the vehicle dynamics at the current time 

step. 

As a result, the warning algorithm will recommend no deceleration, signifying that the RLRWS is not 

taking any action and the color of the message is green. Figure 5.6 provides a detailed depiction of the vehicle’s 

dynamics, including signal phasing, signal location, and warning messages. The vehicle will pass the intersection 

at a consistent speed, implying that the algorithm does not recommend braking, and the warning message remains 

green throughout. The current status of the trafc signal is depicted with the dashed line in all plots and the 

location of the trafc signal is marked with a yellow arrow in Figure 5.6b. 

5.6.2 All red phase 

Approaching a red light necessitates coming to a complete stop before the stop bar. Consequently, a target vehicle, 

under the guidance of the warning algorithm, must halt in proximity to the stop bar for a single vehicle when 

the signal displays a red phase. The scenario of multiple vehicles in a platoon are not presented in this Task and 
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Figure 5.6: Warning message, speed, and trajectory plot in respect to simulation time when approaching and 
passing a green light. 
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will be studied in the following tasks. A simpler scenario when approaching a signal involves driving toward an 

intersection that consistently remains in the red phase until the vehicle comes to a complete stop. In other words, 

both the current signal phase and the signal phase predicted for when the target vehicle reaches the intersection 

are red phases as long as the signal location is within the prediction horizon. This ensures that both the algorithm 

and the driver are aware that they need to decelerate. 

Figure 5.7 illustrates the vehicle dynamics for this scenario. The target vehicle gradually decelerates and 

comes to a stop before the red line. When the signal changes to green, the driver resumes normal driving behavior 

and accelerates. As shown in Figure 5.7c, deceleration values start at a lower magnitude and increase as the 

vehicle approaches the signal. These values are determined through the optimization process described in Section 

5.4 and suggested to the driver as the warning message. Concerning warning messages, as the deceleration value 

increases, the warning transitions from green to yellow, indicating a relatively higher deceleration rate. Even as 

the deceleration values decrease closer to the signal, the warning message still remains in the yellow color until the 

vehicle comes to a complete stop near the stop bar to prevent driver confusion. 

5.6.3 Switching from green to red phase 

To encompass all potential scenarios, the project team has examined cases where the signal is already in a certain 

phase and changes to another phase as the vehicle approaches. When the current signal phase is red and will 

transition to green as the target vehicle approaches, there are no concerns related to red light running, as the 

vehicle will be able to proceed through the intersection during the green phase. However, when the current phase 

is green but is set to turn red as the vehicle approaches the stop bar, it represents a common scenario of red light 

running. The primary reason for this is that drivers only perceive the green signal at the intersection, unaware that 

it will soon turn red before they can safely cross. By the time it changes to red, it may be too late to brake and 

stop. Therefore, the warning algorithm, utilizing V2I connection, should ofer an improvement when such signal 

transitions occur. 

In this particular scenario, the signal changes from green to red when the signal location falls within the 

vehicle’s prediction horizon. As depicted in Figure 5.8, at t = 59, the signal switches to red when the vehicle is 

approximately 250 meters away from the signal. Figures 5.8c and 5.8a illustrate that the target vehicle attempts to 

decelerate even when the signal is displaying a green phase. Even the driver was initially unaware of the impending 

red light, the SPaT messages reveal that the next signal status will be red in a certain time stamp and update the 

warning algorithm with this information. The target vehicle is modeled in SUMO by being aware of the current 

and upcoming signal phasing plans. During this time period, the warning message remains in the yellow phase, 

signaling the need to slow down. It is visible that several seconds before switching from green to red, the algorithm 

suggests slowing down because it has predicted that by the time the vehicle arrives at the signal location, the signal 
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Figure 5.7: Warning message, speed, and trajectory plot with respect to simulation time when approaching a red 
light. 
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is red. Notably, the warning message is not red during this phase since the driver still has sufcient time to take 

corrective action even when the signal eventually turns red. Finally, the vehicle resumes acceleration as part of its 

normal behavior when the signal switches back to green. 

   

  

Figure 5.8: Warning message, speed, and trajectory plot with respect to simulation time when approaching a green 
light but it turns to red. 

5.6.4 Warning message is followed tardily 

As previously mentioned, there is a signifcant possibility that drivers may not adhere to the recommendations 

provided by the warning algorithm, and they might not even acknowledge the yellow warning message. Instead, 

they might continue driving until the last moments before making a sudden and more abrupt deceleration. The 

project team has modeled this scenario as an event in which the target vehicle maintains a constant speed up to a 

certain location. Consequently, the deceleration values prescribed by the warning algorithm are not followed until 

reaching this location. After passing this point, the vehicle attempts to adhere to the warning algorithm, which is 

expected to suggest higher deceleration values since it delays slowing down until the last moments. One potential 
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scenario has been modeled in which the vehicle travels at its maximum speed until there are 130 meters remaining 

to the signal. Beyond that point, the vehicle is guided by the warning algorithm. 

Figure 5.9 illustrates the described scenario. In this case, since the vehicle is in close proximity to the 

intersection, enabling the warning algorithm results in abrupt deceleration and a red light color. Generally, when 

braking occurs later, the deceleration rate tends to be higher compared to having more time to gradually slow 

down. In Figure 5.9c, a hard brake is suggested to reduce the speed with the red light, followed by a relatively 

lower brake rate with the yellow light as getting close to the intersection until stopping at the intersection. Finally, 

the vehicle returns to normal driving behavior as the signal turns green which means accelerates and passes the 

intersection. 

   

  

Figure 5.9: Warning message, speed, and trajectory plot with respect to simulation time when enabling the warning 
algorithm in the middle of the road (130 meters to signal). 
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5.7 Conclusion 

This task is focused on modeling the red light running warning system for a single vehicle and integrating it into the 

microsimulation platform. The information received through V2I connectivity is used to generate essential data, 

such as the signal phasing plan, remaining distance to the signal, and vehicle dynamics. This prepared information 

is used to update a warning algorithm that aims to control the target vehicle, ensuring compliance with trafc 

constraints and enabling the vehicle to come to a complete stop before the stop bar when the signal is in the 

red phase. The algorithm predicts the vehicle’s location, thereby determining the time step at which the vehicle 

will reach the intersection. The output of the algorithm is an acceleration-deceleration value used to control the 

target vehicle. The focus is on the deceleration process and guiding the driver to avoid harsh brakes by suggesting 

moderate braking. 

To simplify and facilitate monitoring of the red light running process, the outputs are translated into 

warning messages for the deceleration process, including a bar for the action intensity with green, yellow, or red 

color for classifying. These messages signify the level of action, ranging from safe passage without any action 

to making a hard brake. Various scenarios are presented to cover all possible situations when a single vehicle 

approaches an empty intersection. Subsequent tasks will delve into trafc studies and the implementation of this 

method on actual vehicles, followed by road testing. 
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Chapter 6 

RLRWS for vehicle in car-following 

February, 2024 

6.1 Introduction 

The advent of connectivity has brought a new outlook to trafc engineering. Two crucial aspects of connectivity 

— vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication — have unlocked a world of oppor-

tunities. This innovation holds the promise of improving road safety, making energy consumption more efcient, 

and enhancing the overall fow of trafc [37] and [38]. 

In the initial tasks (Task 1 and Task 2), we have described the installation of essential equipment within 

both vehicles and at signalized intersections. The primary objective was to establish seamless communication 

between these critical components on the road, with a particular focus on receiving signal timing plans as vehicles 

approach intersections. Subsequently, the proposed red light running warning system (RLRWS) is presented and 

evaluated in the microsimulation testbed in Task 3 and Task 4. RLRWS is designed in order to guide drivers when 

a potential red light violation is noticed. The system utilizes connectivity both in vehicles and infrastructure. Task 

4 presented RLRWS for an individual target vehicle and evaluated it in the microsimulation testbed. In the current 

task, RLRWS is implemented for a target vehicle when following other vehicles in the microsimulation testbed. 

Connected vehicles (CVs) in front of the target vehicle can transmit information to the target vehicle. 

An individual vehicle case is defned as when there is no vehicle near the target vehicle. Thus, RLRWS 

demonstration for an individual vehicle does not need to anticipate the motion of the preceding vehicle. However, if 

the target vehicle is surrounded by other vehicles, particularly some CVs in front of the target vehicle, the warning 

algorithm considers the dynamics of those vehicles as well. Demonstration of the RLRWS in a platoon of vehicles 
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is described in this task. 

The proposed warning algorithm for red light running violations is converted into a real-time imple-

mentable system. RLRWS begins with receiving the necessary information through perception sensors, V2V and 

V2I connectivity. This information, which includes vehicle dynamics information and SPaT information, is contin-

ually updated as the target vehicle approaches the intersection. Vehicle dynamics generally encompass two aspects: 

First, the dynamics of the target vehicle, which includes its current speed and coordinates. Second, information 

about other vehicles, especially the preceding vehicle, such as speed and spacing to the target vehicle. This infor-

mation is transmitted via V2V connections. Given more information from other CVs in the platoon, the target 

vehicle is able to predict the trafc states for the future which is discussed in this task. This opportunity to predict 

the trafc states considering other vehicles was not covered in Task 4. Based on the output of the prediction algo-

rithm, the optimization-based warning algorithm will compute the optimal warning signal in real-time. Finally, a 

visualization function will be included to display the warning message on the screen in real-time. 

Fig. 6.1 explains the aforementioned process. Measurement and connectivity obtain the required data 

and then update the algorithm which computes an adaptive warning message. The algorithm returns the results 

to the vehicle to be displayed and control the target CAV accordingly. The process is been repeated as a cycle for 

the next time step when updated information are available. 

Figure 6.1: An overview of the RLRWS framework 

It is crucial to test the proposed RLRWS before implementing it in vehicles and deploying it on the road. 

Consequently, the RLRWS is modeled and tested in microsimulation to ensure the correctness and reliability of 

the algorithm’s performance. The Simulation of Urban MObility (SUMO) is utilized as the microsimulation tool 

to control a target vehicle by adhering to the warning messages generated by the algorithm. SUMO simulation is 

introduced in Task 3 in detail. 

The warning message will be clear and user-friendly, consisting of a message that guides the driver on 

the appropriate action to enhance safety. Our ultimate goal is to make intersections safer through this innovative 

technology by guiding the driver when required. The structure of the current task begins with describing the 
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warning message and control plan. Subsequently, the case of car-following for the target vehicle is illustrated, 

followed by an elaboration on the warning algorithm. Finally, multiple scenarios of a target vehicle following 

preceding vehicles when approaching the intersection are elaborated in order to ensure the performance of the 

warning system and represent the warning message accordingly. 

6.2 Warning Message 

The warning algorithm forms an integral part of this system, addressing a complex mathematical problem within 

the confnes of real-world physical constraints. It seeks to derive optimal acceleration values that should guide the 

vehicle’s behavior. However, it is essential to underscore that the target vehicles in this context are controlled by 

the drivers. The driver retains control of the vehicle at all times and the RLRWS displays messages to guide the 

driver to a safe stop. The format of the warning message is explained in Task 4 with full details. The current task 

just summarizes it as a reminder. 

Within this framework, the warning messages are displayed in a colored circle where values represent the 

accelerate-decelerate intensity with respect to the maximum braking and maximum acceleration rate. Since the 

project is focused solely on studying the stopping process, the main focus is on deceleration and the acceleration 

process is studied as normal driving behavior (the driver has regular actions and no guidance is required). Therefore, 

the color mainly describes the suggested brake intensity. Colors are categorized into three distinct colors: Green, 

Yellow, and Red, as outlined in Table 6.1. Furthermore, Fig. 6.2 displays the full range of all possible warning 

messages with the corresponding color. For example, if the maximum deceleration is defned to be 5 meters per 

second squared, a warning message of 50% means to brake with half power or a rate of 2.5 meters per second 

squared. This example will be displayed as a yellow-colored message. 

Table 6.1 and Fig. 6.2 explain the warning bar where the colors represent the intensity range. the green 

color represents normal driving behavior, and the RLRWS does not provide any additional guidance, encompassing 

all positive acceleration values as well as minor acceleration values. The yellow color indicates that the driver 

needs to make a moderate deceleration, including moderate deceleration rates (or moderate brake intensity rates), 

while the color switches to red when there is an imminent risk of a red-light violation with the necessity of an 

intense brake. Generally, the red color is displayed when the driver has not followed the yellow color bar displayed 

previously. As a result, yellow switches to red, and the brake intensity is increased in the displayed bar gradually 

as the driver did not follow the message. 

In the case of acceleration, the system only displays ”normal driving” with a green color without specifying 

the intensity amount. Fig. 6.3 illustrates three examples of what is displayed to the driver at each instance. The 

warning message is provided in a horizontal bar ranging from normal driving behavior to the maximum brake that 
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Table 6.1: Warning message color classifcation 

Warning Message Defnition 

Green No action required, far from signal or signal is green when the vehicle arrives 
Yellow Driver needs to decelerate gradually, a full stop is required soon 
Red A hard brake is required, otherwise will run the red light 

Figure 6.2: Warning message range, where the vertical axis represents the intensity of acceleration when above zero 
and deceleration when below zero 

76 



displays the suggested brake intensity at the current time. For example, Fig 6.3b and Fig. 6.3c also represent brake 

intensities with the corresponding value that comes from the algorithm. Since the warning message for these cases 

ranges between 0 and 100 percent, the bar spans between normal driving behavior and the maximum brake. 

  

  

  

Figure 6.3: Examples of warning message displayed to the driver while driving 

Crucially, it should be emphasized that the warning message system operates on a time-dependent con-

tinuum. It begins with a Green color, signifying that all conditions are safe with regard to red-light violations. 

Subsequently, it transitions to Yellow, indicating the need for caution, and fnally to Red if the driver fails to initiate 

sufcient deceleration for a safe stop. Thus, it never immediately starts by displaying a harsh brake intensity via 

red color. Only if the driver does not follow the message which means a red light violation is more possible, the 

bar intensity will increase to suggest a harsh brake. However, in typical driving scenarios where drivers maintain 

a deceleration intensity close to the suggested rate, the warning message will not escalate to the Red level. 

6.3 Target vehicle in car-following scenario 

Studying an individual target vehicle may not always be realistic. Vehicles are often traveling as a platoon with 

the surrounding trafc where they follow each other. Such behavior is modeled as car-following models in the 

studies that consider parameters such as spacing, and relative speed between the vehicle and its leading vehicle. 

In this task, the target vehicle is following other vehicles referred to as the preceding vehicles. The dynamics of 

the preceding vehicles are available in real-time as well as the dynamics of the target vehicle. Information from 

the preceding vehicles is obtained by V2V connectivity when the preceding vehicles are CVs. The behavior of the 

immediate preceding vehicle in front of the target vehicle can also be measured by the sensors installed on the 

target vehicle. For the experimental road test, the GPS antenna of the OBU device as described in Task 1 and 
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Task 2 will provide the target vehicle and other CVs’ speed and location information in real time. 

The received information from vehicle connectivity along with the SPaT information is employed to predict 

future trafc states. Given the predicted states, the target vehicle is aware of the road ahead while approaching 

the intersection. Utilizing this information in the warning algorithm is described in Sec. 6.4. 

One of the major challenges for the RLRWS in car-following is when the platoon is approaching a green 

light and it turns red meanwhile. In this case, the preceding vehicle can cross through the intersection in green or 

yellow status but the target vehicle faces a red light. RLRWS should guide the driver in order to prevent red light 

running violation in this case. 

6.4 Warning algorithm 

In this section, we show the formulation of the proposed red light running warning system considering car-following 

scenario. In this task, the RLRWS system shown in Task 4 is modifed to utilize information from vehicles in front 

of the target vehicle. Such information could become available through vehicle connectivity techniques or from 

sensors on the target vehicle. RLRWS in this task begins with an illustration for multi-vehicle scenarios followed 

by a model-predictive control (MPC) problem which computes the optimal warning message. 

The proposed algorithm is formulated in MPC fashion, which calculates the optimal input of a control 

system under several constraints given the initial condition. The MPC algorithm can optimize the system’s input 

based on the system’s predicted future states. This is suitable for the development of the RLRWS, which requires 

the algorithm to consider the future behavior of a driver and future trafc conditions given the future signal status. 

Fig. 6.4 shows the general framework of the proposed system. The input of the system is the trafc condition, which 

includes the target vehicle’s speed and location information, SPaT information from trafc signal that are in the 

V2I range, and other vehicles’ speed and location information received through V2V communication or perception 

sensor. The output of the system is the warning signal, which suggests the target vehicle’s driver to do reaction 

in advance to avoid running a red light. Two modules are included in the system: trafc prediction algorithm and 

MPC-based optimization problem. The proposed system will update the warning signal every 1 second and details 

about the system will be discussed in the following subsections. 
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Figure 6.4: A framework of proposed red light running warning algorithm. The input of the system is the trafc 
condition and the output of the system is the warning signal to the vehicle’s driver. 

6.4.1 Trafc prediction algorithm 

To provide the warning signal to the vehicle’s driver in advance, the algorithm should have the capability to predict 

future trafc states. The trafc prediction framework developed in [39] is used in the proposed RLRWS system. 

Using the target vehicle’s speed and location information, other CVs’ speed and location information, along the 

SPaT information from nearby signalized intersections, the trafc prediction algorithm will predict the trafc states 

ahead of the target vehicle for the next 10 seconds. The road ahead of the target vehicle is divided into M cells 

of equal length and their trafc states are estimated by a state observer (Kalman fltering) using vehicle dynamics 

information [39]. Since the target vehicle and the target vehicle’s preceding vehicle’s speed profles are relevant 

to the trafc states, their predicted longitudinal trajectory for the next 10 seconds can also be obtained. These 

predicted trajectories will be used by the MPC-based optimization problem. 

6.4.2 MPC-based optimization problem 

The following optimization problem is formulated for the RLRWS: 
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Z tf 

ut 
∗ =argmin q(x(t), v(t), a(t))dt (6.1a) 

t0 

s.t. ẋ(t) = v(t), (6.1b) 

v̇(t) = a(t), (6.1c) 

a(t) = f (u(t), x(t), v(t)), (6.1d) 

0 ≤ u(t) ≤100 (6.1e) 

vmin ≤ v(t) ≤ vmax, amin ≤ a(t) ≤ amax, (6.1f) 

d(t) ≥ dpre(t) + βσ[dpre(t)] − dmax (6.1g) 

d(t) ≤ dpre(t) − βσ[dpre(t)] − (dmin + hminv(t)) (6.1h) 

x(t) ≤ xtl−v(t)τ0, if the trafc signal is red at t, (6.1i) 

v(tf ) = 0 and x(tf ) ≥ xtl − d0, if the trafc signal 

is red at tf and xpred(tf ) ≥ xtl − d0 (6.1j) 

x(t0) = xt0 ,v(t0) = vt0 (6.1k) 

where u(t) is the warning signal provided to the driver; x(t), v(t) and a(t) are the vehicle’s longitudinal position, 

longitudinal speed and longitudinal acceleration, respectively; t0 and tf represent the beginning and end time step 

of the optimization problem; xtl is the longitudinal position of the trafc signal; τ0 represents the desired time 

headway; d0 is a small distance value; xpred(tf ) indicates the vehicle’s predicted longitudinal location at the end 

time step of the optimization problem; dpre(t) is the predicted location of the preceding vehicle at time t from the 

trafc prediction algorithm described in Sec. 6.4.1; dmax is the upper bound for the distance between vehicles to 

ensure satisfactory and realistic trafc, dmin is the minimum following distance when the target vehicle is stationary; 

hmin is the time headway in seconds; σ[dpre(t)] represents the standard deviation of the estimated location of the 

immediate preceding vehicle to cover the uncertainties in the prediction and β determines the confdence level 

chosen to be 1 in numerical studies. 

An explanation of equations is as follows: 

• (6.1a) shows the optimization’s objective function; function f(·) is the driver model, which shows the driver’s 

reaction to the warning signal. 

• (6.1e) represents the constraint on the warning signal’s value. 

• (6.1f) indicates the physical constraint on the vehicle’s speed and acceleration. 

• (6.1i) and (6.1j) are used to avoid running a red light and will be explained later. 

80 



• (6.1k) is the initial condition of the optimization problem. 

• 6.1g and 6.1h represent the minimum and maximum allowed distance between the target vehicle and the 

preceding vehicle. 

Equations 6.1g and 6.1h explain the car-following constraints in the presence of the preceding vehicle 

which is covered in this task. The target vehicle should follow the preceding vehicle according to these equations 

during the prediction horizon. Since the location of the preceding vehicle in the upcoming time steps is predicted 

in Section 6.4.1, the target vehicle is able to maintain a safe spacing to the preceding vehicle. The car-following 

constraints and employed parameters are thoroughly explained in [40]. This optimization problem could be solved 

using any type of nonlinear numerical solver. 

The objective function is employed to describe the cost of a vehicle’s movement along the prediction 

horizon. In this task, the objective function is set to q(x(t), v(t), a(t)) = w1a
2(t)+ w2ȧ 2(t)+ w3(v(t) − vref)2 , where 

w1, w2 and w3 are weighting factors; vref is a reference speed as shown in Fig. 6.5. In the fgure, we assume the 

trafc signal is at the 500 m. When the trafc signal is green, the reference speed is the free fow speed of the road. 

When the trafc signal is red, the reference speed drops before the stop bar. To simplify the computational process 

of the solver, this reference speed is modeled in the form of a sigmoid function. As a result, the proposed objective 

   

Figure 6.5: Reference speed used for MPC optimization. 

function will minimize the vehicle’s acceleration and jerk while tracking the reference speed along the prediction 

horizon, which provides a smoother longitudinal maneuver. 

Given a warning signal, the driver will react to it by adjusting the vehicle’s longitudinal speed v(t). 

However, when the vehicle is driving at diferent speed or is locating at diferent longitudinal location, the driver’s 

reaction to the same warning signal will be diferent. For example, when the vehicle is far away from a signalized 
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intersection, the driver tends to apply a smaller force to the braking pedal compared to the scenario when the 

vehicle is close to the red light. Therefore, the real relationship between the warning signal and the vehicle’s 

acceleration also depends on the vehicle’s location and speed. In this work, the function f(·) is used to describe 

this. Similar to Task 4, this task uses a linear driver model a(t) = −u(t)/20 with 0 ≤ u(t) ≤ 100 is used as this 

driver model. It is obvious that drivers may not follow this model perfectly and will have diferent behaviours. 

However, since the MPC problem will update the warning signal every 1 second, the algorithm will use the latest 

vehicle state at each update instance as the initial condition. For example, a larger warning signal will occur if the 

driver doesn’t decelerate the vehicle at the beginning. 

At the beginning of each optimization circle, the prediction algorithm will predict the vehicle’s longitudinal 

trajectory along the prediction horizon. If the vehicle is predicted to reach the stop bar at the end of the prediction 

horizon tf under red light (reach a certain range ahead of the stop bar, e.g. the vehicle is predicted to be within 

20 m ahead of the stop bar at the terminal horizon), the constraint (6.1j) will be included in the optimization 

problem. This will force the vehicle to stop close to the stop bar at the time tf . To avoid infeasibility of the 

problem, positive slack variables γv and γx are included in the optimization problem and constraint (6.1j) is re-

written as: v(tf ) == γv and x(tf ) + γx ≥ xtl − d0. Term wv γv 
2 + wxγx 

2 with two large positive weighting factors 

wv and wx is added to the objective function (6.1a). In this way, the optimization problem allows the problem to 

slightly violate these constraints when they cannot be satisfed, which guarantees the feasibility of the algorithm. 

When the ego vehicle is approaching the stop bar and the trafc signal is red, a shorter prediction horizon 

is required by the MPC optimization and the terminal constraint (6.1j) on distance will be re-written in a stricter 

form. This is because as the vehicle is approaching the intersection, it requires a shorter time to reach the stop 

bar and the vehicle is expected to stop closer to it. In this problem, the initial prediction horizon is 10 sec and d0 

is set to 20 m. When the ego vehicle is 60 m away from the stop bar, these two values will be updated to 10 sec 

and 15 m; When the ego vehicle is 40 m away from the stop bar, these two values will be updated to 8 sec and 15 

m; When the ego vehicle is 20 m away from the stop bar, these two values will be updated to 6 sec and 5 m. This 

process will speed up the computational process and force the vehicle to stop before the stop bar completely. 

6.5 Simulation results 

This task aims to propose a warning algorithm that provides optimal deceleration rates and ensures a complete stop 

before the stop bar and for car-following scenarios. Therefore, this section primarily assesses the performance of the 

proposed algorithm for possible real-world scenarios. The signal phase when the vehicle platoon is approaching the 

intersection and when it arrives at the signal location is a key parameter. Therefore, the modeled scenarios include 

the green phase and red phase. The yellow light is considered an extension of the green light. The main reason 
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for this convention is to set a time boundary that diferentiates whether entering the intersection is permitted 

or not. That boundary is chosen as the light turning red because entering yellow is permitted if needed. It is 

feasible to adjust the boundary to be earlier (e.g. midway through the yellow light) but it runs the risk of being 

too conservative and thereby being ignored by drivers. In summary, this setup does not afect the stop-proceed 

decision and the vehicle will stop for the yellow light if it is possible. In terms of operation, When the vehicle is 

approaching the intersection while the signal is in the last few seconds of the green phase (which means it is in the 

yellow phase), RLRWS displays a warning message since the red phase is about to begin. 

In the frst scenario, the signal phase is consistently red when the target vehicle is approaching it. In this 

case, the warning system computes the optimal warning message to slow down the target vehicle smoothly before 

the stop bar. In the second scenario, the signal phase is consistently green when the target vehicle is approaching 

it. As a result, the warning system will not generate any warning messages. In the last scenario, the signal phase 

switches from green to red when the target vehicle is approaching the intersection. This is challenging for the 

warning system since the target vehicle’s driver might run the red light during the switch process. As a summary, 

the trafc signal in respect to the signal will be as follows: 

1. Consistent red light when the target vehicle is approaching in a vehicle platoon. 

2. Consistent green light at frst when the target vehicle is approaching. 

3. Green light when the target vehicle is approaching that switches to a red light when the target vehicle arrives 

at the signal location. The target vehicle is following the preceding vehicle in this case where the preceding vehicle 

runs a yellow light but the target vehicle needs to stop at the red light. 

4. Consistent red light when at frst that switches to the green light but the target vehicle has to slow down due to 

congestion. This case represents when the target vehicle is predicted to travel at the free fow speed, but instead 

is forced to slow due to congestion in front. 

These four cases can cover all potential cases in reality including trafc signal status and impacts of trafc 

states on the target vehicle. Every signal status is covered by the mentioned cases as well as changes in the speed 

of the vehicles ahead of the target vehicle which can be interpreted similarly to case 4. 

In all the above scenarios, the target vehicle dynamics information along with its preceding vehicle dynam-

ics information is available to the algorithm. This means the target vehicle’s information, its preceding vehicle’s 

information along with SPaT information will be used in the trafc prediction algorithm to predict the future 

trafc states. For each trafc case, three plots are presented including a space-time plot of the vehicle platoon, a 

speed plot, and an acceleration plot as the vehicle is approaching the intersection up to when the vehicle passes the 

intersection. The current status of the trafc signal is depicted with the dashed line in all plots and the location 

of the trafc signal is marked in all space-time plots. As described, the warning message is representative of the 
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acceleration-deceleration values. Therefore, the raw warning message plot is not presented. 

6.5.1 Case 1: all red phase 

Approaching a red light necessitates coming to a complete stop before the stop bar. Consequently, the target 

vehicle, under the guidance of the warning algorithm, must halt in proximity to the stop bar for a single vehicle 

when the signal displays a red phase. Multiple vehicles in a platoon are presented in this task. 

Figure 6.6 illustrates the vehicle dynamics for this scenario. The target vehicle (car 1 in the fgure using 

black color) gradually decelerates and comes to a stop before the red line. When the signal changes to green, 

the driver resumes normal driving behavior and accelerates. As shown in Figure 6.6a, deceleration values start 

at a lower magnitude compared with its preceding vehicle (car 0 in the fgure using blue color). These values are 

determined through the optimization process described in the previous section and suggested to the driver as the 

warning message. The vehicles platoon trajectory plotting shows that the warning algorithm allows the target 

vehicle to slow down more smoothly. 

6.5.2 Case 2: all green phase 

When the vehicle approaches an intersection, it is expected to proceed when the signal is in the green phase. 

This scenario assumes that all vehicles in the platoon are traveling at its desired speed. The prediction algorithm 

indicates that the target vehicle will reach the intersection while the signal is still in the green phase. First, it 

predicts the time when the target vehicle will arrive at the intersection which is based on the current step. Second, 

if the signal status is green at the predicted time, it will not suggest any braking which means keeping the normal 

driver behavior. Therefore, the algorithm is adaptive based on the vehicle dynamics at the current time step. 

As a result, the warning algorithm will recommend no deceleration, signifying that the RLRWS is not 

taking any action and the color of the message is green. Figure 6.7 provides a detailed depiction of the vehicle’s 

dynamics, including signal phasing, signal location, and warning messages. The target vehicle will pass the inter-

section at a consistent speed, implying that the algorithm does not recommend braking, and the warning message 

remains green throughout. 

6.5.3 Case 3: switch from green phase to red phase 

To encompass all potential scenarios, the project team has examined cases where the signal changes from the green 

phase to the red phase as the vehicle platoon approaches. When the current phase is green but is set to turn red 

as the platoon approaches the stop bar, it represents a common scenario of red light running. Especially, when the 

target vehicle’s preceding vehicle passes the stop bar during the yellow phase, there might not be enough remaining 

duration for the target vehicle to pass the stop bar. A space-time plot of the vehicle platoon, a speed plot, and 
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Figure 6.6: Speed, acceleration, and trajectory plot with respect to simulation time when approaching a red light. 
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Figure 6.7: Speed, acceleration, and trajectory plot with respect to simulation time when approaching a green 
light. 
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an acceleration plot are shown in Fig. 6.8. To show the performance of the proposed RLRWS, the dashed black 

line in Fig. 6.8c indicates the target vehicle’s trajectory when it drives at the road’s free fow speed without other 

preceding vehicles. 

In this particular scenario, the signal changes from green to red when the signal location falls within the 

vehicle’s prediction horizon. As shown in Fig. 6.8c, the target vehicle can pass the intersection before the red phase 

if there are no other preceding vehicles. In reality, however, it needs to stop before the stop bar due to the impact 

of the vehicle platoon. The warning algorithm recommends a smaller deceleration when the target vehicle is far 

away from the intersection. Therefore, the target vehicle slows down more smoothly and does not run the red light. 

(a) Target vehicle, its preceding vehicle speed profles along 
with target vehicle’s speed profle when it drives at the free 
fow speed. The preceding vehicle (car 0) drives out of the 
modelled network after 170 s. 

(b) Target vehicle and its preceding vehicle acceleration 
profles. The preceding vehicle (car 0) drives out of the 
modelled network after 170 s. 

    -
      


Figure 6.8: Speed, acceleration, and trajectory plot with respect to simulation time when approaching a trafc 
signal changing from green to red. 
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6.5.4 Case 4: Slower fow due to congestion at green phase 

In the previously mentioned cases, there was no vehicle queue at the signal location. The target vehicle can travel 

at the free fow speed if it arrives at a green light without congestion. In real cases, vehicles that were stopped in 

a queue during the red light begin to pass the signal location in order. Depending on the number of vehicles in 

the queue, it takes some time for the intersection to clear, and before that, any new arrival vehicle has to join the 

slower-moving queue. 

Case 4 represents when the target vehicle approaches a signal that has not yet dissipated. Although the 

target vehicle is predicted to travel at the free fow speed when the light is green, it should pass the intersection 

with lower speed values due to the congestion at the signal location. A space-time plot of the vehicle platoon, a 

speed plot, and an acceleration plot for this case are shown in Fig. 6.9. In this scenario, only the dynamics of 

the target vehicle and the preceding vehicle are assumed to be available. Therefore, RLRWS is working based 

on limited information about the platoon. To show the performance of the proposed RLRWS, the dashed black 

line in Fig. 6.9c indicates the target vehicle’s trajectory when it drives at the road’s free fow speed without other 

preceding vehicles. In this case, fve vehicles have arrived at the red light and are leaving the signal location with 

lower speed values when the target vehicle arrives. Monitoring the trajectory of the preceding vehicle leads the 

target vehicle to slow down even when a green light is displayed and a free fow is expected. As shown in Fig. 6.9a, 

the target vehicle also slows down and passes the green light at a lower speed. This case can be compared to Case 

2, particularly Fig. 6.7a where the target vehicle passes the signal location with the free fow speed. 

Other situations where trafc in front of the target vehicle is not traveling with the free fow speed such 

as a slower truck passing the intersection or when a vehicle has stopped at the green light waiting for a left-turn 

yield can also be represented and modeled similarly to this case. In all of these cases, the target vehicle begins 

with a speed prediction equal to free fow speed but information from the preceding vehicles and the MPC-based 

warning algorithm results in a safe deceleration and passing the intersection at a slower speed. 

6.5.4.1 Case 4 with various connectivity rates in the platoon 

As discussed, Fig. 6.9 represents a case where only the dynamics of the target vehicle and the preceding vehicle are 

available. In other words, all other vehicles in front of the preceding vehicle (vehicles c 0 to c 3) are not connected. 

This case illustrates the performance of RLRWS with limited connectivity data. However, a portion of the platoon 

might be CV that can transmit information to the target vehicle. This can improve trafc prediction accuracy 

described in Section 6.4.1. 

Fig. 6.10 represents a scenario from case 4 where two vehicles in front of the target vehicle are CVs in 

addition to the target vehicle. Similarly, Fig. 6.11 represents a fully connected platoon where the dynamics of 
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Figure 6.9: Speed, acceleration, and trajectory plot with respect to simulation time when approaching a green light 
but the target vehicle is forced to slow down. 
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all vehicles are available for the target vehicle. Although the target vehicle heavily relies on the trajectory of 

the preceding vehicle, adding more CVs increases the spacing and improves speed smoothness resulting in safety 

enhancement. 

(a) Target vehicle, its preceding vehicle speed profles along 
with target vehicle’s speed profle when they approach a 
congested intersection. 

(b) Target vehicle and its preceding vehicle acceleration 
profles. 

    -
      


Figure 6.10: Speed, acceleration, and trajectory plot with respect to simulation time when approaching a green 
light but the target vehicle is forced to slow down where c 0 and c 2 are also connected vehicles. 

6.6 Summary 

This task is focused on modeling the red light running warning system when the target vehicle is following other 

vehicles and integrating it into the microsimulation platform. The information received through V2I connectivity 

is used to generate essential data, such as the signal phasing plan, remaining distance to the signal, and vehicle 

dynamics. This prepared information is used to update a warning algorithm that aims to control the target vehicle, 
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Figure 6.11: Speed, acceleration, and trajectory plot with respect to simulation time when approaching a green 
light but the target vehicle is forced to slow down where all vehicles are connected in the platoon (100% penetration 
rate). 
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ensuring compliance with trafc constraints and enabling the vehicle to come to a complete stop before the stop 

bar when the signal is in the red phase. The algorithm predicts the vehicle’s location, thereby determining the time 

step at which the vehicle will reach the intersection. The output of the algorithm is an acceleration-deceleration 

value used to control the target vehicle. The focus is on the deceleration process and guiding the driver to avoid 

harsh brakes by suggesting moderate braking. 

To simplify and facilitate monitoring of the red light running process, the outputs are translated into 

warning messages for the deceleration process, including a bar for the action intensity with green, yellow, or red 

color for classifying. These messages signify the level of action, ranging from safe passage without any action 

to making a hard brake. Various scenarios are presented to cover all possible situations when a target vehicle 

approaches an intersection following other vehicles. Particularly, in the critical case when the preceding vehicle can 

cross the intersection but the signal turns green when the target vehicle arrives at the signal location is elaborated 

to ensure a safe stop guidance. Subsequent tasks will delve into trafc studies and the implementation of this 

method on actual vehicles, followed by road testing. 

92 



Chapter 7 

Implement RLRWS with audio/visual 

warning for the on-road testbed 

December, 2023 

7.1 Introduction 

In previous tasks, a microscopic trafc simulator was used to validate the proposed red light running warning 

system. In this specifc task, the proposed warning algorithm is converted into a real-time implementable system. 

For real-time computation of the warning signal, the proposed system must have the capability to receive and 

interpret the connected vehicles messages e.g. signal phase and timing (SPaT) from the roadside unit and basic 

safety messages (BSM) in real-time. Subsequently, a trafc prediction algorithm is employed to predict trafc 

conditions at each time step. Based on the output of the prediction algorithm, the optimization-based warning 

algorithm will compute the optimal warning signal in real-time. Finally, a visualization function will be included 

to display the warning message on the screen in real-time. 

The research team installed the roadside unit (RSU) at the intersection of Scott County’s CSAH 18/CSAH 

21/Southbridge Parkway with the help of MnDOT in Task 1. We validated the connectivity and reliability of the 

purchased RSU and OBU in Task 2. Microscopic trafc simulator and structure of the warning system are shown 

in Task 3 and Task 4, respectively. In this task, we will implement the real-time red light running warning system 

on a test vehicle. Further details about Task 6 will be discussed in the following sections. 
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7.2 Real-time warning algorithm framework 

7.2.1 Hardware equipment 

In this subsection, the hardware used for this task along with their connection is introduced. To broadcast the 

SPaT information of the trafc signal, the RSU is connected to the trafc signal controller as shown in Fig. 7.1. 

The RSU broadcasts the SPaT message via C-V2X communication. The socket in the trafc signal cabinet is used 

to supply power to the RSU. 

Figure 7.1: RSU confguration at the intersection. 

The laptop and OBU are connected via an Ethernet cable in the test vehicles, where the OBU is powered 

by the vehicle’s 12V DC power (see Fig. 7.2 and Fig. 7.3). In the fgure, the green circle indicates the vehicle 

12V DC power supply. The red circle shows the antenna of the OBU. The blue circle shows the OBU processor. 

The purple circle represents the laptop used in this project. The OBU receives the SPaT and BSM messages and 

sends them to the laptop in real-time via user datagram protocol (UDP). SPaT messages introduce the signalized 

intersection’s trafc signal status. BSM messages contain the target vehicle’s speed and location information. 

Utilizing the received data, scripts running on the laptop compute the optimal warning signal. Moreover, the 

laptop functions as the human-machine interface (HMI), displaying the warning signal on its screen. Ultimately, 

the driver can react to the warning message. 
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Figure 7.2: OBU and HMI confguration. 

Figure 7.3: OBU installation for the test vehicle. 

7.2.2 Software framework 

In this subsection, the software framework (Fig. 7.4) of the proposed real-time warning algorithm is presented. The 

developed framework employs Python as the programming language. To enhance computational speed, the entire 

warning algorithm framework is divided into four individual blocks, which will run in parallel: 

• OBU information process 

• Trafc prediction 
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• Warning algorithm 

• Visualization 

Figure 7.4: Software component of the real-time implementation of the proposed warning algorithm. 

As demonstrated in the previous subsection, the UDP communication protocol facilitates real-time com-

munication between the laptop and OBU. The UDP also serves as the communication standard among diferent 

blocks. UDP, known for its suitability in time-sensitive applications, enables faster communication since it does 

not spend time forming a frm connection with the destination before transferring the data. This attribute aligns 

well with the demands of developing this real-time warning algorithm. 

For each programming block, a virtual bufer will be created to store received data from other programming 

blocks. These scripts will then read the most recent data from the bufer, ensuring access to the latest real-time 

system information. Further details about each programming block will be illustrated in the following subsections. 

7.2.2.1 OBU information process block 

This block receives and interprets the information transmitted from the OBU, and broadcasts the interpreted data 

to other programming blocks. To facilitate real-time broadcasting of the received message from the OBU to the 

laptop, the confguration fle shown in Fig. 7.5 is stored in the device. The destination IP address and destination 

port number are specifed in the confguration fle. To receive the transmitted raw data stream in real-time, the 

“socket” package of Python [41] is used. The python package “pycmssdk” developed by Commsignia [30] is used to 

interpret the messages in real-time. Subsequently, these interpreted messages are broadcast to other programming 

blocks via UDP communication. 

7.2.2.2 Trafc prediction block 

This block utilizes real-time trafc information to predict trafc states along the prediction horizon. The trafc 

prediction algorithm developed in [39] without considering lane changing maneuvers is used in this project and its 

framework is shown in Fig. 7.6. In the fgure, the red vehicle is the ego vehicle equipped with the proposed warning 

algorithm. The road ahead of the ego vehicle is divided into M cells of equal length. V2V, V2I communication 
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Figure 7.5: Confguration fle in JSON format for real-time data transmission from Commsignia OBU. 

and perception technologies are used to obtain real-time trafc information, which is used by a state estimator to 

estimate the trafc conditions of each cell. 

The project intersection utilizes an actuated signal timing plan that does not follow a fxed phase duration. 

It extends the phase duration according to vehicle actuation. It begins with a minimum value for the current phase; 

when a vehicle is actuated near the ending point of the phase, the phase receives an extension. If vehicles constantly 

approach the signal during this time, this process continues until it reaches a predefned maximum time. As a result, 

the ”min time to change” used in this task is subject to change. 

To deal with the actuated signal used at the intersection, the variable “min time to change” is used in 

this task as it’s close to the actual signal timing during the last few seconds of each signal phase. The variable 

completely accounts for the actuated signal and will be increased in the case of an extension. Furthermore, even 

though the variable ”min time to change” is subject to change, the remaining time interval is sufcient for the 

RLRWS algorithm. The reason is that the only important phase in terms of red light running is when the green 

light turns yellow and then red. In this case, only the green phase is subject to extension and the yellow phase has 

a fxed time without extension. Therefore, the remaining time to provide a safe stop considering the yellow phase 

is sufcient for a target vehicle. 

Moreover, in the case of approaching a red light, the extension is not against the RLRWS algorithm since 
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the algorithm correctly suggests a safe stop. Finally, the future trafc states can be obtained by propagating the 

trafc fow model (7.1). 

Figure 7.6: Trafc prediction framework used in the warning algorithm. 

dt 
ρj (k + 1) = ρj (k) − [ρj (k)vj (k) − ρj−1(k)vj−1(k)] + ωj (k), (7.1a)

dx 
dt [V̂ 

e(ρj (k)) − vj (k)] 
vj (k + 1) = vj (k) − vj (k)[vj (k) − vj−1(k)] + dt · 

dx | {zτ } 
Speed adaptation 

2dt c0 · [ρj+1(k) − ρj (k)]− · +ξj (k), (7.1b)
dx ρj (k) + ϵ| {z } 

Trafc pressure 

where (7.1a) and (7.1b) describe the evolution of trafc density and trafc speed, respectively. k is the discretized 

time instance; dt denotes the time step size; dx represents the length of each cell; j is the cell index; ϵ is a small 

positive number to prevent zero denominator; ωj (k) and ξj (k) describe model uncertainties assumed to follow a 

Gaussian distribution; V̂ 
e(ρj (k)) signifes the equilibrium speed of cell j; c0 characterizes trafc pressure and τ 

describes the adaptation rate to reach the equilibrium speed. 

Supposing an intersection is located at cell sc, then speed of this cell is set to zero when the trafc signal 

is red:  0, signal is red 
vsc(k + 1) = right side of (7.1b), signal is green 

(7.2) 
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To facilitate real-time implementation, diferent from the work in [39], the discretization time dt has been 

adjusted from 0.1s to 0.2s. The prediction horizon is selected as 10s. The algorithm will update the trafc prediction 

output every 0.2s. 

7.2.2.3 Warning algorithm block 

This block uses real-time trafc information and the latest trafc prediction results to compute the optimal warning 

signal. As shown in the previous task, the proposed algorithm is formulated in the model predictive (MPC) fashion. 

To obtain the numerical solution for the formulated optimization problem, a time step with 0.2s is employed to 

discretize the problem. The predictive horizon is set to 10s. It is solved using IPOPT [42] with CasADi [43] used as 

modeling language. Considering that the computational time for solving the optimization problem is about 0.45s 

for each time step and humans cannot change behavior very often, the algorithm will update the warning message 

every 1s. 

7.2.2.4 Visualization block 

To visualize the warning message, the “matplotlib” package is employed to display the warning message through a 

fgure on the laptop screen. As demonstrated in the previous task, three diferent colors-green, yellow and red-along 

with varying sizes are used to display the warning signal. In this task, the warning message is displayed with colored 

circles (see Fig. 7.7 and Fig. 7.8), where the diameter change represents the required intensity, such as a large red 

circle meaning a harsh brake is suggested. A colored circle performs faster visualization process compared to a 

more detailed horizontal percentage bar. 

The visualization block updates the output upon receiving the newest warning message. 

Figure 7.7: Warning output example 1. 
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Figure 7.8: Warning output example 2. 

7.3 Result 

In December 2023, the research team went to the Scott County’s CSAH 18/CSAH 21/Southbridge Parkway in-

tersection to conduct testing on the proposed real-time warning framework. The team tested the algorithm in 

real-time and recorded relevant data on the laptop for subsequent analysis. 

During the test drive, the test vehicle traveled northbound on CSAH 21 toward the signalized intersection. 

A research team member in the passenger seat observed the screen and communicated the warning message to the 

driver. The Warning message along with vehicle’s speed, trajectory and acceleration profles (Fig. 7.9–Fig. 7.12) 

from a test drive where the test vehicle approached the intersection during a red light phase is used for analysis in 

this section. 
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Figure 7.9: Target vehicle’s speed when it drove towards the intersection during red light. 

Figure 7.10: Target vehicle’s longitudinal location along the road section. The signalized intersection’s stop bar is 
at the location of 0m. The signal status of the time step when the target vehicle was in the RSU’s communication 
range is also included. 
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Figure 7.11: Target vehicle’s acceleration when it drove towards the intersection during red light. 

Figure 7.12: Target vehicle’s warning magnitude when it drove towards the intersection during red light. 

It is evident that the test vehicle decelerated and came to a stop (around 80s of the test drive) at the 

intersection since the trafc signal was red. It proceeded through the intersection once the light changed to green 

(around 130s of the test drive). The results show that the warning system has the ability to compute warning 

signal in real-time based on the information transmitted from the OBU. Notably, the warning system initiated the 

warning signal and advised the driver to reduce speed when the vehicle was about 300m away from the intersection 

(around 60s of the test drive). The vehicle’s acceleration changed to negative after that. However, as the driver 

did not comply with the warning system’s prompt to slow down, a larger warning signal was generated to ask the 
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driver to employ a greater deceleration to avoid running a red light. It takes 5 steps (5 sec) for the warning signal 

to increase from 8.4 to its maximum value 100. Compared to the result in Task 4, the shorter communication range 

during the on-road test led to a delayed activation of the warning system, resulting in a steeper rise of the warning 

signal is observed. 

7.4 Summary 

In this study, a real-time implementable red light running warning system was developed and tested using the 

confgured hardware-in-the-loop testbed. Trafc conditions including trafc signal status and the target vehicle’s 

information were obtained through the OBU. The laptop was connected to the OBU and computed the optimal 

warning signal in real-time. It displayed warning message on the screen and could be observed by the researcher. 

The results showed that the proposed warning algorithm could be demonstrated in real-time. However, due to the 

utilization of actuated signal control technology at the intersection, further work is necessary to approximate the 

predicted trafc signal state along the prediction horizon. Further work will involve employing additional driving 

scenarios to further demonstrate the proposed algorithm in the upcoming months. 
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Chapter 8 

On-road demonstration of RLRWS 

May, 2024 

8.1 Introduction 

This project is focused on developing a technology to warn the driver regarding red light violations using vehicle-

to-infrastructure (V2I) technology. In previous tasks, the team project proposed an algorithm that calculates 

deceleration suggestions for the target vehicle in real-time based on the current vehicle dynamics and trafc signal 

phasing. A microscopic trafc simulator was used to validate the proposed red-light running warning system. 

Subsequently, the presented warning algorithm is converted into a real-time implementable system. This task 

describes the RLRWS demonstration in the vehicle. Project team members have implemented the system and 

receive warning messages while driving the car. Setup instruments and muliple examples of in-car demonstration 

are presented in this report. 

For real-time computation of the warning signal, the proposed system must have the capability to receive 

and interpret the connected vehicles messages, e.g. signal phase and timing (SPaT) from the roadside unit (RSU) 

and basic safety messages (BSM) from other connected vehicles in real-time. Then, a trafc prediction algorithm 

is employed to predict trafc conditions at each time step. Based on the output of the prediction algorithm, the 

optimization-based warning algorithm will compute the optimal warning signal in real-time. Finally, a visualization 

function will be included to display the warning message on the screen in real-time. 

The research team installed the roadside unit (RSU) at the intersection of Scott County’s CSAH 18/CSAH 

21/Southbridge Parkway with the help of MnDOT in Task 1. Furthermore, an on-board unit (OBU) located in 

the car has access to vehicle dynamics (location and speed) and also receives SPaT from RSU. We validated the 
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connectivity and reliability of the purchased RSU and OBU in Task 2. The microscopic trafc simulator and 

structure of the warning system are shown in Task 3 and Task 4, respectively. In Task 6, we implemented the 

real-time red light running warning system on a test vehicle. Finally, we will show how this system performs while 

driving the target vehicle towards Scott County’s CSAH 18/CSAH 21/Southbridge Parkway intersection. 

8.2 Real-time warning algorithm framework 

8.2.1 Hardware equipment 

In this subsection, the hardware used for this task along with their connection is introduced. To broadcast the 

SPaT information of the trafc signal, the RSU is connected to the trafc signal controller as shown in Fig. 8.1. 

The RSU broadcasts the SPaT message via C-V2X communication. The socket in the trafc signal cabinet is used 

to supply power to the RSU. 

Figure 8.1: RSU confguration at the intersection. 

The laptop and OBU are connected via an Ethernet cable in the test vehicles, where the OBU is powered 

by the vehicle’s 12V DC power (see Fig. 8.2 and Fig. 8.3). The OBU receives the SPaT and BSM messages and 

sends them to the laptop in real-time via user datagram protocol (UDP). SPaT messages introduce the signalized 

intersection’s trafc signal status. BSM messages contain the target vehicle’s speed and location information. 

Utilizing the received data, scripts running on the laptop compute the optimal warning signal. Moreover, the 

laptop functions as the human-machine interface (HMI), displaying the warning signal on its screen. Ultimately, 

the driver can react to the warning message. 
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Figure 8.2: OBU and HMI confguration. 

Figure 8.3: OBU installation for the test vehicle. The green circle indicates the vehicle 12V DC power supply. The 
red circle shows the antenna of the OBU. The blue circle shows the OBU processor. The purple circle represents 
the laptop used in this project. 

8.2.2 Software framework 

In this subsection, the software framework (Fig. 8.4) of the proposed real-time warning algorithm is presented. The 

developed framework employs Python as the programming language. To enhance computational speed, the entire 

warning algorithm framework is divided into four individual blocks, which will run in parallel: 

• OBU information process 
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• Trafc prediction 

• Warning algorithm 

• Visualization 

Figure 8.4: Software component of the real-time implementation of the proposed warning algorithm. 

As demonstrated in the previous subsection, the UDP communication protocol facilitates real-time com-

munication between the laptop and OBU. The UDP also serves as the communication standard among diferent 

blocks. UDP, known for its suitability in time-sensitive applications, enables faster communication since it does 

not spend time forming a frm connection with the destination before transferring the data. This attribute aligns 

well with the demands of developing this real-time warning algorithm. 

For each programming block, a virtual bufer will be created to store received data from other programming 

blocks. These scripts will then read the most recent data from the bufer, ensuring access to the latest real-time 

system information. Further details about each programming block will be illustrated in the following subsections. 

8.2.2.1 OBU information process block 

This block receives and interprets the information transmitted from the OBU, and broadcasts the interpreted data 

to other programming blocks. To facilitate real-time broadcasting of the received message from the OBU to the 

laptop, the confguration fle shown in Fig. 8.5 is stored in the device. The destination IP address and destination 

port number are specifed in the confguration fle. To receive the transmitted raw data stream in real-time, the 

“socket” package of Python [41] is used. The python package “pycmssdk” developed by Commsignia [30] is used to 

interpret the messages in real-time. Subsequently, these interpreted messages are broadcast to other programming 

blocks via UDP communication. 

8.2.2.2 Trafc prediction block 

This block utilizes real-time trafc information to predict trafc states along the prediction horizon. The trafc 

prediction algorithm developed in [39] without considering lane changing maneuvers is used in this project and its 

framework is shown in Fig. 8.6. In the fgure, the red vehicle is the ego vehicle equipped with the proposed warning 
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Figure 8.5: Confguration fle in JSON format for real-time data transmission from Commsignia OBU. 

algorithm. The road ahead of the ego vehicle is divided into M cells of equal length. V2V, V2I communication 

and perception technologies are used to obtain real-time trafc information, which is used by a state estimator to 

estimate the trafc conditions of each cell. 

The project intersection utilizes an actuated signal timing plan that does not follow a fxed phase duration. 

It extends the phase duration according to vehicle actuation. It begins with a minimum value for the current phase; 

when a vehicle is actuated near the ending point of the phase, the phase receives an extension. If vehicles constantly 

approach the signal during this time, this process continues until it reaches a predefned maximum time. As a result, 

the ”min time to change” used in this task is subject to change. 

To deal with the actuated signal used at the intersection, the variable “min time to change” is used in 

this task as it’s close to the actual signal timing during the last few seconds of each signal phase. The variable 

completely accounts for the actuated signal and will be increased in the case of an extension. Furthermore, even 

though the variable ”min time to change” is subject to change, the remaining time interval is sufcient for the 

RLRWS algorithm. The reason is that the only important phase in terms of red light running is when the green 

light turns yellow and then red. In this case, only the green phase is subject to extension and the yellow phase has 

a fxed time without extension. Therefore, the remaining time to provide a safe stop considering the yellow phase 

is sufcient for a target vehicle. 
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Moreover, in the case of approaching a red light, the extension is not against the RLRWS algorithm since 

the algorithm correctly suggests a safe stop. Finally, the future trafc states can be obtained by propagating the 

trafc fow model (8.1). 

Figure 8.6: Trafc prediction framework used in the warning algorithm. 

dt 
ρj (k + 1) = ρj (k) − [ρj (k)vj (k) − ρj−1(k)vj−1(k)] + ωj (k), (8.1a)

dx 
dt [V̂ 

e(ρj (k)) − vj (k)] 
vj (k + 1) = vj (k) − vj (k)[vj (k) − vj−1(k)] + dt · 

dx | {zτ } 
Speed adaptation 

2dt c0 · [ρj+1(k) − ρj (k)]− · +ξj (k), (8.1b)
dx ρj (k) + ϵ| {z } 

Trafc pressure 

where (8.1a) and (8.1b) describe the evolution of trafc density and trafc speed, respectively. k is the discretized 

time instance; dt denotes the time step size; dx represents the length of each cell; j is the cell index; ϵ is a small 

positive number to prevent zero denominator; ωj (k) and ξj (k) describe model uncertainties assumed to follow a 

Gaussian distribution; V̂ 
e(ρj (k)) signifes the equilibrium speed of cell j; c0 characterizes trafc pressure and τ 

describes the adaptation rate to reach the equilibrium speed. 

Supposing an intersection is located at cell sc, then speed of this cell is set to zero when the trafc signal 

is red:  0, signal is red 
vsc(k + 1) = right side of (8.1b), signal is green 

(8.2) 
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To facilitate real-time implementation, diferent from the work in [39], the discretization time dt has been 

adjusted from 0.1s to 0.2s. The prediction horizon is selected as 10s. The algorithm will update the trafc prediction 

output every 0.2s. 

8.2.2.3 Warning algorithm block 

This block uses real-time trafc information and the latest trafc prediction results to compute the optimal warning 

signal. As shown in the previous task, the proposed algorithm is formulated in the model predictive (MPC) fashion. 

To obtain the numerical solution for the formulated optimization problem, a time step with 0.2s is employed to 

discretize the problem. The predictive horizon is set to 10s. It is solved using IPOPT [42] with CasADi [43] used as 

modeling language. Considering that the computational time for solving the optimization problem is about 0.45s 

for each time step and humans cannot change behavior very often, the algorithm will update the warning message 

every 1s. 

8.2.2.4 Visualization block 

To visualize the warning message, the “matplotlib” package is employed to display the warning message through 

a fgure on the laptop screen. As demonstrated in the previous task, three diferent colors (green, yellow, and red) 

along with varying sizes are used to display the warning signal. In this task, the warning message is displayed with 

colored circles as depicted in Fig. 8.7 (see Figs. 8.7a, 8.7b, and 8.7c) where the diameter change represents the 

required intensity, such as a large red circle meaning a harsh brake is suggested. A colored circle performs a faster 

visualization process compared to a more detailed horizontal percentage bar. The visualization block updates the 

output upon receiving the newest warning message. 

Table 8.1 explains the color interpretation as intensity range. The green color represents normal driving 

behavior, and the RLRWS does not provide any additional guidance, encompassing all positive acceleration values as 

well as minor acceleration values. The yellow color indicates that the driver needs to make a moderate deceleration, 

including moderate deceleration rates (or moderate brake intensity rates), while the color switches to red when 

there is an imminent risk of a red-light violation with the necessity of an intense brake. Generally, the red color is 

displayed when the driver has not followed the yellow color bar displayed previously. As a result, yellow switches 

to red, and the brake intensity is increased in the displayed bar gradually as the driver did not follow the message. 

Table 8.1: Warning message color classifcation 

Warning Message Defnition 

Green No action required, far from signal or signal is green when the vehicle arrives 
Yellow Driver needs to decelerate gradually, a full stop is required soon 
Red A hard brake is required, otherwise will run the red light 
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An alternate approach to providing the warning is to release an alarm noise with an adjustable volume 

representing brake intensity. This approach is not implemented at this phase due to driver attention concerns such 

as confusion with another alarm sound (safety belt or other radars) or being distracted when listening to radio or 

music. Moreover, driver satisfaction might also drop when an alarm is released every time they approach a trafc 

signal even if they are not violating. 

   

Figure 8.7: Warning visualization cases 

8.3 Results 

Between December 2023 and May 2024, the research team went to Scott County’s CSAH 18/CSAH 21/Southbridge 

Parkway intersection to test the proposed real-time warning framework. Fig. 8.8 is a map view of the project 

intersection and driving path for the target approach. As depicted in Fig. 8.8a, the Project team drove in CSAH 

21 toward the intersection from West to North-East as the target approach is defned. The team tested the algorithm 

in real-time and recorded relevant data on the laptop for subsequent analysis if needed. 

(a) Driving path for road test: blue line shows the main driving ap-
proach and orange line provides access to the target approach 

(b) Highlighted roads are locations that OBU can 
receive SPaT messages 

Figure 8.8: Map views of Scott County’s CSAH 18/CSAH 21/Southbridge Parkway intersection 

During the test drive, the test vehicle traveled northbound on CSAH 21 toward the signalized intersection. 

Figure 8.9 shows the in-vehicle setup. OBU is utilized with three ports in this project: 1) a 12V power cable 
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Figure 8.9: Setup in the vehicle: the laptop is used to receive and decode BSM and SPaT messages, run the 
developed algorithm, and show the warning signal in real-time. 

connected to the vehicle outlet 2) An antenna to receive SPaT and GPS data appropriately 3) An ethernet cable 

that outputs the required message to the laptop to calculate warning message. The computer runs RLRWS and 

presents the warning message as colored circles with varying sizes. A research team member in the passenger seat 

operates the laptop and communicates the warning message to the driver. 

Figs. 8.10, 8.11, 8.12, and 8.13 present the warning message along with the vehicle’s speed, and space-time 

plots in various cases. Results are recorded during the test drive where the test vehicle approached the intersection 

during a red phase. Signal phasing is displayed with colored dots in the space-time diagram in these fgures. When 

the vehicle is far away from the intersection, SPaT messages are not transmitted to the car yet. Thus, there is 

no information available regarding the signal phase. When the target vehicle enters the connectivity range (500 m 

in this project), messages will be received. This is the reason that signal-phasing dots are not displayed at some 

points of the space-time graph. 

It should be noted that there is a linear relation between the warning message and the suggested decel-

− warning eration in terms of magnitude and mathematical sign with the acceleration formula a = (for example20 

a warning value of 100 represents a deceleration of 5 meters per second square). Thus, a positive warning value 

corresponds to brake guidance, and a negative warning value guides acceleration. 
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Figure 8.10: speed, warning value, and space-time plots for a recorded road test 

Fig. 8.10 represents a case when the target vehicle approaches the intersection during the red phase. 

As the driver slows down earlier than what is calculated by RLRWS (around the time 25s), the algorithm guides 

the driver to accelerate (negative warning value). This suggestion is interpreted as normal driving since it does 

not result in a red light violation. Thus, RLRWS displays a fxed-size green circle (Fig. 8.7a). Subsequently, the 

algorithm begins deceleration suggestion at a time around 42–48 seconds with a yellow varied-size circle (Fig. 8.7b). 

Fig. 8.11 depicts a harsh brake suggestion. It begins with suggesting normal driving behavior. As braking 

is required, the algorithm starts showing a yellow color (around the time 28 s) followed by a harsh brake suggestion 

with a red-colored circle. It is evident that the test vehicle decelerated and came to a stop (around 38s of the 

test drive) at the intersection since the trafc signal was red. It proceeded through the intersection once the light 

changed to green (around 63s of the test drive). 

Fig. 8.12 presents another experimental test with the same driving setting while approaching a red light. 

Since the driver tends to follow RLRWS guidance, the warning message does not switch to red color, unlike the 

previously mentioned case. RLRWS suggests mild braking by displaying a yellow color warning message with a 

moderate intensity. 

As the last example, Fig. 8.13 shows a scenario when the trafc signal is initially green but the driver does 

113 



Figure 8.11: speed, warning value, and space-time plots for a recorded road test 

Figure 8.12: speed, warning value, and space-time plots for a recorded road test 
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Figure 8.13: speed, warning value, and space-time plots for a recorded road test 

not follow RLRWS suggestion (mild braking) and keeps driving at the free fow speed. As the driver approaches the 

intersection, it switches to yellow and then red (around time 50 to 55 seconds). It can be noted that a mild braking 

suggestion begins even when the light is in the green phase since RLRWS predicts that the light will turn red 

before the driver can cross through the intersection. As the driver keeps going fast and ignores the yellow-colored 

warning message, RLRWS starts to warn the driver with a harsh deceleration suggestion displayed with the red 

light (around time 51 to 57 seconds). 

The results show that the warning system has the ability to compute warning signal in real-time based on 

the information transmitted from the OBU. Notably, the warning system initiated the warning signal and advised 

the driver to reduce speed when the vehicle was about 300m away from the intersection. 

8.4 Summary 

In this study, a real-time red light running warning system was developed and demonstrated using the confgured 

hardware-in-the-loop testbed. Trafc conditions including trafc signal status and the target vehicle’s information 

were obtained through the OBU. The laptop was connected to the OBU and computed the optimal warning signal 

in real-time. It displayed a warning message on the screen that successfully guides the driver in various cases. 

The results showed that the proposed warning algorithm can visualize and warn the driver depending on vehicle 
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dynamics and signal phase. Finally, a connection between vehicles and intersections followed by employing RLRWS 

can prevent red light violations which is a major source of fatalities and injuries. 
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Chapter 9 

Memorandum on expected research 

benefts and potential implementation 

steps 

9.1 Introduction 

Safety is critical for on-road transportation. Among all factors that can result in serious accidents, red light running 

happens frequently and is often deadly. According to statistics from the Insurance Institute for Highway Safety 

(IIHS) [1], 928 people were killed in crashes that involved red light running in 2020 within the United States. 

Additionally, an estimated 116,000 people were injured in accidents related to red light running. It is obvious that 

developing efective countermeasures for red light running violations can signifcantly reduce the number of these 

accidents and improve road safety. One solution is to develop a red light running warning system (RLRWS), which 

can provide a warning signal to drivers about the possibility of running a red light in advance. 

RLRWS is heavily based on vehicle connectivity; equipped with dedicated short range communication 

(DSRC) or cellular vehicle-to-everything (C-V2X) devices, CVs can obtain real-time trafc information such as 

Signal Phase and Timing (SPaT), as well as speed and location data from other CVs, via Vehicle-to-Infrastructure 

(V2I) and Vehicle-to-Vehicle (V2V) communication, respectively. The obtained trafc information can be used to 

estimate the current trafc state ahead of the vehicle and predict future trafc trafc states. The vehicle’s future 

longitudinal position can then be computed based on the predicted trafc states. Therefore, it is necessary to 

install communication devices to enable the V2I and V2V communication for this research project. Equipment and 
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installation form the major part of the costs. Specifcally, the roadside unit (RSU) and onboard unit (OBU) are 

required. 

This report presents a comprehensive analysis of the Red Light Running Warning System (RLRWS) 

deployment. It begins by detailing the costs associated with implementation, including equipment procurement, 

human resource requirements for installation, and framework development expenses. The report then explores the 

potential benefts of the system, which are categorized into three main areas: cost-efectiveness in crash reduction, 

road maintenance savings, and improvements in trafc fow. Both costs and benefts are categorized and quantifed 

for a practical network size, providing a realistic assessment of the RLRWS’s economic and operational impact. This 

approach ofers a balanced view of the system’s feasibility and potential return on investment for urban planners 

and transportation authorities. 

9.2 Cost breakdown 

The implementation of the Red Light Running Warning System (RLRWS) requires specifc hardware components, 

which constitute a signifcant portion of the project’s costs. The system’s core functionality relies on a two-way 

communication setup: 

1. Intersection Equipment: Each signalized intersection must be equipped with a Roadside Unit (RSU). The 

RSU is responsible for transmitting real-time signal information. 

2. Vehicle Equipment: Target vehicles need to be ftted with an On-Board Unit (OBU). The OBU serves two 

crucial functions: a) Receiving data from the RSU, b) Providing vehicle dynamics (such as speed, GPS 

coordinates, and acceleration) as essential inputs for the RLRWS algorithm 

To ensure seamless communication and compatibility, both RSUs and OBUs should support standard 

V2X messaging formats defned by the Society of Automotive Engineers (SAE). from the same manufacturer. For 

this project, we have opted to purchase both units from the same manufacturer, which might afect the overall 

equipment costs but guarantees system integrity as a demonstration project. 

The RSU device works closely with the signal controller, which is often located in a cabinet near the 

intersection. Therefore, only authorized experts can mount and install the RSU, which requires additional efort 

and costs. However, OBU devices can be simply installed in a car with a power source (e.g., a 12-volt outlet 

available inside the vehicle). 

The red light violation is studied separately for each intersection in this project. Therefore, we report 

the cost of RSU installation for each individual intersection. Each RSU is able to communicate with multiple 
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Table 9.1: RLRWS implementation costs in USD 

item Unit price USD 

RSU kit $ 3020 

OBU kit $ 350 

confguration, software, and licensee $ 4850 

workforce per RSU installation $ 850 

approaching vehicles equipped with OBUs. RSU and OBU devices used in this project were loaded with various 

features and processing power in order to test other applications of SPaT messages in the future. Thus, the OBU 

kit was priced at $2040 which is higher than a less-featured OBU with V2V compatibility which might be sufcient 

for the RLRWS purpose. For mass-market OBUs, the National Highway Trafc Safety Administration (NHTSA) 

has estimated a unit cost of $350 per vehicle in 2020 [44]. Table 9.1 describes the unit costs to purchase and install 

RSUs and OBUs. It should be noted that each intersection only requires one RSU plus installation, each vehicle 

requires an OBU, and we assume that the software and licensing costs are one-time only. 

The total number of registered automobiles in Minnesota in 2020 is reported as around 1,827,000 vehicles 

[45]. The project team proposes targeting 10% of more vulnerable vehicles for RLRWS implementation which is 

around 182,700 vehicles (e.g. demographic and geographic flters) with the total OBU purchase cost of: 

182700 × $350 = $63, 945, 000 (9.1) 

Assuming a reasonable radius of the Twin Cities metro area (radius of 50 miles) to run RLRWS and install 

RSUs which attract most of the trafc volume (For example, Ramsey and Hennepin counties located in Twin Cities 

account for about 30% of fatal crashes in Minnesota). This area approximately has 640 signalized intersections 

according to the Metro District Trafc Engineering webpage (MnDOT). Therefore, RSU installation costs for this 

network is as follows: 

$4850 + ($850 + $3020) × 640 = $2, 481, 650 (9.2) 

It can be noted that the major costs are related to vehicle connectivity technology (OBU device). Finally, 

the total costs for equipping 10% of vehicles while driving in a relatively large area around the Twin Cities will be 

as follows: 

$63, 945, 000 + $2, 481, 650 = $66, 426, 650 (9.3) 

Installing OBUs and RSUs, even on a portion of intersections and vehicles, creates a connectivity in-

frastructure that enables numerous advantages beyond RLRWS. Energy-efcient approaches (referred to as eco-

approach) can optimize vehicle speeds, reducing fuel consumption and emissions [46, 18]. Safety improvements 
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using vehicle-to-vehicle (V2V) information transmission allow for real-time hazard warnings and cooperative adap-

tive cruise control [47]. Furthermore, it lays the groundwork for future autonomous vehicle integration and enhanced 

pedestrian safety through vehicle-to-pedestrian (V2P) communication [47]. While the installation costs are required 

for the RLRWS project, equipping roads and vehicles with this technology creates a versatile, future-proof frame-

work. This investment opens doors to a comprehensive set of opportunities and benefts, positioning it as a strategic 

step towards a more intelligent, efcient, and safer transportation ecosystem. 

9.3 Potential benfts 

The implementation of RLRWS ofers a range of potential benefts that extend beyond its primary function of 

reducing crashes due to trafc violations. This section of the report explores these advantages, categorizing them 

into three main areas: cost-efectiveness in crash reduction, road maintenance savings, and improvements in trafc 

fow. Each of these categories represents a signifcant potential for a positive impact on both public safety and 

urban infrastructure management. 

1. Cost-efectiveness in crash reduction and citation avoidance: The RLRWS aims to signifcantly reduce the 

incidence of red light violations, which are a leading cause of intersection crashes. By providing timely 

warnings to drivers, the system has the potential to prevent accidents, thereby saving lives and reducing the 

economic burden associated with trafc collisions. Additionally, by helping drivers avoid running red lights, 

the system will lead to fewer trafc citations, resulting in direct fnancial savings for drivers. This section will 

quantify the potential reduction in crash rates, estimate the resulting economic savings in terms of reduced 

medical costs, property damage, and lost productivity, and calculate the potential savings for drivers from 

avoided trafc citations. 

2. Road maintenance savings: A less obvious but important beneft of the RLRWS is its potential to reduce wear 

and tear on road infrastructure. By promoting smoother trafc fow and reducing the frequency of sudden 

stops and starts at intersections, the system may contribute to decreased road surface degradation [48]. One 

beneft of RLRWS is the potential long-term savings in road maintenance costs, including reduced frequency 

of resurfacing and repair work at intersections. Moreover, crashes caused by red light violations can heavily 

damage road pavement and surroundings (e.g. shoulders and guardrails); avoiding those damages utilizing 

RLRWS can reduce road maintenance signifcantly. 

3. Improvements in trafc fow: The RLRWS has the potential to optimize trafc fow by reducing the number of 

red light violations and the resulting trafc disruptions. This improvement can lead to reduced travel times, 

lower fuel consumption, and decreased emissions from idling vehicles. The section will analyze the potential 

gains in trafc efciency, estimating reductions in average travel time through equipped intersections and the 
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associated economic and environmental benefts. 

Given that the impact and magnitude of crash reduction are more signifcant than other beneft categories, 

we aim to quantify this item precisely and estimate other elements as a proportion of this cost. It’s important 

to note that various costs associated with accidents, particularly those involving fatalities and major injuries, are 

critically important to avoid utilizing RLRWS. However, for the purposes of this report, we can only express the 

economic benefts of the RLRWS in U.S. dollars. 

There are various causes of collisions, such as speeding, alcohol-related incidents, yield and merge failures, 

and running red lights. The Minnesota Department of Public Safety has categorized these reasons and reported 

the share of each cause in the total number of crashes per year [49]. The project team has identifed several causes 

for crashes that can be avoided by utilizing RLRWS: 

• Red light running: This cause can be completely addressed by RLRWS as it warns drivers when running a 

red light. 

• Speeding: There are various cases in which drivers might violate the speed limit. Among those cases, speeding 

might occur while approaching a connected intersection. Based on the real-time signal status, RLRWS can 

warn drivers to either slow down for a red light or follow the speed limit for the green light. Thus, we can 

assume that RLRWS suggestions can reduce speeding-related crashes by at least 20%. 

• Careless driving, distraction, and disregarding trafc signals: As RLRWS displays real-time warning messages 

near intersections, drivers are expected to pay more attention to their driving and current speed, particularly 

when a red-colored message is displayed. As a result, the project team expects these two crash causes to be 

reduced by 20%. 

• Improper merging and turning: RLRWS can help warn drivers even if they are planning to make a right or 

left turn at the intersection. The reason is that RLRWS guides the drivers to provide a safe stop before any 

turn. Although it does not cover all intersections and yields, it can address a portion of crashes related to 

improper merging and turning. We expect this cause to be reduced to half by using RLRWS (address turn 

failure causes). 

In 2023, Minnesota experienced 70,266 trafc crashes, resulting in 444 fatalities and 23,704 injuries [49]. 

These crashes resulted in a total economic loss of over $2,239,000,000. Among the behavioral contributions resulting 

in a crash, some dangerous behaviors can be avoided or reduced by utilizing RLRWS as mentioned, including 

running the red light with a 4% contribution that RLRWS can completely address, disregarding trafc signals 

with 2% contribution reduced to 1% (50% reduction), improper merge and turn with 5% contribution reduced 
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to 3% (50% reduction), speeding with 18% contribution reduced to 16% (20% reduction), driver distraction with 

7% contribution reduced to 6% (20% reduction), and careless driving with 8% contribution reduced to 7% (20% 

reduction). Although the crash reduction values are assumptions made by authors, adding up those reductions will 

show that at least 11% of them can be prevented by following RLRWS optimistically (e.g. running a red light, turn 

and merge failures, driver distraction, etc.) which can potentially result in above 7,700 crash reductions. 

The RLRWS demonstration in a large radius of Twin Cities can demographically cover 65% of crashes 

within the state of Minnesota. This number is obtained by comparing the Twin Cities metro area’s population (3.7 

million) to the state of Minnesota’s population (5.7 million) [50] in 2022. Overall, the potential beneft in terms of 

crash reduction is as follows (10% loss reduction): 

$2, 239, 000, 000 × 0.11 × 0.65 = $160, 088, 500 (9.4) 

All other potential benefts such as trafc citation, maintenance, and trafc improvement can be added 

as an additional 15 % on top of that making the total beneft per year as follows: 

$160, 088, 500 × 1.15 = $184, 101, 775 (9.5) 

9.4 Conclusions 

The implementation of the Red Light Running Warning System (RLRWS) in the Twin Cities metro area presents 

a compelling case for improving trafc safety and efciency. Our analysis reveals that the initial costs for a limited 

implementation, covering 640 signalized intersections and equipping 10% of vehicles in Minnesota, amount to 

$66,426,650. This investment, while substantial, is projected to yield signifcant returns. 

The annual benefts of the RLRWS are estimated at $184,101,775, encompassing reduced crash-related 

costs, fewer trafc citations, road maintenance savings, and improved trafc fow. Notably, these benefts are 

expected to be observable even within the frst year of implementation, suggesting a rapid return on investment. 

The aggregate beneft to the economy is clear and substantial. The RLRWS has the potential to prevent 

approximately 7,700 crashes annually in the target area, leading to signifcant savings in terms of medical costs, 

property damage, and lost productivity. Moreover, the system’s impact extends beyond direct crash prevention, 

contributing to smoother trafc fow and reduced infrastructure wear. 

However, it is important to note that while the aggregate benefts are substantial, the impact may not 

be immediately apparent to every individual driver. Many drivers may not experience a dangerous situation that 
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would have resulted in a crash without the RLRWS. The system’s value lies in its preventive nature, averting 

potential accidents before they occur. 

Despite this potential disparity in perceived individual beneft, the overall societal and economic advan-

tages of the RLRWS are clear. The system represents a proactive approach to trafc safety, aligning with broader 

goals of reducing trafc fatalities and injuries. As connected vehicle technology becomes more widespread, the 

benefts of systems like the RLRWS are likely to increase, potentially leading to even greater returns on investment 

in the future. 

In conclusion, the RLRWS demonstrates a promising approach to enhancing road safety and efciency. 

While the initial investment is signifcant, the projected benefts, both in terms of lives saved and economic impact, 

make a strong case for its implementation. As we move forward, continued monitoring and evaluation of the 

system’s performance will be crucial to optimize its efectiveness and ensure it delivers on its potential to create 

safer, more efcient roads for all users. 
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Chapter 10 

Conclusions 

The scope of this research are to develop a red-light running warning system that reduces red-light running violations 

and improves safety of signalized intersections. Signal phasing and timing data along with a vehicle’s longitudinal 

movement information were used to predict the target vehicle’s future movements. Then a model-predictive control-

based algorithm was deployed to compute the optimal warning signal, which was then shown to the driver on 

the laptop screen. Simulated trafc scenarios were used to show the performance of the proposed framework. 

Furthermore, an on-road testbed containing RSU and OBU was built and was employed for experimental validation 

of the algorithm. 

The overall cost of deploying such a warning system us based on RSU, OBU equipment, installations, and 

support. The overall beneft is based on the reduction of crash-relevant costs, fewer trafc citations, road mainte-

nance savings, and improved trafc fow. These benefts are expected to be seen in the frst year of implementation, 

which means the deployment of the system will give a rapid return. Based on our estimation, when we consider 

the whole Twin Cities metro area, covering 640 signalized intersections and equipping 10% of vehicles in Minnesota 

with the system, the cost amounts to $66,426,650. The annual benefts of the RLRWS are estimated at $77,245,500 

and it will also prevent approximately 7,000 crashes annually in the target area. 

However, there remains a signifcant gap between the current algorithm and a market-ready, implementable 

software. The current algorithm uses a simplifed linear driver model to describe the driver’s response to the warning 

signal. However, driver reactions are infuenced by a range of factors, including individual driving behavior, road 

conditions, weather, and other variables. Therefore, future eforts should focus on creating a more comprehensive 

driver model that accurately captures these dynamics. Meanwhile, the inherent uncertainty in driver behavior 

should also be considered in the algorithm design, as human drivers may not always follow the guidance of the 

124 



system perfectly. Further test drives involving multiple connected vehicles, various signalized intersections and 

diferent drivers should also be conducted in the future to validate the efectiveness of the proposed system across 

diferent scenarios and drivers. 
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