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Abstract
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Poverty in Canadian Cities

Jeff Allen
Master of Arts
Department of Geography and Planning
University of Toronto
2018

Millions of Canadians rely on public transportation to conduct daily activities and
participate in the labour force. However, many are disadvantaged because exist-
ing public transit service does not provide sufficient access to destinations. Limited
transit options, compounded with socioeconomic factors like not having a private ve-
hicle, can result in transport poverty, limiting travel to important destinations, like
employment opportunities. Accordingly, the objective of this thesis is to develop ac-
curate measures of accessibility to examine the degree to which the Canadian urban
population can reach employment opportunities via public transit. These measures
are used to analyze inequalities in accessibility with respect to socioeconomic status
and estimate where, and to what extent, Canadians are at risk of transport poverty.
This knowledge is able to inform policy aimed to increase transit ridership, reduce
inequalities of transit accessibility, and limit transport-related barriers to activity

participation.
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1 Introduction

Public transit is paramount in providing many urban Canadians with the ability to
travel to daily activities and participate in the labour force. Especially within lower
income groups, transit is often the only means for accomplishing independent travel
in Canada’s expanding metropolises. Despite this reliance, many neighbourhoods
are disadvantaged because public transit does not provide sufficient access to des-
tinations, like employment opportunities. Poor transit access, combined with other
forms of social and economic disadvantage (e.g. poor health, not being able to af-
ford a car, etc.), can result in transport poverty (Casas, 2007; Preston & Rajé, 2007;
K. Lucas, 2012). This can limit people in their ability to find employment oppor-
tunities and participate in the labour force. The Canadian government is currently
investing billions of dollars in public transport, and social equity and inclusion are
part of policy goals across the country (Government of Canada, 2017). However,
the extent of inequalities in transit accessibility, and the number of people at risk
of transport poverty, are unknown at a national scale.

Accordingly, the contributions of this thesis are as follows: 1) Develop a novel
methodology for computing comparative measures of access to employment for
Canada’s eight largest cities. 2) Analyze the inequalities of transit access to employ-
ment in Canada with respect to socioeconomic status. 3) Estimate where, and to
what extent, Canadians are at risk of transport poverty. 4) Describe and generate
typologies for areas vulnerable to transport poverty in order to recommend urban
planning strategies which reduce inequalities and limit the risks of transport-related
exclusion.

In generating a comparative measure of access to employment, we account
for minute-by-minute variations in transit schedules, competition both among the

labour force for jobs as well as employers for employees, and appropriately stan-



dardize in order to compare between regions which have different levels of imbal-
ance between the number of jobs and the size of the labour force. We use this
formulation to compute access to jobs for Canada’s eight largest cities (Toronto,
Montreal, Quebec City, Ottawa, Winnipeg, Calgary, Edmonton, and Vancouver).
This is computed for travel by transit, as well as travel by car, to allow for modal
comparison. We compute this accounting for all jobs within the region, as well as
dis-aggregating jobs by income level to examine how access varies among income
groups, and to account for how people are more likely to compete for jobs within
the same income brackets. We summarize our measures through a series of plots
and maps to compare within and between regions.

In examining the inequalities of access, we first analyze the overall distribution
of transit provision of each region using Gini coefficients and Lorenz curves. This
allows us to examine horizontal equity, how well transit access is distributed among
the overall population. We find that the larger cities, Vancouver and Toronto,
have the highest levels of access in their centres, but these cities are also the most
unequal in terms of how transit access is distributed among their populations. We
find that Calgary and Edmonton have the lowest levels of transit access on average.
Comparing between mode, we find that the distribution of transit access is more
unequal than the distribution of auto access in each city. We then compare how
transit access is spatially correlated with the locations of low income populations,
those who are more likely to be reliant on transit. We find that lower income areas
are generally more centrally located and have relatively higher levels of transit access,
and low-density suburban areas, with lower levels of transit access, are typically of
higher socio-economic status. Despite this positive outlook in aggregate, there are
still a substantial number of low income Canadians who are living in areas with

low transit accessibility. We estimate the number of Canadians at risk of transport



poverty by counting the number of low income or otherwise vulnerable residents
who are living in quantiles of transit access, as well as those residing in areas where
transit only provides a small fraction of access compared to driving. We estimate
that within Canada’s eight largest cities, there are 200,000 individuals living in low
income households in the lowest quintile of transit access, and 800,000 individuals
living in low income households in areas where transit access provides less than
one-fifth the level of access provided by car.

We then combine the methodological and empirical work in this thesis with
guidance from more theoretical literature on accessibility in order to recommend
policy and urban planning strategies directed towards improving transit access and
reducing risks of transport poverty in Canadian cities. Recommendations include
focusing future transit investments in areas which have high concentrations of low-
income households and low levels of transit access, intensification and diversity of
land-use to increase accessibility and reduce commute distances, as well as a con-
sideration of subsidizing ride-sharing or implementing demand-responsive transit in
areas of low density. Doing so would help reduce the risks of transport poverty and
social exclusion.

The overall structure of this thesis is as follows; it begins with a detailed literature
review on transit accessibility, followed by a description of our data and study areas,
detail of the methodology used to compute transit access to jobs, presentation of
results with particular focus on the relationship between transit access and income
inequalities, and ends with a discussion of results, policy implications, and directions

for future work.



2 Background

2.1 Urban Transportation & Accessibility

A primary function of a city is to provide people the opportunity to participate in
daily activities, social interactions, and access to destinations necessary for their
well-being. This includes, but is not limited to, access to goods and services, em-
ployment opportunities, and social and recreational activities. The concept of acces-
sibility is commonly used to assess these social outcomes of urban transport systems.
Accessibility is the ease of reaching destinations, and it is often cited as a key tenant
of good urban form (Lynch, 1984). In modern cities, greater levels of accessibility
have been significantly associated with shorter commuting times (Kawabata & Shen,
2007), increased employment rates (Merlin & Hu, 2017), higher activity participa-
tion rates (Paez et al., 2009), it reduces risks of social isolation (Garrett & Taylor,
1999), and it can foster social inclusion (K. Lucas, 2012).

Accessibility is not just a function of a city’s transportation network, it is also
a function of land use characteristics (e.g. the relative spatial location of where
people live and various activity locations) as well as individual social and economic
factors (e.g. can someone afford a private vehicle, are they physically able to walk
to a transit stop, etc.) (Hanson, 1982; Geurs & Van Wee, 2004). Access is also
constantly evolving (e.g. land-use patterns change over time; firms open, close, or
relocate, etc.) and is subject to daily rhythms (e.g. opening hours of services, road
congestion, and transit schedules).

While academics have long been concerned with accessibility (Hansen, 1959), the
common paradigm among practising urban planners and engineers over the past 75
years is to improve mobility. Accessibility is the ease of reaching places, while mo-

bility is the ease of movement (Cervero et al., 1997). Within this mobility paradigm,



modern transportation planning is often framed around improving economic and en-
vironmental outcomes like reducing congestion, curbing emissions, and decreasing
commute durations. Reducing commute times on specific routes is often spurred by
the parochial vision of residents and politicians who desire mobility improvements
in their jurisdictions or travel corridors (Knight, 2004).

An irony is that planning to increase travel speeds and throughput (i.e. enhanc-
ing mobility) has in many cases increased commute distances and durations. With
more mobility, the range of what people can potentially access is escalated. People
are willing to travel further distances to destinations like employment due to speed
improvements. Land use has become more dispersed as distances can be traversed
more quickly. The increased mobility provided by private automobiles has resulted
in urban sprawl, and sprawl begot congestion and further demands to mobility (e.g.
in the form of more lane abundant motorways) (Hanson, 2004). Over the past sev-
eral decades, people are travelling further (both in distance and time) to participate
in daily activities (e.g. work, shopping, etc.). For example, in Canada, commute
durations increased by 5 minutes on average from 1992 to 2005 (Turcotte, 2005),
and has not declined since (Statistics Canada, 2015).

Since the rise of the private vehicle, public transit has become a secondary mode
in most North American urban regions, due to offering less mobility and access than
private vehicles. The benefits of public transit include less environmental impacts,
more efficient use of public space, and is more affordable for people to use. As
well, public transit provides urban travel for those who are unable, or otherwise
choose not to, drive. Public transit is often evaluated through localized metrics like
frequency of service, trip times, and proximity to nearby transit stops. While these
local and route specific measures are important, they are not holistic. They don’t

examine the system at the network level. For example, even if someone lives near a



transit stop served by a frequent transit route, it won’t be beneficial if it does not
take them to where they want to go in a reasonable amount of time. Research has
shown that providing greater access to destinations by transit is highly correlated
with increasing transit ridership (Owen & Levinson, 2015), and therefore can reduce
the economic and environmental detriments of auto-mobility, as well as provide more
opportunity for urban travel for those who are unable to drive. Therefore, measuring
transit accessibility is pertinent to evaluate existing deficiencies in transit service and

help plans for increasing ridership.

2.2 Measuring Accessibility

Modern research on accessibility in transportation geography stems from Hansen
(1959) who defined accessibility as the potential of opportunities for interaction. At a
basic level, measuring accessibility is concerned with evaluating how well does a city’s
land use and transport networks provide people the ability to go where they want
in a reasonable amount of time. Accessibility is a function transport networks, land
use characteristics (e.g. one’s location in relation to the distribution of destinations
and the spatial organization of transport networks) as well as individual social and
economic factors (e.g. can someone afford a private vehicle, are they physically
able to walk to a transit stop, etc.) (Hanson, 1982; Geurs & Van Wee, 2004).
Accessibility also has a temporal dimension. The availability of destinations and
travel times on transport networks vary over time. For example, shops and services
have specific opening hours and transit schedules change depending on time of day
and day of the week (Delafontaine et al., 2011; Widener et al., 2017).
Methodologically, there are a number of ways in which accessibility has been
measured in research and practice (Handy & Niemeier, 1997; Geurs & Van Wee,

2004; Kwan, 1998). Probably the most common form of access to destination metrics



are integral, which measure the sum of opportunities that can be reached from
specific location(s) in space (Handy & Niemeier, 1997; Kwan, 1998). These are

typically formulated as follows:

J

Ai=)0;f(tiy) (1)

J=1

Where A; is the measure of access for a location ¢. O; is the number of opportunities
at a location j. O; can be interpreted as the attractiveness, or gravitational pull, at
location j. f(t;;) is a decreasing function of travel cost, ¢, from i to j. t; ; is based
on one or more impedance factors like travel time or monetary cost. The simplest
form of f(t;;) is a threshold indicator, which returns a 0 or 1 whether or not the
travel time is less than a threshold. In this case, A; is interpreted as the number of
opportunities (e.g. jobs) that can be reached within a set travel time (e.g. within
30 minutes). Gravity models extend this by using a decay function to weight nearby
destinations more than destinations that are further away. Common decay functions
used include exponential, Gaussian, and inverse-power (Handy & Niemeier, 1997;
Kwan, 1998). Some studies have also compounded the travel cost with the monetary
costs of travel into the impedance factors when conducting transit equity research.
For example, El-Geneidy, Levinson, et al. (2016) included the fare prices within
transit accessibility measures, finding that access decreased where trips required
more than one transit agency, which required paying more than one fare.

These methods have also been expanded to incorporate competition for resources
at the destination (Weibull, 1976). This has been commonly used in measuring ac-
cess to health services, often formulated as floating-catchment approaches, to out-
put accessibility measures as intuitive metrics like doctors per person (Luo & Wang,

2003; Delamater, 2013). Applied to access to employment, competitive measures can



account for how employment opportunities and the labour force are both spatially
distributed and overlapping, and that competition can exist among both employers
and employees (Shen, 1998; Geurs & van Eck, 2003; Kawabata & Shen, 2006). This
process typically involves standardizing the number of jobs at a location, j, by the
number of people who can access those jobs (i.e. by standardizing by a measure
of access to the labour force). Competitive accessibility measures have been shown
to be a better predictor of employment outcomes than integral measures which do
not consider competition (Merlin & Hu, 2017). Competitive measures are therefore
preferable to common accessibility measures when measuring access to employment
as they account for both the size and spatial structure of both jobs and the labour
force, are more accurate in modelling employment outcomes, and allow for compar-
ing between regions of different sizes (Geurs & van Eck, 2003).

Measuring accessibility by public transit is complicated by the temporal varia-
tions inherent in transit services. Schedules vary by day of week (e.g. weekday vs.
weekend services), time of day (e.g. day vs. night service), and even minute-by-
minute (e.g. due to differing headways and wait times). For example, travel time
from ¢ to j at 8:05am could vary drastically than at 8:00am if the trip is dependent
on a route with a low frequency. To measure accessibility by transit, research has
combined transit schedules (recently in GTFS format) with walking network graphs
to compute door-to-door trip durations pertaining to specific departure times, and
to be inclusive of walking to and from stops, wait times, transfer times, and in-
transit travel times. (O’Sullivan, Morrison, & Shearer, 2000; Lei & Church, 2010;
Farber & Fu, 2017).

Increased power of computation in recent years has allowed for computing large
origin-destination matrices and accessibility measures for many departure times

which allows for averaging over set periods, like a morning commute (Owen & Levin-



son, 2015; Farber & Fu, 2017; Conway, Byrd, & van der Linden, 2017). For example,
Owen and Levinson (2015) used a continuous accessibility measure to model com-
mute mode share by transit across several American cities. In another study, Farber
and Fu (2017) used these ”transit time cubes” to measure access to employment in
the Salt Lake City region in Utah. This strategy has also been used to measure ac-
cess to supermarkets in Cincinnati (Farber, Morang, & Widener, 2014) and Toronto
(Widener et al., 2017). More recent work has developed algorithms or sampling
strategies for generating travel times and accessibility measures averaged across a
time period, without having to compute travel times at every minute-by-minute
interval (Conway et al., 2017; Owen & Murphy, 2018). Other recent research has
compared accessibility based on the scheduled transit service to the GPS locations
of transit vehicles, finding substantial differences in terms of the spatial patterns of
accessibility (Wessel, Allen, & Farber, 2017).

Accessibility measures are typically either place-based (linked to an area) or
person-based (linked to an individual) (Miller, 2007). Place-based accessibility mea-
sures assume that everyone living in a zone has the same level of access. This is
subject to aggregation uncertainties (i.e. MAUP), nor does it consider how individ-
ual constraints can limit travel (Kwan, 1998; Kwan & Weber, 2008). To model these
constraints, person-based measures often use a time geography perspective, to con-
sider that a person’s path is constrained by having to be at certain places at certain
times during the day (e.g. school, employment), bounding any other potential ac-
tivity participation by these anchor points (Hagerstraand, 1970). In terms of access
to employment, the set of jobs available to someone could be lessened if someone has
additional time constraints (e.g. school, child care, etc.). Person-based measures
have also been estimated using utility functions which examine weighing the costs

and benefits of travelling and participating in activities at potential destinations.



The sum of the choice set of destinations in a utility model can be interpreted as
an accessibility metric (Handy & Niemeier, 1997). While containing more detailed
travel considerations than place-based measures, person-based measures typically
require specialized travel and time-use surveys (Handy & Niemeier, 1997; Miller,
2007). These tend to be based on a relatively small sample, and they lack the pop-
ulation and multi-region scope of national surveys like national censuses. As well, a
benefit of place-based accessibility measures is that if they are linked with commonly
used neighbourhood boundaries like census tracts, they are readily comparable with
other aggregate level socio-economic and land-use data that are commonly used by
urban planners and researchers.

In a review of accessibility measures, Geurs and Van Wee (2004) argues they
should be theoretically sound, be easily communicable, have available data sources
to be measured by, and be able to be used in social and economic planning and policy.
These guidelines are used in this thesis for generating measures for evaluating the

inequalities of transport accessibility in Canadian cities.

2.3 Inequalities of Urban Transportation

The distribution of land-use and transportation networks in cities is never spatially
uniform. Therefore, access to destinations is never equal among urban populations.
Centrally located areas will usually have greater access than those further from the
centre due to the clustering of firms and activities. Even if land use was perfectly
evenly distributed within a city, periphery areas would have less access as they would
be further from the total set of activity destinations than central areas.

While some inequality is inevitable, particularly low levels of accessibility can
potentially result in transport poverty. Transport poverty occurs when transport

disadvantage (not having access to a car, poor public transit options, etc.) com-
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pounds with other forms of potential social disadvantage (unemployment or low
income, disability or poor health, etc.) (K. Lucas, 2012). Transport poverty is the
compounded lack of ability to travel to important destinations and activities. This
can result in a decrease of opportunities available, dissuasion to participate in activi-
ties, and result in social isolation and even foster social exclusion (Garrett & Taylor,
1999; Casas, 2007; Preston & Rajé, 2007; K. Lucas, 2012). Social exclusion gener-
ally refers to when people are prevented from participating in society and activities
necessary for their well-being (Litman, 2003; Levitas et al., 2007). For example,
in the United States, there is a well documented ”spatial mismatch” between the
location of suburban jobs and the low-income inner-city labour force, affecting un-
employment rates and further abetting poverty in certain neighbourhoods (Holzer,
1991).

The normative argument for reducing inequalities is often framed through a
moral lens of social equity. At a basic level, social equity refers to the fairness with
which impacts (i.e. benefits and costs) are distributed. For transport policy, social
equity is usually framed and directed towards providing equality of opportunity
(e.g. to access destinations) rather than of outcome (Litman, 2003). However, there
is no strict definition of equity across studies that evaluate the social impacts of
transport plans and policies (Preston & Rajé, 2007; Martens, Golub, & Robinson,
2012; Pereira, Schwanen, & Banister, 2017). Recent approaches of social equity in
transport have included drawing upon Walzer’s Spheres of Justice (Walzer, 1983)
and Rawls’ A Theory of Justice (Rawls, 1971) to advocate for increasing the average
accessibility in a region while at the same time reducing the gap between the highest
and lowest levels of access (Martens et al., 2012; Martens, 2016; Pereira et al., 2017).
A core idea from Rawls (1971) is that factors such as being from a low income

household should not detriment peoples life chances and opportunities. Applied to
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accessibility, transport networks should not be insufficient to deter people in their
ability to travel to key destinations and participate in activities pertinent to their
well-being.

Assessing the equity of transport systems is often approached by framing equity
in terms of horizontal or vertical dimensions (Litman, 2002; Delbosc & Currie,
2011; Pereira et al., 2017). Horizontal equity is concerned with the distribution
of a resource, like transit provision, equally amongst the population. Research
focused on horizontal equity have found inequalities of transit access over space
(i.e. neighbourhoods have unequal levels of accessibility) or when considering the
distribution amongst the overall population (e.g. by measuring the inequalities with
Lorenz Curves and Gini Coefficients) (Delbosc & Currie, 2011; Martens et al., 2012;
Welch & Mishra, 2013).

Vertical equity pertains to the distribution of a resource with focus towards
specific groups, often those who are more vulnerable to social or economic exclu-
sion. As it pertains to transportation, vertical equity is often studied in relation
to income and social class (e.g. focus on providing public transit to low income
neighbourhoods), and with regard to mobility need and ability (e.g. how well are an
individual’s transportation needs met compared to the overall population) (Litman,
2002; Welch & Mishra, 2013). In other words, vertical equity is focused on analyz-
ing the compounding factors that can result in transport poverty. There have been
a plethora of studies which have measured differences in inequalities in accessibil-
ity among the overall population and comparing with various subgroups, who are
potentially more vulnerable to experiencing transport poverty. Some studies have
found differing levels of access for minority groups (Gottlieb & Lentnek, 2001; Parks,
2004; Sultana & Weber, 2005), recent immigrants (Blumenberg, 2008; Farber et al.,

2018), single-parent families (Pdez et al., 2013), by age cohorts (Delbosc & Currie,
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2011), by gender (Hanson & Pratt, 1995; Kwan, 1999), or by wages and income
levels (Delbosc & Currie, 2011; Fan et al., 2012; El-Geneidy, Buliung, et al., 2016).
Other studies have generated combined measures of socio-economic disadvantage
at a neighbourhood level to compare with accessibility measures to highlight where
gaps in transit access align with social need (Currie, 2010; Foth et al., 2013).

Research has also shown that available travel mode makes a substantial difference
in terms of access to destinations, particularly the disparity between transit riders
and those who have regular use of a private vehicle (Shen, 1998; Benenson et al.,
2011). Some studies have found that low-income residents in central parts of cities
are not disadvantaged by their relative spatial circumstance (central areas tend to
have good access), but instead are disadvantaged by a modal mismatch between
the rich and poor (Taylor & Ong, 1995; Blumenberg & Manville, 2004; Grengs,
2010). Some have recommended policies aimed at helping those without a vehicle
to gain access to them to improve their level of access (Shen, 1998; M. T. Lucas
& Nicholson, 2003; Blumenberg & Manville, 2004). While this may be a potential
solution for alleviating transport poverty at a small scale, doing so at a large scale
may escalate problems of congestion and emissions.

Because of spatial and temporal variations in land use and urban form, com-
pletely equitable transport service, and equal access to destinations in particular,
is impossible. Even if it was possible, an equality of outcome should not be the
objective. People will inherently have different preferences and values in terms of
where they choose to live in reference to what is accessible. However, a common
goal of transport policy and planning is to reduce vulnerability to transport poverty
and minimize wide-ranging inequalities of access, as well as increase the overall ac-
cessibility of a region (Social Exclusion Unit, 2003; Martens et al., 2012), i.e. to

make transport more equitable, both horizontally and vertically. There have been
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a number of academic reviews which have discussed how improving peoples access
to key destinations, such as employment, should further be part of transport plan-
ning and policy (Wee & Geurs, 2011; Papa et al., 2014; Boisjoly & El-Geneidy,
2017), and the incorporation of social equity and justice into transportation plans
and policy (Karner & Niemeier, 2013; Manaugh et al., 2015; Martens, 2016; Pereira
et al., 2017). A general consensus amongst these reviews is that by investing in
public transport to improve accessibility, particularly focused towards those at risk
of transport poverty, has the potential to reduce inequalities and foster social and

economic inclusion.

2.4 Access to Employment

Access to employment opportunities in particular has been a key indicator of eval-
uating the performance, and examining the social outcomes, of a city’s transport
network (Shen, 1998; Bania, Leete, & Coulton, 2008). Employment is paramount
to preventing social exclusion as it provides the financial ability to support other
aspects of life. The ability to obtain and retain employment can depend on a num-
ber of factors like education, social network, and size and proximity to the labour
market.

Difficulties in finding employment can be compounded if local transit service is
ineffective in providing access to destinations in a reasonable amount of time. Several
studies have examined how lower levels of transit accessibility can negatively affect
employment outcomes. For example, Sanchez (1999) found that access to public
transit is a significant factor in determining average labour participation rates in
the American cities of Atlanta, Georgia and Portland, Oregon. In a survey in the
UK, two out of five unemployed citizens link difficulties in finding employment with

the inability to use a car and insufficient public transit options (Social Exclusion
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Unit, 2003). A study in Sweden found that those living in areas with poor job
access in 1991 were adversely affected in finding employment over time during a
follow up analysis in 1999 (Aslund, Osth, & Zenou, 2009). Allard and Danziger
(2002) found that proximity to employment opportunities in the Detroit metro area
is associated with a higher probability of working and leaving welfare. Other studies
have not found a significant relationship with job access and employment outcomes.
For example, Sanchez, Shen, and Peng (2004) found no association between transit
access and employment status of welfare recipients in six American cities.

Several studies have used access to employment to analyze how accessibility is
distributed among different income groups and socio-economic status (Rau & Vega,
2012; Foth et al., 2013). Fewer have examined dis-aggregating jobs by income cat-
egories, to examine how access to employment varies among socio-economic strata.
The job market will vary depending on ones socio-economic status. Lower-income
individuals will most likely not be applying to the same positions as those in higher-
income categories, and therefore it is useful to measure access to employment by
income group. For example, Ong and Blumenberg (1998) measured access to low-
wage jobs (where low-wage is the bottom quartile of wages) in Los Angeles, to
examine how access impacted welfare recipients in finding employment. Fan et al.
(2012) looked at the accessibility gains before and after the introduction of LRT
investments in the Twin Cities, Minnesota. They stratified their analysis by income
group, looking at access to low, median, and high income jobs, finding that prox-
imity to new transit investments result in increased accessibility to all job types
relatively evenly in aggregate, but with some spatial variation. Instead of income
level data, some studies have looked at jobs by occupation class, and then extrap-
olate low-wage workers based on the average wage of the occupation class (Shen,

1998; Paez et al., 2013; El-Geneidy, Buliung, et al., 2016). However, this does not
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consider any variation within a category (e.g. a job in food services could range
from working in fast food to working in a high end restaurant).

There has also been some research in the United States comparing access to
employment between cities. Grengs et al. (2010) computes and compares access
to employment in Washington, D.C. and San Francisco, finding that Washington
provides slightly better access by transit, but San Francisco has much better access
by private vehicle. Research by Kawabata and Shen (2006) compared access by car
between Boston, Los Angeles, and Tokyo to evaluate differences in urban form. A
report by Owen and Levinson (2014), compares and ranks dozens of American cities
based on cumulative access to all jobs within the region, based on morning peak
hour commute times. Their work has also subsequently been used to predict mode
share (Owen & Levinson, 2015). One shortcoming in the above approaches is that
they do not account for competition for employment. They compare the number
of jobs accessible between cities on a one-to-one basis using cumulative measures,
resulting in the largest cities typically also having the highest levels of access, but
does not consider the larger population competing for jobs.

The aforementioned research indicates that measuring access to employment by
transit is important to evaluate where and to what extent socially or economically
disadvantaged populations also suffer from transportation disadvantage, and are
thus at risk of transport poverty. Moreover, measures of transit accessibility are
linked with commute mode share (Moniruzzaman & Péez, 2012; Owen & Levin-
son, 2015; Boisjoly & El-Geneidy, 2016), indicating that if transit accessibility is
increased for a neighbourhood, then it could encourage a mode shift away from
private vehicles and have several environmental and economic benefits like reducing
congestion and emissions. Mode shifting would however more likely occur for those

with relatively lower incomes given the relative impact of cost savings on utility
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(Jara-Diaz & Videla, 1989). As well, relatively higher levels of access to jobs has
been significantly associated with shorter commuting times, both for drivers and

public transit users (Kawabata & Shen, 2007).

2.5 Canadian Context

In recent decades, Canada has witnessed a rise in socioeconomic inequalities, and
concentrations of poverty, both at a regional level (Breau, 2015) and within cities
(Bolton & Breau, 2012; Walks & Twigge-Molecey, 2013; Hulchanski et al., 2010).
Research by Walks and Twigge-Molecey (2013) highlights trends of increasing in-
come inequality, as well as increased polarization within Canadian cities from 1971
to 2006, with larger cities growing more unequal over time. As well, some evidence
has indicated that poverty distributions have become more suburbanized, that in-
creased costs of housing in city centres have pushed lower-income residents to more
affordable, but less accessible areas. In comparing changes in poverty distributions
in Canadian cities from 1986 to 2006, Ades, Apparicio, and Séguin (2012) found
that concentrations of poverty have developed in more peripheral urban areas.

At the same time, governments and land developers alike have continued the
auto-oriented suburbanization process by building highways and sprawling low-
density greenfield developments. From 1971 to 2016, the area of built-up urban
land in Canada has increased at a greater rate than the growth in urban population
(Statistics Canada, 2016b). Concurrently, commute times and road congestion have
increased in Canadian cities (Turcotte, 2005; Metrolinx, 2008). From 1992 to 2005,
the mean commute duration across Canada’s six largest cities increased by 5 min-
utes on average according to the General Social Survey (Turcotte, 2005), and have
not shown decline (Statistics Canada, 2015; Higgins et al., 2017). Commute times

are, on average, the highest in Toronto, Montreal, and Vancouver (Turcotte, 2011;
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Higgins et al., 2017). Commute durations are particularly longer for transit riders.
From the 2016 census, the average commute time in Canadian cities by car was 24
minutes, but for transit it was 44 minutes (Statistics Canada, 2016b).

Moreover, several Canadian research projects have found that people living in
areas with low accessibility have significantly lower activity participation rates, par-
ticularly for those who are socially disadvantaged in other ways. For example,
McCray and Brais (2007) examined how transportation factors limit the daily ac-
tivity patterns of low income women in Quebec City. Spinney, Scott, and Newbold
(2009) showed there is significant association between transport mobility benefits
and quality of life for elderly Canadians. Allen and Farber (2018) analyzed how low
accessibility limits the on-campus participation of University students. A series of
papers by Paez et al. (2009) used large-scale travel surveys and spatial econometric
models of travel behaviour to identify how the disparities in accessibility among low
income, elderly, and single-parent families dissuaded participation in daily activities.

The Canadian government is currently investing billions on transit, in aims to
relieve congestion, reduce travel times, and increase accessibility. The 2016 federal
budget pledged $3.4 billion towards transit investment over the subsequent three
years, and in 2017 the Canadian government announced it will invest $20.1 billion
over the next decade in public transit through bilateral agreements with provinces
(Government of Canada, 2017). Provincial and municipal governments are also
investing substantially in transit infrastructure projects. Social equity and inclusion
are also increasingly a part of policy goals in regions across the country, as well at a
national level (Government of Canada, 2017). However, the range of inequalities in
accessibility, and the extent of transport poverty are unknown at a national scale.

Existing research in analyzing transit availability and accessibility have been

primarily focused in Canada’s two largest cities, Toronto and Montreal. Most of the
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existing studies have involved comparisons of transit accessibility over time. Foth et
al. (2013) examined changes in accessibility from 1996 to 2006 in Toronto and linked
this with a synthetic indicator of socio-economic status. They found that more so-
cially disadvantaged neighbourhoods tend to have better transit access relative to
the rest of the region, and that the range in accessibility declined over the 10 year pe-
riod. Farber and Grandez (2017) looked at potential changes to accessibility before
and after proposed transit infrastructure investments in the Greater Toronto and
Hamilton areas. Two other recent studies examined the daily fluctuations in accessi-
bility measures in Toronto. El-Geneidy, Buliung, et al. (2016) analyzed how transit
access to employment varies in the morning peak period compared to other times
during the day, including breakdown by a measure of neighbourhood socio-economic
status and a binary classification of low-wage jobs. Boisjoly and El-Geneidy (2016)
expanded upon this research to examine the propensity and differences in daily
accessibility measures to model transit mode share for commuting. El-Geneidy,
Levinson, et al. (2016) generated a measure of access to jobs in Montreal which
incorporates both travel time and transit fare cost, finding that access decreases for
trips that incorporate multiple transit agencies. There is a dearth of research in
cities other than Montreal and Toronto.

One shortcoming from this existing work is that transit accessibility is typically
only measured for single departure times, rather than averaged over a wider period,
and therefore does not account for minute-by-minute fluctuations in transit travel
times. Computing accessibility for only a single departure time could potentially
over or under estimate travel times to employment centres, and thus accessibility
scores for certain neighbourhoods (Owen & Levinson, 2015; Farber & Fu, 2017;
Conway et al., 2017).

The overall findings from existing research in Canada is that lower income neigh-

19



bourhoods generally have equitable, and sometimes better, transit access to jobs
than the overall population. Results are however most likely skewed by the number
affluent suburban neighbourhoods with poor transit access. Wealthier households
often choose to live in transit poor neighbourhoods as they have their own vehicles
and desire larger property sizes and dwelling units. American studies have shown
that after controlling for occupation class, those living further away from employ-
ment tend to have higher wages, partly to offset the costs of longer commute times
(Madden, 1985). As well, social housing and lower-income rental buildings are often
planned to be sited in areas with relatively better transit.

However, even though most of the previous research finding that transit access
is higher overall for lower income groups, there are still potentially large numbers
of low income suburban households lacking sufficient access to jobs. Moreover, this
could be increasing due to escalating income polarization in Canadian cities, and ris-
ing housing costs, pushing lower-income residents to areas with worse transit service
(Ades et al., 2012). A report on social inclusion in transport planning in Canada
estimated that a third or more of households in Canada have at least one mem-
ber who is transport disadvantaged (Litman, 2003). And while ample research has
linked transport disadvantage with activity participation and well-being (Spinney et
al., 2009; Paez et al., 2009), there is little existing detailed knowledge on the scope of
the transport poverty problem, and how it is distributed within and between Cana-
dian cities. This means that existing policy does not have a clear understanding
of how to funnel transit investment into projects that reduce inequalities in transit
accessibility. The following sections detail the analysis of measuring transit acces-
sibility and quantifying the extent of transit inequalities and transport poverty in

Canada’s eight largest cities.
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3 Study Areas & Data

3.1 Study Areas

This study looks at the eight most populous urban regions in Canada. Some of
these regions consist of multiple adjacent municipalities. Additively, these have
been referred to as urban megaregions (Simmons & Bourne, 2013). From the 2016
Canadian census, 58% of Canadians live in these eight regions. Each region has a
population of at least 750,000, while no other region in Canada has a population of

more than 500,000.

Figure 1: Location of study areas
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The boundaries of these urban regions for our analysis are Census Metropolitan
Areas (CMA). CMAs are agglomerations of municipalities which pertain to urban

areas with a population of over 100,000 where at least 50% of the employed labour
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force works in the region’s core, as determined from commuting data from the
previous census (Statistics Canada, 2016a). Although not perfect, this measurement
provides consistency of what constitutes the boundaries of urban regions across
Canada. For our analysis, any adjacent CMAs are merged into one urban region
due to the commuting flow and transit agencies that link adjacent regions. Table 1
provides summary statistics for each of these regions. Two periphery CMAs within
the Toronto region, Brantford and Peterborough, were not included as they did not

have transit schedules available in a machine readable data format.

Table 1: Summary statistics by urban region

Area ) Labour Transit Mode Mean Commute Time*

(km?) Population Jobs® Force’ Sharef Auto Transit
Toronto 12,160 8,335,444 3,462,100 4,524,570 18.4% 29.0 49.2
Montreal 4,605 4,098,927 1,756,640 2,189,115 22.2% 26.8 44.4
Vancouver 4,935  2,745461 1,091,405 1,498,535 18.7% 27.2 43.8
Calgary 5,110 1,392,609 587,280 816,385 15.9% 24.1 41.6
Ottawa 6,770 1,323,783 595,950 727,160  20.1% 24.7 42.2
Edmonton | 9,440 1,321,426 553,660 758,150  11.3% 924.2 40.2
Quebec City | 3,410 800,296 375,720 437,325 11.3% 21.2 35.1
Winnipeg | 4,310 778,489 344,320 424,250  13.4% 22.6 35.7

t Percent of work commute trips by transit

* In minutes

§ Jobs are only those in the region with a "usual place of work” according to the census,
while the labour force also includes the unemployed, those who work at home, and those
without a fixed place of work.

The three largest regions (Toronto, Montreal, and Vancouver), have a combi-
nation of rapid transit, regional rail and bus lines, and local transit service, and
are each served by multiple transit agencies. Within each of these three regions,
each municipality runs its own transit agency, and there is a regional transit agency

providing longer distance bus or train service linking municipalities. Transit trips
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requiring routes operated by multiple agencies typically require multiple fares. The
transit agencies in the central municipalities (Toronto Transit Commission (TTC),
Translink in Vancouver, Société de Transport de Montréal (STM)) each operate both
rapid and surface transit, and offer more frequent, greater coverage, and better con-
nectivity than transit agencies in the surrounding, more suburban, municipalities.
Regional transit service in these three cities tends to be more focused on commuting
trips rather than other types of daily trips like shopping or social activities.
Transit in the Albertan cities of Calgary and Edmonton are each primarily op-
erated by a single transit agency. Both Calgary and Edmonton operate a few Light
Rail Transit (LRT) lines, and run surface bus routes. Ottawa-Gatineau has a se-
ries of Bus Rapid Transit (BRT) routes alongside local bus services. Quebec City
and Winnipeg are primarily only served by surface bus routes which share the road
with private vehicles. There has been recent upgrade of a few routes to include
dedicated bus lanes (e.g. the Southwest Transitway in Winnipeg). Several cities
also have ferries which contribute to the transit with the region. Quebec city has a
ferry crossing the St. Lawrence river, Toronto has ferries connecting downtown to
its islands, and Vancouver a series of water taxis in False Creek and the Sea Bus
which links downtown to North Vancouver. A summary of the CMAs and transit

agencies included in each of the eight regions is provided in Table 2.

3.2 Demographic & Employment Data

Within these urban regions, we use 2016 census Dissemination Areas (DA) to model
the home locations of the labour force. DAs are the smallest areas in which socio-
economic data is available from the quinquennial Canadian census, minimizing error
due to the modifiable areal unit problem (see Kwan and Weber (2008) for a dis-

cussion of MAUP and its effects in accessibility research). DAs are designed and
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Table 2: Summary of CMAs and Transit Agencies used in this study

Area . . .
(km?) Population CMAs Transit Agencies
Toronto Transit Commission, Durham
Oshawa, Toronto, Regional Transit, GO Transit,
Hamilton, St. York/VIVA, MiWay, Brampton
Catharines-Niagara Transit, Oakville Transit, Burlington
T ) ) )
Toronto 12,160 8,335,444 Kitchener- Transit, Hamilton Street Railway,
Cambridge-Waterloo, Niagara Region Transit, Guelph
Guelph, Barrie Transit, Barrie Transit, Grand River
Transit, Toronto Island Ferries
Agence mtropolitaine de transport,
CIT Chambly-Richelieu-Carigna, CIT
du Haut-Saint-Laurent, CIT La
Presqu’le, CIT Laurentides, CIT Le
Richelain, CIT Roussillon, CIT
Sorel-Varennes, CIT
Montreal* 4,605 4,098,927 Montreal Valle-du-Richelieu, CRT Lanaudire,
MRC de Deux-Montagnes, MRC de
L’ Assomption, MRC Les Moulins
(Urbis), Rseau de transport de
Longueuil, RTM Sud-ouest, Societe de
transport de Laval, Socit de transport
de Montral, OMIT Sainte-Julie
Vancouver, . .
Vancouver 4,935 2,745,461 Abbotsford-Mission, BC Transit, TransLink, West Coast
e Express
Chilliwak
Calgary 5,110 1,392,609 Calgary Calgary Transit, Airdie Transit
Ottawa 6,770 1323783  Ottawa - Gatineau OO 1ranspo, Socit de transport de
I’Outaouais
Edmonton Transit Service, Fort Sask
Edmonton 9,440 1,321,426 Edmonton Transit, St. Albert Transit,
Strathcona County Transi
Quebec . Rseau de transport de la Capitale,
City 3,410 800,296 Quebec City Socit de transport de Lvis
Winnipeg 4,310 778,489 Winnipeg Winnipeg Transit

T Toronto region does not include periphery municipalities of Peterborough or Brantford
due to transit data being unavailable
* Montreal region does not include the periphery municipality of Saint-Jean-sur-Richelieu
due to transit data being unavailable
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delineated for populations of 400 to 700 persons (Statistics Canada, 2016a), and
have been used in other studies on transit accessibility in Canada (Widener et al.,
2017; Wessel et al., 2017). Specifically, we use the population weighted centroids of
DAs snapped to the closest walking network segment to model the home locations
of residents. Larger, neighbourhood sized Census Tracts (CT), however, are used
for the location of employment, as they are the lowest level in which complete em-
ployment data was available for the 2016 census. It should be noted that several
of these urban regions also run their own travel surveys (e.g. the Transportation
Tomorrow Survey in the Toronto Region) with home and employment locations of
residents, but we required data collected with consistent methodology across the
country. Regional travel surveys typically have much more detailed travel diaries,
but survey a lower percent of the overall population. The long-form census, which
we draw our data from, is a 25% representative sample of Canadian households.
To analyze in relation to socio-economic status, we use individual and household
demographic and income data from the 2016 Canadian census. Income data from
the 2016 census is based on yearly income from 2015, the full calendar year prior to
the national survey (Statistics Canada, 2016a). Included in this is a count of low-
income households. These are households which have 50% or less than the median
adjusted after-tax income of all households and includes an adjustment to account
for household size. It should also be noted that some DAs in our areas of study have
suppressed data because of low populations or low response rates. These DAs are
omitted from subsequent analysis (2% of DAs in our study regions, but only 0.5%

of the overall population).
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3.3 Network Graphs

Another primary input into our analysis are travel times by transit linking where
people live and places of employment. To compute these travel times, we built cus-
tom multi-modal network graphs for each urban region. These graphs are inclusive
of the time walking to and from stops, wait times, in-vehicle travels times, and
transfers. These were built using the open-source routing engine OpenTripPlanner
(2017). This has two sets of inputs. The first are the walking networks in each of
these cities via the topological edges from OpenStreetMap. The second are transit
schedules in the form of GTFS (General Transit Feed Specification) data for every
transit agency that serves these urban regions, circa May 2016 in order to align
with the collection dates of the 2016 census. OTP uses the A" algorithm to find
shortest-path transit itineraries between each origin and destination, and can be pa-
rameterized to set limits on overall travel time, walk distances, number of transfers,
and wait times (OpenTripPlanner, 2017). It should be noted that GTFS represents
the expected schedules generated by transit agencies, while the on-the-ground ser-
vice of vehicles often differs from the schedule, and can potentially effect accessibility
measures in some urban areas (Wessel et al., 2017). Real-time GPS data of transit
vehicles is not available for all the agencies in our study regions, so this was not
feasible for this project.

To provide comparison to transit travel times, we also compute travel times
by driving, using OpenStreetMap data as the input network. The travel times
for driving were computed with a different routing engine, Open Source Routing
Machine (OSRM) (Luxen & Vetter, 2011), as it includes greater consideration for

driving attributes like speed limits, turn restrictions, and one-way streets.
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4 Measuring Access to Employment

4.1 Computing Travel Times

The first step of our analysis was to compute travel time matrices of DAs (home
locations) to CTs (employment locations) for each of the eight urban regions in our
study. Because of the inherent temporal variations in transit schedules, we follow
the precedent in the literature to compute transit travel times for every minute of
the morning commute period (Owen & Levinson, 2015; Farber & Fu, 2017), to be
subsequently averaged when computing accessibility metrics. Figure 2 exemplifies
how travel time by transit between a residential neighbourhood and an employment
centre can vary substantially, and selecting one of these travel times could greatly

over- or under-estimate the travel time during this period.

Figure 2: Example of the temporal differences in commute time by transit from a
residential neighbourhood to a mall in northwestern Toronto
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For our analysis, this was computed in parallel over several processing units

which output results for multiple departure times, 7. The outputs are stored in a

T = {t} @

Where each cell, t; ; -, is the travel time from the origin DA, 4, to the destination

three-dimensional array.

CT, j, for a specific departure time, 7. Due to heavy computation, travel times
were capped at 90 minutes, assuming that no one would be willing to travel to jobs
that require more than a 90 minute commute.

Due to a lack of openly available network level congestion data, travel times
for driving were computed as free-flow speeds, and then multiplied by a congestion
factor, k., to account for how peak-hour travel is slower than off-peak. The con-
gestion factors were set at 1.7 for Toronto and Vancouver, 1.6 for Montreal, 1.5 for
Ottawa, and 1.4 for the remaining four cities. These values were estimated from
reports examining costs of congestion in Canadian cities (Metrolinx, 2008; Urban
Transportation Task Force, 2012) as well as from the private data vendor TomTom,
which hosts an online worldwide ranking of congestion by city (TomTom, 2018). We
also apply a minor two minute penalty for parking, ¢,. The peak hour travel time
by driving between two locations, t; o 18 thus calculated from the free flow travel
time, t; ; 4, as follows.

tiia=ketija+itp (3)

4.2 Cumulative Accessibility

The first, and simplest, measure of accessibility we compute is cumulative accessi-
bility. This is the count of employment opportunities that can be reached within a

specified travel time, 6, and is formulated as follows
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J
Aig = 0;f(ti;,0) (4)
j=1

O; is the number of job opportunities at location j. f(¢; ;,0) is a binary function of

whether the travel time from ¢ to j is less than a travel time threshold, 6.

1if t; <0
f(ti,0) = (5)
0 if ti,j >0
Because of the inherent continuous temporal variations in transit schedules, we

average these measures over the morning rush hour period (from 7, to 7)

_ Ty
Aig = | — 7! / Ay o(r)dr (6)

Since we computed travel times at a per minute basis, Ai’g can be generalized as

follows.

J
Ao = 112017 3" N 05 f (tijiro) (7)

reM j=1
Where M is every minute 7 from 7:00am to 8:59am. Figure 3 exemplifies how
departure time can seriously effect accessibility measures, and why averaging is
beneficial.

The output can also be highly sensitive to ¢, particularly for ¢; ; which are close to
the threshold. For example, for 8 = 30, an opportunity 29 minutes away is counted,
but an opportunity 31 minutes away is not, even though the difference between these
is only two minutes travel time. To test sensitivity due to parameter selection, we
compute cumulative accessibility at fifteen minute intervals from # = 15 minutes to

f = 90 minutes to allow for more detailed comparative analysis.
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Figure 3: Differences in cumulative accessibility by departure time for a dissemi-
nation area (dauid = 46110663) in Winnipeg
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4.3 Gravity Accessibility

While cumulative accessibility measures are relatively simple to understand, they
do not account for how job opportunities nearby are more attractive than those
further away due to the time savings resulting from reduced commute durations.
To account for this, we also compute gravity measures of accessibility where the
function, f(t¢;;), weights nearby opportunities more than those that are further
away via decay functions.

Commonly used formulations include Gaussian, exponential, and inverse-power
functions (Handy & Niemeier, 1997; O’Sullivan et al., 2000). The formulation used
can lead to varying results and conclusions (Guy, 1983; Kwan, 1998). For our study,
we compute access to jobs using an inverse-power function and an exponential decay

function, both parametrized such that a 30 minute commute returns a value of
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0.5, and with a maximum value of 1 (at ¢;; = 0). 30 minutes is approximately
the average commute duration across all eight regions (Statistics Canada, 2016b).
Figure 4 displays these two functions, comparing them with a simple linear decay
function as well as a cumulative measure with § = 45. The two decay functions
have very similar trajectories from 0 to 30 minutes, but afterwards, the inverse-
power functions decays more rapidly, reaching 0 at ¢; ; = 90. In terms of access to
jobs, this means that the two functions would weight nearby jobs similarly, but the
exponential function would weight further away jobs more than the inverse-power

function.

Figure 4: Gravity functions
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4.4 Competitive Accessibility

Gravity and cumulative measures of access to jobs are inadequate when comparing

results both within and between cities because they do not account for the size and
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spatial distribution of the labour market which competes for employment opportu-
nities (Shen, 1998). For example, central Toronto may have tenfold the amount of
nearby jobs than central Winnipeg, but if the nearby labour force is ten times the
size, then access should be approximately equivalent if there is an equal number of
jobs per worker.

To account for this, we also computed competitive measures of accessibility.
This technique accounts for access at both the demand and supply locations of
analysis (Weibull, 1976), and has been commonly used in access to health services
(Luo & Wang, 2003; Delamater, 2013). Applied to access to employment, this
accounts for how employment opportunities and the labour force are both spatially
distributed and overlapping, and that competition exists among the labour force
for employment opportunities (Shen, 1998; Allard & Danziger, 2002; Kawabata &
Shen, 2006). Moreover, competitive accessibility measures have been shown to be
a better predictor of employment outcomes than accessibility measures that do not
consider competition (Merlin & Hu, 2017). Mathematically, this technique involves
normalizing employment opportunities at j by their labour market catchment area,

L; (i.e. this is the demand for jobs at j).

A; = z; Ojg;i,j) (8)
I

Lj=> Pif(ti;) (9)
i=1

Where P; is the labour force at i. If gravity functions are used for f(t;;), then
the units of the output values from the above equations however are not easily dis-
cernible. In research on access to health services, this metric has been simplified by
setting f(t; ;) as an indicator function with a threshold in order to output measures

as population to provider ratios for different areas (these are commonly referred to
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as 2-step floating catchment area measures) (Luo & Wang, 2003; Delamater, 2013).
Most previous studies utilizing a competitive accessibility metric for measuring ac-
cess to employment have only considered a two-step approach (Shen, 1998; Allard
& Danziger, 2002; Wang & Minor, 2002; Sanchez et al., 2004; Kawabata & Shen,
2006; Rau & Vega, 2012). However, this two-step process does not take into account
how each P; has varying levels of access, but can only fill a set amount of jobs. i.e.
employers compete for workers who have varying levels of access to jobs, just as
people compete for jobs at locations which have varying access to the labour force
(Geurs & van Eck, 2003). This can be formulated from theory on spatial interaction
modelling, specifically using the balancing factors of a doubly constrained model.
Typically in a doubly constrained interaction model, balancing factors are used to
ensure that the sum of flows from ¢ and destined to j equals the observed amount ar-
riving and departing from each zone (Wilson, 1971; Fotheringham & O’Kelly, 1989).
To port this theory into computing measures of accessibility, A; is incorporated into
the equation for L; to normalize for the number of opportunities that someone at

location, 7, can reach (Geurs & van Eck, 2003; Merlin & Hu, 2017).

J
A = Z Oj];(?i,j) (10)
=t
I
Li=> P“’Xw) (11)
i=1 t

Because L; and A; are mutually dependent, they have to be estimated iteratively.
To exemplify this iterative process, let’s contemplate a simplistic linear city with

three residential areas (a, b, c) and two employment zones (x,y) (see Figure 5).
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Figure 5: Example city for measuring competitive accessibility

Zone A Zone X Zone B ZoneY Zone C
O O O O O
P =500 0=700 P =600 0 =800 P =400

Furthermore, lets assume that this is a closed system, that there is an equal
number of jobs and workers in the region, and that workers can only travel to
adjacent zones (e.g. people in zone a cannot travel to employment opportunities in
zone y). Without accounting for competition, the number of jobs accessible given
these constraints are A, = 700, A, = 1500, and A, = 800. However, looking at
Figure 5, we see that population is tipped to the left, while employment is tipped
to the right, leading to the presumption that there is less competition for the jobs
in zone y than in zone x. Let’s now compute access considering competition. To
begin, we compute L;, assuming that all residential zones have equal levels of access

(ie. Ag=Ay= A, =1)

L, = 500/1 4 600/1 = 1100
’ / / (12)

L, =600/14 400/1 = 1000

We find that employers at location x have a greater labour force within its
catchment area than at location y, by a difference of 100 workers. We then account
for this when computing A; (e.g. this is a basic 2-step floating catchment measure

of access).

A, =1700/1100 = 0.636
Ay, = 700/1100 4 800/1000 = 1.436 (13)
A. = 800/1000 = 0.800
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Most previous studies utilizing a competitive accessibility metric have only con-
sidered a 2-step approach (Shen, 1998; Sanchez et al., 2004). However, as we will
see, A; can change after another iteration after it is used to recompute L;, in order

to take into account the variation in access achieved by the labour force.

L, =500/0.636 + 600/1.436 = 1203.4

(14)
L, = 600/1.436 + 400/0.800 = 917.7
A, = 700/1203.4 = 0.582
Ay = 700/1203.4 + 800/917.7 = 1.453 (15)

A, =800/917.7 = 0.872

Notice how the values of A have either increased or decreased. Simulating this

scenario for 10 iterations finds results converge to the limits of 0.5, 1.0, and 1.5

Figure 6: Convergence of A; for the scenario presented in Figure 5
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Without this approach, i.e. just looking at access without competition results
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in A, = 700, Ay = 1500, and A. = 800. The access to employment for a and ¢
were initially approximately half of b. However, when we account for competition,
A, is two-thirds of Ay, while A, is one-third of A,. As well, A, is double A,, while
without competition, their access levels were closer to being equal. Additionally,
there is substantial difference between the first iteration, and the result we get after
iterating (e.g. moving from 0.8 to 1.0 for zone ¢, and from 0.636 to 0.5 for zone
a). Therefore, not iterating can result in over or underestimating accessibility for
certain zones.

Given that the total jobs in the region equals the sum of the labour force, then
the measures will converge, with a mean approximate to one (i.e. there is one
job for every worker in the region). Yet in real world cases, the number of job
opportunities rarely equals the size of the labour force within a region. This could
be due to workers commuting in and out of the region, unemployed individuals being
part of the labour force who are also competing for jobs, people working multiple
jobs, or an urban economy with an excess of job opportunities that remain unfilled.
Lets examine the situations where there is an imbalance between jobs and workers
within a region, starting with more jobs than workers. For example, expanding upon
our first scenario, lets presume that a new employer opens an office in z, providing

100 more jobs to the region.

J I
>0, > Y P (16)
j=1 i=1
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Raw A

Figure 7: Example scenario where there are more jobs than workers

Zone A Zone X Zone B ZoneY Zone C
O O O O O
P =500 0 =800 P =600 0 =800 P =400

We see in Figure 8 (left) that the magnitude of A; increases after each iteration.

However, when standardized (right), they converge.

Figure 8: Convergence of the scenario presented in Figure 7
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The values in this case are standardized using the mean accessibility of the
population observed after the first iteration. This allows A; to be interpretable as
an ersatz jobs per person metric.

The equation for A; is updated as follows to

incorporate this standardization.

O, f(ti;)
Z ]L 2]

j=1 7

(17)
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Where A, is the population mean after an iteration ¢, and A, is the population
mean after the first iteration. The population mean level of access is computed as

follows.

I
i = izt i
I
>i—1 bi

The mean in Figure 8 (red line) is greater than one since there are more jobs

(18)

than workers in the region in this scenario.

Alternatively, if the labour force is greater than the number of jobs in the region,
then the values of A; decline after each iteration, but again, if standardized, they
converge. Figures 9 and 10 show the result after adding 100 people to the labour
force to each of the three residential zones. The mean in Figure 10 is less than one

as there are more potential workers than jobs within the region.
Z Oj < Z P, (19)

Figure 9: Example of where the labour force is greater than the number of jobs

Zone A Zone X Zone B ZoneY Zone C
O O O O O
P =600 0 =800 P =700 0 =800 P =500
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Raw A

Figure 10: Convergence of the scenario presented in Figure 9
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The above models, however, do not allow for adequate comparison between cities.
For example, lets presume there are two cities, each with the same distribution of
jobs and workers, but the separation between zones in one city is half than in the
other city (Figure 11). For these scenarios, f(¢) is an inverse function of the travel
time (the greater f(¢) the shorter the travel time). However these two scenarios will

result in the same measures of accessibility, even though f(t) is doubled.

Figure 11: A comparison of two cities

A X B F=100 A X B
o, O O p=100 O O O
f(t) = 0.5 f(t) = 0.5 f(t) =1 f(t) =1
0,= 200
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City 1 City 2

L, =100(0.5) + 100(0.5) = 100 L, = 100(1) + 100(1) = 200
A, =200(0.5)/100 = 1 Ay, =200(1)/200 =1

Ap =200(0.5)/100 = 1 Ap =200(1)/200 = 1

Access for a and b in both scenarios are equal to one. The magnitude of the travel
times are inconsequential, only the relative values matter within each system. This
conundrum was highlighted by Delamater (2013) in using floating catchment areas
to measure access to health services. For our study, this distinction is important
because we wish to make comparisons between cities, using the same units of travel
time impedance. Yet cities have differences within their transport network structure,
offering varying levels of mobility and travel times between locations. To account
for this in access to health services, (Delamater, 2013) adds an additional f(¢; ;)
term in the equation for A; to account for both the relative and absolute distances

between ¢ and j.
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City 1 City 2

Step 1 Step 1

L, =100(0.5) 4+ 100(0.5) = 100 L, =100(1) 4+ 100(1) = 200
A, =200(0.5)(0.5)/100 = 0.5 A, =200(1)(1)/200 =1

Ap = 200(0.5)(0.5)/100 = 0.5 Ap =200(1)(1)/200 = 1
A,=0.5 A, =1

Step 2 Step 2

L, = 100(0.5)/(0.5) + 100(0.5)/(0.5) = 200 L, = 100(1)/(1) + 100(1)/(1) = 200

A, = 200(0.5)(0.5)/200 = 0.25 A, =200(1)(1)/200 = 1
Ay = 200(0.5)(0.5)/200 = 0.25 Ay = 200(1)(1)/200 = 1
A, = A, =

A, = (0.5/0.25)0.25 = 0.5 A, = (1/1)1 =

Ay = (0.5/0.25)0.25 = 0.5 Ay = (1/1)1 =

The scenario on the left returns half the level of accessibility than the scenario
on the right, due to having half the f(¢).

Furthermore, in most cities, people travel to work by different travel modes, and
compete for jobs within a multi-modal labour force (Shen, 1998; Sanchez et al.,
2004). For example, a job at j would be more attractive for someone at i, if they
have regular access to a private vehicle and the commute by car from i to j is less
than by transit. Therefore, we need to expand the measure of L; to account for
multiple modes (i.e. the labour force that can reach j will be a combination of those

who travel by transit and car).

I
p= 3y el s (20)

VAEA i=1 b VAeA
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Where «; y is the mode share for travel to work trips of the labour force at
location 7 and ¢; ; » is the travel time from 7 to j for the mode, A. Access to jobs for

a travel mode, A, can therefore be computed as follows.

-
A Ap Z Ojf(ti,jz\jf(ti’j’A) (21)

As well, the formula for the population mean level of access is updated to account

for multiple modes.

I
A— 2ovaea 2ui—t @ipbidin
2{21 P;

The measures of A; ) will either rise or decline after each iteration, depending on

(22)

the mobility the mode provides relative to other modes, as well as the mode share
for different zones. Let’s go back to our original example, and examine differences

between transit and auto accessibility.

Figure 12: Example city for measuring competitive accessibility

Zone A Zone X Zone B ZoneY Zone C
O O O O O
P =500 0=700 P =600 0 =800 P =400

Let’s assume that half the population in each zone travels by transit, and the
other half by private vehicle (aw = 0.5). Also, let’s assume that the impedance func-
tion for travel time to the adjacent zone for transit is half than that by driving
(i.e. f(tr) = 0.5 and f(tp) = 1.0). Figure 13 shows the converging output, which
results in transit riders having half the level of access than motorists in their re-
spective zones. As well, the relative difference between zones also remains the same

as the output from the first scenario. For example, location ¢ has twice the level of
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accessibility than location a, when looking at either transit or auto mode share.

Figure 13: Convergence of the example in Figure 12 with two travel modes (red
is by transit, white is by car)
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For our study of Canadian cities, we generalize the above formulas to account
for driving and transit mode share, including averaging transit over the morning

commute period because of fluctuations in the transit schedules.

Air = 1201 Y7 22 Ao Z 0, f (tir) f(tir) )

LJ
TEM ¢ j=1

||
Dm‘ pN

S )
Z ’J’ bigd (24)

A= Yvaea Lizt @inPiAi
I
2= P

R o

A .
TeM i=1 =1 Dy

A; 7 is the accessibility measure for transit, and A; p for driving. ¢; ;4 is the travel
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time by driving during the commute period. f(; ;) and f(t; ;4) utilize an inverse-
decay function. «; p is the commute mode share ratio of workers at location %
who travel to work via private vehicle. ar; is the mode share ratio by transit and
walking. The mode share for transit for our study is assumed as the total non-
driving commuting population (o7 = 1 - o4 p), and therefore also includes the
small percent of those who take active modes (bike or walk). This assumes that
those who bike or walk to work are also able to commute to work by transit, but
not by car.

These measures are computed both for the overall labour force and employ-
ment opportunities as well as dis-aggregating by income level. When computing
dis-aggregate measures, P; and O; pertains both to workers and jobs within a spe-
cific income range. The income ranges are split at $10,000 intervals as this is how
Statistics Canada tabulates and releases their data (Statistics Canada, 2016a). We
have to assume that the lower-income or unemployed portion of the labour force
has the same mode split as the overall labour force. Data for mode split by income
group was unavailable at a neighbourhood level for this study.

For thousands of zones, and minute-by-minute travel times, the process for com-
puting multiple iterations of competitive accessibility is computationally intensive.
We therefore examined convergence at a regional scale for Winnipeg to see what a
suitable point would be to exit the loop. With only three iterations, the average
absolute difference is less than 0.1% compared to the previous iteration, which we

deem suitable to stop and refrain from future iterations.

4.5 Validating Results

We then examine the relationship between transit accessibility with transit mode

share in order to evaluate competitive access to destinations compared to other
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access to destination measures. Previous research has shown a strong correlation
between transit accessibility and transit mode share (Moniruzzaman & Paez, 2012;
Owen & Levinson, 2015; Boisjoly & El-Geneidy, 2017).

Specifically, we compute Pearson correlation coefficients for different types of
measures of access to employment by transit with transit mode share for journey to

work trips at the DA level (Table 3).

Table 3: Correlation coefficients between transit access to jobs and transit mode
share for journey to work trips

Competitive Gravity Cumulative
Iterative  2-Step | Inv. power Expon. | 6 =30 6=45 6=60 60=75
Toronto 0.81 0.77 0.82 0.80 0.66 0.81 0.81 0.76
Montreal 0.88 0.87 0.87 0.85 0.72 0.86 0.84 0.80
Vancouver 0.85 0.84 0.83 0.82 0.77 0.80 0.80 0.77
Calgary 0.78 0.78 0.74 0.72 0.73 0.71 0.67 0.60
Ottawa 0.84 0.83 0.81 0.79 0.78 0.79 0.76 0.72
Edmonton 0.76 0.75 0.72 0.69 0.72 0.72 0.70 0.63
Quebec City | 0.86 0.85 0.80 0.77 0.86 0.83 0.75 0.65
Winnipeg 0.78 0.78 0.74 0.73 0.78 0.74 0.69 0.60

Comparing the two decay functions, we see that the inverse power function
is a better suited than an exponential function, at least in drawing a relation to
mode share. Because of this, competitive accessibility was only computed using
an inverse-power function. Table 3 also indicates that competitive accessibility is
usually a better predictor of transit mode share than gravity or cumulative functions,
and that iterating the competitive measure is a slight improvement over a 2-step

approach in this domain.

4.6 Disseminating & Visualizing Results

The code used to compute to compute travel time matrices and accessibility mea-

sures are publicly available on GitHub (https://github.com/SAUSy-Lab/canada
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-transit-access). The access measures are provided as a dataset in the same
GitHub repository.

Since the computed accessibility measures are linked to areal units, they can be
visualized as choropleths to examine their spatial patterns. This is visualized on
a custom built interactive map (https://sausy-lab.github.io/canada-transit
-access/map.html). This map allows for switching between cities, selecting and
comparing access by travel mode, and comparing between the different types of
access measures generated (cumulative, gravity, and competitive). The map also
includes the option of overlaying the locations of different demographic groups as a
dot density layer to examine how and where different groups are aligned with areas
of low access. Static outputs of the map are also included in the Appendix given

the ephemeral nature of web-based technologies.
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5 Inequalities of Transit Access to Employment

We use these computed accessibility measures to analyze inequalities of transit ac-
cess to employment. First, we compare the overall means and distributions of access
between city and by mode, to see which cities are providing better or worse access
overall. Second, we examine the horizontal equity of transit access to jobs by com-
puting region wide measures of inequality. Third, we analyze the vertical equity
of transit access to jobs by stratifying both jobs and the labour force by income
level in order to examine the relationship between access and socio-econmoic status.
Finally, we estimate the number of households at risk of transport poverty and map
areas that are most vulnerable to transport-related exclusion.

For the subsequent analysis, we only include people living in areas with a popu-
lation density greater than 200 people/km?. Areas under this threshold are omitted
from analysis as they typically pertain to rural or large industrial areas in our re-
gions of study, typically areas without transit supply. Leaving these areas in our
analysis would skew our results since some municipalities have more rural areas
than others, depending on how the municipalities and CMAs are delineated. 200
people/km? is the same urban-rural threshold used by Delbosc and Currie (2011)
in measuring transit equity in Melbourne, Australia, a city with similar urban form
characteristics to Canadian cities. To allow for easier interpretation, measures of
competitive access to employment are presented on a scale where 0 is no access, and

1 is the maximum level of access observed across the country, by any mode.

5.1 Overall Regional & Modal Comparisons

We begin by comparing the average and maximum levels of access to employment
observed in each region. These values are summarized by region in Table 4. The

maximum values in Table 4 provide a sense of how the best served areas in cities
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compare with each other. We tabulate data for both transit access and auto access,
as well as a ratio between transit and auto access, to examine the differences between
these two modes. Figures 14 and 15 are plots of the distribution of access to examine

how clustered or dispersed values are from the mean for each region.

Table 4: Summary statistics of access to jobs by mode and urban region

A Aip A;r/Aip
Mean Max | Mean Max | Mean Max
Toronto 0.094 0.609 | 0.378 0.994 | 0.214 0.722
Montreal 0.097 0.466 | 0.422 0.912 | 0.189 0.598
Vancouver 0.135 0.625 | 0.384 0.848 | 0.285 0.752
Calgary 0.081 0.373 | 0.404 0.782 | 0.174 0.501
Ottawa 0.119 0.480 | 0.518 1.000 | 0.201 0.483

Edmonton 0.070 0.337 | 0.402 0.705 | 0.149 0.489
Quebec City | 0.104 0.329 | 0.537 0.829 | 0.172  0.429
Winnipeg 0.133 0.387 | 0.540 0.800 | 0.230 0.516
All 0.101  0.625 | 0.411 1.000 | 0.210 0.752

Figure 14: Plot indicating the mean and distribution of access to jobs by transit
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Figure 15: Plot indicating the mean and distribution of access to jobs by car
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The maximum levels of transit access across the country are observed in central
Vancouver and Toronto. Vancouver has a greater average than Toronto, meaning
that Toronto has a greater abundance of suburban areas with low transit access,
pulling down its regional average. Montreal is similar in size as Vancouver, but it
has a lower mean and maximum level of access by transit. This can be explained
by Montreal having less auto congestion (TomTom, 2018), and a greater network
of private access highways, which expedite travel by car (i.e. car commuters can
compete for more jobs). The mean level of auto access for Montreal is greater
than Vancouver and Toronto. In the Montreal region, as well as Toronto, each
municipality typically has its own transit agency, resulting in less fluid connections
between regions, while the central transit agency in Vancouver services multiple
municipalities (Vancouver, Richmond, Surrey, etc.)

Calgary and Edmonton have the lowest averages of access to jobs, both by transit

and car. The urban form of these two cities is more dispersed, and there is greater
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separation between residential and employment areas. There is also a high concen-
tration of employment in low-density suburban business parks which have limited
transit service and require long walking times from bus stops to work destinations.
The two Albertan cities also had the highest unemployment rates in 2016 compared
to the other cities (the unemployment rate was 9.3% in Calgary and 8.5% in Ed-
monton), meaning that there are more people competing for jobs, bringing down
the overall levels of access to jobs.

Winnipeg has the highest average level of access outside the three largest cities.
Winnipeg has fewer periphery areas with limited transit service, meaning there are
fewer areas pulling down its average. As well, from visual inspection, it has a
greater spatial mix of jobs and housing. There is less concentration of employment
in suburban business parks. Similar to Winnipeg, Ottawa and Quebec City a greater
mix of jobs and housing than Calgary and Edmonton. However, Ottawa and Quebec
City are each bisected by a large river with limited crossings, and different transit

agencies operate on either side, limiting access to jobs on either side.

5.2 Horizontal Equity

Horizontal equity can be defined as how evenly a good or service is distributed
amongst the overall population. We compute two measures to examine the hori-
zontal equity of access to employment in Canadian cities. The first measure is the
Coefficient of Variation (CV). The CV is a simple measure of relative variability,

computed as the standard deviation divided by the mean. i.e.

C [ (Apa — Apn)?
CVy = |4y, 1\/ e (27)
P

Where A, is the accessibility index for person, p, in the population set of the

region, P. n, is the total population. Each person, p, is assumed to have the
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accessibility of their home location, ¢. The Gini coefficient is a measure which has
typically been used for analyzing income inequality. It has also recently been used to
examine the horizontal equity of the supply of transit systems (Delbosc & Currie,
2011; Bertolaccini & Lownes, 2013; Welch & Mishra, 2013). Both Delbosc and
Currie (2011) and Bertolaccini and Lownes (2013) used Gini coefficients to examine
the equity of nearby transit availability, while Welch and Mishra (2013) used the Gini
in measuring the inequality pertaining to different aspects of transit connectivity.
We use the Gini to measure the inequalities of access to employment. The Gini is
approximated as follows:

A SQ 4, — A
G,\ _ Zp:l Zq:l ’ A q,)\’ (28)

P
2np Zp:l APJ\

Table 5 indicates the CV and Gini for each region. The greater the values,

the greater amount of inequality of access to employment. The Gini, is based on
differences in values, while the CV is on the squared differences in values, so the CV

is more sensitive to those further from the mean.

Table 5: CV and Gini coefficients of access to employment by mode

Transit Access Auto Access
Gini CV Mean | Gini CV Mean
Toronto 0.493 1.009 0.094 | 0.305 0.542 0.378
Montreal 0.499 0.922 0.097 | 0.317 0.551 0.422
Vancouver 0.510 0.968 0.135 | 0.317 0.560 0.384
Calgary 0.454 0.879 0.081 | 0.208 0.370 0.404
Ottawa 0.416 0.776 0.119 | 0.240 0.422 0.518

Edmonton 0.458 0.881 0.070 | 0.193 0.345 0.402
Quebec City | 0.416 0.749 0.104 | 0.174 0.303 0.537
Winnipeg 0.325 0.581 0.133 | 0.134 0.238 0.540
All 0.489 0.959 0.101 | 0.289 0.506 0.411
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Overall, there are higher values of inequality for Toronto, Montreal, and Vancou-
ver. These regions also have some of the highest levels of access, which are typically
located in their downtown cores, which are within walking distance to high employ-
ment areas, as well as rapid transit and regional transit services linking to other
employment areas. The suburban areas of these regions are highly car dependent,
and have limited transit service linking residential and employment zones. The
range in access between the centre and periphery results in greater levels of inequal-
ity. Smaller cities tend to have more equal levels of access, but their central areas
have lower levels of access than the centres of Toronto and Vancouver. Out of the
mid-size cities, Edmonton and Calgary have greater levels of inequality of transit
access, while Winnipeg has the least.

It should be noted as well that the Gini will change depending on the scale
of analysis (Bertolaccini & Lownes, 2013). For example, if we remove adjacent
municipalities and only examine the City of Toronto, which has more frequent transit
and transit-oriented development than adjacent municipalities, then the resulting
Gini coefficient for transit access reduces from 0.493 to 0.327 as it includes fewer
suburban areas with minimal transit service.

Figure 16 depicts the Lorenz curves for transit access to jobs and auto access
to jobs in all eight cities combined. The two curves are in relation to the diagonal
line of equality, the situation where the resource is distributed equally amongst the
population (i.e. where everyone would have an equal level of access). The Gini
coefficient is equivalent to the ratio of the area under the Lorenz curve divided by
the area under the line of equality. The less of a gap between the curve and the
line of equality, the less inequality within the region. Figure 16 further highlights
how the distribution of transit access is more unequal than the distribution of auto

access. For example, for auto access, 50% (at x = 0.5) of the population has 30%
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of total access in the region, while for transit access, 50% of the population has less

than 20% of total access in the region.
Figure 16: Lorenz Curve for access to jobs by transit and auto

1.0
0.9
0.8
0.7

0.6 .
— transit

0.5
— auto
0.4 ) )
— line of equality
0.3

0.2

cumulative share of total access

0.1
0.0

0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1.0
cumulative share of people

5.3 Transit Access & Income Inequalities

We then examine the vertical equity of transit access to jobs by analyzing its associ-
ation with socioeconomic status (SES). For indicators of socio-economic status, we
use four income-related categories from the census; unemployment rate (UR), the
log of median after-tax household income (In MHI), and two variables of low-income
status tabulated by Statistics Canada, the low income cut-off (LICO) and the low
income measure (LIM). The LIM is estimated as half the median of the adjusted
household after-tax income, multiplied by the square root of household size. The
LIM therefore accounts for how as a household has more members, its needs in-
crease, but at a decreasing rate (Statistics Canada, 2016a). Alternatively, the LICO

pertains to households which are estimated to spend 20% or more of their income
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on basic necessities (e.g. food, shelter, and clothing), relative to an average family.
The LICO controls for household size and by region to account for differing costs of
living. Each of these four income categories are all highly correlated. To examine
their compounded effect, we also generate a combined measure of neighbourhood
SES, weighting each of these four variables equally. This is generated as follows,

where I pertains to the standardized score of each of the four measures.
I, = 0.250 prmr — 0.2501pr — 0.251 110 — 0.251 1100 (29)

The lower the I, the lower the SES of the DA.
We then generate Pearson correlation coefficients between these income variables

and transit access to jobs. This is summarized in Table 6 by each urban region.

Table 6: Correlation coefficient between transit access to jobs and income-related
variables

Inico Ipiv Iyr Loumnr I,
Toronto 043 032 0.04 -0.29 -0.32
Montreal 0.66 0.68 0.27 -0.48 -0.56
Vancouver 048 0.35 0.01 -0.38 -0.38
Calgary 0.45 0.38 -0.01 -0.36 -0.32
Ottawa 0.53 0.43 0.20 -0.38 -0.44
Edmonton 0.58 0.46 0.09 -0.53 -0.48
Quebec City 0.66 0.61 0.28 -0.57 -0.62
Winnipeg 0.59 0.58 0.28 -0.64 -0.59
All 0.51 0.42  0.08 -0.37 -0.41

Median household income, as well as the two low-income prevalence categories
(LIM and LICO), are significantly correlated with transit access in each of the eight
regions. This is the same overall relationship as in previous research in Toronto,

which found that neighbourhoods of lower socioeconomic status tend to have better
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transit accessibility (Foth et al., 2013; El-Geneidy, Buliung, et al., 2016). Table
6 indicates that this relationship is similar, and even accentuated, in the other
seven cities. Comparing between cities, we observe that transit access in Toronto
and Calgary have the weakest association with income categories, while Montreal,
Winnipeg, and Quebec City have the strongest association. We also observe that
unemployment is less associated with transit access compared with the other income
categories. Toronto, Vancouver, and Calgary do not have a strong relationship
between unemployment and transit access, while in the other cities, unemployed
people are more likely to be in areas with good transit access.

We also examine the relationship with access to jobs, dis-aggregated by income
level. Table 7 is the correlation of socio-economic levels with access only to low
income jobs (under $20,000 per year), and Table 8 is the correlation with access to
low-to-medium income jobs ($20,000 to $40,000 per year). These results are very
similar to the previous table looking at access to all job types.

Table 7: Correlation coefficient between income-related variables and transit access
to low income jobs (under $20,000 per year)

Inico I Iur Daawr fu
Toronto 0.41 033 0.05 -0.33 -0.33
Montreal 0.66 0.58 0.27 -0.49 -0.56
Vancouver 048 0.36 0.01 -0.40 -0.40
Calgary 0.43 0.35 -0.02 -0.34 -0.29
Ottawa 0.52 042 0.20 -0.37 -0.43
Edmonton 0.58 0.46 0.09 -0.53 -0.48
Quebec City 0.66 0.61 0.28 -0.57 -0.62
Winnipeg 0.58 0.56 0.27 -0.63 -0.58
All 0.50 0.42 0.08 -0.39 -0.41

95



Table 8: Correlation coefficient between income-related variables and transit access
to low-to-medium income jobs ($20,000 - $40,000)

Inico Ivrv Ivr  Lnwmnr fy
Toronto 0.44 0.35 0.06 -0.33 -0.35
Montreal 0.66 0.58 0.28 -0.49 -0.57
Vancouver 0.48 0.35 0.01 -0.39 -0.39
Calgary 0.46 0.38 0.00 -0.37 -0.32
Ottawa 0.53 0.43 0.20 -0.38 -0.44
Edmonton 0.58 0.46 0.10 -0.54 -0.49
Quebec City 0.67 0.62 0.28 -0.58 -0.63
Winnipeg 0.59 0.58 0.29 -0.65 -0.60
All 0.52 0.43 0.09 -0.41 -0.43

Overall, from the results above, it can be concluded that transit access is verti-
cally equitable, in each of these eight Canadian cities. Transit is serving low-income
residents, those who theoretically have a greater need, more than high income res-
idents. This could be due to a number of factors. One is that transit is being
directly or indirectly planned to serve lower income residents. The location of low-
income households is strongly correlated with population density, and transit is
often planned to link concentrations of population and employment. Low-income
housing is also usually planned in relatively denser, more centrally located areas,
near transit, and typically away from wealthy suburban neighbourhoods. As well,
centrally located areas with good transit access tend to have higher housing costs,
and are likely to have more households willing to spend a greater percent of their
income on housing, and less on private vehicles. Or people living near transit will
be satisfied with relatively lower incomes as they will not have to bear the costs
of paying for private vehicles. Finally, these results are also likely sensitive to the
number affluent suburban neighbourhoods with poor transit access with relatively

higher income levels. Many higher income residents typically give less value to tran-
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sit when selecting housing, since they can afford a car, and place more value on

larger dwelling and lot sizes in less dense neighbourhoods.

5.4 Estimating the Extent of Transport Poverty

Despite the overall positive outlook of the previous sets of analyses, there are still a
number of low income or otherwise socially disadvantaged residents living in neigh-
bourhoods with low transit access. For example, Figure 17 shows the negative rela-
tionship between transit access to jobs and SES. However, there are still a number
of a number of low-SES neighbourhoods with low access (dots in the bottom left of
this plot). There could also be a number of low-SES households in neighbourhoods
with higher levels of SES on average. This kind of place-based analysis shows the
overall trends, but does not take into consideration the distributions of populations
within each areal unit (e.g. within each dot in Figure 17).

Figure 17: Scatter plot of transit access to jobs and the combined measure of
socio-economic status (1)
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Households of low SES in areas of low transit access regions are at a greater risk
of transport poverty, since they have limited transportation and financial resources
to travel to, and participate in, activities such as employment (Preston & Rajé,
2007; K. Lucas, 2012). Conducting analysis at a neighbourhood level potentially
obfuscates these households if the neighbourhood has higher average levels of SES.

Therefore, we tabulate the number of low-income populations in areas of low
transit access. We first tabulate the number of low income residents living in the
lowest deciles of transit access to jobs for each region. Tabulating by deciles provides
a simple interpretation that X number of people living in the lowest 10% of transit
access for each region. However, this does not provide an adequate comparison
between regions (there will always be a lowest 10%). Accordingly, we tabulate
populations under certain thresholds of transit access. Specifically, we count the
populations in areas where transit access is less than 0.1 and where it is less than
0.05 (on the scale of competitive accessibility where 0 in the minimum and 1 is the
maximum across observed for anyone across these eight Canadian regions). This
allows for interpretation in the form of there are X number of people living in the
areas of low transit access.

These categories of low transit access are cross-tabulated with four socioeconomic
variables in which are more likely to compound with low transit access and result
in transport poverty. Firstly, we tabulate using two measures specified by Statistics
Canada (2016), the low income cut-off (LICO) and the low income measure (LIM).
The lower the income, the less likely they are to own a car, and more likely they
will be reliant on public transit to access employment. The LICO accounts for
regional variation in living costs, and therefore allows for more detailed comparison
by region since costs of housing vary between as well as within cities (e.g. housing in

downtown Vancouver or Toronto is generally more expensive than elsewhere). These
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households are less likely to be able to afford a vehicle for each working member
of the household, and more likely to rely on transit (Social Exclusion Unit, 2003).
If transit access is relatively low, it could increase the risk of transport poverty
(K. Lucas, 2012). As well, we sum cross-tabulations by two other measures of socio-
economic status which could compound with transport disadvantage and result in
transport poverty. One is recent immigrant status (immigrated between 2011 and
2016) as recent immigrants are more likely to rely on transit due to the time-intensive
process of obtaining a driving license, the cost of a vehicle, and potential language
barriers (Lo, Shalaby, & Alshalalfah, 2011; Farber et al., 2018). Recent immigrants
are also more likely to be in search of employment. Lastly we tabulate by the number
of individuals who are unemployed, since previous research has linked difficulties of
unemployed individuals in finding work with the inability to use a car and insufficient
public transit options (Social Exclusion Unit, 2003; Merlin & Hu, 2017).

Table 9 displays cross-tabulations of these SES variables with the lowest two
deciles of transit access for each region. Similar to the results in the previous section,
areas with low transit access tend to have relatively fewer numbers of people in low
income households. However, we find that there are still nearly 150,000 people living
low-income households according to the low income measure (LIM) who are in the
lowest decile of transit access in their regions, and nearly 300,000 in the lowest
quintile of transit access. Also, from our findings, recent immigrants tend to settle
in more transit accessible areas, but there are still 45,000 recent immigrants living
in the lowest decile of transit access and 107,000 in the lowest quintile of transit
access. Looking at unemployment, there are 129,000 unemployed individuals living

in the lowest quintile of transit access.
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Table 9: Counts of all low-income residents, unemployed, and recent immigrants
(2011-2016) in the lowest decile and lowest quintile of transit access by region

LIM LICO Unem. Rec.Im.
Toronto 10% | 60,260 34,775 25,320 20,805
20% | 130,915 85,965 53,340 50,160
Total | 1,173,235 921,870 328,350 399,165
Montreal 10% | 26,860 14,050 11,790 2,300
20% | 50,945 29,345 22725 5,895
Total | 598,150 471,825 158,255 178,320
Vancouver 10% | 27,485 19,590 7,395 6,770
20% | 54,370 39,965 15,115 16,100
Total | 422,365 349,300 85,505 147,790
Calgary 10% | 7,755 5,325 6,700 7,485
20% | 15,115 11,485 13,565 16,765
Total | 118,005 108,445 73,835 91,935
Ottawa 10% | 8,440 4,120 3,365 875
20% | 15,150 9,230 6,860 3,415
Total | 147,560 124,650 46,065 37,205
Edmonton 10% | 7,050 3,955 6,185 2,765
20% | 12,685 8,130 10,740 7,640
Total | 112,125 99,295 58,750 76,920
Quebec City 10% | 3,510 2,030 1,465 305
20% | 6,420 4,020 2,725 470
Total | 74,500 61,545 18,095 12,890
Winnipg 10% | 5,965 4,890 1,910 3,935
20% | 10,475 8,465 3,915 6,610
Total | 109,065 91,310 25,130 51,775
All 10% | 147,325 88,735 64,130 45,240
20% | 296,075 196,605 128,985 107,055
Total | 2,755,005 2,228,240 793,985 996,000
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Table 10: Counts of all low-income residents, unemployed, and recent immigrants
(2011-2016) in areas of low (<0.1) and extremely low (<0.05) transit access

Air LIM LICO Unem Rec.Imm.
Toronto <0.05 | 330,170 233,660 128,815 120,890
<0.1 | 637,670 471,715 212,395 224,890
Total | 1,173,235 921,870 328,350 399,165
Montreal <0.05 | 136,070 87,360 52,990 22,700
<0.1 | 241,835 168,275 81,685 55,340
Total | 598,150 471,825 158,255 178,320
Vancouver <0.05 | 115,165 85,525 30,400 39,220
<0.1 | 199,040 152,205 47,285 71,755
Total | 422,365 349,300 85,505 147,790
Calgary <0.05 | 38,720 32,585 31,725 40,360
<0.1 | 74,150 65,510 53,160 66,330
Total | 118,005 108,445 73,835 91,935
Ottawa <0.05 | 17,915 11,215 8,595 4,350
<0.1 | 44,520 32,110 20,415 13,130
Total | 147,560 124,650 46,065 37,205
Edmonton <0.05 | 37,505 29,765 27,605 32,375
<0.1 | 69,035 57,825 42,880 52,890
Total | 112,200 99,360 58,770 76,955
Quebec City <0.05 | 9,620 6,395 4,250 1,075
<0.1 | 23,840 17,360 8,530 3,065
Total | 74,500 61,545 18,095 12,890
Winnipg <0.05 | 6,735 5,525 2,230 4,385
<0.1 | 24,580 20,275 8,485 14,945
Total | 109,065 91,310 25,130 51,775
All <0.05 | 691,900 492,030 286,610 265,355
<0.1 | 1,314,670 985,275 474,835 502,345
Total | 2,755,080 2,228,305 794,005 996,035
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Table 10 tabulates populations in areas that are low access (4;7 < 0.1) and
extremely low access (A; 7 < 0.05). From this table, we observe that roughly half
of these people of low SES live in areas of low access, and a quarter in areas with
extremely low transit access. Calgary, Edmonton, and Toronto have particularly
large counts relative to their totals, while more low SES people in Quebec City,
Winnipeg, and Ottawa are living in areas with adequate transit access.

Research has also shown that available travel mode makes a substantial differ-
ence in terms of access to destinations, particularly the disparity between transit
riders and those who have a private vehicle (Shen, 1998; Benenson et al., 2011).
Some studies have found that low-income residents in central parts of cities are
not disadvantaged by their relative spatial circumstance (central areas tend to have
good access), but instead are disadvantaged by a modal mismatch (Blumenberg &
Manville, 2004; Grengs, 2010). We therefore tabulate by the number of people in
low-SES categories who also live in areas where the ratio of transit access to auto ac-
cess is less than 0.2 and less than 0.1. For these neighbourhoods, there is a chasmic
gap in opportunity for individuals who are more likely to rely on transit compared
to those who have a drivers license and regular access to a private vehicle. These
cross tabulations are summarized in Table 11. We observe that over 1 million of the
2.7 million urban Canadians living below the poverty line (LIM), are only afforded
1/5th or less the access by transit than access by car. As well, there are approxi-
mately 400,000 recent immigrants and 425,000 people who are unemployed that are
under this threshold of the ratio transit access to auto access to jobs.

The web map and the maps in the appendix spatially show where low income
households are located in each of these cities, overlaid onto a choropleth of transit
accessibility, and thus indicates where people are at the greatest risk of being in

transport poverty.
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Table 11: Count of all low-income residents, unemployed, and recent immigrants
(2011-2016) in areas where the ratio of transit access to auto access is less than 0.2
and 0.1

A;r/A;p | LIM LICO Unem. Rec.Im.
Toronto <0.1 96,530 65,410 37,235 40,265
<0.2 481,895 359,875 162,530 188,665
Total 1,173,235 921,870 328,350 399,165
Montreal <0.1 51,650 36,360 24,165 9,260
<0.2 224,770 159,240 78,040 55,530
Total 598,150 471,825 158,255 178,320
Vancouver <0.1 20,335 15,585 5,625 6,410
<0.2 107,675 84,305 29,210 41,065
Total 422,365 349,300 85,505 147,790
Calgary <0.1 20,690 16,575 17,665 22,025
<0.2 66,345 58,190 48,050 58,155
Total 118,005 108,445 73,835 91,935
Ottawa <0.1 7,975 5,035 3,665 2,210
<0.2 48,840 36,245 21,090 14,270
Total 147,560 124,650 46,065 37,205
Edmonton <0.1 23,535 18,180 18,290 18,000
<0.2 68,725 57,595 42,635 51,465
Total 112,200 99,360 58,770 76,955
Quebec City <0.1 8,645 5,805 3,585 865
<0.2 26,750 19,710 9,180 4,300
Total 74,500 61,545 18,095 12,890
Winnipg <0.1 5,335 4,410 1,610 3,665
<0.2 23,260 19,160 8,265 14,780
Total 109,065 91,310 25,130 51,775
All <0.1 234,695 167,360 111,840 102,700
<0.2 1,048,260 794,320 399,000 428,230
Total 2,755,080 2,228,305 794,005 996,035
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5.5 Characteristics of Areas Vulnerable to Transport Poverty

The previous tables indicate that there are a substantive number of Canadians of low
socioeconomic status living in areas of low transit access. In this section, we analyze
characteristics of areas that have high levels of being at risk of transport poverty, for
descriptive purposes as well as to support discussion and policy recommendations
in the subsequent section.

From visual inspection of the web map and the maps included in the Appendix,
the areas with the lowest levels of transit access to employment typically occur
in more peripheral areas. This is expected since peripheral locations are typically
further from employment centres and are more likely to be adjacent to rural areas
with less employment opportunities. Those peripheral areas that do have adequate
transit access tend to be either located on major travel corridors with relatively
frequent local transit service, near stops of regional rail and bus lines, or are quite
proximate to employment areas (e.g. within a reasonable walking distance).

Within low transit access areas, there are visible spatial clusters of residents who
are more likely to be reliant on transit (e.g. low-income, unemployed, and recent
immigrants). To examine the characteristics of these areas in more detail, we first
need to classify Dissemination Areas (DA) in terms of their risk of experiencing
transport poverty. Theoretically, transport poverty is more likely to occur where
there is low transit access and lower levels of SES (Preston & Rajé, 2007; K. Lucas,
2012). Ideally, this would be parameterized as models where the independent vari-
ables are measures of activity participation and the dependent variables are various
measures of transport (dis)advantage, demographics, and socioeconomic status, as
well as inclusion of any random effects. Creating such a model would require com-
prehensive travel survey data (which is lacking Canada wide) and rigorous work on

how to explicitly define and generalize dependent and independent variables to areal
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units. For the scope of this thesis, this is simplified to assume that areas at risk of
transport poverty are those with low transit access to employment, and high number
of people living in low-income households. We use the compounding effect of these
two variables to classify DAs into four categories of risk of transport poverty (low,
moderate, high, and very high). This relationship is visualized in Figure 18, where
each dot represents a DA. The percent of DAs in each classification for each region

is displayed in Table 12.

Figure 18: Classifying DAs in terms of risk of experiencing transport poverty
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Table 12: Percent of DAs classified by risk of experiencing transport poverty in
each region

Low Moderate High  Very High
Toronto 30.0% 31.0% 24.0% 15.1%
Montreal 30.5% 32.1% 26.9% 10.5%
Vancouver 35.9% 20.7% 27.7% 15.8%
Calgary 35.6% 34.3%  19.9% 10.2%
Ottawa 53.6% 24.2% 13.5% 8.7%
Edmonton 29.9% 35.0% 24.0% 11.1%
Quebec City | 49.6% 34.4% 13.8% 2.1%
Winnipeg 62.4% 22.0% 8.9%  6.7%

All 34.8% 29.6% 23.2% 12.4%

The cities of Toronto and Vancouver have the greatest percent of their DAs
that have a high risk of transport poverty, and the smaller cities of Winnipeg and
Quebec City have the lowest. Toronto and Vancouver are also the two cities which
have been reported on the most in terms of experiencing rising housing costs and
sub-urbanization of poverty (Ades et al., 2012; Ades, Apparicio, & Séguin, 2016).
The results in Table 12 are also aligned with the findings in Section 5.3 of comparing
transit access and income inequalities.

To examine the characteristics of these areas in more detail, we plot summaries
of three built environment measures; population density, period of housing construc-
tion, and structural type of dwelling. Figure 19 shows the distributions of population
density for the four categorizations of transport poverty. Areas with the lowest risk
of transport poverty have the highest percent of population living in areas with high
population density, and by far the lowest percent in areas with low population den-
sity. This is expected since central areas are generally more dense and that transit
is generally planned to serve areas with greater levels of population. Notable in this

plot is that areas of very high risk of transport poverty tend to have higher levels of
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population density than those at high or moderate risk.

Figure 19: Plot of population density in DAs classified by risk of transport poverty
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To examine further, we plot by the percent of dwellings units in each category
by their structural type (Figure 20). This is aggregated into four categories; single-
detached homes, attached homes and duplexes, apartments with fewer than five
stories, and apartments with five stories or more. We see that areas with a very
high risk of transport poverty are more likely to have tall apartments, while areas
with moderate or high risk tend to be composed of detached single-family homes.

Areas with low risk of transport poverty are more diverse in terms of their dwelling

type.

67



Percent of Dwellings

Figure 20: Plot of dwelling type in areas with low transit access and areas at risk
of transport poverty
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As well, we also plot the percent of dwellings by their period of construction
(Figure 21). We see that areas with more recent housing, the greater the risk of
transport poverty. This is expected since older parts of cities are more centrally
located and tend to have higher employment densities. As well, unlike other ser-
vices (e.g. paved roads, running water, etc.), it is not usually a strict municipal
requirement for transit to be provided at the onset of new residential development.
Therefore, some areas with high risks of transport poverty could be places where

transit provision has failed to keep up to the demand of new residential development.
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Figure 21: Plot of dwelling period of construction in DAs classified by risk of
transport poverty
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The more recent the development, the more likely it is to have a greater percent
of residents who have moved there recently. Figure 22 shows that over 50% of
people living in areas with very high risk of transport poverty had moved there
sometime between 2011 and 2016. This includes a greater percent of people moving
from within the same CSD (i.e. within the same municipality), from a different
CSD, and from outside Canada (i.e. recent immigrants). This supports theories
on suburbanization of poverty given that high risk areas have higher concentrations
of poverty, recent mobility, and include more high rise apartments which typically

have lower housing costs than single family homes.
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Figure 22: Plot of mobility status in DAs classified by risk of transport poverty
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From the above plots, we can summarize that areas at the highest risk of trans-
port poverty are more likely to be built within the 21st century, have a greater
percent of apartment buildings, and are more dense than prototypical suburban
neighbourhoods of low transit access. As well, people within these areas are more
likely to have moved there recently (2011 to 2016). Areas of moderate to high risk
are more likely to be typical single-detached suburban homes.

For more in depth analysis, we conduct a k-means cluster analysis of zones at
risk of transport poverty in order to generate a typology that can be used for policy
recommendations. k-means clustering seeks to minimize the Euclidean distance in
an n-dimensional space between the attributes of variables and the means of clusters

(k is the specified number of clusters). Specifically we cluster on DAs that we
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classified as high or very high risk of transport poverty. We cluster these DAs using
five relevant variables; access to jobs by transit, access to jobs by car, population
density, percent of population living in apartments, and number of residents in low-
income households. The resulting number of clusters (k = 2) were was determined
via by generating a Scree plotting plot (a plot of the total within-clusters sum of
squares versus versus the number of clusters, k) and then selecting the k where
the graph provides the greatest change in slope (see Figure 23). The means of the
variables selected in the cluster analysis for the two resulting groups are displayed
in Table 13. Table 13 also shows the number of DAs in each category, as well as
the number of DAs that were previously categorized as being high or very high risk
of transport poverty. There is a greater proportion of DAs that have a very high
risk of transport poverty (very high levels of low income and low transit) in the
first group, which also has greater population density and percent of people living

in apartments.

Table 13: Cluster analysis results of DAs at risk of transport poverty

mean Group A Group B
Auto Access 0.497 0.236
Transit Access 0.122 0.032
Population Density (ppl/km2) 8,670 3,335
People under the LICO 267 76
Percent living in apartments 75% 16%

n DAs 2,071 7,420

n Very high risk of transport poverty | 1,288 1,850

n High risk of transport poverty 783 5,570
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Figure 23: Scree plot for determining the number of clusters, k
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We can summarize by saying that there are two main typologies of areas in
which people are at high risk of experiencing transport poverty. One are areas with
high density, primarily apartments, with very high concentrations of low income
residents, and moderate levels of transit access to employment (Group A). The
second (Group B) are more peripheral, typical suburban single family housing, low
density neighbourhoods, with extremely low levels of transit access, and wider gap
between the relative level of transit access to auto access, but have fewer low income
residents. Figure 24 shows the spatial pattern of these two clusters for Vancouver.
The majority of the central part of the region does not have either group. DAs
in Group A are located more within the ”inner-suburbs” in higher density areas
with some transit service, but with high concentrations of poverty. DAs in Group
B are primarily suburban areas with very poor transit provision. Similar patterns

are visible in other cities (see the maps in the Appendix).
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Figure 24: Map of the location of cluster groups for Vancouver
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6 Policy Recommendations

The research in the previous sections show that while there are not widespread
systemic vertical inequalities in transit access, there are still a substantial number
of low-income Canadians living in areas of low transit access. The compounding
effects of low transit access and low SES increase the risks of transport poverty,
potentially limiting people in their ability to travel to and participate in daily activ-
ities, including finding and retaining employment (Preston & Rajé, 2007; K. Lucas,
2012)

Because of spatial and temporal variations in land use and urban form, com-
pletely equitable transport service, and equal access to destinations in particular,
is not possible. Even if it was, an equality of outcome should not be the objective.
People will inherently have different preferences and values in terms of where they
choose to live in reference to accessible destinations and urban form more generally.
However, a common goal of transport policy and planning is to reduce vulnerability
to transport poverty and minimize wide-ranging inequalities of access, as well as
increase the overall accessibility of a region (Social Exclusion Unit, 2003; Martens
et al., 2012; Martens, 2016; Pereira et al., 2017), i.e. to make transport more eq-
uitable, both horizontally and vertically. Literature in transportation planning has
argued that transport networks should not be insufficient to deter people in their
ability to travel to key destinations and participate in activities pertinent to their
well-being (Preston & Rajé, 2007; K. Lucas, 2012; Martens, 2016). Investing in pub-
lic transport to improve accessibility, particularly focused towards those at risk of
transport poverty, has the potential to reduce inequalities, limit barriers to activity
participation, and foster social and economic inclusion.

This theoretical background combined with the empirical research in this thesis

in Canada leads to the broad conclusion that transport policy in Canadian cities
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should focus towards improving transit service to low access neighbourhoods, with
particular focus towards those neighbourhoods with more low-income households
since they are more likely to be reliant on transit. This would help alleviate risks
of transport poverty and reduce inequalities of transit access. As well, our research
(see section 4.5), along with other papers (Owen & Levinson, 2015; Boisjoly &
El-Geneidy, 2016), indicate a strong correlation between transit access and transit
mode share. So improving transit access in areas with a greater number of low-
income households would not only help alleviate the risks of transport poverty, but
it will most likely increase transit mode share for the overall population, which
would have a number of environmental and economic benefits.

Unfortunately, there is only a limited amount funds and resources available for
improving urban transportation in Canadian cities. Certainly, this points towards
advocating for increasing public funding for public transit service, either through
raising taxes (e.g. like gas taxes or congestion charges) or re-allocation of government
spending on other infrastructure (e.g. shift spending on highways to spending on
transit). However, it would be quixotic to think that there will be a sufficient amount
of funds for desirable levels of public transit provision in urban areas across Canada
in the near future. The prevailing challenge of urban transportation planning is
deciding how to allocate scarce funds and resources to where they are to be the
most effective, and to avoid investments which are unlikely to generate results.
Resources should be allocated not only to where they will be most cost effective
in improving ridership, mobility, and accessibility, but also in where they have the
greatest potential in alleviating transport poverty.

The previous section indicates that there are two types of areas at risk of trans-
port poverty. The first group have high levels of population density (e.g in apartment

towers) and high concentration of low income residents. These are usually located in
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the ”inner-suburbs” of urban areas, and typically already has some transit service in
place, but the existing service does not come close to meeting the need of residents.
Due to greater density, improving transit access in these areas would be the most
effective in reducing risks of transport poverty for a large group of people. Indeed,
those areas with particularly high concentrations would be ideal candidates for new
rapid or regional transit stations. However, this would only be realistic solution in
a few locations given the high capital costs of such infrastructure. For most areas,
more cost effective solutions should be considered for upgrading existing service.
One would be increased frequency on existing routes by adding more vehicles to
limit wait times, particularly for routes with large headways. Travel times could
also be reduced by implementing express lines which make fewer intermittent stops
(either by removing stops on existing lines or adding express buses, depending on
the situation). Another cost-effective solution would be to alter the design of roads
to incorporate dedicated bus lanes (i.e. BRT), to depose delay caused by auto con-
gestion. The majority of suburban arterial roads have ample room to implement
dedicated bus lanes, a convenience of the unbridled auto-oriented planning of the
previous decades. The main barrier would be to convince the public to remove a
lane of traffic.

Improving transit access in lower density, single-family housing areas is a greater
challenge given the greater disbursement of individuals. In these regions, many tran-
sit agencies opt for coverage rather than directness in their design of suburban transit
routes. It may be possible that faster, more direct, routes in some instances will have
a greater potential in providing greater access, depending on the spatial distribu-
tion of transit need in the region (Walker, 2012). Similarly, transit networks should
focus on providing better links to suburban employment locations, many of which

currently have sparse transit service. Major transit lines in Canadian cities tend to
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have a radial pattern, but there should be more linkages between more peripheral
residential and employment areas given the growth of suburban employment centres
and suburb-to-suburb commuting patterns (Blais, 2015). Analysis on re-configuring
routes and networks to improve access, however, would require more detailed case-
based studies of accessibility gains or losses from different re-configuration scenarios
and assessing which would derive the most benefit.

Another potential solution, or as an augmentation to other solutions, is to pro-
vide subsidies for ride-sharing or implement demand responsive transit service. This
could be beneficial in less-populated suburban areas, where implementing traditional
transit service has substantial monetary costs, or in areas where there is a last mile
problem. A few regions have begun to experiment with this type of service. For
example, the growing town of Innisfil (north of Toronto), recently partnered with
Uber to subsidize an on-demand ride-sharing service, as a more economical alterna-
tive to developing traditional, fixed-route, transit service (Town of Innisfil, 2017).
While this may be a solution for alleviating transport poverty in areas with less
demand (e.g. like Innisfil), it may not be applicable in urban areas where there is
already heavy congestion or a greater need for adding more higher capacity transit
(Mageean & Nelson, 2003). Evaluating the success of such projects however will
provide useful knowledge on how and where demand responsive transit could be
implemented elsewhere in Canada, and whether it can be appropriately scaled if
demand for transit increases. It should be noted that some other studies, in aims to
reduce transport poverty in low density conditions, have recommended implement-
ing policies aimed at helping those without a private vehicle to gain access to them
in order to improve their level of access (Shen, 1998; M. T. Lucas & Nicholson, 2003;
Blumenberg & Manville, 2004). However, the scale and scope of providing families

with cars has many uncertainties at a regional scale, and doing so may expedite
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problems of congestion, emissions, and parking capacity. Subsidizing ride-sharing
or providing demand responsive transit would likely be more cost efficient and less
problematic.

In conjunction to the aforementioned recommendations for transit improvement,
municipalities and regional planners should also enforce land use policies which re-
strict urban sprawl and zone for urban intensification and mixed-use development,
in order to help reduce commute times and auto-dependency. This should include
planning any future development of housing for low-income residents and recent
immigrants to be in areas with high transit access. This should also include focus-
ing some employment growth in areas which have existing transit service, but have
low accessibility metrics due to a local absence of jobs - areas where there are an
abundance of labourers who currently have to travel further to find employment.
These ideas of "smart growth” and denser, transit-oriented development, are often
cited by urban planners to reduce congestion and environmental impacts (Bernick &
Cervero, 1997). This sphere of development strategies can also reduce risks of trans-
port poverty by providing more nearby opportunities, and reduce the gap between
transit and auto access. However, there is currently tension between developers,
planners, and government officials over policies pertaining to future development
strategies. For example, the Ontario government developed a plan to limit ur-
ban sprawl by delineating a protective greenbelt around the Toronto region, yet
concurrently, the same government continues to build peripheral motorways which
perpetuate and encourage suburban growth (Macdonald & Keil, 2012).

As well, despite the existing goals of transit-oriented development and other
smart-growth strategies, Figure 21 indicates that newly developed areas are still
more likely to be at a higher risk of transport poverty. This is likely due to transport

planning being several years behind the construction of new developments in terms of
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providing access to destinations. Arguably, transit should be treated as an essential
service, in that development should not occur until there is a certain level transit
provision, similar to how residential development is required to support municipal
services like new roads, sewers, and stormwater management.

Lastly, it is possible that in the long term, providing better transit access to
a neighbourhood, and well designed transit-oriented development more generally,
could increase demand and costs for housing. This would likely first affect low-
income people in these areas for whom transit is the only alternative for daily travel.
Rising costs could then result in displacement to less accessible areas. This indicates
the importance of policy directed towards maintaining stability and affordability of
housing costs, in order to break any cycles of urban displacement. This also shows
the importance of insuring for minimum standards of accessibility across an entire
region, given other uncertainties of housing markets and living costs in the near

future.
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7 Conclusion

In this study, we computed comparative measures of access to employment by transit
for Canada’s eight largest urban regions. Specifically, we computed a measure which
is comparable between cities by accounting for competition among both the labour
force and employers, time fluctuations in transit schedules, and unequal counts of
jobs and workers in each region. We find that at a regional level Vancouver and
Winnipeg have the highest average levels of access, and Calgary and Edmonton have
the lowest. The neighbourhoods with the maximum level of access are in central
Toronto and Vancouver.

We used these measures to examine the equity of transit access to jobs within
these regions. Using Gini coefficients to examine horizontal equity, we found that
transit provision is more equally distributed in the smaller cities like Winnipeg
and Quebec City, while larger urban areas like Toronto, Montreal, and Vancouver
have a greater overall inequality of transit access to jobs. Access by transit is also
more unequally distributed than access by car. In examining vertical equity, we
find that low-income households, on average, have higher values of transit access to
employment than the overall population. These trends are similar when comparing
between all eight cities. Despite an overall positive outlook, there are still many
households at risk of experiencing transport poverty. We estimate that 200,000
low income individuals are in the lowest quintile of transit access, and 800,000
have less than 1/5th the access by transit than by car. Furthermore, there are
approximately 110,000 recent immigrants and 125,000 unemployed individuals who
live in the lowest quintile of transit access.

Recommendations to reduce inequalities in transit access and limit risks of trans-
port poverty include focusing future transit investments in areas which have high

concentrations of low-income households and low levels of transit access, upgrading
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bus service to have dedicated lanes, offer more direct or express services, inten-
sification and diversity of land-use to increase accessibility and reduce commute
distances, as well as a consideration of subsidizing ride-sharing or implementing
demand-responsive transit in areas of low density. Doing so would help reduce the
risks of transport poverty and social exclusion. Given recent and likely continuous
growth of poverty in the suburbs, it is imperative that these regions have adequate
transit service, not only to find employment opportunities, but to participate in
other daily activities as well.

There were several limitations to this work, and therefore offers several directions
for improvement and future work. Firstly, the data that we use for employment lo-
cations are tied to Census Tracts. However, some CTs are quite large if they have
no population, but they could still have lots of employment. This is particularly
accentuated in low-density suburban employment areas. Generalizing this employ-
ment to points is inaccurate and subject to the modifiable areal unit problem given
that a single centroid is used to represent a large zone (Kwan & Weber, 2008).
Further work could use land-use data and dasymetric techniques to generate more
accurate employment weighted representative points of these regions. Secondly, the
spatial distribution of actual jobs seekers and job openings could vary from the
overall population and employment surfaces. We only had available data for the
overall labour force and the total amount of employment in these regions. From our
knowledge, comprehensive data for job seekers and openings does not exist Canada-
wide. Thirdly, this study only looked at commuting during peak periods, however,
travel times to work by mode, and available work opportunities can vary by time
of day, which could result in differing accessibility patterns (El-Geneidy, Buliung,
et al., 2016). This may be pertinent for low-income individuals who have time con-

straints on when they are able to work (e.g. if they also go to school, take care of
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family, work multiple jobs, etc.), but would require more detailed time-use surveys
to measure accurately.

Our findings indicate that central areas of Toronto, Montreal, and Vancouver
have the highest levels of access in the country. However, the bulk of previous
research has focused on Montreal or Toronto (Foth et al., 2013; Manaugh & El-
Geneidy, 2012; Farber & Grandez, 2017). As well, even within the Toronto region,
existing research has focused on the Toronto and Hamilton CMAs, while we find
that transit access to jobs is much lower in peripheral urban areas like Niagara,
Guelph, and Oshawa. Clearly there is a need for more research on identifying gaps
and improving transit accessibility in these periphery urban areas, as well as in
Canada’s mid-size and smaller cities. As well, since some research has indicated
Canadian cities are witnessing an increasing trend of income inequality (Bolton
& Breau, 2012; Walks & Twigge-Molecey, 2013), and growing concentrations of
poverty in more suburban locations (Ades et al., 2012), it is therefore imperative
to update this research in the following census years to examine whether levels of

transit access has either increased or decreased for low-income populations.
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A Appendix of Maps

A.1 Choropleths of transit access to employment and low income

households

Figure 25: Map of Quebec City showing transit access to employment and low
income households
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Figure 26: Map of Montreal showing transit access to employment and low income
households
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Figure 27: Map of Ottawa showing transit access to employment and low income
households
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Figure 28: Map of the Toronto region showingtransit access to employment and
low income households
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Figure 29: Map of Toronto centre showing transit access to employment and low
income households
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Figure 30: Map of Hamilton, Guelph, and Kitchener-Waterloo showing transit
access to employment and low income households
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Figure 31: Map of Winnipeg showing transit access to employment and low income
households
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Figure 32: Map of Calgary showing transit access to employment and low income
households
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Figure 33: Map of Edmonton showing transit access to employment and low in-
come households
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Figure 34: Maps of Vancouver showing transit access to employment and low
income households
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A.2 Maps of the cluster analysis of areas at high risk of transport
poverty

Figure 35: Map of the location of cluster groups for Quebec City
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Figure 36: Map of the location of cluster groups for Montreal
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Figure 37: Map of the location of cluster groups for Ottawa
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Figure 38: Map of the location of cluster groups for Toronto
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Figure 39: Map of the location of cluster groups for Winnipeg
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Figure 40: Map of the location of cluster groups for Calgary
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Figure 41: Map of the location of cluster groups for Edmonton
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Figure 42: Map of the location of cluster groups for Vancouver
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