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Abstract 
The City of Fredericton is the capital of New Brunswick, located in eastern Canada. Right-
turn-on-red (RTOR) is a general practice at any traffic intersection in this maritime province. 
Many collisions between pedestrians and vehicles have been recorded at signalized 
intersections in the downtown area of the city. Due to the number of collisions, the City of 
Fredericton was interested in investigating how a restriction against RTOR could affect 
vehicular traffic. The purpose and goal of this project was to develop a calibrated traffic 
model of the downtown area of Fredericton that could be used for simulation studies. Two 
main changes were investigated: 1) a restriction against RTOR for each of eleven key 
intersections in the downtown area, and 2) a restriction against left-turns at one selected 
intersection. The traffic simulation model was also used for analyzing how factors such as 
pedestrian volumes, lane channelization, and turning proportions affect the changes in traffic 
conditions due to permitting, or prohibiting, right-turn-on-red. 

The traffic simulation model was created in the TSIS/CORSIM software. Several different 
scenarios were generated for analysis. The results of the simulation show that the traffic 
conditions in the whole downtown area will be affected when introducing a restriction against 
RTOR. Certain intersections show a relatively high change while others show no significant 
change at all. Several different factors were seen to affect the number of RTOR that could be 
performed at an intersection. One main factor was lane channelization. With a shared lane, 
the proportion of right-turning vehicles at the intersection was found to highly affect how 
many RTOR can be performed. Pedestrian volumes prove to be a third factor affecting the 
number of RTOR at an intersection.  

Overall results demonstrate that there are only a few intersections where it is suitable for the 
City of Fredericton to implement a restriction against RTOR.       
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1. Introduction 
This chapter provides information needed to understand the purpose and goal of this project. 
The chapter includes a short background description, the goal and purpose of the project, a 
description of the methodology, and the delimitations of the project. 

1.1. Background 
The City of Fredericton is the capital of New Brunswick, a maritime province located in 
Eastern Canada. Fredericton is a growing municipality of over 50,000 people. It is situated on 
opposing banks of the St. John River. The City of Fredericton consists of two key 
geographical areas known as the north-side and the south-side. Connecting these areas are 
two main bridges. The centrally located bridge leads the bulk of vehicular traffic directly to 
and from the south-side downtown area of the city. This results in the downtown core 
becoming the main thoroughfare between the north and south sides. Downtown Fredericton is 
also the primary employment center further resulting in a high number of trips in, out, and 
through this area every day. Due to these two factors, the downtown area is now relatively 
congested with high traffic volumes especially during morning and afternoon peak hours. The 
congestion is resulting in queues at certain intersections which are further causing increased 
delays.  

The downtown area is also characterized by a relatively high volume of pedestrians during 
certain time periods. The pedestrians are separated from the vehicles in space with the use of 
sidewalks, and in time, with the use of signalized crosswalks. Even though this separation 
exists, the City of Fredericton has recorded many collisions between pedestrians and vehicles 
in recent years. A study conducted for the City of Fredericton in 2011 regarding the safety of 
pedestrians showed that between January 1, 2007 and September 30, 2011, one hundred 
twenty-seven collisions involving pedestrians had occurred. Of these, 116 resulted in personal 
injury and 3 were fatal (Robichaud & Gunter, 2011). The majority of the collisions occurred 
in the downtown area and at signalized intersections. The purpose and objectives of the study 
by Robichaud and Gunter were to investigate the current level of safety offered by the 
existing crosswalk facilities and to give recommendations for improvements. The study 
resulted in several recommendations regarding how the safety for pedestrians could be 
improved. One of the recommendations was:     

Complete a traffic engineering study of intersections in the downtown core (i.e. area bounded 
by Brunswick Street, Queen Street, Smythe Street, and Regent Street) to determine where 
right-turns-on-red and left turns can potentially be eliminated … without significant impacts 
to the existing level-of-service for motorists. 

Today, it still remains unclear as to how restricting right-turns-on-red (RTOR) will impact the 
traffic operations in the downtown core. It is therefore of interest to investigate this type of 
restriction. There are several methods to analyze impacts on traffic conditions, one of which is 
to use traffic simulation. The area of interest to study is a three-by-two block center consisting 
of twelve intersections, in which eleven are of investigative interest. Figure  1:1 shows the 
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eleven intersections marked on a map. Two of the streets are one-way streets: Queen Street 
and Brunswick Street. One of the intersections in the area is three-way and poses no 
possibility of performing a right turn. All intersections are signalized intersections, but each 
has a different lane configuration and design.   

 

Figure  1:1: Intersections of interest to investigate (Source: Map data @2012 Google) 

1.2. Purpose and Goal of the Project 
The main purpose of the project is to develop a calibrated traffic model of the downtown core 
in the City of Fredericton that can be used for simulation studies. Specifically, this model will 
be used to analyze the effects on vehicular traffic when changes are made to improve 
pedestrian safety. There are two main changes that will be investigated:  

1) A restriction against right-turn-on-red for each of the intersections in the study area  
2) A restriction against left-turns at one selected intersection  

The ultimate purpose is to provide information of assistance to the City Traffic Engineer in 
determining the suitability of the above-mentioned restrictions.  

The goal of the study is to quantify what effects a restriction on turning right-on-red, or 
turning left, will have on the traffic in the form of: 
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1) Level-of-service  
2) Throughput  
3) Travel time 
4) Queue length  

It is also of interest to compare traffic simulations with analytical methods, and study how 
factors such as pedestrian volumes, lane channelization, and turning proportions affect the 
number of right-turn-on-red performed at an intersection.  

1.3. Study Methodology 
The methodology used for this project follows the well-known traffic simulation approach 
developed in the United States by the Federal Highway Administration (FHWA) Traffic 
Analysis Tools Team. The model breaks down the project into seven minor tasks that are 
conducted in a logical order. The model also includes calibration, verification and validation 
throughout the project.  Figure  1:2 shows the seven steps:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  1:2: The seven-step approach for carrying out traffic simulation projects 

Step 1: The first step defines the project and its purposes and goals. The latter were defined 
together with one of the Traffic Engineers for the City of Fredericton. As part of defining the 
project scope, an extensive literature study was conducted covering traffic simulation in 
general, the TSIS/CORSIM (Traffic Software Integrated System – Corridor Simulation) 
simulation software, and right turn-on-red and its effect on capacity.    
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Step 2: Data collection is a major part of most simulation projects. High-quality data is 
needed as input to a simulation model in order to get reliable output as a result. It is critical to 
obtain up-to-date data containing traffic volumes, intersection geometry, lane configuration, 
and signal timing plans. Traffic volumes, pedestrian volumes, signal timing plans, and 
orthophotos over the area were provided for this project by the City of Fredericton. 
Calibration data and missing input data, e.g. parking maneuvers and bus routes, were 
collected throughout the project. The data collection was done through field studies of the 
investigative area during regular weekdays.   

Step 3: The base model, representing the current network, was developed in the 6.2 version of 
the TSIS/CORSIM software. This software was developed for the Federal Highway 
Administration (FHWA) in the early 1990`s and is commonly used for micro-simulation 
studies. The base model was developed with the help of field studies, orthophotos and maps. 
The first step in the base model development process involved analyzing and processing all 
given data, and thereafter, developing link-node diagrams and drawings over the network and 
implementing the geometry data into the model. Subsequently, demand data and control data 
were added to the model.       

Step 4: Verification and error-checking were conducted throughout the whole development 
process of the base model. The major part of error-checking was completed through 
animating the model and studying the vehicles´ behavior in the network. In order to verify 
that the model was replicating the real world in an accurate way, several field studies were 
conducted where the real-world network was studied and compared to the modeled network. 
Finally, a major error-checking controlling both the model and the input data was conducted 
before the calibration process began.  

Step 5: The model was calibrated by comparing field data to model output data. Three 
different types of field data were used: 1) capacity data, 2) queue length data, and 3) travel 
time data. When calibrating the model, individual parameters in the model were adjusted in 
order to accurately represent the field data. The model was validated with a new data set after 
the calibration of the model. A validation criterion was assigned to the chosen validation 
parameters prior to the validation. When the model fulfilled the criterion, the calibration and 
validation steps were completed and the base model representing current traffic conditions 
was complete.     

Step 6: Based on the base model, alternative analyses were performed. Five different 
scenarios were analyzed: three scenarios analyzing a restriction against right-turn-on-red and 
two scenarios analyzing a restriction against left-turns at one intersection in the network. The 
network model was also used to analyze different factors that influence the number of right-
turns-on-red at an intersection.  

Step 7: The work performed throughout the project was documented daily. This resulted in 
the final report being written on an on-going basis. The final report covers a detailed 
description of all steps mentioned above together with the final results of the study.    
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1.4. Delimitations 
Awareness is needed for a number of delimitations when considering the results of this 
project:  

1) The network model created in this project only covers twelve intersections in the 
downtown area of Fredericton.  

2) The data that was used in the model was collected during the beginning of the 
summer, and therefore only represents limited summer conditions.  

3) Only the morning and afternoon peak hours were simulated since these time periods 
have the highest traffic volumes in the network.   
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2. Traffic Simulation 
Traffic simulation is a commonly used tool for analyzing diverse traffic scenarios that can 
occur. There are different types of traffic simulation models available, each used for different 
situations. This chapter includes a general description of traffic simulation, a description of 
what traffic simulation can be used for, and a description of different traffic simulation 
models.     

2.1. Definition of Traffic Simulation 
Simulation is a tool used for modeling a real-world system over time with help of computer-
based software. A simulation model can either be time-based or event-based. The difference 
between the two approaches lies in how the state of the model is updated. A time-based model 
updates its state with a regular time interval, while an event-based model is updated each time 
a change to the state is experienced (Tapani, 2005). A simulation model can either be 
stochastic or deterministic. A stochastic model uses random distributions to represent model 
parameters which results in a model including randomness. A deterministic model does not 
include any randomness (Tapani, 2005).        

Simulation can be used in many areas, one of which is traffic and transportation planning. 
Traffic simulations are used for reconstructing real-world traffic conditions in a virtual 
environment. The real-world traffic conditions are replicated as a traffic network model 
consisting of both the actual road network (infrastructure and traffic control systems) and the 
traffic demand represented in the network. It is crucial to replicate the network model with 
highly detailed data in order to obtain a reliable result, one in which the simulation model 
represents real-world conditions as accurately as possible.  

Traffic simulation is a very useful tool for investigating what-if scenarios. Typical scenarios 
that can be analyzed with traffic simulations are: 

̇ What happens if traffic volumes increase? 
̇ What happens if the traffic control system is changed? 
̇ What happens if a lane is removed or added? 
̇ What happens if a signalized intersection is changed to a roundabout?    
̇ What happens if the speed limit is decreased? 

2.2. Traffic Simulation Models 
Traffic simulation models can be classified into one of three different categories: microscopic, 
mesoscopic, or macroscopic. Microscopic models and macroscopic models are the two most 
commonly used. The main difference between the three categories lies in the level of detail. 
Microscopic models represent the traffic with a high level of detail while a macroscopic 
model uses aggregated data and fewer details. Mesoscopic models are a mix between the 
microscopic and macroscopic. A microscopic model is mostly used for small networks while 
the macroscopic is employed for larger networks. Figure  2:1 shows an example of how the 
network size differs between the three different model types.    
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Figure  2:1: Microscopic, mesoscopic and macroscopic models 

2.2.1. Macroscopic Traffic Simulation Models 
A macroscopic simulation model uses a lower level of data than a microscopic model. The 
data needed is often aggregated and the simulation is often performed over a large network. 
Often a macroscopic simulation study is performed over a network covering, for example, a 
whole city, or a larger part of a highway between two cities. A macroscopic model simulates 
traffic flow where three major traffic characteristics are taken into account: speed, flow, and 
density. In a macroscopic model, individual vehicles are not studied which is the reason why 
this type of simulation is not suitable for small networks. Macro-simulation can be used for 
investigating scenarios like: 

̇ How congestion pricing will change the traffic flow in a city 
̇ How the closing of a street will affect the traffic flow in a whole city 

2.2.2. Mesoscopic Traffic Simulation Models 
Mesoscopic traffic simulation models are a mix between the macroscopic and microscopic 
models. Burghout (2004) describes mesoscopic models as follows:  

So-called mesoscopic models fill the gap between the aggregate level approach 
of macroscopic models and the individual interactions of the microscopic ones. 
Mesoscopic models normally describe the traffic entities at a high level of detail, 
but their behavior and interactions are described at a lower level of detail.  

2.2.3. Microscopic Traffic Simulation Models  
Microscopic traffic simulation models use a high level of detail and are often used for small 
networks. Barceló (2010) describes the microscopic simulation as a model in which the 
motion of each individual vehicle in a traffic stream is replicated. Microscopic modeling is 
based on stochastic modeling and uses sub-models (also called behavioral models) for 
describing each driver’s behavior (Olstam, 2005). Examples of behavioral models are car-
following, lane-changing, gap-acceptance, overtaking, ramp merging, and speed adaption 
(Olstam, 2005). The different behavioral models make it possible to simulate different 
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behavior for different vehicle types which give a realistic representation of the existing real-
world conditions. The most commonly known behavioral models for microscopic simulations 
are the car-following, lane-changing, and gap-acceptance behavioral models.  

The car-following model describes the relationship between a vehicle and the preceding 
vehicle in the same lane (Jansson-Olstam & Tapani, 2004). The purpose of the model is to 
replicate a situation that often occurs in traffic, i.e. that the preceding vehicle affects the 
following driver’s behavior. A vehicle driving on a single lane road can either be considered 

to be constrained or not constrained. When a preceding vehicle forces a vehicle to slow down 
in order to avoid a collision, the vehicle is assumed to be constrained. When the vehicle is not 
constrained, it is considered to be free and can therefore travel at its desired speed (Jansson-
Olstam & Tapani, 2004). There are several different car-following models used such as the 
Gazis-Herman-Rothery-model (GHR), the collision avoidance model, and psycho-physical 
models. 

The lane-changing model is needed in order to replicate a driver’s need for changing lanes. 
There are two situations where the need for changing lanes arises: 1) when the preceding 
vehicle drives too slowly, or 2) when the driver has to change lanes in order to follow a path. 
The first situation is a discretionary lane change (DLC) and occurs only when a driver 
changes lanes to incur better traffic conditions. The second situation is a mandatory lane 
change (MLC) and requires the driver to change lanes in order to stay on track. (Jones, 
Sullivan & Cheekoti, 2004)  

The gap-acceptance model is needed for replicating two different behaviors: 1) the lane-
change behavior, and 2) a vehicle’s need of yielding for oncoming traffic at an intersection. A 
driver can perform either a DLC, or turn in an intersection only when there is a gap in traffic 
that is sufficiently large. The gap can either be defined as a time gap or a space gap and will 
differ between different vehicle types. The available gap will always be compared to a so-
called critical gap which defines the smallest acceptable gap for a vehicle. The critical gap 
often differs for different driver types; an aggressive driver often requires a smaller critical 
gap than a more cautious driver.  

A microscopic simulation requires the most current, finely detailed data in order to get an 
accurate model that represents the real world in a valid manner. The results from a simulation 
model will depend on the data. Accurate data will result in a reliable, usable model while 
inaccurate data will result in an ineffective model. The data needed for a microscopic 
simulation model varies depending on the purpose of the simulation. Data that is part of most 
microscopic simulation models contains detailed descriptions of: 

̇ Geometric design of the network including stop signs, detectors, traffic lights etc.  
̇ Lane configuration 
̇ Signal controller schedule 
̇ Intersections design 
̇ Traffic and pedestrians volumes for different time period  
̇ Parameters related to driver’s behavior e.g. acceleration, deceleration, and speed     
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3. Traffic Software Integrated System - TSIS 
This chapter introduces the traffic simulation software, TSIS, which was used for this project. 
It describes the different components of TSIS and how the software can be used for carrying 
out a simulation project.  

3.1. Definition of TSIS 
TSIS (Traffic Software Integrated System) is simulation software used for microscopic traffic 
simulations. TSIS has been available since the early 1990’s and was developed in the United 
States for the Federal Highway Administration (FHWA). TSIS can be used for simulating 
freeways, urban sub-networks, or a combination of the two. TSIS is a package consisting of 
ten different components:  

̇ TShell: The graphical user interface for TSIS. It consists of all necessary tools needed 
for a user to perform analysis of traffic operations  

̇ TSIS Next: A faster and easier version of TSIS  
̇ CORSIM: The simulation component of the TSIS software  
̇ TRAFED: Input tool used for creating networks used for the simulation 
̇ TRAFVU: Output tool used for animating and displaying outputs from the simulation  
̇ TSIS Text Editor: A regular text editor supporting trf files used by TSIS 
̇ TSIS Script Tool: A tool used for executing Visual Basic Scrips (VBS) 
̇ TSIS Translator: A tool used for converting one file format to another 
̇ TSIS Output Processor: A tool that makes it possible to choose and collect specific 

output data from multiple runs and export the data to for example an Excel workbook 
̇ CORSIM Runtime Extension (RTE): A tool used for allowing external application 

to communicate with CORSIM 

The ten different TSIS components can all be used in a simulation project, but not all of them 
are needed for building a simulation model or analyzing the results. The TSIS script tool and 
the CORSIM runtime extension are two examples of components that are not needed in 
conducting traffic simulation projects.  

An important step in a simulation project is the development and calibration of the base 
model. The process of developing a calibrated model in TSIS can be divided into several 
different steps. These steps can be seen in Figure  3:1. The first step in the procedure is to use 
input data consisting of, for example, network geometry, traffic data, and control data to 
construct the model. The network model can be built with the input tool TRAFED. The 
resulting output from TRAFED is a tno-file that needs to be converted into a trf-file in order 
to be compatible with CORSIM. The file can be converted with the TSIS translator. The trf-
file can thereafter be simulated within CORSIM. The result of the simulation can be viewed 
with the animation component TRAFVU. TRAFVU displays the traffic network together with 
the simulated traffic flow. The result of the simulation can be analyzed with the TSIS output 
processor, where specific data can be collected and exported to, for instance, an Excel 
spreadsheet.  In order to calibrate the model, the output from several runs is extracted and 
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compared to collected field data. The calibration process is a repetitive process where one 
parameter at a time needs to be systematically readjusted in order to achieve a fine level 
calibration. All of these steps together will result in a calibrated network model that can be 
used for conducting extensive analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3:1: The steps needed for constructing a calibrated network model in TSIS 

TRAFED, CORSIM, and TRAFVU are three main components used when conducting a 
simulation project in TSIS. In order to successfully create a model, it is important to be 
knowledgeable in these three components and how they can be used for creating, running, and 
animating a model. The following chapters provide information regarding these three 
components and how they can be used for constructing a calibrated simulation model.   

3.2. TSIS Traffic Network Editor - TRAFED 
TRAFED (TSIS Traffic Network Editor) is used for creating the network necessary for 
simulation in TSIS. TRAFED is used for creating and modifying a traffic network that runs 
with CORSIM. In order to use the TRAFED program, it must be run within the TShell 
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framework. TRAFED can perform many different tasks. It uses a graphical user interface 
where the network is created with a pointing-and-clicking methodology.  

3.2.1. Creating a Network 
A link-node structure is used for representing the network when creating a model in 
TRAFED. Figure  3:2 shows an example of a link-node structure for a network containing two 
intersections. A node is representing an intersection, or a point in the network, when a change 
is occurring, e.g. a change in speed limit. When building a network, dummy nodes are 
sometimes needed, for example, between entry nodes and intersection nodes in order to 
collect statistics. Figure  3:2 shows dummy nodes placed close to the entrance nodes. Dummy 
nodes are also used as a way of dividing a long segment into two shorter segments where 
needed. A link in the network is representing a road segment between two nodes. A link can 
either be a one-way link, or a two-way link. Network entry and exit nodes are used to get 
traffic entering and exiting the network. The demand in the entrance nodes can either be 
specified as traffic counts, or as traffic volumes.    

 

Figure  3:2: The link-node structure for a small network containing two intersections 

Each separate node and link has properties that need to be adjusted in order to produce a 
model that accurately represents real-world conditions. The links have various properties such 
as: the number of lanes, length of the lanes, free flow speed, lane channelization, information 
about bus stops, and parking. The nodes also have properties such as: turn movements, 
number of pedestrians, lane alignment, distance to stop line, control type, and turning 
multipliers. The properties for each individual node and link must be adjusted separately. 

3.2.2. Implementing Control Data 
Most intersections have some type of control system regulating traffic. It can be in the form of 
stop and yield signs, or a signal control system. Stop and yield signs are placed at the 
downstream end of a link. The signal control system can either be an actuated controller, or a 
fixed-timed controller. The actuated controller in TSIS/CORSIM is referred to as an eight-
phase, dual-ring NEMA controller (Holm, Tomich, Sloboden & Lowrance, 2007). The 
actuated controller can be fully actuated, semi-actuated, or semi-actuated coordinated. The 
fully actuated mode is used when all approaches in an intersection are equipped with 
detectors. In the semi-actuated mode, only the side-street approaches are equipped with 
detectors. The semi-actuated coordinated mode is used when several signal controllers in an 
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area are coordinated so that vehicles can receive a green wave through several intersections. 
In order to coordinate signal controllers, the cycle length needs to be the same for all 
coordinated controllers. Implementing a non-coordinated signal control system with fixed 
times is relatively easy and only requires the cycle length and the phase times. An actuated 
controller requires more extended data and requires the user to have a good understanding of 
how an actuated controller works.   

3.2.3. Implementing Traffic Volume    
The traffic volume in the network needs to be defined in order to get an accurate simulation 
model. Normally, the two ways to implement traffic volume into a traffic simulation model 
are with an OD-matrix (origin-destination matrix), or with turn movements. Turn movements 
are commonly used for simulating urban sub-networks.  

Traffic enters and exits the network in the software through an entry or exit node. In TSIS, the 
traffic flow needs to be determined in each separate entry node and can vary in different time 
periods if the simulation is run over multiple time periods. Also the vehicle type (trucks, cars, 
and carpools) is defined in the entry node as a percentage of the total number of vehicles. The 
turn movements are defined in each separate node as the percentage of vehicles that are 
turning left, going straight, or turning right at a specific approach.    

3.3. Corridor Simulation - CORSIM 
The simulation component of the TSIS software is called CORSIM and it consists of two 
different types of microscopic simulation models, FRESIM and NETSIM. NETSIM is used 
for simulating traffic on urban networks while FRESIM is used for simulating traffic on 
freeways. As NETSIM was used in this project the focus in this chapter will be on the 
NETSIM microscopic simulation model. CORSIM is a time-based stochastic model where 
each time step is defined as one second. The random, or stochastic nature of CORSIM, 
requires the performance of multiple runs in order to get a reliable result.  

In CORSIM, the number of time periods, the length of the time period, and the starting time 
for the simulation all need to be defined prior to performing the simulation. It is possible to 
define up to 19 different time periods. Each separate time period can be assigned different 
characteristics, e.g. different traffic volumes, phasing schemes, and turn movements. During 
the simulation run, data is continuously collected. At the start of the simulation, the network is 
empty, so in order to collect data only when the network is loaded with vehicles, an 
initialization period must be defined by the user. The length of this period can vary, but needs 
to be long enough for the network to reach what is called an equilibrium. The latter is attained 
when the number of vehicles entering the network is approximately the same as the number 
exiting. Once equilibrium is established, all data gathered during the initialization period is 
reset and the data collecting process is started over again.   

3.3.1. Traffic Parameters 
There are various traffic-related parameters utilized in determining the characteristics of the 
network traffic in a simulation model. These parameters are used for giving each individual 
vehicle in the network its different characteristics. The traffic parameters are defined by the 
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user in the first time period and thereafter remain constant throughout the simulation time 
frame.   

In NETSIM, there are nine vehicle types defined which are divided into four different fleet 
groups: cars, trucks, buses, and carpools. There are two types of passenger cars, four types of 
trucks, one type of bus, and two types of carpool vehicles defined. The different vehicle types 
have varying characteristics, as for example, vehicle length, average occupancy, and 
maximum deceleration.   

Ten different types of drivers are also defined in CORSIM in order to simulate the range of 
characteristics among drivers. Each driver type represents different driver groups that can 
occur in the traffic, e.g. aggressive drivers or restricted drivers. In NETSIM, there are eleven 
parameters related to driver behavior used for describing each driver type. These parameters 
are:  

1) Car-following 
2) Queue discharge headway and start-up lost time 
3) Free-flow speed distribution 
4) Lane change  
5) Maximum speed at right and left turns 
6) Spillback probabilities 
7) Left-turn jumper probabilities 
8) Gap acceptance 
9) Delay due to pedestrians 
10) Amber interval response 
11) Driver familiarity with paths  

3.3.1.1. Car-Following  
The car-following model used in CORSIM differs slightly between the FRESIM and 
NETSIM models. FRESIM uses the Pitt car-following model that was developed by the 
University of Pittsburgh. It is an enhancement of the Pipes car-following model (Rakha & 
Crowther, 2002). The Pitt model is based on the idea that a following vehicle will maintain a 
safe gap to the leading vehicle when driving. If the gap is insufficient, the following vehicle 
will decelerate in order to maintain an acceptable gap distance from the leader. The acceptable 
gap for a following vehicle depends on the driver type; a more aggressive driver will start to 
decelerate later than a more cautious driver.  

The NETSIM car-following model is also derived from the Pipes model and is based on the 
same idea as the car-following model used for FRESIM, but the equation used for calculating 
the distance highway differs from the one used of FRESIM. The NETSIM car-following 
model can be expressed with equation 1 (Rakha & Crowther, 2002). 月 噺 月珍 髪 ッ嫌 髪 ッ堅 髪 鯨庁 伐 鯨挑""""""""""岫な岻 
Where: 月 = distance headway between following and leading vehicle 
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月珍 = distance headway between stopped vehicles in queue ッ嫌 = distance traveled by a following vehicle over a time interval ッ建  ッ堅 = distance traveled by a following vehicle during its reaction time 鯨庁 = distance required by a following vehicle to come to a complete stop 鯨挑 = distance required by a leading vehicle to come to a complete stop  

3.3.1.2. Queue Discharge Headway and Start-Up Lost Time 
The queue discharge headway is defined as the time from when the traffic lights turn green 
until the first vehicle’s front wheels cross the stop-line; this is also called the first discharge 
headway. The second discharge headway is defined as the time from when the rear wheels of 
the first vehicle cross the stopping line until the second vehicle’s front wheels cross the 
stopping line. The queue discharge headway is largest for the first vehicle and decreases 
thereafter with every vehicle until it reaches a steady-state level. In order to simulate the 
discharge headway in NETSIM, each vehicle driving up to the stop line is given a delay that 
is based on the mean discharge headway multiplied by a percentage that is determined by a 
user-defined distribution code for the ten different driver types and for the four different 
vehicle types.  

Start-up lost time is defined as the delay in time that the first vehicle in a queue experiences 
when the traffic lights change from red to green, i.e. the reaction time for the first vehicle. The 
start-up lost time is associated with the same distribution code as the queue discharge 
headway.    

3.3.1.3. Free-Flow Speed Distribution 
In NETSIM, every link in the network has a mean free-flow speed. All drivers do not adapt to 
this speed in a real-world situation. Some adapt to a lower speed while other drivers adapt to a 
higher speed. In order to implement this phenomenon into NETSIM, a model percentage 
multiplier is used. Each driver type is assigned a percentage that is multiplied with the mean 
free-flow speed for that respective link.      

3.3.1.4. Lane-Changing 
Lane-changing in CORSIM is divided into mandatory lane changes (MLC), or discretionary 
lane changes (DLC). The willingness for a driver to perform a lane-change depends on which 
of these two categories the lane-change falls under. In NETSIM, the software performs a scan 
of the next 12 upcoming links to identify a vehicle’s goal lanes. Each vehicle has a goal lane 
for every separate link. A vehicle will start a mandatory lane-change a certain distance before 
the point where the required lane-change needs to take place. This distance varies between 
different driver types: a more cautious driver will require a longer distance than a more 
aggressive driver.     

In CORSIM, the driver’s decision to make a lane-change is based on several computations 
and data entries. Data needed by the software in order to calculate the lane-change decision 
includes:  

1) The duration of a lane-change maneuver  
2) The mean reaction time for a driver  
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3) The minimum and maximum acceptable deceleration for lane changing 
4) The deceleration rate for the leading and following vehicle 
5) The driver type factor 
6) The urgency threshold 
7) The safety factor 
8) The percentage of drivers who cooperate with a lane-changer 
9) The range of headways where drivers will attempt lane changing  

In order to decide the urgency of a lane change, an urgency factor is computed for the driver 
performing a lane change. This factor is based on the distance between the lane-changing 
vehicle and the object causing the lane change, and the driver type. The urgency factor can be 
expressed according to equation 2 (CORSIM User Manual). 

戟 噺 経畦繋 茅 軽詣系 茅 懸捗態にど岫捲 伐 捲待岻 """""""""" 岫に岻 
Where: 経畦繋 = driver aggressiveness factor  軽詣系 = number of lane changes required to reach the goal lane  懸捗 = free-flow speed  捲 = current position of the vehicle 捲待 = position of the object that causes the lane change  
 
The driver aggressiveness factor (DAF) is calculated according to equation 3 (CORSIM User 
Manual) 
 経畦繋 噺 な 髪 経堅件懸結堅"建検喧結 伐 の┻の繋帖凋 """""""""岫ぬ岻 
 
Where: 経堅件懸結堅"建検喧結 = driver type 1 to 10, with 1 being the most cautious driver type and 10 being    
the most aggressive driver type.  繋帖凋 = a driver type factor defined in CORSIM.  

Equations 2 and 3 result in a final expression (equation 4) that calculates the acceptable risk 
(measured in deceleration) a driver is willing to attempt for a lane change (CORSIM User 
Manual).  

畦潔潔結喧建欠決健結"堅件嫌倦 噺 経陳沈津 髪 岫経陳銚掴 伐 経陳沈津岻 茅 紐戟 伐 戟痛な 伐 戟痛 """""""""岫ね岻 
Where: 経陳沈津 = minimum acceptable deceleration a vehicle is willing to accept 経陳銚掴 = maximum acceptable deceleration a vehicle is willing to accept 
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戟 = urgency factor (the urgency for a driver to make a lane change) 戟痛 = urgency threshold  
 
The decision to perform a lane-change is made through a comparison between the calculated 
acceptable risk for a driver and the actual deceleration required if the leading vehicle suddenly 
stops.   

A driver’s willingness to perform a lane change is also based on the headway between 
vehicles. For this reason NETSIM looks at the range of headways. If the headway is below a 
chosen value, drivers are always interested in performing a lane change. If, however, the 
headway is above a chosen value, drivers will never be interested in performing a lane 
change.  

The lane-change behavior will also depend on the number of drivers cooperating with the 
lane-changing vehicle, i.e. how many drivers who slow down to allow a lane-changing 
vehicle in front of them.  

3.3.1.5. Maximum Speed at Right and Left Turns 
When a vehicle is about to perform a turn movement, independent of other vehicles, it has to 
slow down. This is simulated in NETSIM as a maximum allowable turning speed. The 
maximum speed can be set differently for a left turn, or a right turn, and is defined in feet per 
second. The maximum allowable turning speed differs between the different driving types.   

3.3.1.6. Spillback Probabilities 
A spillback condition is experienced when a vehicle chooses to enter a link already filled with 
queued vehicles and thereby blocks the intersection for opposing traffic. The spillback 
probability defines the probability of a vehicle joining a spillback condition.     

3.3.1.7. Left-Turn Jumpers Probabilities 
A left-turn jumper condition is experienced when a vehicle standing first in a queue makes a 
left turn immediately before the queue on the opposing approach has discharged. NETSIM 
models this with a probability for left-turn jumping to occur. The probability can differ 
depending on the number of lanes.  

3.3.1.8. Gap-Acceptance 
Gap-acceptance models are needed in CORSIM in order to model four things: 1) Near-side 
cross-street traffic condition, 2) far-side cross-street traffic condition, 3) lane-change 
behavior, and 4) acceptable gap in oncoming traffic. The gap acceptance is defined as a time 
gap in seconds and varies for different driving types. Gap acceptance also varies depending on 
the situation. When it is a near-side cross street situation, the gap acceptance differs as 
compared to that of a far-side cross street situation.  

3.3.1.9. Delay Due to Pedestrians 
When pedestrians and vehicles are sharing the same space at signalized intersections with 
crosswalks, vehicles can experience delay due to pedestrians. This delay varies depending on 
the vehicle’s arriving time and the pedestrian volume. The pedestrian volume on a link can be 
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defined to be light, moderate, or heavy. The interaction between pedestrians and vehicles is 
defined as strong or weak, depending on when the vehicle passes the crosswalk during the 
green phase. The interaction with pedestrians will be strong when a vehicle is arriving in the 
beginning of a time phase, and thereby a larger delay will be assigned to the vehicle compared 
to when a vehicle arrives late in the green phase and the interaction with the pedestrians is 
weak.  

3.3.1.10. Amber (Yellow) Interval Response 
When a driver is driving up to a traffic light and the light is changing from green to yellow a 
driver can choose to either decelerate and stop, or continue driving through the intersection. In 
CORSIM this is modeled with an acceptable deceleration for the ten different driving types. 
Each driver type has an acceptable deceleration they are willing to adapt to in order to stop for 
the yellow light. If the acceptable deceleration exceeds the required value for the deceleration, 
the vehicle will stop. Otherwise, the vehicle will continue driving through the intersection.    

3.3.1.11. Driver Familiarity with Paths  
When a vehicle is traveling in a network the driver of the vehicle can either be familiar with 
the streets or unfamiliar. A familiar driver will know what lanes to choose in order to reach 
the destination. A vehicle in NETSIM is always assigned a goal lane for its future turn 
movements which will help the driver to choose the right lane. Depending on the driver’s 
familiarity, NETSIM will assign one or two turn movements in advance for the vehicle.  

3.4. TSIS Visualization Utility - TRAFVU 
TRAFVU (TSIS Visualization Utility) is the animation component in the TSIS package. In 
TRAFVU, it is possible to display the network with such vehicular animation features as 
traffic signal controllers and bus stops, and to show some of the resulting MOEs (Measures of 
Effectiveness). TRAFVU is just like TRAFED, based on a point-and-click methodology in a 
graphical-user interface. Figure  3:3 shows an example of how an intersection in TRAFVU can 
be displayed.  

 

Figure  3:3: One intersection animated in TRAFVU 
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In TRAFVU, the input data used when creating the model can be shown by clicking on the 
link or node in the network. The signal controllers can be displayed in TRAFVU with 
specialized signal control diagrams. These diagrams include, for example, coordination 
diagrams showing the relationship between force-off, yield point, and permissive period 
(TRAFVU User Manual).   
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4. Data  
High quality data is needed in order to build a network model that accurately represents the 
real-world scenario. The data used for building the model in this project will be explained in 
more detail in this chapter.  

4.1. Geometric Data 
Geometric data describes the physical design of a network. This data is not observed to vary 
from day to day, but instead, remains constant over a longer time period. It often takes a long 
time to change the physical design of a network. Therefore, the time point for when to collect 
the geometric data is not critical. Geometric data can be received from many different sources 
including maps, engineering drawings, orthophotos, and field studies. It consists of the 
roadway design, and can include 1) number of lanes, 2) length and width of the lanes, 3) turn 
bay location and length, 4) parking location and length of parking spots, 5) bus stop location, 
and 6) lane channelization.   

The City of Fredericton provided the geometric data used in building the network model over 
the downtown area. This included the necessary up-to-date orthophotos, and maps identifying 
the location of parking spots and bus stops. Once combined with data obtained through field 
studies, the geometric design of the downtown area could be determined. In order to correctly 
implement the geometric data into the model, drawings including number of lanes, turn bay 
locations, parking locations, and bus stops location over the network were first created.  
Figure  4:1 shows one of the drawings generated which includes four of the intersections. 
Appendix A contains the drawings created for all the intersections in the area and a table 
summarizing the distances for the lanes, and the location of on-street parking places and bus 
stops.  

 

Figure  4:1: Illustration of geometric data for partial network 
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The downtown area was covered through four orthophotos that could be merged together into 
one photo covering the whole downtown area. The scale of the merged orthophoto was 
computed with the given coordinates for the four photos. The horizontal distance between the 
given coordinates was computed to be 995 meters, resulting in an edge-to-edge distance of 
1990 meters. The vertical edge-to-edge distance was also computed to be 1990 meters. This 
corresponds to 6233.6 feet. All distances in TSIS/CORSIM are measured in feet. Figure  4:2 
shows the orthophoto given by the City of Fredericton. The photo covers the area of 
simulation in the project.   

 

Figure  4:2: Orthophoto of the downtown area of Fredericton 
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4.1.1. Lane Channelization 
The lane channelization for the downtown area of Fredericton differs for varying road 
segments. The number of lanes ranges between one and three. Three lanes are found only on 
Brunswick Street which is a one-way street. Left- and right-turn pockets are frequently used 
in this area. In most cases, the on-street parking turns into a turning pocket close to the 
intersections. The drawings in Appendix A show the lane channelization and the location of 
turning pockets for the street in the network.   

4.1.2. On-Street Parking 
On-street parking is frequently used on several road segments in the downtown area. Both 
left- and right-curb parking appears. The number of parking spots on the streets and their 
locations are both seen to vary. To model on-street parking CORSIM requires input data in 
the form of: distance from downstream node, length of parking, and mean duration and 
frequency of parking maneuvers. The distances from the downstream nodes and the lengths of 
the parking spots were determined from the orthophotos. Data representing parking 
maneuvers were collected during both morning and afternoon peak hours. The number of 
parking maneuvers for the different road segments was counted over 15-minute intervals on 
multiple occasions and the average value was then calculated. The number and duration of 
parking maneuvers vary between the morning and afternoon peak hours. During the morning 
peak hour, fewer parking maneuvers were observed and the time taken to park was found to 
be shorter.  

4.2. Demand Data 
Demand data can be specified either as entry volume together with turning movements, or as 
origin-destination data (OD-matrix) together with a route choice model. Entry volumes 
together with turning movements were used for this simulation project and were provided by 
the City of Fredericton. The entry volumes and turning movements were collected during 
three weeks of June, 2012. The traffic counts were collected from Monday to Thursday over 
15-minute intervals. Pedestrian volumes were collected during the same time periods as the 
vehicle volumes. 

The traffic volumes given from the City of Fredericton were specified both as Peak Hour 
Data and as Annual Average Daily Traffic (AADT). AADT is defined as the total volume of 
traffic during one year divided by 365 days, which gives the average number of vehicles per 
24 hours at a given location. The Peak Hour Data gives traffic volumes during the peak hour. 
In order to analyze the peak hour volumes, the peak hour factor (PHF) can be calculated 
according to equation 5 (Lan & Abia, 2011). 

鶏茎繋 噺 畦懸結堅欠訣結"喧結欠倦"月剣憲堅"懸剣健憲兼結"ね 茅 岫畦懸結堅欠訣結"懸剣健憲兼結"穴憲堅件券訣"喧結欠倦"なの"兼件券憲建結"喧結堅件剣穴岻""""""""""岫の岻 
PHF demonstrates the relationship between the traffic flow during the 15-minute periods and 
the hourly flow. It provides information on how the traffic varies during the peak hour. A high 
peak hour factor indicates that the traffic volume is at a relatively constant level during the 
whole hour while a low peak hour factor indicates that the traffic volume differs more 
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between the 15-minute periods. The peak hour factor for the intersections in the downtown 
area of Fredericton varies between the different intersections and their approaches. The 
calculated peak hour factor for each intersection in downtown Fredericton can be seen in 
Table  4:1.  

Table  4:1: Peak hour factors for the different intersections 

 Morning peak hour factor Afternoon peak hour factor 

Intersection: North East South West North East South West 

Queen-Westmorland 0.87 0.91 0.80 - 0.91 0.86 0.89 - 

Queen-York 0.79 0.94 0.84 - 0.59 0.93 0.91 - 

Queen-Carleton 0.61 0.82 0.73 - 0.79 0.88 0.90 - 

Queen-Regent 0.70 0.82 0.78 - 0.95 0.95 0.90 - 

King-Westmorland 0.94 0.68 0.73 0.84 0.93 0.90 0.85 0.72 

King-York 0.76 0.83 0.85 0.96 0.78 0.83 0.80 0.87 

King-Carleton 0.66 0.81 0.78 0.82 0.81 0.86 0.76 0.85 

King-Regent 0.89 0.76 0.83 0.83 0.88 0.89 0.96 0.83 

Brunswick-Westmorland 0.92 - 0.56 0.77 0.92 - 0.73 0.95 

Brunswick-York 0.70 - 0.87 0.88 0.87 - 0.94 0.92 

Brunswick-Carleton 0.79 - - 0.84 0.75 - - 0.80 

Brunswick-Regent 0.90 - 0.85 0.94 0.86 - 0.96 0.89 

 

The turning movements at an intersection are defined in each node in the network. The 
percentage of vehicles going straight or turning at an intersection is defined. Table  4:2 shows 
the percentage of vehicles turning right in each separate approach of the network.  

Table  4:2: Percentage of vehicles turning right at different approaches 

Morning peak hour Afternoon peak hour 

Intersection: North East South West North East South West 

Queen-Westmorland 14% - - - 11% - - - 

Queen-York 45% 26% - - 49% 8% - - 

Queen-Carleton 64% 6% - - 63% 7% - - 

Queen-Regent 15% - - - 13% - - - 

King-Westmorland 4% 20% 6% 13% 2% 52% 6% 19% 

King-York 3% 10% 20% 20% 7% 6% 15% 15% 

King-Carleton 14% 4% 50% 5% 24% 11% 31% 4% 

King-Regent 9% 7% 12% 26% 6% 46% 2% 21% 

Brunswick-Westmorland - - 17% 2% - - 2% 4% 

Brunswick-York - - 45% 10% - - 29% 16% 

Brunswick-Regent - - 10% 19% - - 1% 22% 

  

Normally, traffic volumes fluctuate between different days of the week and between different 
months of the year. Because of this, it is important to use traffic counts that are collected 
during the same time of the year in order to avoid inconsistency in the number of vehicles 
entering and exiting the network. But even with data collected during the same time of the 
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year, there will generally be an inconsistency in the number of vehicles entering and exiting 
the network due to the fact that vehicles might remain in the network. This inconsistency 
needs to be taken into account in order to procure an accurate model.  

There is an inconsistency in the number of vehicles entering and exiting the network for the 
downtown area of Fredericton. During the morning peak hour, there are more vehicles 
entering the network than exiting the network. This is due to the fact that the downtown area 
is the main employment center with many vehicles parking and staying in the network until 
the afternoon. For the same reason, there will be more vehicles exiting the network than 
entering during the afternoon peak hour. Table  4:3 shows the inconsistency in link flow for 
the morning and afternoon peak hours. The volumes are not hourly volumes, but volumes per 
15-minute interval.  

Table  4:3: Incoming and outgoing flow in the network for each 15-minute time period, data provided by the City 

                      Morning peak hour                         Afternoon peak hour 

Time period: In 
(veh) 

Out 
(veh) 

Diff. Time period: In 
(veh) 

Out 
(veh) 

Diff. 

07:00am 589 528 61 04:00pm 1270 1268 2 

07:15am 856 805 51 04:15pm 1292 1383 -91 

07:30am 1051 1011 40 04:30pm 1487 1672 -185 

07:45am 1522 1336 186 04:45pm 1338 1478 -140 

08:00am 1528 1403 125 05:00pm 1325 1408 -83 

08:15am 1567 1456 111 05:15pm 1109 1237 -128 

08:30am 1245 1210 35 05:30pm 936 989 -53 

08:45am 1051 1047 4 05:45pm 980 965 15 
      

Inconsistency can also occur inside the network between different locations. The number of 
vehicles entering one approach at an intersection can, for example, differ from the number of 
vehicles exiting the following approach at the next intersection. There are mainly two reasons 
for this inconsistency: 1) the traffic counts were not conducted during the same time period, 
or 2) the street between the two intersections contains such factors as parking garages, on-
street parking, alleys, and/or un-coded minor streets that will increase or decrease the traffic 
on the link. To resolve this problem, the network needs to be balanced. The inconsistency in 
link flow between two intersections can be found by comparing entering and exiting link 
volumes between adjacent intersections. To better understand the reasons for the 
inconsistency, the network needs to be examined in order to locate parking garages, on-street 
parking, and/or alleys that can cause an increase and decrease in the traffic flow on a link. 
Figure  4:3 shows the study area in downtown Fredericton with some of the features that can 
cause an increase or decrease in traffic on the link.   
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Figure  4:3: Features in study area causing inconsistency in link flow between intersections 

The procedure of balancing the network volumes in this project involved several steps. The 
first step was to total the entering and exiting link volumes for each link, and for every time 
period, and thereafter locate the inconsistencies. The next step was to adjust the 
inconsistencies and balance the network flows. The links with an inconsistency of over 80 
vehicles per hour and with no major parking garages, or other factors increasing or decreasing 
the flow on the link were adjusted in this project through changing the flow. The adjustments 
were done by changing the entering and exiting volumes by the same number of vehicles. For 
example, if the inconsistency was 80 vehicles, the entering volume was changed by 40 
vehicles and the exiting volume by 40 vehicles. Links with major parking garages, on-street 
parking, alleys, and/or un-coded minor roads were adjusted in two ways: 1) part of the 
inconsistency was changed through changing the entering and exiting flow by the same 
number on the link, and 2) the rest of the inconsistency was adjusted through source/sink. 
Source/sink is a feature in the software, used in CORSIM as a way of increasing or decreasing 
the number of vehicles on a link, and is a good way of representing, for example, parking 
garages.  

The pedestrian volumes in the network must also be considered. The pedestrian volumes vary 
between the different intersections and between different time periods. Table  4:4 shows the 
particular volumes for the morning and afternoon peak hours at the different intersections. 
The time of the peak hour varies between the different intersections and can be seen in Table 
 4:5.  
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Table  4:4: Pedestrian volumes 

 Morning peak hour flow (ped/hr) Afternoon peak hour flow (ped/hr) 

Intersection: North East South West North East South West 

Queen-Westmorland 44 19 33 206 31 199 44 58 

Queen-York 31 30 37 74 69 150 72 86 

Queen-Carleton 41 59 30 70 68 167 58 115 

Queen-Regent 13 34 23 34 42 46 24 78 

King-Westmorland 19 18 32 89 51 125 46 53 

King-York 53 69 74 113 126 176 120 175 

King-Carleton 34 55 30 48 236 216 118 117 

King-Regent 30 154 86 61 100 101 62 173 

Brunswick-Westmorland 10 6 26 17 49 16 14 11 

Brunswick-York 17 27 154 72 163 90 62 31 

Brunswick-Carleton 13 10 146 15 139 5 39 13 

Brunswick-Regent 6 84 90 11 91 4 24 92 

  

Table  4:5: Peak hour start time 

 Morning peak hour Afternoon peak hour 

Queen-Westmorland 07:45 04:15 

Queen-York 08:00 04:15 

Queen-Carleton 08:00 04:00 

Queen-Regent 07:45 04:15 

King-Westmorland 07:30 04:00 

King-York 07:45 04:15 

King-Carleton 07:45 04:15 

King-Regent 07:45 04:15 

Brunswick-Westmorland 07:30 04:15 

Brunswick-York 07:45 04:15 

Brunswick-Carleton 07:45 04:15 

Brunswick-Regent 07:30 04:15 

4.3. Control Data 
Control data defines the type of traffic control devices used in the network, i.e. traffic signs, 
signals, markings, or other devices used for regulating traffic. Traffic controllers are needed in 
intersections with high traffic volumes, or with low visibility, in order to safely control the 
traffic. The most common way to control the traffic is with the use of stop and yield signs, or 
signal controllers. The intersection’s design and traffic demand are the key factors 
determining which traffic control devices are most suitable to use.  

The area being simulated in this project consists of 12 intersections, all of which are regulated 
with signal controllers. Two of the intersections also contain a yield sign for right-turning 
vehicles in an isolated lane. A more detailed description of the traffic signal controllers in 
Fredericton is given below.   
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4.3.1. Signal Controllers 
Signal controllers can either be actuated, or fixed-time, and coordinated, or non-coordinated. 
Actuated signals have a phase time based on detection data while fixed-time signals use a 
fixed time for every phase independent of the demand. Coordination is a method for 
enhancing the throughput in the network by synchronizing the controllers at several 
intersections.  

The signal controllers used in the downtown area of Fredericton are fixed-time, and 
coordinated. There are three different timing plans (also referred to as Dial 1, 2 or 3) for the 
intersections:  

 Dial 1) Off-peak time during weekends and all other times 
 Dial 2) AM-peak between 6:30am and 9:30am  
 Dial 3) PM-peak between 3:00pm and 7:30pm  

The City of Fredericton uses the Eagle Traffic Control System EPAC300 which is designed in 
accordance with the National Electrical Manufactures Association (NEMA) standards TS-1 
and TS-2. Fixed-time coordinated controllers need to be implemented in CORSIM as a semi-
actuated coordinated system. This requires several parameters to be used, the most important 
of which are explained below.  

Minimum green: Defines the shortest time for a signal controller to indicate green. 
The minimum time needs to be long enough to allow drivers to 
react to the signal and start driving. If too long, a minimum green 
time can cause delay for other approaches.      

Maximum green: Defines the longest time for a signal controller to indicate green 
for an approach when there is a conflicting demand from other 
approaches.  

For fixed-time coordinated controllers, the minimum and maximum green time is the same  
and does not vary between different cycles.  
  
Yellow change: The yellow change interval is the time period when signal 

controllers are showing yellow light. The purpose of having a 
yellow light is 1) to warn drivers that traffic lights are about to 
switch from green to red, and 2) to clear the intersection of 
vehicles. 

Red clearance: Red clearance, also called all-red, is a time period when all 
approaches in an intersection are facing red lights. The purpose of 
the red clearance is to clear the intersection of vehicles that might 
have entered the intersection on a yellow light.        

Walk: The walk time parameter defines the time period when pedestrians 
face a walk light. The pedestrian walk interval needs to be long 
enough for pedestrians to reach the other side of the street.  
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Pedestrian clear: The pedestrian clear parameter defines the time needed for 
clearing the intersection of pedestrians and is the period when 
pedestrians face a flashing “Don’t walk”. The pedestrian clearance 
interval can be calculated in many ways. City of Fredericton uses 
equation 6 for determining this parameter.  

系健結欠堅欠券潔結"荊券建┻ 噺 経件嫌建┻ 血堅剣兼"潔憲堅決"建剣"潔憲堅決"岫兼岻な┻に 茅 拳欠健倦件券訣"嫌喧結結穴"岫兼【嫌結潔岻""""""岫は岻 
Cycle length: A cycle consists of a complete sequence of different signal 

indicators, i.e. red, yellow and green. The cycle length is the time 
required to complete a whole cycle.  

Split: Split is the total time assigned to a phase during coordination and 
includes green time, yellow time, and red clearance time. The split 
can either be expressed in percentage, or in seconds.   

Offset: Offset is used for explaining the relationship in time between 
coordinated phases at different intersections.  

Maximum Recall: The maximum recall parameter forces the maximum green time to 
reach its maximum for every cycle, independent of the demand.  

4.3.1.1. Phases 
A signal controller consists of several phases. A phase is defined as the green, the yellow 
change, and the red clearance intervals in a cycle that are assigned to an independent traffic 
movement (Signal Timing Manual, 2008). During a phase, traffic movements are only 
allowed from certain approaches. Each phase has a set of timings that controls the pedestrian 
and vehicle traffic. A common way of organizing the phases is with the use of a ring-barrier 
structure. The phases are grouped into a ring, with a barrier separating the conflicting phases 
in time. One ring consists of four phases and the signal control device can consist of up to 
four rings, i.e. 16 phases. For a two-ring structure, phases 1, 2, 3, and 4 are assigned to the 
first ring, phases 5, 6, 7, and 8 to the second ring. The first barrier consists of phases 1, 2, 5, 
and 6 and the second barrier consists of phases 3, 4, 7, and 8. This means that for a two-ring 
structure, phases 2 and 6 both need to reach the end of the phase before phases 3 and 7 can 
start on the other side of the barrier.  

Ten out of twelve intersections in downtown Fredericton are controlled by signal controllers 
consisting of four phases, and thereby constitute a one-ring structure. Two of the intersections 
are controlled by signal controllers consisting of eight phases and therefore form a two-ring 
structure.      

A phase diagram and a ring-barrier diagram for the Queen-Westmorland intersection can be 
seen in Figure  4:4.  
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Figure  4:4: Ring-barrier diagram and phase diagram for the Queen-Westmorland intersection 

A phase diagram and a ring-barrier diagram for the Queen-Regent intersection can be seen in 
Figure  4:5. 

 

Figure  4:5: Ring-barrier diagram and phase diagram for the Queen-Regent intersection 

Appendix B consists of the phase diagrams and ring-barrier diagrams for all twelve 
intersections together with cycle times, offset times, and phase times. Times are shown for the 
three different timing plans.  

4.3.1.2. Coordination 
The signal controllers in the downtown area of Fredericton are all coordinated except for the 
King-Carleton intersection during the afternoon peak hour. A common background cycle 
length for all signals needs to be used in order to have coordination between signals. The 
cycle length varies between the three different timing plans mentioned earlier and are:  

 Dial 1) Off-peak: 75 seconds  
 Dial 2) AM-peak: 100 seconds 
 Dial 3) PM-peak: 90 seconds   

A common background cycle length is needed in order to ensure that the coordinated phases 
will display a green signal at the right time and for the right duration. Every intersection 
equipped with a traffic signal controller will have an offset point assigned. The value of the 
offset point is synchronized to the master clock which is referred to as a background timing 
mechanism (Signal Timing Manual, 2008).     



4. Data   

29 
 

When traffic signal controllers are coordinated, vehicles can often receive a green wave 
through several intersections without having to stop. For example, in the downtown area of 
Fredericton, vehicles entering the network from the north approach at the Queen-
Westmorland intersection can receive a green wave through all the intersections on 
Westmorland Street. Coordination can be explained with a time-space diagram showing how 
a vehicle can pass several intersections without having to stop for a red light. Figure  4:6 
shows a time-space diagram for Westmorland Street.  

 

Figure  4:6: Time-space diagram for Westmorland Street 

The offset times, in seconds, for the intersections in the network can be seen in Appendix B. 
The times vary between the three different timing plans.  

4.4. Bus Data 
The City of Fredericton operates 28 buses on nine different routes, six days a week between 
6:15am and 11:00pm. The main bus terminal for city buses (Kings Place) is located on King 
Street and consists of ten bus stops all located on the right side of the road. The bus stops at 
Kings Place are protected and do not block traffic while loading and unloading. In addition to 
this main bus station, there are three other bus stops in the downtown area (see Figure  4:7).  
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Figure  4:7: Bus stops location 

All nine routes pass through and stop at the main bus terminal at Kings Place. The stopping 
time at the bus terminal varies between routes and the scheduled stopping time ranges 
between 5 and 10 minutes. From Kings Place, buses depart from the terminal an average of 
four times per hour. This results in four occasions per hour in which all nine bus routes leaves 
the terminal. At 7:10am, for example, three buses depart at the same time and at 7:15am; five 
buses depart at the same time. As a result of this, several buses are often following each other 
out from the downtown area. Most buses in the network have a mean headway of 30 minutes, 
i.e. buses depart every half hour during peak hours.   
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5. Model Development 
This chapter describes how the model was developed in TSIS/CORSIM and in detail, how the 
geometric, control, and demand data were all implemented.  

5.1. Network Properties and Simulation Parameters 
There are several parameters which must be defined in order to run the simulation. The 
critical data to be implemented includes the number of time periods, time period duration, 
simulation start time, time interval duration, and initialization period. Table  5:1 summarizes 
the data used. The time period duration must be a multiple of the time interval duration. The 
interval duration is commonly set to the most frequent cycle length in the network. Since the 
traffic signal controllers in this network are coordinated, all signals have the same cycle 
length. Each time period can be assigned different characteristics such as traffic volumes, 
pedestrian volumes, and turning movements. Output data can be processed for both a time 
period and a time interval.  

Table  5:1: Parameters controlling the simulation run 

 Morning peak hour Afternoon peak hour 

Start time 07:00 16:00 

Number of time periods  8 8 

Time period duration (sec) 900 900 

Time interval duration (sec) 100 90 

Initialization period (min) 10 10 

Number of runs  35 35 

  

The initialization period can be set to either stop when equilibrium is reached, or continue for 
the whole specified time period. In this project, the initialization was set for to continue.    

A vehicle entering the network from an entry node can do so in one of three different ways: 1) 
with constant headway, 2) with headway based on normal distribution, or 3) with headway 
based on Erlang distribution. With constant headway, which is the default value, vehicles 
enter the network with a constant distance between each other. This normally does not 
replicate the real-world condition. Therefore, a headway based on a normal distribution was 
used for this simulation whereby vehicles arrive into the network stochastically. The normal 
distribution produces platoons of vehicles instead of a constant flow. The mean value for the 
normal distribution is the calculated headway. The headway is calculated according to 
equation 7. 

茎結欠穴拳欠検 噺 ぬはどど月剣憲堅健検"建堅欠血血件潔"懸剣健憲兼結"""""""""岫ば岻 
The CORSIM model uses random distribution, resulting in a stochastic model. It is, therefore, 
necessary to perform multiple runs of a simulation in order to get a reliable result. Data from 



5. Model Development   

32 
 

multiply runs can automatically be summarized by the software. The number of times the 
model needs to be run depends on the variance of the mean values for the model outputs, and 
the tolerable error. Holm, Tomich, Sloboden & Lowrance (2007) present a formula used for 
calculating the number of runs required in order to get an acceptable result (see equation 8). 

券 噺 岫な┻ひは岻態 茅 購態継態 """""""""岫ぱ岻 
Where: 券 = the number of runs required な┻ひは = the Z-value for a normal distribution with a 95 % confidence interval 購 = the variance in mean for selected model output 継 = the acceptable error for the mean 

In CORSIM, the number of runs required can be computed by the software. The number will 
be based on the variance within one, or several, chosen model outputs together with a 
tolerable error defined by the user. The tolerable error as defined in percentage, determines 
what percentage from the mean value of the model output is acceptable. A tolerable error of 
10 % was used for this project. Table  5:1 shows the number of runs chosen.        

5.2. Links and Nodes 
A network model in TSIS is based on a link-node structure. A basic link-node diagram was 
constructed before implementing the model into the software. In the network, there are 11 
entry and exit nodes. A dummy node is placed close to every exit/entry node in order to 
collect statistics between nodes. Figure  5:1 shows the basic link-node diagram created prior to 
the constructing the model in the software.   

 

Figure  5:1: Simple link-node diagram 

Two of the intersections in the network (nodes 1 and 4 in Figure  5:1) consist of an exclusive, 
channelized lane with an island for right-turning vehicles. In order to code this in the 
software, extra nodes and links needed to be added to the model (see Figure  5:2). 
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Figure  5:2: Exclusive channelized lane with an island for right-turning vehicles 

The final link-node diagram coded in TRAFED can be seen in Figure  5:3. The nodes and 
links were positioned using the orthophoto of the City as an underlay.   

 

Figure  5:3: Link-node diagram over the network 

5.3. Implementing Control Data 
The signal controllers in downtown Fredericton are fixed-timed and coordinated. Because 
fixed-timed controllers cannot be implemented as coordinated in TRFED software, they must 
be treated as actuated.  By setting the minimum green and maximum green to the same value, 
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and by placing all phases in maximum recall mode, the actuated controller will work as a 
fixed-time controller. The coordination between the signal controls is achieved by defining 
the offset time and cycle time for each signal. Figure  5:4 shows how the signal controller for 
the King-Regent intersection was implemented during the morning peak hour. Under the tab 
Phase Controls, the phases were set to maximum recall. Appendix B shows the implemented 
phase times for all intersections in all three time plans.  

 

Figure  5:4: Implementation of signal control for the King-Regent intersection 

5.4. Implementing Demand Data 
The vehicle demand data was entered in each entry node in the network. The demand was 
specified as vehicles per hour and was defined for each time period in which the simulation 
was run. In the entry node, the percentage of trucks and carpool vehicles in the network was 
also defined. The number of trucks in the network is very low. All entry nodes have less than 
three percent. The number of trucks in the network is based on observations made during the 
morning and afternoon peak hours. The turning movements for each intersection were defined 
in each separate node and expressed as the percentage of vehicles turning left, right, or going 
straight at an approach. The percentage is based on the traffic counts provided by the City of 
Fredericton. At every node, the pedestrian demand can also be defined. Pedestrian traffic can 
be classified as: no pedestrian traffic, light pedestrian traffic, moderate pedestrian traffic, or 
heavy pedestrian traffic. Pedestrian volumes lower than 100 pedestrians per hour are 
classified as no pedestrian traffic and will not affect the output result of the model. All 
intersections have pedestrian volumes classified as either no, or light.   

5.5. Implementing Bus Data 
In TSIS, bus routes can be specified by defining a set of nodes forming a path through the 
network. When a bus route is defined, a bus station can be combined with the routes. Buses 
arrive in the network with a mean headway, or fixed time, between the buses on each route. In 
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order to implement the buses’ entrance time into the network, an offset time can be defined 
specifying when buses should arrive into the network after the simulation starts. Using the 
offset time makes it possible to get the buses to arrive and depart according to their scheduled 
time table. In CORSIM, the bus data is not being reset after the initialization period. As a 
result of this, buses scheduled to arrive at the network start time have to be delayed with an 
offset time corresponding to the initialization period.  
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6. Verification, Calibration and Validation 
The verification, calibration, and validation of the base model are important in a simulation 
project and essential to getting an accurate model. This chapter describes the process of 
verifying, calibrating, and validating the model. 

6.1. Verification 
The verification of the model was an ongoing process through-out the entire project. A major 
part of the verification process included controlling the animation and verifying that the 
vehicles in the network behave as expected. The verification process was divided into three 
different parts:  

̇ Verifying traffic volumes and turning movements 
̇ Verifying signal controller 
̇ Verifying network design 

6.1.1. Verifying the Traffic Volumes and the Turning Movements 
The traffic volumes generated by the model on the links leading traffic out of the network 
were compared to the actual traffic counts on these links. It is possible to verify that the 
correct traffic volumes and turning movements were implemented by comparing these two 
volumes.  

The percentage difference in total traffic volumes between the model output and actual traffic 
counts can be seen in Table  6:1. The table shows that the percentage difference is very small 
for all approaches leading the traffic out of the network. Since CORSIM is a stochastic model, 
the model output and actual traffic counts will never be exactly the same. The small 
difference that occurs for this model is an acceptable difference which verifies that the correct 
traffic volumes and turning movements were implemented.     

Table  6:1: Modeled and counted traffic volumes for each approach in the network 

Approach 
Model output 

(veh/hr) 
Traffic counts 

(veh/hr) 
Percentage 
difference 

Std. of model 
output 

Conf. Int. of 
model output 

Queen-Westmorland West 711 711 0 % 24.3 8.0 

Queen-Westmorland North 673 651 3 % 33.0 10.9 

Queen-York North 364 359 1 % 20.1 6.7 

Queen-Carleton North 67 67 1 % 9.0 3.0 

Queen-Regent North 1287 1190 8 % 21.9 7.3 

King-Westmorland West 424 387 9 % 17.2 5.7 

King-Regent East 889 863 3 % 23.8 7.9 

Brunswick-Westmorland South 1017 1018 0 % 32.6 10.8 

Brunswick-York South 457 461 1 % 13.7 4.5 

Brunswick-Regent South 1193 1149 4 % 27.1 9.0 

Brunswick-Regent East 1197 1209 1 % 40.2 13.3 
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6.1.2. Verifying the Signal Controller 
Implementing the signal controller correctly is crucial in a simulation project. It is therefore 
essential to verify that the signal controllers are behaving in a precise manner. This 
verification process was accomplished through a comparison of the animation in TRAFVU 
with the actual signal control data from the field. Every signal controller in the downtown 
area was studied in the field. The green phase for each approach at the intersections was timed 
and thereafter compared to the animation of the model. When collecting the field data for the 
traffic signal controllers, a variance was noted for one of the signal controllers. The model 
was subsequently modified with the new up-dated data.  

The signal controllers in downtown Fredericton are coordinated. The coordination was 
studied in the field in order to verify that this factor was implemented correctly. The time 
between a phase-change for one intersection and that of another intersection was measured. 
These times were compared to the animation of the model and thereafter verified.   

6.1.3. Verifying the Network Design 
The network design was verified through a careful examination of the complete model. The 
number of lanes, parking spot locations, bus routes, and bus stops are examples of the 
components that were carefully verified and revised. The animation was meticulously studied 
in order to verify that vehicles were driving on the right routes; queues were placed at the 
right location; and no vehicles were turning into one-way streets. The bus routes were 
controlled to make sure that the buses arrived and departed according to their timetables and 
bus routes were correctly implemented.    

6.2. Calibration  
Calibration is the process where individual parameters in the simulation model are adjusted in 
order to represent the field data more accurately. Parameters affecting, for example, driver 
behavior, traffic flow, and traffic control all need to be adjusted in a micro-simulation model 
in order to calibrate and increase reliability in the model. There are many different parameters 
in CORSIM that affect the behavior of the complete model. In CORSIM, all parameters are 
provided with default values, but these values do not often replicate the real-world conditions 
accurately and are, therefore, in need of adjustments. The calibration process is repetitive as 
only one parameter should be adjusted at any one time.  

A simulation model consists of both global and local parameters, where global parameters 
affect the behavior of the entire network, and local parameters affect only specific links or 
nodes. The calibration process needs to be based on field data obtained from the actual city 
network. In CORSIM, there are many different model outputs that can be used for calibration, 
but not all of these model outputs can easily be measured in the field. It is important, 
therefore, to choose those model outputs which can be. 

6.2.1. Field Data Used for the Calibration  
The calibration of the model was performed with data collected from the downtown area of 
Fredericton. Capacity, link travel time, and queue length data were used for calibrating the 
model. The capacity data was only collected for two intersections in the network. Because of 
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this, only one of these data sets was used for calibration and the other, for validation. The data 
from the Queen-Westmorland intersection was used for calibrating the model based on 
capacity of the different intersections in the model. The link travel time data was collected for 
four of the streets in the network while the queue length was collected for all intersections. All 
field data used for the calibration process was collected during the peak hour on regular week 
days.   

6.2.1.1. Capacity Data 
There are both global and local parameters in the model which can affect capacity, and that 
can be adjusted. Global parameters include, for example, headway factor by vehicle type, and 
acceptable gap in oncoming and crossing traffic. Local parameters affecting capacity include 
mean queue discharge headway, and mean startup delay. The most important parameter to 
adjust when calibrating the model is the mean queue discharge headway (Holm, Tomich, 
Sloboden & Lowrance, 2007). The capacity is sensitive to this parameter and should 
therefore, be the first parameter adjusted.       

The saturation flow was measured in order to determine the capacity. According to the 
Highway Capacity Manual, the saturation flow starts when the fourth vehicle passes the stop 
line and ends when the last vehicle in the queue passes the stop line. The saturation flow was 
measured for two intersections in the network: the Queen-Westmorland intersection, and the 
Queen-Regent intersection. The saturation flow measurements were performed in the 
following way: 

1) At the end of the red phase, the number of vehicles in queue was recorded  
2) At the start of the next green phase, a stop watch was started 
3) When the fourth vehicle in the queue was passing the stop line, the time from the start 

of the green phase until this point was recorded 
4) When the last vehicle in the queue was passing the stop line, the time from the start of 

the green phase until this point was recorded  
5) The measurements were repeated for at least 15 cycles  

Based on the collected data, equations 9 and 10 were used for determining the saturation flow 
(Highway Capacity Manual, 2000). 嫌朕勅銚鳥栂銚槻 噺 建鎮塚 伐 建捗塚軽槌通勅通勅 伐 ね"""""""""岫ひ岻 
Where: 嫌朕勅銚鳥栂銚槻 = average saturation headway (sec/veh) 建鎮塚 = time from start of green phase until last vehicle in queue passes the stop line (sec) 建捗塚  = time from start of green phase until fourth vehicle passes the stop line (sec) 軽槌通勅通勅 = number of vehicles in the queue at the end of the red phase  

嫌 噺 ぬはどど嫌朕勅銚鳥栂銚槻 """""""""岫など岻 
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Where: 嫌 = saturation flow (veh/hour) 

In order to determine the capacity for an approach, three different parameters are needed: 
saturation flow, effective green time, and cycle length. The effective green time is defined as 
the time period in which a given traffic movement is allowed to proceed. The time is 
calculated based on the actual green time, yellow interval, red clearance, and start-up and 
clearance lost-time interval (Signal Timing Manual, 2008). The effective green time normally 
starts a couple of seconds after the actual green time, and ends a couple of seconds into the 
yellow interval. Equation 11 shows the formula used for calculating the effective green time 
(Signal Timing Manual, 2008).    訣 噺 罫 髪 桁 髪 迎 伐 岫健怠 髪 健態岻""""""""""岫なな岻 
Where: 

G = green time interval (sec) 
Y = yellow interval (sec) 
R = red clearance interval (sec) 健怠 = start-up lost-time (sec) 健態 = clearance lost time (sec) 

It was not possible to determine the start-up lost-time, or the clearance lost time in this study, 
so the value of 2.0 seconds as recommended by the Highway Capacity Manual was assumed 
for each parameter, and for all intersections in the network. The values used for the remaining 
parameters in equation 11 can be found in Appendix B. The resulting effective green time for 
the Queen-Westmorland intersection was calculated to be 52 seconds, and 55 seconds for the 
Queen-Regent intersection.    

With the effective green time determined, the saturation flow measured, and the cycle length 
known, it was possible to calculate the capacity for the two intersections, using equation 12 
(Dowling, Skabardonis & Alexiadis, 2004).  潔 噺 嫌 訣系 """"""""""岫なに岻 
Where: 潔 = capacity (veh/hour) 嫌 = saturation flow (veh/hour) 訣 = effective green time (sec) 系 = cycle length (sec) 

The calculated capacity for the Queen-Westmorland intersection was used in the calibration 
process. The north approach of this intersection consists of two lanes leading the traffic 
through the intersection. The saturation flow was only measured for one of the lanes, but the 
two approaches have similar characteristics and were assumed to generate similar capacity. 
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The average value, the standard deviation, and a confidence interval of 95 % were calculated 
for the data set. The results can be seen in Table  6:2.  

Table  6:2: Capacity for the Queen-Westmorland intersection 

 Saturation headway 
(sec/veh): 

Saturation flow 
(veh/hr/ln): 

Capacity lane 2 
(veh/hr/ln): 

Capacity approach 
(veh/hr): 

AVG 2.14 1712 890 1780 

Std. 0.3 251.1 130.6 261.2 

Conf. Interval 0.1 116.0 60.3 120.7 

Lower endpoint 2.01 1595.50 829.66 1659 

Upper endpoint 2.27 1827.54 950.32 1901 

 

6.2.1.2. Queue Length Data 
The queue length at the different intersections was used as calibration data. The queue length 
was measured in number of vehicles, and the data was collected in the following way: 

1) For each approach at an intersection, the number of vehicles at the end of the red light 
were counted 

2) The number of vehicles in the queue were counted during one 15-minute time period 
during the morning peak hour  

3) The queue length was measured for five cycles, and the average and maximum queue 
lengths for that one morning peak time period were determined 

This resulted in an average queue length for a specific time period and a maximum queue 
length for a specific time period for each intersection. Table  6:3 shows the average queue 
length and Table 6:4 shows the maximum queue length for the specific time period. 

Table  6:3: Average queue lengths for a specific time period 

 North approach East approach South approach West approach 

Intersection: 
Queue 
length 
(veh) 

Time 
period 

Queue 
length 
(veh) 

Time 
period 

Queue 
length 
(veh) 

Time 
period 

Queue 
length 
(veh) 

Time 
period 

Queen-Westmorland 25 7:45 2 7:45 4 7:45 - - 

Queen-York 1 8:00 10 8:00 0 8:00 - - 

Queen-Carleton 0 8:00 6 8:00 0 8:00 - - 

Queen-Regent 8 8:15 5 8:15 3 8:15 - - 

King-Westmorland 1 7:45 1 7:45 3 7:45 1 7:45 

King-York 1 8:00 2 8:00 3 8:00 4 8:00 

King-Carleton 1 8:00 2 8:00 3 8:00 3 8:00 

King-Regent 5 8:15 4 8:15 8 8:15 4 8:15 

Brunswick-Westmorland 2 7:45 - - 0 7:45 2 7:45 

Brunswick-York 2 7:45 - - 6 7:45 8 7:45 

Brunswick-Carleton 1 8:00 - - - - 4 8:00 

Brunswick-Regent 4 8:15 - - 2 8:15 4 8:15 
 

  



6. Verification, Calibration and Validation   

41 
 

Table  6:4: Maximum queue lengths for a specific time period 

 North approach East approach South approach West approach 

Intersection: 
Queue 
length 
(veh) 

Time 
period 

Queue 
length 
(veh) 

Time 
period 

Queue 
length 
(veh) 

Time 
period 

Queue 
length 
(veh) 

Time 
period 

Queen-Westmorland 46 7:45 4 7:45 10 7:45 - - 

Queen-York 3 8:00 13 8:00 0 8:00 - - 

Queen-Carleton 0 8:00 7 8:00 0 8:00 - - 

Queen-Regent 11 8:15 7 8:15 4 8:15 - - 

King-Westmorland 2 7:45 2 7:45 4 7:45 1 7:45 

King-York 2 8:00 4 8:00 5 8:00 7 8:00 

King-Carleton 2 8:00 3 8:00 6 8:00 5 8:00 

King-Regent 9 8:15 7 8:15 12 8:15 6 8:15 

Brunswick-Westmorland 6 7:45 - - 0 7:45 3 7:45 

Brunswick-York 4 7:45 - - 9 7:45 9 7:45 

Brunswick-Carleton 2 8:00 - - - - 5 8:00 

Brunswick-Regent 4 8:15 - - 3 8:15 5 8:15 

 

6.2.1.3. Link Travel Time Data 
The average travel time on four different links was collected from the field in order to be used 
as calibration data. The travel times were collected on Westmorland Street, from Queen Street 
to King Street; on Brunswick Street, from Westmorland Street to York Street; on Queen 
Street, from Carleton Street to York Street; and on Regent Street, from Queen Street to King 
Street. The travel times were measured for vehicles traveling on the link undelayed by signal 
controls, queues, or stops. The observed travel times were therefore the average travel times 
without delay. The data was collected in the following way: 

1) When a vehicle entered a link at an intersection, a stop watch was started 
2) When the same vehicle exited the link at the next intersection, the stop watch was 

stopped  
3) Travel times for 30 vehicles were recorded and an average time was calculated.  

The link travel times were recorded during the morning peak hour on a regular weekday. The 
results of the field observations can be seen in Table  6:5.  

Table  6:5: Link travel times obtained from the field 

 Westmorland St. 
(sec) 

Brunswick St. 
(sec) 

Queen St. 
(sec) 

Regent St. 
(sec) 

AVG 11.2 16.0 16.47 9.63 

Std. 2.4 2.5 1.75 1.54 

Conf. Interval 0.9 1.1 0.77 0.68 

Lower endpoint 10.3 14.9 15.70 8.95 

Upper endpoint 12.0 17.0 17.24 10.31 
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6.2.2. Calibration Process 
The first step was to calibrate the model based on the measured capacity determined from 
field observations with the capacity generated by the model. The capacity of an intersection 
describes the maximum number of vehicles an approach can handle when there is a constant 
demand. The main parameter to adjust in order to calibrate the model based on capacity is the 
mean discharge headway which is defined as the average time gap between vehicles 
discharging from a standing queue. This parameter affects the characteristics of the queue and 
thereby the capacity. The default value for the parameter is 1.8 seconds, and it can range 
between 1.4 and 9.9 seconds in CORSIM. A higher value on the parameter will result in a 
lower capacity for the approach and vice versa. The mean discharge headway parameter is 
adjusted at a local level and can vary between different links. For this project, the parameter 
was seen as global, and adjusted to have the same value for all links due to lack of calibration 
data.    

In CORSIM, there is no model output that generates the capacity directly. In order to do so, 
the simulation model needs to be modified. This can be performed by increasing the vehicle 
demand at the selected intersection until there is a constant stream of traffic into the 
intersection. The capacity can thereafter be extracted from the model output as the vehicles 
discharged.   

Running the simulation model with the default value of 1.8 seconds for the mean discharge 
headway resulted in too high a capacity when compared to that measured in the field. The 
value of the parameter was increased to lower the capacity for the approach. To know when to 
stop adjusting the parameter, the resulting confidence interval from the statistical analysis was 
used as a guideline. The adjustments of the parameter was stopped when the model generated 
a capacity inside the confidence interval and close to the average observed capacity.  

With a mean discharge headway of 2.0 seconds, the modeled capacity decreased and fell 
within the confidence interval for the measured capacity. This result demonstrates that the 
mean discharge headway directly affects capacity.  A value of 2.2 seconds was then tested 
which also resulted in a capacity inside the confidence interval. Table  6:6 shows the resulting 
capacity for the different values tested. The capacity from the model is based on the average 
value over 35 runs where different random number seeds were used for each run. The value of 
2.2 seconds was first chosen, but after the validation process, the value of 2.0 seconds seemed 
to generate a more accurate model. For this reason, it was chosen.   

Table  6:6: Modeled capacity for different values of the mean discharge headway parameter 

Mean discharge 
headway 

Capacity 
lane (veh/hr) 

Capacity 
approach (veh/hr) 

1.8 962 1964 

2.0 897 1847 

2.2 868 1791 

 

The next step in the process was to calibrate the network performance of the model. There are 
several different behavior models that affect and influence network performance and it is 
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important therefore to adjust the parameters affecting these behavior models. Calibration of 
the network performance is needed in order to ensure that, for example, speed, density, travel 
times, and queue lengths are correct in the modeled network. The adjustments of the system 
performance parameters can be conducted in either of two ways: through a comparison of 
field data and model outputs, or through controlling the animation of the simulation in 
TRAFVU. There are several model outputs such as average queue length, average travel 
time, and vehicles discharged per lane that can be used for the calibration of the network 
performance.  

When controlling the animation of the model in TRAFVU, it was observed that the spillback 
parameter and free-flow speed parameter needed to be adjusted. The global parameter, 
probability for spillback, was adjusted in order to create a refined model. One intersection 
affected by spillback was studied for a 15-minute interval during the highest peak of the peak 
hour. During this time interval, the number of vehicles joining a spillback, and hence, 
blocking the intersection was recorded. The field study demonstrated that it is uncommon for 
vehicles to join a spillback and block the intersection, so the parameter controlling the 
spillback was changed to better match traffic conditions. Table  6:7 shows the probability of a 
vehicle joining a spillback condition before and after calibration.  

Table  6:7: Probability for a vehicle to join a spillback before and after calibration 

Number of vehicles in spillback 1 2 3 4 

Probability, default values: 100 81 69 40 

Probability, selected values: 20 15 10 5 

 

When comparing the model output to field observations, it was noticed that the observed 
queue lengths differed from those generated by the model in some of the network 
intersections. There can be several reasons for this difference. One main factor is the time 
period in which the field data was collected. During the peak hour, the traffic volumes, and 
thereby the queue lengths, can vary considerably. If the queue lengths were observed during 
the highest peak of the peak hour, the observed queue length would be higher than the 
modeled average queue length. In this case, the observed queue length is more likely to 
represent the maximum queue length instead of the average.  

It is important to understand how CORSIM calculates the queue length in order to 
successfully calibrate the network performance based on this parameter. CORSIM calculates 
the average queue length by using a 5-seconds histogram. Every fifth second in the 
simulation, CORSIM stores the number of vehicles in each lane. Based on this information, 
the average queue length is calculated over the entire peak hour (Milam & Choa, 2001). The 
maximum queue length in CORSIM is determined as the highest number of vehicles recorded 
in the beginning of a green phase at an approach during peak hour.  

Both the average and maximum queue lengths measured in the field were used when 
calibrating the network performance. The first parameter adjusted was the start-up lost-time 
parameter. The start-up lost-time is defined as the time that elapses between a light changing 
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from red to green and the queued vehicles starting to move through an intersection. The start-
up lost-time mostly affects two things: 1) how fast the queues are being dissolved at an 
intersection, and 2) the capacity of an intersection. The start-up lost-time is one of the 
parameters used when calculating the capacity from the saturation flow and, therefore, affects 
the capacity of an intersection. The start-up lost-time parameter can be adjusted in either of 
two ways: on a local level, or on a global level. On a local level, the mean start-up lost-time 
can be adjusted for each separate link. On a global level, the distribution used for defining the 
start-up lost-time for the different driver types can be adjusted. In this study, the start-up lost-
time was chosen to be adjusted on a global level. For this parameter, there are ten different 
driver types, all assigned with a value. The total of all the values must always equal 1000. 
This means that changing the value for one driver type requires a subsequent change for 
another driver type to keep the total of 1000. The changes that were made to the parameter 
can be seen in Table  6:8.       

Table  6:8: Start-up lost-time distribution before and after calibration 

Driver type: 1 2 3 4 5 6 7 8 9 10 

Default values: 218 140 125 118 102 86 78 63 47 23 

Selected values: 200 137 122 118 102 86 78 63 49 45 

         

The results of these adjustments were studied for the north approach of the Queen-
Westmorland intersection and can be seen in Table  6:9. The table shows the average and 
maximum queue lengths generated by the model and observed in the field. The average value 
is based on the queue length for the time period between 7:45am to 8:00am. This corresponds 
to the time period in which the field data was collected.    

Table  6:9: Average and maximum queue lengths before and after calibration 

 Before 
calibration 

(veh) 

After 
calibration 

(veh) 

Field 
observations 

(veh) 

Average queue length for the specific time period: 24.1 24.3 25.7 

Maximum queue length for the specific time period: 41.4 43.3 46.0 

 

The maximum queue length for the specific time period changed with the new values of the 
start-up lost-time parameter while the average queue length stayed almost the same before and 
after the calibration. When studying the average queue length generated by the model for the 
whole peak hour, before and after calibration, it was seen that changing the start-up lost-time 
had a minimum effect on the resulting average queue length.  

Free-flow speed also plays an important role in network performance behavior. The free-flow 
speed is defined as the average speed at which a vehicle travels at when no congestion, or 
other obstacles, exist. This parameter affects both the travel time through the network and the 
queue lengths at the different intersections. Travel times for several links in the network were 
collected and used in the calibration process. The free-flow speed parameter was adjusted and 
compared to the observed travel time in order to find a refined value for the parameter. The 
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starting value entered for the free-flow speed parameter was set to 31 mph (50 km/h). When 
comparing the modeled travel times with the observed travel times, it was observed that a 
free-flow speed of 31 mph generated too short travel time and the parameter had to be 
adjusted. A free-flow speed of 25 mph resulted in travel times close to the average observed 
travel times and was chosen as the value to use in the model. Table  6:10 shows the measured 
travel times compared to the modeled travel times with the different free-flow speeds tested.  

Table  6:10: Link travel times for different values of the free-flow speed parameter together with the observed times 

 Observed 
(sec) 

Std. Free-flow speed 
31mph (sec) 

Std. Free-flow speed 
25mph (sec) 

Std. 

Westmorland St. 11.2 2.4 8.7 0.6 10.5 0.7 

Regent St. 9.63 1.5 8.8 2.2 10.7 2.0 

Queen St. 16.5 1.8 13.2 1.7 16.0 1.9 

Brunswick St. 16.0 2.5 12.2 1.6 14.8 1.5 

 

6.3. Validation 
The validation process is needed to ensure that the calibrated model is behaving accurately 
and that it generates a result corresponding to real-world conditions. For the validation 
process, a new set of field data is required as the data set used for validation needs to differ 
from that used in the calibration process. In order to validate the model, three different types 
of parameters were used: traffic volume, capacity, and travel time. The goal of the validation 
process is to ensure that the calibration process has resulted in an acceptable model. Before 
the validation process started, a validation criterion was assigned for the three parameters seen 
in Table  6:11.  

Table  6:11: Validation criteria 

Parameter Validation criteria 

Traffic volume 90-110% 

Capacity In the confidence interval of the observations 

Average travel time 90-110% 

6.3.1. Traffic Volume 
In the verification process, the modeled traffic volumes for the whole peak hour were 
compared to the traffic counts, and thereafter verified. During this process, the modeled 
volumes were studied again, but this time on a time-period basis. The traffic volumes for each 
15-minute period were studied and compared to the traffic counts to validate that the model 
was generating the appropriate numbers during the related time periods. By studying and 
comparing the modeled traffic volumes, it is possible to validate that traffic movements and 
parking maneuvers are correctly implemented and vehicles are not being delayed in the 
network due to unadjusted parameters in the behavior models.  

In the first step of validating the traffic volumes, the total of all traffic volumes leaving the 
network for each time period were calculated and compared to the traffic volumes generated 
by the model. Table  6:12 shows the results of these comparisons. According to the table, the 
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model output and traffic counts differ by several percentage points during most time periods, 
but the difference is within the range of the validation criteria.    

Table  6:12: Modeled and counted traffic volumes leaving the network at each time period 

Time period 
Model output 

(veh/hr) 
Traffic counts 

(veh/hr) 
Percentage 
difference 

07:00 526 528 +0 % 

07:15 754 805 +6 % 

07:30 933 1011 +8 % 

07:45 1219 1336 +9 % 

08:00 1336 1403 +5 % 

08:15 1348 1456 +7 % 

08:30 1182 1210 +2 % 

08:45 981 1047 +6 % 

16:00 1279 1286 +1 % 

16:15 1393 1383 -1 % 

16:30 1566 1672 +6 % 

16:45 1538 1478 -4 % 

17:00 1424 1408 -1 % 

17:15 1250 1237 -1 % 

17:30 984 989 +0 % 

17:45 955 965 +1 % 

 

In the second step of validating traffic volumes, those values generated by the model had to be 
compared to the traffic counts for each intersection separately and for each time period. The 
comparison showed that the percentage difference between the traffic counts and the model 
output was within the range of the validation criteria for 8 of 11 intersections during all time 
periods. There were three intersections that did not fulfill the validation criteria in one of the 
time periods. Table  6:13 shows the intersections where deviation was observed. The main 
reason accredited to this deviation is the very low traffic volume observed during the specific 
time period. For example, at the north approach of the Queen-Carleton intersection, there is 
only a single-vehicle difference between the model output and the traffic count, but this single 
vehicle results in a 20 % difference. The three intersections in the table with a percentage 
difference outside the validation criterion were assumed to be validated because of the 
statistical impact of their low traffic volume.       

Table  6:13: Intersections with significant deviation in the traffic volumes 

 Model output 
(veh) 

Traffic counts 
(veh) 

Percentage 
difference 

Queen-Westmorland west, time period 1 29 26 12 % 

Queen-Carleton north, time period 5 6 5 20 % 

King-Westmorland west, time period 1 20 17 18 % 

6.3.2. Capacity 
Capacity was chosen as both a calibration and a validation parameter. The Queen-Regent 
intersection was chosen as the validation intersection, so the capacity observed at the Queen-
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Regent intersection was used only for the validation process. The capacity was measured with 
the method mentioned in section 6.1.1.1. Table  6:14 shows the average value, the standard 
deviation, and half the width of the 95 % confidence interval for the observed capacity at the 
intersection. The table also shows the upper and lower endpoints of the confidence interval.   

Table  6:14: Measured capacity for the Queen-Regent intersection 

 Saturation 
headway (s/veh): 

Saturation flow 
(veh/h/ln): 

Capacity (veh/h/ln): 
Capacity approach: 

(veh/h) 

AVG 2.6 1400 756 1512 

Std. 0.3 139 75 150 

Conf. Interval 0.2 82 44 89 

Lower endpoint 2.4 1318 712 1424 

Upper endpoint 2.8 1482 800 1601 

 

The capacity was calibrated by changing the value of the mean discharge headway parameter. 
A value of 2.2 seconds was chosen after the calibration process. When validating the model 
with data from the Queen-Regent intersection, it was seen that the value chosen for the 
parameter generated a capacity that was too low when compared to the field data. The mean 
discharge headway was therefore decreased to 2.0 seconds. This resulted in an average 
capacity of 1472 vehicles per hour, and satisfied the validation criteria (see Table  6:15).  

Table  6:15: Capacity for the Queen-Regent intersection with different values of the mean discharge headway 
parameter 

 Observations 
(veh/hr) 

Mean discharge headway 
2.2sec (veh/hr) 

Mean discharge 
headway 2.0sec (veh/hr) 

AVG 1512 1339 1472 

Std. 149.7 57.7 53.7 

Conf. Interval 88.5 19.1 17.8 

Lower endpoint 1424 1320 1454 

Upper endpoint 1601 1358 1490 

 

6.3.3. Average Travel Time 
The average travel time through the network was also used for validating the model. A 
sampling was gathered during the peak hour on a regular weekday. These time values were 
collected in the following way: 

1) A route was chosen covering Regent Street, Queen Street, Westmorland Street, 
Brunswick Street, and King Street. 

2) The total time and the link time were measured while driving the route with the flow 
of traffic. 

3) The route was driven 3 times during the peak hour.  
4) The average value of the total travel time and the average link travel time were then 

calculated.  
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The simulation model can generate average travel times for through-vehicles, right-turning 
vehicles, and left-turning vehicles for each separate link. These travel times were used for 
validating the model. The total of the average link times was compared to the travel time 
collected in the field. Table  6:16 shows the average travel time, standard deviation, and 
confidence interval in the network during the peak hour observed in the field. 

Table  6:16: Observed network travel time 

Statistical data Value 

Average travel time (sec) 508.6 
Standard deviation  36.4 
Confidence interval 22.6 

 

The average travel time generated by the model for the selected route was calculated to be 
551 seconds. The average travel time from the field was measured to be 509 seconds. The 
travel time generated by the model was calculated to be 92 % of the measured travel time and 
was within the range of the validation criteria.    
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7. Right-Turn-on-Red 
This chapter includes a literature review covering some aspects of right-turn-on-red. The 
chapter presents the definition of right-turn-on-red and methods used to predict the number of 
right-turn-on-red at an intersection.   

7.1. Definition of Right-Turn-on-Red 
Right-turn-on-red (RTOR) is a traffic law allowing vehicles to turn right on a red signal at 
signalized intersections after stopping and yielding unless prohibited by signage. The RTOR 
law was first introduced in California in 1947 and now is commonly used in most parts of 
North America and has also been adopted in certain countries of Europe and Asia. The main 
reasons for introducing RTOR were to enhance the capacity of intersections and reduce fuel 
consumption. According to the Highway Capacity Manual (HCM) (2000), it is possible to 
increase the intersection capacity by allowing RTOR.   

An RTOR can occur in several different situations. For signalized intersections consisting of 
four approaches, an RTOR can occur in three different scenarios (see Figure  7:1):   

1) When a vehicle approaches an intersection from the south approach, facing red lights, 
and the east-west approach is facing green lights, an RTOR can occur when there is 
sufficient gap in the traffic stream approaching from the west.  

2) When a vehicle approaches an intersection from the south approach, facing red lights, 
and the opposing approach is facing green lights for left turning vehicles only, an 
RTOR can occur when there is sufficient gap in the traffic stream.  

3) When a vehicle approaches an intersection from the south approach, facing red lights, 
and the east-west approach is facing green lights for left turning vehicles only, an 
RTOR can occur. (Creasey, Stamatiadis & Viele, 2011)   

 

Figure  7:1: When an RTOR can occur (Source: Cresey et al., 2011) 
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7.2. Predicting Right-Turn-on-Red 
Several different methods have been developed in past years for predicting the number of 
RTOR at an intersection. Predicting the number of RTOR is important when analyzing the 
level-of-service at an intersection. The number of RTOR will affect the capacity of an 
intersection and the delay that can occur. There are two things of interest to investigate when 
analyzing the level-of-service at a signalized intersection: 1) the capacity of the intersection, 
both the capacity for the intersection as a whole, and for individual lanes approaching the 
intersection, and 2) the average control delay for a vehicle (Creasey, Stamatiadis & Viele, 
2011). The average control delay for a vehicle is defined as the delay that occurs due to an 
intersection control. It is calculated as the difference in travel time between that which would 
occur with no delay due to a signal controller and the travel time that does occur with a delay 
due to a signal controller. The methods available for calculating the capacity and average 
control delay for an intersection often do not consider the fact that RTOR increases the 
capacity. This oversight then results in inaccurately calculated capacity which will not show 
the actual level-of-service in the intersections.  

In 1990, Luh and Lu stated that when estimating the RTOR capacity, there are five main 
factors that need to be included:  

1) Whether the right turns are made from a shared lane, or from an exclusive lane 
2) The proportion of right-turning vehicles using a shared lane 
3) The volume of conflicting traffic that RTOR drivers need to yield for 
4) The pedestrian volumes  
5) The red duration in a cycle 

The five factors all contribute to the total RTOR capacity. It can either be assumed that RTOR 
is made from an exclusive lane, or from a shared lane when calculating the RTOR capacity. 
RTOR can only be executed when a right-turning vehicle arrives before a vehicle going 
straight, or turning left when a shared lane is used. In the case where a non-right-turning 
vehicle arrives before a right- turning vehicle, the red duration of that cycle cannot be utilized 
for RTOR. Qureshi and Han had similar findings in 2001, but also included the influence of 
the sight distance at an intersection and the vehicles arrival pattern over the cycle.   

In 2011, Creasey, Stamatiadis & Viele published a method used for estimating RTOR 
volumes on a shared lane. When a shared lane is used, it is of interest to examine how many 
RTOR vehicles will be able to make a turn before a non-right-turning vehicle arrives and 
blocks the possibilities of vehicles performing RTOR. Creasey et al. determined that it only 
takes one non-right-turning vehicle to block an RTOR vehicle and that the expected number 
of right-turning vehicles, 継岷検峅, that arrive before a non-right-turning vehicle can be expressed 
according to equation 13. 

継岷検峅 噺 堅 磐な 伐 喧喧 卑""""""""" 岫なぬ岻 
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Where: 堅 = number of vehicles required to block the shared lane for an RTOR vehicle  喧 = proportion of non-right-turning vehicles in the shared lane 

It can be noted that"堅 噺 な when a shared lane exists since it only requires one non-right-
turning vehicle to block a shared lane for vehicles making an RTOR. Equation 13 can be 
expressed with a new formula (equation 14) where the total estimated number of RTOR per 
hour is calculated. 

迎劇頚迎 噺 磐な 伐 喧喧 卑 磐ぬはどど系 卑"""""""""" 岫なね岻 
Where: 系 = the average cycle length (sec)  

Equation 10 is only valid when a continuous demand on the studied approach exists. If not, 
the volumes of RTOR will be overestimated. The equation is also assuming that all RTOR 
vehicles have time to discharge every cycle. To take into account the fact that a continuous 
demand might not always occur, Cresey et al. presented a final deterministic model used for 
estimating the total number of RTOR per hour for a shared lane (see equation 15).  

軽頚眺脹潮眺 噺 ŒÆº岫隙追 ┸ な┻ど岻 磐な 伐 喧喧 卑 磐ぬはどど系 卑""""""""""岫なの岻 
Where: 軽頚眺脹潮眺 = the estimated number of RTOR during one hour 隙追 = the demand volume-to-capacity ratio  喧 = proportion of non-right-turning vehicles in the shared lane 系 = the average cycle length (sec) 

Equation 15 gives the number of RTOR that can be performed in a shared lane. Based on this 
equation, the probability for an RTOR can be determined as follows (equation 16): 

鶏眺脹潮眺 噺 岾な 伐 喧喧 峇岾ぬはどど系 峇撃剣健聴朕銚追勅鳥挑銚津勅 """""""""""岫なは岻 
Where: 撃剣健聴朕銚追勅鳥挑銚津勅 = the total hourly approach volume in the shared lane  

In the article by Creasey et al., a capacity model which includes the number of RTOR 
performed was presented (see equation 17). 潔 噺 潔怠 髪 鶏眺脹潮眺岫潔態 髪 潔戴岻"""""""""岫なば岻 
 



Right-Turn-on-Red   

52 
 

Where: 潔怠 = approach capacity during the green signal phase (veh/h) 潔態"= approach capacity during the red signal phase when intersecting and opposing 
approaches has a green signal (veh/h) 潔戴 = approach capacity during the time when left turns from the right has a green signal 
(veh/h) 

The 潔態 and 潔戴 components in the equation can be determined with equations 18 and 19 
(Creasey, Stamatiadis & Viele, 2011). 

潔態 噺 撃頂 結貸蝶迩痛迩戴滞待待な 伐 結貸蝶迩痛肉戴滞待待
訣頂 伐 訣槌系 """"""""""岫なぱ岻 

Where: 撃頂  = flow rate at conflicting traffic (intersecting and opposing traffic) (veh/h) 建頂 = critical time gap, the minimum time gap needed for a vehicle to entry the intersection 
(sec) 建捗 = follow-up time, the time between two vehicles in queue performing an RTOR during the 

same sufficient gap in the traffic stream (sec) 訣頂 = effective green time for conflicting movement (sec) 訣槌 = portion of 訣頂 that is blocked by vehicles blocking the conflicting queue (sec) 系 = cycle length (sec) 

潔戴 噺 岾訣聴張挑脹系 峇峭ぬはどど建捗 嶌""""""""""岫なひ岻 
Where: 訣聴張挑脹  = effective green time for the protected left turn from the right (sec) 

The equations reported above can all be used for analytical analyze the effects of RTOR at an 
intersection.  

7.3. Safety Issues Regarding Right-Turn-on-Red 
Allowing right-turn-on-red can increase the risk of collisions between pedestrians, bicyclists 
and vehicles. A right-turning vehicle approaching an intersection, facing red lights, and 
interested in performing an RTOR is facing three major tasks: 1) the driver needs to look to 
the left searching for a sufficient gap in the traffic stream, 2) the driver needs to look at the 
opposing approach, searching for left turning vehicles, and 3) the driver needs to look to the 
right searching for pedestrians and/or bicyclists crossing the street both on the vehicle’s 

arriving approach and on its outgoing approach. This requires a very large field-of-view as 
Figure  7:2 shows.  
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Figure  7:2: A driver’s required field of view when making an RTOR (Source: Robichaud and Gunter, 2011) 

According to Robichaud and Gunter (2011), a driver’s natural tendency is to look to the left 
when performing an RTOR to ensure that a gap in the traffic stream exists. When it does, the 
driver normally starts turning without looking for pedestrians crossing the street. This 
tendency can lead to an enhanced risk of collision between vehicles and pedestrians and/or 
bicyclists. In the study by Robichaud and Gunter, field studies were conducted examining 
drivers’ behaviors at intersections. One conclusion drawn from the field study was that many 
drivers performing an RTOR had to execute a sudden braking in order to avoid a collision 
with pedestrians. The study also showed that in several occasions the driver failed to yield to 
the pedestrian altogether and the pedestrian had to yield to the vehicle instead. 

Since the law for RTOR was established, several studies have been conducted with the 
purpose of investigating the relationship between allowing RTOR and its possible affect on 
the number of collisions between vehicles and pedestrians. In 1982, Preusser et al. conducted 
a study evaluating the effects of RTOR on pedestrian and bicycle crashes. The study showed 
that the number of crashes increased 0.81 % after introducing RTOR (Preusser et al., 1982). 
The majority of crashes were between pedestrians and/or bicyclists crossing the same 
approach the vehicle were traveling out from, with pedestrians walking from the right to the 
left, i.e. the driver failed to look to the right before starting to turn.  

In 2001, Quebec’s Ministry of Transportation sponsored a study conducted by Dominique 

Lord (2003) with the goal of investigating the increase in number of collisions between 
vehicles and pedestrians when allowing RTOR. At that time, the Province of Quebec did not 
allow vehicles to perform an RTOR. Lord conducted an extensive literature review and a 
study where RTOR was introduced during a time period of nine months at selected 
intersections in Quebec. The conclusion was that less than 1 % of all reported collisions 
between pedestrians and vehicles were due to RTOR.      
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In 2003, Works and Emergency Services Department in Toronto, Canada, published a study 
evaluating collisions between bicyclists and vehicles. The study included 2,572 collisions that 
had occurred in Toronto in a time frame of two years. The result of the study showed that 7.7 
% of all collisions were due to RTOR. None of the collisions were fatal, but 2.5 % resulted in 
major injuries. Of the collisions, 86 % occurred when the bicyclist used the sidewalk, the 
remaining, 14 % occurred when the bicyclist was positioned on the road, riding the bike in 
traffic.     
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8. Scenario Description 
This chapter gives a description of the different scenarios analyzed and evaluated in the 
project. Five scenarios were evaluated: three scenarios analyzing the effects of implementing 
a restriction against RTOR, and two, evaluating a restriction against left-turns at one 
intersection in the network.  

8.1. Restricting Right-Turn-on-Red 
The main purpose of the project is to analyze what effects a restriction against right-turn-on-
red will have on the current vehicle traffic conditions in the downtown area of Fredericton. 
The goal of implementing a restriction against RTOR is to improve safety for pedestrians.  

A restriction against RTOR can be implemented either as a general restriction for all 
intersections in the network or for individual intersections. Which of the two ways that is 
most suitable was analyzed through different scenarios. Three different scenarios were 
analyzed: 

Scenario 1: A restriction against right-turn-on-red implemented at all intersections in the 
downtown area. 

Scenario 2:  A restriction against right-turn-on-red implemented separately at individual 
intersections in the network. 

Scenario 3:  A restriction against right-turn-on-red implemented at the intersections in the 
network with the highest pedestrian demand.   

8.1.1. Scenario 1 
In scenario 1, the goal is to study what effects a restriction against RTOR will have on both 
the entire network, and on individual intersections, when a restriction against RTOR is 
implemented at all intersections in the downtown area (see Figure  8:1). This restriction will be 
implemented for all time periods, both during the morning and afternoon peak hours. All 
approaches at an intersection that currently allow RTOR will be modified to prohibit RTOR.   

 

Figure  8:1: Intersections where a restriction against RTOR was implemented (Source: Map data @2012 Google) 
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8.1.2. Scenario 2 
In scenario 2, the goal is to study what effects a restriction against RTOR will have on all 
individual intersections in the network. The purpose is to identify the intersections and 
approaches in the network that will generate the largest and smallest changes in traffic 
conditions. To analyze the results of this scenario, a restriction will be implemented at each 
intersection separately, and the results from each case will be analyzed and evaluated. This 
scenario requires that eleven different models are created and separately run.    

8.1.3. Scenario 3 
In scenario 3, the goal is to study what effects a restriction against RTOR will have on the 
intersections in the network that currently posses the highest pedestrian demand. When 
analyzing pedestrian demand, it was seen that a number of intersections in the downtown area 
have a greater demand than others. This finding could result in an increased risk of collisions 
between pedestrians and vehicles performing an RTOR. The greatest number of pedestrians is 
located in the mid-section of the network. Based on pedestrian volumes, a restriction against 
RTOR was limited in application to the following intersections in the scenario: 

̇ Queen-York  
̇ Queen-Carleton    
̇ King-York  
̇ King-Carleton  
̇ Brunswick-York  

8.2. Restricting Left Turns  
This project has two purposes. The initial, and main focus, is to evaluate the change in traffic 
conditions when implementing a restriction against RTOR in the network. The second 
purpose is to evaluate the effect on traffic conditions when removing the opportunity to 
perform left turns at the King-Regent intersection for both the south and north approaches.  

Regent Street is a very busy street, especially during peak hours. The traffic volume along this 
route results in queues and delays not only in the downtown area, but also outside this area. 
The purpose of analyzing a restriction against left turns at the King-Regent intersection is to 
evaluate how traffic conditions on Regent Street will change due to a restriction against left 
turns.  

In order to fully analyze the effects of a restriction against left turns, a route choice model, 
and thus, OD-matrix are needed since it is most likely that the route choice would change for 
the left turning vehicles. However, such a model was not created for this project since no OD-
matrix was available. The following assumptions and simplifications were therefore made 
when analyzing the results of a restriction against left turns: 

̇ Left-turning vehicles from the south approach of Regent Street were removed and 
added to the Queen-Regent intersection 

̇ Left-turning vehicles from the north approach of Regent Street were removed and 
added to the Brunswick-Regent intersection 

̇ Analysis was performed for the effects on Regent Street alone 
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With these assumptions and simplifications, the results from the simulation will only give an 
indication of how the traffic conditions will change when taking away the opportunity for left 
turns at the intersection. Two different scenarios were analyzed.  

8.2.1. Scenario 4 
In scenario 4, the possibility of performing a left turn of the north and south approaches of the 
King-Regent intersection was prohibited at all times. It was still possible to perform left turns 
for the west and the east approaches.  

8.2.2. Scenario 5 
In scenario 5, the possibility of performing a left turn from the north and south approaches of 
the King-Regent intersection was prohibited at all times. For the west and the east approaches, 
it was still possible to perform left turns. In this scenario, RTOR was also prohibited for all 
intersections on Regent Street.  
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9. Simulation Result  
In this chapter the simulation results from both the base model and the different scenarios are 
reported. The results for each specific scenario were analyzed and compared to the results 
from the base model. 

The purpose of all the scenarios was to analyze and evaluate how traffic conditions changes as 
compared to current traffic conditions when implementing a restriction against RTOR in the 
network. All results from the different scenarios were compared to the results from the base 
model simulation. 

Each scenario was run 35 times with different random number seeds used for each run. Based 
on the 35 runs, the average value and the standard deviation for the chosen model outputs 
were calculated. Due to the fact that CORSIM is a stochastic model, statistical analyses were 
performed on all data in order to evaluate the variation in the data and to determine whether 
the changes observed were due to implemented change, or to the randomness of the model.  

The t-test, a statistical hypothesis test, was used to determine if the difference in mean value 
between two different data sets was due to the stochastic nature of the model, or to the 
implemented changes to the model. An unpaired, two-sample t-test with unequal variance was 
used in this project. This type of test is used to determine if the stated null-hypothesis can be 
rejected, when the hypotheses are formulated in the following way:  茎待┺""""""""""航怠 噺 航態"岫建月結"兼結欠券"懸欠健憲結"血剣堅"建拳剣"穴件血血結堅結券建"喧剣喧憲健欠建件剣券嫌"欠堅結"建月結"嫌欠兼結岻  茎銚 ┺""""""""""航怠 塙 航態"岫建月結"兼結欠券"懸欠健憲結"血剣堅"建拳剣"穴件血血結堅結券建"喧剣喧憲健欠建件剣券嫌"欠堅結"券剣建"建月結"嫌欠兼結岻  
The procedure for conducting an unpaired, two-sample t-test is explained below. A test 
variable must first be calculated with equation 18 (Blom et al, 2008).   

劇 噺 隙博" 伐 桁博"俵嫌諜態券諜 髪 嫌超態券超 """"""""""岫なぱ岻 
Where: 劇 = test variable 隙博", 桁博" = sample mean  嫌諜 , 嫌超 = sample variance 券諜,"券超 = sample sizes 

The test variable is used to determine if the null-hypothesis can be rejected for a chosen 
significance level,"糠. A common significance level is 95 %. If inequality 19 is fulfilled, the 
null-hypothesis can be rejected, and at a significance level of 95 %, it is possible to determine 
that the two data sets do not have equal means (Blom et al, 2008). 
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】劇】 伴 建怠貸底【態┸捗""""""""""岫なひ岻 
Where: 建怠貸底【態┸捗 = the critical value of the t-distribution with 血 degrees of freedom.  

The degree of freedom, 血, is determined according to equation 20 (Blom et al, 2008). 

血 噺 磐嫌諜態券諜 髪 嫌超態券超卑態磐嫌諜態券諜卑態券諜 伐 な髪 磐嫌超態券超卑態券超 伐 な
""""""""""岫にど岻 

A t-test can only determine if there is a significant difference between mean values of two 
data sets. Because of this, a t-test is often not enough when analyzing the data. Another 
statistical tool that can be used is the confidence interval which can give a measure of how 
much the two data sets differ from each other.  

In this project, all confidence intervals and all t-tests were calculated with a significance level 
of 95 %.     

9.1. Base Model 
The base model represents the network as it currently looks without any implemented 
changes. It is used as a comparison model and for evaluating how the implemented changes 
will affect current traffic conditions. To analyze the effects, a few model outputs showing the 
results were selected as evaluation outputs. The model outputs used for evaluating a 
restriction against right-turn-on-red were: 

̇ Average control delay per vehicle (sec/veh) 
̇ Average throughput (number of vehicles) 
̇ Average link travel time (sec/veh) 
̇ Average queue length (number of vehicles) 

9.1.1. Control Delay per Vehicle 
The control delay per vehicle is defined as the average time a vehicle is delayed at a link due 
to a signal controller. According to the Highway Capacity Manual (2000), the control delay 
includes initial deceleration delay, queue move-up time, stopped delay, and final acceleration 
delay. The control delay can be calculated with equation 21 (Holm et al. 2007). 

経 噺 岫建戴 伐 建怠岻 伐 穴戴 伐 穴怠懸 """"""""""岫にな岻 
Where: 建怠 = point in time for when deceleration due to the signal control starts 建戴 = point in time for when acceleration after the stop at the signal control ends 穴怠 = point in space for when deceleration starts 
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穴戴 = point in space for when acceleration ends 懸 = speed vehicle is operating at before deceleration starts 

Figure  9:1 shows the different components used in equation 21.  

 

Figure  9:1: Components needed in order to determine the control delay (Source: Holm, Tomich, Sloboden & 
Lowrance, 2007) 

Control delay can be used for determining the level-of-service (LOS) at an intersection. Level-
of-service is defined as a function of the average vehicle control delay that occurs due to a 
signal controller. LOS is categorized into six different groups ranging from A to F, where 
LOS A equals very little to no delay, and LOS F, equals the longest measure of delay. Table 
 9:1 shows the LOS criteria for the six different categories.  

Table  9:1: Level-of-service (LOS) criteria 

LOS Control delay 
(sec/veh) 

A < 10 sec 

B 10-20 sec 

C 20-35 sec 

D 35-55 sec 

E 55-80 sec 

F > 80 sec 

 

The resulting average control delay per vehicle from the base model can be seen in Table  9:2. 
The table also shows the level-of-service for each intersection in the network. The highest 
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LOS currently experienced in the network is classified as category C. LOS C is described as a 
stable flow with acceptable delays (Highway Capacity Manual, 2000). During the afternoon 
peak hour, there are certain approaches in the network that have an LOS of D which is 
described as unstable flow, but with tolerable delays (Highway Capacity Manual, 2000). 
Appendix C shows the average control delay for all separate approaches in the network.   

Table  9:2: Average control delay per vehicle 

 Morning peak hour Afternoon peak hour 

Intersection: 
Control delay 
per vehicle 

(sec) 
Std. LOS 

Control delay 
per vehicle 

(sec) 
Std. LOS 

Queen-Westmorland 21.9 2.9 C 23.0 1.8 C 

Queen-York 9.8 2.1 A 17.8 2.7 B 

Queen-Carleton 13.8 4.0 B 13.0 2.5 B 

Queen-Regent 17.9 1.4 B 14.2 1.4 B 

King-Westmorland 18.1 2.8 B 30.3 10.6 C 

King-York 13.5 2.0 B 15.1 4.8 B 

King-Carleton 21.2 3.1 C 20.8 4.0 C 

King-Regent 16.6 2.3 B 16.9 2.9 B 

Brunswick-Westmorland 18.2 1.8 B 21.8 4.1 C 

Brunswick-York 23.2 2.5 C 15.3 3.5 B 

Brunswick-Carleton 8.1 1.6 A 14.4 2.3 B 

Brunswick-Regent 14.1 1.5 B 18.6 2.2 B 

9.1.2. Throughput per Link 
Throughput is a measurement of how many vehicles are transferred on a link during a specific 
time period. Many factors can influence throughput such as speed, percentage of turning 
vehicles, number of parking maneuvers, and blocking buses. Analyzing the throughput gives 
an indication of how much the implemented change to the model affects the traffic conditions 
in the network. The resulting throughput in the base model can be seen in Table  9:3. The table 
shows the average throughput together with the standard deviation for all intersections in the 
network. The total of all throughput volumes on the links leading into an intersection is also 
shown in the table. Appendix D contains more detailed data.  
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Table  9:3: Average throughput in the network 

 Morning peak hour Afternoon peak hour 

Intersection: Throughput 
(veh) 

Std. Throughput 
(veh) 

Std. 

Queen-Westmorland 2516.9 77.8 2305.3 92.4 

Queen-York 938.3 84.6 1193.8 88.8 

Queen-Carleton 748.2 68.7 696.7 69.8 

Queen-Regent 2294.3 48.2 2587.5 62.1 

King-Westmorland 2251.1 76.0 1853.1 92.7 

King-York 1224.8 114.2 1379.1 117.1 

King-Carleton 1016.3 102.7 946.0 99.3 

King-Regent 2218.4 95.3 2219.6 96.7 

Brunswick-Westmorland 2133.8 51.3 1721.3 59.2 

Brunswick-York 1904.8 75.9 1657.5 97.0 

Brunswick-Carleton 1392.9 75.8 1143.1 70.5 

Brunswick-Regent 2264.9 104.6 2358.2 89.1 

9.1.3. Travel Time per link 
The average travel time per link is a measurement of how long time it takes to travel from the 
beginning to end of a link in the network. The time depends on several factors, of which the 
mean free-flow speed is key. The free-flow speed will have a direct impact on the duration of 
travel time. Another influencing factor is the delay that occurs on the link. Table  9:4 shows 
the average travel time for each street in the network. Appendix E holds more detailed data.  

Table  9:4: Average travel time for each street in the network 

 Morning peak hour Afternoon peak hour 

Street: 
Travel Time per 

Vehicle (sec) 
Std. 

Travel Time per 
Vehicle (sec) 

Std. 

Queen Street 159.3 10.9 152.2 10.2 

King Street East 115.8 10.5 174.6 41.1 

King Street West 158.4 12.1 158.7 13.0 

Brunswick Street West 121.7 5.7 142.0 13.9 

Westmorland Street North 64.9 4.6 67.4 4.5 

Westmorland Street South 105.8 10.7 110.3 8.5 

York Street North 81.8 9.7 69.3 9.1 

York Street South 93.6 8.1 87.9 19.2 

Carleton Street North 75.9 14.1 86.0 12.5 

Carleton Street South 66.0 7.9 65.6 7.4 

Regent Street North 67.1 4.7 73.3 8.4 

Regent Street South 83.1 5.9 77.1 5.8 

9.1.4. Average Queue Length 
The average queue length measures the average number of vehicles in a queue at an 
intersection during a specific time period. Analyzing the average queue length provides an 
indication of how greatly traffic conditions will change at an intersection due to a restriction 
against RTOR. The average queue length for all approaches at an intersection can be seen in 
Table  9:5. Appendix F contains more detailed data with each approach’s queue length.   
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Table  9:5: Average queue length 

 Morning peak hour Afternoon peak hour 

Intersection:  
Average 

queue length 
(veh) 

Std. 
Average 

queue length 
(veh) 

Std. 

Queen-Westmorland 13.5 1.9 12.2 1.2 

Queen-York 2.4 0.7 6.0 1.2 

Queen-Carleton 2.9 0.6 2.1 0.5 

Queen-Regent 9.2 1.0 5.2 0.8 

King-Westmorland 5.0 1.4 14.3 5.8 

King-York 4.5 1.2 5.4 2.3 

King-Carleton 5.9 1.4 5.1 1.2 

King-Regent 11.0 2.2 10.7 2.3 

Brunswick-Westmorland 7.8 1.5 10.9 3.1 

Brunswick-York 12.3 1.9 7.9 2.0 

Brunswick-Carleton 1.5 0.4 2.5 0.5 

Brunswick-Regent 7.8 1.4 12.7 2.2 

9.2. Simulation Results from Scenario 1 
Scenario 1 investigates a restriction against RTOR for all intersections in the downtown area. 
In this scenario, both the effects on the entire network and the effects on individual 
intersections were analyzed. 

9.2.1. Entire Network 
The average link in the network was examined to analyze the effects on the entire network 
when implementing a restriction against RTOR. By studying the average link, it is possible to 
analyze the effects on the network as a whole, and not only on the links with the implemented 
restriction. Table  9:6 shows the results from Scenario 1 together with the values from the base 
model.  

Table  9:6:  Average simulation results from scenario 1 

 
Control delay  

(sec) 
Throughput  

(veh) 
Link travel time  

(sec) 
Queue length  

(sec) 

 
Morning: 

Base 
model 

Scenario 
1 

Base 
model 

Scenario 
1 

Base 
model 

Scenario 
1 

Base 
model 

Scenario 
1 

AVG Link 16.4 17.8 536.3 536.1 31.3 32.7 2.2 2.3 

Std. 2.3 2.7 25.8 25.6 2.2 2.3 0.4 0.4 

Conf. Int. 0.8 0.9 8.6 8.5 0.7 0.8 0.1 0.1 

Lower Endpoint 15.6 16.9 527.7 527.6 30.6 31.9 2.0 2.2 

Upper Endpoint 17.1 18.7 544.9 544.6 32.0 33.5 2.3 2.4 

Afternoon: 

AVG Link 18.4 22.7 524.3 520.3 33.5 38.5 2.5 2.8 

Std. 3.6 6.9 27.3 31.5 3.0 5.5 0.6 1.1 

Conf. Int. 1.2 2.3 9.1 10.4 1.0 1.8 0.2 0.4 

Lower Endpoint 17.2 20.4 515.3 509.8 32.5 36.7 2.3 2.4 

Upper Endpoint 19.6 25.0 533.4 530.7 34.5 40.3 2.7 3.2 
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Table  9:7 shows the average difference between Scenario 1 and the base model for the four 
different model outputs. In the table, it can be seen that the average control delay per vehicle, 
average link travel time, and average queue length all increase for the average link in the 
network (see AVG Link in the table). The average throughput shows a slight decline. 

Table  9:7: Average differences per vehicle between Scenario 1 and the base model 

 Morning peak hour Afternoon peak hour 

Control delay per vehicle (sec) 1.5 4.3 

Throughput (veh) -0.2 -4.1 

Link travel time (sec) 1.4 5.0 

Queue length (veh) 0.2 0.3 

 

The significant difference between the two data sets was studied with a t-test. The test showed 
that for the morning peak hour the changes are significant for the average control delay and 
link travel time. For the afternoon peak hour, there is a significant change in all model outputs 
except the average queue length. The confidence interval was also analyzed for the scenario to 
determine how much the two data sets differ from each other. Figure  9:2 shows the 
confidence intervals for the four parameters during both the morning and afternoon peak 
hours.   

 

Figure  9:2: Confidence interval for the four model outputs 

9.2.2. Individual Intersections in the Network 
Each intersection in the network was analyzed individually to determine how a restriction 
against RTOR in the entire network could affect each intersection. The results for each of the 
model outputs selected as evaluation parameters were studied.    

9.2.2.1. Control Delay per Vehicle 
The average control delay and level-of-service at the different intersections were studied. The 
parameter values for the different intersections resulting from Scenario 1 can be seen in Table 
 9:8. See Appendix G for more detailed data.  
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Table  9:8: Average control delay per vehicle 

 Morning peak hour Afternoon peak hour 

Intersection: 
Control delay 
per vehicle 

(sec) 
Std. LOS 

Control delay 
per vehicle  

(sec) 
Std. LOS 

Queen-Westmorland 22.6 3.2 C 23.0 1.8 C 

Queen-York 12.4 2.4 B 20.8 3.8 C 

Queen-Carleton 16.8 5.6 B 16.0 2.5 B 

Queen-Regent 18.2 1.5 B 14.6 1.3 B 

King-Westmorland 19.5 2.8 B 46.4 15.4 D 

King-York 13.8 2.1 B 27.4 22.5 C 

King-Carleton 24.9 3.8 C 25.0 8.2 C 

King-Regent 18.2 2.9 B 18.0 2.9 B 

Brunswick-Westmorland 19.0 1.9 B 21.5 3.7 C 

Brunswick-York 26.1 3.1 C 25.0 15.7 C 

Brunswick-Carleton 8.0 1.5 A 14.6 2.4 B 

Brunswick-Regent 14.7 1.7 B 19.8 2.3 B 

 

The average control delay per vehicle for each intersection increases when implementing a 
general restriction against RTOR in the network (see Table  9:9). Due to changes in control 
delay, the level-of-service also alters at a number of intersections. The afternoon peak hour 
experiences the greatest change in level-of-service.   

Table  9:9: Differences in average control delay between Scenario 1 and the base model 

 Morning peak hour Afternoon peak hour 

Intersection: 
Difference from 

base model (sec) 
Change in LOS 

Difference from 
base model (sec) 

Change in LOS 

Queen-Westmorland 0.7 C to C 0.1 C to C 

Queen-York 2.6 A to B 3.0 B to C 

Queen-Carleton 3.0 B to B 3.0 B to B 

Queen-Regent 0.3 B to B 0.4 B to B 

King-Westmorland 1.4 B to B 16.2 C to D 

King-York 0.3 B to B 12.3 B to C 

King-Carleton 3.6 C to C 4.3 C to C 

King-Regent 1.6 B to B 1.2 B to B 

Brunswick-Westmorland 0.8 B to B -0.3 C to C 

Brunswick-York 2.9 C to C 9.7 B to C 

Brunswick-Carleton -0.1 A to A 0.2 B to B 

Brunswick-Regent 0.6 B to B 1.3 B to B 

 

When analyzing the results, it is seen that the change in average control delay is not 
significant for all intersections in the network. According to a t-test, the following 
intersections are not showing significant changes in the mean values when implementing a 
restriction against RTOR: 
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̇ The Queen-Westmorland intersection (morning and afternoon) 
̇ The Queen-Regent intersection (morning and afternoon) 
̇ The King-York intersection (morning) 
̇ The Brunswick-Westmorland intersection (afternoon) 
̇ The Brunswick-Carleton intersection (morning and afternoon) 
̇ The Brunswick-Regent intersection (morning) 

For these intersections a restriction against RTOR can be implemented without causing a 
change in the average control delay.  

9.2.2.2. Throughput  
The resulting hourly throughput from Scenario 1 can be seen in Table  9:10. The table shows 
the total of throughput for all links leading into the specified intersection.  

Table  9:10: Average throughput 

 Morning peak hour Afternoon peak hour 

Intersection: 
Throughput 

(veh) Std. 
Difference 
from base 

model 

Throughput 
(veh) Std. 

Difference 
from base 

model 
Queen-Westmorland 2514.6 77.0 2.3 2286.6 95.9 18.7 

Queen-York 938.5 81.5 -0.2 1178.3 110.7 15.5 

Queen-Carleton 748.0 68.3 0.2 695.6 69.3 1.0 

Queen-Regent 2295.9 47.5 -1.6 2583.5 66.3 4.1 

King-Westmorland 2247.9 75.2 3.2 1831.2 93.0 22.0 

King-York 1224.3 114.1 0.6 1351.8 167.2 27.3 

King-Carleton 1016.0 102.8 0.3 938.9 104.1 7.1 

King-Regent 2220.0 100.5 -1.6 2211.6 99.8 8.1 

Brunswick-Westmorland 2134.2 51.9 -0.4 1719.3 59.5 1.9 

Brunswick-York 1903.9 76.5 0.9 1625.5 167.4 32.0 

Brunswick-Carleton 1391.6 73.9 1.3 1134.0 77.2 9.1 

Brunswick-Regent 2263.1 100.0 1.8 2348.0 97.3 10.2 

 

When analyzing the results it is seen that the change in throughput is not significant for all 
intersections in the network. According to a t-test, there is no significant change for any of the 
intersections during the morning peak hour. For the afternoon peak hour, the following 
intersections do not show a significant change in the mean value when implementing a 
restriction against RTOR: 

̇ The Queen-Carleton intersection 
̇ The Queen-Regent intersection 
̇ The King-Carleton intersection 
̇ The King-Regent intersection 
̇ The Brunswick-Westmorland intersection 
̇ The Brunswick-York intersection 

See Appendix H for more detailed throughput data for each separate approach.     
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9.2.2.3. Link Travel Time 
The resulting average link travel times per vehicle for the different streets in the network are 
presented in Table  9:11. The table shows the total of all link travel times on each specified 
street.  

Table  9:11: Average link travel time 

 Morning peak hour Afternoon peak hour 

Street: 
Link travel 
time (sec) Std. 

Difference from 
base model 

Link travel 
time (sec) Std. 

Difference from 
base model 

Queen Street 160.8 11.1 1.4 152.5 10.7 0.3 

King Street East 121.7 12.1 5.8 256.8 92.3 82.2 

King Street West 165.4 13.5 7.0 166.2 15.6 7.5 

Brunswick Street West 123.5 5.6 1.8 146.6 16.0 4.6 

Westmorland Street North 66.2 4.3 1.3 69.5 3.9 2.1 

Westmorland Street South 110.7 10.7 4.8 109.3 7.9 -1.0 

York Street North 86.9 9.7 5.2 91.5 34.7 22.2 

York Street South 101.0 8.7 7.4 138.5 83.5 50.6 

Carleton Street North 85.7 17.1 9.8 99.6 14.2 13.6 

Carleton Street South 74.0 6.8 8.0 69.3 10.9 3.7 

Regent Street North 69.2 5.6 2.1 74.7 8.7 1.4 

Regent Street South 85.6 6.0 2.5 77.4 5.4 0.3 

 

Results indicate that the change in link travel time is not significant for all streets in the 
network. According to a t-test, the following streets do not show significant change when 
implementing a restriction against RTOR: 

̇ East direction of Queen Street (morning and afternoon) 
̇ South direction of Westmorland Street (afternoon) 
̇ Both directions of Regent Street (afternoon) 

See Appendix I for more detailed link travel time data for each separate link in the network.      

9.2.2.4. Average Queue Length 
The average queue length for the different intersections is found in Table  9:12. The table 
shows the total of the queue lengths for each of the different approaches to the specified 
intersection.  
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Table  9:12: Average queue lengths 

 Morning peak hour Afternoon peak hour 

Intersection: 
Average queue 

length (veh) Std. 
Difference from 

base model 
Average queue 

length (veh) Std. 
Difference from 

base model 
Queen-Westmorland 14.3 2.1 0.9 10.8 1.3 -1.3 

Queen-York 2.8 0.7 0.4 4.5 1.8 -1.5 

Queen-Carleton 3.0 0.6 0.1 1.5 0.5 -0.6 

Queen-Regent 9.4 1.0 0.3 4.4 0.7 -0.8 

King-Westmorland 5.4 1.4 0.3 23.0 8.5 8.7 

King-York 4.6 1.2 0.1 10.1 10.9 4.7 

King-Carleton 6.8 1.8 0.9 5.2 2.5 0.1 

King-Regent 11.9 2.6 0.9 8.9 1.7 -1.8 

Brunswick-Westmorland 7.9 1.4 0.1 10.3 2.6 -0.6 

Brunswick-York 13.7 2.0 1.5 11.4 6.8 3.5 

Brunswick-Carleton 1.6 0.4 0.1 1.8 0.5 -0.6 

Brunswick-Regent 8.1 1.5 0.3 13.1 2.3 0.4 

 

When analyzing the results, it is seen that the change in queue length is not significant for all 
intersections in the network. According to a t-test, the following intersections do not show a 
significant change when implementing a restriction against RTOR: 

̇ The Queen-Carleton intersection (morning and afternoon) 
̇ The Queen-Regent intersection (morning and afternoon) 
̇ The King-Westmorland intersection (morning) 
̇ The King-York intersection (morning) 
̇ The Brunswick-Westmorland intersection (morning and afternoon) 
̇ The Brunswick-Carleton intersection (morning and afternoon) 
̇ The Brunswick-Regent intersection (morning and afternoon)  

See Appendix J for more detailed queue length data for each separate link in the network.        

9.3. Simulation Result from Scenario 2 
Each individual intersection in the network was analyzed in scenario 2 and the changes in 
traffic conditions were evaluated. Three model outputs were used for evaluating the results, 
the average control delay per vehicle, link travel time per vehicle, and queue length. Only the 
approaches at an intersection where a right-turn is allowed at a signal controller were 
analyzed.     

9.3.1. Morning Peak Hour 
During the morning peak hour, the three model outputs change for a number of intersections 
in the network. Several intersections change significantly due to the restriction against RTOR, 
while others show no significant change. Table  9:13 presents the average control delay for 
each approach analyzed in the network, together with the increase in seconds from the base 
model. Figure  9:3 shows the average control delay per vehicle for each approach, together 
with the confidence interval.  



9. Simulation Results  

69 
 

Table  9:13: Average control delay for each approach during the morning peak hour  

 North approach East approach South approach West approach 

Intersection: 
AVG  
(sec) Std. 

Increase 
(sec) 

AVG  
(sec) Std. 

Increase 
(sec) 

AVG  
(sec) Std. 

Increase 
(sec) 

AVG  
(sec) Std. 

Increase 
(sec) 

Queen-Westmorland 21.4 1.7 1.3 - - - - - - - - - 

Queen-York 18.2 3.3 6.0 9.3 1.8 1.6 - - - - - - 

Queen-Carleton 20.1 11.0 8.8 13.4 1.2 0.4 - - - - - - 

Queen-Regent 16.3 0.8 0.7 - - - - - - - - - 

King-Westmorland 1.7 0.7 0.1 16.0 3.2 1.6 34.3 4.4 0.8 24.2 3.3 1.4 

King-York 20.5 3.3 0.2 5.8 1.7 0.2 18.6 1.5 1.1 11.8 2.0 1.1 

King-Carleton 24.2 3.9 1.8 16.9 4.2 1.6 34.0 2.8 7.9 24.2 3.8 3.0 

King-Regent 16.2 3.2 1.1 20.0 1.6 0.6 20.9 3.0 1.3 14.1 2.9 1.6 

Brunswick-Westmorland - - - - - - 27.0 2.7 2.3 24.5 1.3 0.1 

Brunswick-York - - - - - - 41.9 4.5 8.3 18.1 1.4 0.7 

Brunswick-Carleton - - - - - - - - - - - - 

Brunswick-Regent - - - - - - 25.5 1.6 0.7 14.7 2.3 1.2 

 

 

Figure  9:3: Average control delay and confidence interval for each approach during the morning peak hour 

During the morning peak hour, there are a number of approaches that do not change 
significantly due to the implemented restriction against RTOR. They include the following: 

̇ The east approach of the Queen-Carleton intersection 
̇ The north and south approaches of the King-Westmorland intersection 
̇ The north and east approaches of the King-York intersection 
̇ The east approach of the King-Regent intersection 
̇ The west approach of the Brunswick-Westmorland intersection 
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Due to the increased average control delay per vehicle at certain intersections, the level-of-
service also changes for a few approaches. Those experiencing such change during the 
morning peak hour are the following: 

̇ North approach of the Queen-Carleton  
̇ South approach of the Brunswick-York intersection  

The increase in the average control delay varies between different approaches in the network. 
Figure  9:4 shows the increase from the base model for each approach in the network that 
currently allows RTOR. In the figure, it can be seen that there are three approaches where 
traffic conditions change more than others. One of these approaches, the north approach of the 
Queen-Carleton intersection, has a relatively high standard deviation due to the very low 
traffic volumes during the morning peak hour. As a result of the high standard deviation, it is 
difficult to determine with certainty how much the actual traffic conditions will change at this 
approach. The three approaches with the highest increase in control delay all have one feature 
in common: a relatively high percentage of right-turning vehicles. 

 

Figure  9:4: Increase in average control delay per vehicle when implementing a restriction against RTOR 

The average link travel time and queue length also change for a number of approaches when 
implementing a restriction against RTOR. The average link travel times increase by 
approximately the same values as the average control delays. The approaches that do not 
show a significant change in average control delay also show no significant change in average 
link travel time. For the average queue length, there are only four approaches that increase 
significantly when implementing a restriction against RTOR. They are as follows: 

̇ North approach of the Queen-Westmorland intersection (0.9 vehicles increase) 
̇ North approach of the Queen-York intersection (0.2 vehicles increase) 
̇ South approach of the King-Carleton intersection (0.3 vehicles increase) 
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̇ South approach of the Brunswick-York intersection (1.2 vehicles increase) 

9.3.2. Afternoon Peak Hour 
The traffic pattern in the network differs between the morning and afternoon peak hours. This 
is specifically seen in the number of vehicles traveling in the network and the pedestrian 
volumes. As a result of the different traffic pattern, a restriction against RTOR during the 
afternoon peak hour will affect traffic conditions in a different way compared to the morning 
peak hour. Shown in Table  9:14 are the average control delays for each analyzed approach, 
together with the increases from the base model. Figure  9:5 shows the average control delay 
per vehicle for each approach, together with the confidence interval.  

Table  9:14: Average control delay for each approach during the afternoon peak hour 

 North approach East approach South approach West approach 

Intersection: AVG  
(sec) 

Std. Increase 
(sec) 

AVG  
(sec) 

Std. Increase 
(sec) 

AVG  
(sec) 

Std. Increase 
(sec) 

AVG  
(sec) 

Std. Increase 
(sec) 

Queen-Westmorland 20.3 1.2 1.5 - - - - - - - - - 

Queen-York 24.0 2.7 8.8 14.0 2.0 0.5 - - - - - - 

Queen-Carleton 20.1 3.1 8.8 6.8 1.2 0.4 - - - - - - 

Queen-Regent 14.0 0.9 0.7 - - - - - - - - - 

King-Westmorland 4.3 1.3 0.0 117.0 51.8 63.2 36.0 4.7 0.0 28.9 5.1 2.8 

King-York 17.9 4.6 1.3 20.4 3.8 0.3 9.6 5.7 0.7 15.7 2.1 1.0 

King-Carleton 27.9 5.0 4.0 26.4 4.3 2.3 26.8 3.9 4.0 15.5 3.6 3.1 

King-Regent 18.2 5.0 0.1 19.6 1.6 2.0 16.0 1.7 0.0 17.5 2.5 1.6 

Brunswick-Westmorland - - - - - - 20.5 1.8 0.5 37.8 8.9 0.2 

Brunswick-York - - - - - - 23.2 3.7 1.2 17.8 1.5 1.1 

Brunswick-Carleton - - - - - - - - - - - - 

Brunswick-Regent - - - - - - 25.6 2.2 0.0 20.6 2.6 3.4 
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Figure  9:5: Average control delay and confidence interval for each approach during the afternoon peak hour 

During the afternoon peak hour, there are a number of approaches that do not change 
significantly due to the implemented restriction against RTOR. They include the following: 

̇ The east approach of the Queen-York intersection 
̇ The east approach of the Queen-Carleton intersection 
̇ The north and south approaches of the King-Westmorland intersection 
̇ The east and south approaches of the King-York intersection 
̇ The north and south approaches of the King-Carleton intersection 
̇ The south and west approaches of the Brunswick-Westmorland intersection 
̇ The south approach of the Brunswick-Regent intersection 

Due to the increased average control delay per vehicle at certain intersections, the level-of-
service also changes for a number of approaches under the implemented restriction. The 
approaches that experience such change in the level-of-service are the following: 

̇ North approach of the Queen-Carleton intersection  
̇ North approach of the Queen-York intersection  
̇ East approach of the King-Westmorland intersection  
̇ West approach of the King-Westmorland intersection  

The increase in average control delay varies between different approaches in the network. 
Figure  9:6 shows the increase from the base model for each analyzed approach. The figure 
illustrates that east approach of the King-Westmorland intersection experiences a very high 
increase in average control delay. There are two main reasons why traffic conditions change 
so greatly at this approach. The main reason is that this approach has a large number of right-
turning vehicles during the afternoon peak hour. When RTOR is no longer allowed, the red 
duration of the cycle is no longer available for right-turns which further results in increased 
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delays, travel times, and queues. The second reason for the large increase is the relatively high 
standard deviation at this approach. The results between the different runs vary to a large 
degree which results in a large confidence interval.   

 

Figure  9:6: Increase in the average control delay per vehicle when implementing a restriction against RTOR 

Average link travel times and queue lengths both change for a number of approaches when 
implementing a restriction against RTOR at each individual intersection. Average link travel 
times increase significantly for the same approaches as did the average control delay and with 
similar values. Average queue length only increases significantly for four different 
approaches during the afternoon peak hour. The following approaches show a significant 
change in the average queue length: 

̇ North approach of the Queen-York intersection (0.6 vehicles increase) 
̇ East approach of the King-Westmorland intersection (6.8 vehicles increase) 
̇ West approach of the King-Carleton approach (0.4 vehicles increase) 
̇ West approach of the Brunswick-Regent intersection (1 vehicle increase) 

In Appendix K are the average link travel times and queue lengths shown for both the 
morning and afternoon peak hours.  

9.4. Simulation Result from Scenario 3 
In scenario 3, a restriction against RTOR was implemented only at the intersections in the 
network with the highest pedestrian volumes. The effects of the implementation were studied 
for both the entire network and for each separate intersection. The restriction was 
implemented at five intersections, all of which are located in the middle of the network.    
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9.4.1. Entire Network 
As in scenario 1, the average link was studied when analyzing the change in traffic conditions 
for the entire network. The results from the scenario are seen in Table  9:15. The table 
summarizes the average values for control delay per vehicle, link travel time, throughput, and 
queue length for the average link in the network.  

Table  9:15: Average simulation results from Scenario 3 

 Control delay per vehicle 
(sec) 

Throughput  
(veh) 

Link travel time  
(sec) 

Queue length  
(veh) 

Morning: Base Model Scenario 3 Base Model Scenario 3 Base Model Scenario 3 Base Model Scenario 3 

AVG Link 16.4 17.7 536.3 536.2 31.3 32.3 2.2 2.3 

Std. 2.3 2.7 25.8 25.9 2.2 2.7 0.4 0.4 

Conf. Int. 0.8 0.9 8.6 8.6 0.7 0.9 0.1 0.1 

Lower Endpoint 15.6 16.8 527.7 527.7 25.8 31.4 2.0 2.2 

Upper Endpoint 17.1 18.6 544.9 544.8 27.2 33.2 2.3 2.4 

Afternoon: 

AVG Link 18.4 19.9 524.4 524.4 33.5 34.3 2.5 2.2 

Std. 3.6 3.9 27.3 27.5 3.0 4.1 0.6 0.5 

Conf. Int. 1.2 1.3 9.1 9.1 1.0 1.3 0.2 0.2 

Lower Endpoint 17.2 18.6 515.3 515.3 26.8 33.0 2.3 2.0 

Upper Endpoint 19.6 21.2 533.4 533.6 28.8 35.7 2.7 2.3 

 

The four model outputs change according to Table 9:16 when implementing a restriction 
against RTOR. A t-test showed there is a significant increase in the results for both the 
morning and afternoon peak hours for the two model outputs, average control delay per 
vehicle and average link travel time. For the average throughput and the average queue 
length, the change is not significant for either of the peak hours. Due to this fact, it is not 
possible to assume that a restriction against RTOR will affect these two model outputs.  

Table  9:16: Average differences between Scenario 1 and the base model 

 Morning peak hour Afternoon peak hour 

Control delay per vehicle (sec) 1.3 1.5 

Throughput (veh) -0.1 0.1 

Link travel time (sec) 1.0 0.8 

Average queue length (veh) 0.2 -0.3 

9.4.2. Individual Intersections in the Network 
Each individual intersection was also studied in this scenario. The results for each of the four 
model outputs were analyzed to evaluate the effect on each separate intersection when 
implementing a restriction against RTOR.  

9.4.2.1. Control Delay per Vehicle 
The resulting average control delay per vehicle for the five intersections studied in this 
scenario can be seen in Table  9:17. The table shows the average control delay per vehicle, 
standard deviation, and level-of-service for each intersection. 
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Table  9:17: Average control delay per vehicle 

 Morning peak hour Afternoon peak hour 

Intersection: 
Control delay 
per vehicle 

(sec) 
Std. LOS 

Control delay 
per vehicle 

(sec) 
Std. LOS 

Queen-York 12.4 2.3 B 20.3 2.7 C 

Queen-Carleton 16.9 5.5 B 15.8 2.6 B 

King-York 13.8 2.3 B 15.7 4.8 B 

King-Carleton 24.8 3.6 C 24.0 4.1 C 

Brunswick-York 26.1 3.1 C 16.3 3.3 B 

 

The changes in average control delay are significant for all intersections except King-York. 
The control delay per vehicle increases according to Table  9:18 when introducing a restriction 
against RTOR. As a result of the increased control delay, the level-of-service is also affected 
at the Queen-York intersection.  

Table  9:18: Differences in average control delay between scenario 1 and the base model 

 Morning peak hour Afternoon peak hour 

Intersection: Difference 
Change in 

LOS Difference 
Change in 

LOS 
Queen-York 2.6 A to B 2.6 B to C 

Queen-Carleton 3.1 B to B 2.8 B to B 

King-York 0.3 B to B 0.6 B to B 

King-Carleton 3.5 C to C 3.2 C to C 

Brunswick-York 2.9 C to C 1.0 B to B 

Appendix L contains the average control delay per vehicle for each approach in the network. 

9.4.2.2. Throughput 
There is no significant change in the average throughput for any of the links studied in this 
scenario when implementing a restriction against RTOR. The change in throughput is almost 
negligible for all links, and the t-test confirms that there is no significant change at any of the 
intersections. Appendix M contains the average throughput for each separate approach in the 
network. 

9.4.2.3. Link Travel Time 
The resulting average link travel times for scenario 3 are found in Table  9:19. The table shows 
the total of all link travel times for the specified street together with the changes in link travel 
times from current traffic conditions when implementing a restriction against RTOR.  
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Table  9:19: Average link travel times 

 Morning peak hour Afternoon peak hour 

Street: 
Link travel 
time (sec) Std. 

Difference from 
base model 

Link travel 
time (sec) Std. 

Difference from 
base model 

Queen Street, east direction 161.3 10.8 2.0 151.7 10.2 -0.6 

King Street, east direction 119.0 10.9 3.2 178.7 41.8 4.0 

King Street, west direction 162.8 13.3 4.3 162.4 13.3 3.7 

Brunswick Street, west direction 122.0 5.5 0.3 143.1 14.4 1.1 

York Street, north direction 87.3 9.6 5.5 77.8 8.0 8.5 

York Street, south direction 100.9 8.6 7.3 88.7 17.7 0.9 

Carleton Street, north direction 86.3 17.2 10.4 99.1 12.5 13.1 

Carleton Street, south direction 73.8 6.8 7.8 68.7 7.5 3.1 

 

The increase in link travel times is significant for all streets except the following:  

̇ East direction of Queen Street (morning) 
̇ West direction of Brunswick Street (morning and afternoon) 
̇ South direction of York Street (afternoon) 

Appendix N contains the average link travel times for each separate approach in the network.  

9.4.2.4. Average Queue Length  
The average queue length increases when implementing a restriction against RTOR at five 
intersections as evidenced in Table  9:20.  

Table  9:20: Average queue length 

 Morning peak hour Afternoon peak hour 

Intersection: 

Average 
queue 
length 
(veh) 

Std. 
Difference from 

base model 
(veh) 

Average 
queue 
length 
(veh) 

Std. 
Difference from 

base model 
(veh) 

Queen-York 2.8 0.7 0.4 4.1 0.8 -1.9 

Queen-Carleton 3.0 0.6 0.1 1.5 0.4 -0.7 

King-York 4.6 1.2 0.1 4.9 2.2 -0.5 

King-Carleton 6.7 1.6 0.8 4.9 1.0 -0.3 

Brunswick-York 13.7 2.1 1.4 7.1 1.9 -0.8 

 

The change in average queue length is significant for all intersections except the following:  

̇ The Queen-Carleton intersection (morning) 
̇ The King-York intersection (morning and afternoon) 
̇ The King-Carleton intersection (afternoon) 

Appendix O contains average queue length data for each separate approach in the network. 
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9.5. Simulation Result from Scenario 4 
In scenario 4, left turns were prohibited for the north and south approaches of the King-
Regent intersection. The purpose of the scenario was to study the effects of the left-turn 
restriction only at Regent Street intersections.  

9.5.1. Control Delay per Vehicle 
The resulting average control delays when prohibiting left turns is summarized in Table  9:21. 
The table also shows the resulting level-of-service at the different intersections on Regent 
Street.   

Table  9:21: Average control delays per vehicle 

 Morning peak hour Afternoon peak hour 

Approach: 
Control delay 
per vehicle 

(sec) 
Std. LOS 

Control delay 
per vehicle 

(sec) 
Std. LOS 

Queen-Regent, north approach 15.3 0.8 B 13.3 1.0 B 

Queen-Regent, south approach 9.3 1.7 A 5.1 1.1 A 

King-Regent, north approach 10.5 1.5 B 10.5 1.4 B 

King-Regent, south approach 16.7 1.9 B 14.5 1.3 B 

Brunswick-Regent, north approach 13.0 3.2 B 15.3 2.5 B 

Brunswick-Regent, south approach 25.0 2.2 C 25.7 2.6 C 

 

The simulation reveals that the average control delays per vehicle when prohibiting left turns 
change from the current control delays according to Table  9:22.  

Table  9:22: Differences in average control delay between scenario 4 and the base model 

 Morning peak hour Afternoon peak hour 

Approach: Difference Change in LOS Difference Change in LOS 

Queen-Regent, north approach -0.3 B to B 0.1 B to B 

Queen-Regent, south approach 1.4 A to A 0.6 A to A 

King-Regent, north approach -4.6 B to B -7.6 B to B 

King-Regent, south approach -2.8 B to B -1.4 B to B 

Brunswick-Regent, north approach 9.0 A to B 2.5 B to B 

Brunswick-Regent, south approach 0.2 C to C 0.1 C to C 

 

The change in average control delay per vehicle when prohibiting left turns is significant for 
all approaches except the following:  

̇ North approach of the Queen-Regent intersection (morning and afternoon) 
̇ South approach of the Brunswick-Regent intersection (morning and afternoon) 

9.5.2. Throughput 
The throughput changes according to Table  9:23 when left turns are prohibited at the King-
Regent intersection.  
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Table  9:23: Average throughputs 

 Morning peak hour Afternoon peak hour 

Link: Throughput 
(veh) 

Std. 
Difference 
from base 

model 

Throughput 
(veh) 

Std. 
Difference 
from base 

model 
Queen-Regent, north link 1080.9 9.6 0.1 408.5 6.4 0.1 

Queen-Regent, south link 542.7 30.5 65.8 1295.0 49.6 78.3 

King-Regent, north link 1010.3 26.2 0.7 435.7 19.4 -1.8 

King-Regent, south link 540.4 27.9 0.7 1056.4 39.0 -2.3 

Brunswick-Regent, north link 1030.1 31.9 267.1 529.9 29.8 48.6 

Brunswick-Regent, south link 434.1 8.0 -0.3 769.4 10.7 -0.1 

 

When prohibiting left turns, the throughput only changes significantly for two of the 
approaches: the south approach of the Queen-Regent intersection and the north approach of 
the Brunswick-Regent intersection. These results are expected since the left-turning vehicles 
arriving from the south and north approaches were coded in the model to drive straight 
through the King-Regent intersection instead of turning left.  

9.5.3. Link Travel Time 
The resulting average link travel times when prohibiting left turns can be seen in Table  9:24. 
The table also shows how much link travel times change from current traffic conditions when 
prohibiting left turns. 

Table  9:24: Average link travel time 

 Morning peak hour Afternoon peak hour 

Link: 
Travel 
Time 
(sec) 

Std. 
Difference 
from base 

model (sec) 

Travel 
Time 
(sec) 

Std. 
Difference 
from base 

model (sec) 
Queen-Regent, north link 22.6 0.9 -0.2 19.5 0.9 0.01 

Queen-Regent, south link 22.3 1.9 1.8 18.0 1.3 0.9 

King-Regent, north link 24.7 1.5 -5.0 22.9 1.4 -7.7 

King-Regent, south link 27.2 2.1 -2.9 24.9 1.4 -1.7 

Brunswick-Regent, north link 24.6 3.6 10.0 25.9 2.6 2.7 

Brunswick-Regent, south link 32.9 2.2 0.4 33.4 3.1 0.04 

 

The changes in the average link travel times, when prohibiting left turns, are significant for all 
approaches except the following: 

̇ North link of the Queen-Regent intersection (morning and afternoon) 
̇ South link of the Brunswick-Regent intersection (morning and afternoon)  

9.5.4. Average Queue Length 
The average queue length when prohibiting left turns at the King-Regent intersection changes 
according to Table  9:25.  
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Table  9:25: Average queue length 

 Morning peak hour Afternoon peak hour 

Approach: 

Average 
queue 
length 
(veh) 

Std. 
Difference 
from base 

model 

Average 
queue 
length 
(veh) 

Std. 
Difference 
from base 

model 

Queen-Regent, north approach 4.6 0.4 0.0 1.4 0.2 0.0 

Queen-Regent, south approach 1.5 0.4 0.4 1.9 0.5 0.3 

King-Regent, north approach 3.4 0.6 -1.6 1.3 0.2 -1.0 

King-Regent, south approach 2.6 0.3 -0.5 4.5 0.5 -0.5 

Brunswick-Regent, north approach 4.1 1.2 3.2 2.3 0.6 0.6 

Brunswick-Regent, south approach 3.1 0.3 0.1 5.8 0.6 0.0 

 

The change in the average queue length when prohibiting left turns is significant for all 
approaches except the following: 

̇ North link of the Queen-Regent intersection (morning and afternoon) 
̇ South link of the Brunswick-Regent intersection (morning and afternoon)  

9.6. Simulation Result from Scenario 5 
Scenario 5 analyzes the effects on traffic conditions when prohibiting both left turns at the 
north and south approaches of the King-Regent intersection, and restricting RTOR at all 
intersections on Regent Street.  

9.6.1. Control Delay per Vehicle 
The simulation shows that the average control delay per vehicle when implementing the two 
restrictions changes according to Table  9:26.  

Table  9:26: Average control delay per vehicle 

 Morning peak hour Afternoon peak hour 

Approach: 
Control delay 
per vehicle  

(sec) 
Std. LOS 

Control delay 
per vehicle 

(sec) 
Std. LOS 

Queen-Regent, north approach 16.0 0.8 B 13.9 1.0 B 

Queen-Regent, south approach 9.4 1.8 A 5.4 1.1 A 

King-Regent, north approach 10.8 1.4 B 11.0 1.3 B 

King-Regent, south approach 18.1 2.0 B 14.7 1.3 B 

Brunswick-Regent, north approach 13.0 3.4 B 15.7 2.9 B 

Brunswick-Regent, south approach 25.6 1.8 C 25.6 2.3 C 
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The control delay per vehicle and the level-of-service change according to Table  9:27.  

Table  9:27: Differences in average control delay between scenario 5 and the base model 

 Morning peak hour Afternoon peak hour 

Approach: Difference 
Change 
in LOS Difference 

Change 
in LOS 

Queen-Regent, north approach 0.4 B to B 0.7 B to B 

Queen-Regent, south approach 1.5 A to A 0.8 A to A 

King-Regent, north approach -4.3 B to B -7.1 B to B 

King-Regent, south approach -1.4 B to B -1.2 B to B 

Brunswick-Regent, north approach 9.0 A to B 2.8 B to B 

Brunswick-Regent, south approach 0.8 C to C 0.0 C to C 

 

The changes in the average control delay when prohibiting left turns and RTOR are 
significant for all approaches except the following: 

̇ North link of the Queen-Regent intersection (morning and afternoon) 
̇ South link of the Brunswick-Regent intersection (morning and afternoon)  

9.6.2. Throughput 
The throughput changes according to Table  9:28 when left turns are being prohibited at the 
King-Regent intersection and RTOR are restricted at all intersections on Regent Street.  

Table  9:28: Average throughput 

 Morning peak hour Afternoon peak hour 

Link: 
Throughput  

(veh) Std. 
Difference from 

base model 
Throughput  

(veh) Std. 
Difference from 

base model 

Queen-Regent, north link 1081.0 9.5 0.2 408.7 6.2 0.3 

Queen-Regent, south link 542.9 30.5 66.0 1294.8 48.9 78.0 

King-Regent, north link 1010.3 26.4 0.7 436.0 18.8 -1.5 

King-Regent, south link 539.6 29.1 0.0 1056.5 38.2 -2.2 

Brunswick-Regent, north link 1028.5 32.3 265.5 530.9 29.9 49.6 

Brunswick-Regent, south link 434.4 7.8 -0.1 769.6 9.3 0.1 

  

The changes in the average throughput when prohibiting left turns and RTOR are significant 
for all approaches except the following: 

̇ North link of the Queen-Regent intersection (morning and afternoon) 
̇ South link of the Brunswick-Regent intersection (morning and afternoon)  
̇ South and north link of the King-Regent intersection (morning and afternoon) 

9.6.3. Link Travel Time 
The resulting average link travel times when prohibiting left turns and RTOR can be seen in 
Table  9:29. The table also shows how much the link travel time changes from current traffic 
conditions when prohibiting left turns. 
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Table  9:29: Average link travel time 

 Morning peak hour Afternoon peak hour 

Link: Travel time 
(sec) 

Std. Difference from 
base model 

Travel time 
(sec) 

Std. Difference from 
base model 

Queen-Regent, north link 23.2 0.8 0.4 20.2 0.9 0.7 

Queen-Regent, south link 22.4 1.9 1.8 18.2 1.3 1.1 

King-Regent, north link 24.9 1.4 -4.8 23.3 1.3 -7.3 

King-Regent, south link 28.6 2.1 -1.5 25.0 1.4 -1.6 

Brunswick-Regent, north link 24.7 3.7 10.1 26.2 3.0 2.9 

Brunswick-Regent, south link 33.5 1.8 1.1 33.4 2.7 0.0 

 

The changes in the average throughput when prohibiting left turns and RTOR are significant 
for all approaches except the south link of the Brunswick-Regent intersection (afternoon).  

9.6.4. Average Queue Length 
The average queue length changes when prohibiting left turns and RTOR according to Table 
 9:30.  

Table  9:30: Average queue lengths 

 Morning peak hour Afternoon peak hour 

Approach: 

Average 
queue 
length 
(veh) 

Std. 
Difference 
from base 

model 

Average 
queue 
length 
(veh) 

Std. 
Difference 
from base 

model 

Queen-Regent, north approach 4.8 0.4 0.1 1.5 0.2 0.1 

Queen-Regent, south approach 1.5 0.4 0.4 2.0 0.5 0.4 

King-Regent, north approach 3.5 0.6 -1.5 1.4 0.2 -0.9 

King-Regent, south approach 2.8 0.3 -0.3 4.6 0.5 -0.4 

Brunswick-Regent, north approach 4.1 1.3 3.2 2.4 0.6 0.6 

Brunswick-Regent, south approach 3.2 0.2 0.1 5.8 0.5 0.0 

 

The changes in the average throughput when prohibiting left turns and RTOR are significant 
for all approaches except the following: 

̇ North link of the Queen-Regent intersection (morning and afternoon) 
̇ South link of the Brunswick-Regent intersection (morning and afternoon)  
̇ South link of the King-Regent intersection (morning) 

Appendix P includes more detailed data from scenarios 4 and 5.  
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10. Implementing a Restriction against RTOR 
This chapter summarizes the simulation results for the three different scenarios and evaluates 
how the RTOR restriction will impact existing traffic conditions in downtown Fredericton. 
The chapter also evaluates how and where a restriction against RTOR is suitable to 
implement.   

10.1. The Impact on the Entire Network 
In the simulation study, a restriction against RTOR was implemented simultaneously at all 
eleven intersections. The purpose of investigating this type of restriction was to analyze the 
possibility of implementing a general restriction against RTOR for the whole area. The results 
from the simulation show that traffic conditions will change. The overall effects on vehicular 
traffic can be seen in Table  10:1. The largest impact is observed during the afternoon peak 
hour when both traffic and pedestrian volumes are higher. The change in throughput is not 
significant for either of the peak hours.  

Table  10:1: The percentage changes in the model outputs when restricting RTOR in the entire network (Scenario 1) 

 Morning Afternoon 

Control delay per vehicle (sec) 9.0% 23.3% 

Throughput (veh) -0.04% -0.8% 

Link travel time (sec) 4.5% 14.9% 

Average queue length (veh) 7.0% 12.4% 

 

The results from the simulation demonstrate that it is not suitable, from a driver's perspective, 
to implement a general restriction against RTOR in the network since the impact on vehicular 
traffic will be relatively high. If implemented, the restriction will result in increased delays, 
travel times and queue lengths.  

The pedestrian volumes vary between different intersections in the network. There are a 
number of intersections with a high volume of pedestrians which can further result in 
increased risk of collision between pedestrians and vehicles when an RTOR is performed. 
Due to this fact, a restriction against RTOR was only implemented at the intersections in the 
network with the highest pedestrian volumes. The overall affects on the network can be seen 
in Table  10:2. The overall impact in this scenario will be lower when compared to restricting 
RTOR at all intersections. The change in throughput is not significant for either of the peak 
hours.  

Table  10:2: The percentage change in model outputs when restricting RTOR (Scenario 3) 

 Morning Afternoon 

Control Delay Per Vehicle (sec) 8.1% 8.2% 

Throughput (veh) -0.01% 0.01% 

Travel Time (sec) 3.2% 2.4% 

Average Queue Length (veh) 7.2% 13.7% 
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To analyze the differences between Scenarios 1 and 3, one of the model outputs was further 
studied. The average link travel time in the network was analyzed and the results for each of 
the two scenarios can be seen in Table 10:3.    

Table  10:3: The increase in average travel times from the base model measured in seconds 

Morning peak hour Afternoon peak hour 

Street: Scenario 1 Scenario 3 Scenario 1 Scenario 3 

Queen Street, east direction - 2.0 - - 

King Street, east direction 5.8 3.2 82.2 4.0 

King Street, west direction 7.0 4.3 7.5 3.7 

Brunswick Street, west direction 1.8 - 4.6 - 

Westmorland Street, north direction 1.3 - 2.1 - 

Westmorland Street, south direction 4.8 - - - 

York Street, north direction 5.2 5.5 22.2 8.5 

York Street, south direction 7.4 7.3 50.6 - 

Carleton Street, north direction 9.8 10.4 13.6 13.1 

Carleton Street, south direction 8.0 7.8 3.7 3.1 

Regent Street, north direction 2.1 - - - 

Regent Street, south direction 2.5 - - - 

The table clearly demonstrates that a general restriction against RTOR (Scenario 1) will affect 
the travel times at certain streets more than in Scenario 3. By limiting the restriction against 
RTOR to only a few intersections, and thereby not including some of the intersections causing 
a large increase in travel times, the overall increase in travel times will be lower.  

10.2. The Impact on Individual Intersections and Approaches 
The results from the analysis of the first scenario, demonstrate the unsuitability of 
implementing a restriction against RTOR in the entire network. It was subsequently of interest 
to analyze each individual intersection and approach to determine the specific locations 
causing the large change in the overall traffic conditions. The simulation shows that traffic 
conditions change with different magnitude for different intersections in the network.  

A number of intersections are not affected by the restriction. The average control delay, link 
travel time, and queue length all stay the same for these intersections even with a restriction 
against RTOR. There are several intersections, however, that do change significantly. The 
intersections with the largest change were located. The King-Carleton intersection (morning 
peak hour), and the King-Westmorland intersection (afternoon peak hour) are seen to 
experience the largest change in the model outputs as a result of the implemented restriction 
against RTOR.   

Each approach in the network was studied individually in order to analyze how the traffic 
conditions at each individual approach change when implementing a restriction against 
RTOR. Table 10:4 and Table 10:5 show the changes in the model outputs for the different 
approaches that change significantly when implementing a restriction against RTOR.    
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Table  10:4: Intersections with a significant change in the model outputs during the morning peak hour 

 Control delay per 
vehicle (sec)  

Link travel time 
(sec)  

Average queue 
length (veh) 

Intersection: E N S W E N S W E N S W 

Queen-Westmorland - 1.3 - - - 1.5 - - - 0.9 - - 

Queen-York 1.6 6.0 - - 1.5 5.8 - - - 0.2 - - 

Queen-Carleton - 8.8 - - - 8.8 - - - - - - 

Queen-Regent - 0.7 - - - 0.7 - - - - - - 

King-Westmorland 1.6 - - 1.4 1.6 - - 1.2 - - - - 

King-York - - 1.1 1.1 - - 1.1 1.0 - - - - 

King-Carleton 1.6 1.8 7.9 3.0 1.5 1.9 7.6 2.9 - - 0.3 - 

King-Regent - 1.1 1.3 1.6 - 1.1 1.3 1.5 - - - - 

Brunswick-Westmorland - - 2.3 - - - 2.3 - - - - - 

Brunswick-York - - 8.3 0.7 - - 8.0 0.6 - - 1.2 - 

Brunswick-Carleton - - - - - - - - - - - - 

Brunswick-Regent - - 0.7 1.2 - - 0.7 1.2 - - - - 
 

Table  10:5: Intersections with a significant change in the model outputs during the afternoon peak hour 

 Control delay per 
vehicle (sec)  Link travel time (sec)  

Average queue 
length (sec) 

Intersection: E N S W E N S W E N S W 

Queen-Westmorland - 1.5 - - - 1.6 - - - - - - 

Queen-York - 8.8 - - - 9.0 - - - 0.6 - - 

Queen-Carleton - 8.8 - - - 8.7 - - - - - - 

Queen-Regent - 0.7 - - - 0.7 - - - - - - 

King-Westmorland 63.2 - - 2.8 65.6 - - 2.9 6.8 - - - 

King-York - 1.3 - 1.0 - 1.3 - 0.9 - - - - 

King-Carleton 2.3 4.0 4.0 3.1 2.2 3.9 3.7 2.7 - - - 0.4 

King-Regent 2.0 - - 1.6 1.8 - - 1.5 - - - - 

Brunswick-Westmorland - - - - - - - - - - - - 

Brunswick-York - - 1.2 1.1 - - - 1.1 - - - - 

Brunswick-Carleton - - - - - - - - - - - - 

Brunswick-Regent - - - 3.4 - - - 3.5 - - - 1.0 

 

Due to the increased average control delay per vehicle at certain intersections, the level-of-
service also changes for a number of approaches due to the implemented restriction. The 
approaches that experience such change in the level-of-service are as follows: 

̇ North approach of the Queen-Carleton intersection (morning and afternoon) 
̇ South approach of the Brunswick-York intersection (morning) 
̇ North approach of the Queen-York intersection (afternoon) 
̇ East approach of the King-Westmorland intersection (afternoon) 
̇ West approach of the King-Westmorland intersection (afternoon) 
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The analysis performed of the different approaches clearly demonstrates that there are a 
number of locations where it is not suitable to implement a restriction against RTOR. There 
are several approaches where the change in vehicular traffic with a restriction against RTOR 
would not benefit the overall traffic conditions in the downtown core.      

10.3. Intersections Suitable for a Restriction against RTOR 
Simulation results show that there are a few intersections in the network where it is suitable to 
implement a restriction against RTOR. There are several intersections with little or no 
significant change in the model outputs when restricting RTOR. For these intersections, a 
restriction will not cause an evident change in traffic conditions.  

If the goal is to implement a restriction only at those intersections in the network that have 
little or no increase in any of the model outputs, then a restriction against RTOR can only be 
implemented at the intersections highlighted in Figure  10:1. These four intersections all have 
less than a 10 % increase in any of the model outputs. Note that a 10 % increase in the model 
outputs is equivalent to an increase of less than two seconds in the average control delay and 
link travel time.  

 

Figure  10:1: Intersections where a restiction against RTOR can be implemented (Source: Map data @2012 Google)  

If the acceptable level of increase in the model outputs is changed to 15 %, there is one 
additional intersection, the King-Regent intersection, where a restriction against RTOR can be 
implemented. If a 20 % increase in model outputs is accepted, the Brunswick-Regent 
intersection can also be included.   
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11. Analytical Verification  
This chapter compares results obtained from one of the analytical methods with those 
obtained from the traffic simulation model. It also analyzes some of the factors which have 
influence on the number of RTOR performed at an intersection.  

The number of RTOR being performed at an intersection can highly affect traffic conditions 
at that intersection. When studying the change in traffic conditions due to RTOR, one 
parameter to investigate is the control delay per vehicle. There are several different factors 
that can influence the control delay at an intersection. For example, the traffic volumes, signal 
control plan, turning proportions, and number of RTOR. The number of RTOR at an 
intersection depends also on several different factors such as lane channelization (shared or 
exclusive lane), proportion of right-turning vehicles, duration of the red signal, and number of 
pedestrians. Some of these factors are examined further in this chapter.  

The number of RTOR at an intersection can be analyzed in a number of ways such as 
analytical method, field study, or traffic simulation software. In this chapter results from one 
of the analytical methods is compared with those obtained from the traffic simulation model 
with the purpose of verifying the results obtained from traffic simulations with those 
calculated from the analytical method.   

11.1. Analytical Method 
The number of RTOR at an intersection and the change in control delay that occurs differs 
between shared and exclusive lanes. At an intersection with an exclusive lane for right-turning 
vehicles, it will always be possible to perform an RTOR as long as there is sufficient gap in 
the traffic stream, and the exclusive lane is not blocked by vehicles in the other lane. As a 
result, the number of RTOR in an exclusive lane will always be higher than that in a shared 
lane, providing the same traffic conditions exist.  

When a shared lane exists at an intersection, it will only be possible to perform an RTOR 
when a non-right-turning vehicle is not blocking the shared lane. As soon as a non-right-
turning vehicle is first in the shared lane, the red duration of that cycle will no longer be 
available for RTOR. Consequently, the number of RTOR in a shared lane is limited, and 
depends on the percentage of right-turning vehicles in the lane.   

When an intersection consists of a shared lane for right-turning and non-right-turning 
vehicles, the right-turning proportion will highly affect the number of RTOR performed at the 
approach. The analytical equation used for calculating the number of RTOR during a time 
period consists of three main terms:  

1) The volume-to-capacity (v/c) ratio 
2) The average number of right-turning vehicles that will arrive before a non-right-

turning vehicle 
3) The number of cycles that will take place during an hour  
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The volume-to-capacity ratio affects the number of RTOR at an intersection. The highest 
volume-to-capacity ratio that can exist is one, which represents a constant demand of vehicles. 
A lower ratio results in a lower number of RTOR, while a higher ratio results in a higher 
number of RTOR.    

The percentage of right-turning vehicles in a shared lane affects the number of RTOR. The 
higher the proportion is, the more RTOR will take place. This relationship is illustrated in 
Table  11:1. The values in the table are based on a volume-to-capacity ratio of one (constant 
demand) and a cycle length of 100 seconds.  

Table  11:1: Number of possible RTOR for different percentage of right-turning vehicles in a shared lane 

Percentage of 
right-turning  
vehicles 

Expected number of right-turning 
vehicles per cycle, arriving before a 

non-right-turning vehicle 

Number of RTOR 
per hour with a 

constant demand 

10% 0.1 4.0 

20% 0.3 9.0 

30% 0.4 15.4 

40% 0.7 24.0 

50% 1.0 36.0 

60% 1.5 54.0 

70% 2.3 84.0 

80% 4.0 144.0 

90% 9.0 324.0 

 

The analytical method shows that the number of RTOR increases when the proportion of 
right-turning vehicles in a lane increases. The increase is almost exponential according to 
calculations. Figure  11:1 shows the number of RTOR for three different volume-to-capacity 
ratios. The volume-to-capacity term in the equation works as a scalar, and only affects the 
magnitude of the results seen in the figure.      

 

Figure  11:1: Number of RTOR for different turning proportions and different volume-to-capacity ratios 
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The analytical method used for determining the number of RTOR only considers how many 
RTOR it is technically possible to perform in a fixed time period. The method does not 
consider interaction with pedestrians and/or other vehicles. If, for example, the traffic stream 
from the left approach consists of a constant flow of vehicles, there will never be a sufficient 
gap in the traffic stream and the number of RTOR will be zero.  

The average control delay at an approach is affected by the number of RTOR. When a higher 
number of RTOR are observed, the average control delay at an intersection will decrease 
since vehicles are being discharged, not only during the green phase of a cycle, but also under 
the red phase of a cycle. Consequently, there will be fewer vehicles queuing at an approach 
which will result in a lower average control delay per vehicle. 

The control delay at an intersection can be calculated analytically. The Highway Capacity 
Manual calculates the average delay by separating the delay into three different components 
(see equation 20) (Qureshi & Han, 2001). 穴 噺 穴怠鶏繋 髪 穴態 髪 穴戴""""""""""岫にど岻 
Where: 穴 = the average delay at an intersection (sec) 穴怠 = uniform control delay component that assumes a uniform arrival of vehicles 穴態 = an incremental delay used for taking stochastic arrivals of vehicles and oversaturation 
into account 穴戴 = delay due to the initial queue at the beginning of the analysis period 鶏繋 = uniform delay progression factor  

The uniform delay,"穴怠, can be calculated with equation 21 (Qureshi & Han, 2001). 

穴怠 噺 ど┻の系 岾な 伐 訣系峇態な 伐 峙ŒÆº"岫な┸ 隙岻 訣系峩""""""""""岫にな岻 
Where: 系 = cycle length (sec) 訣 = effective green time (sec) 隙 = volume-to-capacity ratio 
The random delay, 穴態, can be calculated with equation 22 (Qureshi & Han, 2001). 

穴態 噺 ひどど劇 崛岫隙 伐 な岻 髪 俵岫隙 伐 な岻態 髪 ぱ倦荊隙潔劇 "崑""""""""""岫にに岻 
Where: 劇 = the duration in hour of the analysis period 
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倦 = delay adjustment factor based on the signal controller mode (0.5 for fixed-timed signals,         
less than 0.5 for actuated signals) 荊 = filtering adjustment factor (adjusts the effects of an upstream signal controller, 1 if the 
intersection is isolated, less than 1 otherwise) 潔 = capacity in the lane 

The third term in the delay equation, 穴戴, is only needed when vehicles arriving in an 
intersection will be delayed due to an already existing queue at the approach. When no initial 
queue exists, 穴戴 will be zero. (Qureshi & Han, 2001). The 穴怠"and 穴態 terms in equation 20 will 
both change when RTOR are allowed at an approach. Both terms contain the capacity which 
is known to increase when RTOR are allowed. An inverse relationship exists between 
capacity and control delay; when capacity increases, control delay decreases. The increased 
capacity due to RTOR needs to be considered when using analytical methods for calculating 
the capacity. In chapter seven, an equation used for calculating the enhanced capacity was 
reported. According to this equation, the enhanced capacity at an intersection is based on the 
probability of an RTOR (鶏眺脹潮眺) to occurring.  

The control delay that occurs due to different numbers of RTOR at an intersection was studied 
analytically in this project. Earlier in this chapter, the number of RTOR at different right-
turning proportions in a shared lane was studied. The resulting number of RTOR from Table 
11:1 was used for analytically calculating the control delay at a fictional intersection. Before 
the control delay could be calculated, the enhanced capacity was determined with the equation 
from chapter seven. The resulting control delay for the different percentage of right-turning 
vehicles can be seen in Figure  11:2. Capacity and control delay were calculated with both 
values obtained from the simulation model, and standard values recommended by the 
Highway Capacity Manual.   

 

Figure  11:2: The change in control delay when the numbers of RTOR changes 
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11.2. Traffic Simulation 
Traffic simulation software can be used to determine the number of RTOR at an intersection. 
In CORSIM, there is no simple way of extracting the number of RTOR from the simulation 
results. So the average control delay was used for the analysis instead. The average control 
delay is directly affected by the number of RTOR and is, therefore, a suitable model output to 
use when analyzing the number of RTOR. Before performing this type of analysis, it is 
important to first understand how CORSIM calculates the average control delay. The control 
delay is based on the total time vehicles are delayed at a link, divided by the number of 
vehicles being discharged from a link during a specific time period.   

When RTOR is prohibited in a simulation, every right-turning vehicle approaching a red light 
at a signal controller will stop and wait for a green light before proceeding with a right turn. 
When RTOR is permitted in a simulation, an RTOR is only performed when there is 
sufficient gap in the traffic stream. The size of the gap is determined by the gap acceptance 
model.  

In this project, the resulting control delay for different percentages of right-turning vehicles in 
a shared lane was studied. Four different intersections were studied, all with a shared lane for 
right-turning and non-right-turning vehicles. The goal of the analysis was to study how 
different numbers of RTOR affect the control delay at an intersection. The results from the 
simulation can be seen in Figure  11:3 and clearly show that when the number of RTOR 
increases, the average control delay per vehicle decreases.  

 

Figure  11:3: The average control delay per vehicle for four different intersections 
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increases, the difference in control delay between permitting and prohibiting RTOR also 
increases.  

 

Figure  11:4: Increase in control delay when prohibiting RTOR 

The increase in control delay that occurs when restricting RTOR shows a tendency to increase 
at a faster rate when the number of RTOR is higher. When the proportion of right-turning 
vehicles is higher than 40-50 percent, the control delay begins to increase at a faster rate. This 
can be seen even more clearly in Figure 11:5 where the average increase in control delay from 
previous turning proportions is shown.  

 

Figure  11:5: Average increase in control delay from previous turning proportion 
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probability of an RTOR occurring. The enhanced capacity due to RTOR is based on 
conflicting traffic volumes, the effective green time for conflicting movements, and the 
critical time gap required for a vehicle to enter the intersection and perform an RTOR. The 
interaction between vehicles and pedestrians is not considered in the analytical method.  

In traffic simulation software, the possibility of performing an RTOR depends on the gap 
acceptance model. When a right-turning vehicle is first in a lane, an RTOR will be performed 
when there is sufficient gap in the traffic streams. This means that both conflicting traffic 
volumes and the critical time gap are being considered. The main difference between the 
analytical method and traffic simulation software is that traffic simulation takes the 
interaction between vehicles and pedestrians into account.  

The pedestrian volume in a network is known to be an influencing factor on traffic conditions. 
When a high number of pedestrians are present in a network, the interaction between 
pedestrians and vehicles will increase, further resulting in increased delays and travel times. 
The impact of pedestrian volumes on the control delay at an intersection was studied in this 
project in order to analyze how much of an impact the interaction between vehicles and 
pedestrians has on the average control delay.  

The traffic simulation software CORSIM, consider the interaction between vehicles and 
pedestrians. In the software the pedestrian volumes can be classified as: 

1) No pedestrian traffic  
2) Light pedestrian traffic (100-250 pedestrians per hour)  
3) Moderate pedestrian traffic (250-500 pedestrians per hour)  
4) Heavy pedestrian traffic (more than 500 pedestrians per hour) 

The number of pedestrians crossing a street at an intersection can affect the delay experienced 
by both right and left-turning vehicles. When an RTOR is being performed by a vehicle, there 
is a chance that the vehicle has to stop for pedestrians crossing the street on a walk sign. This 
causes a delay for that vehicle. If many vehicles have to stop for pedestrians, the average 
control delay increases. How much the average control delay increases due to pedestrian 
volumes depends mainly on two factors: 

1) Pedestrian volume 
2) Number of right-turning vehicles     

If the number of pedestrians crossing a street on a walk sign is high while the number of 
vehicles performing an RTOR remains low, the increase in the average control delay due to 
the interaction between pedestrians and vehicles will be almost negligible. Very few vehicles 
will have to stop for pedestrians. If both the number of pedestrians crossing the street on a 
walk sign and the number of RTOR are high, there will be increased chance that vehicles will 

have to stop for pedestrians. This further results in an increased average control delay. This 
connection is illustrated in Figure 11:6. The figure shows the average control delay for 
different pedestrian volumes and for different numbers of right-turning vehicles. It is seen that 
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the pedestrian volume will only have a major effect on the average control delay when the 
proportion of right-turning vehicles is high and a large number of RTOR are being performed.  
  

 
 

 
Figure  11:6: Average control delay for different percentage of right-turning vehicles and different pedestrian volumes 

According to results from the traffic simulation, pedestrian volumes will only have a 
significant impact on the average control delay when a high percentage of right-turning 
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majority of the vehicles in a shared lane are right-turning vehicles. The analytical method 
used to determine the number of RTOR does not consider the interaction between vehicles 
and pedestrians. In a lane with a high number of right-turning vehicles and with a high 
number of pedestrians the analytical method will therefore be slightly misleading.      

The analytical method showed that the possible number of RTOR at an intersection increases 
exponentially when the proportion of right-turning vehicles in a shared lane increases. This 
results in a decrease in control delay for each proportion of right-turning vehicles. The control 
delay will decrease at a steady pace until a turning proportion of approximately 65-70% (see 
Figure  11:2). With a higher proportion of right-turning vehicles, and a higher number of 
RTOR, the decrease in control delay changes more rapidly. According to results from the 
traffic simulations (see Figure  11:3) the average control delay shows a tendency to decrease at 
a steady pace until a turning proportion of approximately 55-60 % is reached. With a higher 
proportion of right-turning vehicles, and a higher number of RTOR, the decrease in control 
delay changes more rapidly. This result substantiates that both the analytical method and 
traffic simulation show the same tendency for how the control delay will change.        
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12. Conclusion 
This chapter summarizes the work completed in the study and discusses the steps performed 
throughout the project. In this chapter, the results are also discussed and the conclusions 
drawn from the project are presented.  

12.1. Model Development 
The model development process in this simulation study was a major part of the project. It 
included two major tasks: data collection and model building. Constructing a micro-
simulation model requires many different types of highly detailed data. Without accurate and 
up-to-date data, it is difficult to obtain a reliable result from the simulation. How detailed the 
data needs to be depends on the purpose of the project. For some projects, less accurate data 
will suffice because the model can still generate an acceptable result. Other projects require 
very highly detailed data in order to generate an acceptable result. The data used for this 
project was both provided by the City of Fredericton and collected independently. Several 
field studies were conducted during the beginning of the project with the purpose of collecting 
various types of missing data. The data collected in the field was only gathered on a few 
occasions due to the limited duration of the project. As a result of this, the data might not be 
as up-to-date and accurate as it could have been. The data provided by the City, on the other 
hand, included up-to-date traffic counts, pedestrian counts, and signal control plans. The 
traffic and pedestrian volumes where all collected during the beginning of the summer of 
2012. The data used for this project can, however, be assumed accurate and sufficiently 
detailed to replicate the current traffic conditions in the network.  

Building the model in TRAFED included many different steps, some more difficult than 
others. The most difficult steps in the model development process included balancing the 
traffic volumes in the network, and implementing the signal control plans. Balancing the 
traffic volumes was needed since the number of vehicles entering links in the network did not 
always correspond to the number of vehicles exiting the same link. There are two main 
reasons for why this inconsistency in link flow existed: 1) the traffic counts at two 
intersections were not obtained during the same point in time, and 2) the links consisted of 
such elements as a parking garage, or alleys, thus resulting in vehicles entering or being 
discharged from the link in between two nodes. The balancing method used for this project 
included both changing the input and output volumes at a link, and using the CORSIM feature 
source/sink. Both factors mentioned above were taken into account in the balancing process 
by using this method.  

Implementing the signal control plans into the model was also a difficult step. The signal 
controllers in downtown Fredericton are fixed-time and coordinated. In CORSIM, signal 
controllers can either be implemented as fixed-time, or actuated controllers. The 
implementation problem lay in the fact that fixed-time controllers could not be implemented 
as coordinated. Consequently all signal controllers had to be implemented as actuated, but 
with a fixed time for the maximum and minimum green times.  
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12.2. Calibrating and Validating the Model 
The calibration and validation of the model were performed with data collected from the field. 
There were three different types of data used: capacity, travel times, and queue length data. 
Collecting calibration data from the field is a time-consuming process and because of this, 
some simplifications were made in the calibration process due to the limited time of the 
project.  

Capacity can be calculated based on the saturation flow measured in the field. Calculating the 
capacity also requires the effective green time which is based on the actual green time and the 
start-up and clearance lost-times. The latter are both difficult to measure in the field, and 
because of that, a standard value was assumed for all intersections in the network. The 
problem with using a standard value is that the season variation and location variation factors 
are not taken into consideration.  

The start-up and clearance lost-times are highly dependent on the season. During the summer, 
the values of these parameters differ as compared to those in the winter season. This fact, 
however, does not need to be considered in this project since the simulation study only 
replicates the summer conditions. The location variations are more critical. In a micro-
simulation model, the start-up and clearance lost-times need to be calibrated with data 
obtained from each specific intersection. In this project, due to time constraints, a 
simplification was made and all twelve intersections in the network were assumed to be 
standard with the same characteristics.  This resulted in the same start-up and clearance lost-
times for each intersection. A less accurate model was accepted for two reasons: 1) the 
intersections in the network have similar characteristics, so even though variations in the 
different intersections occur, they are not considered to be too large, and 2) the purpose of the 
simulation was to study the change in traffic conditions. This is still shown even when the 
calibration of the model was only performed as accurately as possible within the time 
constraints.              

12.3. Restricting RTOR 
The simulation results from this project were carefully analyzed and evaluated. Several 
different scenarios were tested to find those intersections in the network where it is possible to 
implement a restriction against RTOR.  

First, a general restriction against RTOR in the network was implemented with the purpose of 
analyzing the possibility of restricting RTOR at all intersections in the network. The 
simulation shows that traffic conditions in the entire network change due to the restriction 
during both peak hours. The afternoon peak hour proves to be the most critical time period 
with very large changes in overall traffic conditions. With a restriction against RTOR in the 
entire network, the level-of-service changes for two intersections in the morning peak hour 
and for seven intersections in the afternoon peak hour. This fact demonstrates that the 
afternoon peak hour is the most critical time period. It is also noted that five intersections in 
the morning peak hour and four intersections in the afternoon peak hour do not show any 
significant changes due to the restriction in any of the model outputs evaluated.  
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When analyzing the results from the first scenario, it is seen that a few intersections in the 
network shows a relatively high variation in the results between the different runs. During the 
morning peak hour, the north approach of the Queen-Carleton intersection has a high standard 
deviation in average control delay and link travel time. This approach has a very low demand 
in the morning peak hour, and because of this, the variation between the different runs is high. 
Another intersection with high standard deviation is the east approach of the King-
Westmorland intersection. It is more difficult to determine with certainty how much the traffic 
conditions will actually change for these intersections due to the high standard deviation.  

The results from the first scenario show clearly that it is not suitable to implement a restriction 
against RTOR at all intersections in the network. It was therefore of further interest to study 
each individual intersection and approach separately. The purpose of this scenario was to 
locate the intersections and approaches that little or no change in traffic conditions, and those 
with a very large change in traffic conditions. The results from the simulation show that the 
east approach of the King-Westmorland intersection, during the afternoon peak hour, shows 
the largest change in traffic conditions when implementing a restriction against RTOR. The 
main reason for this level of change is that approximately one half of the vehicles entering the 
east approach of this intersection are turning right during this time. As a result of this, the 
probability for a right-turning vehicle to perform an RTOR and the number of RTOR being 
performed are relatively high. When prohibiting RTOR, there will be several vehicles that can 
no longer use the red phase of the cycle for right turns. This results in a decreased capacity at 
the intersection. The east approach of the King-Westmorland intersection also has a relatively 
high standard deviation. More runs were performed for this specific intersection to see if the 
standard deviation would change. Even with 200 runs, the results looked almost the same as 
for 35.  

In Scenario 3, a restriction was implemented only at the five intersections in the middle of the 
network with the lowest pedestrian demand. It is seen that both the morning and afternoon 
peak hours receive similar changes in traffic conditions. When studying the travel times, it is 
seen that King Street receives the largest increase in travel times during both the morning and 
afternoon peak hours. In Scenario 3, the level-of-service only changes for the Queen-York 
intersection.  

The purpose of this project was to investigate if a restriction against RTOR could be 
implemented in the network without any changes in the existing traffic conditions. After 
analyzing the results from the different scenarios, it is seen that this is not possible. A 
restriction against RTOR will affect the traffic conditions in the network. While some 
intersections will have a relatively large change, others will not experience any significant 
change at all.  

Determination of the suitability of implementing a restriction against RTOR at an intersection 
can be done from two perspectives: either from the pedestrians’ perspective, or from the 

drivers’ perspective. If the goal is to eliminate the risk of a collision between right-turning 
vehicles and the pedestrians, a restriction against RTOR should be implemented at as many 
intersections as possible. If the goal is to only implement a restriction when it can be done 
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without affecting the traffic conditions, RTOR should only be eliminated at those 
intersections witch demonstrate no significant change in traffic conditions.  

There are several intersections with little to no significant change in the model outputs, thus 
there are a few intersections where RTOR can be eliminated. If, for example, an increase of 
10 % in the model outputs for an approach is acceptable (less than two seconds increase for 
both the average control delay and link travel time), there are four intersections in the network 
where a restriction can be implemented for both the morning and afternoon peak hours. For 
the morning peak hour, two more intersections fulfill the criteria of less than 10 % increase in 
the model outputs: 

̇ The King-Westmorland intersection 
̇ The Brunswick-Regent intersection 

For the afternoon peak hour, the Brunswick-York intersection also fulfills the criteria. 

When evaluating the results, it is seen that there are a number of intersections where a 
restriction against RTOR will result in a very large change in traffic conditions. Evaluation of 
the results indicates that it is not efficient to restrict RTOR for the approaches with a 
relatively high proportion of right-turning vehicles. The most sensitive approach in the 
network is the east approach of the King-Westmorland intersection. This approach consists of 
two lanes, one exclusive lane for left turns, and one shared lane for through and right-turning 
vehicles. In the afternoon peak hour, there is a large number of vehicles travelling east on 
King Street. The majority of these vehicles are turning right when they reach the King-
Westmorland intersection. When RTOR is no longer possible at this approach, the traffic 
conditions change noticeably as the red duration of the cycle can no longer be used by right-
turning vehicles.  

12.4. Restricting Left Turns 
In Scenarios 4 and 5, left turns were prohibited for the south and north approaches of the 
King-Regent intersection. The analyses performed for these two scenarios only gave an 
indication of how the traffic conditions will actually change. A complete analysis would have 
required a route choice model which was not possible to create in this project. When left turns 
are prohibited, the vehicles travelling on Regent Street and planning to perform a left turn 
have to change their route. In this project, it was assumed that all the left-turning vehicles 
continue travelling to the next intersection, and perform their left turns there instead. This is a 
simplification; in the real world, some part of the vehicle fleet would have changed their 
route. The results of the simulation indicate that the traffic conditions will change, in 
particular, for the south and north approaches of the King-Regent intersection. The average 
control delay and queue length at these approaches both decrease significantly. The decrease 
for these approaches is resulting in an increase at the north approach of the Brunswick-Regent 
intersection and the south approach of the Queen-Regent intersection. This result was 
expected due to the increase of left-turning volumes at these intersections. The results for 
these two intersections are, therefore, probably a little too high. In the real-world a portion of 
the left-turning vehicles would probably have chosen a different route.               
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12.5. Using Traffic Simulation for Analyzing the Effects of RTOR 
The number of RTOR that can be performed at an intersection depends on several factors 
some of which have been studied in this project. First of all, the number of RTOR being 
performed depends on the lane channelization. For an exclusive lane, the number of RTOR 
performed will be much higher than for a shared lane, since a right-turning vehicle never will 
be blocked by a non-right-turning vehicle.  

If a shared lane exists, the number of RTOR depends on the proportion of right-turning 
vehicles in the lane. Different right-turning proportions were studied in this project, and it is 
seen that the higher the proportion of right-turning vehicles, the more the control delay will 
increase. This result demonstrates that the proportion of right-turning vehicles is critical when 
determining the effects on traffic conditions due to RTOR. Simulation results show that as 
long as the proportion of right-turning vehicles in a shared lane is less than 50 %, the increase 
in control delay will occur at a steady pace. When the proportion of right-turning vehicles is 
greater than 50 %, the control delay will start to increase more rapidly.  

The effect of the pedestrian volumes on control delay was also examined in this project. The 
results from the simulation show that pedestrian volumes are related to the control delay at an 
intersection. How large an effect the pedestrian volumes have on control delay depends on the 
proportion of right-turning vehicles in a shared lane. 

The results from the simulation were compared to the results obtained from one of the 
analytical methods in order to verify the results analytical. According to the results the 
analytical method gives similar results as simulation software. The main difference between 
the analytical method and traffic simulation is that simulations software takes the interaction 
between vehicles and pedestrians into account.     

12.6. Further Research 
In this project, only the summer conditions were studied. In Fredericton, the winter months 
can result in cold weather and plenty of snow. With a large amount of snow on the streets, the 
traffic conditions are not the same as during summer months. For example, the sight distance 
at the intersections and the traffic pattern in the downtown area both change during winter 
months. Consequently, parameters like the start-up and clearance lost-time might also change 
during the winter months. It would, therefore, be interesting to study the effects on the traffic 
conditions during the winter months. 

In this project, left turns were prohibited at the King-Regent intersection in order to study how 
the traffic conditions on Regent Street would be affected by this type of restriction. The 
results from these scenarios only give an indication of how the conditions might change since 
no route choice model was used. It would, therefore, be of interest to study this type of 
restriction again, but this time with a route choice model.  

In this paper, a study was conducted analyzing the effects of different factors on traffic 
conditions. The result shows that both the proportion of right-turning vehicles in a shared 
lane, and the pedestrian volumes affect the number of RTOR an intersection. A more 
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extensive study, looking at more factors than those mentioned in this paper, would be of 
interest.      

In this study, it was assumed that when a restriction against RTOR is implemented, all 
vehicles will immediately adapt to this restriction and no longer perform an RTOR. In the 
real-world, this will probably not be the case. The problem that occurs with prohibiting an 
action that has always been allowed is getting the drivers to accept and adapt to the new rule. 
Just placing signage at the intersections will probably not be enough to make the drivers 
notice the new restriction. Further research investigating how a restriction should be 
implemented in order for drivers to adapt to the restriction against RTOR would be of interest.  

When restricting RTOR the traffic conditions in the network will change. Due to this change 
it would be of interest to perform a signal optimization of the signal controllers in the 
network. Further research investigating if the signal controllers could be optimized would be 
of interest.  

12.7. Overall Conclusion 
Restricting RTOR was shown in this study to affect the traffic conditions in the network. The 
eleven intersections that were studied all showed different results when restricting RTOR. The 
approaches in the network that show little or no change in the model outputs were approaches 
that either had a relatively low traffic volume, or a low number of right-turning vehicles. The 
results from the study clearly demonstrate that the number of right-turning vehicles at an 
approach highly affect the number of RTOR performed. Finally, the simulation results show 
that it is not suitable, from a capacity perspective, to implement a restriction against RTOR at 
all intersections in downtown Fredericton.  
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Appendix A













Segment

Number of 

lanes 

Lane length 

(ft)

Left Turn 

Pocket (ft)

Right Turn 

Pocket (ft)

Parking: 

Distance from 

DS node (ft)

Parking 

length (ft)

Bus stop 

distance from 

DS node (ft)

Queen Street (one-way)

Regent-Carleton 2 600

Left curb lane 81 7 577

Right curb lane 81 473

Carleton-York 2 600

Left curb lane 28 560

Right curb lane 337

York-Westmorland 2 577

Left curb lane 25 398

Right curb lane 414

King Street (two-way)

Regent-Carleton 1 595 30 529

Carleton-Regent 1 595 180 180 400

Carleton-York 1 595 113 123 426

York-Carleton 1 595 528 43 129

York-Westmorland 1 584 175 194 221

Westmorland-York 1 584 77 430

Brunswick Street (one-way)

Regent-Carleton 3 595

Left curb lane

Center lane

Right curb lane

Carleton-York 3 600

Left curb lane

Center lane

Right curb lane

York-Westmorland 2 590

Left curb lane 210



Right curb lane

Regent Street (two-way)

Queen-King 2 350

King-Queen 2 350

King-Brunswick 2 332

Brunswick-King 2 332

Carleton Street (two-way)

Queen-King 1 335 112 166

King-Queen 1 335 18 235

King-Brunswick 1 325 60 248

Brunswick-King 1 325 44 225

York Street (two-way))

Queen-King 1 335 115 162

King-Queen 1 335 84 5 293

King-Brunswick 1 316 95 122 151

Brunswick-King 1 316 70 110 167

Westmorland Street (two-way)

Queen-King 2 327 191

King-Queen 1 327 65 40 237

King-Brunswick 2 318

Brunswick-King 1 318



Appendix B
Queen - Westmorland

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 10 24 0 27 8 51 0 27 10 34 0 32

Yellow: 4 4 0 4 4 4 0 4 4 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 9 0 8 0 9 0 8 0 9 0 8

Ped Clearance: 0 14 0 17 0 14 0 17 0 14 0 17

Split: 14 29 0 32 12 56 0 32 14 39 0 37

Cycle:

Offset:

Cycle

0 0 0

Dial 1 Dial 2 Dial 3

75 100 90



Queen - York

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 0 33 0 32 0 46 0 44 0 41 0 39

Yellow: 0 4 0 4 0 4 0 4 0 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 17 0 14 0 17 0 14 0 17 0 14

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 0 38 0 37 0 51 0 49 0 46 0 44

Cycle:

Offset:

Cycle

75 100 90

43 56 51

Dial 1 Dial 2 Dial 3



Queen - Carleton

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 0 35 0 30 0 48 0 42 0 43 0 37

Yellow: 0 4 0 4 0 4 0 4 0 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 16 0 12 0 16 0 12 0 16 0 12

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 0 40 0 35 0 53 0 47 0 48 0 42

Cycle:

Offset:

Cycle

24 27 51

Dial 1 Dial 2 Dial 3

75 100 90



Queen - Regent 

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 8 30 0 23 8 54 0 24 8 44 0 24

Yellow: 4 4 0 4 4 4 0 4 4 4 0 4

Red Clearance: 0 1 0 1 1 0 1 1 0 1

Walk: 0 10 0 10 0 10 0 10 0 10 0 10

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 12 35 0 28 12 59 0 29 12 49 0 29

Phase 5 Phase 6 Phase 7 Phase 8 Phase 5 Phase 6 Phase 7 Phase 8 Phase 5 Phase 6 Phase 7 Phase 8

Green: 0 42 0 23 0 66 0 24 0 56 0 24

Yellow: 0 4 0 4 0 4 0 4 0 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 0 0 0 0 0 0 0 0 0 0 0

Ped Clearance: 0 0 0 0 0 0 0 0 0 0 0 0

Split: 0 47 0 28 0 71 0 29 0 61 0 29

Cycle:

Offset:

Cycle

75

33

100

33

90

85

Dial 1 Dial 2 Dial 3



King - Westmorland 

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 10 26 0 25 21 30 0 35 10 37 0 29

Yellow: 4 4 0 4 4 4 0 4 4 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 9 0 7 0 9 0 7 0 9 0 7

Ped Clearance: 0 14 0 17 0 14 0 17 0 14 0 17

Split: 14 31 0 30 25 35 0 40 14 42 0 34

Cycle:

Offset:

Cycle

Dial 1 Dial 2 Dial 3

75 100 90

25 37 25



King - York 

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 0 34 0 31 0 47 0 43 0 42 0 38

Yellow: 0 4 0 4 0 4 0 4 0 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 20 0 18 0 20 0 18 0 20 0 18

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 0 39 0 36 0 52 0 48 0 47 0 43

Cycle:

Offset:

Cycle

Dial 1 Dial 2 Dial 3

75 100 90

6 7 54



King - Carleton

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 0 33 0 32 12 36 0 38 16 37 0 33

Yellow: 0 4 0 4 4 4 0 4 4 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 20 0 19 0 20 0 19 0 20 0 19

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 0 38 0 37 16 41 0 43 20 42 0 38

Cycle:

Offset:

Cycle

Dial 1 Dial 2 Dial 3

75 100 100

26 31 Free



King - Regent

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 0 33 0 32 0 48 0 42 0 40 0 40

Yellow: 0 4 0 4 0 4 0 4 0 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 19 0 10 0 19 0 10 0 19 0 10

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 0 38 0 37 0 53 0 47 0 45 0 45

Cycle:

Offset:

Cycle

Dial 1 Dial 2 Dial 3

75 100 90

46 60 78



Brunswick - Westmorland

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 10 28 0 23 21 30 0 35 10 37 0 29

Yellow: 4 4 0 4 4 4 0 4 4 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 8 0 7 0 8 0 7 0 8 0 7

Ped Clearance: 0 11 0 13 0 11 0 13 0 11 0 13

Split: 14 33 0 28 25 35 0 40 14 42 0 34

Cycle:

Offset:

Cycle

Dial 1 Dial 2 Dial 3

75 100 90

40 51 40



Brunswick - York

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 0 32 8 21 0 47 8 31 0 28 8 40

Yellow: 0 4 4 4 0 4 4 4 0 4 4 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 8 0 8 0 8 0 8 0 8 0 8

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 0 37 12 26 0 52 12 36 0 33 12 45

Cycle:

Offset:

Cycle

Dial 1 Dial 2 Dial 3

75 100 90

10 98 4



Brunswick - Carleton 

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 0 36 0 29 0 53 0 37 0 50 0 30

Yellow: 0 4 0 4 0 4 0 4 0 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 20 0 13 0 20 0 13 0 20 0 13

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 0 41 0 34 0 58 0 42 0 55 0 35

Cycle:

Offset:

Cycle

Dial 1 Dial 2 Dial 3

75 100 90

26 14 20



Brunswick - Regent

Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4 Phase 1 Phase 2 Phase 3 Phase 4

Green: 0 40 0 25 0 55 0 35 0 53 0 27

Yellow: 0 4 0 4 0 4 0 4 0 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 0 0 0 0 0 0 0 0 0 0 0

Ped Clearance: 0 0 0 0 0 0 0 0 0 0 0 0

Split: 0 45 0 30 0 60 0 40 0 58 0 32

Phase 5 Phase 6 Phase 7 Phase 8 Phase 5 Phase 6 Phase 7 Phase 8 Phase 5 Phase 6 Phase 7 Phase 8

Green: 8 28 0 25 12 39 0 35 8 41 0 27

Yellow: 4 4 0 4 4 4 0 4 4 4 0 4

Red Clearance: 0 1 0 1 0 1 0 1 0 1 0 1

Walk: 0 10 0 10 0 10 0 10 0 10 0 10

Ped Clearance: 0 12 0 12 0 12 0 12 0 12 0 12

Split: 12 33 0 30 16 44 0 40 12 46 0 32

Cycle:

Offset:

Cycle

75

68

100

66 64

90

Dial 1 Dial 2 Dial 3



Appendix C 
Base Model: Control delay per vehicle (seconds/vehicle) 
Morning peak hour 

 East approach North approach South approach West approach 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 23.6 4.6 20.1 1.1 22.1 3.0 - - 

Queen-York 7.7 1.5 12.2 3.1 9.5 1.8 - - 

Queen-Carleton 13.0 1.1 11.3 7.1 17.1 3.8 - - 

Queen-Regent 30.3 2.0 15.6 0.7 7.9 1.4 - - 

King-Westmorland 14.5 3.0 1.7 0.6 33.5 4.2 22.8 3.3 

King-York 5.5 1.7 20.3 2.9 17.5 1.7 10.7 1.6 

King-Carleton 15.3 3.1 22.4 3.8 26.1 3.7 21.2 2.0 

King-Regent 19.4 1.5 15.1 2.4 19.5 2.4 12.5 2.8 

Brunswick-Westmorland - - 5.4 1.6 24.7 2.6 24.4 1.2 

Brunswick-York - - 18.5 3.0 33.6 3.5 17.4 1.1 

Brunswick-Carleton - - 13.2 2.6 - - 3.0 0.6 

Brunswick-Regent - - 4.0 0.9 24.9 1.5 13.5 2.1 

 
Base Model: Control delay per vehicle (seconds/vehicle) 
Afternoon peak hour 

 East approach North approach South approach West approach 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 22.1 2.7 20.3 1.2 26.5 1.5 - - 

Queen-York 13.4 2.0 15.2 2.6 24.6 3.5 - - 

Queen-Carleton 6.4 1.2 11.3 2.9 21.3 3.4 - - 

Queen-Regent 24.9 2.5 13.2 1.0 4.6 0.7 - - 

King-Westmorland 53.8 9.9 4.4 1.4 36.7 5.2 26.1 4.8 

King-York 20.1 4.9 16.6 4.9 8.9 7.1 14.7 2.1 

King-Carleton 24.1 3.5 23.9 5.9 22.8 4.2 12.3 2.2 

King-Regent 17.6 1.8 18.1 5.3 15.9 1.9 15.9 2.5 

Brunswick-Westmorland - - 7.8 1.7 20.0 1.8 37.5 8.9 

Brunswick-York - - 7.3 1.6 22.0 7.4 16.7 1.5 

Brunswick-Carleton - - 22.0 3.9 - - 6.9 0.7 

Brunswick-Regent - - 12.8 2.1 25.7 2.5 17.3 2.0 

 

 

  



Appendix D 
Base Model: Throughput (vehicle) 
Morning peak hour 
 
 East link North link South link West link 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 425.7 34.8 1771.8 15.3 319.4 27.7 - - 

Queen-York 543.9 46.6 85.9 4.9 308.4 33.2 - - 

Queen-Carleton 614.9 43.4 16.8 2.3 116.5 23.1 - - 

Queen-Regent 736.6 6.7 1080.8 9.8 476.9 31.7 - - 

King-Westmorland 253.7 26.2 1609.0 29.1 255.4 17.4 133.1 3.3 

King-York 307.9 33.1 133.2 20.6 372.6 27.8 411.2 32.8 

King-Carleton 419.5 27.9 95.1 17.2 171.0 23.6 330.8 34.1 

King-Regent 306.4 5.4 1009.6 29.8 539.6 27.3 362.8 32.8 

Brunswick-Westmorland - - 1323.6 40.3 213.1 3.8 597.1 7.2 

Brunswick-York - - 205.2 26.9 447.8 6.4 1251.8 42.6 

Brunswick-Carleton - - 145.4 21.4 - - 1247.5 54.4 

Brunswick-Regent - - 763.0 40.6 434.4 7.3 1067.5 56.7 

 
Base Model: Throughput (vehicle) 
Afternoon peak hour 
 
 East link North link South link West link 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 865.2 49.0 736.1 7.4 704.0 36.0 - - 

Queen-York 550.9 47.2 251.5 4.7 391.3 36.9 - - 

Queen-Carleton 429.2 40.6 95.9 3.4 171.6 25.7 - - 

Queen-Regent 962.3 8.5 408.5 6.3 1216.8 47.3 - - 

King-Westmorland 321.1 36.5 732.1 27.1 544.7 23.2 255.3 5.9 

King-York 289.7 30.7 224.6 25.0 479.1 36.0 385.7 25.4 

King-Carleton 302.1 28.6 109.3 15.7 187.3 24.7 347.2 30.2 

King-Regent 333.4 5.0 437.5 20.2 1058.7 36.6 390.1 34.8 

Brunswick-Westmorland - - 677.0 34.4 390.5 6.7 653.7 18.0 

Brunswick-York - - 281.8 33.8 558.7 23.0 817.0 40.2 

Brunswick-Carleton - - 111.4 20.3 - - 1031.6 50.2 

Brunswick-Regent - - 481.3 31.4 769.5 10.1 1107.4 47.6 

 
  



Appendix E 
Base Model: Link travel time per vehicle (seconds per vehicle) 
Morning peak hour 

 East link North link South link West link 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 52.0 5.5 32.8 1.7 33.1 3.4 - - 

Queen-York 27.7 1.7 18.7 3.2 22.1 2 - - 

Queen-Carleton 31.3 1.2 18.5 7.4 29.5 4 - - 

Queen-Regent 48.3 2.5 22.8 0.9 20.5 1.5 - - 

King-Westmorland 32.8 3.3 15.1 0.9 43.5 4.5 36.5 3.6 

King-York 24.6 1.9 33.8 3.3 28.2 2 29.3 1.9 

King-Carleton 33.4 3.6 33.0 4.0 36.4 3.9 61.8 3.6 

King-Regent 25.0 1.7 29.7 2.7 30.1 2.6 30.9 3.1 

Brunswick-Westmorland - - 17.0 2.0 29.3 2.8 32.7 1.3 

Brunswick-York - - 29.2 3.3 43.3 4.1 35.5 1.5 

Brunswick-Carleton - - 24.4 2.7 - - 21.4 0.6 

Brunswick-Regent - - 14.6 1.0 32.5 1.8 32.1 2.3 

 

Base Model: Link travel time per vehicle (seconds per vehicle) 
Afternoon peak hour 

 East link North link South link West link 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 52.0 3.7 31.5 1.2 38.6 1.4 - - 

Queen-York 31.8 2.1 22.0 2.5 37.3 3.5 - - 

Queen-Carleton 24.2 1.4 18.6 2.8 32.7 3.3 - - 

Queen-Regent 44.2 3.0 19.5 1.0 17.1 0.8 - - 

King-Westmorland 71.7 31.3 17.3 1.6 47.8 5.5 38.0 4.9 

King-York 38.8 4.4 29.4 5.0 19.6 7.7 32.9 2 

King-Carleton 40.8 3.5 34.8 5.9 33.0 4.1 53.8 3.5 

King-Regent 23.4 1.9 30.6 5.3 26.6 2.1 34.0 2.6 

Brunswick-Westmorland - - 18.6 1.7 23.9 1.7 44.9 9.3 

Brunswick-York - - 17.9 1.6 31.0 8 35.3 1.5 

Brunswick-Carleton - - 32.5 3.8 - - 25.6 0.8 

Brunswick-Regent - - 23.3 2.2 33.3 2.9 36.2 2.2 

 

 

 

  



Appendix F 
Base Model: Average queue length (vehicle) 
Morning peak hour 

 East approach North approach South approach West approach 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 1.5 0.4 9.9 1.1 2.1 0.4 - - 

Queen-York 1.3 0.4 0.3 0.1 0.8 0.2 - - 

Queen-Carleton 2.3 0.3 0.0 0.0 0.6 0.2 - - 

Queen-Regent 3.4 0.4 4.7 0.4 1.1 0.3 - - 

King-Westmorland 1.0 0.3 0.9 0.5 2.4 0.4 0.8 0.2 

King-York 1.2 0.3 0.8 0.2 2.0 0.4 0.5 0.2 

King-Carleton 1.9 0.6 0.6 0.2 1.2 0.3 2.3 0.4 

King-Regent 1.7 0.2 4.9 1.0 3.0 0.5 1.3 0.4 

Brunswick-Westmorland - - 2.3 0.9 1.5 0.2 4.0 0.4 

Brunswick-York - - 1.1 0.3 4.3 0.6 6.9 1.0 

Brunswick-Carleton - - 0.5 0.1 - - 1.0 0.3 

Brunswick-Regent - - 0.8 0.3 3.0 0.2 3.9 0.9 

 

Base Model: Average queue length (vehicle) 
Afternoon peak hour 

 East approach North approach South approach West approach 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 2.4 0.4 3.7 0.4 6.1 0.4 - - 

Queen-York 2.2 0.4 1.1 0.2 2.8 0.6 - - 

Queen-Carleton 0.8 0.2 0.3 0.1 1.1 0.3 - - 

Queen-Regent 2.2 0.4 1.4 0.2 1.6 0.3 - - 

King-Westmorland 5.4 3.9 0.9 0.4 6.1 1.0 1.8 0.5 

King-York 1.5 0.3 1.0 0.3 1.2 0.9 1.6 0.6 

King-Carleton 2.0 0.4 0.7 0.2 1.1 0.3 1.3 0.3 

King-Regent 1.6 0.3 2.3 0.8 5.0 0.7 1.8 0.5 

Brunswick-Westmorland - - 1.5 0.5 2.2 0.2 7.3 2.4 

Brunswick-York - - 0.6 0.2 3.3 1.2 3.9 0.6 

Brunswick-Carleton - - 0.7 0.2 - - 1.8 0.3 

Brunswick-Regent - - 1.7 0.5 5.7 0.6 5.2 1.1 

 

 

  



Appendix G 
Scenario 1: Control delay per vehicle (seconds per vehicle) 
Morning peak hour 

 East North South West 

Intersection: AVG Std. AVG Std. AVG Std. AVG Std. 

Queen-Westmorland 23.6 4.9 21.4 1.4 22.8 3.3 - - 

Queen-York 9.4 1.8 18.3 3.4 9.5 2.0 - - 

Queen-Carleton 13.2 1.3 20.2 11.2 17.0 4.2 - - 

Queen-Regent 30.3 2.1 16.5 1.0 7.9 1.5 - - 

King-Westmorland 17.1 3.2 1.7 0.6 35.3 4.1 24.0 3.3 

King-York 5.8 1.7 20.2 3.1 17.4 1.5 11.8 2.1 

King-Carleton 17.7 5.0 23.9 3.9 34.6 2.7 23.3 3.7 

King-Regent 20.2 2.1 15.9 3.1 21.3 2.8 15.5 3.6 

Brunswick-Westmorland - - 5.3 1.6 27.0 2.8 24.6 1.3 

Brunswick-York - - 18.2 3.3 41.7 4.8 18.3 1.3 

Brunswick-Carleton - - 12.6 2.5 - - 3.4 0.5 

Brunswick-Regent - - 4.5 1.2 25.5 1.6 14.0 2.3 

 
Scenario 1: Control delay per vehicle (seconds per vehicle) 
Afternoon peak hour 

 East North South West 

Intersection: AVG Std. AVG Std. AVG Std. AVG Std. 

Queen-Westmorland 20.7 2.8 22.3 1.1 26.1 1.5 - - 

Queen-York 13.8 2.2 25.1 5.6 23.5 3.6 - - 

Queen-Carleton 7.7 1.3 20.1 3.0 20.3 3.3 - - 

Queen-Regent 24.9 2.4 14.1 1.0 4.9 0.6 - - 

King-Westmorland 116.8 49.8 4.3 1.3 35.7 4.7 28.9 5.9 

King-York 33.3 26.2 28.8 26.4 31.9 35.4 15.7 2.2 

King-Carleton 28.7 13.7 28.6 7.2 27.7 7.8 15.1 4.0 

King-Regent 19.5 1.6 18.7 5.7 15.9 1.6 18.0 2.6 

Brunswick-Westmorland - - 8.0 1.3 20.4 1.7 36.1 8.1 

Brunswick-York - - 7.7 2.5 48.0 40.8 19.4 3.7 

Brunswick-Carleton - - 22.2 4.0 - - 7.1 0.8 

Brunswick-Regent - - 13.1 1.9 25.7 2.4 20.7 2.7 

 

 

 

 

 

 



Scenario 1: t-test 

 Morning peak hour Afternoon peak hour 

Intersection: f 建怠貸底【態┸捗 T 
】劇】 伴 建怠貸底【態┸捗 

 
f 建怠貸底【態┸捗 T 】劇】 伴 建怠貸底【態┸捗 

Queen-Westmorland 67 1.996 -1.68 No 67 1.9960 -0.14 No 

Queen-York 67 1.996 -7.11 Yes 66 1.9966 -7.06 Yes 

Queen-Carleton 66 1.996 -5.76 Yes 67 1.9960 -8.06 Yes 

Queen-Regent 67 1.996 -0.96 No 67 1.9960 -1.49 No 

King-Westmorland 67 1.996 -3.60 Yes 65 1.9971 -18.79 Yes 

King-York 67 1.996 -0.82 No 47 2.0117 -13.97 Yes 

King-Carleton 67 1.996 -8.13 Yes 60 2.0003 -7.22 Yes 

King-Regent 67 1.996 -4.09 Yes 67 1.9960 -2.85 Yes 

Brunswick-Westmorland 67 1.996 -2.38 Yes 67 1.9960 0.61 No 

Brunswick-York 67 1.996 -7.23 Yes 48 2.0106 -13.15 Yes 

Brunswick-Carleton 67 1.996 0.41 No 67 1.9960 -0.55 No 

Brunswick-Regent 67 1.996 -1.90 No 67 1.9960 -3.51 Yes 

 

Scenario 1: Confidence intervals 

 Base model Scenario 1 

Intersection: Morning Afternoon Morning Afternoon 

Queen-Westmorland 0.96 0.60 1.07 0.59 

Queen-York 0.71 0.90 0.79 1.27 

Queen-Carleton 1.33 0.82 1.84 0.83 

Queen-Regent 0.45 0.45 0.50 0.44 

King-Westmorland 0.92 3.50 0.92 5.11 

King-York 0.65 1.57 0.70 7.47 

King-Carleton 1.04 1.32 1.27 2.71 

King-Regent 0.75 0.94 0.96 0.95 

Brunswick-Westmorland 0.59 1.36 0.63 1.23 

Brunswick-York 0.84 1.16 1.04 5.19 

Brunswick-Carleton 0.52 0.78 0.50 0.81 

Brunswick-Regent 0.50 0.73 0.56 0.78 

 

 

  



Appendix H 
Scenario 1: Throughput (vehicles)  
Morning peak hour 

 East North South West 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 425.2 33.4 1770.9 14.7 318.5 28.9 - - 

Queen-York 543.4 45.0 85.9 3.7 309.2 32.7 - - 

Queen-Carleton 614.9 43.8 16.8 2.3 116.2 22.2 - - 

Queen-Regent 736.7 6.8 1080.9 9.3 478.3 31.4 - - 

King-Westmorland 251.1 24.7 1608.8 29.1 255.0 17.7 133.1 3.8 

King-York 308.2 32.9 132.8 20.1 372.4 28.2 410.8 32.8 

King-Carleton 419.9 27.4 94.6 17.2 170.3 24.4 331.2 33.9 

King-Regent 306.3 5.4 1009.7 30.9 541.6 29.5 362.5 34.7 

Brunswick-Westmorland - - 1324.0 41.2 213.0 3.6 597.2 7.2 

Brunswick-York - - 205.4 27.4 447.8 8.2 1250.7 41.0 

Brunswick-Carleton - - 145.1 20.7 - - 1246.5 53.2 

Brunswick-Regent - - 763.7 37.4 434.5 7.3 1064.9 55.3 

  

Scenario 1: Throughput (vehicles)  
Afternoon Peak Hour 

 East North South West 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-Westmorland 852.2 60.4 736.5 6.8 697.9 28.7 - - 

Queen-York 549.5 47.4 251.3 4.9 377.5 58.4 - - 

Queen-Carleton 429.2 40.3 95.9 3.6 170.6 25.4 - - 

Queen-Regent 962.3 8.5 408.7 6.1 1212.5 51.7 - - 

King-Westmorland 299.0 38.3 730.5 26.8 546.3 22.5 255.4 5.3 

King-York 288.5 31.4 223.2 28.2 454.8 82.8 385.3 24.7 

King-Carleton 301.5 28.8 109.1 16.4 185.7 25.0 342.6 33.9 

King-Regent 333.5 5.0 437.7 20.3 1055.0 39.9 385.4 34.6 

Brunswick-Westmorland - - 674.8 35.5 390.6 6.5 653.9 17.5 

Brunswick-York - - 280.8 34.9 528.4 91.1 816.3 41.4 

Brunswick-Carleton - - 110.9 20.3 - - 1023.1 56.9 

Brunswick-Regent - - 480.2 32.4 769.1 10.2 1098.7 54.7 

 

  



Scenario 1: t-test 

 Morning peak hour Afternoon peak hour 

Intersection: f 建怠貸底【態┸捗 T 】劇】 伴 建怠貸底【態┸捗 f 建怠貸底【態┸捗 T 】劇】 伴 建怠貸底【態┸捗 

Queen-Westmorland 67 1,996 1.087 No 67 1,996 8.081 Yes 

Queen-York 67 1,996 -0.079 No 67 1,996 6.511 Yes 

Queen-Carleton 67 1,996 0.101 No 67 1,996 0.516 No 

Queen-Regent 67 1,996 -0.950 No 67 1,996 2.118 Yes 

King-Westmorland 67 1,996 1.553 No 67 1,996 9.541 Yes 

King-York 67 1,996 0.224 No 65 1,996 9.574 Yes 

King-Carleton 67 1,996 0.118 No 67 1,996 2.951 Yes 

King-Regent 67 1,996 -0.688 No 67 1,996 1.055 No 

Brunswick-Westmorland 67 1,996 -0.233 No 67 1,996 11.633 Yes 

Brunswick-York 67 1,996 0.424 No 63 1,998 4.422 Yes 

Brunswick-Carleton 67 1,996 0.649 No 67 1,996 4.422 Yes 

Brunswick-Regent 67 1,996 0.756 No 67 1,996 4.420 Yes 

 

Scenario 1: Confidence Interval 

 East North South West Intersection 

Intersection: Morning Afternoon Morning Afternoon Morning Afternoon Morning Afternoon Morning Afternoon 

Queen-Westmorland 11.05 20.02 4.88 2.26 9.57 9.49 - - 25.50 31.78 

Queen-York 14.92 15.70 1.23 1.63 10.83 19.34 - - 26.99 36.66 

Queen-Carleton 14.52 13.35 0.75 1.19 7.37 8.43 - - 22.64 22.97 

Queen-Regent 2.27 2.81 3.07 2.02 10.42 17.14 - - 15.75 21.97 

King-Westmorland 8.18 12.69 9.64 8.89 5.85 7.46 1.24 1.75 24.92 30.79 

King-York 10.91 10.42 6.65 9.34 9.35 27.43 10.88 8.20 37.79 55.38 

King-Carleton 9.07 9.53 5.68 5.45 8.07 8.28 11.22 11.23 34.04 34.49 

King-Regent 1.80 1.66 10.25 6.72 9.76 13.22 11.49 11.47 33.30 33.07 

Brunswick-Westmorland - - 13.64 11.78 1.19 2.14 2.39 5.81 17.21 19.73 

Brunswick-York - - 9.06 11.56 2.71 30.18 13.58 13.71 25.36 55.44 

Brunswick-Carleton - - 6.84 6.72 - - 17.63 18.86 24.47 25.57 

Brunswick-Regent - - 12.39 10.73 2.41 3.38 18.32 18.13 33.13 32.24 

 

 

 

  



Appendix I 
Scenario 1: Link travel time per vehicle (seconds per vehicle) 
Morning peak hour 

 East North South West 

Intersection: AVG Std. AVG Std. AVG Std. AVG Std. 

Queen-Westmorland 51.9 5.8 34.2 1.6 33.8 3.6 - - 

Queen-York 29.1 1.7 24.5 3.4 22.0 2.0 - - 

Queen-Carleton 31.4 1.3 27.4 10.8 29.2 4.0 - - 

Queen-Regent 48.4 2.4 23.6 1.0 20.5 1.5 - - 

King-Westmorland 35.4 3.2 15.1 0.9 45.3 4.3 37.7 3.2 

King-York 24.9 1.7 33.5 3.0 28.0 1.6 30.2 2.1 

King-Carleton 35.7 5.0 34.6 3.9 44.7 2.8 63.8 4.5 

King-Regent 25.7 2.1 30.4 3.4 31.9 2.9 33.7 3.6 

Brunswick-Westmorland - - 16.9 1.8 31.5 2.8 32.8 1.3 

Brunswick-York - - 28.9 3.3 51.1 5.0 36.3 1.3 

Brunswick-Carleton - - 23.7 2.5 - - 21.8 0.6 

Brunswick-Regent - - 15.2 1.2 33.2 1.6 32.6 2.5 

 

Scenario 1: Link travel time per vehicle (seconds per vehicle) 
Afternoon peak hour 

 East North South West 

Intersection: AVG Std. AVG Std. AVG Std. AVG Std. 

Queen-Westmorland 50.5 3.9 33.4 1.1 38.2 1.5 - - 

Queen-York 32.2 2.3 31.8 5.3 36.3 3.7 - - 

Queen-Carleton 25.6 1.5 27.3 3.1 31.7 3.2 - - 

Queen-Regent 44.3 2.9 20.2 0.9 17.4 0.7 - - 

King-Westmorland 136.1 52.0 17.3 1.5 46.8 5.0 40.8 6.0 

King-York 50.3 25.5 41.4 26.8 44.0 37.8 33.8 2.2 

King-Carleton 45.1 13.3 39.5 7.1 37.6 7.7 55.6 4.7 

King-Regent 25.3 1.5 31.1 5.7 26.6 1.8 36.1 2.7 

Brunswick-Westmorland - - 18.9 1.4 24.3 1.5 43.3 8.6 

Brunswick-York - - 18.3 2.6 58.2 41.9 37.9 3.7 

Brunswick-Carleton - - 32.8 4.0 - - 25.7 0.9 

Brunswick-Regent - - 23.4 2.0 33.4 2.9 39.7 2.8 

 

 

  



Scenario 1: t-test 

 Morning peak hour Afternoon peak hour 

Intersection: f 建怠貸底【態┸捗 T 】劇】 伴 建怠貸底【態┸捗 f 建怠貸底【態┸捗 T 】劇】 伴 建怠貸底【態┸捗 

Queen Street 67 1.996 -1.824 No 36 2.028 -0.394 No 

King Street East 67 1.996 -7.261 Yes 61 2.000 -42.102 Yes 

King Street West 67 1.996 -8.164 Yes 63 1.998 -8.289 Yes 

Brunswick Street West 67 1.996 -3.157 Yes 54 2.005 -4.984 Yes 

Westmorland Street North 67 1.996 -2.595 Yes 59 2.001 -4.242 Yes 

Westmorland Street South 67 1.996 -6.166 Yes 26 2.056 1.458 No 

York Street North 67 1.996 -6.925 Yes 57 2.003 -19.834 Yes 

York Street South 67 1.996 -10.748 Yes 56 2.003 -29.551 Yes 

Carleton Street North 67 1.996 -10.356 Yes 67 1.996 -15.593 Yes 

Carleton Street South 67 1.996 -12.358 Yes 61 2.000 -5.095 Yes 

Regent Street North 67 1.996 -3.854 Yes 44 2.015 -1.988 No 

Regent Street South 67 1.996 -4.293 Yes 38 2.024 -0.620 No 

 

Scenario 1: Confidence interval 

 East North South West 

Intersection: Morning     Afternoon Morning     Afternoon Morning     Afternoon Morning     Afternoon 

Queen-Westmorland 1.92 1.30 0.54 0.35 1.18 0.48 - - 

Queen-York 0.56 0.76 1.13 1.76 0.67 1.23 - - 

Queen-Carleton 0.42 0.49 3.57 1.02 1.32 1.06 - - 

Queen-Regent 0.79 0.98 0.32 0.31 0.49 0.23 - - 

King-Westmorland 1.07 17.23 0.30 0.49 1.42 1.65 1.05 1.98 

King-York 0.58 8.44 1.00 8.86 0.54 12.53 0.70 0.72 

King-Carleton 1.66 4.39 1.29 2.34 0.92 2.54 1.51 1.57 

King-Regent 0.70 0.51 1.12 1.90 0.97 0.59 1.21 0.88 

Brunswick-Westmorland - - 0.60 0.46 0.94 0.50 0.42 2.84 

Brunswick-York - - 1.10 0.86 1.66 13.90 0.44 1.22 

Brunswick-Carleton - - 0.81 1.33 - - 0.19 0.30 

Brunswick-Regent - - 0.41 0.67 0.53 0.95 0.82 0.94 

 

  



Appendix J 
Scenario 1: Average queue length (vehicle) 
Morning peak hour 

 East 
approach 

North 
approach 

South 
approach 

West 
approach Intersection 

Intersection: AVG Std. AVG Std. AVG Std. AVG Std. AVG Std. 

Queen-Westmorland 1.5 0.4 10.7 1.3 2.1 0.5 - - 14.3 2.1 

Queen-York 1.5 0.4 0.4 0.1 0.8 0.2 - - 2.8 0.7 

Queen-Carleton 2.4 0.4 0.1 0.0 0.5 0.2 - - 3.0 0.6 

Queen-Regent 3.4 0.4 4.9 0.4 1.1 0.3 - - 9.4 1.0 

King-Westmorland 1.2 0.3 0.9 0.5 2.5 0.4 0.8 0.2 5.4 1.4 

King-York 1.3 0.4 0.8 0.2 2.0 0.4 0.5 0.2 4.6 1.2 

King-Carleton 2.2 0.8 0.6 0.2 1.6 0.3 2.5 0.6 6.8 1.8 

King-Regent 1.8 0.3 5.2 1.3 3.3 0.5 1.7 0.5 11.9 2.6 

Brunswick-Westmorland - - 2.2 0.8 1.7 0.2 4.1 0.4 7.9 1.4 

Brunswick-York - - 1.1 0.3 5.5 0.8 7.2 0.9 13.7 2.0 

Brunswick-Carleton - - 0.5 0.1 - - 1.2 0.3 1.6 0.4 

Brunswick-Regent - - 1.0 0.3 3.1 0.2 4.0 1.0 8.1 1.5 

 

Scenario 1: Average queue length (vehicle) 
Afternoon peak hour 

 East 
approach 

North 
approach 

South 
approach 

West 
approach Intersection 

Intersection: AVG Std. AVG Std. AVG Std. AVG Std. AVG Std. 

Queen-Westmorland 1.9 0.3 3.8 0.5 5.2 0.5 - - 10.8 1.3 

Queen-York 1.4 0.6 0.9 0.5 2.2 0.7 - - 4.5 1.8 

Queen-Carleton 0.8 0.2 0.2 0.1 0.6 0.2 - - 1.5 0.5 

Queen-Regent 1.7 0.3 1.2 0.1 1.4 0.2 - - 4.4 0.7 

King-Westmorland 14.4 6.7 0.7 0.3 5.5 0.8 2.4 0.8 23.0 8.5 

King-York 1.9 1.4 1.8 2.2 3.7 3.7 2.7 3.6 10.1 10.9 

King-Carleton 2.2 1.2 0.7 0.3 0.9 0.4 1.4 0.6 5.2 2.5 

King-Regent 1.4 0.2 2.0 0.6 3.7 0.5 1.8 0.4 8.9 1.7 

Brunswick-Westmorland - - 1.4 0.4 2.2 0.2 6.7 2.0 10.3 2.6 

Brunswick-York - - 0.6 0.3 6.5 5.0 4.2 1.5 11.4 6.8 

Brunswick-Carleton - - 0.5 0.2 - - 1.3 0.3 1.8 0.5 

Brunswick-Regent - - 1.8 0.5 5.6 0.6 5.8 1.3 13.1 2.3 

 

  



Scenario 1: t-test 

 Morning peak hour Afternoon peak hour 

Intersection: f 建怠貸底【態┸捗 T 】劇】 伴 建怠貸底【態┸捗 f 建怠貸底【態┸捗 T 】劇】 伴 建怠貸底【態┸捗 

Queen-Westmorland 67 1.996 -2.527 Yes 67 1.996 5.030 Yes 

Queen-York 67 1.996 -2.079 Yes 65 1.997 5.015 Yes 

Queen-Carleton 67 1.996 -0.323 No 67 1.996 3.537 Yes 

Queen-Regent 67 1.996 -1.085 No 67 1.996 3.832 Yes 

King-Westmorland 67 1.996 -1.223 No 65 1.997 -13.524 Yes 

King-York 67 1.996 -0.561 No 47 2.012 -7.674 Yes 

King-Carleton 67 1.996 -2.985 Yes 60 2.000 -0.361 No 

King-Regent 67 1.996 -2.518 Yes 66 1.997 5.178 Yes 

Brunswick-Westmorland 67 1.996 -0.317 No 67 1.996 1.597 No 

Brunswick-York 67 1.996 -4.432 Yes 52 2.007 -6.906 Yes 

Brunswick-Carleton 67 1.996 -0.707 No 67 1.996 3.750 Yes 

Brunswick-Regent 67 1.996 -1.190 No 67 1.996 -1.087 No 

 

Scenario 1: Confidence interval 

 Morning peak hour Afternoon peak hour Intersection 

Intersection: East North South West East North South West Morning Afternoon 

Queen-Westmorland 0.12 0.43 0.16 - 0.10 0.16 0.17 - 0.71 0.43 

Queen-York 0.12 0.03 0.07 - 0.19 0.17 0.23 - 0.22 0.60 

Queen-Carleton 0.13 0.01 0.06 - 0.08 0.02 0.06 - 0.20 0.15 

Queen-Regent 0.12 0.14 0.08 - 0.10 0.05 0.07 - 0.34 0.23 

King-Westmorland 0.10 0.15 0.13 0.07 2.22 0.09 0.26 0.26 0.45 2.83 

King-York 0.12 0.08 0.12 0.07 0.48 0.72 1.23 1.18 0.39 3.61 

King-Carleton 0.26 0.06 0.10 0.19 0.40 0.09 0.13 0.19 0.61 0.82 

King-Regent 0.09 0.42 0.17 0.17 0.07 0.20 0.16 0.14 0.85 0.57 

Brunswick-Westmorland - 0.27 0.05 0.15 - 0.13 0.06 0.66 0.47 0.85 

Brunswick-York - 0.10 0.25 0.31 - 0.09 1.67 0.50 0.66 2.27 

Brunswick-Carleton - 0.04 - 0.09 - 0.05 - 0.11 0.13 0.16 

Brunswick-Regent - 0.11 0.07 0.32 - 0.15 0.18 0.42 0.50 0.76 

 

  



Appendix K 
Scenario 2: Average link travel time (seconds per vehicle) 
Morning peak hour 

 North approach East approach South approach West approach 

Intersection: AVG Std. Increase AVG Std. Increase AVG Std. Increase AVG Std. Increase 

Queen-Westmorland 34.3 1.9 1.5 - - - - - - - - - 

Queen-York 24.5 3.4 5.8 29.2 1.6 1.5 - - - - - - 

Queen-Carleton 27.3 10.9 8.8 31.7 1.2 0.3 - - - - - - 

Queen-Regent 23.5 0.8 0.7 - - - - - - - - - 

King-Westmorland 15.2 1.0 0.1 34.4 3.3 1.6 44.3 4.5 0.8 37.7 3.2 1.2 

King-York 34.0 3.3 0.2 24.8 1.8 0.2 29.2 1.6 1.1 30.3 2.0 1.0 

King-Carleton 34.9 3.9 1.9 35.0 4.0 1.5 44.1 2.8 7.6 64.7 4.4 2.9 

King-Regent 30.8 3.6 1.1 25.6 1.6 0.6 31.4 3.1 1.3 32.4 3.0 1.5 

Brunswick-Westmorland - - - - - - 31.5 2.7 2.3 32.8 1.3 0.1 

Brunswick-York - - - - - - 51.3 4.7 8.0 36.1 1.5 0.6 

Brunswick-Carleton - - - - - - - - - - - - 

Brunswick-Regent - - - - - - 33.2 1.6 0.7 33.3 2.4 1.2 

 

Scenario 2: Average queue length (vehicles) 
Morning peak hour 

 North approach East approach South approach West approach 

Intersection: AVG Std. Increase AVG Std. Increase AVG Std. Increase AVG Std. Increase 

Queen-Westmorland 10.8 1.5 0.9 - - - - - - - - - 

Queen-York 0.4 0.1 0.2 1.5 0.4 0.2 - - - - - - 

Queen-Carleton 0.1 0.04 0.0 2.4 0.4 0.1 - - - - - - 

Queen-Regent 4.9 0.4 0.2 - - - - - - - - - 

King-Westmorland 0.9 0.5 0.0 1.1 0.3 0.1 2.4 0.4 0.1 0.8 0.2 0.0 

King-York 0.8 0.2 0.0 0.5 0.2 0.0 2.1 0.4 0.1 1.3 0.4 0.1 

King-Carleton 0.6 0.2 0.0 2.1 0.6 0.2 1.5 0.3 0.3 2.6 0.6 0.3 

King-Regent 5.3 1.3 0.3 1.8 0.2 0.1 3.2 0.5 0.2 1.5 0.4 0.2 

Brunswick-Westmorland - - - - - - 1.7 0.1 0.1 4.1 0.4 0.0 

Brunswick-York - - - - - - 5.5 0.7 1.2 7.1 1.0 0.3 

Brunswick-Carleton - - - - - - - - - - - - 

Brunswick-Regent - - - - - - 3.1 0.2 0.1 4.2 0.9 0.3 

 
  



Scenario 2: Average link travel time (vehicles) 
Afternoon peak hour 

 North approach East approach South approach West approach 

Intersection: AVG Std. Increase AVG Std. Increase AVG Std. Increase AVG Std. Increase 

Queen-Westmorland 20.3 1.2 1.5 - - - - - - - - - 

Queen-York 24.0 2.7 8.8 14.0 2.0 0.5 - - - - - - 

Queen-Carleton 20.1 3.1 8.8 6.8 1.2 0.4 - - - - - - 

Queen-Regent 14.0 0.9 0.7 - - - - - - - - - 

King-Westmorland 4.3 1.3 0.0 117.0 51.8 63.2 36.0 4.7 0.0 28.9 5.1 2.8 

King-York 17.9 4.6 1.3 20.4 3.8 0.3 9.6 5.7 0.7 15.7 2.1 1.0 

King-Carleton 27.9 5.0 4.0 26.4 4.3 2.3 26.8 3.9 4.0 15.5 3.6 3.1 

King-Regent 18.2 5.0 0.1 19.6 1.6 2.0 16.0 1.7 0.0 17.5 2.5 1.6 

Brunswick-Westmorland - - - - - - 20.5 1.8 0.5 37.8 8.9 0.2 

Brunswick-York - - - - - - 23.2 3.7 1.2 17.8 1.5 1.1 

Brunswick-Carleton - - - - - - - - - - - - 

Brunswick-Regent - - - - - - 25.6 2.2 0.0 20.6 2.6 3.4 

 

Scenario 2: Average queue length (vehicles) 
Afternoon peak hour 

 North approach East approach South approach West approach 

Intersection: AVG Std. Increase AVG Std. Increase AVG Std. Increase AVG Std. Increase 

Queen-Westmorland 33.1 1.1 1.6 - - - - - - - - - 

Queen-York 31.0 2.7 9.0 32.3 2.1 0.5 - - - - - - 

Queen-Carleton 27.4 3.1 8.7 24.6 1.3 0.4 - - - - - - 

Queen-Regent 20.2 0.9 0.7 - - - - - - - - - 

King-Westmorland 17.3 1.5 0.0 136.3 54.6 64.6 47.1 4.89 0.0 40.9 5.2 2.9 

King-York 30.7 4.6 1.3 39.1 3.6 0.4 20.2 6.1 0.7 33.8 2.0 0.9 

King-Carleton 38.8 5.1 3.9 43.0 4.2 2.2 36.7 3.7 3.7 56.5 4.1 2.7 

King-Regent 30.7 4.9 0.1 25.3 1.6 1.8 26.6 1.9 0.0 35.5 2.6 1.5 

Brunswick-Westmorland - - - - - - 24.5 1.6 0.5 45.1 9.3 0.2 

Brunswick-York - - - - - - 31.9 3.9 1.0 36.4 1.6 1.1 

Brunswick-Carleton - - - - - - - - - - - - 

Brunswick-Regent - - - - - - 33.3 2.6 0.0 39.7 2.7 3.5 

 

 

 
  



Appendix L 
Scenario 3: Control delay per vehicle (seconds/vehicle) 
Morning peak hour 

 East North South West 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-York 9.6 2.0 18.2 3.3 9.3 1.7 - - 

Queen-Carleton 13.4 1.2 20.3 11.2 17.0 4.0 - - 

King-York 5.8 2.0 20.4 3.3 17.3 1.6 11.8 2.2 

King-Carleton 17.0 4.0 24.2 4.0 34.6 2.9 23.2 3.7 

Brunswick-York - - 18.5 2.9 41.8 5.0 18.0 1.4 

 
Scenario 3: Control delay per vehicle (seconds/vehicle) 
Afternoon peak hour 

 East North South West 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-York 14.0 2.1 24.1 2.7 22.9 3.3 - - 

Queen-Carleton 6.8 1.2 20.1 3.0 20.6 3.6 - - 

King-York 21.0 7.0 16.3 3.4 9.9 6.9 15.6 2.1 

King-Carleton 26.1 3.7 28.2 5.2 26.8 3.9 15.0 3.6 

Brunswick-York - - 7.2 1.6 23.8 6.8 17.8 1.4 

 

Scenario 3: t-test 

 Morning peak hour Afternoon peak hour 

Intersection: f 建怠貸底【態┻捗 T 
】劇】 伴 建怠貸底【態┻捗 

 
f 建怠貸底【態┻捗 T 】劇】 伴 建怠貸底【態┻捗 

Queen-York 67 1.996 7.138 Yes 67 1.996 6.580 Yes 

Queen-Carleton 66 1.997 5.991 Yes 67 1.996 7.466 Yes 

King-York 67 1.996 0.913 No 67 1.996 1.240 No 

King-Carleton 67 1.996 7.984 Yes 67 1.996 6.700 Yes 

Brunswick-York 67 1.996 7.249 Yes 67 1.996 2.193 Yes 

 

Scenario 3: Confidence intervals 

 Morning peak hour Afternoon peak hour 

Intersection: Base model Scenario 3 Base model Scenario 3 

Queen-York 0.71 0.77 0.90 0.89 

Queen-Carleton 1.33 1.81 0.82 0.87 

King-York 0.65 0.76 1.57 1.61 

King-Carleton 1.04 1.21 1.32 1.36 

Brunswick-York 0.84 1.03 1.16 1.08 

 



Appendix M 
Scenario 3: Throughput (vehicles)  
Morning peak hour 

 East North South West 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-York 542.9 46.6 85.9 3.7 309.1 33.0 - - 

Queen-Carleton 614.6 43.6 16.8 2.3 116.4 22.3 - - 

King-York 308.3 33.3 132.9 20.1 372.5 28.0 411.1 32.8 

King-Carleton 419.7 27.8 94.9 17.4 171.4 23.5 331.1 34.1 

Brunswick-York - - 204.9 27.6 447.7 8.4 1251.7 41.9 

  

Scenario 3: Throughput (vehicles)  
Afternoon Peak Hour 

 East North South West 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-York 551.7 50.0 251.6 4.5 391.1 36.0 - - 

Queen-Carleton 430.2 42.2 95.9 3.5 171.2 25.6 - - 

King-York 289.5 31.3 224.6 25.7 479.1 35.7 385.4 25.0 

King-Carleton 301.6 28.8 109.1 15.7 187.5 25.6 347.5 31.7 

Brunswick-York - - 282.1 33.9 558.8 19.9 816.9 40.4 

 

Scenario 3: t-test 

 Morning peak hour Afternoon peak hour 

Intersection: f 建怠貸底【態┻捗 T 】劇】 伴 建怠貸底【態┻捗 f 建怠貸底【態┻捗 T 】劇】 伴 建怠貸底【態┻捗 

Queen-York 67 1.996 0.196 No 67 1.996 -0.227 No 

Queen-Carleton 67 1.996 0.202 No 67 1.996 -0.327 No 

King-York 67 1.996 0.034 No 67 1.996 0.210 No 

King-Carleton 67 1.996 -0.354 No 67 1.996 0.107 No 

Brunswick-York 67 1.996 0.245 No 67 1.996 -0.122 No 

 

Scenario 3: Confidence Interval 

 East North South West Intersection 

Intersection: Morning Afternoon Morning Afternoon Morning Afternoon Morning Afternoon Morning Afternoon 

Queen-York 15.45 16.55 1.23 1.48 10.92 11.92 - - 27.60 29.95 

Queen-Carleton 14.46 13.97 0.75 1.15 7.40 8.47 - - 22.60 23.59 

King-York 11.03 10.37 6.67 8.51 9.27 11.82 10.88 8.28 37.86 38.98 

King-Carleton 9.21 9.54 5.75 5.19 7.80 8.48 11.30 10.51 34.06 33.72 

Brunswick-York - - 9.13 11.23 2.78 6.59 13.89 13.38 25.80 31.19 



Appendix N 
Scenario 3: Link travel time per vehicle (seconds per vehicle) 
Morning peak hour 

 East North South West 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-York 29.4 1.9 24.5 3.4 21.8 1.7 - - 

Queen-Carleton 31.7 1.2 27.4 10.8 29.1 4.0 - - 

King-York 24.9 2.0 33.7 3.3 27.9 1.7 30.3 2.1 

King-Carleton 35.1 3.9 35.0 4.0 44.7 2.9 63.8 4.4 

Brunswick-York - - 29.1 2.9 51.2 5.2 36.1 1.5 

 

Scenario 3: Link travel time per vehicle (seconds per vehicle) 
Afternoon peak hour 

 East North South West 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-York 32.3 2.2 31.1 2.7 35.6 3.2 - - 

Queen-Carleton 24.6 1.3 27.3 3.1 32.0 3.6 - - 

King-York 39.8 6.7 28.9 3.5 20.5 7.3 33.8 2.1 

King-Carleton 42.7 3.7 39.0 5.2 36.8 3.9 55.9 4.5 

Brunswick-York - - 17.8 1.7 32.7 7.3 36.4 1.4 

 

Scenario 3: t-test 

 Morning peak hour Afternoon peak hour 

Intersection: f 建怠貸底【態┻捗 T 】劇】 伴 建怠貸底【態┻捗 f 建怠貸底【態┻捗 T 】劇】 伴 建怠貸底【態┻捗 

Queen Street 67 1.996 -2.50223 Yes 30 2.0423 0.759541 No 

King Street East 67 1.996 -4.03395 Yes 40 2.0211 -2.61432 Yes 

King Street West 67 1.996 -5.07915 Yes 51 2.0076 -4.23135 Yes 

Brunswick Street West 67 1.996 -0.59389 No 39 2.0227 -1.20955 No 

York Street North 67 1.996 -7.43598 Yes 67 1.996 -12.1239 Yes 

York Street South 67 1.996 -10.6222 Yes 37 2.0262 -0.8467 No 

Carleton Street North 67 1.996 -11.0228 Yes 67 1.996 -15.4733 Yes 

Carleton Street South 67 1.996 -12.0401 Yes 58 2.0017 -4.79327 Yes 

 

  



Scenario 3: Confidence interval 

 East North South West 

Intersection: Morning Afternoon Morning Afternoon Morning Afternoon Morning Afternoon 

Queen-York 0.62 0.71 1.13 0.90 0.58 1.06 - - 

Queen-Carleton 0.40 0.45 3.59 1.03 1.31 1.21 - - 

King-York 0.67 2.21 1.09 1.17 0.56 2.41 0.70 0.70 

King-Carleton 1.28 1.21 1.33 1.72 0.95 1.28 1.47 1.49 

Brunswick-York - - 0.96 0.57 1.71 2.41 0.48 0.48 

 

 

 

 

  



Appendix O 
Scenario 3: Average queue length (vehicle) 
Morning peak hour 

 East  
approach 

North  
approach 

South  
approach 

West 
approach 

Intersection Average Std. Average Std. Average Std. Average Std. 

Queen-York 0.4 0.1 1.6 0.4 0.8 0.2 - - 

Queen-Carleton 0.1 0.0 2.4 0.4 0.5 0.2 - - 

King-York 0.8 0.2 1.3 0.4 2.0 0.4 0.5 0.2 

King-Carleton 0.6 0.2 2.1 0.6 1.6 0.3 2.5 0.5 

Brunswick-York - - 1.1 0.3 5.5 0.8 7.1 1.0 

 

Scenario 3: Average queue length (vehicle) 
Afternoon peak hour 

 East  
approach 

North  
approach 

South  
approach 

West 
approach 

Intersection: Average Std. Average Std. Average Std. Average Std. 

Queen-York 0.8 0.1 1.3 0.3 2.0 0.4 - - 

Queen-Carleton 0.2 0.1 0.7 0.2 0.6 0.2 - - 

King-York 0.8 0.3 1.5 0.4 1.0 0.8 1.5 0.7 

King-Carleton 0.7 0.2 2.0 0.3 0.8 0.2 1.3 0.3 

Brunswick-York - - 0.5 0.2 2.8 1.1 3.8 0.6 

 

Scenario 3: t-test 

 Morning peak hour Afternoon peak hour 

Intersection: f 建怠貸底【態┻捗 T 】劇】 伴 建怠貸底【態┻捗 f 建怠貸底【態┻捗 T 】劇】 伴 建怠貸底【態┻捗 

Queen-York 67 1.996 -2.229 Yes 65 1.997 7.861 Yes 

Queen-Carleton 67 1.996 -0.489 No 67 1.996 3.999 Yes 

King-York 67 1.996 -0.551 No 67 1.996 1.497 No 

King-Carleton 67 1.996 -2.786 Yes 67 1.996 1.040 No 

Brunswick-York 67 1.996 -4.111 Yes 67 1.996 2.344 Yes 

 

Scenario 3: Confidence interval 

 Morning peak hour Afternoon peak hour Intersection 

Intersection: East North South West East North South West Morning Afternoon 

Queen-York 0.14 0.03 0.06 - 0.09 0.04 0.13 - 0.23 0.26 

Queen-Carleton 0.13 0.01 0.06 - 0.07 0.02 0.06 - 0.20 0.15 

King-York 0.12 0.08 0.12 0.08 0.12 0.09 0.26 0.25 0.40 0.71 

King-Carleton 0.19 0.06 0.10 0.17 0.09 0.06 0.07 0.11 0.52 0.34 

Brunswick-York - 0.11 0.26 0.32 - 0.06 0.37 0.20 0.69 0.63 

 



Appendix P 

Morning peak hour: Scenario 4 

Control 
delay per 
vehicle 

Std. 
Difference 
from base 

model 

Through-
put (veh) 

Std. 
Difference 
from base 

model 

Link 
travel 
time 

Std. 
Difference 
from base 

model 

Average 
queue 
length 

Std. 
Difference 
from base 

model 

Queen-Regent, north approach 15.3 0.8 -0.3 1080.9 9.6 0.1 22.6 0.9 -0.2 4.6 0.4 0.0 

Queen-Regent, south approach 9.3 1.7 1.4 542.7 30.5 65.8 22.3 1.9 1.8 1.5 0.4 0.4 

King-Regent, north approach 10.5 1.5 -4.6 1010.3 26.2 0.7 24.7 1.5 -5.0 3.4 0.6 -1.6 

King-Regent, south approach 16.7 1.9 -2.8 540.4 27.9 0.7 27.2 2.1 -2.9 2.6 0.3 -0.5 

Brunswick-Regent, north approach 13.0 3.2 9.0 1030.1 31.9 267.1 24.6 3.6 10.0 4.1 1.2 3.2 

Brunswick-Regent, south approach 25.0 2.2 0.2 434.1 8.0 -0.3 32.9 2.2 0.4 3.1 0.3 0.1 

Afternoon peak hour: Scenario 4 

Queen-Regent, north approach 13.3 1.0 0.1 408.5 6.4 0.1 19.5 0.9 0.01 1.4 0.2 0.0 

Queen-Regent, south approach 5.1 1.1 0.5 1295.0 49.6 78.3 18.0 1.3 0.9 1.9 0.5 0.3 

King-Regent, north approach 10.5 1.4 -7.6 435.7 19.4 -1.8 22.9 1.4 -7.7 1.3 0.2 -1.0 

King-Regent, south approach 14.5 1.3 -1.4 1056.4 39.0 -2.3 24.9 1.4 -1.7 4.5 0.5 -0.5 

Brunswick-Regent, north approach 15.3 2.5 2.5 529.9 29.8 48.6 25.9 2.6 2.7 2.3 0.6 0.6 

Brunswick-Regent, south approach 25.7 2.6 0.1 769.4 10.7 -0.1 33.4 3.1 0.04 5.8 0.6 0.0 

Morning peak hour: Scenario 5 

Queen-Regent, north approach 16.0 0.8 0.4 1081.0 9.5 0.2 23.2 0.8 0.4 4.8 0.4 0.1 

Queen-Regent, south approach 9.4 1.8 1.5 542.9 30.5 66.0 22.4 1.9 1.8 1.5 0.4 0.4 

King-Regent, north approach 10.8 1.4 -4.3 1010.3 26.4 0.7 24.9 1.4 -4.8 3.5 0.6 -1.5 

King-Regent, south approach 18.1 2.0 -1.4 539.6 29.1 0.0 28.6 2.1 -1.5 2.8 0.3 -0.3 

Brunswick-Regent, north approach 13.0 3.4 9.0 1028.5 32.3 265.5 24.7 3.7 10.1 4.1 1.3 3.2 

Brunswick-Regent, south approach 25.6 1.8 0.8 434.4 7.8 -0.1 33.5 1.8 1.1 3.2 0.2 0.1 

Afternoon peak hour: Scenario 5 

Queen-Regent, north approach 13.9 1.0 0.7 408.7 6.2 0.3 20.2 0.9 0.7 1.5 0.2 0.1 

Queen-Regent, south approach 5.4 1.1 0.8 1294.8 48.9 78.0 18.2 1.3 1.1 2.0 0.5 0.4 

King-Regent, north approach 11.0 1.3 -7.1 436.0 18.8 -1.5 23.3 1.3 -7.3 1.4 0.2 -0.9 

King-Regent, south approach 14.7 1.3 -1.2 1056.5 38.2 -2.2 25.0 1.4 -1.6 4.6 0.5 -0.4 

Brunswick-Regent, north approach 15.7 2.9 2.8 530.9 29.9 49.6 26.2 3.0 2.9 2.4 0.6 0.6 

Brunswick-Regent, south approach 25.6 2.3 0.0 769.6 9.3 0.1 33.4 2.7 0.0 5.8 0.5 0.0 

 


