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Abstract 

With the introduction of Automated Vehicles (AVs) in not so distinct future, we need the urban 

transportation infrastructure to be ready for their sustainable deployment. A key aspect of this 

readiness is to introduce the right modifications in the road design and the associated adjustments 

in terms of traffic control. This project focuses on Ontario Traffic Manual and Canadian Capacity 

Guide. We investigate the adjustments required for interrupted flow and model these adjustments 

using microsimulation tool VISSIM. Results shows that autonomous vehicles alone even with 

recommended modifications, without connectivity features would not improve our network as we 

anticipated, especially at low market penetration rates when Human Drive Vehicles (HDVs) are 

still on the streets. Furthermore, investments to our current infrastructure need to be made in order 

to allow communication with the vehicles and keep them updated on the congested, in order to 

reach the optimal benefit from this technology.  
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1 - Introduction 

Congestion on road networks undermines the people and goods mobility in major cities. 

Traditionally, the congestion problem on surface streets was dealt by adding more lanes and new 

links to the existing transportation network. Since such a solution can no longer be considered, 

given the limited availability of space in urban centers, greater emphasis is nowadays placed on 

traffic management through the implementation and operation of intelligent transportation systems 

[1]. 

Autonomous vehicles represent a potentially disruptive yet beneficial change to our 

transportation system. This new technology has the potential to impact travel behavior, congestion 

vehicle safety, and land use if applied with perfection and a good penetration of market share. AVs 

impacts in the form of crash savings, travel time reduction, fuel efficiency and parking benefits are 

estimated to approach $2,000 to per year per AV, and may eventually approach nearly $4,000 when 

comprehensive crash costs are accounted for [2]. 

When investigating a relatively new technology such as AV’s, many uncertainties revolve 

around the impacts and interactions with other components of the transportation system such as 

modes, infrastructures, networks, flows [3]. From how the vehicle will operate on the road with 

other vehicles to how it will react to pedestrians, along with the vehicle reacting to different 

signages. This gives researcher different aspects to look into such as standardization of the 

technology, implementation, cost of the technology, the effect on the environment, etc.  

The objective of this project is to provide a discussion and review the potential impacts of 

AV’s to enhance the roadway safety and capacity while reducing the traffic congestion. In order to 

achieve that we studied the influence of AV technologies on traffic flow behavior and pointed out 

the areas which needs update in the current design manual. Also, to get a better understanding of 
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traffic flow, delay and collision   we simulated the current traffic volume, 10% growth rate and 

20% growth rate at varying market penetration rates using microsimulation tool VISSIM. Results 

show that the main benefits of AVs are that they can drive closer to each other and they require 

lower reaction time. This reductions in safe distance and reaction time, results in higher capacity 

of the road and significant improvement. Also, in order to attain the complete benefits of the AVs 

infrastructure needs to be updated to accommodate CAV’s since after a certain grow 

1.1 - Purpose of research  

The purpose of this research is to explore what changes could be made in the Ontario Traffic 

Manual and what are the needs in terms of infrastructure to accommodate automated vehicles on 

Ontarian streets in the near future. Different market penetration rates for AVs were analyzed and 

observed using micro-simulation and optimization to foresee their affect.  

1.2 - Overall Approach  

In order to reach our objectives for this research a deep understanding of the current traffic 

regulations and manuals had to be established before developing recommendations and simulating 

different scenarios in order to evaluate these recommendations. Since federal regulations 

necessitate that all changes to existing traffic systems be checked for operational efficiency 

simulation models are becoming common assessment tools to verify the effectiveness of these 

changes. Traffic Simulation Software’s are widely used for traffic and transport planning studies , 

because  they give you a realistic and detailed overview about the status quo of the traffic flow and 

impacts, with the possibilities to define multiple what-if scenarios including the addition of AVs 

[4]. In this study we focus on AVs impacts on our current traffic manuals and existing infrastructure. 

For our simulation we assumed that three regimes of AVs – 30%, 50% and 70%. The reason we 

chose 30%, 50% and 70% was to look at having low, medium and high MPR scenarios.  Figure 1 
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gives a general overview of our methodology. Furthermore, the steps in detail are explained as 

follows:  

Step 1: Analyzing and understanding the current design manual and examining what section needs 

to be updated to incorporate the operations of automated vehicles on Ontarian roads.     

Step 2: Undergoing a thorough literature review on what optimal implementation changes can be 

implemented to accommodate the introduction of Autonomous vehicles  

Step 3: Developing a case study to show the effect of the different design changes in the 

intersection; that requires collecting data on real intersections and simulating the effects of 

different scenarios on traffic flow related indicators  

Step 4: Communicating with decision makers in the intelligent transportation planning sector to 

discuss the feasibility of implementation   

 

  

Figure 1 : Project area of study 
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2 - Automated and Connected Vehicles  

Automated and connected vehicle technologies are among the most heavily researched 

automotive technologies. The vehicle technologies currently available are only a fraction of what 

is being developed for the future. The technologies for autonomous cars, connected cars, and 

advanced driver assistance systems overlap, below is an overview of the technologies, definitions, 

benefits and challenges of this emerging sector [5]. 

2.1 - Automated Vehicles 

Fully automated, autonomous, or “self-driving” vehicles are defined by the U.S. Department of 

Transportation's National Highway Traffic Safety Administration (NHTSA) as “those in which 

operation of the vehicle occurs without direct driver input to control the steering, acceleration, and 

braking and are designed so that the driver is not expected to constantly monitor the roadway while 

operating in self-driving mode.” There have been multiple definitions for various levels of 

automation, for the sake of standardization, and to aid clarity and consistency, NHTSA has adopted 

the SAE (figure 2) International definitions for levels of automation. These definitions divide 

vehicles into levels based on “who does what, when.” 

In SAE's automation level definitions, "driving mode" means "a type of driving scenario 

with characteristic dynamic driving task requirements (e.g., expressway merging, high speed 

cruising, low speed traffic jam, closed-campus operations, etc.)" [6]. 

• Level 0: Automated system issues warnings and may momentarily intervene but has no 

sustained vehicle control. 

• Level 1 ("hands on"): The driver and the automated system share control of the vehicle. 

Examples are Adaptive Cruise Control (ACC), where the driver controls steering and the 

automated system controls speed; and Parking Assistance, where steering is automated 
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while speed is under manual control. The driver must be ready to retake full control at any 

time. Lane Keeping Assistance (LKA) Type II is a further example of level 1 self-driving. 

• Level 2 ("hands off"): The automated system takes full control of the vehicle (accelerating, 

braking, and steering). The driver must monitor the driving and be prepared to intervene 

immediately at any time if the automated system fails to respond properly. The shorthand 

"hands off" is not meant to be taken literally. In fact, contact between hand and wheel is 

often mandatory during SAE 2 driving, to confirm that the driver is ready to intervene. 

• Level 3 ("eyes off"): The driver can safely turn their attention away from the driving tasks, 

e.g. the driver can text or watch a movie. The vehicle will handle situations that call for an 

immediate response, like emergency braking. The driver must still be prepared to intervene 

within some limited time, specified by the manufacturer, when called upon by the vehicle 

to do so. 

• Level 4 ("mind off"): As level 3, but no driver attention is ever required for safety, e.g. the 

driver may safely go to sleep or leave the driver's seat. Self-driving is supported only in 

limited spatial areas (geofenced) or under special circumstances, like traffic jams. Outside 

of these areas or circumstances, the vehicle must be able to safely abort the trip, e.g. park 

the car, if the driver does not retake control. 

• Level 5 ("steering wheel optional"): No human intervention is required at all. An example 

would be a robotic taxi. 
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Figure 2 SAE automation levels [7]                                                 

2.2 - Connected Vehicles 

The term connected vehicles refers to applications, services, and technologies that connect 

a vehicle to its surroundings. A connected vehicle includes the different communication devices 

(embedded or portable) present in the vehicle, that enable in-car connectivity with other devices 

present in the vehicle and/or enable connection of the vehicle to external devices, networks, 

applications, and services. [8]. 

Connected vehicles use several different communication technologies such as dedicated short-

range communications (DSRC) that permit two-way medium-range wireless connectivity similar 

to Wi-Fi and cellular 5G technology to communicate with other cars on the road (vehicle-to-

vehicle [V2V]), roadside infrastructure (vehicle-to-infrastructure [V2I]), and the “Cloud” [V2C]. 

These technologies can be used to not only improve vehicle safety, but also to improve vehicle 

efficiency and commute times.[9] 

 Listed below are the types of communication, with links to more information, and some of the 

benefits of connected vehicles: 

• V2I- Vehicle to Infrastructure 
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• V2V – Vehicle to Vehicle 

• V2C- Vehicle to Cloud 

• V2P- Vehicle to Pedestrians 

• Vehicle to Everything 

 

2.3 - Potential Problems with the Introduction of Autonomous Vehicles 

While the introduction of self-driving cars offers many potential benefits, the rise in 

automated car technology also comes with its own set of issues. Technology is never perfect, and 

computers can be compromised from a security standpoint. Furthermore, while driverless cars will 

make our roads safer, they may also result in less desired societal consequences, such as higher 

unemployment rates[10]. 

 

2.3.1 - Vehicle to Infrastructure Communication (V2I) 

 

When we talk about the human driven vehicles they rely mostly on the eyes and what they “see” 

to obey laws and avoid collisions on the road. But when we talk about the AVs, they rely on a 

series of sensors that can help them to understand the environment in which they are traveling. For 

AVs a combination of LiDAR sensors, radar, ultrasonic and imaging is used to form digital road 

maps ahead for them help it “see” where it is going [11]. 

While AV’s are emerging, V2I technologies are essential for them. The main problem is that the 

vehicle technology is advancing way faster than the infrastructure can adapt, since connected 

autonomous vehicles are being manufactured with no current update on the infrastructure which 

means that the vehicle won’t have the ability to connect. to our current network [12]. 
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2.3.2 - Road Safety 

The researchers  claims that 90% of crashes are due to human error, autonomous vehicles will 

reduce the crash rates [2], but this overlooks the additional risks these technologies can introduce 

[13].  Hardware and software failures includes the failure of complex electronic systems, and even 

small vehicle operating system failures - a false sensor, distorted signal, or software error - can 

have catastrophic results [14]. Self-driving vehicles will certainly have failures that contribute to 

crashes, the question is their frequently compared with human drivers. Also, self-driving 

technologies can be manipulated for amusement or crime which could result in larger 

consequences [15]. There is a tendency when travelers feel safer, they often take additional risks, 

called offsetting behavior or risk compensation. For example, if autonomous vehicles are 

considered very safe, passengers may reduce seatbelt use, and other road users may take greater 

risks [16] what Toyota Research Institute Director Gill Pratt describes as “over-trusting” 

technology [17]. Many potential benefits, such as reduced congestion and pollution emissions, 

require platooning [7]. Platooning means vehicles operating close together at high speeds on 

dedicated lanes, which can introduce new risks, such as human drivers joining platoons and 

increased crashes severity. With the improvement in convenience and comfort autonomous 

vehicles may increase total vehicle travel and hence there will be rise in the crash exposure [18]. 

There might be some difficulty to AVs in respect to detecting, communicating with and 

accommodating pedestrians, bicyclists and motorcycles. This will give rise to additional risks to 

the non-auto travelers [9]. 
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2.3.3 - Congestion  

Multiple studies have investigated the potential for AVs to reduce congestion under 

differing scenarios. Under various levels of AV adoption congestion savings due to ACC measures 

and traffic monitoring systems could smooth traffic flows by seeking to minimize accelerations 

and braking in freeway traffic. This could increase fuel economy and congested traffic speeds by 

23–39% and 8–13%, respectively, for all vehicles in the freeway travel stream, depending on V2V 

communication and how traffic-smoothing algorithms are implemented [20]. 

If vehicles are enabled to travel closer together, the system’s fuel and congestion savings 

rise further, and some expect a significant increase in highway capacity on existing lanes [11], 

estimate that cooperative adaptive cruise control (CACC) deployed at 10%, 50%, and 90% market-

penetration levels will increase lanes’ effective capacities by around 1%, 21% and 80%, 

respectively [21]. Gap reductions coupled with near-constant velocities produce more reliable 

travel times – an important factor in trip generation, timing, and routing decisions. Similarly, 

shorter headways between vehicles at traffic signals (and shorter start-up times) mean that more 

AVs could more effectively utilize green time at signals, considerably improving intersection 

capacities. 
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3 – Recommended Design Manual Adjustments and Infrastructure Needs for Automated 

Vehicles 

The way vehicles are operated is revolutionizing day by day, in the coming years we can 

see “self-driving” vehicles travelling alongside the human-driven vehicles [21]. In the case of self-

driving vehicles, they act differently than the human-driven vehicles and the human behavior does 

not play any role when the vehicle makes any decisions to stop or perform a turning maneuver 

[22]. On the other hand, when we talk about the signal timing parameters i.e. duration of green, 

amber, and red clearance times, human perception time and reaction time is taken into 

consideration. All the recommendations in this document are developed on the basis of extensive 

literature review and prior research work by other researchers.  

3.1 - Traffic Signals  

In this section the signal timing parameters are reviewed, taken into consideration both 

human driven as well as self-driven vehicles. Also, safety and efficiency are the factors kept into 

account at signalized intersection. When we talk about human driven vehicles the main focus is on 

the driver who is taking control of the vehicle. There are many psychological, environmental, 

vehicle design factors and road regulations which influences the driver’s performance. For instance, 

driver perception and reaction time, along with factors such as drivers age, fatigue or alcohol 

consumption. 

3.1.1 - Current Situation  

In order to calculate yellow change interval driver’s perception reaction time is taken as 1 

second minimum as mentioned in traffic engineering handbook 7th edition [23]. In certain special 

conditions typically with isolated rural or high-speed locations with the posted speed of 80km/hr 
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or higher, the authorities may choose to go for a longer perception reaction time as mentioned in 

Ontario Traffic Manual Book 12 [24]. 

Furthermore, the driver age, fatigue and various forms of distracted and careless driving 

does not apply for the AV. This is because the algorithms running on AV allows it to run either at 

or below the posted speed limit. This allows AV to conform to the traffic laws and all the decisions 

are made within 0.83 seconds. [22]  

Moreover, regarding design speed road authorities usually use the 85th percentile speed in 

order to calculate the yellow interval time, the passage time and the location of the distance loop 

detectors. However, the 85th percentile speed is not the accurate estimation. In the absence of field 

measurement, the 85th percentile speed is approximately 11km/hr above the posted speed limit for 

the through traffic vehicles, and for left turning vehicles it is approximately 8km/hr below the 

posted speed limit as per the Ontario Traffic Manual Book 12 [24]. 

Additionally, the intersection geometric design has an impact on the visibility of signal 

indications, the stopping sight distance and the signal timing design [25]. It is important to consider 

the factors above when calculating the traffic control signal parameters. Otherwise, the traffic 

control signal will operate improper timing, resulting in unsafe conditions (collisions), low LOS, 

wasted commuter times and increases in fuel consumption. 

One of the most important factors affecting the performance of an intersection is the signal 

timing parameters. There can be six basic timing (parameters which can be used to develop the 

signal timing plans for a standard eight- phase intersection. The following parameters are typically 

programmed for each phase in the traffic signal controllers (NEMA &170 specifications):  

 

Minimum Green Time  
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The minimum green parameter represents the least amount of time that a green signal 

indication is displayed when a signal phase is activated [24]. Drivers do not expect an immediate 

termination of a signal display that has just started. Therefore, a minimum interval time is used in 

order to avoid violating driver expectations. Since the signals work on the volume-density mode 

of operation, an added initial feature could be used with the actuated phases to increase the 

minimum green time in order to account for the vehicles which are stored between the long-

distance detector and the stop line at the onset of green. The added initial feature increases the 

minimum green as necessary based on the vehicles that arrived while the signal is not green. 

Without the “added initial” feature, the minimum green would have to be set high to clear all stored 

vehicles. While calculating the effective green time for a phase a start-up time of up to 4 seconds 

is usually considered [26]. 

Passage Time (Vehicle Extension Time)  

Passage time, sometimes called passage gap, vehicle extension, or unit extension, is used to extend 

the green interval based on the detector status once the phase is green. This parameter extends the 

Green Interval for each vehicle actuation up to the Maximum Green. It begins timing when the 

vehicle actuation is removed. This extension period is subject to termination by the Maximum 

Green timer or a Force Off [25]. Passage time is used to find a gap in traffic for which to terminate 

the phase, essentially it is the setting that results in a phase ending prior to its maximum green time 

during isolated operation (figure 4). 

The passage time is usually based on the detection zone length, the number of lengths served by 

the phase and the vehicle speed. On high speed approach the passage time should be calculated as 

it should be enough for the high-speed vehicle to stop safely before the stop line. The beginning 

of the decision zone is the proper location for the detection zone. 5.5 second and 2.5 second of the 
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travel time prior to the stop line is the limit of the decision zone. To assist driver of high-speed 

vehicle multiple detectors could be placed upstream of the stop line beginning of the decision zone. 

85th percentile speed is considered for the calculation of passage time value and the position of 

the detectors. 

Maximum Green Time  

The maximum green time parameter defines the maximum amount of time that a green signal 

indication can be displayed in the presence of a conflicting demand. Generally, the green signal 

for the left turn phase ranges 15-30s, 20-40s for the through phase and 30-60s for through passing 

a major intersection.  Capacity analysis method is used to calculate the duration of maximum green 

time in applicable actuated phase [27]. In case of isolated intersection, the green time should be 

long enough to clear the traffic volume and short enough to reduce delay in the opposing traffic 

movement.  

Yellow Change Interval  

Yellow change interval is the indication for the upcoming presentation of the red signal. It also 

works as an alert for the traffic to clear the intersection before the opposing traffic receives the 

green indication [26].  

Under the permissive yellow law, the yellow change interval has two purpose: 

A) It allows the approaching vehicle that can make a comfortable stop to stop  

B) It allows vehicle that couldn’t make a comfortable stop to clear the intersection  

The ITE kinematic equation is the recommended and commonly used method for 

calculating the yellow change interval [23] 

Y = T + V / (2 (a + G g)) ……………………………………. (1)  

Where:  
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Y = length of the yellow change interval (sec)  

T = perception – reaction time, generally assumed as 1 second  

V = 85th
 percentile approach speed (km/h)  

‘a = average deceleration rate, generally assumed (11 km/h/s)  

‘g = approach grade (percentage divided by 100, negative for downgrade)  

G = acceleration due to gravity (35.3 km/h/s) 

The AV reaction time is a split second, and it travels at a speed equal to or below the posted speed 

limit. Therefore, if the duration of the yellow interval is enough for conventional vehicles, it will 

be enough for the AV as well (figure 3). 

 

Figure 3 Yellow Change Interval [28] 

Red Clearance Interval  

The red clearance interval can be used to allow a brief time to elapse after the yellow interval, 

during which the signal heads associated with the ending phase and all 

Conflicting phases display a red indication [26]. 

The red clearance is a safety related parameter. The following equation is 

Recommended for calculating the red clearance interval [23]: 

R = 3.6 (W + L) / V ……………………………………. (2) 

Where, 
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R = Red clearance interval (seconds)  

W = Intersection width (m)  

L = Vehicle length, generally assumed to be 6 m  

V = 85th
 percentile approach speed (km/h)  

3.1.2 - Future Recommendations  

➢ Minimum Green Time Recommendation 

The start-up time for an AV should be a programmable feature. With a small start-up time 

there could be conflict between AV entering the intersection on the onset of green and CV entering 

from the earlier phase. Therefore, a delay time should be automatically programmed to the start-

up time for AV. The local driving conditions and the driver behaviour should be factor for the 

adjustable delay time[28] . 

➢ Passage Time Recommendation  

  The AV will be able to decide if it should stop or go due to the negligible amount of the 

decision time required. A closely following HDV could expose the AV for a rear end collision due 

to miscalculation or misjudgement of the human driven vehicle due to response time. In order 

counter this the response time in this scenario for AV should be delayed so AV performs as a skilled 

defensive driver.  The high-speed approaches, advanced detection method may be utilized where 

vehicle with a defined area and with determined min and mix speed value is measured. The 

detection method is capable of dynamic estimate of the arrival of each vehicle and providing 

individual protection. 
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Figure 4 Passage Time [28] 

 

➢ Maximum Green Recommendation  

AVs can maintain posted or higher than the posted speed limit. However, AVs are 

programmed to obey the speed limit and could result in lager gaps and termination of the phase 

early. The traffic controller should be programmed to provide reasonable passage time based on 

the field measurements. Also, the saturation flow rates should be based on the average time 

headway of both the AVs and HDVs.  

➢ Yellow Change Interval Recommendation  

If the duration of the installed yellow change interval is less than the calculated value from 

equation, the AV might not be able to stop comfortably at the stop line or it might cross the stop 

line on red. Road authorities should ensure that the installed yellow change interval is adequate.  

Also, an instant reaction of the AV to the onset of the yellow signal indication could result 

in a rear-end collision if a conventional vehicle is following too closely. A possible solution to this 

scenario is to calibrate the AV reaction time (adjustable delay time) to the onset of the yellow signal 

indication based on roadway conditions [28]. 
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➢ Red Clearance Interval Recommendation  

To avoid a conflict between the AV clearing the intersection and a conventional vehicle 

entering the intersection at the onset of green, the use of the posted speed limit is recommended 

instead of the 85th
 percentile speed when calculating the red clearance interval. 

To summarize all the recommendations, here are key recommendations for signal timings: 

• The current methods of calculating the minimum and maximum green time parameters are 

acceptable for both conventional vehicles and the AV. 

• The programming of the on-board computers shall consider deploying adjustable delay 

times based on local driving conditions (provincial, territorial, and municipal) and driver 

behavior. 

• The calculation of the passage time parameter and associated detection zones based on a 

fixed approach speed is problematic. It does not serve the needs of the AV on high speed 

roadways. At high speed roadways, the use of advanced detection methods (e.g. wide area 

detection utilizing radar-based technology) will better serve conventional vehicles as well 

as the AV. 

• The duration of the yellow change interval should be calculated according to the ITE’s 

kinematic equation. A shorter duration of the yellow change interval will adversely impact 

the safety of both conventional vehicles and the AV. 

• The red clearance time should be calculated using the posted speed limit instead of the 85th 

percentile speed. 

• If the AV travelling speed is below the design speed, it will disrupt the progression of traffic 

flow because it will be travelling outside the progression band. It is necessary to coordinate 
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the green time at closely spaced signalized intersections, taking into consideration the 

prevailing travel speeds of both conventional vehicles and the AV. 

 

3.2 - Stopping Sight Distance 

Sight distance is the length of the roadway ahead that is visible to the driver. It is a 

fundamental design element in the safe and efficient operation of a highway. Five basic types of 

sight distances must be considered in design:  

(1) stopping sight distance (SSD), applicable on all highways 

(2) passing sight distance (PSD), applicable only on two-lane highways 

(3) decision sight distance (DSD), needed at complex locations 

(4) preview sight distance (PVSD), applicable to horizontal curves, especially those combined         

with vertical curves 

(5) Intersection sight distance (ISD), needed for all types of intersections. 

In addition, a special type of sight distance (called head-on sight distance) that may be 

needed when parking occurs on both sides of a residential street has been addressed by Gattis [29]. 

3.2.1 - Current Situation 

Stopping sight distance is the distance that enables a vehicle traveling at or near the design 

speed to stop before reaching a stationary object in its path. The SSD in feet is computed by 

 

 

 

t = the brake reaction time (sec) 

V = the design speed (mph) 
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a = the deceleration rate (ft/sec2) 

G = the percent of grade divided by 100 (positive for upgrade and negative for downgrade  

The recommended design criterion for brake reaction time is 2.5 sec, which exceeds the 90th 

percentile of reaction time for all drivers. The recommended design deceleration rate is 11.2 

ft/sec2, which is the comfortable deceleration rate for most drivers on wet surfaces [27]. 

3.2.2 - Future Recommendations  

Time to respond varies greatly across different tasks and even within the same task under 

different conditions. It can range from 1.5 second to many seconds. When a person responds to 

something s/he hears, sees or feels, the total reaction time can be decomposed into a sequence of 

components as follows [30]: 

➢  Mental Processing Time 

This is the time it takes for the responder to perceive that a signal has occurred and to 

decide upon a response. For a human driven vehicle it various depending on visibility, driver 

gender, driver age, roadway grade, mean approach speed, platooning scenarios (leading,  

following,  or  alone) [31]. However, for AV’s there isn’t any driver, so this component can be 

considered equal to zero or a value in few milliseconds. 

➢ Movement Time 

This component for humans occurs once a response is selected. The responder will perform 

the required muscle movement. For example, it takes time to lift the foot off the accelerator pedal, 

move it laterally to the brake and then to depress the pedal. However, for AV’s there isn’t any 

human responder it’s the vehicle itself that will perform the movement required. 

➢ Device Response Time 

Mechanical devices take time to engage, even after the responder has acted. For example, 

a driver stepping on the brake pedal does not stop the car immediately. Instead, the stopping is a 
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function of physical forces, gravity and friction. In experimental setting, it was found that almost 

half the distance is created by driver reaction time which is a factor we can eliminate in AV’s since 

there will be no driver [32]. By applying the SSD equation [27] for the recommended perception 

reaction time by TAC as 2.5 secs and comparing it with assumed perception reaction for AV’s as 

1 second and 0.30 seconds and comparing them in Table 1 below:       

Table 1 SSD changes with the introduction of AV's 

Design 

Speed 

(mph) 

t (sec) SSD 

Calculated 

(feet) 

t (sec) SSD        

Calculated 

(feet) 

t (sec) SSD 

Calculated

(feet) 

40 2.5 300.6 1 212.4 0.3 171.2 

50 2.5 423.7 1 313.5 0.3 262 

60 2.5 566.0 1 433.7 0.3 372 

70 2.5 727.6 1 573.2 0.3 501.2 

 

3.3 - Sign Design, Fabrication & Patterns 

The specific purpose of OTM book 2 is to provide practical guidelines and sign patterns 

for the design and fabrication of traffic signs. It addresses the design and fabrication of traffic signs. 

In the upcoming sections we will be investigating the changes and additions that should be made 

to accommodate the introduction of autonomous vehicles. However, before stating what 

modifications need to be made, a detailed overview of how AV sensors operate to detect signs and 

markings should be addressed.  

As an overview, automotive sensing falls into three main categories: self-sensing, 

localization, and surrounding-sensing. Self-sensing uses proprioceptive sensors to measure the 

current state of the ego-vehicle, including the vehicle’s velocity, acceleration, yaw, and steering 



 

21 

 

angle. Proprioceptive information is commonly determined using pre-installed measurement units, 

such as odometers, inertial measurement units (IMUs), gyroscopes, and information from the 

controller area network (CAN) bus. 

Localization, using external sensors such as GPS or dead reckoning by IMU readings, determines 

the vehicle’ s global and local position. Lastly, surrounding-sensing uses exteroceptive sensors to 

perceive road markings, road slope, traffic signs, weather conditions, the state (position, velocity, 

acceleration, etc.) of obstacles including other vehicles, and even the state of the driver (vigilance, 

drowsiness, fatigue, boredom due to monotony, etc.) [33]. 

3.3.1 - Current situation  

Ontario Traffic Manual Book 2, 11, and 8 outline the specifications for all types of 

standards for the signs. Even though sensor technology has rapidly advanced, there are still many 

areas that require improvement before level five autonomy can be achieved. Three major 

challenges related to sensor technology that remain unresolved are: (1) perception in poor weather 

conditions, (2) perception in changing and unfavorable lighting conditions and (3) human 

perception of automotive sensor [33]. 

Furthermore, when it comes to AVs identifying lanes, several limitations have been 

recognized since most AVs rely on greyscale images. Some of these limitations are as follows: 

• Bad weather conditions like mud, rain and snow 

• Old road markings not completely obscured even if blacked out 

• Bitumen lines used to seal cabling or drainage in the roadway  

• Faded indistinct lines on asphalt surfaces 

• Slightly faded lines on concrete road surfaces which present poor contrast 

• Lane markings not in normal use 
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• Discontinuous marking. 

As discussed above we can conclude that road markings should always remain visible to 

the driver and the intelligent vehicle, irrespective of weather conditions. Although the maintenance 

of road signs and markings are well stipulated, this does not ensure that signs and markings are 

currently maintained to the level likely to be required by AVs as shown in figure 4. They rely on 

road signs and markings to guide them whilst driving. A similar problem is caused by poor 

maintenance of road signs. The Design Manual classifies dirty signs as ‘Category 2’ defects, which 

are deemed to be low priority and can take up to 6 months to be rectified. Road signs are inspected 

every 12 months, meaning they could spend a significant period in a state that is unreadable by 

AVs.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Example of a poorly maintained sign 
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3.3.2 - Future Recommendation  

The initial investigations propose that there is no real need for significant change to the 

design of road markings or road signs. This is predominately due to the fact that the current 

standards are well defined, and that AV developers have made mention only to the inadequate state 

of road markings and road signs, and not their design. Despite this, certain standards should be 

designed which are same all over the country, it offers uniformity for developers to program their 

vehicles against. Similarly, any uniformity that can be given to safety critical road signs would be 

of benefit [34].  

Although consideration should be given to uniformity in terms of design, the most 

important aspect is to ensure lane markings and road signs are maintained at a high standard. This 

extends to more general road maintenance such as pot holes which may confuse AVs. The current 

state of road signs and markings should be reviewed to ensure they are meeting the current 

standards, particularly for road types where AVs are expected to operate first, such as motorways 

and high-speed dual carriageways. During review, a collection of “worst-case” signs and markings 

should be catalogued to understand what the minimum standard or sign and marking is, and these 

could be used by AV developers to understand what their requirements are.  

An important opportunity for road maintenance is presented by AVs. They could use their 

sensors and communications equipment to report in real time any issues with signs, markings and 

other general road maintenance issues to the authorities. This could be extremely useful data that 

could shape how the road Infrastructure Requirements for AVs. Network is managed and 

maintained. To exploit this opportunity, authorities need to work closely with vehicle 

manufacturers and potentially telecommunications companies to ensure the information can be 

collected, communicated and utilized. Areas of private land are more difficult to control. AV-
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compatible zones may need to be established. These zones could mark areas that have been 

checked and certified as suitable for use by AVs. Areas that do not meet these requirements may 

only be used in manual driving mode only. Issues regarding road markings around junctions will 

be discussed in the section later. 

For further detailed recommendations:  

➢ Chapter 2 – section 2.3: Drivers Requirements  

In this section, drivers’ requirements specify that sign design must take into account driver 

limitations in detecting signs in the roadway environment, processing the sign information, and 

selecting an appropriate response. The more a sign meets driver needs, the more likely a driver 

will detect it, the more likely he or she will be able to read and understand the message, and the 

more likely he or she is to select the response desired by the traffic practitioner.  However, there is 

no section that discusses AV’s requirements and considers the limitations when it comes to 

determining the appropriate letter size, the selection of font, contrast, retro reflectivity, spacing of 

sign elements and borders, message layout, and reading time, as well as longitudinal sign spacing 

and placement in the field that the AV can deal with.  

➢ Chapter 2 – section 2.7 Calculating Letter Height and Symbol Size 

Certain criteria need to be set to determine the effectiveness of signs when AVs are 

introduced. All the signs must be pre-programmed in the AVs to make it easier for the vehicle to 

respond quickly. In this section number of factors have been considered to ensure that signs are 

legible at an appropriate distance when it comes to the driver’s perspective regarding reading time, 

decision time, maneuver time, required legibility distance and minimum letter height.  

However, all these factors need to be investigated from an AVs perspective. For example, 

the distance it takes for an AV to respond to a sign needs to be tested in order to find the best 
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location for the sign to be placed. That distance must accommodate both a driver in a human driven 

vehicle and an AV and its built-in sensors. 

Listed below are summarized key recommendations when it comes to sign design, fabrications 

and patterns for public roads:  

1. Consider ongoing global research into appropriate road markings for AVs.  

2. With road markings forming the ‘rails of automated steering systems’, the procedures for 

maintenance of road markings may need to be improved and funding increased.  

3. With some systems relying on visually detecting and interpreting traffic signs it could be 

important to ensure that they are maintained to a high standard in terms of cleanliness, clarity, 

deterioration, non-ambiguous positioning, and obscuration. 

For private roads:  

4. It may be necessary to work with land owners to ensure unadopted roads are checked and 

certified for use by CAVs / AVs. 

3.4 - Pedestrian Crossing Treatments  

Crossings and junctions are a key part of the road network. Several studies have been done 

on pedestrian crossing behavior as it gives insights into traffic lights design, pedestrian safety, 

roadway layouts design and traffic flow optimization. This study also analyzes the distracted 

pedestrians’ waiting time before crossing the road in three conditions: 1) not distracted, 2) 

distracted with a smartphone and 3) distracted with a smartphone in the presence of virtual flashing 

LED lights on the crosswalk as a safety measure[35]. This section discusses the issues associated 

with connected autonomous vehicles (CAVs) at junctions and crossings, and potential strategies 

for addressing them. 
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3.4.1 - Current Situation  

The major challenge that autonomous vehicles are facing today is to drive in urban 

environments with multimodal traffic. In order to secure the future of autonomous vehicles, it is 

required that they can communicate with the other road users and understand their intentions. Such 

intentions play a vital role between the vehicles and the pedestrians, as they are the most vulnerable 

road users. In order to understand the pedestrian’s behavior, we need to look at the various factors 

such as demographics of the pedestrians, traffic dynamics, environmental conditions, etc. 

Categories of Pedestrians Crossings are listed in Table 2. 

Controlled Crossings Uncontrolled Crossings 

• Traffic Control Signals 

• Intersection Pedestrian Signals 

• Mid-block Pedestrian Signals 

• Pedestrian Crossovers 

• STOP Sign 

• YIELD Sign 

• School Crossing when a School 

crossing guard is supervising 

• Mid-block Crossings (in the absence of 

traffic control signals, intersection 

pedestrian signals or pedestrian 

crossover) 

• Designated School Crossing (in the 

absence of a crossing guard and 

without other forms of control such as 

traffic control signals, intersection 

pedestrian signals, pedestrian 

crossover, STOP signs or YIELD 

signs) 

• Marked Crossing (at intersection in the 

absence of STOP or YIELD signs) 

• Roundabouts 

 

3.4.2 - Future Recommendations  

Pedestrian crossings are perhaps one of the most challenging everyday aspects of operating 

CAVs in an urban area. They are not a compliant part of a system (not a mandatory stop e.g. Signal 

or stop sign) who can be directed and controlled and are expected to exercise free will, which can 

be experienced as a random and chaotic variable by the automated system.  

Table 2: Categories of pedestrian’s crossings 
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Unlike many of the potential obstructions on motorways which are quite rare but still need 

to be addressed, pedestrians are vulnerable and will be frequently and routinely encountered by 

urban CAVs yet offer many behavioral and detection challenges. From mischievous teenagers 

looking for a prank to impress their friends to people with more malevolent intentions, knowing 

when to stop whilst keeping vehicle occupants secure could present a challenge for CAV operations 

[21].  

Recently emerging C-ITS solutions may offer significant steps forward with the pedestrian 

detection challenge for controlled crossings, as referenced in a press release by Neavia 

Technologies [34]: 

“…vehicles equipped with V2X technology can automatically receive alerts when 

pedestrians are crossing or about to cross a road. This represents a significant step forwards for 

road safety: In many situations, pedestrians are not visible by to car drivers. They can be hidden 

due to the road configuration, or by other vehicles. They can also be less visible in case of fog, or 

under poor lighting conditions. In those situations, vehicles’ ADAS systems (Advanced Driver 

Assistance Systems) are less relevant or reacting extremely late.” 

The main concern for these approaches is their potential for inconsistency, as they are being 

offered to bolster the vehicle’s own performance rather like ADAS does for a human driver. If they 

are to be relied upon then they need to be designed so that the vehicle’s systems place the same 

level of reliance on the infrastructure support each time a crossing is approached. This mean that 

both the pedestrian detection and the communication mechanism need to meet agreed minimum 

performance standards rather than taking the current approach of: “it will help when it can.” 

Infrastructure adaptation could lower the risks on dedicated crossings. Informal crossing 

on arbitrary sections of road will still incur risks from sensing limitations, but these could be 
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mitigated by improving public understanding and updating the Highway Code and laws in respect 

of these technological limitations In the same way that it is accepted that you do not have a right 

to roam on railways, rather it is a form of trespass, some consideration to obstructing traffic flow 

by being in the road may have to be given on the grounds of both safety and disruption. 

Two forms of crossing are considered: controlled crossings and uncontrolled crossings 

which can take place almost anywhere. 

➢ Uncontrolled crossings  

Uncontrolled crossings could present a challenge to CAVs. One issue, particularly from 

CAVs point of view, is understanding who has the right of way. Vehicles are required to stop when 

pedestrians step on to the crosswalk. However, pedestrians should wait for an approaching vehicle 

to slow significantly (to make sure it can and does stop) before crossing. If these rules were applied 

literally by all parties, then either pedestrians would never be able to cross on busy roads or there 

would be a stalemate whilst one waits for the other. It is left to the judgement of the pedestrian 

(who may be a child with limited ability to judge) as to whether a vehicle has enough time and 

distance to comfortably stop without hitting them on the crossing. 

The technically simplest approach to unsignalized crosswalks may be to replace them with 

signaled ones which are far more deterministic and do more to discourage people just stepping out 

or even running out on to the crossing. However, it may not be practical or cost effective to remove 

or upgrade them. One question is how to discourage pedestrians stepping out in front of a CAV at 

the wrong moment. It should be borne in mind that any CAV pedestrian sensing system no matter 

how good may fail at some point, so prevention is better than cure in that pedestrians need to wait 

for the vehicle to demonstrate that it is going to stop for them, or in sufficient and for sufficient 

time for them to cross. This could be achieved via an external visual/audible human machine 
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interface on the vehicle, or via a similar system which is post mounted on the crossing. There 

would be a need for some conformance in the approach such that pedestrian become accustomed 

to one clear message rather than a range of solutions (for example different vehicles using different 

graphics / sounds). 

 For this reason, the crossing infrastructure (post mounted) approach has some appeal, but 

it adds the additional complexity of requiring a failsafe mechanism for cars which do not announce 

themselves to the crossing. This would likely employ a similar mechanism to signaled junctions 

where the vehicle must always know when it is encountering a crossing and expect a handshake 

before continuing though at full speed. Further confusion may result from the mixture of legacy 

vehicles with CAVs. Just because every approaching CAV has announced it will stop, does not 

mean a manually driven vehicle’s driver has noticed a pedestrian is on the crossing. A proceed to 

cross with caution message may help with this as a reminder to crossers that they should make the 

final visual check themselves. More thought may need to be given to people being led by guide 

dogs. 

The other part of the equation is pedestrian detection. This could be done from post 

mounted infrastructure, or from the approaching vehicle. The issue with a vehicle-based strategy 

alone is that it may fail to detect pedestrians under some conditions, not least due to the limited 

field of view from the vehicle. A technically superior solution would be to do the detection from 

the infrastructure with vehicle-based detection also used as a final resort in case a pedestrian runs 

out onto the crossing. Time-of-flight and infrared camera pedestrian detecting sensors are being 

developed for infrastructure mounting and these offer the reliably and robustness to weather and 

light conditions and well as field of view when appropriately mounted. Also, infrastructure-based 

vehicle detection is already common practice. This makes having the crossing itself as the one 
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source of the truth to perform the crossing arbitration seem an attractive option for an assured 

system [33]. 

➢ Controlled Crossing  

In this case there is a need for AV to be sure of the signal status. There is a possibility that 

pedestrians may not wait for the correct signal phase and may cross early or late and run out in 

order to try to make it in time before cars pull away. Electric Vehicles will not have the running 

engine restarting as a clear indicator that vehicles are starting to move off. It is suggested that the 

flashing amber phase can be removed entirely since with pedestrian detection the red phase can be 

extended longer if there is a requirement. Having the ambiguity of the flashing amber phase only 

provides opportunity for problems leading to the vehicle needing to detect itself if there are any 

stragglers on the crossing which may be prone to error. Different vehicle would potentially have 

different implementations of this, and it could be better left to the infrastructure with wider and 

dedicated sensing capabilities to make the final judgement to proceed if clear. 

 

3.5 - Design of Parking for CAVs 

The idea of ‘autonomous valet parking’ has been discussed for many years, and several car 

companies have demonstrated systems which show a CAV capable of searching for, detecting and 

maneuvering into a parking space with no human intervention. This creates exciting opportunities 

both for the user and for the infrastructure provider. Firstly, for the user, this would enable a driver 

to park somewhere close to the entrance of a car park in a designated vehicle drop off area and 

continue directly to their destination without the time and stress of parking a car. The car could be 

subsequently summoned to a collection area. 
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3.5.1 – Current Situation  

In theory, when empty CAVs could park themselves very efficiently, without the need for 

human occupants to open the doors. This alone could enable 20% more spaces to be provided 

within a car park [34]. Taking it one step further, CAVs could block each other in and let each other 

out when necessary. A study by Audi suggested 2.5 times the number of vehicles could fit into a 

car park using this method compared to human-controlled vehicles. 

 

Figure 5 Conventional parking layout (left) vs possible CAV parking layout (right) [36] 

Figure 6 has been captured from a video which simulates how CAVs could park themselves 

in a highly efficient manner [37]. The idea of the layout shown is that each vehicle can be blocked 

in by up to two other vehicles. If that vehicle needs to exit, the other two vehicles will move out 

of the way to allow passage. 

Enabling vehicles to maneuver as directed by the car parking system could be challenging. 

Some form of remote-control access will need to be granted to the car park operator. Having 

vehicles that are capable of being controlled in this manner (which includes ignition, throttle, 

brakes, and steering), could expose the CAV to cyber security threats. Safe guards would also be 

needed if a vehicle does not respond, and how to retrieve any vehicles that may be blocked. 
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Figure 6 Potential layout of CAV carpark, achieving high parking density[36] 

In addition, since no driver may be present, any car park operator intending on allowing 

CAVs with no occupants into their car park would need to establish an automatic electronic 

payment method. This could be done via number plate recognition, an electronic tag, or V2I 

communication. 

3.5.2 – Future Recommendations  

Regulations relating to CAV parking are advancing quickly. ISO/DIS 16787, “Intelligent 

Transport Systems — Assisted Parking System (APS) - Performance requirements and test 

procedures”, has been drafted. The standard “…establishes minimum functionality requirements 

that the driver can expect of an APS, such as the detection of suitable parking spaces, calculation 

of trajectories, and lateral control of the vehicle…”. This standard also sets minimum requirements 

for failure indication as well as performance test procedures. It includes rules for the general 

information strategy but does not restrict the information type or display system.” Referring to this 

ISO can aid authorities and car park operators in better understanding what is required for a car 

park for CAVs. 

 



 

33 

 

 

 Infrastructure Requirements: 

One challenge with regards to CAVs in car parks relates to consistency. As many car parks 

are privately operated, they do not always use conventional road markings. They often incorporate 

one-way systems and other traffic controls, and signage and markings can be inconsistent from 

one car park to the next. CAVs may struggle to navigate these environments, and this issue also is 

relevant to service stations. It may be advantageous in the longer term to agree international 

standards for CAV compliant car park signage and markings. A short-term measure would be for 

CAV developers to map individual car parks digitally to ensure their systems work in that car park. 

To start achieving some of the benefits of CAVs within car parks, areas of car parks could 

be designated as CAV only. This area would have clear and compliant line markings and be free 

from pedestrians and human-operated vehicles. Operators could be incentivized by the ability to 

fit more vehicles into an area, although uptake initially could be low as not many vehicles might 

have the necessary technology in the early years – a classic chicken and egg problem. 

There might be ways to address this problem in the early years. A company that owns a 

fleet of vehicles, and would benefit from more efficient parking of them, could introduce vehicles 

with the self-parking technology or an organization which provides company cars for staff could 

think about using cars with the technology, and designating areas of the company car park for its 

use. 

A future vision for car park design can be seen in a drawing published by US architect firm 

Arrow street, as shown in figure 7 below. The top level of the carpark is for use by CAVs (since it 

is the furthest away), with the remaining levels still used for conventional parking. 
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Figure 7 Parking Infrastructure Phase 1 [38] 

For compliment CAV-compliant parking areas, valet pick-up/drop-off areas should be 

considered. This is a designated area where people can drop-off and collect their CAVs. They must 

be designed with safety in mind and with enough capacity to allow for peak use. It may be that a 

small area is required initially which can expanded in the future as uptake of CAVs increases. 

Figure 9 below shows an example of a valet parking area and how a charging system may work 

within a carpark. A small number of electric charging spaces are provided, and owners can move 

their cars in and out as required. 
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Figure 8 Parking Infrastructure[34] 

At a government level, a guidance document for carpark operators could be produced, 

providing a list of recommended processes to follow, and their associated benefits. The guide could 

give suggested layouts/designs for CAV-compatible carparks and infrastructure that could be fitted 

to enable more advanced automated parking solutions. It could discuss the potential benefits of 

fitting communications equipment to enable infrastructure to vehicle communications, data 

collection systems such as car park monitoring sensors which keep track of which spaces are 

available in real-time, or automatic electronic payment systems. Close collaboration would be 

needed with the vehicle technology developers in producing such a document. 

Establishing a CAV parking test area in the Canada would allow developers to begin testing 

their CAVs in different car park layouts and scenarios. This could accelerate the development of 

CAV valet parking by allowing operators and developers to work together, as well as allowing the 
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government and car park operators to observe progress in this technological field. Some key 

findings from this section could be: 

1- Consider creation of a CAV parking test areas in the Canada for developers to use for testing.  

2- Consider options for allowing CAVs to pass oncoming vehicles where on street parking limits 

flow to one direction. Options might include removal of parking or conversion of the street to 

one-way operation.  

3- When planning future land use consider that, over time, parking demand could decrease, and 

space currently used for parking could be available for other uses.  

4- Architects and planners could adopt a flexible approach to car park design and planning, 

acknowledging the potential for less demand in future decades.  
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4 - Simulation based Evaluation: Case Study of Downtown Toronto 

In this section in order to systematically evaluate the effect of the key changes proposed 

and to explore several scenarios, a specific calibrated microscopic traffic simulation model in 

VISSIM was used to estimate the effect of AVs on relevant traffic performance measures. The 

employed traffic model has been calibrated for real downtown Toronto network with 25 signalized 

intersection. Further the calibration on car following model (Wiedemann 99) were performed for 

Automated Vehicles.  

 

Description of Study Area 

For the area of study as shown in Figure.10 below we focused on the core of the financial 

district in downtown Toronto highlighting University Ave. Corridor. University Avenue is a major 

north–south road in Downtown Toronto, Ontario, Canada. Beginning at Front Street West in the 

south, the thoroughfare heads north to end at College Street just south of Queen's Park. Many of 

Toronto's most important institutions are located along the eight-lane wide street such as Osgoode 

Hall and other legal institutions, the Four Seasons Centre, major hospitals conducting research and 

teaching, and landmark office buildings for the commercial sector, notably major financial and 

insurance industry firms. Due to the existence for these important institutions the University 

avenue corridor is highly congested.    
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Figure 9 Area of Study 

 

The primary focus in this research will be on the following intersection along University Avenue: 

1. College St at University Ave 

2. Gerrard St at University Ave 

3. Elm St at University Ave 

4. Dundas St at University Ave 

5. Queen St at University Ave 

6. Richmond St at University Ave 

7.  Adelaide St at University Ave 

8. King St at University Ave 
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The University Ave is considered one of the most congested corridors in the AM peak. In order to 

get a better understanding of the current scenario simulation was carried out using VISSIM with 

current volume and signal timings obtained from City of Toronto. Various scenarios were built 

upon the current situation exploring the effect of AV’s with current volumes and with growth rate 

of 10% and 20% to predict the future impacts of AV’s on the current network.  

4.1 – Methodology for Scenarios   

By using PTV VISSIM software and obtaining the data from City of Toronto a traffic 

network was created to replicate downtown Toronto’s network from lane configurations, signal 

timings and signal phasings. The current scenarios were evaluated to determine the effect of 

introducing AVs through different market penetration rates and volumes to our current network.  

Table 3 below shows the characteristics of the different scenarios simulated on PTV 

VISSIM with regards to volumes chosen and varying market penetration rates. Furthermore, 

Figure 11 represents a general flow showing the major steps that were used to implement each and 

every scenario. The reason we chose 30%, 50% and 70% was to look at having low, medium and 

high MPR scenarios. One of the main benefits of AVs is that they can drive closer to each other 

and they require lower reaction time. This reduction in safe distance and reaction time 

requirements, results in higher capacity of the road and significant improvement. However, when 

you have low MPR (30%) you have AVs mostly following HDVs, so having low reaction time or 

shorter safe distance doesn't do much because 70% of the vehicles driving at regular stop distance 

and reaction time. When it comes to 50% it may improve a little but now you have 50/50 which in 

fact may even cause conflict but it is when it gets to 70% that you get to see improvement because 

most of the vehicles are AVs as such you start to see the benefit of short distance and lower reaction 

time [39].  
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Table 3: Scenarios Overview 

Scenarios Volumes MPR’s 

Scenario 1 Base Volume 0%, 30%, 50% & 70% 

Scenario 2 10% Growth in Volume 30%, 50%, & 70% 

Scenario 3 20% Growth in Volume 30%, 50%, & 70% 

Scenario 4 20% Growth in Volume 30%, 50%, & 70% 

Scenario 5 20% Growth in volume 30%, 50%, & 70% 
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Figure 10 Case Study 
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Scenario 1: In this scenario, the simulation was carried out for 100% Human-driven 

vehicles (HDV) using the base volume. This scenario is considered a reference line for comparing 

the future scenarios with varying market penetration rates of AV as described in the sub scenarios 

(1-a, 1-b,1-c) without changing volumes or any of the signals attributes. 

1-a: Using the base volume we replaced 30% of the current traffic volumes with Automated 

Vehicles (30% AV’s & 70% HDV’s). 

1-b: Using the base volume we replaced 50% of the current traffic volumes with Automated 

Vehicles (50% AV’s & 50% HDV’s). 

1-c: Using the base volume we replaced 70% of the current traffic volumes with Automated 

Vehicles (70% AV’s & 30% HDV’s). 

For Scenario 2&3 we increased the growth rate to show the effects of AV’s in the future since 

presence of AVs on the road would not happen instantly. Therefore, we wanted to highlight 

different MPRs at different growth rates and analyze their effects. 

Scenario 2: In this scenario, the simulation was carried out for 100% Human-driven 

vehicles (HDV) using a 10% growth rate to the base volume to predict future conditions in the 

upcoming years. This scenario is considered a reference line for comparing the future scenarios 

with varying market penetration rates of AV as described in the sub scenarios (1-a, 1-b,1-c). 

1-a: Using the 10% growth volume we replaced 30% of the traffic volumes with Automated 

Vehicles (30% AV’s & 70% HDV’s) [38]. 

1-b: Using the 10% growth volume we replaced 50% of the traffic volumes with Automated 

Vehicles (50% AV’s & 50% HDV’s). 

1-c: Using the 10% growth volume we replaced 70% of the traffic volumes with Automated 

Vehicles (70% AV’s & 30% HDV’s). 
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Scenario 3: In this scenario, the simulation was carried out for 100% Human-driven 

vehicles (HDV) using a 20% growth rate to the base volume to predict future conditions in the 

upcoming years.  This scenario is considered a reference line for comparing the future scenarios 

with varying market penetration rates of AV as described in the sub scenarios (1-a, 1-b,1-c). 

1-a: Using the 20% growth volume we replaced 30% of the traffic volumes with Automated 

Vehicles (30% AV’s & 70% HDV’s). 

1-b: Using the 20% growth volume we replaced 50% of the traffic volumes with Automated 

Vehicles (50% AV’s & 50% HDV’s). 

1-c: Using the 20% growth volume we replaced 70% of the traffic volumes with Automated 

Vehicles (70% AV’s & 30% HDV’s). 

For Scenarios 4 and 5 we focused on implementing some of the recommendations that can be 

simulated for a 20% growth rate in volume, since it represents the worst case among base cases, 

10% growth & 20% growth. These scenarios were developed to investigate the effect of 

implementing some suggested recommendations on one of the most congested intersection in our 

area of study i.e. Dundas St at University Avenue. 

Scenario 4: In this scenario, the simulation was carried out for the 20% growth rate to the 

base volume since it represents the worst case among base, 10% growth & 20% growth. This 

scenario was implemented to foresee the effect of change in design speed from 85th percentile to 

90th percentile speed with varying market penetration rates of AV.  

Scenario 5: In this scenario, the simulation was carried out for the 20% growth rate to the 

base volume since it represents the worst case among base, 10% growth & 20% growth. This 

scenario was implemented to explore the effect of change in cycle length of the adjacent 

intersection to Dundas St and University Ave with varying market penetration rates of AV.  
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4.2 – Analysis and results  

4.2.1 Scenario 1 analysis and results  

To analyze this scenario, we evaluated 2 parameters that determine the how the intersection 

is operating. First parameter is the maximum queue length as shown in Figure 11 and 12. 

 

Figure 11 Scenario 1 Maximum Queue Length 

 

 

Figure 12 Scenario 1 Number of Vehicles in Queue 

In Figure 12, the introduction of 30% AVs to our network didn’t show any significant 

improvement when it came to maximum queue length. Furthermore, with the increase of market 
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penetration up to 50% we have seen some reduction in the maximum queue length at some 

intersection, the most evident one is Gerrard St. However, the reductions were insignificant when 

it came to other intersections due to mixed traffic conditions and the geometry of intersections. 

Finally, as we can see from the yellow line above representing the 70% market penetration rates 

of the AV’s had the most significant reduction on the maximum queue length for all the 

intersections in comparison with 30% & 50% market penetration rates because of the reduction in 

human driven vehicles which will allow AVs to operate almost near to their full potential when it 

comes to reduced headways and stand still distances along with perception reaction time.  

 

Figure 13 Scenario 1 Level of Service 

 Level of Service for an intersection varies from A to F (A=1 to F=6) depending upon the 

delay. Since the level of service is represented by range of delays and for our base, 30% and 50% 

scenarios there were no significant improvements in the level of service. Moving on to the 70% 

scenario is where the level of service decreased this may be because under 70% scenario vehicles 

move closer to each other so roads have higher capacity as such intersections are able to allow 
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more vehicles go through them so this may be the one reason that reduces delay at the following 

intersections: Dundas St., Gerrard St. & Queen St. 

In conclusion, if AV’s were to be introduced at our current base volume status at low market 

penetration rates less than 30% very low impacts will be evident to our network. However, when 

we cross 30% Market penetration rates things begin to improve evidently. when there is a  low 

MPR (30%) you have AVs mostly following HDVs so having low reaction time or shorter safe 

distance would not  affect as much because 70% of the vehicles driving are at regular stop distance 

and reaction time. When it comes to 50% it may improve a little but now you have 50/50 which in 

fact may even cause more conflict but it is when it gets to 70% that you get to see improvement 

because most of the vehicles are AVs as such you start to see the benefit of short distance and lower 

reaction time. 

4.2.2. Scenario 2 analysis and results 

To analyze this scenario, we investigated 2 key parameters that determine the how the 

intersection is operating with the growth rate of 10% to predict future conditions in the upcoming 

years. First parameter is the maximum queue length as shown in Figure 15. 

 

Figure 14  Scenario 2 Maximum Queue Length 
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In Figure 15 with the increase in the growth rate of the traffic volume, there is a significant 

decrease in the performance of the network. There is an increase in the queue length on some of 

the intersection which shows that once the traffic volume increases in the future the queue length 

on the intersections will increase due to the extra traffic regardless of the vehicle being a human 

driven vehicle (HDV) or an AV. Therefore, Connected Autonomous Vehicles (CAV) must be 

introduced to reduce the queue length by having the ability to communicate with other vehicles 

and the infrastructure to change routes when facing a congested intersection. However, that being 

stated, some improvements occurred to the intersections with higher MPR’s but not as expected.  

 

Figure 15  Scenario 2 Number of Vehicles in Queue 

The figre 15 above shows the number of vehicles in queue for all the intersection over the varying 

market penetration rates. It can be seen easily that as the number of AVs in the system are 

increasing there is a significant change in the number of cars in queue. But after a certain point 

this change is not much evident because the Automated Vehicles without connectivity won’t 

provide significant improvement in the network.  

In conclusion for do-nothing scenario, if only AVs are to be introduced at growth volumes 

after a certain limit beyond the intersections capacity there won’t be much changes  in terms of 

LOS of the intersections because aggressive AVs can improve the system till a certain point 
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because of reduction in standstill distance and headway distance but as the market penetration goes 

up to there is need of Connected Automated Vehicles and for that we need V2I, V2X and many 

other infrastructure updates.   

4.2.3. Scenario 3 analysis and results 

To analyze this scenario, we investigated 2 key parameters that determine the how the 

intersection is operating with the growth rate of 20% to predict future conditions in the upcoming 

years. First parameter is the maximum queue length as shown in Figure 16.  

 

Figure 16 Scenario 3 Maximum Queue Length 

 

As it can be clearly seen in the figure 16 with the 20% growth rate there is a change in the result 

the 50% Market penetration rate shows the maximum queue length at Dundas St and University 

Ave. This might be because of one reason that with 20% increase the effect of standstill distance, 

headway distance, acceleration all has reached to the saturation and there is a need for these AV’s 

to connect to each other (including the infrastructure) which will not only improve the maximum 
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queue length but will definitely reduce the other parameters such as travel time, level of service, 

vehicle delay. The figure 17 below shows the number of vehicles in the queue at varying market 

penetration rates. It can be easily observed that at Dundas St the number of cars for 50% market 

penetration rate was highest because at 50 is where we have the highest number of mixed traffic 

and also, the Dundas St has a higher volume of demand so the effect here was more obvious.  

 

Figure 17 Scenario 3 Number of Vehicles in Queue 

4.2.4. Scenario 4 analysis and results 

To analyze this scenario, we investigated one of the worst intersections in the University 

Ave. corridor which is Dundas St and University Ave based on the key parameters that determine 

how the intersection is operating at the growth rate of 20%. Figure 19 below shows the satellite 

view of Dundas St at University Ave intersection.  
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Figure 18 Dundas St at University Avenue (satellite view) 

In this scenario Dundas St at University Ave was analyzed the intersection by observing the 

changes that will occur when we change the posted speed by 10km/hr. This change was made to 

explore the effects of speed on different MPRs. In figure 20 it can be observed that there is not 

very much change in the queue length on the Dundas St and University Ave when compared to the 

old result in Figure 17 the graph looks same. But when we plot the bar graph, we can see a minor 

change in the queue length on Adelaide St, Queen St, Elm St and Gerrard St. It can also be observed 

that the queue length significantly increased on Dundas St. This may be because of the geometry 

of the intersection and change in number of lanes at the intersection.  
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Figure 19 Scenario 4 Maximum Queue Length 

 

Figure 20 Scenario 4 Effect of Design speed change 
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From figure 21 above it can be observed that with the change in design speed there is a minor 

reduction in the queue length by 2.7%, 15%, 3% & 6% respectively, on Adelaide st, Queen St, Elm 

St and Gerrard St.  

 

 

Figure 21 Scenario 4 Level of Service 

Regarding LOS as shown in Figure 22 (1 being LOS = A & 6 being LOS =F), there is barely any 

change in the LOS even after we increase the speed. LOS is determined by a range of densities for 

example level of service C has a density from 11 veh/km/ln to 16 veh/km/ln. Due to this range, 

density may have increased on the intersection but not increased by a significant amount to show 

change in LOS.  

Overall, we noticed that in the case of 20% growth rate changing the speed would not  have a huge 

impact on any of our parameters analyzed mainly because of two reasons; First, with the increase 

in vehicles on the road no matter how much changes we make on speed it would not be sufficient 

to help reduce vehicles delays, queue length or improve level of service. Secondly, autonomous 

vehicles without connectivity don’t show much improvements. Although the vehicle can drive 

0

1

2

3

4

5

6

7

King St Adelaide St Richmond St Queen St Dundas st Elm St Gerrard St College St

Scenario 4- Level of Service

Los 30% LOS 50% LOS 70%



 

53 

 

itself closely, but without the ability of it to connect to other vehicles and the infrastructure to 

determine if there is congestion downstream of its path and change its routes, its affect is similar 

to a normal vehicle on the road and would not improve the LOS of the intersection.  

4.2.5. Scenario 5 analysis and results 

In this scenario, we optimized the cycle length for the entire network using genetic algorithm with 

an upper limit of 140 sec and lower limit of 60 sec and analyzed the effect of this change on Dundas 

St. at University Ave.  

 

Figure 22 Scenario 5 Maximum Queue Length 

 

From figure 23 above we can see there was not much change when it comes to queue length for 

the 30% MPR and 50% however for the 70% there was significant improvements on some 

intersections in our network but when it comes to University and Dundas a small change occurred. 

This small change can be justified in figure 24. 
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Figure 23 Scenario 5 Change in queue length after cycle length optimization 

 

As shown in figure 24, even after optimizing the network cycle length there wasn’t much change 

from the previous cycle length determined by the City of Toronto. A reasonable result since we are 

using realistic data and the City must have applied the optimal cycle lengths to the network already 

to have it operating in a good performance rate.  

Therefore, as one can see from the results of vehicle delay and stop delay not much changes 

occurred when it comes to changes in cycle lengths as a result of optimizing the network. Since 

the current signals in Toronto already operate at their optimal cycle lengths so very minor changes 

up to 7% can be observed. 
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Figure 24 Scenario 5 Vehicle Delay after changes in cycle length 

 

Figure 25 Scenario 5 Stop Delay after changes in cycle length 

 

 In general, the city signals are currently operating at near optimal cycle lengths timings so not 

much change occurred when it came to reducing queue length, vehicle delay and stop delay. 

Therefore, other options which includes intelligent traffic signal should be explored to try to reduce 
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these parameters. A key to improve the city network is connectivity and installation of smart 

signals which will reduce the vehicle travel time and the other global factors. Overall, it is critical 

to recognize that autonomous vehicles alone without connectivity won’t show a significant 

improvement in our networks. Therefore, there is a need for investing in upgrade of our current 

infrastructure to accommodate CAVs is essential to see the desirable improvements in our traffic 

network. 
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5 - Summary of Recommendations 

The following table 4 summarizes the recommendations and suggestions talked earlier in the report. 

It also maps the key stakeholders that could be critical in implementing them, and some of the 

guidance and planning documents which could take them into account.  
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Table 4 Table of Summary 

Item Category Summary Key Stakeholders Key Documents 

1 

Traffic 

Management 

Measures 

Consider methods to communicate 

areas that are affected by roadworks 

to CAV's to act as failsafe for vehicle 

systems. 

1. AV mapping providers      

2.Highway Authorities     

3.Road work-operators   

4.Telecom providers      

5.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual (Book 

7,11) 

2 

Traffic 

Management 

Measures 

A methodology should be developed 

to establish the extent to which traffic 

management sites are CAV 

compliant, and these could be 

marked on the digital map. 

Consideration could be given to style 

and machine readability of markings, 

barrier, cones and general traffic 

control measures. 

1. AV mapping providers      

2.Highway Authorities     

3.Road work-operators   

4.Telecom providers      

5.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual (Book 

7,11) 

3 

Traffic 

Management 

Measures 

Detailed information could be 

provided on road layout and 

expected vehicle behaviour on traffic 

management measures (e.g. stop at 

traffic signal, merge in turn, use 

contraflow lane etc.) 

1. AV mapping providers      

2.Highway Authorities     

3.Road work-operators   

4.Telecom providers      

5.Transport Canada 

 

 

1. Traffic Management Act 

2.Ontario Traffic Manual  
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4 

Traffic 

Management 

Measures 

Real-time update to detail when 

traffic management measures are 

beginning and ending. 

1. AV mapping providers      

2.Highway Authorities     

3.Road work-operators   

4.Telecom providers      

5.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual  
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5 

Traffic 

Management 

Measures 

New roads and major junctions could 

be connected to electricity and fibre-

optic/copper where practicable. 

1.Highway Authorities     

2.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual  

6 

Traffic 

Management 

Measures 

Develop “CAV Compliant First 

Respondents” procedure for road 

incidents. 

1. CAV tech developers     

2.Highway Authorities     

3.Road work operators   

4.Emergency Services 

5.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual  

7 

Traffic 

Management 

Measures 

Develop a warning sign/signal that 

can used to warn CAVs of danger 

ahead. 

1. CAV tech developers     

2.Highway Authorities     

3.Road work-operators   

4.Emergency Services 

5.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual  

8 

Traffic 

Management 

Measures 

Research into how humans can direct 

CAVs with hand signals, which 

could be used by incident first 

response teams. 

1. CAV tech developers  

2.Emergency Services  

3.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual  
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9 

Traffic 

Management 

Measures 

Undertake review of Traffic Signs 

Manual. Phasing out traffic 

management measures which are 

difficult for CAVs to interpret. 

1. CAV tech developers    

2.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual  

10 

Traffic 

Management 

Measures 

Investigate procedures to ensure 

hardware is standardised and well 

maintained, particularly if used as 

failsafe for CAV systems. 

1. CAV tech developers     

2.Highway Authorities     

3.Road work operators   

4.Emergency Services  

5.Transport Canada 

1. Traffic Management Act 

2.Ontario Traffic Manual  

11 
Traffic 

Signals 

The duration of the yellow change 

interval should be calculated 

according to the ITE’s kinematic 

equation. A shorter duration of the 

yellow change interval will adversely 

impact the safety of both 

conventional vehicles and the AV. 

1. CAV tech developers    

2.Transport Canada 

1. Ontario Traffic Manual book 

2. Canadian Capacity Guide 

12 
Traffic 

Signals 

The red clearance time should be 

calculated using the posted speed 

limit instead of the 85th percentile 

speed. 

1. CAV tech developers    

2.Transport Canada 

1. Ontario Traffic Manual book 

2. Canadian Capacity Guide 
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13 
Traffic 

Signals 

The programming of the on-board 

computers shall consider deploying 

adjustable delay times based on local 

driving conditions (provincial, 

territorial, and municipal) and driver 

behavior. 

1. CAV tech developers    

2.Transport Canada 

1. Ontario Traffic Manual book 

2. Canadian Capacity Guide 

14 
Road Signs 

and Markings 

With road markings forming the 

‘rails of automated steering systems’, 

the procedures for maintenance of 

road markings may need to be 

improved and funding increased. 

1. CAV tech developers    

2.Transport Canada 

1. Ontario Traffic Manual book 

11 

15 
Road Signs 

and Markings 

Consider ongoing global research 

into appropriate road markings for 

CAVs 

1. Highway Authorities 

2.Transport Canada 

1. Ontario Traffic Manual book 

11 

16 
Road Signs 

and Markings 

With some systems relying on 

visually detecting and interpreting 

traffic signs it could be important to 

ensure that they are maintained to a 

high standard in terms of cleanliness, 

clarity, deterioration, non-

ambiguous positioning, and 

obscuration. 

1. Highway Authorities 

2.Transport Canada 

1. Ontario Traffic Manual book 

11 
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17 
Road Signs 

and Markings 

It may be necessary to work with 

relevant stakeholders to ensure 

unadopted roads are checked and 

certified for use by CAVs. 

1. Highway Authorities              

2.Transport Canada       

3.Developers                          

4.Car park Operators 

1. Ontario Traffic Manual book 

11 
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6 - Conclusions  

There are several potential benefits of automated vehicles such as improved safety, 

increased accessibility, environmental benefits etc. But in order to attain the complete benefits of 

autonomous vehicles, this technology when available in the market must have the proper 

infrastructure provided by governments/cities for them to operate at their full potential without 

causing problems. This could involve revising not only the planning guidance policies but also 

upgrading documents to accommodate this new technology. New legislation is creating 

opportunities for these cars to prove their viability through allowing testing’s across Canada. The 

ongoing research and testing will only prove to advance the acceptance of autonomous cars and 

invest in upgrading our existing infrastructure further. Through extensive literature review and 

results from our case study we developed a table that summarizes points for various infrastructure 

types.  

The table identifies over 20 action points which fall into: traffic management measures, 

traffic signals, car parking, and crossings and junctions, accompanied by identifying key stake 

holder and key documents that need to be adjusted. For Example, regarding “Traffic Signals” three 

major adjustments were recommended. One of them is that the duration of the yellow change 

interval should be calculated according to the ITE’s kinematic equation. A shorter duration of the 

yellow change interval will adversely impact the safety of both conventional vehicles and the 

autonomous vehicles. The key documents that discuss signal timings and need to be upgraded are 

Ontario Traffic Manual book and The Canadian Capacity Guide.  

It is also essential to recognize from our case study on Toronto downtown network, that 

autonomous vehicles at low MPR’s do not show the prominent improvements as expected. 

Improvements can be seen from 50- 70 % and after 70% MPR is where the max. improvements 
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occur and stay consistent until full saturation of the market occurs. In addition, autonomy without 

connectivity won’t improve the performance of our network as seen from the results obtained from 

our case study. Therefore, there is a need to invest in upgrading our current infrastructure to 

accommodate CAV’s. Then we will witness prominent changes in the performance of our network 

to the better. 

 Even with all these findings the number of unknowns relating to Connected and 

Automated vehicles and their ongoing development makes this area one that is constantly changing. 

It is crucial that authorities continue to monitor the areas identified in this report, and to work 

closely with infrastructure providers, AV technology developers and other stakeholders to 

understand their requirements.  

We acknowledge that the extend of benefits from AVs are still unknown. Future impacts 

depend on technological advances, market reactions, and regulatory actions, making it challenging 

to surely predict impacts to transportation systems. With so many unknowns and potential effects 

of AVs, it is challenging to anticipate long-term effects with certainty. Nevertheless, some of these 

impacts should be considered early on, to understand model sensitivity and develop feasible 

analysis boundaries using simulation and optimization tools. By investigating further scenarios on 

the network and adding connectivity to autonomous vehicles and developing further analyses, 

agencies can prepare more active long-range strategies, by defining and evaluating some rational 

investments and exploring most likely scenarios as technologies appear and mature. Therefore, it 

is recommended that governments and policy makers here in Ontario should look into investing in 

the infrastructure needs before the AVs are on the streets. 
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