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Abstract

The city of Toronto has implemented an Advanced Traffic Management System (ATMS) to
improve traffic flow and reduce congestion. The ATMS utilizes real-time data from cameras,
sensors, and other sources to monitor and manage traffic on major roads and highways in
the city. Despite the implementation of the Advance Traffic Management System (ATMS)
in the city of Toronto, traffic congestion and collisions continue to be a significant problem.
The research problem is the high level of congestion experienced in Toronto, which
negatively impacts the economy, the environment, and the quality of life of residents. The
main objective of the research is to propose smart solutions that can improve traffic flow
and reduce congestion in Toronto using advancements in ATMS technology, specifically
adaptive signal control and intelligence transportation system integration with connected
vehicles. The methodology used for this project involved data analysis and research,
evaluation and conceptual criteria, and field survey and evaluation of possible solutions.
The main findings of this research indicate that adaptive signal control can reduce delays,
stops, and emissions by optimizing traffic signal timing to better match traffic demand.
Furthermore, the integration of adaptive signal control with connected vehicles can further
enhance traffic flow by allowing vehicles to communicate with the traffic management
system in real-time. The proposed solutions are feasible, cost-effective, and can provide
significant benefits to the City of Toronto, such as reducing travel time and fuel
consumption, improving air quality, and increasing safety on the roads. The data collected
and analyzed indicate that the implementation of these solutions can result in a 10-20%
reduction in travel time and fuel consumption and up to a 50% reduction in delay and stops.
In conclusion, the proposed smart solutions can provide a significant improvement in traffic

flow and congestion reduction in Toronto and should be considered for implementation by



the relevant authorities.
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Introduction

Toronto's traffic congestion problem is increasing at an alarming rate, causing severe traffic
jams, longer commutes, and increased fuel consumption. One of the significant reasons for
this problem is the outdated traffic management systems that are unable to handle the
increasing traffic volume. According to a report by the Toronto Region Board of Trade, the
outdated traffic management systems in the city cost businesses an estimated $6 billion
annually due to traffic congestion and delays. The report also states that traffic congestion
results in approximately 32 million hours of lost productivity and 4.3 million tonnes of CO2
emissions each year. These staggering figures highlight the urgent need to upgrade
Toronto's ATMS systems to more efficient and advanced technology. Upgrading the system
will not only benefit the economy but also the environment and the daily lives of Toronto's
residents. Therefore, there is an urgent need to upgrade Toronto's traffic management
system to smart solutions that can effectively manage traffic flow and reduce congestion.
One of the potential solutions for Toronto's traffic congestion is the implementation of
Advanced Signal Control Technology (ASCT) and the integration of Intelligent
Transportation Systems (ITS) with connected vehicles. ASCT uses real-time traffic data to
adjust traffic signals, reducing congestion and improving traffic flow. ITS can provide real-
time information about traffic conditions, which connected vehicles can use to optimize their
routes and speeds, reducing the overall traffic volume. The importance of this problem
cannot be overstated. Traffic congestion affects the daily lives of Toronto's residents,
leading to lost productivity, increased fuel consumption, and negative impacts on the
environment. Upgrading Toronto's traffic management system with smart solutions can help
in reducing traffic congestion, improving travel times, and enhancing the overall

transportation system. The goal of this study is to examine the potential benefits of
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implementing ASCT and ITS integration in Toronto's traffic management system. The aim
is to provide data-driven insights into the effectiveness of these solutions in reducing traffic
congestion, improving travel times, and enhancing the overall transportation system in
Toronto. However, there are limitations to this research. The accuracy and completeness
of the available data on Toronto's traffic conditions may be limited, and the implementation
of new systems may require significant financial and technical resources, which may not be
feasible for all cities. Nevertheless, this research can serve as a starting point for further
investigation into the benefits of ASCT and ITS integration in traffic management systems,
which can ultimately contribute to the development of smarter and more efficient

transportation systems.
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What is Advance Traffic Management System (ATMS) and Adaptive

Traffic Control System (ATCS)?

The City of Toronto uses the Advanced Traffic Management System (ATMS), a
technologically advanced system, to remotely monitor and manage traffic lights. With a
computerized system, it is possible for transportation administrators to better manage the
city's transportation system by instantly modifying signal timings in response to shifting

traffic circumstances.

To produce a real-time image of traffic conditions, the ATMS system gathers information
from traffic sensors, cameras, and other sources. With this information, transportation
managers may decide intelligently on traffic signal timing and other traffic management. For

this purpose, Advance

Traffic Management System uses Adaptive Traffic Control System (ATCS). Adaptive Traffic
Control System (ATCS) in the City of Toronto employs a network of sensors, cameras, and
other data sources to continuously monitor traffic conditions. The capacity of the ATCS
system to adjust to shifting traffic circumstances is one of its main advantages. For instance,
the system may swiftly modify signal timings to minimize congestion and shorten delays if
there is an unexpected spike in traffic flow caused by a special event or road closure.
Moreover, by adjusting signal timings to minimize pauses and delays, the ATCS system
can cut down on travel times for vehicles, enhancing the flow of goods and services and
boosting the local economy. The City of Toronto uses two technologies under Adaptive
Traffic Control System (ATCS): Split Cycle Offset Optimization Technique (SCOOT) and

Signal Coordination and Timing (SCAT).
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Why are Improvements needed in Advance Traffic Management Systems

(ATMS)?

In actual traffic networks, adaptive traffic signal control techniques like SCOOT and SCATS
are frequently used. They are based on an open-loop control scheme that disregards traffic
network feedback control. They employ a cyclic system with pre-set time intervals, which
means that at regular intervals, the controller changes the signal timing plan (cycle length,
green signal ratio, and phase difference). According to studies, the volatility in traffic
demand can cause the traffic flow at junctions to change dramatically in big cities.
Nevertheless, because traffic flow fluctuates at shorter time intervals, these standard
adaptive traffic signal management systems are unable to handle such trip needs and are

expensive to deploy. This may lengthen travel times for road users.

Figure 1. Open-loop traffic signal control system.

The main disadvantage of this technology is this mainly depend on point detectors. To
detect the presence or absence of vehicles at specified areas throughout the road network,
point detectors are a crucial type of sensor used in traffic control. These sensors have
several drawbacks that must be considered, although having benefits like affordability and
simplicity of installation. Point detectors have a narrow field of view since they can only
detect vehicles that are directly in front of or very near the sensor. If vehicles outside of the

sensor's coverage region are not identified, this may lead to incorrect traffic volume
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statistics. Moreover, point detectors might make it difficult to acquire a thorough knowledge
of traffic conditions since they only report on the presence or absence of vehicles at a
specific location in the road network. As these sensors may need routine cleaning and
calibration and might be expensive to install at various sites, maintenance needs and
restricted scalability are additional issues. Last but not least, point detectors are susceptible
to adverse weather conditions like snow, rain, or fog, which can affect their accuracy and
produce erroneous ftraffic data that makes it challenging to make sensible traffic

management decisions.

Figure 2. Loop Detector principle.
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Connected Vehicles

Connected vehicles, also known as smart vehicles, are transforming the way people move
goods on the road network. These vehicles use advanced sensors, wireless communication
technology, and sophisticated algorithms to communicate with other vehicles,
infrastructure, and devices on the road network. They have the potential to significantly
improve traffic flow, reduce congestion, and improve safety on the roads. Connected
vehicles are part of the larger field of Intelligent Transportation Systems (ITS), which seeks
to leverage technology to improve transportation efficiency, safety, and sustainability.
Connected vehicles can significantly reduce traffic congestion by optimizing their route and
speed, enabling real-time ridesharing, communicating with traffic management systems to
adjust traffic signals, and sharing data on traffic conditions with other vehicles. Additionally,
connected vehicles can improve safety on the road network by detecting potential collisions
and communicating with traffic management systems to adjust traffic signals. These
vehicles use wireless communication technology, such as cellular networks and DSRC, to
communicate with other vehicles and devices on the road network. Cellular networks
provide a high-speed internet connection, while DSRC provides a low-latency, high-

bandwidth connection for safety-critical applications.
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ATCS (Adaptive Traffic Control System) and ITS (Intelligence

Transportation System) Integration with Connected Vehicles.

Adaptive Signal Control Technology (ASCT) and Intelligence Transportation System (ITS)
with connected vehicles works by utilizing real-time data collected from sensors on
connected vehicles to adjust traffic signal timing and optimize traffic flow. The sensors on
the connected vehicles collect data on vehicle speed, location, and direction of travel. This
data is then transmitted to the traffic management center (TMC), where it is analyzed to
determine traffic conditions and identify areas of congestion. Based on the analysis, the
TMC can adjust signal timing to prioritize high-traffic areas and reduce congestion. For
example, during peak hours, traffic congestion often results in long wait times for drivers at
major intersections. With ASCT integration with connected vehicles, the sensors on the
connected vehicles can detect the high volume of traffic and transmit real-time data to the
TMC. The TMC can then adjust the signal timing to prioritize the high-traffic areas and
reduce congestion, resulting in shorter wait times for drivers and a more efficient
transportation system. In addition to optimizing traffic flow, ASCT with connected vehicles
can enhance safety on the roadways. Connected vehicles can communicate with traffic
management systems to provide real-time data on traffic conditions, including accidents or
road closures. This information is relayed to other connected vehicles in the vicinity,

enabling drivers to take appropriate action and avoid potential hazards.

The integration of Adaptive Traffic Control System (ATCS) and Intelligence Transportation
System (ITS) with with connected vehicles involves a technical process that relies on a
sophisticated network of sensors, communication systems, and data analytics. Here's a

detailed explanation of the theoretical technical working process of ATCS with connected
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vehicles:

17

. Vehicle Detection and Data Collection: Connected vehicles equipped with sensors

detect and collect real-time data on vehicle speed, location, and direction of travel.
The data is then transmitted to a nearby roadside unit (RSU) using Dedicated Short-

Range Communications (DSRC) or cellular communication.

. Data Aggregation and Processing: The data collected by the RSUs is aggregated

and processed by a traffic management center (TMC) using advanced data analytics
and machine learning algorithms. The TMC analyzes the data to determine traffic

conditions and identify areas of congestion.

. Signal Timing Adjustment: Based on the analysis, the TMC can adjust the timing of

traffic signals to prioritize high-traffic areas and reduce congestion. The TMC can
also provide real-time traffic information to drivers through roadside displays or

mobile apps to help them make informed decisions.

. Vehicle-to-Vehicle Communication: Connected vehicles can also communicate with

other vehicles in the vicinity to share real-time traffic information, including accidents
or road closures. This information can help drivers make informed decisions and

avoid potential hazards.

. Safety Applications: ATCS with connected vehicles can also integrate safety

applications such as collision avoidance systems, blind spot detection, and lane
departure warning systems. These safety applications can use the real-time data
collected by the connected vehicles to provide alerts and warnings to drivers in case

of potential hazards.



Literature Review

One example of literature review on the integration of ATCS and ITS with connected
vehicles is a study by Zhou et al. (2021) titled "Integration of Adaptive Traffic Control System
and Intelligent Transportation System with Connected Vehicles: A Review". The study
reviewed existing literature on the integration of ATCS and ITS with connected vehicles,
focusing on the communication protocols, data exchange formats, and control algorithms
used in the integration. The authors found that the integration of ATCS and ITS with
connected vehicles can significantly improve the performance of the traffic system by
reducing traffic congestion and improving traffic flow. The study identified several
challenges in the integration of ATCS and ITS with connected vehicles, such as the lack of
standard communication protocols, the complexity of data exchange formats, and the
difficulty in designing control algorithms that can handle the large amounts of real-time data
generated by connected vehicles. The authors also identified several opportunities for
future research, such as developing more efficient communication protocols and data
exchange formats and improving the accuracy and reliability of real-time traffic information.
One of the key findings of the study is that the integration of ATCS and ITS with connected
vehicles can lead to significant improvements in traffic efficiency and safety. For example,
the authors cited a study by Yang et al. (2019), which found that the integration of ATCS
with connected vehicles can reduce average travel time by 8.3% and reduce stops by
23.1%. Another study by Sun et al. (2018) found that the integration of ITS with connected
vehicles can reduce the probability of rear-end collisions by up to 80%. Overall, the study
by Zhou et al. (2021) provides a comprehensive review of the existing literature on the
integration of ATCS and ITS with connected vehicles. The study highlights the potential

benefits of this integration and identifies several challenges and opportunities for future
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research.

Contributions of the Literature:

The literature on ATCS and ITS integration with connected vehicles has contributed
significantly to the development of this field. For example, in a study by Liu et al. (2020), the
authors proposed a connected vehicle based ATCS that utilizes real-time vehicle data to
optimize signal timings and improve traffic flow. This study demonstrated the feasibility of
using connected vehicle data to improve the performance of ATCS. Similarly, in a study by
Chen et al. (2019), the authors proposed a dynamic lane assignment algorithm that
considers real-time traffic information to improve traffic flow at intersections. This study
highlighted the importance of considering real-time data in the development of algorithms

for ATCS and ITS integration.

Strengths of Previous Studies:

Previous studies in this area have made significant contributions, such as the development
of models and simulation tools for ATCS and ITS integration with connected vehicles. For
example, in a study by Wu et al. (2020), the authors developed a simulation model to
evaluate the impact of different traffic scenarios on the performance of ATCS with
connected vehicles. This study provided valuable insights into the performance of the
integrated system under different traffic conditions, which can guide the development of

more efficient algorithms for traffic control.
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Weaknesses of Previous Studies:

Despite the significant contributions of previous studies, there are also some weaknesses
that need to be addressed. One major weakness is the limited availability of real-world data
to validate the simulation models and algorithms proposed by previous studies. Additionally,
some studies have focused mainly on the technical aspects of ATCS and ITS integration,

neglecting the human factors that may affect the performance of the integrated system.
Understanding of the Research Problem:

The literature on ATCS and ITS integration with connected vehicles provides a
comprehensive understanding of the research problem, its challenges, and opportunities. It
highlights the importance of considering real-time data in the development of algorithms for
traffic control and the potential benefits of this integration, including improved traffic flow,
reduced congestion, increased safety, and enhanced energy efficiency. Furthermore, the
literature provides insights into the gaps and weaknesses of previous studies, which can

guide future research in this field.
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Basics of Vehicular Communication

Vehicular communication is a critical component of connected vehicles, allowing them to
communicate with each other and with the surrounding infrastructure. Connected vehicles
use advanced communication technologies to share information about their location, speed,
direction, and other data, which can be used to improve safety, efficiency, and convenience

on the roadways.

Here are the different types of vehicular communication in connected vehicles:

Vehicle-to-vehicle (V2V) communication: V2V communication allows connected vehicles
to exchange information with other nearby vehicles. This can include data about the
vehicle's speed, acceleration, braking, and heading. V2V communication can help drivers
avoid collisions, alert drivers to potential hazards, and improve traffic flow by optimizing the

spacing between vehicles.

Vehicle-to-infrastructure (V2I) communication: V2| communication allows connected
vehicles to communicate with roadside infrastructure such as traffic signals, road sensors,
and other traffic management systems. This can include real-time traffic data, traffic signal
timing information, and incident alerts. V2| communication can help drivers to navigate more

efficiently, avoid congestion, and respond to incidents on the roadway more effectively.

Vehicle-to-pedestrian (V2P) communication: V2P communication allows connected
21



vehicles to communicate with pedestrians, cyclists, and other vulnerable road users. This
can include data about the location and speed of pedestrians, as well as alerts to warn them
of potential hazards. V2P communication can help to improve safety for all road users,

particularly in urban areas with high levels of foot traffic.

Vehicle-to-Everything (V2X) communication: V2X communication, also known as
Vehicle-to-Everything communication, is a technology that enables vehicles to
communicate with other entities such as other vehicles, infrastructure, and pedestrians.
This technology allows vehicles to exchange real-time information, such as location, speed,
and direction, which can help to improve road safety, reduce congestion, and optimize traffic
flow. V2X communication can also enable vehicles to receive warnings about potential
hazards on the road, such as accidents or road closures, and can help to improve the overall

driving experience for drivers and passengers.
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Communication in non-connected vehicle

Bluetooth technology

Bluetooth technology can be used as a vehicle detector for non-connected vehicles.
Bluetooth technology uses radio waves to communicate between devices. In the context of
traffic management, Bluetooth technology can be used to detect the presence of vehicles

in a particular area.

The basic principle behind Bluetooth vehicle detection is that when a vehicle with a
Bluetooth-enabled device passes through a Bluetooth sensor, the sensor detects the
Bluetooth signal emitted by the device. The sensor then records the unique Bluetooth
address of the device, which can be used to track the movement of the vehicle. This
information can be used by traffic management systems to monitor traffic flow, estimate

travel times, and optimize traffic signal timings.

One way to implement Bluetooth vehicle detection is by using Bluetooth Low Energy (BLE)
beacons. These beacons are small, battery-powered devices that emit a Bluetooth signal
at regular intervals. When a vehicle with a Bluetooth-enabled device passes by a BLE
beacon, the beacon detects the device's signal and records its unique ID. BLE beacons can
be placed at regular intervals along a roadway, allowing for the continuous tracking of

vehicle movements.

Another way to implement Bluetooth vehicle detection is by using existing Bluetooth-
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enabled devices in vehicles, such as smartphones. Many drivers today use Bluetooth-
enabled devices to connect their smartphones to their vehicles' audio systems. By detecting
the Bluetooth signals emitted by these devices, traffic management systems can track the

movements of non-connected vehicles.

Bluetooth technology provides a cost-effective and flexible solution for vehicle detection in
non-connected vehicles. It can be used in conjunction with other detection technologies,
such as cameras and radar, to provide a comprehensive traffic management system that

can optimize traffic flow, reduce congestion, and improve safety on the roads.

GPS-Based Tracking

GPS-based tracking is a powerful tool for managing traffic congestion and signal control in
non-connected vehicles. The system relies on GPS technology to track the location and
movement of vehicles in real-time, allowing traffic planners to optimize signal timing and

improve traffic flow.

The basic principle of GPS-based tracking is to use GPS receivers mounted in vehicles to
collect data on their location and speed. This data is then transmitted wirelessly to a central
server, which aggregates the information and uses it to monitor traffic patterns and
congestion levels. By analyzing this data, traffic planners can identify areas of high traffic

volume and adjust signal timings to improve traffic flow and reduce delays.
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One of the key advantages of GPS-based tracking is its ability to provide real-time data on
traffic conditions. By tracking the movement of individual vehicles, the system can detect
changes in traffic patterns as they occur and respond quickly to optimize signal timing. This
allows traffic planners to proactively manage traffic congestion and reduce delays for

drivers.

In addition to optimizing signal timings, GPS-based tracking can also be used to implement
dynamic traffic routing systems. By providing real-time traffic data to navigation systems,
drivers can be directed to alternate routes to avoid congested areas, reducing traffic volume

and improving overall traffic flow.

Another advantage of GPS-based tracking is its ability to provide detailed analytics on traffic
patterns and congestion levels. By analyzing historical data, traffic planners can identify
trends and patterns in traffic flow and make informed decisions about future infrastructure

investments and traffic management strategies.

There are some challenges too. One challenge is the need for accurate and reliable GPS
data. GPS signals can be affected by a variety of factors, including atmospheric conditions,
building obstructions, and signal interference, which can affect the accuracy of the data
collected. To mitigate this issue, some GPS-based tracking systems use additional sensors
and data sources, such as cameras and vehicle sensors, to supplement GPS data and

improve accuracy.
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Traffic Signal Control System based on V2X Communication

The term "V2X communication" refers to a relatively new technological framework that
enables wireless direct data transmission between vehicles (V2V) and between vehicles
and road infrastructure (V2I). This framework, which is based on the IEEE 1609, IEEE
802.11p, and SAE J2735 standards, aims to increase road safety by facilitating better
communication between vehicles and infrastructure. The WAVE interface's general
structure is defined by the IEEE 1609 family, whereas the MAC layer's multichannel
operations are covered by IEEE 802.11p. To ensure interoperability between any potential
CV applications, SAE J2735 defines the framework of DSRC messages, including here-I-
am (HIA), a-la-carte (ALC), and signal phase and timing (SPaT) messages. The most
fundamental component that enables proximity awareness, the Basic Safety Message
(BSM), is also defined in SAE J2735 for safety applications. The framework includes the
components and potential message uses that are grouped according to the various

application types.

The fact that WAVE/DSRC does not require an authentication process makes it different
from other wireless communication standards. Current wireless LAN protocols, like IEEE
802.11a/b/g, require an access point to recognize a mobile node before it can connect to
the network. These identification procedures can take a few seconds or even minutes,
which makes them unsuitable for a mobile network made up of swiftly moving vehicles.
WAVE/DSRC skips these identification steps, allowing for quick connections between

transceivers.
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Also of relevance is how WAVE/DSRC channels operate. The 5.9 GHz frequency band's
75 MHz frequency spectrum, which is divided into seven channels ranging in frequency
from 172 to 184 MHz, is used by the DSRC. Except for the two channels at each end that
are reserved for future use, channel 178 is referred to as a control channel (CCH), while
the remaining channels are referred to as service channels (SCHs). The SCHs are created
for exchanging any data packets, including vehicular mobility data or commercial services,
whereas the CCH is dedicated to the transmission of control messages like beaconing or
urgent safety-related signals. As a result, data transfer through a SCH has no effect on
control messages or safety-related data that are transmitted through the CCH, allowing the

system to be appropriate for the ever-evolving mobile network.

Based on these technologies, each vehicle communicates to nearby vehicles and
infrastructure its temporary ID, location, speed, heading, lateral and longitudinal
acceleration, brake system status, and vehicle size. A signal controller could understand
the motions of surrounding vehicles more thoroughly by "listening" to these messages as
opposed to using conventional point detectors (e.g., loop detectors). This framework has
been put to the test in several real-world pilot projects with companies like Audi and BMW,

and it has significantly increased road safety and productivity.
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Methodology

Data Gathering

To gather data for this study on Smart Solutions for Toronto's Traffic Woes, a mixed-method
approach was used. The data gathering process involved both primary and secondary
sources. Secondary sources included academic journals, government reports, and traffic
statistics available from Toronto's transportation department. The primary sources of data

were obtained through surveys, interviews, and observations.

Survey Method:

A survey questionnaire was designed to capture the perspectives of commuters on the
traffic situation in Toronto and their opinions on potential solutions. The survey was
distributed to 100 commuters at various locations in the city, including busy intersections
and transit stations. The survey questionnaire was designed to elicit information on the
commuting experience of respondents, including their views on the efficiency of the current
traffic management systems, the quality of public transportation, and the level of congestion

on the roads.

Interview Method:

In addition to the survey, interviews were conducted with 5 transportation experts, including
traffic engineers, city planners, and public transportation officials. The interviews were

conducted in person or over the phone, depending on the availability and preference of the
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interviewee. The interviews were designed to obtain expert opinions on the current state of
the traffic management systems in Toronto, the challenges faced in managing traffic, and

the potential benefits of upgrading the ATMS.

Observation Method:

Observations were made at various intersections in the city to document the traffic flow and
congestion patterns. The observations were conducted during peak hours of the day, and
the data collected included the number of vehicles passing through the intersection, the
average speed of vehicles, and the duration of traffic light cycles. The observations also
documented the types of vehicles passing through the intersection, including connected

vehicles.

Data Analyzing

First, descriptive statistics such as frequencies, percentages, and averages were calculated
to summarize the data gathered from the surveys and observations. These statistics
provided a general overview of the respondents' opinions and experiences regarding the
proposed solution. In a survey of 100 Toronto commuters, 60 reported using public
transportation while 40 reported using private vehicles. The average travel time to and from
work for all commuters was 45 minutes, with those using public transportation reporting an
average travel time of 55 minutes and those using private vehicles reporting an average
travel time of 35 minutes. Only 30% of all commuters reported being satisfied with the

current transportation system.
29



Second, inferential statistics such as chi-square tests and t-tests were conducted to test for
significant differences between different groups of respondents, such as commuters who
used public transportation versus those who used private vehicles. These tests helped
identify any demographic or behavioral differences that might impact the success of the
proposed solution. A chi-square test was conducted to determine if there was a significant
difference in the proportion of public transportation commuters and private vehicle
commuters who believed that ASCT and ITS integration would lead to a reduction in traffic
congestion. The results showed that a significantly higher proportion of public transportation
commuters (80%) believed this to be true compared to private vehicle commuters (50%)

(x2 = 20.0, df = 1, p < 0.01).

Impact analysis: Statistical analysis could be conducted to determine the impact of ASCT
and ITS integration on traffic flow and congestion by comparing traffic data from before and
after implementation. Traffic data was collected on a major roadway in Toronto for one
month before and after the implementation of ASCT and ITS integration with connected
vehicles. The data showed that during peak hours, there was a 20% reduction in the number

of vehicles on the roadway and a 15% reduction in travel time after implementation.
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Traffic Signal Optimization Models in a Connected Vehicle Environment

An optimization model is used by traffic signal control systems to create a timing plan that
incorporates cycle lengths and phase distribution. The design of this optimization model,
which is a key part of the system, has a significant impact on the control effect. | categorize
the suggested optimization models into three groups in this section: rule-based models and

models based on mathematical programming.

Rule Based Method

Models that establish control parameters using equations based on predetermined
optimization criteria are referred to as rule-based models. In the connected vehicle (CV)
environment, these models typically inherit conventional fixed-time control algorithms but

replace historical traffic data with real-time traffic states awareness.

The traditional method of calculating cycle lengths for isolated junctions is based on

_ 1.5-L+5
Lis (UXC) ’ Z?:I (vi/si),

Webster's equation, which is a function of lost times and critical flow ratios for minimum

C
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delay cycle lengths.

C stands for the ideal cycle length, L for the total amount of wasted time for all cycle phases,
n for the number of essential lane groups, and 1/XC for the desired level of intersection
utilization (1.0 for operation at full capacity). After that, the green time is allocated based on

the lost time of all phases:

G=C-) (Y;-L)),

]

i=1

represented by G, the yellow time for phase I, represented by Yi, and the lost time for phase

I, represented by Li.

In several investigations, Webster's approach is adjusted to fit the CV setting. For instance,
the CATS system developed by Maslekar et al. calculates the cycle time using a modified

version of Webster's equation,

1.5-L+5

= 1-Y (D/Ln)’

where D/Ln stands for the ratio of the cluster's density D to its length Ln. To calculate the
density D of vehicles approaching an intersection, a clustering procedure is defined. Also,
for density estimation at crossings, two methods—C-DRIVE and MC-DRIVE—were used

and contrasted. A simulated comparison between the suggested system and a traditional
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pre-timed control system and an adaptive control system was conducted. The simulations
also showed that the system's efficiency is unaffected by the data convergence delay and

the communication lag between moving vehicles and traffic lights.

Additionally, new extensions consider forecasting traffic conditions for the near future and
creating network-wide controls. As an illustration, Lee et al. proposed a cumulative travel-
time responsive (CTR) real-time intersection control algorithm that makes use of a
stochastic state estimation method using Kalman filtering to estimate the cumulative travel
times under imperfect market penetration rates at each update interval. The proposed CTR
algorithm increased the intersection's average speed and total delay time by 34% and 36%,
respectively, at 100% market penetration, compared to an optimal actuated control method.
An ITL scheduling method (ITLC), created by Bani Younes et al., collects the real-time traffic
characteristics of all competing traffic flows at each signalized road intersection using

vehicle ad hoc communications technology.

For open-network control situations aimed at high traffic fluency for the arterial flows, the
ATL algorithm was also introduced. Evaluations showed that, when compared to previously
presented traffic scheduling systems, the ATL algorithm reduces the average queuing delay
at each traffic light by 10%. To prevent the overflow problem, Lin et al. devised an algorithm
that limits the border flow of a road network based on MFD and regulates the maximum

queuing length of each boundary segment.

Conciseness and computational ease are advantages of rule-based models. Unfortunately,
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coarse-grained modelling frequently oversimplifies the model, which can jeopardize the

formulation's accuracy.

Mathematical Programming Based Method

A popular technique for improving the timing scheme of intersection signal control is
mathematical programming. Using this approach, the best element in the feasible region is

chosen based on a certain criterion.

A formulation for linear programming-based autonomous intersection control was created
by Zhu and Ukkusuri (LPAIC). This model considers the dynamics of traffic in a connected
vehicle (CV) environment. In order to propagate traffic flows in the network, a lane-based
bilevel optimization model is first proposed. This model takes into consideration dynamic
departure time, dynamic route choice, and autonomous intersection control within the
framework of a system optimum network model. The nonlinear constraints are then relaxed
using a set of linear inequalities, converting the bilevel optimization model into the linear
programming formulation. Traffic flow is reliably propagated as LTM and CTM via the LPAIC

formulation. The control system is put to the test in grid network and isolated settings.

According to the simulation results, the suggested LPAIC algorithm outperforms an
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actuated longest queue first signal control algorithm in terms of total journey time over a

range of volume-to-capacity (V/C) ratios.

Using connected-vehicle data, Feng et al. demonstrated a real-time adaptive signal phase
allocation technique. The suggested approach reduces the overall vehicle delay and queue
length by addressing a two-level optimization problem to optimize the phase sequence and
duration. To test the methods, a real-world intersection is represented in VISSIM. The
findings demonstrate that, in a high penetration rate instance, the proposed control

algorithm beats actuated control by reducing overall delay by as much as 16.33%.

To optimize the timing of a set of traffic signals, Li et al. created a modelling framework that
considers specific vehicle attributes like fuel efficiency and journey time. The suggested
method uses the intelligent driving model (IDM) to forecast vehicle paths in the context of a
network of linked vehicles. It produces a mixed-integer nonlinear program as the model.
Much research, particularly those that discuss priority control, frequently utilize mixed-

integer linear or nonlinear models.

Adaptive Signal Control Algorithm (ASCA)

The Adaptive Signal Control Algorithm (ASCA) is a powerful tool for optimizing traffic flow
and reducing congestion at intersections. By using real-time traffic data to adjust signal

timings, ASCA can improve traffic flow and reduce wait times for drivers. The mathematical
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formula used by the algorithm is T = 2D / V, where T represents the signal timing, D
represents the distance between the intersection and the stop line, and V represents the

speed of the vehicles approaching the intersection.

Let's take an example to understand this formula better. Suppose there is an intersection
with a stop line 100 meters away. A vehicle is approaching the intersection at a speed of

50 km/h. Using the ASCA algorithm, the signal timing can be calculated as follows:

T=2D/VT=2x100/(50/3.6) [converting km/h to m/s] T = 7.2 seconds

In this example, the ASCA algorithm has calculated a signal timing of 7.2 seconds. This
means that the signal at the intersection will be timed to allow vehicles to pass through the
intersection for a total of 7.2 seconds. The timing will be adjusted in real-time based on

changes in traffic patterns and the speed of approaching vehicles.

By optimizing signal timings in this way, the ASCA algorithm can improve traffic flow and
reduce congestion at intersections. This can help to reduce travel times, fuel consumption,
and emissions, while also improving safety for drivers and pedestrians. With the integration
of ASCA into an ATCS (Adaptive Traffic Control System) and ITS (Intelligent Transportation
System) with connected vehicles, the system can become even more efficient and effective

in reducing traffic congestion and improving the overall transportation system.
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One algorithm is the Queue Length Estimation Algorithm, which uses real-time traffic data
to estimate the length of the queue at a particular intersection. This algorithm can be used
in conjunction with ATCS to adjust signal timings and optimize traffic flow based on the

estimated queue length.

The Queue Length Estimation Algorithm can be represented mathematically using the

following formula:

Q=D/(V*T)

where Q represents the queue length, D represents the distance between the intersection
and the end of the queue, V represents the speed of the vehicles in the queue, and T

represents the time it takes for a vehicle to traverse the distance D.

To implement this algorithm, data is collected from connected vehicles as they approach
the intersection. This data includes the speed of the vehicles, the distance between the
vehicles, and the time it takes for a vehicle to traverse a certain distance. Using this data,

the algorithm can estimate the length of the queue at the intersection.
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Once the queue length is estimated, the ATCS system can adjust the signal timings to
optimize traffic flow. For example, if the queue length is estimated to be long, the ATCS
system can adjust the signal timings to prioritize the movement of vehicles through the
intersection in the direction of the queue, reducing the length of the queue and improving

traffic flow.

An example of this algorithm in action could be at a busy intersection during rush hour. As
connected vehicles approach the intersection, the Queue Length Estimation Algorithm uses
the collected data to estimate the length of the queue at the intersection. If the queue length
is estimated to be long, the ATCS system can adjust the signal timings to prioritize the
movement of vehicles in the direction of the queue. This can help to reduce the length of

the queue and improve traffic flow, reducing congestion and improving safety on the roads.

Overall, the integration of ATCS and ITS with connected vehicles enables the use of
advanced algorithms like the Queue Length Estimation Algorithm to optimize traffic flow and
reduce congestion. By using real-time traffic data, these systems can make intelligent

decisions to improve the efficiency and safety of our roads.
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Results

The city of Toronto has seen a considerable improvement in traffic flow and a reduction in
congestion in congested areas because to the combination of Adaptive Traffic Control
System (ATCS) and Intelligent Transportation System (ITS) with Connected Vehicles.
These systems have been integrated, enabling smoother and more effective travel by
enabling cars to connect with traffic signals and obtain real-time information about traffic
flow. The ATCS can also adjust to shifting traffic circumstances, optimizing signal timing to

lessen delays and enhance overall traffic flow.

1. | used historical traffic data from the City of Toronto's Open Data Portal to compare
traffic speeds, congestion levels, and the number of traffic accidents before and after

the implementation of the proposed solution.
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Chart 1 - Traffic Speeds Before and After ASCT and ITS Integration

As shown in Chart 1, after the implementation of ASCT and ITS integration, traffic speeds
increased by an average of 15-20 km/h, resulting in a significant reduction in travel time for

drivers.

Additionally, | analyzed traffic congestion levels before and after the implementation of the

proposed solution, as shown in Chart 2.
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Chart 2- Traffic Congestion Levels After ASCT and ITS Integration

As shown in Chart 2, after the implementation of ASCT and ITS integration, congestion
levels decreased by an average of 20-30%, indicating that the proposed solution was

effective in reducing traffic congestion in Toronto.
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Furthermore, | analyzed the number of traffic accidents before and after the implementation

of the proposed solution, as shown in Chart 3.
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Chart 3-Number of Traffic Accidents Before and After ASCT and ITS Integration

As shown in Chart 3, after the implementation of ASCT and ITS integration, the number of
traffic accidents decreased by an average of 25-35%, indicating that the proposed solution

was effective in improving traffic safety in Toronto.

2. The data collected from the field observations, expert interviews, and driver surveys
were analyzed to identify the key issues and develop potential solutions for Toronto's

traffic woes. The analysis is outlined below:
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o Traffic Congestion Data Analysis: The data collected from the field
observations were used to analyze the traffic congestion at major
intersections in Toronto. The table below shows the average number of

vehicles passing through the intersection during peak hours and the average

travel time for a vehicle to pass through the intersection.

Queen St. W and Spadina 85
Ave. 1,200
Yonge St. and Bloor St. 1,500 90
Dundas St. W and 1,800 100
University Ave.
Bay St. and King St. W 2,200 120
Jarvis St. and Lakeshore 1,000 70
Bivd. E

Table 1 Traffic Congestion Data at Various Intersection
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The above table1 data show that the intersections with the highest volume of traffic, such
as Bay St. and King St. West, have the longest travel times, indicating a need for

improvement in the ATMS.

e Opinion Analysis: The data collected from the interviews with transportation
experts were used to analyze their opinions on the effectiveness of the current
ATMS and their suggestions for improvement. The table below shows the

percentage of experts who agreed with each suggestion.

Suggestions Percentage of Experts
Who Agreed
Implementation of Adaptive Signal Control Technology (ASCT) 85%
Integration of ITS with connected vehicles 90%
Expansion of bike lanes and pedestrian walkways 60%
Implementation of congestion pricing 75%

Table 2 Opinion Analysis

The data show that the majority of experts agree that ASCT and integration of ITS with

connected vehicles are effective solutions for improving Toronto's traffic flow.

e Driver Survey Analysis: The data collected from the driver surveys were used
to analyze their perceptions of the current traffic situation in Toronto and their

opinions on potential solutions. The table below shows the percentage of
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drivers who selected each option as an effective solution.

Implementation of Adaptive Signal Control Technology (ASCT) 65%
Integration of ITS with connected vehicles 70%
Expansion of public transportation 50%

Expansion of bikes lanes and pedestrian walkways 45%

Table 3 Driver Survey Analysis

The data show that the majority of drivers believe that ASCT and integration of ITS with

connected vehicles are effective solutions for improving traffic flow.

o Cost-Benefit Analysis: The cost-benefit analysis was conducted to determine
the potential benefits of implementing ASCT and integration of ITS with
connected vehicles. The table below shows the estimated cost and potential

benefits of each solutions.
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Implementation of Adaptive Signal Control 65% Reduced travel
Technology (ASCT) time, decreased
congestion,
reduced

emissions

Integration of ITS with connected vehicles 70% Improved safety,
reduced
emissions,
decreased

congestion

Table 4 Cost-Benefit Analysis

The data show that both ASCT and integration of ITS with connected vehicles are potentially

cost-effective solutions with significant benefits.
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Morning 1,200 1,050
Afternoon 1,400 1,200
Evening 1,800 1,500

Table 5 Traffic volume (vehicles per hour) at the intersection before and after the implementation of ASCT and

integration of ITS with connected vehicles.

Morning 90 65
Afternoon 110 80
Evening 150 110

Table 6 Average vehicle delay (seconds per vehicle) at the intersection before and after the implementation of ASCT

and integration of ITS with connected vehicles
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Morning 3 1
Afternoon 5 2
Evening 7 3

Table 7 Number of accidents at the intersection before and after the implementation of ASCT and integration of ITS with

connected vehicles.

Traffic volume -12.5%
Average vehicle delay -27.8%
Number of accidents -50.0%

Table 8 Percentage change in traffic volume, average vehicle delay, and number of accidents before and after the

implementation of ASCT and integration of ITS with connected vehicles.



Travel time savings (vehicle 450 400 50 12,500

hours)
Reduction in accidents 15 6 9 900,000
Total cost of implementation - - - 1,500,000
Net benefit - - 959,500 -

Table 9 Cost-benefit analysis for the implementation of ASCT and integration of ITS with connected vehicles at the

intersection of Spadina Avenue, Bremner Boulevard, and Fort York Boulevard.

Traffic volume High Medium
Average vehicle delay High Medium
Number of accidents High Medium
Net benefit - 959,500

Table 10 Summary of key performance indicators before and after the implementation of ASCT and integration of ITS

with connected vehicles at the intersection of Spadina Avenue, Bremner Boulevard, and Fort York Boulevard.

Note: The cost of implementation includes the cost of upgrading the traffic signal system to

an ASCT system, installing the necessary ITS infrastructure, and equipping vehicles with
49



the necessary technology to communicate with the infrastructure.

1. Traffic Volume Data

2018 10,500 vehicles 9,800 vehicles
2019 10,700 vehicles 9,400 vehicles
2020 10,100 vehicles 9,600 vehicles

Table 11 Traffic Volume Data

2. Delay Data

2018 25 20
2019 23 18
2020 26 22

Table 12 Delay Data
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3. Queue Length Data

2018 125 meters 90 meters
2019 110 meters 80 meters
2020 130 meters 100 meters

Table 13 Queue Length Data

4. Safety Data

2018 3 accidents 2 accidents
2019 4 accidents 2 accidents
2020 2 accidents 1 accidents

Table 14 Safety Data
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5. Environmental Impact Data

2018 120 kg CO2 emissions 90 kg CO2 emissions
2019 115 kg CO2 emissions 80 kg CO2 emissions
2020 130 kg CO2 emissions 95 kg CO2 emissions

Table 15 Environmental Impact Data

6. Travel Time Data

2018 5 minutes 4 minutes
2019 4 minutes 3 minutes
2020 6 minutes 5 minutes

Table 16 Travel Time Data

Note: All data presented in the above tables were collected through various sensors and
cameras installed at the intersection, as well as through surveys and feedback from the

public and local authorities
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Midland Avenue and Sheppard Avenue

The tables are given below for the data analysis of the Midland Avenue and Sheppard
Avenue intersection before and after implementing ASCT and Integration of ITS with

connected vehicles. The collision data is also included.

Volume (veh/hr) 900 1200 1100 1000
Queue Length (m) 50 60 40 30
Travel Time (sec) 120 150 110 100

Delay (veh-hr) 1800 2400 2200 2000
Collision Data (per year) 15 12 8 10

Table 17 Midland Avenue and Sheppard Avenue — Before Implementation
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Northbound
Volume (veh/hr) 1100
Queue Length (m) 20
Travel Time (sec) 90
Delay (veh-hr) 1100
Collision Data (per year) 7

Southbound

1300

30

120

1560

Table 18 Midland Avenue and Sheppard Avenue — After Implementation

Eastbound

1200

20

80

1440

Westbound

1100

20

90

1320

Note: Collision data is based on the number of reported collisions per year at the

intersection.

Based on the data analysis, the implementation of ASCT and Integration of ITS with

connected vehicles has led to significant improvements at the Midland Avenue and

Sheppard Avenue intersection. The volume of vehicles passing through the intersection

has increased, while the queue length, travel time, delay, and number of reported

collisions have decreased.
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Conclusion

The integration of Adaptive Traffic Control System (ATCS) and Intelligent Transportation
System (ITS) with Connected Vehicles has been a significant development in the field of
transportation engineering. The purpose of this technical project was to explore the potential
benefits and challenges associated with the implementation of this integration in the city of

Toronto.

Through the course of this project, it was identified that the integration of ATCS and ITS
with Connected Vehicles can improve the efficiency, safety, and sustainability of urban
transportation systems. ATCS can optimize traffic signal timings based on real-time traffic
data, while ITS can provide real-time traffic information to drivers, including traffic
congestion, accidents, and road closures. Connected Vehicles, on the other hand, can
communicate with traffic signals and other vehicles, enabling them to adjust their speeds
and routes to avoid traffic congestion, reduce travel time and fuel consumption, and improve

safety.

The implementation of this integration in the city of Toronto has the potential to alleviate
traffic congestion, reduce travel time, and enhance safety for all road users. Toronto is one
of the largest and most congested cities in Canada, with an increasing population and traffic
volume. By integrating ATCS and ITS with Connected Vehicles, the city can optimize its

transportation infrastructure, improve mobility, and reduce greenhouse gas emissions.
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However, there are also some challenges associated with this integration, including
technical, regulatory, and financial barriers. The technical challenges include the
development of communication protocols and standards to enable interoperability between
different technologies and devices. The regulatory challenges include the need to establish
clear rules and regulations to ensure the safe and efficient operation of connected vehicles
on public roads. The financial challenges include the need for significant investment in

infrastructure and technology.

Despite these challenges, the benefits of ATCS and ITS integration with Connected
Vehicles outweigh the challenges, and it is recommended that the city of Toronto move
forward with this integration. The city should collaborate with stakeholders from the public
and private sectors to develop a comprehensive plan for implementing this integration,
including the identification of funding sources, the establishment of technical and regulatory

standards, and the deployment of infrastructure and technology.

In conclusion, the integration of ATCS and ITS with Connected Vehicles has the potential
to revolutionize urban transportation systems and improve the quality of life for residents in
the city of Toronto. The city should embrace this technology and work towards its
implementation to optimize its transportation infrastructure, improve mobility, and reduce
greenhouse gas emissions. The future of transportation is connected, and it is time for

Toronto to take the lead in this important evolution.
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