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Abstract

The traditional approach to measuring bus performance involves conducting manual
surveys to record bus arrival and departure times at stops, a process that is both costly and
inefficient. However, with the installation of Global Positioning System (GPS) equipment on
buses, real-time updates on vehicle positions and bus stop arrival times are now captured at
significantly lower costs. The General Transit Feed Specification (GTFS) was developed to
manage and utilize this transit data effectively, providing a structured format for public transit
agencies to describe their services. Leveraging GTFS-realtime feeds from Public Transport
Authorities, bus performance can now be evaluated at a second-level resolution and on a
larger spatial scale.

There are several barriers to the widespread adoption of GTFS-Realtime data, such as
location-specific data extensions, non-human-readable formats, and data cleaning challenges.
This study addresses these obstacles by creating a dataset of actual bus stop arrival and
departure times using a data pipeline specifically designed to overcome these challenges. The
GTFS-Realtime trip updates are transformed into a 25-month dataset of real-time bus stop
arrival and departure times for Sydney, Australia, providing the foundation for microscopic
bus performance analysis.

Using GTFS-Realtime Trip Updates, the first study in this thesis assesses the impact of
bus priority measures, traffic signals, and cross-traffic turns (left turns in right-hand drive
countries) on bus reliability and delays. Traditionally, bus priority measures, such as bus
lanes, have been evaluated at an aggregate level. In this study, we employ panel regression
models to examine marginal delays across stop-to-stop segments, incorporating variables
such as traffic signals, traffic volumes, priority measures, cross-traffic turns, precipitation, and
the Coronavirus Disease 2019 (COVID) stringency index.

The model findings show that bus-taxi and bus-HOV lanes reduce stop-to-stop marginal
delays and significantly improve service reliability by reducing delay variability. Additionally,
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vi ABSTRACT

traffic signals and cross-traffic turns are shown to substantially impact bus performance.
Despite being historically avoided in bus route design, cross-traffic turns continue to contribute
significantly to delays and service variability.

Focusing on cross-traffic turns, the second study conducts a microscopic analysis of
their effects using both GTFS-Realtime Trip Updates and Vehicle Position data. Statistical
analysis reveals that cross-traffic turns not only increase mean delay and variability but also
reduce operational speed. The microscopic analysis of vehicle speeds and trajectories around
two intersections further illuminates the causes of these delays. Through cross-validation
between GTFS-Realtime Trip Updates and Vehicle Position data, the accuracy of the proposed
local-environment microscopic analysis is confirmed.

Recognizing the limitations of traditional bus priority measures, which often reduce green
time or road space for other vehicles, the final study introduces an innovative solution: the
bus cross-traffic turn priority box. This in-lane queue jump lane allows buses to bypass
cross-traffic queues, improving both speed and reliability without compromising road space.
The bus cross-traffic turn priority box also enhances the performance of general traffic by
allowing vehicles to pre-accelerate before the cross-traffic signal turns green, unlike traditional
bus priority measures, which often increase delays for other vehicles.

In conclusion, this thesis demonstrates the potential of utilizing GTFS-Realtime data
for precise and cost-effective measurement of bus performance. The findings highlight the
effectiveness of bus priority measures, such as bus-taxi and Bus-High Occupancy Vehicle
(bus-HOV) lanes, in reducing delays and improving reliability. The findings also indicate that
bus cross-traffic turns have a major impact by contributing to delays, reducing operational
speed, and degrading service reliability. Moreover, the proposed bus cross-traffic turn priority
box offers a promising solution to the challenges posed by cross-traffic turns, benefiting both
buses and general traffic without increasing delays or reducing road capacity. This research
provides valuable insights into the factors affecting bus performance and offers actionable

recommendations to enhance bus efficiency worldwide.
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underestimate speed, as slower-moving buses generate more location data within the

studied area.

6.1 Step-by-step guide for implementing the bus cross-traffic turn priority box: Example

intersection in Greater Sydney. The bus cross-traffic turn priority box is placed in the
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CHAPTER 1

Introduction

1.1 Background

In rapidly growing urban environments, efficient and reliable public transportation systems
are essential for reducing congestion, lowering emissions, and enhancing accessibility. Buses,
as a major component of public transport networks, play a crucial role in connecting diverse
neighborhoods, commercial hubs, and public institutions without the need for specialized
infrastructure like tracks. By offering a viable alternative to private vehicles, buses help to
reduce traffic volumes and minimize environmental impacts (National Association of City
Transportation Officials (NACTO) 2018). However, buses often face significant operational
challenges, including delays and unreliable service, which undermine the effectiveness of

public transit systems.

Efficient public transportation is vital for mitigating urban congestion and promoting sus-
tainable mobility, making cities more livable. Strategic investments in infrastructure, such as
dedicated bus lanes, Transit Signal Priority (TSP) systems, and other bus priority measures,
are essential for improving bus performance and service reliability (Transportation Research
Board and National Academies of Sciences, Engineering, and Medicine 2013; National Asso-
ciation of City Transportation Officials (NACTO) 2016). These interventions significantly
reduce delays, improve service punctuality, and make public transit a more attractive option
for commuters. By enhancing the overall speed and reliability of bus services, these measures
help to reduce reliance on private vehicles, contributing to sustainable urban mobility and the

alleviation of traffic congestion.
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Bus performance has been a subject of growing attention since the 1980s as public transit
organizations have increasingly faced pressure to meet efficiency goals (Strathman and Hopper
1993). Performance is typically assessed through key metrics such as delays, reliability, and
speed. Delays can arise from various factors, including traffic congestion, signal timing, and
intersection design (Strathman and Hopper 1993; Gan et al. 2003). Reliability, referring to
the consistency of bus arrivals and departures, is another critical indicator of performance
(Transportation Research Board and National Academies of Sciences, Engineering, and
Medicine 2013). Unpredictable delays, such as those caused by cross-traffic turns (left
turns in right-hand traffic environments or right turns in left-hand traffic environments) and
heavy traffic volumes, significantly reduce service reliability, making buses less attractive for
commuters. Addressing these delays is crucial for increasing ridership, reducing dependence

on private vehicles, and promoting environmental sustainability.

The United States Federal Transit Administration’s Transit Capacity and Quality of Service
Manual categorizes quality of service measurements for fixed-route buses into two main
groups: availability measurements (service frequency, span, and accessibility) and comfort and
convenience measurements (passenger load, travel reliability, and travel time) (Transportation
Research Board and National Academies of Sciences, Engineering, and Medicine 2013). This
study focuses primarily on bus delay, service reliability, and travel speed, as these metrics
can be significantly improved through interventions such as optimized geometric design

(Surprenant-Legault and El-Geneidy 2011).

A key goal of public transit is to prioritize passenger movement over vehicle throughput in
order to improve road corridor efficiency (Waterson et al. 2003). By enhancing bus operational
speed and reliability, transit systems can attract more passengers, thereby reducing demand
for private car travel and contributing to a more sustainable, efficient, and environmentally-

friendly urban transportation system.
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1.1.1 GTFS data

Cities generate large volumes of data daily through digital services and smart city applications
such as sensors, video cameras, traffic management systems, smart meters, vehicles, mobile
phones, and internet of things devices. Smart city investments are sometimes justified by the
inherent value of the data they generate without comprehensively specifying plans for using
that data. Meanwhile, the amount of data generated by smart city applications is growing
exponentially. Only a small number of organizations use the data to any significant extent,
and most organizations that do employ less than half of the data they have collected (Barrett

2018).

Public Transport Authorities (PTAs) are a key example of underused big data generators.
Their daily operations create data on vehicle positions, counts of passengers, user travel
patterns, disruptions and real-time conditions, and vehicle arrival times (Google Developers
2022b). This data can be used by transit authorities for service delivery and planning, to
improve network performance and safety, and to optimize operational costs and resources
(Prommaharaj et al. 2020). There is further opportunity to harness this data for the develop-
ment of applications that support data-driven decision-making, enable proactive customer

engagement, and improve customer experience, thus making cities more efficient and livable.

Traditionally, bus performance has been measured through manual surveys, which are limited
in scope and accuracy, and do not cover all bus routes or times of day. However, the
development of the newer dataset — GTFS in 2006 by Google revolutionized the way transit
data is collected and analyzed. GTFS is now used by all transit agencies that participate in
Google Maps (Google Developers 2022b; Wong 2013). GTFS feeds contain detailed transit
service data, including stops, routes, trips, and schedules (Google Developers 2022b). With
the real-time updates provided by GTFS, micro delays can now be analyzed — delays that
were previously undetectable through traditional surveys. Wong showed that GTFS feeds
accurately represent the transit network and can be relied upon as a source for measuring transit

performance (Wong 2013). This high-resolution, real-time data allows for comprehensive
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and detailed analysis of transit performance, providing valuable insights that can inform

improvements to transit infrastructure.

There are two main barriers to widespread access to GTFS-Realtime information that can
be addressed by creating a data processing pipeline. First, the high-volume, realtime feeds
are shared using protocol buffers, which serialize structured data for efficient, high-fidelity
transfer. Protocol buffer messages require processing before use in most transport applications.
Moreover, a typical realtime dataset is constructed from repeated queries to an API providing
live trip updates. The GTFS-Realtime Trip Updates information disappears once the bus
arrives at its stop, meaning there is no archived source of truth to reconstruct the data after the
fact. Queries are made at regular intervals (every minute) and each newer update in a query
replaces outdated information from previous queries about each arrival at each stop. These
barriers can be addressed with the data processing pipeline that handles data ingestion and

processing of the GTFS feeds.

Second, the raw feeds may contain errors such as missing values and data duplicates. The
data processing pipeline can detect and clean spurious information. The pipeline addresses
this barrier to the widespread use of the realtime information by including data cleaning and

transformation modules.

1.1.2 Bus lane performance evaluation

Dedicated bus lanes can accommodate over five times the passenger capacity of mixed traffic
lanes, even with a lower frequency of vehicles (National Association of City Transportation
Officials (NACTO) 2018). In bustling urban corridors, bus priority schemes have been
implemented worldwide to mitigate traffic congestion by improving the appeal of bus services

(Shalaby 1999).

Common bus priority schemes include reserved bus-HOV (High Occupancy Vehicle) lanes,
bus-taxi lanes, bus-only lanes and bus-only streets (dedicated rights of way, busways), as
well as traffic signal priority (Transportation Research Board and National Academies of

Sciences, Engineering, and Medicine 2013). These priority schemes claim intuitive benefits
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in improving bus operational performance such as delay and reliability (National Association
of City Transportation Officials (NACTO) 2016). Meanwhile, there are other factors that
influence bus operational performance, including passenger demand factors, such as road-
works and incidents, weather effects, weekends, public holidays, school holidays, and COVID
lockdowns. Generally, these effects tend to reduce passenger demand, leading to improved
bus operational performance (Wang et al. 2011; Tao et al. 2014; Cz&dorova et al. 2021; Guo
et al. 2007). On the other hand, traffic flow, traffic signals, and cross-traffic turns, tend to have
a negative impact on bus operational performance (Strathman and Hopper 1993; Gan et al.

2003).

Due to the limits in data availability, only a few studies have examined the impact of bus
priority lanes on bus performance using real-time data (Surprenant-Legault and El-Geneidy
2011; Yan et al. 2016), and those that exist typically focus on road corridor level with a limited
performance data collection. However, utilizes a significantly larger dataset, providing a more
comprehensive analysis of the effects of bus priority lanes. It considers not only corridors
with bus priority lanes but also other links without bus priority lanes. Additionally, few
researchers have considered the combined effects of multiple variables on bus performance
(Tao et al. 2014; Truong et al. 2015; Montero-Lamas et al. 2023), often using low-resolution
data. This study addresses this gap by examining the combined effects of bus priority lanes,
passenger demand factors, road supply factors, and weather effects at a finer scale. Using data
from Sydney, it provides a more detailed understanding of the various factors influencing bus

operations.

1.1.3 Bus cross-traffic turn

We use the term “cross-traffic turns" to describe turns which involve crossing opposing traffic
while turning — these are right turns in left-hand driving environments including India, the
United Kingdom, Australia and Japan and left turns in right-hand driving environments, such

as those in continental Europe, North America, and China.



6 1 INTRODUCTION

Give-way/yield rules are widely standardized causing cross-traffic turns to pose significant
challenges for both cars and buses. Drivers performing cross-traffic turns must wait for either
a dedicated signal phase (in the case of protected turns) or a sufficiently large gap in traffic (in
the case of permitted turns). Due to these conflicting movements, cross-traffic turns typically
receive the least green time at intersections, resulting in larger delays compared with through
movements and non-cross-traffic turns (e.g., right turns in right-hand driving environments or

left turns in left-hand driving environments).

Many studies have shown that cross-traffic turns contribute to delays at intersections (Newell
1959; DePrator et al. 2017; Manual 2000; Levinson 1998). Due to their larger vehicle size
and lower acceleration rates, buses require larger gaps in traffic or longer dedicated signal

phases compared to cars, making cross-traffic turns particularly challenging for buses.

While some studies have noted that bus cross-traffic turns negatively impact operational
speed (Zhao and Zhou 2018; Shu et al. 2019; Dunne and McArdle 2022), there is a limited
number of research providing quantitative assessments using real data to evaluate the effects of
cross-traffic turns on bus performance. Although cross-traffic turn delays are typically small
and stochastic at individual intersections, their cumulative impact over many intersections
along a route or across multiple buses traversing a single intersection can result in significant
inefficiencies. These accumulated delays contribute to the overall unreliability and reduced

efficiency of bus services.

The outputs aim to inform the design of optimized routes, schedules, and operational strategies
to minimize the delays and variability caused by bus cross-traffic turns. Addressing the
challenges posed by cross-traffic turns is a vital step toward improving the efficiency and
dependability of urban bus operations. This study contributes to the growing body of evidence
advocating for targeted, data-driven solutions to enhance public transportation systems,
ensuring they remain reliable, efficient, and sustainable in increasingly congested urban

environments.
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1.1.4 Interventions for bus cross-traffic turns

Traditionally, prioritizing bus cross-traffic turns has relied on solutions such as queue jump
lanes, TSP, or bus pre-signals (Transportation Research Board and National Academies of
Sciences, Engineering, and Medicine 2013; Smith et al. 2005; Wu and Hounsell 1998). While
these methods offer advantages in improving bus performance, they come with several chal-
lenges. Queue jump lanes, for example, require additional space at intersections, particularly
lateral space. In densely built urban areas, where lateral space is often constrained, converting
a traffic lane into a queue jump lane can significantly increase delays for general traffic. This
can result in intersection queues spilling back beyond the entrance of the queue jump lane,
making it more difficult for buses to access the lane and potentially increasing delays for both
buses and general traffic. An alternative, continuous bus priority lanes, could address this
issue, but reallocating road space from general traffic to buses might reduce overall corridor

efficiency.

TSP can enhance bus performance by prioritizing bus movements at signalized intersections,
but this approach reallocates some signal time from general traffic to buses, potentially causing
delays for other road users. However, when accounting for the higher occupancy of buses, the

overall total delay may be reduced.

Pre-signals can reduce total person hours of delay across the system, making them a viable
option for cities looking to enhance bus priority. However, like queue jump lanes, pre-signals
require a dedicated bus lane on the approach side of the intersection. In urban areas with
limited land and high costs, allocating road space for dedicated bus lanes is often not a feasible

solution.

All of these traditional methods require additional space or green time to prioritize buses,
which often results in increased delays for general traffic, limiting their practicality in urban
environments. This creates a pressing need for innovative solutions that provide bus priority

without the drawbacks of existing methods.
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To address these limitations, this study introduces and evaluates a novel solution: the Bus
Cross-Traffic Turn Priority Box. This priority box not only improves bus speed and reliability
by skipping the cross-traffic turn queue but also benefits general traffic by allowing vehicles
to pre-accelerate when no bus is present, reducing startup lost time and enhancing overall
intersection efficiency. This dual functionality — prioritizing buses while maintaining or even

improving general traffic flow— marks a significant advancement over traditional approaches.

1.2 Research objectives

This research aims to develop, store, and validate the GTFS-Realtime Trip Updates data. This
involves transforming raw protocol buffer trip updates into user-friendly Comma-Separated
Values (CSV) files, enabling microscopic analysis of bus performance. The processed GTFS-
Realtime data facilitates high-resolution, second-level assessments of bus delays, operational
speeds, and service reliability at the stop-to-stop level. By integrating this data with other
available datasets, the research explores the impact of factors such as bus lanes, traffic signals,
cross-traffic turns, and traffic volumes on operational delays and reliability. Among these
factors, this study focuses on bus cross-traffic turns, which are found to have the most
significant impact on bus reliability. Since current priority measures do not effectively reduce
delays caused by cross-traffic turns without negatively affecting other traffic or requiring
additional road space, this research proposes a novel solution: the Bus Cross-Traffic Turn
Priority Box. This innovation aims to substantially reduce bus delays caused by cross-traffic

turns while minimizing or even improving the flow of other traffic.

1.3 Thesis structure

This thesis is structured to methodically address each of the research objectives and incor-
porates four published and under-review journal papers (Figure 1.1). Chapter 2 presents
the literature review, synthesizing existing research on bus performance degradation, bus
priority measures, public transport performance metrics and the application of GTFS data,

while highlighting the critical gaps that this thesis seeks to address. Chapter 3 focuses on
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FIGURE 1.1: Thesis outline flowchart. Chapters 3, 4, 5, and 6 are each based

on one of the four journal papers. These chapters are interconnected, with

each building upon the results of the preceding chapter.
the development, storage, and validation of 25 months of bus arrival and departure times at
bus stops in Greater Sydney using GTFS-Realtime Trip Updates data. Chapter 4 examines
the combined effects of multiple operational factors at stop-to-stop level on bus performance,
utilizing regression models to offer a comprehensive understanding of the variables influ-
encing delays and reliability. Chapter 5 investigates the specific impact of bus cross-traffic
turns at microscopic level, quantifying their effects on bus operations and emphasizing their
significance as a key challenge to transit performance. Chapter 6 introduces the theoretical
framework and simulation evaluation of the Bus Cross-Traffic Turn Priority Box, assessing
its effectiveness in real-world applications. The final chapter, Discussion and Conclusion,
summarizes the key findings, explores the broader implications of the research, and outlines

potential directions for future work.



CHAPTER 2

Literature Review

2.1 Introduction

As cities grow and urbanization accelerates, traffic congestion worsens, leading to slower
travel times and strained road capacity. With more vehicles on the road, private cars contribute
to delays that also affect buses, which are crucial for alleviating road congestion by carrying
large numbers of passengers. However, as congestion increases, buses face their own delays,
making their performance even more critical to urban mobility. Efficient bus systems are vital
for daily commuting and the overall effectiveness of urban transportation networks. To attract
more ridership and improve service efficiency, enhancing bus performance is essential for

maintaining a smooth and reliable transportation system in increasingly congested cities.

However, various factors, including traffic volume, signal timing, cross-traffic turns, and
passenger demand variations, contribute to the degradation of bus performance, leading
to delays and reduced service reliability. Furthermore, the implementation of bus priority
measures, including bus lanes, signal priority, and pre-signals, offers opportunities to mitigate
delays and improve bus performance. Traditional methods of evaluating bus performance,
such as relying on static schedule data or aggregate vehicle counts, are insufficient in capturing
the complexities of realtime bus operations. The integration of realtime data sources, such as
Automatic Vehicle Location (AVL) and GTFS, has enhanced our ability to assess and address

these operational challenges.

This literature review examines the factors contributing to bus performance degradation,

evaluates the impact of bus priority measures, and explores how emerging data sources
10
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and technologies can optimize public transportation systems. By synthesizing research on
these aspects, this review aims to highlight key trends, methodologies, and gaps in the
existing literature, ultimately guiding future studies and policy decisions in the domain of bus

operations and planning.

2.2 Bus performance degradation

2.2.1 Traffic volume

High traffic volume, leading to congestion, is a major contributor to bus performance degrada-
tion. As traffic volume increases, buses face significant delays due to congestion and slower
travel speeds, which negatively affect travel time reliability (Sterman and Schofer 1976).
Studies have consistently shown that there is an inverse relationship between increasing traffic
volume and declining bus performance (Sterman and Schofer 1976; Shalaby 1999; Gan et al.
2003). Collectively, these studies corroborate the inverse relationship between increasing

traffic volume and declining bus performance.

2.2.2 Traffic signals

Bus delay often occurs at intersections where public transport signal priority can be implemen-
ted. Bus signal priority can take the form of extended green times or dedicated signal phases
for buses, which help reduce delays at intersections (Shalaby 1999; Kim 2003; Sterman and
Schofer 1976). However, when signal priority is not in place, traffic signals become a major

source of delay for buses, particularly during periods of high traffic volume.

In Sydney, signal priority is possible through the adaptive traffic signal control system using
a priority-giving algorithm. Although it has been implemented in the past, this system was
deactivated in most road corridors during the data collection period for this study. As a result,
the traffic signals are anticipated to be a source of unreliability rather than bus priority in the

current study.
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2.2.3 Bus cross-traffic turns

Cross-traffic turns present significant challenges for both buses and general traffic. Studies
have consistently shown that cross-traffic turns reduce intersection capacity, particularly
when turning traffic must yield to opposing flows, impacting both turning and through traffic
(Newell 1959; DePrator et al. 2017; Manual 2000; Levinson 1998). This reduction in capacity
becomes more pronounced with increasing opposing traffic volumes (Messer and Fambro

1977).

Buses, as essential components of urban traffic, are particularly disadvantaged by delays
caused by cross-traffic turns. Given their larger size and slower acceleration rates, buses
require wider gaps in traffic or longer dedicated signal phases than cars, amplifying delays.
Kim (2003) highlights the significant challenges buses face when executing cross-traffic turns
on multi-lane arterial roads, noting that these maneuvers not only slow down bus operations
but also disrupt overall traffic flow. Other researchers, such as Zhao and Zhou (2018) and
Shu et al. (2019), advocate for prioritizing buses at intersections during cross-traffic turns.
Their studies demonstrate that such priority measures can reduce delays for both through
and turning buses while maintaining private vehicle performance, ultimately reducing total

passenger delays at intersections.

Existing countermeasures, such as route adjustments, signal modifications, hook turns, queue
jump lanes, and jug handles, are often conceptually motivated and lack rigorous cost-benefit
analysis (National Association of City Transportation Officials (NACTO) 2016). Additionally,
the individual contributions of each cross-traffic turn to bus delay and reliability have not been

systematically quantified, leaving a significant gap in addressing this issue comprehensively.

2.2.4 Passenger demand variation

Passenger demand on buses varies significantly depending on factors such as the time of day,
day of the week, public holidays, and weather conditions. Understanding these variations is

essential for optimizing bus schedules and ensuring efficient service.
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2.2.4.1 Weekends

Similar to demand patterns observed in other transportation modes, bus ridership in most
cities — excluding those with a significant proportion of tourist activity — tends to be lower
on weekends than on weekdays, primarily due to the reduced number of commuters traveling
to work or school (Tao et al. 2014; Balcombe et al. 2004). A study by Wang et al. (2011)
which compared weekday and weekend passenger patterns for London’s Oyster card users,
revealed substantial variations in travel patterns depending on the service catchment areas.
Further, Guo et al. (2007) found a heightened sensitivity to weather effects on weekends
compared to weekdays. Another study indicated that buses typically have shorter travel times
on weekends due to less traffic congestion and fewer stops, resulting in lower dwell times at

bus stops (Tao et al. 2014; Suwardo et al. 2009).

2.2.4.2 Public holidays

Similar to the patterns seen among weekend public transport users, bus ridership decreases in
many places on public holidays with no notable peak hours (Tao et al. 2014). In Brisbane,
Australia, public holidays see the most considerable decline in passenger numbers compared
to weekends and school holidays (Tao et al. 2014; Tao et al. 2018). Research by Mendes-
Moreira et al. (2015) employed machine learning to evaluate bus schedules, suggesting that

public holidays should follow a schedule similar to weekends.

2.2.4.3 School holidays

Weekdays during school holidays have fewer passengers than regular weekdays, but the
reduction is minor compared to other passenger effects. This is expected as school students
make up only a small proportion of all bus passengers (Tao et al. 2014) and changes in the
routines of households with school students are responsible for the rest of the variation in
demand. Mendes-Moreira et al. (2015) employed machine learning to evaluate bus schedules
and proposed that weekdays during school holidays should follow a different schedule

compared to school days.
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2.2.4.4 COVID pandemic

The COVID-19 pandemic had major impacts on the global transport network. The imple-
mentation of ‘lockdown’ and ‘stay-at-home’ measures has led to both a reduction in travel
demand and changes in travel behaviors (Yan et al. 2021; Jenelius and Cebecauer 2020).
Public transport ridership diminished owing to increased travel-related risks, while private car
use became more prevalent (Yan et al. 2021; Jenelius and Cebecauer 2020). Yan et al. (2021)
employed the Oxford Stringency Index to reflect the intensity of stay-at-home directives.
They found that as lockdown measures eased, bus delays increased due to a confluence of

extended dwell times at stops and heightened traffic congestion (Yan et al. 2021).

2.2.5 Weather effects

Weather affects both public transport service and ridership demand as considered in previous
studies (Guo et al. 2007; Tao et al. 2018; Bocker et al. 2013). The impact of weather on transit
varies based on the weather severity, weather attribute, mode choice, destination and activity
type (Guo et al. 2007; Tao et al. 2018; Bocker et al. 2013; Singhal et al. 2014). Weather
conditions including heavy precipitation, low temperatures and strong winds can impact
both supply (reduced visibility, reduced freeflow speed) and demand (mode shift driven by
weather) in the transport system, which can result in temporary and even long term declines
in transit ridership (Tao et al. 2018; Hofmann and O’Mahony 2005; Hine and Scott 2000;
Changnon 1996).

Unlike the route design and infrastructure attributes including bus priority lanes and traffic
signal, weather is not a decision variable. The studies conducted by Tao et al. (2018) and
Kashfi et al. (2013) in Brisbane, Australia, suggest that precipitation has the most significant
impact on transit ridership, so this study adopts precipitation as the weather effects indicator.
Consequently, the reduction in bus ridership due to precipitation is expected to influence

variability of bus operational performance.
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2.3 Bus priority measures

2.3.1 Bus priority lanes

Bus priority lanes are a widely adopted strategy to enhance bus service quality because of
their low implementation cost and substantial benefits. Proper enforcement ensures these
lanes effectively prioritize buses, reducing travel times and increasing reliability with minimal
expense and short implementation time (Ma et al. 2014). However, the effectiveness of
bus lanes has less often been measured using real-time data. Many previous studies have
relied on simulated bus priority scenarios (Shalaby 1999; Zhou et al. 2009; Tsitsokas et al.
2021), with few examining the impact of bus lanes through observational data (Surprenant-
Legault and El-Geneidy 2011; Yan et al. 2016). These studies typically show that bus lanes
enhance operation speed and reliability. Due to data limitations, these studies often focus

on specific road corridors. This study leverages a significantly larger dataset to offer a more

comprehensive analysis of bus lane impacts.

FIGURE 2.1: Peak hour only bus-taxi lane on Parramatta Road in Sydney,
Australia. The lane is painted red and heavily used by buses. Bus-taxi lanes
are commonly located on major bus corridors in Sydney. Source: Google
Earth

Previous studies suggest that reliability is a more critical metric for bus performance compared
to speed, comfort, and frequency (Zhou et al. 2009; Aemmer et al. 2022). Factors such as route
length, intersection control, traffic volumes, and passenger loads can have a significant impact
on bus travel reliability (Sterman and Schofer 1976; Abkowitz et al. 1986). Implementing
strategies such as reducing route lengths and optimizing intersection controls to prioritize

buses can greatly enhance bus travel reliability.
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FIGURE 2.2: Day time bus-HOV lane on William Street, Sydney, Australia.
‘T2’ (Transit Lane for vehicles with two or more people) painted on the bus-
HOV lane (highlighted in yellow circle). Unlike HOV lanes in North America,
HOV lanes in Sydney are more often located on arterial streets instead of
motorways. Source: Google Earth

A common approach to implementing bus lanes includes allowing shared use with taxis (see
Figure 2.1). Previous simulation study support this policy, indicating that prohibiting taxis
from using bus priority lanes causes greater performance deterioration in adjacent traffic than
the performance gains achieved for buses in the priority lanes at typical bus density levels

(Shalaby 1999).

Another type of bus priority lane incorporates High Occupancy Vehicles (HOV) alongside
buses. HOV lanes, designed to reduce travel times for high-occupancy vehicles, including
buses, significantly increase the capacity of road corridors by encouraging carpooling (Chang
et al. 2008). Enhancing capacity at bottlenecks is particularly effective, leading to improved
overall corridor performance (Kwon and Varaiya 2008). While HOV lanes are prevalent in the
United States and Canada, they are less common in Europe and Australia. Unlike the highway-
median placements typical in other regions, Australian HOV lanes are frequently located
in the curbside lane and heavily utilized by buses. A typical urban example is illustrated in
Figure 2.2. Although buses are significant users of HOV lanes in Australia, there is a lack of

literature evaluating the benefits of HOV lanes for bus operations.
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2.3.2 Transit signal priority

Transit Signal Priority (TSP) adjusts signal timings at intersections to grant extra green time
or reduce red time for buses, thereby decreasing bus delays and variability in running times
(Smith et al. 2005). TSP is considered a cost-effective solution to enhance bus travel speed
and reliability, often with minor impacts on general traffic (Smith et al. 2005; Transportation
Research Board and National Academies of Sciences, Engineering, and Medicine 2013). Ma
et al. (2014) categorize TSP strategies into three types: passive, active, and adaptive control.
Passive TSP employs fixed signal timings optimized based on historical bus data, benefiting
only on-schedule buses while neglecting real-time bus performance (Ren et al. 2021). Active
TSP uses real-time bus arrival information to grant signal priority, benefiting both early and
late buses (He et al. 2014). Adaptive TSP optimizes performance for both buses and private
vehicles using real-time data collection. By considering traffic flow for both buses and private
vehicles, adaptive TSP can minimize total delay while granting priority to buses when they

carry many passengers or are significantly delayed (He et al. 2014).

2.3.3 Queue jump lanes

Queue jump lanes (Figure 2.3) are a common bus priority treatment that allows buses to bypass
waiting queues at signalized intersections, often employed in conjunction with TSP. They have
been proven effective in reducing bus travel times and enhancing reliability (Transportation
Research Board and National Academies of Sciences, Engineering, and Medicine 2013; Zhou
and Gan 2009). For instance, Zhou and Gan (2005) found that the efficiency of queue jump
lanes increases when combined with TSP. However, similar to other bus priority measures,
their effectiveness can be diminished when significant traffic queues delay buses from entering
the queue jump lane (Zhou and Gan 2005; Truong et al. 2015; Nowlin and Fitzpatrick 1997).
To mitigate this issue, Knapp and Jacobson (1995) suggested extending the length of queue

jump lanes but this requires additional road space.
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FIGURE 2.3: Cross-traffic turn queue jump located near Macquarie University
in Sydney, Australia. The cross-traffic turn queue jump lane is positioned on
the right side (east side) of the intersection. Large road surface is required to
facilitate the cross-traffic turn queue jump lane. Source: Google Earth

2.3.4 Bus pre-signal

Bus pre-signals (Figure 2.4) are traffic signals installed at or near the end of a with-flow
bus lane to provide bus priority at downstream junctions (Wu and Hounsell 1998; Guler
and Menendez 2014; Guler and Menendez 2015). Implemented in Europe since the 1990s
(Wu and Hounsell 1998), bus pre-signals aim to optimize the utilization of the main signal’s
capacity while prioritizing buses, thereby minimizing total system-wide person hours of
delay (Wu and Hounsell 1998; Guler and Menendez 2014; Guler and Menendez 2015). By
allowing buses to bypass traffic queues and facilitating easier access to the cross-traffic turn
lane (inside lane), bus pre-signals effectively reduce bus delays at signalized intersections

(Wu and Hounsell 1998).

While the effectiveness of pre-signals may diminish when intersections become congested —
resulting in reduced capacities in the reservoir between the pre-signal and the main signal
(Wu and Hounsell 1998) — analytical studies by Wu and Hounsell (1998) and Guler and
Menendez (2014) and Guler and Menendez (2015), which consider various traffic scenarios
and bus frequencies, indicate that bus pre-signals provide benefits for buses while having

minor impacts on general traffic.
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FIGURE 2.4: Bus pre-signal in Shepherds Bush, London. Before the far side
main signal turns green, general traffics are required to stop at the nearside
pre-signal in order to allow buses on the bus lane to advance and skip the traffic
queue at the intersection. The pre-signal reduces bus delay and allow easy
access to right turn (cross-traffic turn) lane for buses at signalized intersection.
Source: Google Earth Street View

2.4 Evaluation

2.4.1 Simulation approaches

Several studies have used simulation models to assess the impact of bus priority measures,
particularly bus lanes, on bus and general traffic performance (Shalaby 1999; Gan et al. 2003;
Truong et al. 2015; Li et al. 2022; Petit et al. 2021). Shalaby (1999) found that dedicated bus
lanes improved bus performance but at the cost of deteriorating the flow of adjacent general
traffic. Similarly, Truong et al. (2015) highlighted that continuous bus lanes offer more
benefits with less disruption to general traffic than discontinuous lanes, with proportional
improvements to bus travel times. Gan et al. (2003) assessed travel speeds for both buses and
general traffic, considering factors like traffic volumes, cross-traffic turns and signalization,
and found that both proposed and existing bus lanes have a significant impact on the average
person travel time. Li et al. (2022) used simulation and machine learning based surrogate

models to optimize the bus lanes allocation in large-scale networks. Petit et al. (2021)
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presented a framework to optimize bus routes and headways, considering dynamic travel
demand and the impact of bus lanes on traffic congestion and overall system performance.
Tsitsokas et al. (2021) proposed a dynamic traffic modeling framework to optimally allocate
dedicated bus lanes, enhancing urban traffic performance while balancing bus priority and

regular traffic flow.

It is worth noting that numerous simulation studies have concentrated on vehicle counts rather
than passenger counts in assessing the effectiveness of bus priority measures, thus ignoring the
high occupancy within buses. These simulations typically use hourly flow rates to represent
traffic demand, which does not take into account the actual arrival times of vehicles. With the
realtime data, it is anticipated that analyses employing actual data will provide more accurate

comparisons than simulations.

2.4.2 GTFS data

Daily operations of PTAs create data on vehicle positions, counts of passengers, user travel
patterns, disruptions and real-time conditions, and vehicle arrival times (MobilityData 2021a).
The GTFS data can be used by transit authorities for service delivery and planning, to improve
network performance and safety, and to optimize operational costs and resources (Promma-
haraj et al. 2020). There is further opportunity to harness this data for the development of
applications that support data-driven decision-making, enable proactive customer engagement,

and improve customer experience, thus making cities more efficient and livable.

GTEFS is a data format that allows multimodal Public Transport Authoritie (PTA) data to
be consumed by a wide variety of software applications. Thousands of public transport
providers worldwide use the GTFS data format to openly share their data (MobilityData
2021a). This common sharing format allows for the private development of applications
(apps) such as those that monitor real-time arrivals, track public transport vehicles, support
Mobility as a Service (MaaS), sell commercial advertisements, or share customized messaging

(Prommaharaj et al. 2020; Frick et al. 2020).
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There are two distinct varieties in the specification. The GTFS-Static (or GTFS-Schedule)
format contains planned operational information such as routes, stops, trips, and schedules.
Kujala et al. (2018) have previously used this format to publish public transport route and
timetable information for 25 cities. In contrast, GTFS-Realtime contains live transit data
about vehicle positions, forecasted trip updates, and disruption updates. Due to the large
volume of data produced, the realtime data exchange format is based on Protocol Buffers, a

language- and platform-neutral mechanism for serializing structured data.

A key type of information contained in the GTFS-Realtime feed is the updated arrival time
prediction of every transit vehicle at every planned stop, which is called GTFS-Realtime Trip
Updates. Because the realtime data is generated at the time of the query, a dataset constructed
from frequent queries will contain redundant, duplicate, and outdated data. To extract the
actual arrival information, the protocol buffer messages need to be processed into a readable
format, cleaned and the duplicates filtered out. Since the forecasted arrival and departure
times are updated continuously, we assume that the most recent update conveys the best

estimation of arrival and departure time.

2.4.3 Data approaches

Several studies have utilized real-world data to analyze bus performance and improve transit
operations. Early work focused on using static datasets like the GTFS-Static, which primarily
reflect impacts of bus schedules. For example, Arias et al. (2021) used GTFS alongside
additional datasets to estimate potential travel time reductions afforded by bus preferential
treatments. Since GTFS-Static schedules are based on average times between stops, without
real-time performance adjustments, their findings were successfully validated through the
Google Maps Application Programming Interface (API). Similarly, Prommaharaj et al. (2020)
developed an interactive tool using GTFS-Static to visualize transit system operations, both
geographically and statistically. While these studies provided valuable insights, they lacked
the incorporation of realtime data, which is critical for comprehensively understanding the

dynamics of public transportation.
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The advent of real-time data has significantly enhanced the precision of bus performance
evaluations. AVL data has traditionally been used for microscopic analyses. The AVL system
provided real-time vehicle position data, but its availability was limited. AVL data has been
used in several studies for more detailed, microscopic analyses of bus operations. For example,
Tantiyanugulchai and Bertini (2003) and Yang et al. (2013) relied on AVL data to assess
travel speeds, travel times, and reliability at a granular level, such as for individual bus stops
or stop-to-stop links. Sun et al. (2021) employed dwell time data from AVL to estimate
the demand profile of a bus route using a Bayesian framework. These studies demonstrated
the value of AVL data in capturing specific operational challenges, such as delays caused
by cross-traffic turns and traffic signals, which could not be captured by broader, aggregate

metrics like those from the GTFS-Static dataset.

More recently, the GTFS-Realtime dataset, which is based on AVL data, has made real-time
bus performance data publicly available. GTFS-Realtime updates, such as Trip Updates and
Vehicle Positions, are derived from AVL systems, providing standardized and shareable data.
While the GTFS-Realtime dataset is still relatively new and has not been extensively used in
prior research, it offers significant advantages over traditional AVL data, particularly in its
public accessibility. For instance, Aemmer et al. (2022) conducted an analysis of buses, using
GTFS-Realtime data to predictable (systematic) delays and random (stochastic) variation
on a segment-by-segment basis. Similarly, Abusalim (2020) investigated the distribution of
GTFS-Realtime Trip Updates over a day, while Prommaharaj et al. (2020) and Aemmer et al.
(2022) have employed GTFS-Realtime Vehicle Positions data to evaluate bus performance on

a microscopic level, examining delays, speeds, flows, densities, and headways.

Despite the advantages of GTFS-Realtime, there remains a gap in its application over extended
periods and in conjunction with other datasets, such as road characteristics. However, its
growing accessibility marks a significant step forward in the ability to evaluate bus perform-
ance in real time, offering an essential tool for addressing localized issues like stop-level

delays and cross-traffic turns.
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2.4.4 Performance indicators

In exploring bus transit performance, researchers have employed diverse performance indicat-
ors, each offering unique insights into transit operations (Yan et al. 2021; Arias et al. 2021;
Prommabharaj et al. 2020; Sheth et al. 2007; Chen et al. 2009). Arias et al. (2021) calculated
actual travel times between stops, considering dwell time for a nuanced measure of transit
performance. Prommabharaj et al. (2020) employed six core indicators, such as mobility and
speed, to visually represent transit system operations. Sheth et al. (2007) used variables like
headway, intersections, and priority lanes in conjunction with schedule reliability and average
travel time for their performance model. Chen et al. (2009) applied a punctuality index, a
deviation index, and an evenness index to gauge bus service reliability in Beijing, finding that

dedicated bus lanes notably improve reliability.

Historically, reporting has relied on temporal aggregations and accepted margins for bus
operational performance. Metrics like On-time Running (OTR) require a threshold of delay
(e.g., 3 minutes) and a route or trip will meet that target some fraction of the time (Nakanishi
1997). OTR is convenient because it can be based on delay at time check points, a subset of the
stops, and it recognizes that customers have a tolerance for uncertainty in bus arrival (Hickman
2001). However, OTR makes it difficult to pinpoint performance issues on individual stop-to-
stop segments — this might include a timetable with a badly timed stop or the advantage of a

bus lane on the following stop arrival.

With real-time delays measured to the second, newer data sources like GTFS Realtime enable
a range of new performance measures. Based on the availability of both realtime arrival
forecasts and vehicle position data, this dataset directly supports performance measures like
average headway, variation in headway, average delay, and variation in delay. These measures
are determined by the accumulation of delay over the route and may not be suitable for
assessing the impact of localized priority measures on the stop-to-stop links. Vehicle speed
is also available from the GTFS Realtime — while this is relevant to the local conditions,
it refers to the instantaneous speed of the vehicle at the time of the query to the GTFS API

and might sample speeds associated with the vehicle during boarding and alighting, at a
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traffic signal, or when rolling. Aggregated over many vehicles, these values may describe the
performance of a stop-to-stop link, but individual measurements are not a good indicator of

the impact of priority on bus performance.

Stop-to-stop marginal delay evaluates bus performance on a detailed, microscopic level
between successive stops. Both Yan et al. and Kaddoura et al. define this delay as ‘the
difference in schedule delays for a bus trip between pairs of successive stops’ (Yan et al. 2021;
Kaddoura et al. 2015). This measure focuses on delays caused by specific factors like bus
lanes and traffic signals between two stops. This research utilizes stop-to-stop marginal delay
as a microscopic indicator of bus performance, modeling the effects of various independent

variables on bus stop-to-stop marginal delays.

2.5 Conclusion

In conclusion, improving bus performance and reliability requires a approach that can address-
ing both the causes of bus delays and the benefits of bus priority measures. Key contributors to
bus performance degradation include high traffic volume, traffic signal delays, and cross-traffic
turns. These factors often result in significant delays, reducing bus reliability and efficiency.
While previous studies have highlighted these challenges, data constraints have limited our
ability to fully quantify their effects and develop effective countermeasures. Real-time data
sources such as AVL and GTFS-Realtime have greatly advanced the understanding of these
delays, enabling more detailed, micro-level analyses of bus operations and the identification

of patterns related to passenger demand.

Bus priority measures, such as dedicated bus lanes, transit signal priority, and queue jump
lanes, have shown promise in mitigating these delays. These measures are effective in
enhancing bus travel speeds and reliability. However, challenges remain in optimizing these
measures, particularly in understanding how various operational factors, such as traffic
congestion and passenger demand, interact and impact bus performance. Additionally, while

the implementation of bus priority measures has proven beneficial in controlled settings, their
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real-world effectiveness often varies, and further research is needed to assess their impact

across different urban contexts.

Finally, evaluating the effectiveness of these measures remains a critical area for research.
Despite the availability of real-time data, there is still a need for more robust evaluation meth-
ods that can capture the nuanced effects of bus priority strategies in dynamic environments.
Future research should focus on refining data analytical techniques to quantify delays and
better integration of bus realtime data. Furthermore, there is a need to explore the combined
impact of these measures, considering factors such as weather, operational variability, and

environmental changes.

By addressing these gaps, we can enhance the overall performance of bus systems, making
them more efficient, reliable, and adaptable to the dynamic needs of urban environments.
Ultimately, leveraging these technologies and strategies will contribute to more sustainable
and effective public transportation systems, improving urban mobility and quality of life in

cities worldwide.



CHAPTER 3

GTFS-Realtime Trip Updates Data

3.1 Introduction

The efficient management of urban bus systems relies heavily on accurate and timely opera-
tional data, yet a critical gap exists in the availability of user-friendly bus real-time datasets
for large-scale urban areas. This gap hinders the ability of both researchers and transportation
authorities to evaluate bus system performance effectively, limiting the potential for informed
decision-making and the implementation of targeted interventions. The aim of this chapter is
to provide a publicly available dataset that enables the microscopic evaluation of bus opera-
tion, current priority measures, and hypothetical interventions that could optimize operational
efficiency. By presenting real-time updated GTFS data on bus operations in Sydney, this
study addresses the lack of long-term bus realtime arrival and departure data necessary for

microscopic analysis of transit performance.

In response to the need for comprehensive, long-term data sources, this chapter introduces a
manipulated GTFS-realtime trip updates feed. The feed has been transformed into a general
and flexible dataset of real-time bus arrivals, along with the data processing pipeline used for
this development. This pipeline, written in Python, enables the generation of 25 months of
real departure and arrival information for New South Wales (NSW), Australia. This dataset
will serve as a valuable resource for researchers and practitioners working on the optimization

of bus priority and bus scheduling.

Additionally, the pipeline’s flexibility opens the door for future research that can integrate

dynamic and spatial sensitive data, such as weather conditions, roadworks, and traffic volumes.
26
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For example, Chapter 4 demonstrated how traffic volume, signal location, and other spatial
and temporal data can be incorporated into the pipeline to evaluate bus lane effectiveness.
Additionally, Chapter 5 indicated that the pipeline output can be used to evaluate the effect of

cross-traffic turns at a microscopic level between bus stops.

3.2 Methods

Figure 3.1 illustrates an overview of the GTFS data pipeline. Each step discussed in the figure
represents a modular function that allows for independent operation of each step in the data
pipeline, providing user flexibility. Guides to using the data processing pipeline scripts are
provided in the code repository on GitHub (https://github.com/SCALUT) (Chin and
Xian 2024).

Data Pipeline

Raw Protocol Raw Trin Undates Transformed Trip Cleaned Unique
Buffer Data pEp Updates Trip Updates

FIGURE 3.1: GTEFS data processing pipeline overview. Each module creates
intermediate data products that can be used. The final outputs are estimated
arrival and departure times for every transit vehicle at every stop.

3.2.1 Data ingestion and processing

The inputs to the data processing pipeline are protocol buffer messages from the GTFS-
Realtime Trip Updates feed. Protocol Buffers are a mechanism for serializing structured
data (Google Developers 2021b). The data structure is defined in a . proto file, the schema
governing how the data must be read and written. The .proto file is used to generate
libraries with classes and functions needed for accurately reading and writing protocol buffer
messages. The serialized protocol buffer messages are stored in . pb binary files. Protocol
buffers are language- and platform-neutral, making them an efficient and flexible approach to

sharing high volumes of data.


https://github.com/SCALUT
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A trip update includes a forecasted arrival and departure time for every active vehicle at each
planned stop, and the most recently published forecast is equated to the actual arrival or
departure time. These forecasts are generated by the local PTA, and each authority typically
employs its own estimation methods. The data used in this study are the arrival and departure
time estimates provided by TINSW. However, the specific algorithm used to generate these
predictions is not publicly available, and no detailed information is provided regarding the
underlying prediction methodology. The protocol buffer data are obtained via the relevant
PTA’s API, which must be queried at short time intervals to ensure timely and accurate
forecasts of arrival and departure times. The implications of different query intervals are

further discussed in Subsection Query Frequency below.

The data processing workflow begins with a cleaning phase, filtering out rows containing
errors flagged within the API. After ensuring that only error-free data remains, the cleaned
query outputs are merged, retaining only the most recent update of each vehicle arriving at
each stop. If a query at a certain time is incomplete, it will be irrelevant for the stops and
vehicles that are missing. This approach guarantees that the final dataset incorporates the most
accurate and up-to-date information for each bus arrival. Further information on what fields

are contained in the static and realtime specification can be found at https://gtfs.org.

After adjusting for local timezones, the data processing pipeline supports the six locations
tested in the study, as well as any location worldwide that uses the standard GTFS-Realtime
Trip Updates fields. The generalization of the data processing pipeline to a specific region
depends on the field structure of the GTFS-Realtime Trip Updates. This dataset was created
utilizing the TENSW standard for the serialization of the protocol buffers— it is very similar to
the generic standard outlined at ht tps://gtfs.org/realtime/feed-examples/
trip-updates/. When using the default pipeline, if a location has additional fields
available in the serialization, that information will be ignored. However, if any expected fields

are missing compared to the standard structure, an error message will be raised.

As shown in Table 3.1, most testing locales are using version 1 of GTFS-Realtime, and this
data processing pipeline uses GTFS-Realtime v1 datasets. The data processing pipeline is

primarily developed for the TENSW realtime bus datasets.


https://gtfs.org
https://gtfs.org/realtime/feed-examples/trip-updates/
https://gtfs.org/realtime/feed-examples/trip-updates/
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TABLE 3.1: Summary of GTFS Datasets Tested in the data processing pipeline
development. Most locations are using version 1. More information about
each feed is available through the code repository associated with this paper.

Location Transport Authority Version
Greater Sydney, NSW Transport for New South Wales vl /v2!
Greater Brisbane, QLD TransLink v2
Greater Adelaide, SA Adelaide Metro vl
Canberra, ACT Transport Canberra v2
Auckland, NZ Auckland Transport vl
Christchurch/Canterbury, NZ | Environment Canterbury (ECan) / Metro vl

! At the time of writing, TENSW is transitioning the GTFS-Realtime datasets from v1 to v2.

A directory of the feeds used for testing the data processing pipeline, including the version of
the GTFS feeds, API Uniform Resource Locator (URL)s, and other associated information, is

available in the code repository.

For GTFS, the standard hierarchy of elements and their type definitions are specified in the
gtfs-realtime.proto file (Google Developers 2021a). Some PTAs generate GTFS-
Realtime datasets with extended data contained in optional fields, requiring a PTA-specific
.proto file. To maintain the generalizability of the data processing pipeline, these extended
data are not recorded. The following two datasets tested in this study include extended data

and require . proto files provided by the relevant PTAs:

e TINSW protocol file uses extension ID 1007 that includes optional fields for TENSW
VehicleDescriptor and CarriageDescriptor. These apply to the Vehicle Updates feed
and are not relevant to the dataset described in this paper.

e Adelaide Metro’s protocol file uses extension ID 1999 for wheelchair accessibility

information.

3.2.2 Location- and mode-specific structures

The .proto for the standard GTFS-Realtime fields is processed to language bindings by
MobilityData (MobilityData 2021b) and published as a Python package
gtfs-realtime-bindings. The PTA-specific .proto file can be used in the data

processing pipeline if extended data is required.
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There are several important considerations when applying the data processing pipeline to
alternative locations. First, the optional fields provided in the datasets may be inconsistent
among the study locations. Applications requiring information from these optional fields will
generally not be portable across different locations. The input to the data processing pipeline
must include all of the fields listed in Table 3.2, or an error message will be raised. In areas
where the realtime departure time is defined to be the same as the arrival time, the pipeline
will compute the same values twice and the dwell time would always be zero. Any additional
location- and mode-specific columns will be ignored by the data processing pipeline and will

not be read.

Furthermore, the organization of feeds by geography and mode varies by PTA. For example,
the Trip Update feed from TfNSW covers the entire state by public transport mode (bus,
light rail, ferry, etc.), whereas the Trip Update feed from TransLink in Queensland covers all
public transport modes by region. Some locales have combined or excluded some feeds. For
example, Canberra combines the Trip Update and Vehicle Position feeds for light rail only
but doesn’t support Service Alerts. Additionally, for Canberra’s buses, realtime information

is only available in the Service Interface for Real Time Information (SIRI) standard.

While the data processing pipeline was originally developed to create a user-friendly dataset
for one mode and location, there is significant commonality between modes and locations to
justify generalizing the code into a data processing pipeline that detects the correct structure.

The data processing pipeline outputs have a default configuration to exclude extended data.

3.3 Data records

The dataset covers bus operations across New South Wales, Australia, for a period spanning
from June 1, 2020, to June 30, 2022. Data were collected every minute from the TEINSW
GTEFS realtime Trip Updates API (Transport for NSW 2021b). The spatial extent is shown
in Figure 3.2. The dataset covers most of the buses within the Greater Sydney Metropolitan
Area. Following the data processing pipeline, the data is ingested, cleaned and processed

into bus arrival and departure times. Both Figure 3.2 and Figure 3.3 are created using bus
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trajectory information contained in the GTFS-static files available from the TINSW Open
Data Hub (Transport for NSW 2021b).

A 0 500 1,000 km Legend
)
=== Bus Trajectory

4

FIGURE 3.2: The TINSW GTFS-Realtime Trip Updates bus dataset coverage.
The feed covers the Greater Sydney Metropolitan Area including Newcastle in
the North and Wollongong in the South. Base map: Open Street Map.

A snapshot of the delays reported as the output of the data processing pipeline for a single
bus trip is shown in Figure 3.3. Notice that many realised delays are negative (the bus was
ahead of the schedule) — this is a common observation when demand was low during and
after COVID. The arrival and departure delays for each bus at each bus stop are continuously
updated while traveling based on the service status. Only the latest update, which is the most
accurate, is retained in the final product so the final reported delay associated with each stop

is based on successively later queries going along the route.

3.3.1 Data format

All data are presented in CSV file format to ensure easy accessibility and compatibility

with most data analysis tools, avoiding the need for specialized software. The sample of
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FIGURE 3.3: Latest GTFS-Realtime Trip Updates at each bus stop for a
morning peak trip on Route 370 westbound on 01 March 2022. The arrival

time estimates vary based on the realtime operational status along the route.
Base map: Stamen Toner Lite.

data processing pipeline output, encompassing 25 months of actual bus arrivals/departures

and intermediate data products, is stored on the Sydney eScholarship Repository. The data

is openly accessible to everyone and can be found at https://doi.org/10.25910/
1pfb-4z05.


https://doi.org/10.25910/1pfb-4z05
https://doi.org/10.25910/1pfb-4z05
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Table 3.2: GTFS-realtime dataset column names and descrip-

tion.

Column Name Name Description
id Vehicle ID Unique ID associated with each vehicle.
trip_id Trip ID ID associated with each bus trip, which

can be shared by multiple Vehicle ID

across different dates.

trip_schedule_relationship

Trip Schedule Re-

Relationship to the schedule of each trip.

lationship Default is ‘SCHEDULED’. Other values
include: ‘ADDED’, ‘NO_DATA’, ‘CAN-
CELED’, ‘0’ and ‘UNSCHEDULED’.
route_id Route ID ID associated with each bus route, which
is shared by multiple Trip IDs.
vehicle_id Vehicle ID Unique ID associated with each vehicle.

This matches the ‘id’ when realtime up-
dates are available and is missing when

the updates are missing.

stop_sequence

Stop Sequence

The sequence of bus stops, starting from

1, based on the stop order of each trip.

stop_arrival_delay

Estimated Bus Ar-

rival Delay

The bus arrival delay at the bus station
measured in seconds. Positive numbers
indicate late arrival compared with the
schedule, negative numbers indicate early

arrival compared with the schedule.

stop_departure_delay

Estimated Bus De-

parture Delay

The bus departure delay at the bus station
measured in seconds. Positive numbers
indicate late departure compared with the
schedule, negative numbers indicate early

departure compared with the schedule.
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Column Name Name Description
stop_id Bus Stop ID ID associated with each bus stop follow-
ing TEINSW’s conventions from the GTFS-
static scheduled data.
stop_schedule_relationship | Bus Stop Schedule | Relationship to the schedule of each
Relationship bus stop. Default is ‘SCHEDULED’.

Other values include ‘NO_DATA’, and
‘SKIPPED’.

request_time_dt

Data Request

Time

The request time of each data query.

timestamp_dt

Update Time

The time when the information was last

updated in the system.

stop_arrival_time_dt

Estimated Bus Ar-

rival Time

The estimated arrival time at the bus stop
based on the scheduled time plus the re-

ported delay.

stop_departure_time_dt

Estimated Bus De-

parture Time

The estimated bus departure time at the
bus stop based on the scheduled time plus

the reported delay.

trip_start_time_dt

Bus Trip Start

Time

The scheduled departure time from the

first stop of the trip.

The data product is organized into two formats:

12_CSV_Transformed_TUand 13_Cleaned_Daily_TU, along witha README.txt

file, totaling 518 GB.

The 12_CSV_Transformed_TU format is organized in monthly folders with a naming

pattern of Transformed_TU_YEAR_MONTH and has a total size of 498 GB. Each month

contains daily folders named gt £s_tu_YEAR_MONTH_date. These daily folders contain

minute-level GTFS-Realtime Trip Updates, with filenames following the pattern
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gtfs_tu_YEAR_MONTH_HOUR_MINUTE.csv.gz. This format is the intermediate data

product, primarily designed to track changes to the trip updates every minute.

A further-processed data product is stored in 13_Cleaned_Daily_TU with a total size of
20GB. The 13_Cleaned_Daily_TU files include only the most recent GTFS-Realtime
Trip Updates recorded before the bus arrived at the stop, ensuring the most accurate updates.
This data format is organized into monthly folders named YEAR_ MONTH. Within each
monthly folder, daily Trip Updates files are provided, containing the latest arrival and departure
updates for each bus in the system, named gt fs_tu_YEAR_MONTH_all.csv.gz. This
format is the final data product, which is recommended for uses which pertain to evaluations

of the realised bus performance .

All of the data products have the same columns, which are listed in Table 3.2. The column ‘id’
and the column ‘vehicle_id’ have the same value when the realtime update is provided. When
realtime updates are missing, the ‘vehicle_id’ is blank. Each route, trip, and vehicle have
their own ID. A route ID maps to multiple trip IDs. Trip IDs repeat over days if trips have
the same features, such as stopping patterns, stopping times, start times, and other elements.
Each vehicle can service different trips or routes. The arrival delay and departure delay are
estimated based on an undisclosed algorithm from TfNSW, which considers both historical
arrival and departure times as well as realtime operation status. It is worth noting that the
arrival delay and departure delay include an estimated dwell time within the dataset. This can
differ from other regions where the arrival and departure times are identical in both scheduled

and real-time data.

Besides delay, there are two ways the data indicates deviation from the intended schedule.
The ‘trip_schedule_relationship’ indicates whether the scheduled trip occurred, whereas the
‘stop_schedule_relationship’ indicates whether an individual stop was skipped in that trip.
There can be columns with ‘SCHEDULED’ in ‘trip_schedule_relationship’, but ‘SKIPPED’
in ‘stop_schedule_relationship’, indicating that the trip occured according to the schedule, but
this stop is skipped. The ‘timestamp_dt’ is the reporting time of the most recent information
in the trip update, whereas the ‘request_time_dt’ is the time when the relevant query was made

to the API. The ‘request_time_dt’ should always be later than or equal to the ‘timestamp_dt’.
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3.3.2 Data cleaning

After reading the protocol buffer messages with the appropriate bindings, the data needs to
be cleaned of errors. There are three types of errors found and cleaned: missing columns,
missing values, and data duplicates. Missing columns and data duplicates are found to be
extremely rare. When there are missing columns in a protocol buffer message, the file is

skipped. When data duplicates exist, only the last row of the duplicated data is kept.

The most common error is missing data. This is first checked by the column ‘stop schedule
relationship’. If the cell in this column indicates ‘NO_DATA’, then this data entry is removed.
The other column ‘trip schedule relationship’ is checked afterward. The cells in this column
have six types: ‘NO_DATA’, ‘CANCELED’, ‘UNSCHEDULED’, ‘0’, ‘SCHEDULED’,
and ‘ADDED’. The types ‘NO_DATA’, ‘CANCELED’, ‘UNSCHEDULED’, and ‘0’ are

considered missing values and are removed.

The most frequent error type is ‘NO_DATA’ in the column ‘stop schedule relationship’, which
accounts for 40-50% of each protocol buffer message. This high percentage is because the
GTFS-Realtime data reports delays over a longer time span than the actual trip time, including
periods before the trip start time when there is no relevant realtime information available.
Since the main data product (‘13_Cleaned_Daily_TU’) only contains the latest update, these
pre-start records are irrelevant for data size and quality. The other three missing data types
(‘CANCELED’, ‘UNSCHEDULED’, ‘0’) in the column ‘trip schedule relationship’ generally
account for less than 0.05% of the total data missing from the whole file. The remaining

records are processed using the data processing pipeline.

3.3.3 One-day data sample

The dataset presented in this paper has 25 months of data, and is approximately 0.5 TB. For
ease of access, a one-day data sample is provided to allow potential users to explore the data
structure without downloading all of the data. This one-day sample contains data from 1 June
2021 for both formats 12_CSV_Transformed_TUand 13_Cleaned_Daily_TU. The

12_CSV_Transformed_TU sample is stored under the folder
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one_day_sample_Transformed_TU_2021_06_01, and the
13_Cleaned_Daily_TU sample is stored under the folder
one_day_sample_Transformed_13_cleaned_daily_TU. The one-day data sample

is uploaded to the same repository and follows the same structure as the original dataset.

3.4 Technical validation

The input to the data processing pipeline is a set of query results from the GTFS Trip Updates
API. As the Trip Updates contain short-term forecasts of arrival and departure times, the
quality of the data processing pipeline output depends on both the quality of these forecasts

as well as the accuracy of the data processing pipeline.

To ensure the quality of the forecasts as inputs to the data processing pipeline, the data
processing pipeline output is manually checked against in-person observations of bus arrivals.
Bus arrivals were observed at two bus stops during the evening peak hour on 3 April 2024.
The stops are located on a busy arterial corridor serving both local and express buses, and 70
buses were observed in the data collection period. A summary of the differences between the

observations and the data processing pipeline output is presented in Table 3.3.

Overall the observed arrival and departure times are close to the forecasted arrival and
departure time from the GTFS-Realtime Trip Updates. With the one minute update frequency
which is used to generate the dataset, it is found that on average the observed arrivals were
around 8 seconds later and the departures were around -5 seconds earlier than the forecasts
reported in the data processing pipeline outputs. The difference in update frequency will be

discussed in the section below.

The standard deviation of the difference is less than one minute for all update frequencies
less than 7 minutes. The lower standard deviation in the arrival time differences indicates that
the data processing pipeline output is more reliable at estimating arrival time than departure
time, which is expected because of the difficulty of forecasting dwell time associated with

boarding and alighting. During the observation period, there were ticket inspectors at one
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TABLE 3.3: Summary of the differences between observed and pipeline-
reported stop arrival and departure times for 70 buses. Positive values in the
difference imply that the observation occurred after the forecast. Both arrival
and departure time forecasts are within a tolerance expected by most bus users.

Observed - Pipeline Output

Arrival Time | Departure Time
Estimates (s) | Estimates (s))
Update . Mean | Std | Mean Std
Frequency (mins)

1 7.96 | 15.13 | -4.59 | 33.79
2 11.81 | 21.50 | -0.74 | 37.29
3 12.07 | 27.35 | -0.35 | 44.96
4 15.24 | 35.34 | 3.04 | 50.68
5 18.78 | 40.54 | 6.71 | 56.46
6 11.19 | 44.12 | -0.63 | 57.73
7 1422 1 49.66 | 1.99 | 64.75
8 16.16 | 43.15 | 4.54 | 56.21
9 22.41 | 53.52 | 10.72 | 63.85
10 29.79 | 81.97 | 19.91 | 90.94

stop and three buses were held for ticket checking— this delay would not have been reflected

in the GTFS Trip Updates forecast.

Three out of the total 70 buses could not be matched during the observation period. These
three buses were marked as ‘NO_DATA’ in the ‘stop schedule relationship’ column and were
removed during the data cleaning process. This illustrates that incomplete data from the
PTAs is a key weakness in the data processing pipeline. The validation against observed bus
arrivals and departures demonstrates that the data processing pipeline outputs are reliable for
constructing bus performance measures at the stop level (such as average waiting time) within

a tolerance that would be acceptable for most bus users.

3.4.1 Query frequency

The frequency of queries is a crucial variable for scholars and practitioners utilizing the
data processing pipeline. Despite its importance, the related discussion on query frequency
is missing in the scholarly literature on GTFS-Realtime datasets. Setting a high query

frequency can enhance data accuracy, ensuring that real-time updates are timely and precise.



Arrival Difference (seconds)

3.4 TECHNICAL VALIDATION

200

150 1

100+

501

—-501

-100

2 3 4 5 6 7
Update Frequency (minutes)

10

FIGURE 3.4: Violin plot of the difference between observed and pipeline-
reported stop arrival time estimates based on different query frequencies. The
variation in stop arrival time estimates increases as the query interval increases.
The stop departure time estimates show a similar pattern.
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As the buses approach the studied bus stop, the variation in stop arrival time
estimates significantly reduces compared to the last stop arrival time estimates.
The stop departure time estimates indicate a similar pattern.
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However, this approach also generates a significant amount of redundant data, which can

strain computational resources and data storage capacities.

This section aims to fill this gap by comparing different levels of query frequencies and their
impact on data accuracy. A 1-minute query frequency refers to sending an API request every
minute, whereas a 10-minute query frequency refers to sending a request every 10 minutes. It
is important to note that query frequency does not correspond to the forecast horizon of the
arrival or departure prediction; rather, it determines how often the system checks for the most
recent updates. For example, a forecast may still predict arrival times 10 or more minutes into

the future, regardless of whether the data is pulled every minute or every 10 minutes.

Lower query frequencies increase the likelihood of missing intermediate updates, particularly
in rapidly changing operational conditions, and may result in fewer samples or outdated
information being recorded. In contrast, higher query frequencies offer finer temporal granu-
larity, capturing more update snapshots and improving the reliability of arrival and departure
estimates. This comparison is intended to help users determine an appropriate query frequency
that balances computational efficiency, data storage needs, and the desired level of temporal

accuracy in the resulting dataset.

Table 3.3 and Figure 3.4 show how the difference between the observed bus arrivals and the
pipeline output varies with query frequency. As the query interval increases, both the mean
and standard deviation values increase. Even at the largest frequency, the mean difference is
still less than 30 seconds, but the uncertainty increases to a minute and a half. This indicates

that with fewer updates, the arrival times become noisy.

The changes in stop arrival and departure times are also compared internally within the
GTFS-Realtime Trip Updates dataset using the intermediate data product from

12_CSV_Transformed_TU. Figure 3.5 illustrates how arrival time estimates for stops
evolve across multiple query timestamps, comparing each with the final prediction obtained
just before the vehicle’s actual arrival. This allows an assessment of how prediction accuracy
improves as the vehicle approaches the stop. A key observation from the figure is that the

arrival time estimates tend to stabilize as the bus nears the stop. This stabilization reflects a
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decrease in prediction uncertainty when the bus is physically closer to its destination, aligning
with operational expectations. For example, under a 1-minute query frequency, the average
time between when a prediction is recorded and the actual arrival time is approximately -30
seconds. At this short horizon, the predictions made within 30 seconds of arrival are highly
accurate relative to the inherent variability in bus operations, demonstrating the accuracy of

the dataset.

The selection of an appropriate API query frequency involves balancing data quality with
computational and storage costs. In this study, a 1-minute query interval — the highest feasible
frequency — is employed to ensure maximum temporal resolution and to support applications
requiring precise arrival and departure estimates. While long-term data archiving is generally
not a constraint — given the scalability of modern cloud storage solutions — storage still
incurs financial costs. More critically, data processing imposes significant computational
demands. In contrast, lower-frequency queries reduce the computational burden but risk

diminishing the potential for retrospective analyses that rely on high-resolution data.

This exploration of query frequency considers 1 minute as the smallest interval and demon-
strates acceptable data accuracy with that frequency. In fact, higher frequency queries are
possible, but they are limited by the update frequency of the PTA’s feeds. Vehicles push their
updated locations to the PTA at semi-regular intervals of several seconds. This information
is rapidly processed through a model to create the updated vehicle arrival times at future
stops. This update becomes available for querying at the update time. The average gap
between this update time and the query that retrieves it is 9 seconds for the presented dataset.
This calculation implies that the query interval could be reduced to roughly twice the gap
(18 seconds) in an attempt to improve accuracy, but anything more frequent would result in
redundant queries to the date update information. It remains for future work to determine
whether queries more often than once per minute would offer worthwhile improvements in

the accuracy of the forecast.
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3.4.2 Data description

In the data processing pipeline output, each observation contains the arrival and departure
times of a single vehicle at a single stop. This is a flexible format that acts as a foundation
for many types of bus performance analysis. For example, the difference between arrival and
departure time from the previous stop represents the travel time for that stop-to-stop segment.
The distance between two stops can be obtained from the bus route trajectory shapefiles
through the GTFS-Static data, which is available from the TINSW Open Data Hub (Transport
for NSW 2021b). Travel time and distance are combined to calculate the bus performance

measures shown in Figure 3.6.

Figure 3.6 compare AM peak (6-10 AM) and off-peak (7 PM - 6 AM) speeds in March 2022
to visualise the dynamics and spatial resolution of the data. As expected, the AM peak period
shows the slower bus operation speeds compared to Inter-Peak (10 AM - 3 PM), PM Peak (3 -
7 PM) and Off Peak (7 PM - 6 AM).

As buses approach the city center, the data shows a notable decrease in operational speeds
with faster travel times in the contraflow direction. Notably, stop-to-stop segments equipped
with bus lanes, like the southbound direction on the Sydney Harbour Bridge at the top-centre
of the map, demonstrate faster operational speeds. Conversely, segments that involve turns

typically display reduced speeds.

The off-peak period shows the highest bus operation speeds among all four time periods
analyzed. Most stop-to-stop segments during this time show higher operation speeds than
the AM peak as expected due to lighter traffic conditions. However, the city center still
displays reduced operational speeds compared with other areas, reflecting the impact of higher
traffic density, dense traffic signals, and lower speed limits. Consistent with observations
from the previous plot, longer stop-to-stop segments that utilize motorways or bus lanes
also demonstrate higher speeds. Overall, the spatial distribution of bus operation speeds,
as estimated from the data processing pipeline output, aligns well with expectations. This
suggests that GTFS-Realtime data processed in the pipeline supports detailed spatio-temporal

analysis of bus performance.
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(a) AM peak bus operation speed near Sydney CBD. Motorways and bus lane facilities show high operational
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Stop-to-stop Speed (km/h)
—1-10
\ 10- 20
20-30

30-40
w— 40 +

\ (@4 0 750 1,500 m
o [ —
N 12)

/ \ e
N 1 -
\/! V4 N\
A N
7 (
J
\

-

(b) Off peak bus operation speed near Sydney CBD. Only the busiest parts of the CBD have slow speeds, and
most of the longer segments are operating at the speed limit.

FIGURE 3.6: Comparison of bus operation speeds near Sydney CBD during
AM peak and Off peak hours. Link-to-link comparison shows how perform-
ance changes over the day. Except in the CBD, the bus network is sparse
compared to the road network. Base map: Esri Gray Light.
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3.5 Usage notes

The data processing pipeline outputs can be used to evaluate bus delays at each stop measured
to the second. For many public transport system performance interventions such as bus lanes or
transit signal priority, the benefit arises from small time savings over a large number of vehicles
and passengers. To measure these accurately and robustly, we need high resolution, vast data
on speeds and delays. The data processing pipeline outputs offer a flexible, user-friendly
format for high-resolution transit system performance measurement, which is beneficial for

public transit operators and authorities.

This dataset was created by processing queries to the TINSW GTFS-realtime Trip Update v1
API. The API is under a Creative Commons Attribution license which allows users to re-use

and re-distribute the data.

3.5.1 Opportunities for improvement

The development of this data processing pipeline relied on the researchers’ understanding of
the engineering and operations of the public transport system. Data cleaning and processing
was based on relevant insights into why the data could be recorded in misleading ways.
Future development could take advantage of machine learning-powered anomaly detection
techniques to improve data quality without relying on domain expertise in public transit

operations.

The GTFS-Realtime Trip Updates do not provide information on passenger boarding, meaning
the dataset cannot examine the effects of boarding time or crowding. However, the GTFS-
Realtime Vehicle Positions feed includes a high-level indicator of passenger occupancy, which
can be processed and correlated with the GTFS-Realtime Trip Updates to create a more

comprehensive dataset.

Some issues identified in the GTFS-Realtime v1 datasets as discussed in the GTFS data
processing pipeline process above are expected to be resolved in the GTFS-Realtime v2. Most

of these issues are caused by the optional fields in GTFS-Realtime v1. For instance, only
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seven (7) data fields were required out of the 63 data fields. The optional fields allowed some
critical information to be missing but still reported in the data feed, which affects data quality
(Barbeau 2017). As PTAs undertake the shift towards GTFS-Realtime V2, it will be necessary

to refine the current GTFS data processing pipeline to take into account the improvements.

The current GTFS data processing pipeline could be expanded to include other data standards,
such as SIRI European Committee for Standardisation (2021) to serve more locations and

PTAs.

The data processing pipeline has been primarily developed using NSW’s bus data, and tested
against six cities in Australasia. The data processing pipeline could be tested on a wide range
of feeds to ensure it works elsewhere in the world. This process could result in the creation of

additional datasets to share within the data warehouse.

3.6 Conclusion

This study demonstrates the development and technical validation of GTFS-Realtime Trip
Updates data in Greater Sydney, which includes bus arrival and departure time estimates.
The outputs provide a reliable and flexible foundation for high-resolution bus performance
analysis, offering valuable insights into operational efficiency at the stop level. Validation
against in-person observations shows that the pipeline’s forecasts closely align with actual
observed bus arrivals and departures, with small tolerances (8 seconds for arrival and -5
seconds for departure), making it suitable for assessing bus performance at the stop-to-stop

and second-level granularity.

In conclusion, the data processing pipeline and the associated dataset offer a powerful tool for
public transport authorities and researchers to evaluate bus delays, monitor service reliability,
and inform the design of interventions such as bus lanes and transit signal priority. The
implications of these results are discussed in Chapter 7. Building on the output of this chapter,
Chapter 4 examines the impact of route characteristics — such as bus lanes, traffic volume,

bus cross-traffic turns, and traffic signals — on stop-to-stop marginal delay at the second level.
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Chapter 5 further investigates the effect of bus cross-traffic turns on delay, reliability, and
speed. This study serves as a step toward more data-driven approaches to improving urban

transport systems globally.



CHAPTER 4

High Resolution Bus Lane Performance Evaluation from Real-time

Update Data

4.1 Introduction

This chapter employs the GTFS-Realtime data from the Chapter 3 to measure the effects
of these variables at a microscopic level, specifically analyzing each bus-stop-to-bus-stop
link to gain deeper insights. Quantifying the microscale benefits of bus priority treatments
has historically relied on AVL data that was not publicly available. The emergence of
GTFS-Realtime data now allows for the validation of expected benefits from bus lanes, such
as micro-delay reduction at the seconds level. This data, which combines on-board GPS
equipment with geofenced stops (Transport for NSW (TfNSW) 2018), enables the evaluation
of delays relative to the schedule for every bus arrival. Such a detailed level of data is essential
for a thorough evaluation of bus operational performance and for quantifying the advantages

or disadvantages of priority measures.

Delay relative to schedule is an important indicator of bus operational performance, directly
affecting both the experience of riders and the management of transit operations. The
variability in delay is one measure of reliability, allowing passengers to gauge the need for
buffer times in their travel plans. In this chapter, the mean and standard deviation values
of delay are used as performance indicators to evaluate bus operational performance on
stop-to-stop segment basis within time rolling windows of 30 bus arrivals. Regression models
are employed to analyze the impact of various bus stop-to-stop characteristic factors on these

performance indicators, enabling a comprehensive analysis of their effects.
47
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4.2 Methodology

In order to quantify the benefit of bus lanes on bus performance, this chapter defines a relevant
measure of delay that varies spatially and temporally in the dataset. This measure is combined
with other properties of the system in panel regression models to predict delay and variability

with and without bus lanes.

Decision Tree

Pooled OLS Model

Between-Effects Model Within-Effects Models

FIGURE 4.1: Modelling flowchart illustrating the logic of how the techniques
build upon each other.

Four different model techniques are utilized in this chapter (Figure 4.1). Initially, a decision
tree is employed to understand the data and to guide the selection of variables for the linear
regression analysis. Pooled OLS models are then used to interpret the effects of various
design elements on bus performance. Given the expected correlation in error terms arising
from repeated measures for the same stop-to-stop segments or time periods, panel regression

techniques, including between-effects and within-effects models, are applied.
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4.2.1 Stop-to-stop marginal delay

The performance measure used in this chapter is marginal delay — the incremental delay
accrued between one stop and the next. Delay is the difference between the scheduled and
actual arrival time and can be positive (behind schedule) or negative (ahead of schedule). The

marginal delay at stop 7 is defined in Equation 4.1.

M; = A; — Diy 4.1

where:

M is the stop-to-stop marginal delay is seconds, A; is the arrival delay at the next stop and
D, is the departure delay at the previous stop.

TABLE 4.1: Stop-to-stop marginal delay calculation example. Marginal delay
refers to the delay increase between two successive stops. Marginal delay
reflects the incremental delay changes at the stop-to-stop link due to the link

characteristics.
Bus stop ID | Arrival delay (s) | Departure delay (s) | Marginal delay (s)
200000 5 8 E
-8
200001 0 0
12
200002 12 -5 -

This is the appropriate measure because it directly reflects the operational characteristics of
individual stop-to-stop segments — specifically, the portion of the bus route after departure
from the previous stop and prior to arrival at the following stop. By isolating this segment,
the marginal delay can be more accurately attributed to features along the link, such as the
number of traffic signals, the presence or absence of dedicated bus lanes, or the effects of
cross-traffic turns. For example, if the departure delay at the previous stop is 8 seconds and the
arrival delay at the next stop is 0 seconds, the marginal delay for that segment is —8 seconds,
indicating that the bus made up time along that segment. Conversely, if the departure delay

is 0 seconds and the arrival delay is 12 seconds, the marginal delay is 12 seconds, reflecting
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a deterioration in schedule adherence over that segment (see Table 4.1). As such, marginal
delay serves as a key performance indicator that quantifies how each segment contributes to
the overall reliability and on-time performance of the bus service. This link-level perspective
is particularly valuable for understanding localized sources of delay and identifying potential

infrastructure or operational improvements.

In order to evaluate how the attributes of a stop-to-stop link contribute to delay, we can
consider both the mean and the standard deviation of delay for the set of buses traversing
that link in an interval. Since timetables should be adjusted to reflect the benefits of priority
measures like bus lanes, the mean of the marginal delay should not be well-explained by the
presence of these measures. However, other priority measures such as transit signal priority
might result in a positive or negative net delay due to the dynamic nature of traffic lights. A
better measure of the impact of bus lanes is the standard deviation of marginal delay which
measures the unreliability of that segment. The goal is to find attributes, such as the presence

of bus lanes, that accurately predict reliable performance.

4.2.2 Regression tree

Regression tree is a machine learning approach to predicting continuous variables such
as the mean or standard deviation of marginal delay. The unsupervised process identifies
splits in the independent variables that result in the highest distinction between associated
dependent variables. Regression trees are generally more accurate predicters than linear
regression analysis but don’t always have interpretable results. Therefore, regression trees
are used before the linear regression analysis to estimate the importance of each variable in
predicting the dependent variable. This approach allows for the quantitative comparison of
the importance of various factors on bus performance and testing their significance. In the
analysis below, regression trees were used to select the variables for the panel regression
model specification and to support the interpretation by grouping variables with similar

importance.
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TABLE 4.2: Variables used in panel regression models. Large number of
variables are used to reflect time and spatially varying attributes.

Symbol Name Units
Ay Marginal delay change at link 7 time ¢ S

Q; Link-specific effects

6] Fitted coefficients

B;; Bus-taxi lane length on link 7 at time ¢ km
H; Bus-HOV lane length on link 7 at time ¢  km
Si Number of traffic signals on link ¢

D, Traffic flow at time ¢ 102 veh/(hour x lane)
C; Cross-traffic turn on link ¢

T; Scheduled travel time on link ¢ at time £ s

Vi Scheduled travel speed on link ¢ at time ¢ km/h
L; Length on link ¢ km
R, Precipitation at time ¢ mm
W, Weekend at time ¢

P, Public holiday at time ¢

Sy School holiday at time ¢

I COVID stringency index at time ¢

€it Pooled OLS model error term

€; Between OLS model error term

€t Within OLS model error term

4.2.3 Regression analysis

Using regression, this chapter quantifies the factors affecting bus performance and their stat-
istical significance. Link-level performance relative to the schedule and link-level reliability
are modeled using the mean and standard deviation of marginal delay, respectively, as depend-
ent variables. These metrics are calculated within rolling windows of 30 bus arrivals. The
reliability is especially important for evaluating the importance of bus priority measures since
the timetable should be appropriately adjusted to account for the net effect of any priority
measure, so the reliability of that link is a more important measure of the priority measure’s

benefit.

The Pooled OLS model specification for the mean value of stop-to-stop marginal delay is
described in Equation 4.2, and the Pooled OLS model specification for the standard deviation

value of stop-to-stop marginal delay is described in Equation 4.3. Both models consider



52 4 HIGH RESOLUTION BUS LANE PERFORMANCE EVALUATION FROM REAL-TIME UPDATE DATA

link attributes, including bus lanes in operation, traffic lights, traffic flow, scheduled travel
time, scheduled travel speed, stop-to-stop link length, cross-traffic turns, precipitation, school
holidays, public holidays, and COVID stringency index (Table 4.2). The traffic flow, scheduled
travel time, and scheduled travel speed are designed to capture the schedule effects. Due
to the intercorrelation between these three variables, the top two most significant variables
are kept to eliminate the schedule effect in the two Pooled OLS models. These Pooled OLS

models assume independence of the error terms, €.

At mean = BpBit + BuHy + BsS; + Bp Dy + BcCi + Brili + BrLi
4.2)
+ BrR + Bw Wi + Bp Py + BsSy + Brli + ei

Aitsta = BBt + BuHy + BsSi + Bp Dy + BcCi + BrTiy + By Vi
4.3)
+ BrR + BwW, + Bp Py + Bs Sy + Brl + €

Panel regression techniques address correlation in the error terms arising from repeated
measures for the same stop-to-stop segments or time periods (Baltagi 2008). By incorporating
similar variables to those used in an OLS regression, panel techniques address correlated
errors through modeling between effects and within effects. Although panel regression can
yield better results when correlated error terms are significant, many variables have to be

excluded due to the limits in data, potentially leading to specification bias.

A between-effects model regresses the mean of the standard deviation value of each stop-
to-stop segment, removing the time-series aspect of the data, as shown in Equation 4.4.
Consequently, all time-varying attributes are excluded from the model. In the context of bus
lanes, this model quantifies how the spatial extent and operational duration of the bus lane

impact the average performance of the segments.

A; = a; + BBy + BuHiy + BcCi + BrTiy + ByVie + € 4.4)
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A within effects model is an OLS regression within each segment, converting the modelling
to a set of time series without cross-sectional modeling. The results should be analyzed
through the distribution of the resulting coefficients. In this chapter, a within model has
been created for each stop-to-stop link with the standard deviation value as the dependent
variable, as shown in Equation 4.5. Only the time-varying attributes are retained, including
the time-varying bus lanes. It is worth noting that stop-to-stop segments with no time-varying
bus lanes, including those with 24-hour bus lanes and no bus lanes, are dropped. In the context
of bus lanes, this model quantifies how delay changes during versus outside the bus lanes’

hours of operation while controlling for other time-varying attributes like traffic volume.

Ay = BpBit + BuHy + BpDy + BrTy + BrRy + Buw W,
4.5)
+ BpP, 4 BsSy + Brl + ¢

4.2.4 Study area

This chapter analyzes the buses in Sydney, New South Wales between 1 November 2020 and
June 2022. The extent of the study area, shown in Figure 4.2 isolates the majority of the bus
lane implementations and focuses on those regions where diurnal tidal flow from and towards
Sydney Central Business District (CBD) dominates the bus services. Areas with potential
variable influences on this flow, such as secondary employment hubs like Macquarie Park,
Parramatta, and Chatswood, are avoided. Specifically excluded is the orange zone within
Sydney CBD, due to its significantly different traffic conditions. Within the designated study
area, numerous road corridors feature a variety of bus priority measures, including segments
with bus-taxi lanes and bus-HOV lanes. This research investigates all stop-to-stop segments

in the area where both scheduled and actual speeds range between 1 and 100 km/h.

4.3 Data for bus lane performance evaluation

This research utilizes various datasets from NSW to assess the impact of bus priority lanes

on stop-to-stop marginal delay (Table 4.3). The primary dataset is derived from the TENSW
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GTFS-Realtime API, which provides real-time trip updates for calculating stop-to-stop mar-
ginal delay. The GTFS-Static dataset combines spatial information (such as bus trajectories
and stop locations) with temporal details (such as schedules and stop sequences), enabling the

analysis of GTFS-Realtime data and defining the characteristics of stop-to-stop routes.

The Clearway and Signalised Intersections datasets, which contain spatial route details, are
used to determine the route characteristics of between bus stops. Hourly data is sourced from
the Traffic Volume Viewer and Precipitation datasets, while daily information is drawn from
the School Holiday, Public Holiday, and COVID Stringency Index datasets. Both hourly and

daily data are employed to analyze temporal effects on bus performance within the study area.

[ CBD Area (Not Studied)
] Study Area
= Bus-taxi Lanes
s Bus-HOV Lanes
O Traffic Volume Detectors
@ Weather Stations
—— Stop-to-stop Segments
0 2.5 5 km
| I

FIGURE 4.2: Studied area: Suburbs around Sydney CBD. Tidal flows are
significant during peak hours within the studied area.
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TABLE 4.3: Data source and information contained. Various data sources are
used in this chapter to support the analysis. These data sets are conjoined to
perform the regression analysis.

Data Set Source Information Contained

Route Trajectory
Schedule

GTFS-Static Transport for NSW Bus Stop Location
and Sequence
Collected using
GTFS-Realtime Transport for NSW’s Arrival Delays
Open API
Bus Lane Location
Clearway Data Transport for NSW Operating Hours
Signalised . .
Intersections Data Transport for NSW Location of traffic signals
Traffic Volume Viewer Transport for NSW Network Hourly Flow
e Australian Government e e
Precipitation Precipitation precipitation

Bureau of Meteorology

NSW Public School

School Holiday NSW Government .
Holidays
Public holiday Python-Holidays Library =~ NSW Public Holidays
Oxford Coronavirus
COVID Stringency Index =~ Government Response COVID Effects
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4.3.1 GTFS

4.3.1.1 GTFS-Static

As mention in Chapter 3, the GTFS, commonly referred to as GTFS-Static, is a standardized
format designed for public transport schedules and related geographical data. This dataset
encompasses time-varying information, such as bus stop arrival schedules and stop sequences,
along with spatial data, including bus route trajectories and stop locations (Google Developers
2022b). In this chapter, GTFS-Static data, which aligns with the real-time data, was obtained
from the TENSW’s Open Data Hub. This dataset is crucial for processing GTFS-Realtime
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data, ensuring an accurate spatial match between the calculated marginal delay and the

corresponding stop-to-stop segments.

4.3.1.2 GTFS-Realtime

The output from Chapter 3, the GTFS-Realtime dataset, is designed to be used alongside
GTFS-Static and contains real-time operational information for public transport. This chapter
utilized GTFS-Realtime Trip Updates, which provide arrival time estimates at the time of the
query (Google Developers 2022a). By comparing this real-time data with the scheduled bus
performance, the stop-to-stop marginal delay can be assessed. The data was subsequently
cleaned and processed into a daily record of actual bus arrival and departure times at each bus

stop for this chapter.

In this chapter, both realtime arrival and scheduled travel time data are extracted from the
GTFS-Realtime dataset. The realtime arrival data is used to calculate the stop-to-stop marginal
delay, while the scheduled travel time, which provides the expected travel time between bus
stops based on the official schedule, is included as one of the variables in the panel regression

analysis.

The GTFS-realtime query results were processed into 136,849,872 updated arrival times,
which were then aggregated by stop-to-stop segments using a time rolling window of 30
consecutive readings. Consequently, each result represents the average value of the 30 nearest
readings in time for each stop-to-stop link. Given the large sample size, every fifth reading was
retained to reduce data volume. Each reading provides both mean marginal delay and standard
deviation measurements within the rolling window. These mean and standard deviation values
serve as dependent variables in regression analysis. The data analysis process in this chapter
involves the merging of multiple datasets. Many of the datasets used in this chapter contain
some missing data. To ensure that each row includes data from all sources, any row with a

missing data cell has been dropped, resulting in a reduction of the total data size.

The mean marginal delay quantifies the bus’s on-time performance for each specific stop-to-

stop link and within designated time rolling windows. The marginal delays presented in this
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section are calculated in seconds, representing the incremental delay accumulated between

two consecutive stops.

The standard deviation of marginal delay serves as an indicator of bus travel reliability for
each unique stop-to-stop link and time rolling window. Positive coefficient values suggest
that a factor increases the standard deviation of marginal delay, indicating higher unreliability
in bus operations. Conversely, negative coefficient values imply that a factor reduces the

standard deviation of marginal delay, signifying improved reliability in bus operations.

The studied data contains repeated observations of both the cross-section (stop-to-stop links)
and time periods (the same time rolling window of the same day), so we expected correlation
in the error terms of the regression. As a result, panel regression is used to model the studied

data to address the panel effects.

4.3.2 Time varying attributes

4.3.2.1 Clearway data

In NSW, clearways are sections of road where stopping and parking are prohibited to improve
traffic flow, typically during peak times (Transport for NSW 2021a). The clearway dataset
available from TINSW’s Open Data Hub includes information about bus lanes, as curbside
parking restrictions are enforced when bus lanes are active. This dataset contains details about
two types of bus lanes: Bus-taxi lanes and bus-HOV lanes. Bus-taxi lanes can be used by
buses, taxis, and emergency vehicles. bus-HOV lanes, designated for HOVs such as T2 and
T3 lanes (lanes for vehicles with at least two or three passengers, respectively), also permit
buses. Although HOV lanes primarily serve high-occupancy vehicles, they provide significant

benefits to buses by offering dedicated transit space.

The bus lane operation hours for each studied time period were recorded for analysis. These
hours, along with clearway operating hours, are stored in unstructured text fields that often
contain duplicate entries and conflicting information. The clearway dataset was cross-checked

with Google Maps Street View in the studied area to ensure its reliability and accuracy. The
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hours of operation were re-coded to binary variables for four study time periods for weekdays:
Morning Peak (6 - 10 AM), Between Peak (10 AM - 3 PM), Evening Peak (3 - 7 PM), and
24/7. These bus lane operation time periods are based on TEINSW’s definition. Off-peak bus
lanes are designated bus lanes that remain operational at all times. Since there were no bus
lanes that only operate on the weekends in the study area, any marginal delay measurements

from the weekend are matched to the Off Peak bus lane operation status for that location.

4.3.2.2 Signalized intersections data

The signalized intersections data, sourced from the TINSW Open Data Hub, includes details
such as the geographical locations and installation dates of signalized intersections in NSW.
This dataset is spatially joined to the route shapes segmented into stop-to-stop sections,

providing a count of the traffic lights encountered along each stop-to-stop link.

4.3.2.3 Traffic volume viewer

Demand for the bus system is highest during the morning and evening peak periods as
measured by frequency of service or number of boardings. This high demand can have a
detrimental impact on on-time performance including unreliability related to boarding and
alighting times. But the peak period is also associated with high traffic volumes, which
reduce rolling speed between stops especially on segments without bus lanes. Figure 4.3
indicates the distribution of traffic flows across a set of fixed-counter locations in peak and
off-peak hours. Since many bus lanes only operate in the peak hours, it’s clear that a model
specification must include variables for bus lane operation as well as traffic volume in order to
avoid an ambiguous interpretation. Moreover, because the distributions overlap, it’s clear that
a peak-hour indicator variable is not sufficient to capture detailed impact of traffic congestion

on bus performance.

The Traffic Volume Viewer provides archived traffic volumes at sparse traffic counter locations
within NSW. In this chapter, the average hourly traffic flows per lane across the studied area in
Sydney are computed using data from 11 monitoring sites (Figure 4.2). The traffic counters are

grouped by whether they record traffic volumes in the citybound, outbound or both directions.
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FIGURE 4.3: Traffic flow distribution during peak hours and off-peak Hours.
Peak hours and off peak hours have different traffic flow distribution. This
ensures that traffic flow used is a suitable indication for traffic demand within
the studied area.
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FIGURE 4.4: Traffic volume data on 01 June 2022. Traffic flow is more
critical during peak hours, particularly in the expected direction of travel for
that peak. This sample demonstrates that the traffic volume captures expected
demand patterns in the study area.

Each stop-to-stop segment is flagged as belonging to either citybound, outbound or tangential,
and is matched with the average of the corresponding traffic counters. For tangential stop-
to-stop segments, the average traffic flow between the two directions is considered. This

is represented by the orange line depicted in Figure 4.4. To facilitate further analysis, the
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average hourly flows are joined with the stop-to-stop marginal delay data, based on time and
direction. Figure 4.3 showcases a notable disparity between peak hour and non-peak hour
traffic volumes. This observation suggests that the Traffic Volume Viewer data used in this

project is essential to capture the time-varying ambient conditions on the road network.

4.3.2.4 Precipitation

The precipitation data comes from the Australian Bureau of Meteorology. This dataset cap-
tures precipitation measurements at five weather stations located within or in close proximity
to the area of interest. For each hour, the average precipitation value from the selected
weather stations is averaged and used as an indicator of precipitation. The region-wide hourly

precipitation values are matched with the stop-to-stop marginal delay data for that hour.

4.3.2.5 School holiday

School holidays are defined as periods when schools are closed and students do not commute
to school. School holidays generally result in a reduction in traffic volume and changes in
behavior associated with varied routines for families (Tao et al. 2018). The school holiday data
utilized in this chapter is generated based on information sourced from the NSW Department
of Education website. In NSW, the school holidays include two weeks in approximately
April, July and October plus an extended holiday from late December to the end of January.
This includes both weekdays and weekends within the designated school holiday period. The

school holiday data is joined with the remaining datasets by date.

4.3.2.6 Public holiday

The public holiday data used in this chapter is obtained from the Python-holiday library. This
library provides functionality for generating sets of holidays designated by the government
for different countries and subdivisions. In this chapter, the NSW subdivision is used (python-
holidays — holidays documentation 2023). The public holiday data is joined with the

remaining dataset by date.
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4.3.2.7 COVID stringency index

The study period includes times when COVID lockdowns caused significant drops in travel
demand, leading to adjustments in bus services. To account for these variations, the COVID
Stringency Index is used as a proxy for the intensity of lockdowns. This index, sourced from
the Oxford Coronavirus Government Response Tracker (OxCGRT), is a composite measure
derived from nine government response metrics. These metrics include school closures,
workplace closures, cancellation of public events, restrictions on public gatherings, closures
of public transport, stay-at-home requirements, public information campaigns, restrictions
on internal movements, and international travel controls. Each metric is rated from O to 100,
with higher scores indicating stricter responses. The Stringency Index is the mean score of
these metrics on a given day, reflecting the severity of government measures against COVID
(Mathieu et al. 2020). This data is integrated with the studied dataset by date to analyze the

impacts of lockdown intensity on travel patterns.

4.3.3 Spatially varying attributes

Bus stop locations and route information are essential for generating trajectories for each
stop-to-stop link. Shape files, which outline the complete travel path of each bus trip from
origin to destination, are sourced from the GTFS-static dataset. To analyze bus performance
between stops, these shape files are segmented at bus stop locations, creating multiple sections
representing paths between adjacent stops. Each section forms a stop-to-stop trajectory.
These trajectories are then matched with marginal delay measurements from the GTFS-
Realtime dataset, enabling the inclusion of road link characteristics as detailed in the following

subsections and illustrated in Figure 4.5.

4.3.3.1 Bus lane locations

Bus lane information for each stop-to-stop segment is obtained by spatially aligning priority
lane data with the corresponding bus trajectories. To prevent errors in the spatial joins, such as

merging westbound trips with eastbound bus lanes, the bearing is considered for both the bus
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FIGURE 4.5: Road characteristics information at Crows Nest, located northw-
est of Sydney CBD. Spatial elements shown in this figure are spatially joined
together, representing the stop-to-stop link characteristics. Due to the variety
in bus directions and stopping patterns, overlaps of the stop-to-stop segments
commonly occur on this map.

lane shape files and the stop-to-stop trajectories. Additionally, the operational hours of each
bus lane are taken into account during this alignment to ensure they match the bus service
times accurately. This process ensures that the effective length and type of bus lane for each

stop-to-stop segment are recorded, reflecting the relevant operational hours.

4.3.3.2 Traffic lights

Traffic lights can impact on-time performance by introducing variability in travel times
depending on the traffic signal phase and causing potential queuing during periods of high
demand. To determine the number of traffic lights on each stop-to-stop segment, traffic light
locations from the signalized intersections dataset are spatially joined with the stop-to-stop
trajectories, and the total number of traffic lights encountered along each segment is counted.
Transit signal priority, a common bus priority measure, necessitates a detailed assessment of

the impact of traffic signals on bus performance. Although not implemented during this study
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period, the findings from this analysis can quantify the effect of unprioritized traffic signals

on bus performance.

4.3.3.3 Segment length

Attributes of the stop-to-stop segment including length, scheduled travel speed and cross-
traffic turn information are not directly available in any existing dataset. These variables are

derived from the trajectories of each stop-to-stop link generated from GTFS-static dataset.

The length of each stop-to-stop link is determined based on the stop-to-stop trajectory. This
length is calculated by measuring the length of the corresponding shapefile segment for
the specific stop-to-stop link. The measurement is done in meters using the NSW Lambert
(EPSG:8058) projection. Generally, it is expected that as segment length increases, there will
be more opportunity to accumulate delay, but, depending on the cause of the delay, there

might be more opportunity to catch up to the schedule on longer links.

4.3.3.4 Schedule travel speed

Urban buses operate in a variety of contexts ranging from motorways to local roads, which
correspond to a range of expectations about delay and reliability. Scheduled speed is a proxy
that captures the type of roads being travelled in each stop-to-stop segment that encompasses
road design, speed limit, and expected congestion level. The scheduled travel speed V;; is
calculated using the stop-to-stop length L; and the scheduled travel time 7;;. The calculation

can be represented by the equation:

Vie == (4.6)

4.3.3.5 Cross-traffic turns

In countries that drive on the left side of the road, cross-traffic turns are right turns. These
introduce delay and unreliability because they can only occur during a gap in the parallel

traffic or a dedicated signal phase. Bus cross-traffic turns have major impacts on the bus
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performance (Zhao and Zhou 2018). The existence of cross-traffic turns on each stop-to-stop
link is determined based on the stop-to-stop trajectory. To identify whether a cross-traffic turn
occurs within the stop-to-stop link, the change in bearing is analyzed along the stop-to-stop
trajectory. A stop-to-stop link is considered to have a cross-traffic turn if there is a change in
the bearing degree between 45 degrees and 135 degrees, which corresponds to an approximate
cross-traffic turn of 90 degrees. This threshold helps to differentiate cross-traffic turns from
other directional changes that may occur along the trajectory. To ensure data accuracy, results

were spot checked within the studied area and found to be accurate.

4.4 Results

4.4.1 Regression tree

The regression tree presented in Table 4.4 predicts standard deviation and mean value of
marginal delay through binary splits according to 13 variables. The presented tree has 22
branches, which cannot be visualized succinctly, but the table of importance for each factor in
the regression tree indicates how important each variable is in determining the variability in
performance (the column of importances of both values sums to 1.0). Three out of the top
four most important variables are directly related to the bus schedule. Traffic flow is the most
significant variable apart from the variables directly related to the bus schedule, followed by
COVID stringency index and cross-traffic turns. Due to the limited length of bus priority lane
within the studied area, both bus-taxi lane length and bus-HOV lane length are relatively low
in importance in the regression tree model. These importance values in this regression tree

are used for variable selection rather than prediction and interpretation.

4.4.2 Pooled regression model

The pooled regression model, presented in Equations 4.2 and 4.3, does not consider any
panel effects. Table 4.5 shows the Pooled OLS model for the mean value of stop-to-stop

marginal delay (Equation 4.2). All coefficients from the fitted model have intuitive signs and



4.4 RESULTS 65

TABLE 4.4: Variable importance in the regression tree for standard deviation
and mean of stop-to-stop marginal delay. Three of the top four variables are
directly related to the bus schedule. These importance values are used for
variable selection.

Variable Std Mean
Scheduled Travel Time 0.276 0.209
Traffic Flow 0.166 0.111
Link Length 0.159 0.190

Scheduled Travel Speed  0.138  0.196
COVID Stringency Index 0.083  0.063

Cross-traffic Turn 0.041 0.071
Number of Traffic signals 0.040  0.053
Bus-taxi lane Length 0.037  0.059
Precipitation 0.028 0.014
Weekend 0.014 0.014
School Holiday 0.008 0.006
Bus-HOV lane Length 0.007 0.012
Public Holiday 0.003  0.002
R? 0.4505 0.8215

are significant. Negative relationships are observed between marginal delay and both types of
bus lanes. Each traffic signal increases the marginal delay by 2.59 s. Every hundred vehicles
per lane-hour of the studied corridors increases the marginal bus delay by 0.50 s. Cross-traffic
turns increase the stop-to-stop marginal delay by 26.23 s. The model indicates that making a

cross-traffic turn is a major concern during bus operation.

The mean marginal delay captures the performance of buses relative to their schedule. As the
data used in this chapter are drawn from an interval encompassing both COVID lockdowns
and post-COVID reduced demand for transit, it is expected that the schedule may be more
generously padded than the demand level warranted. This would be observed as a tendency
towards negative coefficients for the scheduled travel time variable. Both length and scheduled
travel time are used in the models in order to disambiguate the impact of link magnitude and
expected congestion, even though there is correlation found between scheduled travel time

and link length.

Every mm of precipitation per hour reduces stop-to-stop marginal delay by 0.16 s, which

could be explained by the reduced travel demand on buses during raining conditions. The
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TABLE 4.5: Pooled OLS model for the mean value of stop-to-stop marginal
delay. All parameters are statistically significant and the signs are intuitive.
The presence of bus lane measures results in a reduction in mean stop-to-stop
marginal delay, indicating both decreased delays and over-scheduling padding.

Variable Coefficient Std. Err. P-value

Bus-taxi lane Length -6.1557 0.0516  0.0000
Bus-HOV lane Length -7.1653 0.0690  0.0000
Number of Traffic signals 2.5920 0.0076  0.0000

Traffic Flow 5.0509 0.0337  0.0000
Cross-traffic Turn 26.232 0.0208  0.0000
Scheduled Travel Time -0.4373 0.0002  0.0000
Link Length 30.384 0.0339  0.0000
Precipitation -0.1582 0.0087  0.0000
Weekend -0.6852 0.0185  0.0000
Public Holiday -1.7229 0.0501  0.0000
School Holiday -2.2104 0.0187  0.0000

COVID Stringency Index -0.1354 0.0003  0.0000

Number of observations 15962428
R? 0.5263

weekend marginal delay is 0.69 s less than weekdays, and public holidays and school holidays
reduce average marginal delay by 1.72 s and 2.21 s respectively. These values indicate that,
even controlling for the overall traffic volume, buses tend to be more on-time or even ahead
of schedule outside the typical weekday peaks. The stop-to-stop marginal delay difference
between the most COVID effected day observed and the least COVID affected day is 8.71 s
based on the model result. A R? value of 0.53 indicates that the model explains slightly over
half of the variation in mean marginal delay, and most attributes of the links are statistically

significant but still have a small impact.

The standard deviation of marginal delay indicates how reliably each stop-to-stop link per-
forms. This measure is essential to model if we assume that the timetable has been appropri-
ately updated to reflect the relevant conditions along the route. Table 4.6 shows the Pooled
OLS model for the standard deviation value of stop-to-stop marginal delay (Equation 4.3).
All coefficients have intuitive signs and are significant. Negative relationships are observed
between standard deviation of marginal delay and both bus-taxi and bus-HOV lanes. Bus-taxi

lanes, which are the more restrictive priority measure, have a stronger reliability improvement
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TABLE 4.6: Pooled OLS model of the standard deviation of stop-to-stop
marginal delay. All parameters are statistically significant and the signs are
intuitive. The presence of bus lane measures reduce the standard deviation,
which is synonymous with improved reliability.

Variable Coefficient Std. Err. P-value

Bus-taxi lane Length -12.564 0.0407  0.0000
Bus-HOV lane Length -5.5584 0.0560  0.0000
Number of Traffic signals 0.9709 0.0065  0.0000

Traffic Flow 14.195 0.0281  0.0000
Scheduled Travel Time 0.1772 0.0001  0.0000
Scheduled Speed 0.4437 0.0009  0.0000
Cross-traffic Turn 12.902 0.0171  0.0000
Precipitation 04112 0.0072  0.0000
Weekend -1.8418 0.0154  0.0000
Public Holiday -0.6829 0.0414  0.0000
School Holiday 0.4149 0.0155  0.0000

COVID Stringency Index 0.0854 0.0003  0.0000

Number of observations 15962428
R? 0.7345

than bus-HOV lanes, which are more permissive and more vulnerable to violation. Each
traffic signal increases the standard deviation of marginal delay by almost one second which is
statistically significant but not substantial. Every hundred vehicles added on each lane during
each hour increases the standard deviation of marginal delay by 1.42 s. Cross-traffic turns
increase the standard deviation of marginal delay by 12.90 s. Similar to the mean marginal
delay models, this model indicates that cross-traffic turns are a major concern during bus
operation. Both scheduled travel time and scheduled speed increase unreliability of marginal
delay. Both parameters are used in the models in order to capture the effects of the set

timetable.

Every mm of precipitation per hour increases the standard deviation of marginal delay — a
relatively heavy rain of 5 mm per hour could result in 2.06 s of unreliability of delay on each
segment. Both weekend and public holiday tend to be more reliable, which is possibly due
to more distributed destinations than the weekday peak tidal flow. Combining the results
with the mean marginal delay model, school holiday increase unreliability while reducing

expected marginal delay. The difference in the standard deviation of marginal delay between
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the most COVID affected day and the least COVID affected day is 5.5 s per segment based
on the model results. If most bus routes have 20-50 stops, most of these factors, despite being
statistically significant, would not accumulate to a substantial amount of unreliability over the
route. The exceptions are bus lanes and cross-traffic turns, which have the potential to add up
to several minutes over the length of the route. A R? value of 0.74 indicates that the model

explains over half of the variation in standard deviation of marginal delay.

4.4.3 Between-Effects panel regression model

In panel data analysis, the impact of a given variable can differ across clusters, i.e. stop-to-stop
links in this chapter. For instance, while a bus priority measure might improve performance
within a specific location, it could be primarily implemented in areas with exceptionally poor
performance, leading between-effects models to suggest worse overall performance in the
presence of the measure. However, this chapter finds that bus priority lanes provide more
reliability benefits in the between-effects model, indicating that these lanes are more effective
when comparing stop-to-stop segments with bus priority measures to those without, where

time variations are ignored.

The between-effects panel regression model is an OLS model that averages the values for
each stop-to-stop segment. This model aggregates the data by stop-to-stop links, which
means each stop-to-stop link forms one observation, and any time variations are averaged out.
The between-effects coefficients describe the relationships between segment attributes and
marginal delay between clusters but loses the variety within the clusters. This also means
that all stop-to-stop segments are equally weighted in this model even though some might be

based on many more observations.

The fitted between-effects model (Table 4.7) indicates both types of bus lanes improve
reliability (reduce standard deviation of marginal delay). The analysis reveals a greater
reduction in the variation of marginal delay for bus-taxi lanes compared to bus-HOV lanes,
which is expected since bus-taxi lanes are the more restrictive priority measure. Because the

between effects model has no consideration of the time variation, none of the time specific
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TABLE 4.7: The between-effects panel regression model for the standard
deviation of stop-to-stop marginal delay. This models further aggregates the
data by maintaining the mean value of each stop-to-stop segment. The results
further substantiate that bus lanes enhance service reliability.

Variable Coefficient Std. Err. P-value

Bus-taxi lane length -19.732 3.1892  0.0000
Bus-HOV lane length  -16.583 3.9274  0.0000
Scheduled travel time  0.2474 0.0049  0.0000
Scheduled travel speed 1.0186 0.0370  0.0000

Cross-traffic turns 18.817 1.0906  0.0000
Number of clusters 2737
R? 0.8401

variables including, traffic flow, precipitation, weekend, public holiday, school holiday and

COVID Stringency Index, are included.

In the between-effects model, unreliability increases with the number of cross-traffic turns,
the scheduled travel time and the scheduled travel speed. While statistically significant, the
between effects coefficients once again indicate that most factors will not contribute enough
unreliability to be meaningful to a bus operator or a passenger. The exception would be
cross-traffic turns — each cross-traffic turn can cause significant service level reduction in

most of the road corridors.

Both scheduled travel time and scheduled speed appear to contribute to an increase in the
standard deviation of marginal delay. Consistent with the other models, these variables are
included to account for scheduling effects. This model explains 84% of the variation in

unreliability between segments.

4.4.4 Within-Effects panel regression models

The within-effects regression models divide the full dataset by stop-to-stop segments, with
each segment being modeled independently. Only stop-to-stop links featuring time-varying
bus lanes are analyzed to determine the effects of bus lanes, as variables that do not change
within a segment cannot contribute to within-entity effects. The within-effects regression

models control for the effect of bus priority lane (bus-taxi lanes and bus-HOV lanes) length,
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traffic volume, scheduled travel time, precipitation, COVID stringency index, weekend, public

holiday and school holiday.

Omitting all time-invariant attributes of the segment allows this model to isolate the effect on
reliability of turning on and off the bus lanes. The key result is illustrated as the histogram
of coefficients on the two bus lane variables in Figure 4.6. The set of segments shows a
distribution of coefficients ranging from roughly -200 to 200 seconds. It can been seen that
most of the parameters are distributed around zero, which indicates that the bus operational
reliability overall is similar when bus priority lanes are on or off. Considering the fact that bus
priority lanes are generally in operation during peak hour when traffic conditions are worse
along the major corridors (see Figure 4.2), this stability indicates that bus priority lanes are
able to maintain service reliability despite peak-hour congestion. This suggests that the set of

bus lanes is operating where and when it should be.

4.5 Conclusion

This study demonstrates the effectiveness of using GTFS-Realtime data from Chapter 3 to
assess bus performance on a microscopic level by examining stop-to-stop marginal delay and
utilizing detailed spatial information about bus priority infrastructure. Analyzing 20 months
of data from the Sydney metropolitan area, the results show that bus-taxi lanes and bus-HOV
lanes significantly enhance bus performance and travel reliability. Cross-traffic turns in bus
operations are identified as a major concern across all models. Therefore, cross-traffic turns
should generally be avoided within bus routes. Given the substantial impact of cross-traffic
turns on bus operations, Chapter 5 will further investigate the effects of cross-traffic turns
on bus performance. The study also indicates that the presence of traffic signals increases
the standard deviation of stop-to-stop marginal delay, suggesting a lack of public transport
signal priority in the studied area. This highlights an opportunity to enhance bus performance
through the implementation of transit signal priority in the area. Further discussion of these

results can be found in Chapter 7. In conclusion, this study emphasizes the significant benefits
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FIGURE 4.6: Bus priority lane length parameters distribution from the within-
effects panel regression of standard deviation of marginal delay. The upper
figure shows the parameter distribution for bus-taxi lanes and the lower figure
shows the parameter distribution for Bus-HOV lanes. Higher values indicate
that bus lanes cause unreliability whereas lower values indicate that bus lanes
improve unreliability.

of bus lanes in improving bus performance and reliability and underscores the potential of

GTFS-Realtime data in providing a comprehensive evaluation of bus priority infrastructure.



CHAPTER 5

The Role of Cross-traffic Turns in Bus Operations

5.1 Introduction

In Chapter 4, we found that bus lanes and HOV lanes (known as transit lanes in Australia)
were effective priority measures for reducing bus delays and improving bus reliability. When
controlling for the presence of bus lanes, we observed that higher traffic volumes, the number
of traffic lights, and cross-traffic turns all significantly contributed to bus unreliability during
operations. Chapter 4 shows that a single cross-traffic turn could lead to more performance
degradation than ten traffic lights or an additional 900 vehicles per lane per hour, in terms
of both delay and reliability. This highlights the importance of implementing additional
bus priority measures, particularly at cross-traffic turns, to reduce bus delays and improve

reliability at intersections.

This chapter leverages the availability of realtime data from Chapter 3 to make several contri-
butions toward addressing the issue of bus performance degradation caused by cross-traffic
turns. First, stop-to-stop links within Greater Sydney are categorized and compared based on
the presence of cross-traffic turns at stop-controlled intersections, signalized intersections,
and those without cross-traffic turns, highlighting their impacts on increasing mean delay and
delay variability as well as reducing operational speed. Subsequently, vehicle speeds and
trajectories within the local environment of cross-traffic turns at two intersections are ana-
lyzed to provide a deeper understanding of the effects of cross-traffic turns. Cross-validation
between GTFS-Realtime Trip Updates and Vehicle Positions data confirms the accuracy of

this local environment microscopic analysis.
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5.2 Methodology

5.2.1 Data for bus cross-traffic turn analysis

The GTFS-Realtime dataset provides realtime operational details for public transit systems
through three data feeds: Trip Updates, Service Alerts, and Vehicle Positions. This study
utilizes the GTFS-Realtime Trip Updates from Chapter 3 and Vehicle Positions data feeds.
The Trip Updates feed provides real-time estimates of arrival and departure times at bus stops,
while the Vehicle Positions feed provides operational details, including GPS location and
speed (Google Developers 2022a). Trip Updates are used to compare stop-to-stop links with
and without cross-traffic turns by three indices: delay, reliability, and speed. Meanwhile,
Vehicle Positions are used to compare the average bus operational speed at intersections

between buses traveling straight through and those making cross-traffic turns.

Both the Trip Updates and Vehicle Positions datasets were archived from TfNSW’s GTFS-
Realtime API at one-minute intervals during the study period. The stop-to-stop comparison
relies on the Trip Updates dataset, which is used to calculate the three indices. The Trip
Updates data was developed as part of our previous study on buses within NSW in Chapter 3.
Additionally, the GTFS-Static/Schedule dataset is utilized to provide trajectory information,
which is used to identify the presence of cross-traffic turns and to calculate the distance

between two bus stops for speed analysis.

The GTFS-Realtime Vehicle Positions data is utilized to conduct the intersection level speed
comparison. The GTFS-Realtime Vehicle Positions updates based on the AVL data from
buses, which includes the vehicle’s location, operational speed, and bearing. The GTFS-
Realtime Trip Updates is used to filter the Vehicle Positions by direction and the GTFS-Static
dataset is used to provide trajectory for speed map plotting. Both GTFS-Realtime datasets
are employed to validate the use of vehicle position data for estimating bus travel time at

intersections between two bus stops, with comparisons made against the Trip Updates feed.
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5.2.2 Stop-to-stop links comparison

For the comparison of stop-to-stop links, this chapter follows a process similar to that outlined
in Chapter 4. This chapter focuses on buses in Greater Sydney, New South Wales (Figure 5.1)
over the period from 1 November 2020 to 30 June 2022, avoiding times with major COVID
impacts. Three indices are considered in the stop-to-stop links comparison: delay, reliability,
and speed. Both delay and reliability are based on the changes in stop delay time between
two bus stops, reflecting the impact of cross-traffic turns. The stop delay change between
two stops is defined as the stop-to-stop marginal delay, as outlined in Equation 4.1 which
represents the delay increase from the previous departure to the next arrival. This stop-to-stop
marginal delay aims to reflect the incremental delay accrued due to cross-traffic turns by
comparing the stop-to-stop links with and without cross-traffic turns. Delay is calculated
as the difference between the scheduled and actual arrival times and can be either positive

(behind schedule) or negative (ahead of schedule).

The delay measurement captures the increase in delay between two stops, isolating the
effect of cross-traffic turns and reflecting their impact on delay. The reliability measurement
quantifies the variability in stop-to-stop marginal delay between two stops. This variability is
measured within a rolling time window of the 30 nearest readings. This method is specifically
used to assess the effects of cross-traffic turns on reliability, as indicated by fluctuations in
delay. Unlike the approach in Chapter 4, no average value is taken for delay, and no sampling

is performed for delay and reliability measures to reduce the data size.

Speed is measured as the distance between two stops (L) divided by the travel time (¢), and is

used to reflect the impact of cross-traffic turns on bus operational speed between stops.

V= L/t (5.1)

The stop-to-stop links are categorized into three groups: No Cross-Traffic Turn, Cross-Traffic
Turn at Sign-Controlled Intersections, and Cross-Traffic Turn at Traffic Signals. Links

classified as No Cross-Traffic Turn include only straight movements and non-cross-traffic
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FIGURE 5.1: Study area for stop-to-stop link comparison. Stop-to-stop links

within the study area are used for cross-traffic turn analysis. Suburbs around

Sydney CBD were selected as the study area, while Sydney CBD was avoided

due to major differences in traffic conditions.
turns (e.g., left turns in left-hand driving, as considered in this study) between two stops.
A stop-to-stop link is classified as Cross-Traffic Turn at Sign-Controlled Intersections if
it involves only cross-traffic turns at intersections regulated by yield signs, stop signs, or
roundabouts, and does not include any cross-traffic turns at signalized intersections. Links that
involve a cross-traffic turn at a signalized intersection are categorized as Cross-Traffic Turn
at Traffic Signals. If a stop-to-stop link includes both cross-traffic turns at sign-controlled

intersections and at signalized intersections, it is categorized under Cross-Traffic Turn at

Traffic Signals, as signalized intersections typically exert a greater impact on bus performance.

To compare the differences between cross-traffic turns at yield or stop signs and at roundabouts,
the category cross-traffic turn at sign-controlled intersections is further divided into two
subcategories: Cross-traffic turn at yield/stop sign and cross-traffic turn at roundabout. The

cross-traffic turn at yield/stop sign category includes those links where the cross-traffic turn
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only occurs at a yield or stop sign between two stops. If a cross-traffic turn is detected at a
roundabout between two stops, the link is categorized as cross-traffic turn at roundabout. If a
stop-to-stop link contains both cross-traffic turns at yield/stop signs and at roundabouts, it is
categorized as cross-traffic turn at roundabout because roundabouts have a greater impact on

performance due to the increased difficulty of bus maneuvering.

5.2.3 Intersection comparison

The intersection-level comparison provides a more localized and detailed understanding of
the effects of cross-traffic turns compared to the stop-to-stop level analysis. Two intersections
within Greater Sydney, Australia, were selected for in-depth study: the intersection of Pitt
Street and Eddy Avenue in Haymarket and the intersection of Parramatta Road and Norton
Street in Leichhardt (Figure 5.2). These intersections are heavily utilized by buses, with an
average frequency of at least six buses per hour during the studied period (Table 5.1). Both
intersections exhibit significant delays attributable to cross-traffic turns and are presented as
illustrative case studies to explore these effects in detail.

TABLE 5.1: Vehicle Positions data at the two studied intersections. Both inter-

sections are heavily utilized by buses during the morning peak period for both

through and cross-traffic turn movements. The number of Vehicle Positions

readings depends on the volume of buses and the time spend traversing the
studied area at each intersection.

Int i Direct; Number B /H Vehicle Positions Total Vehicle
htersection trection of Routes Uses our Readings / Hour | Positions Readings
Pitt Street Through 18 79.19 1368 120423

and Cross-Traffic
Eddy Avenue Turn 1 6.13 137 12080
Parramatta Road Through 4 7.58 26 2345
and Cross-Traffic
Norton Street Turn 4 16.54 164 14411

This study focuses on the morning peak period, which is considered more critical in the
Greater Sydney Area (shown in Figure 4.4). The GTFS-Realtime Vehicle Positions data from
6 am to 10 am is used, which is the morning peak hours definition by Transport for New

South Wales. The analyzed dataset spans the period from 1st June 2022 to 30th June 2022,
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FIGURE 5.2: Trajectory plot of stop-to-stop links includes cross-traffic turns
at traffic signals, highlighting the 10% slowest operational speeds across all
observations. Darker trajectories indicate segments with a higher concentration
of low-speed bus movements. The two intersections studied in this chapter,
along with the intersection of Blaxland Road and Victoria Road examined
in chapter 6, all exhibit significant delays due to cross-traffic turns and are
presented as illustrative case studies.

resulting in at least 2,300 measurements for each direction under analysis (Table 5.1). At each
studied intersection, the critical cross-traffic turn direction and the through movements within

the same approaching direction are examined for comparison.

Before the analysis, the raw Vehicle Positions data is converted into CSV files. The Vehicle
Positions data is first separated by direction at the studied intersection. Speed maps are then
generated for the studied directions. Lane-level trajectories for both directions are estimated
by analyzing typical bus lane usage patterns. These trajectories are divided into 5-meter
segments for each direction. The vehicle position data is spatially joined to the nearest 5S-meter

segment to compute the local average speed for each interval. To smooth out rapid speed
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FIGURE 5.3: GTFS-Realtime Vehicle Positions data at the intersection of
Pitt Street and Eddy Avenue, Haymarket, Greater Sydney, Australia. This
intersection serves as a major bus corridor due to its proximity to Sydney
Central Station. The speed map highlights substantial slowdowns, driven by
frequent traffic congestion and bus bunching, particularly during peak hours.

fluctuations, the local average speed for each interval is further averaged with the speeds of its
two neighboring intervals. The resulting speed maps for the two intersections are presented in

the Results section below.

At the intersection of Pitt Street and Eddy Avenue in Haymarket (Figure 5.3), the critical
cross-traffic turn direction is from the southwest (Broadway) to the east (Eddy Avenue). This
route serves as a major bus corridor, heavily utilized by city-bound buses during peak hours.
With the high volume of road users, including light rail, this intersection frequently operates
at full capacity. As a result, bus bunching is common during peak periods, and bus operation

speed is relatively lower compare the other studied intersection (Table 5.4).
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FIGURE 5.4: GTFS-Realtime Vehicle Positions data at the intersection of
Parramatta Road and Norton Street, Leichhardt, Greater Sydney, Australia.
Due to the proximity of a bus depot to the north of Norton Street, many
buses make right turns at this intersection. During the morning peak, heavy
eastbound traffic towards the city leads to significant speed reductions for
right-turning vehicles, including buses.

At the intersection of Parramatta Road and Norton Street in Leichhardt (Figure 5.4), the
critical cross-traffic turn direction is from the east (Parramatta Road) to the north (Norton
Street). This cross-traffic turn is frequently used by outbound buses during peak hours, due
to the bus depot located further north along Norton Street. The cross-traffic turn direction
conflicts with the heavy eastbound city-bound traffic on Parramatta Road during the morning
peak, resulting in a significant speed difference between buses making the cross-traffic turn

and those traveling straight through the intersection.

5.3 Results

5.3.1 Stop-to-stop links comparison

Tables 5.2 and 5.3 describe the distribution of each category of stop-to-stop links using mean,
standard deviations, two sample t-tests and K-S tests. It can be observed that cross-traffic turns
at sign-controlled intersections negatively impact all three measurements: delay, standard

deviation, and speed, when compared to stop-to-stop links with no cross-traffic turns. These
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negative impacts are more pronounced for the category of cross-traffic turns at traffic signals,
which are expected to result in greater delays. Although only minor differences are observed
between cross-traffic turns at yield/stop signs and those at roundabouts, the results suggest
that roundabouts result in more difficulties for buses performing cross-traffic turns due to the

tight turning curve.

TABLE 5.2: Mean and standard deviation values for each category of stop-
to-stop links. Major differences are observed between links with and without
cross-traffic turns. Cross-traffic turns at sign-controlled intersections show less
impact on performance compared to those at traffic signals, while roundabouts
exhibit slightly worse performance than sign-controlled cross-traffic turns.

M ¢ Val No C traffic T Cross-traffic Turn | Cross-traffic Turn | Cross-traffic Turn | Cross-traffic Turn
casuremen atues O Lross-tratic Tum |, Sign Controlled | at Traffic Signal | at Yield/Stop Sign | at Roundabout
Stop-to-stop Mean -26.64 -23.93 -12.35 -24.51 -22.06
Marginal Delay | Standard | 5, 71.70 78.40 74.28 62.83
(s) Deviation
Stop-to-stop Mean 31.21 43.78 47.71 42.43 48.16
Standard Deviation Stan.da'rd 24.55 4227 4026 38.30 5206
(s) Deviation
Stop-to-stop Mean 39.34 33.36 24.15 33.69 32.34
Speed Standard
(km/h) Deviation 22.43 19.32 15.81 19.85 17.52
TABLE 5.3: Results of two-Sample t-tests and Kolmogorov-Smirnov (K-S)
tests. Larger t-statistics indicate greater differences between group means,
while larger K-S statistics suggest greater differences between the distributions.
Given the large sample size, all tests returned p-values below 0.001, indicating
statistically significant differences across all comparisons.
Cross-traffic Turn | Cross-traffic Turn
Measurement Category No Cross-traffic Turn at Traffic signal at Yield/Stop Sign
Testing Aeainst Cross-traffic Turn | Cross-traffic Turn | Cross-traffic Turn | Cross-traffic Turn
sting Agat at Sign Controlled | at Traffic Signal | at Sign Controlled | at Roundabout
Two Sample | T-statistic | 96.35 853.90 249.82 27.25
Stop-to-stop T-Tests P-value | <0.001 <0.001 <0.001 <0.001
Marginal Delay K-S
K-S Tests Statistic 0.06 0-15 0.09 0.05
P-value | <0.001 <0.001 <0.001 <0.001
Two Sample | T-statistic | 209.61 452.32 37.17 25.21
Stop-to-stop T-Tests P-value | <0.001 <0.001 <0.001 <0.001
Standard Deviation K-S
K-S Tests Statistic 0.09 0.28 0.09 0.06
P-value | <0.001 <0.001 <0.001 <0.001
Two Sample | T-statistic | 488.65 2349.99 922.64 55.84
Stop-to-stop T-Tests P-value | <0.001 <0.001 <0.001 <0.001
Speed K-S
K-STests Statistic 0.13 0.32 0.25 0.04
P-value |<0.001 <0.001 <0.001 <0.001

The analysis presented in Tables 5.2 and 5.3 and Figure 5.5 shows that stop-to-stop segments

with cross-traffic turns at traffic signals experience the highest delays compared to the other
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FIGURE 5.5: Comparison of stop-to-stop marginal delay distribution. Stop-to-
stop links with cross-traffic turns exhibit greater marginal delays. Cross-traffic
turns at signalized intersections causing more significant delays than those at
sign-controlled intersections.

two categories, as confirmed by the larger K-S statistic. Cross-traffic turns at sign-controlled
intersections result in less delay than those at signal-controlled intersections. Furthermore,
the difference in delays between cross-traffic turns at sign-controlled intersections and those
at traffic signals is more pronounced than the difference between no cross-traffic turns and
cross-traffic turns at sign-controlled intersections. Stop-to-stop links without cross-traffic
turns exhibit a tighter distribution of delays, while those with cross-traffic turns, especially
at traffic signals, show a higher mean delay closer to zero. It is important to note that the
data for this study were collected during the COVID-19 pandemic, a period characterized
by relatively low transit ridership and reduced traffic congestion. This likely contributed to
over schedule padding in bus timetables, resulting in the negative mean delays observed in
the stop-to-stop links. These results provide substantial evidence to support the claim that
cross-traffic turns, whether at signalized or signalized intersections, contribute to an increase

in average stop-to-stop marginal delay during bus operation.

In addition to delays, cross-traffic turns are a significant source of unreliability for buses.
The standard deviation of stop-to-stop marginal delay follows a similar trend as stop-to-
stop marginal delay measurements. As shown in Figure 5.6 and Tables 5.2 and 5.3, cross-
traffic turns at both traffic signals and sign-controlled intersections exhibit notably higher

standard deviation distributions compared to stop-to-stop segments without cross-traffic
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FIGURE 5.6: Comparison of stop-to-stop marginal delay standard deviation
distribution. Stop-to-stop links without cross-traffic turns demonstrate the
highest reliability, with a lower standard deviation of marginal delay. Consist-
ent with the marginal delay results, cross-traffic turns at traffic signals have a
greater negative impact on performance compared to those at sign-controlled
intersections.

turns. This statistically significant difference supports the conclusion that cross-traffic turns
increase variability of delay and, therefore, decrease reliability in bus operations. With
a lower mean standard deviation, sign-controlled intersections result in less unreliability
compared to signalized intersections. Furthermore, difference between cross-traffic-turn and
no-cross-traffic-turn reliability metrics are higher than those for marginal delay, indicating

that cross-traffic turns have a greater impact on unreliability than on delays.

Tables 5.2 and 5.3 and Figure 5.7 compare bus operational speed for stop-to-stop segments
under different cross-traffic turn conditions. According to the T-statistic and K-S statistic
values, the differences in speed distributions between the categories are statistically significant
among all turn categories. Segments without cross-traffic turns, represented by the blue line,
exhibit the highest average operational speed, followed by segments with cross-traffic turns at
sign-controlled intersections. Some fluctuations are observed at higher speeds for cross-traffic
turns at sign-controlled intersections, likely due to inaccurate travel time estimates when
two stops are close to each other — this often occurs on local roads where sign-controlled
intersections are more common. The statistical results confirm that performing cross-traffic

turns significantly reduces the operational speed of buses between stops, with sign-controlled
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FIGURE 5.7: Stop-to-stop bus operation speed distribution comparison. Cross-
traffic turn at traffic signal indicates a significantly lower speed distribution.
Cross-traffic turn at sign controlled intersections has a lower speed distribution
than no cross-traffic turn but a higher speed distribution than cross-traffic turn
at traffic signal.

intersections causing a smaller reduction in speed compared to signalized intersections, though

they still contribute to a noticeable decrease in bus travel speed.
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FIGURE 5.8: Comparison of stop-to-stop marginal delay standard deviation
distribution between yield/stop signs and roundabouts. The two curves exhibit
similar distributions but differ in mean and standard deviation values. The other
performance measurements show a similar trend when comparing yield/stop
signs with roundabouts.

Tables 5.2 and 5.3 and Figure 5.8 compare the distribution of stop-to-stop marginal delay,
standard deviation, and operational speed for stop-to-stop segments with cross-traffic turns

at roundabouts versus those at yield/stop signs. The stop-to-stop marginal delay shows
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similar patterns between the two intersection types, with roundabouts exhibiting slightly
higher delays. Similarly, the distribution of marginal delay standard deviations also reflects
similar trends. Roundabouts introduce slightly greater unreliability due to tighter turning
conditions. Additionally, the bus operational speed distribution shows that yield/stop signs
generally allow for higher speeds compared to roundabouts, likely due to the better turning
conditions at unsignalized intersections. Overall, roundabouts tend to cause higher delays and
slightly lower speeds, making them more challenging for bus maneuverability than yield/stop

sign-controlled intersections.

5.3.2 Intersection comparison
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FIGURE 5.9: Microscopic speed map at the intersection of Pitt Street and
Eddy Avenue, Haymarket, Greater Sydney, Australia. Both through and cross-
traffic buses experience relatively slow average speeds due to high congestion.
A noticeable speed difference is observed between through buses and buses
making cross-traffic turns.
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FIGURE 5.10: Microscopic speed map at the Intersection of Parramatta Road
and Norton Street, Leichhardt, Greater Sydney, Australia. The through buses
only experience reduced average speeds before reaching Crystal Street, as the
intersections at Crystal Street and Norton Street are coordinated. A significant
speed difference is observed between the through buses and the cross-traffic
turn buses at this intersection.

The distributions of delay, reliability, and speed mask the diverse, idiosyncratic impacts
at each intersection. The microscopic intersection comparison analysis offers a detailed
examination of bus performance in relation to specific design attributes. Figure 5.9 presents
the estimated speed map at the intersection of Pitt Street and Eddy Avenue, derived from
GTFS-Realtime Vehicle Positions data. Given that this intersection is adjacent to Central
Station, and is heavily used by both vehicular and light rail traffic during peak hours, it is
expected that buses operate at a lower average speed in this area. Significant delays are
evident at this intersection. The data shows that buses making cross-traffic turns experience
a more rapid and earlier speed reduction compared to through buses, at the entrance of Pitt
Street before Eddy Avenue. This location is typically the start of the cross-traffic turn queues,
as observed. The speed map demonstrates that cross-traffic turn buses face significantly more

delay than through buses.

Figure 5.10 shows the estimated speed map at the intersection of Parramatta Road and Norton
Street, derived from GTFS-Realtime Vehicle Positions data. A significant difference is ob-

served between the two trajectories. Buses traveling westbound through the intersection
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experience minimal delays, particularly before reaching Crystal Street, and encounter almost
no delays at the Parramatta Road and Norton Street intersection, since the two intersection sig-
nal are coordinated. In contrast, buses making westbound cross-traffic turns face considerable
delays before Crystal Street and maintain reduced operational speeds up to the Parramatta
Road and Norton Street intersection. Lower speeds are observed on Norton Street, as it is
a local street with a lower speed limit of 40 km/h and narrower lateral space. Typically, the
northbound direction of Norton Street is not congested, so Norton Street is not the primary
cause of delays for cross-traffic turns at the intersection of Parramatta Road and Norton Street.
Similar to the previous intersection, bus speeds drop noticeably upon entering the traffic
queue. The slower average speed for cross-traffic turn buses is anticipated, given the lower

priority assigned to cross-traffic turns at this intersection.

The results outlined in Table 5.4 reveal that executing cross-traffic turns significantly extends
travel times and reduces travel speed, underscoring the impact of bus cross-traffic turns as a
major concern at intersections. At intersections with substantial bus cross-traffic turn volumes,
it is advisable for transit authorities to consider introducing bus priority measures, such
as queue jump lanes, to enable buses to bypass queues and enhance operational efficiency.
However, implementing such priority lanes in urban settings presents considerable challenges
due to space constraints. Transforming an existing traffic lane into a bus priority lane could
reduce the overall capacity of the intersection, potentially leading to congestion that obstructs
buses and affects both general traffic flow and bus service efficiency. Moreover, the potential
for increased delays for other vehicles necessitates careful consideration when introducing
these measures. In the context of the intersection of Parramatta Road and Norton Street,
where road space is even more constrained than at the intersection of Pitt Street and Eddy
Avenue, traditional bus priority measures may not be sufficient to improve bus performance

without significantly worsening delays for general traffic.
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5.4 Validation

Given the novelty of GTFS-Realtime microscopic analysis, cross-validation is employed to
assess the accuracy of the intersection comparison microscopic analysis. This validation
process involves comparing the results from two GTFS-Realtime datasets: Trip Updates and
Vehicle Positions. While Trip Updates provide travel time estimates for individual stop-to-stop
segments, which are typically shorter than the full trajectory lengths estimated by Vehicle
Positions data, the travel time and speed comparisons are thus confined to each stop-to-stop

segment within the directions under study.

Due to some inaccurancy in the bus stop locations provided by the GTFS-Static data, a more
precise stop location is determined using Google Maps street view. The exact position of
the stop post is used to calculate the stop-to-stop segment trajectory length, which is then
applied in Vehicle Positions calculations. These calculations are based on the average speeds

estimated in the speed maps (Figure 5.9 and 5.10).

TABLE 5.4: Cross-validation results of travel time estimates between Trip
Updates and Vehicle Positions. The travel time and speed estimates from
the two datasets are generally consistent. However, Vehicle Positions tend to
slightly overestimate travel time and underestimate speed, as slower-moving
buses generate more location data within the studied area.

Intersection Direction Stop ID Travel Time Estimates (s) Speed Estimates (km/h)
’ Start End | Trip Updates | Vehicle Positions | Trip Updates | Vehicle Positions

Pitt Street Through 200017 | 2000428 110.30 112.34 10.40 10.21
and Cross-Traffic

Eddy Avenue Turn 200017 | 200053 215.06 224.02 6.85 6.57

Parramatta Road | Through 204924 | 204925 165.21 154.96 12.15 12.95
and Cross-Traffic

Norton Street Turn 204924 | 204026 211.79 251.26 8.13 6.85

Comparing the two datasets affirms the effectiveness of the microscopic analysis because
the average stop-to-stop travel times and speeds are very similar when estimated from the
two datasets. As indicated in Table 5.4, the Vehicle Positions dataset tends to provide
slightly higher travel time and lower travel speed estimates compared to the Trip Updates
dataset. This discrepancy is anticipated due to the different methodologies used in their
calculations: Vehicle Positions are calculated using space-mean speeds, whereas Trip Updates

are based on time-mean speeds. Consequently, faster vehicles have a greater influence on the
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time-mean calculations. The precise and intuitive variation of the microscopic speed maps
combined with the similar travel times from the cross-validation, support the reliability of
the analysis. Furthermore, this consistency suggests that GTFS-Realtime Trip Updates and

Vehicle Positions datasets can be effectively combined in future research.

5.5 Conclusion

This chapter utilized GTFS-Realtime Trip Updates and Vehicle Positions data to analyze
the impact of cross-traffic turns on bus operations. The findings revealed that cross-traffic
turns increase schedule delays, reduce operational speeds, and impair service reliability. The
results emphasize the importance of minimizing or eliminating cross-traffic turns in route
design, as stop-to-stop links without cross-traffic turns consistently outperform those with
such maneuvers. Additionally, GTFS-Realtime Vehicle Position data is employed for a
microscopic analysis, aggregating bus AVL data and spatially averaging it by the nearest
S-meter trajectory interval lines. This novel application of GTFS-Realtime data for evaluating
route and geometry design highlights its potential for future studies focused on micro-level
improvements to bus performance at intersections. Since traditional bus priority measures
cannot effectively reduce the bus cross-traffic turn delay at the studied intersections without
significantly delaying other traffic, a novel approach — the bus cross-traffic turn priority box
— is introduced in Chapter 6. Further discussion on the impact of bus cross-traffic turns and

their operational implications can be found in Chapter 7.



CHAPTER 6

Bus Cross-traffic Turn Priority Box

6.1 Introduction

Cross-traffic turns have traditionally been avoided in bus route design due to their contribution
to service unreliability. The results in Chapter 4 indicate that a single cross-traffic turn can
result in more negative effects than ten traffic lights or a traffic volume of 900 vehicles per
lane per hour, in terms of both delay and reliability. In Chapter 5, we find that cross-traffic
turns significantly impact bus operating speed, delay, and reliability when analyzing these
metrics at the second level between stop-to-stop segments. Despite these significant impacts,
there is a lack of effective, space-efficient solutions to mitigate the negative effects of bus

cross-traffic turns.

Traditionally, prioritizing bus cross-traffic turns requires solutions such as queue jump lanes
or transit signal priority systems. Both of the solutions requires additional later space to
prioritize buses and results in delay increase for general traffic. Therefore, there is a pressing
need for innovative solutions that can provide bus priority without the drawbacks of existing

methods.

To address this gap, we propose an innovative, intersection-focused priority measure — the
bus cross-traffic turn priority box. This in-lane cross-traffic turn queue jump lane allows buses
to skip the cross-traffic turn queue using through lanes, similar to how a bicycle box offsets
the traffic queue upstream from the intersection. The bus turning priority box enables buses

to bypass the right-turn traffic queue and pre-accelerates traffic when there is no bus present,
89
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increasing green time efficiency. Importantly, it benefits bus operations while also reducing

delays for general traffic, without requiring extensive lateral space.

This chapter focuses on evaluating the effectiveness of the bus cross-traffic turn priority box in
reducing the negative effects associated with bus cross-traffic turns using Aimsun microscopic
traffic simulation. We aim to assess the limitations of existing bus cross-traffic turn priority
measures to highlight the necessity for alternative solutions, develop the principles and
theoretical framework of the bus cross-traffic turn priority box, evaluate its performance by

applying the proposed solution to a real-world intersection using real-time data.

6.2 Methodology

6.2.1 Problem statement

In densely built urban environments, geometric constraints often make it impractical to allocate
additional space to alleviate traffic congestion. Prioritizing buses under these limitations
typically requires converting existing road space into dedicated bus areas — such as queue
jump lanes — or allocating specific signal times to buses through TSP. However, these
conventional bus priority measures inevitably penalize general traffic to favor buses, leading

to unintended consequences.

When bus priority measures are improperly designed, they can increase delays for both
buses and general traffic. For example, converting a general-purpose traffic lane into a bus
queue jump lane at a critical intersection may reduce the throughput for other vehicles. This
reduction can cause queues to spill back upstream from the intersection. If the bus queue
jump lane is only a short distance from the intersection, buses may become blocked by the

traffic queue, resulting in increased delays for both buses and general traffic.

Transit agencies are aware of these issues but are often limited by what can be achieved
with current priority measures. Existing solutions like bus pre-signals and queue jump lanes

require dedicated bus lanes on the approach to intersections, which is not feasible in many
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urban areas where land is expensive and space is constrained. Implementing such measures
can lead to increased delays for general traffic and may not provide sufficient benefits to buses

when intersections become congested.

Moreover, traditional bus priority measures like TSP allocate signal time from general traffic
to buses, which can result in increased delays for other vehicles — even if the total person
delay is reduced due to the higher occupancy of buses. This reallocation of signal time can be
a significant barrier to the implementation of bus priority measures, as it may not be politically

or practically feasible to prioritize buses at the expense of general traffic flow.

Therefore, there is a pressing need for innovative, space-efficient bus priority solutions that
can improve bus operations at intersections — particularly for cross-traffic turns — without
penalizing general traffic or requiring significant infrastructural changes. The challenge lies
in designing a solution that minimizes the need for additional road space, enhances bus

performance during cross-traffic turns, and potentially improves overall traffic efficiency.

This chapter addresses this problem by proposing the bus cross-traffic turn priority box, a
novel bus priority measure designed to reduce bus delays during cross-traffic turns while
improving delays for general traffic. Unlike traditional measures that require dedicated bus
lanes or extensive infrastructure, the bus cross-traffic turn priority box allows buses to skip the
cross-traffic turn queue by using existing through lanes, which typically have faster average
speeds and lower delays compared to cross-traffic turning lanes. By offsetting only the
cross-traffic turn lane, this design requires less road space and infrastructure but provides

similar benefits for buses making cross-traffic turns.

This chapter develops a bus priority measure that overcomes the limitations of existing
solutions by not requiring additional space and reduce delay to general traffic and effective in

enhancing bus operational efficiency at intersections.
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6.2.2 Description of bus cross-traffic turning priority box

The bus cross-traffic turn priority box (Table 6.1) is a novel priority measure designed
specifically for buses making cross-traffic turns. It functions by enabling buses to bypass
the queue in the cross-traffic turn lane using the through traffic lanes, which generally have
faster speeds and less congestion. As a bus approaches an intersection where it needs to
make a cross-traffic turn, it remains in the through lane and overtakes the queued turning
vehicles. During the through traffic green phase, the bus moves into the designated priority box
positioned ahead of the turning queue. The bus waits there until the cross-traffic turn signal
turns green, at which point it proceeds to make the turn before other vehicles, significantly
reducing bus delays. When there is no cross-traffic turning bus, the priority box can be utilized
by other turning vehicles for pre-acceleration, allowing them to enter the intersection at higher
speeds and thus improving efficiency. This system eliminates the need for dedicated bus lanes,

reduces delays for general traffic, and enhances overall intersection efficiency.

Implementing the bus cross-traffic turn priority box only requires the realignment of the cross-
traffic turn lane to accommodate the priority box. This allows buses to use the faster-moving
through lanes to bypass the cross-traffic turn queue, where the main delay for buses occurs.
The length of the priority box is customized based on various factors such as demand, service

rate, targeted pre-acceleration speed, and intersection geometry.

For the example intersections simulated below, the bus cross-traffic turn priority box is set to
be 40 meters long. This length can accommodate two 14.5-meter-long buses, which is the
typical bus length in Sydney, per signal cycle, corresponding to a service rate of approximately
one bus per minute. Designing the length of the priority box is critical; an insufficient length
could result in the bus queue spilling back into the through traffic lanes. Such spillover could

significantly reduce intersection efficiency, particularly during peak hours.

6.2.3 Benefit for buses

The speed difference between through buses and buses making cross-traffic turns is generally

expected to be significant (Figure 5.10). This discrepancy arises due to differences in conflict
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TABLE 6.1: Step-by-step guide for implementing the bus cross-traffic turn
priority box: Example intersection in Greater Sydney. The bus cross-traffic
turn priority box is placed in the cross-traffic turning lane near the intersection.
Buses bypass the cross-traffic turn queue by using the through lanes.

93

1: Offset the turning traffic to accommodate
the bus cross-traffic turn priority box.

2: The through traffic signal turns green,
allowing buses to proceed forward.

3: Buses use the through traffic lanes to

bypass and wait in front of the cross-traffic turn queue.

4: Eliminate the pre-cross-traffic turn signal.
Other turning vehicles are allowed to use

the unused part of the priority box for pre-acceleration.

5: Buses turn first during
the cross-traffic turn phase.

6: Use the pre-cross-traffic turn signal to
keep the bus cross-traffic turn priority box
clear for the next cycle.

*Buses arriving at the intersection during the cross-traffic turn green phase are expected to
merge into the cross-traffic turn lane at the entrance of the bus cross-traffic turn priority box.
**According to state law, vehicles are required to yield to buses when buses indicate right.

points, resulting in variations in green time allocation — through traffic typically receives
longer green times than cross-traffic turns. The primary delay reduction for buses comes from
utilizing the faster through lanes to bypass the cross-traffic turn queue, thereby reducing the
waiting time, as evidenced by the significantly lower average speeds shown in Figure 5.10.
Additionally, since buses are generally able to pass through the intersection within a single

signal cycle, this leads to increased reliability with less variance in travel time through the

intersection.
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6.2.4 Benefit for general traffic

Unlike other bus priority measures, the bus cross-traffic turn priority box not only provides
travel time and reliability benefits for buses but also improves intersection efficiency for other
road users. When there is no bus present within the priority box, general traffic can utilize it
to pre-accelerate before the main signal, allowing vehicles to enter the intersection at higher
speeds and significantly reducing start-up lost time for turning traffic. When buses are present
at the beginning of the green phase, any remaining empty space within the priority box are

used by general traffic, ensuring that no effective green time is wasted.
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FIGURE 6.1: Suggested pre-acceleration speed profiles. The total pre-
acceleration time refers to the time difference that the pre-cross-traffic turn
arrow eliminates before the main cross-traffic turn signal turns green. The
area under each speed—time curve represents the travel distance during pre-
acceleration, which should not exceed the length of the bus cross-traffic turn
priority box.

The primary benefit for general traffic arises from the pre-acceleration of turning vehicles
before the main signal turns green. By granting a turning pre-signal a few seconds earlier,
vehicles can begin accelerating from a standstill and approach the main signal at a higher
speed, rather than starting from a complete stop. The total acceleration time includes both
the driver’s reaction time and the vehicle’s acceleration time to reach the target speed (see
Figure 6.1). To avoid abrupt braking, the travel distance during pre-acceleration should not

exceed the length of the bus cross-traffic turn priority box.
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When there are potential safety risks — such as heavy pedestrian activity or frequent red-
light violations at the end of the preceding signal phase — it is advisable to set a lower
pre-acceleration target speed, as illustrated by the red line in Figure 6.1. For safety, it may be
beneficial to allow a slightly longer pre-acceleration time. This forces drivers to decelerate
slightly before entering the intersection, as indicated by the braking (dashed) sections of
the two curves in Figure 6.1. This approach can help shorten stopping distances and reduce
collision risk. However, the trade-off between safety and performance warrants further
investigation in future studies. Nevertheless, any degree of pre-acceleration leads to greater

operational efficiency compared to having no pre-acceleration at all.

While the bus cross-traffic turn priority box offers significant efficiency benefits, higher
approach speeds at intersections create a safety concern. It is recommended to limit the pre-
acceleration speed of general traffic to 10-20 km/h below the speed limit. In situations with
elevated safety concerns — such as high pedestrian volumes or frequent red-light violations —

the desired pre-acceleration speed should be further reduced (Figure 6.1).

6.2.5 Microscopic simulation

Microscopic simulations are conducted using Aimsun microscopic traffic simulation to
evaluate the effectiveness of the bus cross-traffic turn priority box. Two intersections were
simulated: the first is a standardized three-way intersection, used to assess the priority
box’s performance under various demand scenarios, thereby providing robust evidence of its
effectiveness. The second simulation applies the proposed solution to a real-world intersection,
utilizing real-time data to validate its practical benefits. To ensure the robustness of the results
and mitigate uncertainty due to stochastic traffic arrivals, each simulation scenario is replicated

100 times. The average values across these replications are taken as the final results.

The first simulation features a stylized three-way intersection, consisting of a two-through-
lane arterial road and a one-through-lane collector road (Figure 6.2). All approach segments
in the simulation are 500 meters long, exceeding the maximum queue lengths to ensure all

delay is fully captured. Seven different demand scenarios were tested over a one-hour period
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to analyze the efficiency of the bus cross-traffic turn priority box under varying levels of traffic

demand.

FIGURE 6.2: Simulation layout of the standardized three-way intersection.
The bus cross-traffic turn priority box is located on the western approach.
Eastbound and westbound through traffic are designated as the primary flow
directions at this intersection.

The signal timing at this intersection is actuated (Table 6.2), simulating the adaptive control
nature of the Sydney Coordinated Adaptive Traffic System (SCATS). The three-phase plan
remains consistent between the base model without the bus cross-traffic turn priority box and
the alternative scenario with the priority box. To emulate SCATS’s adaptive features, the
actuated traffic signal control applies a 3-second extension when detectors (shown in purple)

detect a vehicle entering the intersection.

All phases at this intersection have a yellow time of 3 seconds and an all-red time of 4 seconds.
The primary difference lies in the activation of the pre-cross-traffic turn signal on the western
approach. In the alternative scenario, the pre-cross-traffic turn red arrow is deactivated 7
seconds before the start of Phase ®5 and activated at the end of Phase ®,. At the end of ®,,
the main cross-traffic turn signal is extended by a maximum of 6 seconds to ensure clearance
within the bus cross-traffic turn priority box. This extension allows vehicles within the priority

box to proceed through, creating an empty priority box for pre-acceleration at the beginning
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of the next cycle. Consequently, this setup prevents vehicles from becoming stuck within the

priority box and minimizes lost time at the intersection based on the microscopic results.

TABLE 6.2: Signal phase plan for the standardized three-way intersection.
Actuated signal control dynamically adjusts each phase’s green time from 0
seconds (skipping the phase) to the maximum allocated green time. The phase
plan remains the same between the base design (without the bus cross-traffic
turn priority box) and the alternative design (with the bus cross-traffic turn
priority box).

®, : 0-20s ®, : 0-20s ®5 : 0-60s
Northbound left turn Northbound left turn, Eastbound through,
and right turn, Eastbound through Westbound through
Westbound left turn and right turn and left turn

A total of seven traffic demand scenarios are employed for this standardized intersection. To
simulate peak traffic effects, the hourly traffic demand presented in Table 6.3 was allocated
as follows: 20% to the first 15 minutes, 30% from 15-30 minutes, and 50% for the final
30 minutes of the simulation. The high demand scenario reaches the intersection’s capacity
while preventing infinite queues that could result in a large number of vehicles failing to enter
the simulated network. Different demand levels are tested, with medium and low demands
set at 75% and 50% of the high demand scenario, respectively. Additionally, other traffic
demand scenarios are derived by modifying the medium demand baseline. The high bus
cross-traffic turn scenario simulates an extreme condition where one bus turns every minute,
testing the potential effects of bus spill back from the bus cross-traffic turn priority box. The
high cross-traffic turn scenario simulates a situation where the cross-traffic turn volume is
heavy, with demand reaching half of the through traffic in the same direction. Two tidal flow
demand scenarios are also tested for westbound and eastbound traffic, respectively. In these
scenarios, the tidal flow demand is set to 10% higher than the high demand scenario, while

the other directions maintain the medium traffic demand.
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Table 6.3: Hourly traffic demand for seven scenarios tested
at the standardized three-way intersection. The scenarios
include high cross-traffic turn demands for buses alone and
across all three modes, as well as tidal flows for westbound
and eastbound traffic. These variations aim to capture a wide
range of demand conditions, providing robust evidence of the
efficiency improvements resulting from the implementation

of the bus cross-traffic turn priority box.

Demand Scenario Direction Car | Truck | Bus
Through | 800 |40 20
Westbound
Leftturn | 100 |5 2
Through | 800 |40 20
Low Eastbound
Right turn | 200 | 10 5
Left turn | 200 | 10 5
Northbound
Right turn | 100 |5 2
Through | 1200 | 60 30
Westbound
Leftturn | 150 |8 4
Through | 1200 | 60 30
Medium Eastbound
Right turn | 300 | 15 8
Left turn | 300 | 15 8
Northbound
Right turn | 150 | 8 4
Through | 1600 | 80 40
Westbound
Left turn | 200 | 10 5
Through | 1600 | 80 40
High Eastbound
Right turn | 400 | 20 10
Leftturn | 400 | 20 10
Northbound
Right turn | 200 | 10 5
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Demand Scenario Direction Car | Truck | Bus
Through | 1200 | 60 30
Westbound
Left turn | 150 | 8 4
Through | 1200 | 60 30
High bus cross-traffic turn | Eastbound
Right turn | 300 | 15 60
Left turn | 300 | 15 60
Northbound
Right turn | 150 |8 4
Through | 1200 | 60 30
Westbound
Leftturn | 150 |8 4
Through | 1200 | 60 30
High cross-traffic turn Eastbound
Right turn | 600 | 30 15
Left turn | 600 | 30 15
Northbound
Right turn | 150 | 8 4
Through | 1760 | 88 44
Westbound
Left turn | 220 | 12 6
Through | 1200 | 60 30
High westbound Eastbound
Right turn | 300 | 15 8
Leftturn | 300 |15 8
Northbound
Right turn | 220 | 12 6
Through | 1200 | 60 30
Westbound
Left turn | 150 |8 4
Through | 1760 | 88 44
High eastbound Eastbound
Right turn | 440 |22 11
Leftturn | 440 |22 11
Northbound
Right turn | 150 |8 4

The second simulated intersection is selected to demonstrate the real-world implications of the
proposed bus cross-traffic turn priority box. This simulation is based on real-world conditions

at the intersection of Blaxland Road and Victoria Road in Ryde, Greater Sydney (Figure 6.3),
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FIGURE 6.3: Simulation layout of the intersection at Blaxland Road and Vic-
toria Road, Ryde, Greater Sydney, Australia. The bus cross-traffic turn priority
box is implemented on the eastern approach of Victoria Road. Significant
delays are experienced by westbound cross-traffic (right) turning traffic from
Victoria Road into Blaxland Road.

during the morning peak hours (7-9 am). As shown previously in Figure 5.2, this intersection
is among those identified with significant delays attributable to bus cross-traffic turns and
is therefore used as one of the illustrative case studies. The simulated area includes the full
stretch between the preceding and following intersections in all directions, ensuring that even
the longest observed queues are fully captured. This intersection experiences substantial
congestion caused by cross-traffic turns affecting both buses and general traffic during peak
periods, making it an ideal location for testing the priority box intervention. The simulation
inputs are based on average signal timings and traffic volumes observed on weekdays in July

2023, providing a realistic representation of typical operating conditions

The signal timing is the average phase durations for each hour from SCATS, archived from
real-time traffic signal operations (Table 6.4). All phases at this intersection have a yellow
time of 3 seconds and an all-red time of 3 seconds. To simulate the adaptive features of
SCATS, the actuated traffic signal control is used with a 3-second extension time when
detectors (shown in purple) detect a vehicle entering the intersection. The variance in phase
durations is controlled to maintain the average phase times for each phase as outlined in
Table 6.4. The three-phase plan remains consistent between the base scenario without the

bus cross-traffic turn priority box and the alternative scenario with the priority box. The only
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difference lies in the activation of the pre-cross-traffic turn signal on the eastern approach. In
the alternative scenario, the pre-cross-traffic turn red arrow is deactivated 6 seconds before
the start of Phase ®,, and the main cross-traffic turn signal is allowed to extend by up to 6
seconds — rather than the usual 5-second extension in other signal phases — to ensure the

priority box is cleared before the next cycle begins.

TABLE 6.4: Signal phase plan for the intersection of Blaxland Road and
Victoria Road, Ryde, Greater Sydney, Australia. Since this intersection is
actuated and controlled by the SCATS system, the signal times are allowed
for a 5-second variation in signal phase durations based on the detection of
arriving vehicles. The phase plan remains consistent between the base scenario
(without the bus cross-traffic turn priority box) and the alternative scenario
(with the priority box).

®5: 11s

d, : 65s d, : 18s
Eastbound through Westbound through Eastbound left turn,
and left turn, and right turn, Southbound right
Westbound through Southbound left turn and left turn

The demand for the intersection of Blaxland Road and Victoria Road is updated every 15
minutes within the studied time period (Table 6.5). The main traffic flow is eastbound towards
the city, with an average of 2,258 cars and 157 trucks per hour. Despite the westbound
right-turn (cross-traffic turn) flow being relatively low — 359 cars, 8 trucks, and 12 buses per
hour — the substantial volume of opposing eastbound traffic leads to significant delays for the
westbound right-turn movement. Buses only operate between the eastern leg (Victoria Road)
and the northern leg (Blaxland Road) due to the presence of a shopping center to the north on
Blaxland Road. Consequently, there is a notable bus volume making westbound right turns
and southbound left turns, with 12 and 27 buses per hour, respectively. This emphasizes the
importance of optimizing this intersection for bus operations to enhance service reliability

and reduce delays for both buses and general traffic.
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TABLE 6.5: Hourly average traffic demand at the Intersection of Blaxland
Road and Victoria Road, Ryde, Greater Sydney, Australia. The eastbound
through movements, which are citybound, experience the highest traffic
volumes. This creates significant delays for westbound right turns due to
conflicts with the eastbound through traffic.

Direction Car | Truck | Bus
Through | 1405 | 51 0
Westbound - piohiturn [ 359 | 8 | 12
Through | 2258 | 157 0
Left turn | 23 2 0
Left turn | 818 5 27
Right turn | 118 5 0

Eastbound

Southbound

6.3 Results

The outcomes of the seven tested demand scenarios for the three-way standardized intersection
are summarized in Figure 6.4 and Table 6.6. Overall, implementing the bus cross-traffic turn
priority box yielded notable delay reductions for all three vehicle types, especially buses.
Figure 6.4 provides a delay time comparison with and without the priority box under various
demand scenarios, while Table 6.6 presents the percentage delay reduction for cars, trucks,
and buses, along with person-delay savings that assume car/truck occupancy of 1.1 and bus

occupancy of 20.

A key feature underpinning these improvements is the pre-acceleration effect. By allowing
vehicles to begin moving before the cross-traffic turn phase starts, the priority box reduces
start-up lost time, effectively increasing the usable green interval for cross-traffic turns. This
enables more vehicles to pass within a given cycle, which can translate into up to a 19% delay
reduction for cars and trucks under certain scenarios. However, under high demand in all
directions, capacity constraints mean that cars and trucks see only limited improvements.
Even in this challenging scenario, buses still benefit substantially by bypassing queues in the
cross-traffic turn lane. Meanwhile, in scenarios exhibiting tidal flow — for example, when
either the eastbound or westbound approach is notably higher than the other — spare green
time can be productively reallocated to other directions, thereby producing a larger overall

delay reduction for cars and trucks.
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FIGURE 6.4: Delay time comparison with and without the bus cross-traffic
turn priority box at the three-way standardized intersection under various de-
mand scenarios. Delay reductions are observed for most scenarios, especially
for buses. The pre-acceleration feature also benefits cars and trucks in most

instances.

TABLE 6.6: Percentage delay reductions for cars, trucks, and buses, as well
as overall person delay, across various demand scenarios at the standardized
three-way intersection and the intersection of Blaxland Road and Victoria
Road. Cars and trucks show moderate delay reductions, while buses exhibit
the highest reductions. Overall person-delay reductions are notably significant
when accounting for high bus occupancy (20) compared to car/truck occupancy

Truck

Bus

(1.1).
Demand Scenario Car | Truck | Bus | Person Delay
Low 15.48 | 13.54 | 12.83 14.56
Medium 17.46 | 17.21 | 16.56 17.17
High 091 | 1.00 |16.96 5.81
High Bus Cross-traffic -2.66 | -4.63 | 49.30 30.46
High Cross-traffic 994 | 6.87 |36.71 17.96
High Eastbound 18.90 | 12.38 | 30.61 21.98
High Westbound 13.88 | 12.20 | 16.22 14.27
Intersection of Blaxland Road
and Victoria Road 24.74 | 28.87 | 69.17 34.62

Several specific observations emerged from the scenario-based testing. When the eastbound

demand is high, the cross-traffic turns are congested. The priority box shortens the cross-traffic
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turn phase, thus reducing total intersection delay. A similar mechanism applies under high
westbound demand, where more efficient cross-traffic turns shorten red times for through
traffic. An exception in delay reduction occurs in the high bus cross-traffic scenario, where
the bus volume is so frequent (about one bus per minute) that buses occupy the priority box
almost every cycle; as a result, cars and trucks gain negative delay outcomes since they lose
the opportunity to pre-accelerate. Nonetheless, from a person-delay standpoint, the large
capacity of buses ensures a net benefit to overall passenger throughput. In essence, while
this scenario yields a small trade-off for cars and trucks delays, the reduction in bus delay

indicates significant benefits once occupancy is factored into the analysis.

The intersection of Blaxland Road and Victoria Road in Ryde, Greater Sydney, is tested
to validate the effectiveness of the priority box concept under real-world conditions. As
illustrated in Figure 6.5 and detailed in the final row of Table 6.6, the implementation of the
priority box resulted in substantial benefits for buses, with delays decreasing by over 69%.
This significant improvement is expected, given that the primary bus delays at this intersection
occur during cross-traffic turns from Victoria Road into Blaxland Road. In contrast, left turns

from Blaxland Road into Victoria Road experience only minor delays.

Buses benefited from the priority box by bypassing the queue in the cross-traffic turn lane
and positioning themselves at the front during the cross-traffic turn phase. This maneuver
significantly reduced the waiting times typically encountered by buses, enabling them to
complete cross-traffic turns within a single signal cycle. Consequently, this enhancement not
only improved bus service reliability and punctuality but also optimized overall intersection

efficiency.

In addition to the substantial benefits observed for buses, cars and trucks also experienced
significant delay reductions at this intersection, as the westbound cross-traffic turn is the only
congested movement. With the implementation of the bus cross-traffic turn priority box, the
capacity for cross-traffic turns increased significantly, allowing more vehicles to be processed
during each green phase — within the same green duration as without the priority box. This
led to notable reductions in both delay and queue length. Importantly, since the green time for

the westbound cross-traffic turn remains unchanged, there is no additional delay imposed on
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other movements. The high occupancy rates of buses contribute to an overall in-vehicle person
delay reduction exceeding 34%. This highlights the substantial improvement in intersection

efficiency achieved through the implementation of the bus cross-traffic turn priority box.
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FIGURE 6.5: Delay time comparison with and without the bus cross-traffic
turn priority box at the intersection of Blaxland Road and Victoria Road in
Ryde, Greater Sydney. Significant delay reductions are observed for buses.
Cars and trucks benefit to a lesser but still notable extent.

Taken together, these results underscore the effectiveness of the bus cross-traffic turn priority
box at both a standardized three-way intersection with various demand and a real-world
intersection in Sydney. Buses has the largest delay reduction, especially in scenarios where
cross-traffic turn demand is congested or when bus volumes are high. Cars and trucks
frequently see delay reductions as well, except under extremely high bus cross-traffic circum-
stances that limit pre-acceleration opportunities. Critically, considering the bus occupancy
amplifies the person-delay benefits, indicating that prioritizing buses can achieve a substantial

impact on overall passenger throughput.

A major concern with implementing the bus cross-traffic turn priority box is the potential for
bus queue spill back at the entrance of the priority box. Figure 6.6 illustrates a scenario from
the simulation where spill back occurs. This spill back may result from an insufficient length

of the bus cross-traffic turn priority box or excessively high bus cross-traffic demand.

In the simulations conducted for this paper, the cross-traffic turn bays are generally filled

when bus spillback occurs. This results in the obstruction of the inner through lanes by the
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FIGURE 6.6: Spilled bus queue at the bus cross-traffic turn priority box in the
three-way standardized intersection. The spilled bus queue blocks the inner
through lane. No significant delay increases are observed for through traffic
because the cross-traffic turn bay is generally full under this scenario, causing
upstream blockage of the inner through lane.
accumulating cross-traffic queue upstream of the bus cross-traffic turn priority box entrance.
At the two tested intersections, the through movement in the same direction as the critical
cross-traffic movement is typically not critical, as it receives green time over two signal phases.
This means that, although the spilled cross-traffic turning buses may block the inner through

lane near the intersection, their impact on other through traffic is not detrimental to the delay

for cars.

In practical terms, the priority box mechanism effectively addresses the longstanding issue of
delayed cross-traffic turns without the need for additional infrastructure or dedicated lanes.
By optimizing the utilization of existing road space and adjusting signal phases, the priority
box minimizes delays for buses while enhancing traffic flow for other vehicles. As a result,
the bus cross-traffic turn priority box emerges as a robust solution that not only improves
public transport reliability and punctuality but also supports more efficient general traffic

operations at congested urban intersections.

6.4 Conclusion

This chapter evaluates the effectiveness of the bus cross-traffic turn priority box in improving
bus performance at intersections, with results showing significant delay reductions for buses,

and some improvements for general traffic. The priority box allows buses to bypass the
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cross-traffic turn queue using through lanes, reducing bus delays. Testing across various
demand scenarios, including high bus volumes and congested cross-traffic turns, demonstrates

that the priority box significantly benefits buses.

In addition to the improvements for buses, cars and trucks also experience reductions in delay
due to the pre-acceleration feature, which reduces the start-up loss time for cross-traffic turns.
However, in extreme cases with high bus volumes, the opportunities for general traffic to
pre-accelerate are limited, which may result in a minor increase in delays for cars and trucks.
Nevertheless, when accounting for bus occupancy, the overall person-delay savings remain

significant.

Compared with the traditional priority measures, the priority box is a space-efficient and
practical solution for urban intersections, offering substantial benefits without requiring
extensive infrastructure changes. It optimizes the use of existing road space, improves bus
service reliability, and enhances traffic flow, making it a promising solution for addressing
intersection congestion in rapidly growing cities. Further discussions on the results are

presented in Chapter 7.



CHAPTER 7

Discussion and Conclusion

7.1 GTFS-Realtime Trip Updates data

Chapter 3 presents a comprehensive data processing pipeline for GTFS-Realtime Trip Updates
data, bridging the gap between the vast volume of raw information generated by PTAs and
the actionable insights necessary for effective transit planning and operations. Chapter 3
also demonstrates the development and technical validation of GTFS-Realtime Trip Updates
data in Greater Sydney, which includes bus arrival and departure time estimates. The data
outputs provide a reliable and flexible foundation for high-resolution bus performance analysis,
offering valuable insights into operational efficiency at the stop level. By enabling detailed
stop-to-stop performance evaluations, the dataset creates opportunities to explore critical but
previously overlooked aspects of bus operations, including traffic-related delays, scheduling

inconsistencies, and the spatial dynamics of urban transit systems.

Validation against in-person observations demonstrates that the pipeline’s forecasts closely
align with observed bus arrivals and departures, maintaining small tolerances of 8 seconds
for arrivals and -5 seconds for departures. This level of accuracy makes the pipeline well-
suited for second-level and stop-to-stop granularity analyses, providing valuable insights
into operational efficiency. Such precision is typically unattainable when relying on static
schedules or manual observations, underscoring the data’s potential for driving evidence-based

improvements in public transport services.

The data processing pipeline and its associated dataset serve as powerful tools for both transit

authorities and researchers. With high-resolution, consistently updated data, stakeholders
108
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can monitor bus delays, gauge service reliability, and develop targeted interventions such as
bus lanes and transit signal priority. As showcased in Chapters 4 and 5, the pipeline enables
the identification of segment-specific speed fluctuations, intersection-related delays, and
impacts of priority measures, ultimately supporting more efficient bus operations. Moreover,
its adaptability — tested across six metropolitan areas in Australasia — illustrates global
scalability, paving the way for standardized, high-resolution datasets that can inform data-

driven decision-making across diverse transit systems.

The pipeline’s robust data outputs also highlight the potential for broader applications. In-
corporating other data sources, such as roadworks, weather conditions, and traffic volumes,
would further enhance its capacity to optimize transit systems. The flexible architecture of the
pipeline allows for future integration with emerging data standards (e.g., GTFS-Realtime v2

or SIRI), thus expanding its applicability to a wide range of transit environments.

Ultimately, the processed GTFS-Realtime data offers a valuable framework for advancing
research and practice in public transit performance. By enabling fine-grained analyses of
bus operations, the pipeline supports the development of efficient, reliable, and sustainable
transportation networks. Its utility for assessing transit interventions, measuring operational
improvements, and guiding policy decisions underscores the transformative impact that real-
time, high-resolution data can have on addressing urban mobility challenges in a data-driven

cra.

7.2 Bus lane performance evaluation

The data outputs in Chapter 3 provide the foundation for the analysis in Chapter 4, where the
impact of route characteristics — such as bus lanes, traffic volume, bus cross-traffic turns,
and traffic signals — on stop-to-stop marginal delay at a second-level granularity is examined.
The research in Chapter 4 showcases the application of GTFS-Realtime data to assess the
effectiveness of bus priority lanes at a microscopic level, utilizing detailed spatial information
on bus priority infrastructure. By analyzing 20 months of data from the Sydney metropolitan

area, the findings confirm that bus lanes can enhance bus performance primarily by reducing
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the variability in marginal delays, rather than significantly increasing average speeds. While
their direct effect on efficiency may diminish under during periods of severe congestion, the
significance of bus lanes lies in their capacity to create more predictable travel conditions for
passengers and operators. In other words, even if travel times are not drastically shortened
when congestion is most intense, bus lanes contribute to more stable and reliable journey
times, mitigating the uncertainties that passengers and operators typically face during peak

periods.

These results, although centered on Sydney, likely generalize to other urban contexts where
traffic congestion and variable travel conditions challenge bus service reliability. Although
statistically significant impacts on the average marginal delay are observed, it is expected that
long-term adjustments — such as refined timetabling informed by ongoing data analysis —
will counterbalance these fluctuations. Ultimately, the more notable advantage of bus lanes is
their ability to reduce the variability in marginal delay, thereby improving overall reliability
and predictability. Regression tree, pooled OLS, and between-effects models all produce
intuitive and statistically significant coefficients for bus lanes, while within-effects models
further underscore that bus lanes effectively counteract the unreliability associated with peak

periods.

The findings in Chapter 4 also indicate that implementing suitable bus priority measures,
such as transit signal priority and route designs that minimize cross-traffic turns, can be
effective in enhancing schedule adherence and reliability. Traffic signals increase the average
and variability of marginal delay due to the absence of active bus signal priority during
the study period, although such measures have been deployed in the study area historically.
Effective transit signal priority should integrate realtime information on bus delay, vehicle
occupancy, and flexible signal phase adjustments. Cross-traffic turns, in particular, emerge
as a key challenge for bus performance. When designing routes, it is generally advisable to
avoid these turning movements where possible. However, at intersections where bus turns
cannot be eliminated, adopting priority geometries — such as dedicated bus queue jump lanes
and implementing adaptive signal timing can help maintain efficient bus operations. These

measures should be carefully calibrated to balance improvements in bus service with the
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overall efficiency of general traffic. Building on these insights, Chapter 5 employs GTFS-
Realtime data to further examine the impact of cross-traffic turns more thoroughly and Chapter

6 develops novel strategies for mitigating their adverse effects.

A common strategy to enhance bus performance is schedule padding, which involves increas-
ing the timetabled journey time to lower the chances of buses arriving late (Aemmer et al.
2022). However, this can lead to early arrivals, causing longer waiting times for passengers
than late buses. The models in this study illustrate how bus lanes can overcome this issue. In
the average marginal delay model, Bus-taxi and bus-HOV lanes show negative parameters,
suggesting these lanes help reduce delay in the study area. The data, which spans the COVID
period, shows reduced passenger boarding and traffic volumes, leading many buses to arrive
ahead of schedule. However, the standard deviation models of marginal delay reveal that bus
lanes significantly improve bus reliability, justifying further development of the bus priority
network irrespective of passenger demand levels or timetable adjustments. Additionally, the
study area’s map underscores the limited implementation of bus lanes in Sydney, highlighting

the potential to expand these reliability benefits.

As an alternative to schedule padding, transit agencies could consider demand responsive
service and adjusting timetables using real-time data to improve on-time performance. When
the travel demand fluctuates, especially during less predictable peaks in demand such as
weather, road incidents or train system failures, the operator could dynamically add trips with
real-time adjusted timetables to accommodate the demand without impacting the existing

services.

Chapter 4 only analyses the marginal delay on stop-to-stop link level, which ignores the
effects of road network. Bin et al. suggest considering link interactions among the bus lanes
(Yu et al. 2015). Long distance public transport riders can have different travel options using
different corridors, and the conditions on nearby, intersection or parallel corridors might
impact performance. By focuses on stop-to-stop link level and utilizing the departure delay
at previous stops and arrival delay at the next stops, this study designed to isolate the stop

effects including dwell time from the stop-to-stop variation.
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7.3 Bus cross-traffic turn

Chapter 4 indicates that cross-traffic turns, along with high traffic volumes, traffic signals,
and right turns, have been identified as major contributors to bus unreliability. Building on
the insights from Chapter 4, Chapter 5 delves deeper into the microscopic level impacts of
cross-traffic turns by drawing on the GTFS-Realtime Trip Updates data introduced in Chapter
3.

Analyzing second-level bus performance data, the statistical tests in Chapter 5 highlight
significant differences in the mean and standard deviation of stop-to-stop marginal delays,
as well as operational speeds, caused by cross-traffic turns. These findings confirm that
cross-traffic turns not only increase schedule delays and reduce operational speeds but also
disproportionately contribute to service unreliability. This highlights the substantial impact of
cross-traffic turns on overall bus performance and reinforces the critical need for implementing
bus cross-traffic turn priority measures. Notably, stop-to-stop links without cross-traffic
turns consistently outperform those with such maneuvers, highlighting the importance of

minimizing or eliminating cross-traffic turns when designing bus routes.

To enable the intersection level of analysis, GTFS-Realtime Vehicle Position data is employed
for a microscopic study that aggregates bus AVL data. The processed Vehicle Positions data
facilitates the creation of speed maps, showcasing 5-meter average speed intervals for bus
trajectories. The average speed map can not only help in having a detailed understanding of
local delay cause, but can also identify the location of start of queue. Within mixed traffic
lanes when traffic data is unavailable, the GTFS-Realtime Vehicle Position data can be used
to identify the length of the queue. The positive validation outcomes affirm the method’s
practicality, suggesting that GTFS-Realtime Trip Updates and Vehicle Positions data can

effectively be combined in future research to enrich transit operation studies.

Among the various types of bus cross-traffic turns analyzed, cross-traffic turns at signalized
intersections were found to have the most significant negative impact on bus operational
efficiency. While sign-controlled intersections also contribute to delays, their impact is

generally less severe. This suggests that avoiding cross-traffic turns at signalized intersections
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and performing early or late cross-traffic turns at sign-controlled intersections, which are

typically less congested, can improve bus performance.

Yield/stop sign-controlled intersections and roundabouts have similar effects on bus operations,
with roundabouts causing slightly more negative impacts due to their smaller typical turning
radius. Although avoiding the problems identified with cross-traffic turns at signals, this
can result in alternative delays for buses. This finding highlights the importance of design

considerations in traffic management systems to accommodate public transit efficiently.

Past strategies for mitigating the adverse effects of cross-traffic turns have focused on route
designs that avoid such turns, especially at congested intersections. Examples include perform-
ing early or late cross-traffic turns to bypass congestion, incorporating jughandle ramps, or in
extreme cases, using three non-cross-traffic turns instead. Another approach is to minimize
lane changes required for executing these turns during route planning by being aware of the

placement of the bus stop immediately before the intersection.

When cross-traffic turns are unavoidable, particularly at intersections with significant bus
cross-traffic turn demand and congestion, bus priority measures such as queue jump lanes
and transit signal priority can be implemented. Queue jump lanes are generally effective but
require substantial road space dedicated to bus cross-traffic turns, making them most suitable
in areas with sufficient lateral space. However, in space-constrained areas, traditional bus
priority measures may fail to improve bus performance and can cause disproportionate delays
to general traffic. This, in turn, may exacerbate congestion, making it more challenging for
buses to approach the intersection and potentially increasing delays for both buses and general

traffic.

7.4 Bus cross-traffic turn priority box

Building on the findings from Chapter 5, Chapter 6 introduces a novel solution to bus cross-

traffic turn delays: the bus cross-traffic turn priority box. This novel in-lane queue jump lane
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allows buses to bypass the cross-traffic turn queue by utilizing the faster through traffic lanes,

significantly reducing bus delays.

The priority box functions similarly to a bicycle box, offsetting the cross-traffic turn queue
upstream from the intersection. It is specifically designed to mitigate bus cross-traffic turn
delays at critical intersections without requiring additional lateral space. This approach
reduces bus delays while causing minimal disruption to general traffic, making it an effective
alternative to traditional bus priority measures, which often require significant infrastructure

changes or dedicated lanes.

Testing results in Chapter 6 across various demand scenarios, including high bus volumes and
congested cross-traffic turns, confirms that the priority box benefits buses while maintaining
or even enhancing the efficiency of general traffic in critical scenarios. Overall, the results
show that the bus cross-traffic turn priority box is an effective solution for reducing delays
for buses and improving intersection performance in congested urban environments. By
addressing the challenges associated with cross-traffic turns and optimizing the use of limited
road space, this measure offers a practical approach to improving public transport reliability
without negatively impacting, and in most cases even benefiting, general traffic. This makes

the priority box a promising alternative to traditional bus priority measures.

Buses can bypass queues in the cross-traffic turn lanes by using the faster through traffic lanes
and positioning themselves at the front during the cross-traffic turn phase. This maneuver
enables buses to complete cross-traffic turns within a single signal cycle, significantly enhan-
cing service reliability and punctuality. However, the benefits of the priority box depend on a
sufficient speed difference between through lanes and cross-traffic turn lanes. If the through
lanes are slower than the cross-traffic turn lanes, buses cannot bypass the cross-traffic queue
and must join the end of the queue, thereby negating the primary advantage of the bus priority
box. Nonetheless, the pre-acceleration feature still provides benefits by allowing turning

vehicles to begin accelerating earlier, maintaining some level of efficiency improvement.

The bus cross-traffic turn priority box does not conflict with current traffic regulations and

is easy for road users to understand. The bus cross-traffic turn priority box is designed
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exclusively for protected cross-traffic turn intersections and is not applicable to permitted

cross-traffic turn intersections.

Since the bus cross-traffic turn priority box relies on vehicle detectors within the designated
area, the green phase for cross-traffic turns are extended as long as vehicles are present in the
box. As a result, the need for a dedicated yellow cross-traffic turn phase may be eliminated,
since the green arrow would only terminate once the box is clear. This mechanism has the
potential to further enhance intersection efficiency by reducing lost time associated with
phase transitions. While this effect was not simulated in the current study due to safety

considerations, it represents a promising avenue for future research.

However, safety concerns arise from the higher approach speeds enabled by pre-acceleration.
To address these concerns, it is recommended to limit pre-acceleration speeds to 10-20 km/h
below the speed limit, especially in areas with high pedestrian volumes or frequent red-light
violations. Another concern is the potential for right-turn queue spillback. The priority
box is specifically designed for locations where turning bay length is not a major constraint
but lateral road space is limited. In scenarios where the priority box length is insufficient,
queues may spill back into the through lanes, potentially reducing intersection efficiency.
Nevertheless, since the priority box improves turning efficiency, the overall length of turning
queues is expected to be shortened in most cases, thereby minimizing the risk and impact of

spillback even under peak traffic conditions.

The bus cross-traffic turn priority box offers a compelling advancement in traffic management
by balancing the needs of public transportation and general traffic flow. Its implementation
can lead to substantial improvements in intersection efficiency, reduced bus delays, and
enhanced overall traffic performance, making it a valuable addition to urban transit strategies.
The findings in Chapter 6 support the adoption of the bus cross-traffic turn priority box in
similar urban settings where space constraints limit the feasibility of traditional bus priority
measures. Further research and real-world trials are recommended to validate these results,
explore long-term benefits, and address any potential safety considerations associated with

higher approach speeds due to pre-acceleration. By doing so, cities can adopt more efficient
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and reliable transportation systems that cater to both public transit and general traffic needs

without necessitating significant infrastructural investments.

7.5 Limitations and future work

While Chapter 3 addresses numerous barriers to using GTFS-Realtime data, several limitations
and opportunities for future improvement persist. First, although the data processing pipeline
presented in Chapter 3 is designed to be adaptable for most GTFS-Realtime data worldwide,
it has only been tested in Australian and New Zealand cities. Its robustness in regions such as
North America or Europe, where data formats may differ significantly, remains unverified.
Future research should therefore evaluate the pipeline’s performance in these areas and adapt

it to support a broader range of GTFS-Realtime formats.

Additionally, the absence of passenger boarding information restricts the dataset’s capacity
to account for crowding and its effect on bus performance. As TfNSW’s transition to the
GTFS-Realtime v2 standard, refining the pipeline to include enhanced data fields could
improve overall data quality, while incorporating other data standards (e.g., SIRI) may
expand its applicability to more diverse transit systems worldwide. Moreover, although
the GTFS-Realtime Trip Updates discussed in Chapter 3 were validated at a single bus
stop, resource constraints have thus far prevented validation at larger scales, such as across
entire metropolitan areas. Finally, since TINSW remains the only source of the GTFS-
Realtime Trip Updates data — without transparent information on how arrival and departure
times are estimated — underlying system errors may exist. Despite the reasonable results
observed in Chapters 4 and 5, further testing and validation of the GTFS-Realtime dataset are

recommended.

In Chapter 4, the analysis relies on linear regression, a supervised method that requires
predefined input variables. Although various regression models were tested, as well as
regression trees, the selected model could still potentially be further optimized for better

performance. Additionally, while machine learning models could potentially provide a
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better fit for the data, these models often lack interpretability, making them less suitable for

understanding and explaining results in a human-readable format.

Due to limitations in computing resources, the regression analysis in Chapter 4 involved
sampling, which may have resulted in some features being excluded from the models. Future
studies should consider using more computationally efficient techniques or more powerful

hardware to obtain more robust results.

The impacts of bus priority lanes on general traffic were not evaluated in Chapter 4 due to
the lack of intersection-level traffic volume data. Although prioritizing buses may potentially
delay general traffic, it is crucial to assess both the benefits to transit operations and any
adverse effects on overall traffic flow. In future work, incorporating intersection-level traffic
data will enable a more comprehensive examination of these trade-offs, ensuring that bus

priority measures yield net positive outcomes, including reductions in person delays.

While research elsewhere suggests that restricting certain turning movements can improve
the benefits of bus lanes (Levinson and St. Jacques 1998), we currently lack sufficient data
on intersection-level turning volumes to directly assess these effects. In the Sydney context,
bus lanes are typically implemented along major arterials where non-cross-traffic turning
maneuvers are relatively limited. When buses are heavily affected by non cross-traffic turning
conflicts, the buses can use through lanes to proceed. Consequently, non-cross-traffic turning
movements are not generally a significant concern for bus operations in this setting. In future
research, acquiring more detailed turning movement data could enable a deeper investigation
of these interactions and inform strategies to further enhance bus priority measures in other

urban contexts.

The stop-to-stop link comparisons in Chapter 5 use two-sample t-tests and K-S tests to
compare the distribution of stop-to-stop links with and without cross-traffic turns. While the
results show significant differences (low p-values), the large dataset size may have influenced
these outcomes. Furthermore, some data distributions are skewed, which could affect the
reliability of the test results. Alternative statistical techniques are recommended for future

research.
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The intersection comparison results in Chapter 5 introduce a novel method that spatially
averages GPS data into 5-meter trajectory segments. While the average speed trajectory
links provide promising results, only two intersections were analyzed, which may limit the
generalizability of the findings. Although validation between the GTFS-realtime Vehicle
Position and Trip Updates datasets shows reasonable alignment, both datasets are derived
from the same GPS data source, which may introduce biases. Further investigation into this

method is warranted.

The effectiveness of the bus cross-traffic priority box are tested using microscopic simulation
in Chapter 6, but the simulation may still contain system errors. The behavior models
within the simulation are simplified and may not fully capture real-world traffic dynamics,
particularly for novel priority measures like the bus priority box. Additionally, results from
only two scenarios may not be generalizable. Given that microscopic simulations rely on
numerous input parameters, these inputs can significantly influence the reliability of the
results. Future research should incorporate analytical methods that use formulas to further

validate the effectiveness of the bus cross-traffic priority box.

No pedestrian behavior was modeled in the simulations presented in Chapter 6. Pedestrians
influence traffic flow by requiring sufficient green time for crossing and by necessitating that
turning vehicles yield to them. The impact of pedestrian movements on intersection capacity
is not fully understood without pedestrian simulation. Additionally, jaywalking pedestrians
could complicate cross-traffic turns. Future studies should include pedestrian modeling to

better capture these dynamics and assess the potential impact on bus priority measures.

7.6 Conclusion

This study underscores the transformative potential of GTFS-Realtime data in advancing
public transit performance analysis. By developing a data processing pipeline, the research
bridges the gap between the vast quantities of raw data generated by PTAs and the actionable
insights required for effective transit planning and operations. The pipeline enables granular

evaluations of bus performance, providing the foundation for understanding and addressing
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critical factors such as traffic, scheduling inconsistencies, and spatial dynamics within urban

transit systems.

Key findings underscore the critical role of targeted interventions, such as dedicated bus lanes,
transit signal priority systems, and optimized route designs, in reducing delays and improving
the reliability of bus services. Dedicated bus lanes not only provide a consistent travel path
for buses but also significantly improve reliability by reducing their exposure to general traffic

congestion, thereby enhancing operational efficiency.

Among all models tested, the most significant challenge in bus operation identified in this
research is the impact of cross-traffic turns, a major source of bus delays and service unreliab-
ility. These maneuvers, often at signalized intersections, result in delays due to conflicting
traffic flows and the large turning radius required for buses compared to smaller vehicles.

Addressing this issue is vital to improving overall service quality and passenger satisfaction.

To tackle the challenges posed by bus cross-traffic turns, this study introduces the innovative
bus cross-traffic turn priority box. This measure offers a practical and space-efficient solution
by allowing buses to bypass cross-traffic turn queues via through lanes, significantly reducing
delays and improving reliability at intersections. The priority box enhances intersection
performance by enabling pre-acceleration for general traffic when buses are not present. The
bus cross-traffic turn priority box contributes to more reliable, efficient, and user-friendly

public transportation systems.

The analysis reveals that high-resolution, real-time data is essential for evaluating and im-
plementing effective transit interventions. The processed dataset not only supports detailed
performance assessments but also opens avenues for integrating additional data sources, such

as traffic volumes and weather conditions, to further enhance transit system evaluations.

In conclusion, this research demonstrates how leveraging GTFS-Realtime data can improve
public transit analysis, offering data-driven solutions to improve reliability, efficiency, and
sustainability in urban transportation systems. By addressing key operational challenges and
proposing innovative strategies, this work lays the groundwork for developing smarter, more

resilient public transit networks that meet the demands of growing urban populations.
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