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Abstract
Improving transit access for people in low-income communities is an important consideration for transit providers. However,
there has only been a limited amount of research on the transit accessibility of affordable housing units. This paper aims to
develop a method for evaluating the transit equity of existing affordable housing units and propose easy-to-implement modifi-
cations to local bus services to increase transit accessibility levels (assuming housing locations do not change in the short
term). The proposed method has three steps, and it is applied to three cities in Tennessee with primarily bus-based transit
systems. The first step measures the transit accessibility of specific affordable housing locations and citywide transit accessibil-
ity levels using a web-based platform built using open-source software. The second step evaluates the transit equity of afford-
able housing programs at the city level using Lorenz curves and Gini coefficients, and the transit equity of specific affordable
housing locations by proposing a simple inequity index. The results reveal that the level of transit equity for affordable hous-
ing units differs across housing programs and cities. In the third step, an example of a modification to a local bus route is eval-
uated for one affordable housing location with a high inequity index to demonstrate the applicability of the method. The
substantial increase in accessible jobs after modification, from 135 to 6,400, highlights the potential effectiveness of imple-
menting short-term transit service changes to improve the accessibility of existing affordable housing locations. This three-
step method primarily relies on open datasets that are also available for other regions in the U.S.A.
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Previous research suggests that low-income people who
cannot afford a personal vehicle often rely on public
transit for their transportation needs (1–3). Many U.S.
cities are automobile oriented, which presents significant
mobility challenges for those who cannot or do not want
to drive. Transit authorities in the U.S.A. play a critical
role in providing essential mobility services to these often
disadvantaged populations.

Along with transportation, housing expenses contrib-
ute to a significant financial burden on households, par-
ticularly those with low incomes. According to consumer
expenditure statistics from the U.S. Bureau of Labor
Statistics, housing and transportation are two major
types of expenditure for U.S. households (4). However,
some studies suggest that transit services tend to be more

frequent and widespread in dense downtown areas (5)
where housing prices are normally higher (6, 7). Some
low-income households that cannot afford high housing
prices and private cars are often compelled to make
trade-offs between housing and transportation costs.
Therefore, the concept of affordable, accessible housing,
which is inexpensive housing in walkable urban neigh-
borhoods, has been proposed to improve transit equity
for low-income households (8).
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In the U.S.A., some supply-side affordable hous-
ing programs are administered by the federal
government, for example, Low-Income Housing Tax
Credits (LIHTC), Multifamily Subsidized Housing
(Multifamily), and Public Housing (PH). The overall
purpose of such housing programs is to make rent
more affordable for low-income households. However,
affordable housing units are sometimes planned with-
out consideration of transit accessibility as an evalua-
tion criterion, which is partly because of the absence of
federal requirements for planning affordable housing
as well as the lack of coordination between housing
authorities and transit agencies (1). Furthermore, a
recent study from the Transit Cooperative Research
Program concluded that many transit agencies often do
not specifically prioritize serving neighborhoods with
high levels of affordable housing in their transit plan-
ning process (1, 9).

Previous studies suggest there is a need to develop sys-
tematic practical guidance and effective approaches that
can be implemented by transit agencies and housing
authorities to promote the coordination of transit ser-
vices with affordable housing (1, 9). However, housing
construction, especially large apartment complexes, and
fixed rail transit (such as subway and light rail) are dur-
able and permanent infrastructure investments; bus
routes are considerably more adaptable and can be (rela-
tively) easily modified to improve transit accessibility.
Therefore, modifications to local bus routes that can be
implemented in the short term (e.g., within a few weeks
or months) provide an important first step toward poten-
tially increasing transit accessibility for existing residents
who live in affordable housing situated in areas that are
underserved by public transit.

By quantifying transit accessibility in areas with exist-
ing affordable housing units, this research contributes to
the literature in two important ways. First, the paper
proposes a systematic three-step method for comparing
the transit equity of existing affordable housing units
and for evaluating potential short-term bus service modi-
fications that could increase transit access levels. Second,
this three-step method relies primarily on open datasets,
specifically, General Transit Feed Specification (GTFS)
data, and affordable housing locations obtained from the
U.S. Department of Housing and Urban Development
(HUD), which makes this method widely applicable to
other regions of the U.S.A. that have fixed-route transit
services.

Literature Review

The following sections briefly review the relevant litera-
ture pertaining to transit accessibility and transit
equity.

Transit Accessibility

Transit accessibility refers to a person’s ability to reach
opportunities via transit (10). Several studies published in
the last decade have focused specifically on transit acces-
sibility (11–14). The following section reviews previous
research on transit accessibility from the perspective of
measurement methods and factors that contribute to cal-
culation accuracy.

Transit Accessibility Measures. Transit accessibility measures
can generally be grouped into two categories:
opportunity-based measures (also known as primal mea-
sures); and time- or cost-based measures (also known as
dual measures) (15). Opportunity-based measures are the
most commonly used method in previous research (16).
These require a pre-assumed cutoff travel time that has
no standard value under different scenarios (16).
Previous research employing opportunity-based mea-
sures has often been conducted in situations in which
individuals have multiple options, such as job opportuni-
ties (15, 17). Commonly used opportunity-based mea-
sures include the cumulative opportunity measure, the
weighted cumulative opportunity measure, and the com-
petitive access measure; each of these measures is briefly
described in the following paragraphs.

The cumulative opportunity measure is the most pop-
ular of the opportunity-based measures in previous
research (14, 18). A cumulative opportunity metric mea-
sures the number of opportunities, such as jobs, that a
person can reach within a given period of time (e.g.,
60min) via transit service. The cumulative opportunity
measure has been used in many previous studies because
of its minimal data requirements, ease of comprehension,
and consistent interpretation across different times and
locations, which enables greater comparison, tracking,
and benchmarking (16). For example, one recent study
of the San Francisco Bay Area in California applied the
cumulative opportunity measure in a transit accessibility
analysis that calculated the total number of jobs accessi-
ble within 40min of transit travel time during a.m. peak
hours (7:00 to 10:00 a.m.) (19).

The weighted cumulative opportunity measure (also
known as the gravity-type measure) is converted from
the cumulative opportunity measure by adding weights
to all the opportunities using a specific impedance func-
tion (e.g., distance decay functions, time decay functions,
or cost decay functions), making opportunities with
higher impedances from a certain location less attractive
(16, 20). For example, one relevant study conducted in
Detroit calculated transit accessibility to jobs by using an
impedance function of travel cost (21). Although the
weighted cumulative opportunity measure can describe
human behavior better, it is more challenging to inter-
pret than the cumulative opportunity measure because
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the impedance formula can vary from time to time and
from location to location (16, 22).

The competitive access measure is another opportunity-
based measure that considers the competition between tra-
velers and opportunities (16). For example, a study of the
Boston area proposed a competitive access measure model
that included competition at workplace locations to mea-
sure the employment accessibility of low-income workers
(23). The competitive access measure has been widely used
in research on measuring transit accessibility (24–26).
However, compared with the cumulative opportunity mea-
sure, the competitive access measure requires more compu-
tation and may be more difficult to apply and understand
in real-world practice (16).

In contrast to the previous approach of calculating the
number of opportunities that can be reached within a
given time threshold, time- or cost-based measures calcu-
late travel time or cost to achieve a fixed number of
opportunities. Depending on the preset number of oppor-
tunities, this approach can be further divided into time-
or cost-based measures for a single opportunity and mul-
tiple opportunities. For the single opportunity measure,
the number of opportunities is one, whereas for the multi-
ple opportunities measure, the threshold is two or more.
This measure is often used when the time to access the
opportunity and the cost of doing so are more important
than the number of opportunities accessible (15). As an
example, Farber et al. (27) measured accessibility to food
stores in Cincinnati by calculating the travel time from
each census block to the one nearest supermarket and the
three closest supermarkets. Similar approaches have been
successfully applied to measure the accessibility of other
essential services, as one recent study of healthcare acces-
sibility in Florida has done (28). Time- or cost-based mea-
sures provide a straightforward way of comparing transit
accessibility levels between different locations and cities.
They may also be more easily understood by the public
because measuring access in minutes provides an easy-to-
interpret scale (16). However, without a suitable reference
point, determining a threshold number of opportunities
beyond one may be challenging for time- or cost-based
measures (16). Furthermore, travel time alone may not
fully capture people’s needs or preferences (16). For
example, individuals may prefer to shop at a supermarket
that is not necessarily the closest one to their home.

In this study, the cumulative opportunity accessibility
measure will be selected to estimate transit accessibility
to jobs because it is easier to compute and interpret in
practice and, therefore, more likely to be adopted by
planning agencies.

Spatial and Time Resolution of Transit Accessibility. The accu-
racy of accessibility calculations usually depends on two
factors: spatial resolution and time resolution.

The spatial resolution of origins and destinations is an
essential factor that could affect the results of accessibility
studies. Many previous studies use the centroid points of
arbitrary zones as the origin to calculate transit accessibility
(11, 15). However, the transit accessibility of the centroid
point might not represent the average transit accessibility
level in that zone. In response to this problem, some meth-
ods now use a higher spatial resolution in which origins
and destinations can be a rectangular grid cell for each
region, which is the case with the open-source ‘‘Analysis’’
platform from Conveyal utilized in this study (29). To
improve the accuracy and representativeness of citywide
transit accessibility, this paper utilized every rectangular
grid cell in the region as the origin in the calculations.

Another essential factor that could affect accessibility
results is time resolution (16). Transit accessibility is sched-
ule dependent (16) and could be highly variable over time
(14). Some previous studies have only considered the ser-
vice frequency (e.g., number of vehicle trips per week) (30–
32) or the transit accessibility at a single departure time
(11, 15). However, transit accessibility at one time point
might not be representative. The common solution is to
sample multiple time points and compute the average or
the median travel time across the sample of time points
(16). To prevent the results from being influenced by a spe-
cific time point, this study utilized a schedule-based acces-
sibility measurement that takes the median of results from
multiple time points (29).

Transit Equity of Affordable Housing

Equity is generally divided into two categories: horizontal
equity, which emphasizes the equal distribution of
resources between individuals and groups; and vertical
equity, which suggests that the supply of resources
should be based on needs and abilities (33). In the field
of transit, vertical equity aims to provide transit access
to those with the greatest need (31). Many previous stud-
ies on transit vertical equity have evaluated the distribu-
tion of transit accessibility among disadvantaged groups,
which are categorized by demographic characteristics
such as low-income households, no-car households, or
elderly groups (31, 34, 35). A few previous studies have
considered the transit equity of affordable housing units
where low-income populations often reside.

The purpose of affordable housing programs is to
make the rent for low-income households more afford-
able. However, it is often unknown whether affordable
housing programs provide equitable transit access.
Therefore, the transit equity of affordable housing pro-
grams (regionwide) and the transit equity of affordable
housing locations (specific locations within a region)
should be measured. One relevant previous study eval-
uated regionwide transit equity across affordable
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housing programs in Baltimore by applying Lorenz
curves and Gini coefficients (12). Lorenz curves are
commonly applied in a range of disciplines to represent
a quantity that can be accumulated across a population
graphically (31). The Gini coefficient can be used as a
mathematical metric to quantify the system-wide
degree of inequity by calculating the ratio of the area
between the line of equity and the Lorenz curve (36),
and has been used in some previous studies (30, 31, 37,
38). This paper adopts a similar method for evaluating
the transit equity of affordable housing programs at
the city level. However, the above-mentioned
Baltimore study (12) only used the Lorenz curve and
the Gini coefficient and lacks a measurement of transit
equity for specific affordable housing locations. To fill
this gap, the paper expands the analysis of transit
inequity to consider specific locations of affordable
housing units within a region.

The key point of measuring transit equity for specific
locations within a region is to understand the relationship
between transit supply and transit demand. A place with
high demand and low supply will be defined as inequitable
(32). Transit demand in this analysis is measured as the per-
centage of existing affordable housing units at a specific
location, which has rarely been considered in previous stud-
ies. Therefore, this paper proposes a simple inequity index
that calculates the ratio between the percentage of existing
affordable housing units and the percentage of jobs accessi-
ble within a 60-min transit trip for each affordable housing
location. This inequity index is a straightforward measure of
the relative relationship between transit demand and transit
supply and can easily be applied in practice.

Objectives

The following summarizes the three objectives of this
study.

� Objective 1: Evaluate the transit equity of existing
affordable housing programs at the city level.

� Objective 2: Evaluate the transit equity of specific
affordable housing locations and identify specific
affordable housing locations that have inequitable
transit access within the city.

� Objective 3: Propose short-term transit service
modifications with the potential to increase transit
accessibility for existing affordable housing
locations.

Background and Case Studies

Background on Affordable Housing

Housing costs are the highest share (34.9% in 2020) of
average annual expenditure for U.S. households (4). To

help alleviate the burden of housing costs for low-income
households, numerous affordable housing programs are
administered by the U.S. federal government. One well-
known program is known as LIHTC (39), also known as
Section 42, which issues tax credits for the development
of affordable housing for low-income households. Two
other programs considered in the following analysis are
Multifamily and PH, which are both rental assistance
programs administered by HUD that provide decent and
safe rental housing for eligible low-income households
(40, 41). These are the three largest federally funded
supply-side programs (42) with the overall purpose of
making rent for low-income households more affordable.
Geospatial datasets for these affordable housing pro-
grams are publicly available from the HUD-eGIS
Storefront (43). Therefore, they have been selected for
analysis in this study.

The Qualified Allocation Plan (QAP) is the federally
mandated standard for evaluating all housing projects
that apply the federal LIHTC program (44). Each state
in the U.S.A. is required to design and implement a
QAP, which specifies the sociospatial selection criteria
that are applied to affordable housing for low-income
people (44, 45). For example, three points will be
awarded to a housing building if it is located within 1,500
feet of a regular public bus stop or rapid transit system
stop in some states (45). Because many low-income peo-
ple depend on transit for their transportation needs (46),
scoring criteria related to transit accessibility (e.g., prox-
imity to transit stops and transit access to jobs) are used
in some states, for example, California, Connecticut,
Virginia, and Georgia (45, 47).

Background to the Case Studies

Previous studies on transit accessibility and housing
affordability primarily focused on dense cities with
robust transit networks, for example, recent studies of
Baltimore (12), Chicago (48), San Diego (49), Orange
County, California (50), and Houston (51). However,
additional research on low-income populations living in
lower-density heavily automobile-oriented cities, such as
those in Tennessee, is needed. According to the U.S.
Census Bureau, about 60% of transit commuters in
Tennessee are low-income workers earning less than
$24,999 per year (52), which suggests that transit plays a
vital role in providing critical transportation services to
low-income communities.

Moreover, this paper is particularly relevant for
Tennessee because the Tennessee Housing Development
Agency’s most recent QAP for low-income housing credits
does not consider transit access in the process of allocating
credits for affordable housing (53). This suggests there is a
need to develop a method for systematically evaluating the
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transit accessibility levels of existing affordable housing
units that policymakers and practitioners can use. The pro-
posed case studies demonstrate the significance of the
work and its potential applicability to other urban areas in
the U.S.A. that are facing similar issues.

This research focuses on three large cities in
Tennessee, namely, Nashville, Chattanooga, and
Memphis, which all have predominantly automobile-
oriented transportation systems with bus-based public
transit systems. However, these three cities differ from
one another with regard to population size, housing poli-
cies, demographics, and economic characteristics.
Nashville is a very large population center that has expe-
rienced significant economic growth and gentrification
over the last decade, and it currently ranks as the 21st
most populous city in the U.S.A. according to the most
recent data from the U.S. Census Bureau (54). It should
also be noted that PH is not included among the afford-
able housing programs in Nashville. Chattanooga is a
relatively small city that in recent years has experienced
economic growth and gentrification, particularly in its
downtown area (55). Compared with the other two cities,
Memphis has a higher rate of poverty, a higher rate of
crime, and a slower rate of economic growth (54, 56).

In the remainder of this paper, the transit equity of
existing affordable housing programs in these three cities is
first evaluated and compared between cities. Then, for each
city, specific affordable housing locations with inequitable
transit accessibility are identified and ranked by inequity
index values. Finally, a specific affordable housing location
in the city of Memphis is selected to demonstrate the pro-
cess of proposing and evaluating short-term modifications
to the transit service.

Data

This section discusses the data used to measure the tran-
sit accessibility and transit equity of affordable housing
units. Figure 1 presents maps of the three case studies,
including the transit network (shown as green lines), the
locations of affordable housing (including LIHTC,
Multifamily, and PH), and the total number of housing
units in each census block.

Origins Data (Affordable Housing Locations)

The affordable housing programs selected for this study
are LIHTC, Multifamily, and PH. Geocoded affordable
housing locations with the number of housing units were
extracted from HUD (43).

Destinations Data (Jobs Locations)

Various datasets provide job information nationally
or regionally. The Longitudinal Employer–Household

Dynamics Origin–Destination Employment Statistics
(LODES) dataset provides the home and work locations
of employed people living in the U.S.A. at the census
block level, and is commonly used to obtain information
about workers and jobs (17–19, 57). For this study, the
geospatial locations of the jobs were obtained from the
latest version of LODES, that is, 2018. Because more
recent data were not available, it was assumed that job
locations were stable from 2018 to 2022.

Transit Network

GTFS data have been applied in previous literature on
transit accessibility to estimate travel times from one
point to another at different times of the day (58).
Furthermore, the standardization of GTFS data makes
it possible to analyze transit accessibility between

Figure 1. Maps of the three study areas (Nashville, Memphis,
Chattanooga) showing the transit networks, locations of
affordable housing, and the total number of housing units in each
census block.
Note: MATA = Memphis Area Transit Authority; CARTA = Chattanooga

Area Regional Transportation Authority; LIHTC = Low-Income Housing

Tax Credits; PH = Public Housing.
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different cities (14, 59). The GTFS datasets, including
static transit schedules and geospatial transit networks in
2022 for three Tennessee cities (Nashville, Memphis, and
Chattanooga), were collected from the Nashville
Metropolitan Transit Authority (WeGo), Memphis Area
Transit Authority (MATA), and Chattanooga Area
Regional Transportation Authority (CARTA).

Geographic Layer for Measuring Citywide Transit
Accessibility

To measure the transit accessibility for citywide total hous-
ing units, the 2020 TIGER/Line shapefile of census block
boundaries (the most detailed level recording the number
of housing units) was obtained (60). The origins for mea-
suring citywide transit accessibility are grid cells (with a
resolution of 306m [1002 ft] cell width [measured at the
equator] or 216m [709 ft] cell width [measured at the 45�
latitude]). The transit accessibility for total housing units
within a census block was derived by calculating the aver-
age transit accessibility of each grid cell within the block.

Methodology

This section discusses the proposed method. Figure 2
shows the conceptual framework, which is divided into
three steps. Step 1 measures the transit accessibility of
affordable housing locations and the citywide transit

accessibility of all housing units in a city. Step 2 evaluates
the transit equity of affordable housing programs at the
city level by applying Lorenz curves and Gini coefficients,
and it also identifies specific affordable housing locations
within the city that have inequitable transit access by
applying a simple inequity index. Step 3 demonstrates the
process of proposing and evaluating possible transit ser-
vice changes that can be implemented in the short term
(e.g., for buses) for an existing affordable housing loca-
tion with a high inequity index.

Step 1: Measure Transit Accessibility

Figure 3 shows the configuration for measuring transit
accessibility using the Conveyal Analysis platform. Two
origin sets were used in the transit accessibility analysis:
one was affordable housing locations; the other was grid
cells of each of the three cities. The spatial resolution (cell
width) of grid cells is 306m (1002 ft) (measured at the
equator) or 216m (709 ft) (measured at the 45� latitude).
The following assumptions were made: transit vehicle
departures were between 7:00 a.m. and 10:00 a.m. on a
weekday; transit stops were accessed by walking; fixed-
route transit trips were taken with a maximum of three
transfers (considered to encompass most practical trips
[61]); and walking was used to egress from transit stops
to the destination. The maximum travel time was 60min,
which was selected because 74% of Tennessee’s transit

Figure 2. Conceptual framework of the methodology.
Note: MATA = Memphis Area Transit Authority; CARTA = Chattanooga Area Regional Transportation Authority; QGIS = Quantum Geographic

Information System.
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commuters travel for less than 60min to get to work
(52). The maximum walking time was set at 20min, and
the walking route followed the street network developed
by OpenStreetMap. A schedule-based algorithm in the
Conveyal Analysis platform calculated the number of
jobs accessible via walking and transit from each origin
at every minute between 7:00 a.m. and 10:00 a.m. and
then exported the median value of transit accessibility for
all minutes as the result.

This paper applied the cumulative opportunity mea-
sure, which calculated the number of jobs accessible via
transit from given origins within a specific time thresh-
old, as shown in Equations 1 and 2.

Ai =
X

j
Ojf Cij

� �
, ð1Þ

f Cij

� �
= 1, when Cij # t, else f Cij

� �
= 0 ð2Þ

where
Ai is the transit accessibility from origin i, Oj is the num-
ber of opportunities available at destination j, Cij is the
travel cost from i to j, and f Cij

� �
is an impedance func-

tion, which equals 1 when travel costs less than the given
time threshold t and equals 0 otherwise. In a pedestrian
access analysis, walking speed is generally assumed as
5 km/h (3mph) based on previous experience (16).

Step 2a: Evaluate Transit Equity of Affordable Housing
Programs at the City Level

The aim of this step is to (a) evaluate horizontal equity,
which investigates whether there is an equal distribution
of transit accessibility among affordable housing units in

different subsidized housing programs, and (b) evaluate
vertical equity, which determines whether affordable
housing programs provide more equitable transit accessi-
bility compared with the citywide total housing or ran-
domly selected housing units.

The transit equity of affordable housing programs at
the city level was evaluated by applying Lorenz curves
and Gini coefficients. Figure 4 shows an example of a
Lorenz curve for the transit accessibility distribution
among a population. The diagonal is the equity line,
which presents the equal distribution of cumulative tran-
sit access among the population. The curved line is an
example of a Lorenz curve, which represents an inequita-
ble distribution of transit access among the population.
In this example, 70% of the population share only about
15% of the population’s transit supply. The ratio of the
area between the equity line and the Lorenz curve (dot
shaded area m in Figure 4) divided by the total area
under the equity line (dot shaded area m plus slash
shaded area n in Figure 4) is mathematically presented
by the Gini coefficient (36).

Equation 3 shows the approximate mathematical cal-
culation of the Gini coefficient (62):

Gj = 1�
Xn

i= 1
Yi + Yi�1ð Þ � Xi � Xi�1ð Þ ð3Þ

where

� Yi is the cumulative proportion of the transit
accessibility, i= 0, . . . , n, Y0 = 0, Yn = 1,

� Xi is the cumulative proportion of the population,
i= 0, . . . , n, X0 = 0, Xn = 1, and

� Gi is the Gini coefficient for a sample j.

Figure 3. Configuration for transit accessibility calculation.
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In the case of measuring transit equity among afford-
able housing programs, the Lorenz curve represents the
cumulative distribution of transit-accessible jobs across
the citywide total housing and affordable housing units,
respectively.

To analyze the transit equity of affordable housing
programs at the city level, a hypothesis test was used to
determine whether the Gini coefficient of affordable
housing units was significantly different from the mean
Gini coefficient of randomly selected housing units in a
specific city. Citywide total housing includes houses,
apartments, mobile homes, groups of rooms, and single
rooms occupied or intended for occupancy as separate
living quarters (63). The number of housing units ran-
domly selected from citywide total housing was set
equal to the combined total number of housing units
in the three affordable housing programs (LIHTC,
Multifamily, PH) in that city. Fifty random samples
were created for each city. The hypothesis test applied
the 99% confidence interval and the two-tailed t-test.
The null hypothesis H0 was that the mean Gini coeffi-
cient of randomly selected housing units is equal to the
Gini coefficient of affordable housing units, and the
alternative hypothesis H1 was that the mean Gini coef-
ficient of randomly selected housing units is not equal
to the Gini coefficient of affordable housing units.

Based on the context of this study and the objectives
for this step of the method, a desirable outcome with
regard to vertical equity would be that the Gini coeffi-
cients are lower for affordable housing units compared
with the citywide total or randomly selected housing,
and that the Lorenz curve of affordable housing units is
closer to the equity line (above the Lorenz curves of city-
wide total housing or randomly selected housing).

Step 2b: Evaluate Transit Equity of Specific Affordable
Housing Locations within the City

The next steps uses the simple inequity index shown in
Equation 4. The numerator (the percentage of housing
units for a specific location i) was defined as the number of
affordable housing units at location i (e.g., within a large
apartment complex) divided by the total number of afford-
able housing units in the city. The denominator (the per-
centage of jobs accessible with a 60-min transit trip) was
defined as the number of transit-accessible jobs from the
affordable housing location i divided by the cumulative
number of transit-accessible jobs in all affordable housing
locations within the city. This inequity index is a straight-
forward measure of the relative relationship between tran-
sit demand and transit supply and can be easily applied in
practice. A higher inequity index indicates a higher demand
(a higher number of affordable housing units) and a lower
transit supply (a lower number of transit-accessible jobs).

Inequity indexi =
Percentage of affordable housing units at location i

Percentage of transit accessible jobs within a given time threshold at location i
ð4Þ

Step 3: Propose Transit Service Modifications for
Affordable Housing Locations with a High Inequity
Index

Step 3 aims to propose short-term transit service changes
that can easily be applied in practice to existing afford-
able housing locations with limited transit access. Within
the Conveyal Analysis platform, the following transit
service modification types can be selected: converting fre-
quency; adding a trip pattern; adjusting dwell time;
adjusting speed; removing stops; removing trips; and
rerouting (64). The ‘‘converting frequency’’ modification
can modify the transit vehicle’s headway by editing the
timetables. The ‘‘adding a trip pattern’’ modification
enables new trip patterns to be added to a scenario. The
‘‘adjusting dwell time’’ modification allows for changes
in the dwell time at a specific stop or along a route. The
‘‘adjusting speed’’ modification can adjust the transit
vehicle’s speed on an entire route or just a route segment.
The ‘‘removing stops’’ modification can remove some of
the stops from a route. The ‘‘removing trips’’ modifica-
tion is used to remove entire routes or remove specific

Figure 4. Example of Lorenz curves of transit accessibility
distribution among a population.
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trip patterns on a particular route. The ‘‘rerouting’’ mod-
ification can be used to represent detours, extensions,
and curtailments (64).

The surrounding road network and nearby transit ser-
vices were investigated before selecting one or more of
these transit service changes in the software. For exam-
ple, increasing the frequency would be selected if the
walking distance to the nearest transit stop from the
housing unit was relatively short but the headway of
transit service was poor. For the specific affordable hous-
ing locations under consideration, various transit service
modifications can be selected from this list and then ana-
lyzed in relation to a ‘‘comparison scenario’’ as the base-
line. For the example used in this paper to demonstrate
the method, the ‘‘converting frequency’’ modification
was selected. Then, the transit accessibility level from the
affordable housing location under the new scenario (e.g.,
increased transit frequency for the example shown in the
results section) was calculated by applying the method
described in Step 1. The platform then provides an iso-
chrone map and numerical outputs for the change in the
number of accessible job opportunities after each transit
service modification. This simulation process in the
Conveyal Analysis platform makes it easy to evaluate
many different possible transit modifications before one
is selected for implementation.

Case Studies and Results

This section presents the results of the three-step method
applied to the case studies of Nashville, Memphis, and
Chattanooga.

Results of Step 1: Transit Accessibility Results

Figure 5 provides a visual representation of the distribu-
tion of transit accessibility levels at all affordable hous-
ing locations by displaying citywide transit accessibility
levels and affordable housing locations in the three cities.
The darker the purple area, the lower the transit accessi-
bility in that area. Transit accessibility was grouped by
quantile (equal count) classification. The housing loca-
tions of LIHTC units, Multifamily units, and PH units
are shown as yellow circles, red circles, and blue circles,
respectively. As can be seen from the figure, compared
with other cities, Nashville had the greatest range of var-
iation in transit accessibility throughout the city, which
may be related to Nashville being a consolidated city/
county that also contains large areas of rural and unde-
veloped land. It should also be noted that compared with
Chattanooga, Memphis had more affordable housing
units.

These maps suggest that even though the majority of
affordable housing was located in green areas with

relatively good access to transit, there was still some
located in purple areas with relatively low access to
transit.

Results of Step 2a: Lorenz Curves and Gini Coefficients

Table 1 shows the results of transit accessibility calcula-
tions and the Gini coefficient for citywide total housing,
random samples, and affordable housing units in
Nashville, Memphis, and Chattanooga. The number of
housing units randomly selected from citywide total
housing is equal to the combined total number of afford-
able housing units in all three housing programs
(LIHTC, Multifamily, PH) in that city. Generally, on
average, affordable housing units had a higher level of
transit accessibility than both citywide total housing and
randomly selected housing units. Comparing the Gini
coefficient of each affordable housing program sepa-
rately, transit accessibility was more equitably distributed
among Multifamily units than among units of other pro-
grams (LIHTC or PH). In Memphis and Chattanooga,
the distribution of transit accessibility of the combined
total of affordable housing units was less equitable than
that of affordable housing units in any single program.
This result indicates that transit resources were unevenly
distributed among different affordable housing programs
in Memphis and Chattanooga. This same result is shown
in Figure 6, in which the red solid line, which represents
the Lorenz curve for combined affordable housing pro-
grams, lies below all dashed lines that represent the
Lorenz curves for LIHTC units, Multifamily units, or
PH units for Memphis and Chattanooga, whereas it lies
between the two dashed lines for Nashville. The closer
the Lorenz curve is to the equity line, the more equitable
the transit accessibility distribution.

Table 2 provides the hypothesis test results within the
99% confidence interval and two-tailed t-test. The results
of rejecting the null hypotheses and comparing the Gini
coefficients indicate that transit access is distributed more
equitably among each affordable housing program than
if the housing units were randomly distributed within the
city (with the exception of LIHTC units in Nashville).
Given the results in Table 1, the Gini coefficient of the
combined total of the affordable housing programs is
higher than the sample mean of random housing units in
Memphis, suggesting that transit accessibility is distribu-
ted less equitably among affordable housing units than if
the housing units were randomly selected; however, the
opposite is true for Nashville and Chattanooga. This sug-
gests that affordable housing units in Memphis may be
more dispersed, with some housing in areas with good
transit access and other housing in areas with poor tran-
sit access, and that some of the affordable housing loca-
tions may have high levels of transit inequity.

Guo et al 9



Figure 5. Transit accessibility and affordable housing locations in three cities: (a) Nashville, (b) Memphis, and (c) Chattanooga.
Note: LIHTC = Low-Income Housing Tax Credits; PH = Public Housing.
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Results of Step 2b: Identify Affordable Housing
Locations with Inequitable Transit Accessibility

Next, the inequity index was calculated for each afford-
able housing location within the city to identify specific
locations that have inequitable transit access. Table 3
lists the five affordable housing locations with the high-
est inequity indices in each of the three cities. Overall,
among these affordable housing locations, Nashville had
a higher level of inequitable transit accessibility.

Figure 7 shows the five affordable housing locations
listed in Table 3 on a map for each city; also included are
the transit network (stops and routes) and transit accessi-
bility levels (shaded in green to purple, as in previous fig-
ures). Figure 7 reveals that many of the affordable
housing locations that scored poorly on the inequity
index were in areas with low transit accessibility that also
had substantial walking distances to the nearest transit
stop. For affordable housing located away from transit
stops, rerouting or extending transit routes may be a rea-
sonable modification to improve accessibility. However,
rerouting is dependent on funding, requires long-term
planning, and can diminish overall transit operational
efficiency. For affordable housing locations near transit
stops (e.g., Wesley Highland Meadows in Memphis,
shown in Figure 7b), the limited transit service frequency
may be the cause of low transit accessibility levels, and a
short-term schedule modification that increases fre-
quency can be applied to improve transit accessibility in

practice. In the following example, the results of Step 3
illustrate the process of proposing and evaluating a
short-term schedule modification (specifically, increasing
frequency/decreasing headway) to an existing affordable
housing location with a high inequity index.

Results of Step 3: Propose and Evaluate Transit
Service Modifications for Existing Affordable Housing
Locations with a High Inequity Index

This section demonstrates the process of proposing and
evaluating transit service modifications for a single
affordable housing location in Memphis known as
Wesley Highland Meadows. One of the reasons this
affordable housing location was chosen for in-depth study
is that modifications to the nearest transit route (#40)
have already been proposed in a local planning document
known as the Memphis Transit Vision (65). The Memphis
Transit Vision includes a redesign of the existing transit
system and was produced with significant involvement
from the public, stakeholders, and elected officials who
believe that if it were to be funded, the proposed transit
system redesign will significantly improve transit accessi-
bility to jobs (65). The Wesley Highland Meadows exam-
ple was chosen not only to demonstrate the methodology
for researchers, but also to show its real-world use in
assisting transit agencies, local planners, and policy-
makers to assess proposed transit modifications.

Table 1. Results of Transit Accessibility and Gini Coefficient

Housing types Number of housing units Average transit accessibility Gini coefficient

Nashville
Citywide total housing 316,363 116,979 0.8370
Random samples 15,509 117,123 0.8338
Combined affordable housing programs* 15,509 160,665 0.7039
LIHTC 6,482 144,222 0.8350
Multifamily 9,027 204,414 0.4299

Memphis
Citywide total housing 286,713 64,101 0.7230
Random samples 26,657 64,473 0.7241
Combined affordable housing programs 26,657 93,270 0.8950
LIHTC 15,602 76,890 0.6817
Multifamily 6,905 64,635 0.6379
PH 4,150 96,745 0.6703

Chattanooga
Citywide total housing 85,266 46,719 0.7711
Random samples 6,099 46,650 0.7646
Combined affordable housing programs 6,099 53,140 0.7154
LIHTC 2,267 68,173 0.5138
Multifamily 1,685 57,643 0.4502
PH 2,147 51,959 0.4596

Note: LIHTC = Low-Income Housing Tax Credits; PH = Public Housing.
*Nashville does not have PH.

Guo et al 11



Figure 8 shows a map of Wesley Highland Meadows
relative to the nearby MATA Route 40 (red line), the
nearby transit stops (black squares), and the walking path
between the closest transit stop and the affordable housing
location (black dashed line). Wesley Highland Meadows is
0.4mi (8min walking) from the nearest transit stop, indi-
cating relatively good spatial access to transit. Route 40
has a headway of 90min during the a.m. peak hour (7:00
a.m. to 10:00 a.m.), during which three buses depart from
and two buses depart toward the downtown direction.
Therefore, it could be concluded that a large headway of
transit vehicles may be one cause of low accessibility levels.

The draft recommended transit network developed by
the Memphis Transit Vision proposes decreasing the
headway of Route 40 from 90min to 60min. Therefore,
in this example, the proposed transit service modification
is to decrease the headway of Route 40 during the a.m.
peak hour from 90min to 60min, which increases the
number of trips departing from Wesley Highland
Meadows from five (three in one direction and two in
the opposite direction) to seven during the a.m. peak
hour (which is an additional trip in either direction).

The results of this transit service modification are dis-
played in Figure 9, which shows overlapping isochrones,
in which blue indicates the isochrones under the baseline
scenario (with the existing transit service) and red indi-
cates the isochrones under the comparison scenario (with
increased frequency/decreased headway). The location of
Wesley Highland Meadows is indicated as a blue icon in
Figure 9. The red isochrone covers a larger area than the
blue isochrone, which means that people from Wesley
Highland Meadows can travel farther within an hour
under the improved transit network. Specifically, people
from Wesley Highland Meadows can reach 6,400 jobs (as
opposed to just 135 jobs) within an hour after decreasing
the headway of Route 40 from 90min to 60min during
the a.m. peak hour. The results suggest that a short-term
transit service change can substantially improve the tran-
sit accessibility from this affordable housing location.

Discussion and Conclusions

In this study, a three-step method for evaluating the tran-
sit equity of existing affordable housing units was pro-
posed, with case studies from Nashville, Memphis, and
Chattanooga in Tennessee. All these cities have primarily
bus-based transit systems. Transit accessibility is not con-
sidered in the process of allocating LIHTC for affordable
housing planning in Tennessee (53). This suggests there
may be a need to develop a systematic method for policy-
makers and practitioners to evaluate the transit accessi-
bility levels of existing affordable housing units.

In Step 1, affordable housing and transit accessibility
were visualized. In Step 2a, the results of the Gini coeffi-
cient showed that the overall transit accessibility of the
combined total of affordable housing units (in the
LIHTC, PH, and Multifamily programs) in Memphis
and Chattanooga was less equitable than that of the
affordable housing units in any single program. The city-
wide evaluations suggested that transit accessibility levels
were distributed less equitably among affordable housing
units (a Gini coefficient of 0.895 for the combined total
from three housing programs) than randomly selected
housing units (with a Gini coefficient of 0.724) in
Memphis. The aforementioned findings show that the
transit equity of affordable housing units in different cit-
ies within a state can vary.

Figure 6. Transit accessibility Lorenz curves by type of affordable
housing programs in three cities: (a) Nashville, (b) Memphis, and
(c) Chattanooga.
Note: LIHTC = Low-Income Housing Tax Credits; PH = Public Housing.
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Step 2b identified Wesley Highland Meadows in
Memphis as an affordable housing location with a high
inequity index of 963 because residents at this location
could only reach 135 jobs within an hour using transit;
however, there is a high potential demand for transit
(specifically, 200 affordable housing units at this loca-
tion). It is important to note that the goal of this step is
to compare transit access (supply) and the number of
affordable housing units (potential demand) between dif-
ferent existing affordable housing locations to identify
those locations with the most inequitable transit access.
By identifying these locations and bringing them to the
attention of the relevant authorities, planners and policy-
makers can give greater priority to serving neighbor-
hoods with high levels of affordable housing when
making future transit service changes.

In Step 3, a frequency/headway modification (specifi-
cally, decreasing the headway of Route 40 from 90min
to 60min during the a.m. peak hour) was proposed for
the Wesley Highland Meadows location. It should be
noted that the transit modification evaluated in this
study aligns with local planning recommendations in a
proposed Transit Vision for the city of Memphis. After
modification, the number of jobs accessible via transit to
the housing location was shown to increase from 135 to
6,400. The results of the three-step method suggest that
short-term transit service changes can improve the transit
accessibility of existing affordable housing locations with
limited transit access.

This paper contributes to the literature by proposing a
three-step method that helps transit agencies and their
partners to (a) assess the transit equity of affordable
housing programs at the city level, (b) evaluate the transit
equity of specific affordable housing locations within a

city, and (c) consider possible transit modifications
before actual implementation. It is noted that the method
relies primarily on open datasets; specifically, GTFS data
and geospatial affordable housing locations from HUD
make this method widely applicable to other regions of
the U.S.A. that have fixed route transit service.

Policy Implications

The three-step method presented in this study provides
useful insights for housing authorities and transit agen-
cies that can help guide their efforts toward enhancing
transit equity and serving their local communities.

This study offers transit agencies a framework for asses-
sing the equity of transit services for low-income groups,
aligning with the Federal Transit Administration’s over-
arching objectives that seek to integrate environmental jus-
tice goals into programs, policies, and activities (66). By
identifying affordable housing locations with higher
demand and lower transit supply, transit providers can
then prioritize the service to these communities when mak-
ing transit planning decisions. This approach could help
improve transit access for residents in these areas, poten-
tially leading to better mobility and connectivity. The pro-
posed approach may be useful for housing authorities in
evaluating the transit accessibility of affordable housing
locations at both the citywide and location-specific level,
particularly in instances in which transit access is not
already incorporated into the federally mandated QAP.

It is important to note that efforts to coordinate tran-
sit service planning and affordable housing development
are ongoing in many U.S. cities. For example, transit
agencies in Raleigh, North Carolina and Austin, Texas
each have plans to preemptively acquire land adjacent to

Table 2. Transit Equity Hypothesis Test within 99% Confidence Interval

Combined affordable housing programs LIHTC Multifamily PH

H0 mG = GAHs mG = GLIHTC mG = GMultifamily mG = GPH

H1 mG 6¼ GAHs mG 6¼ GLIHTC mG 6¼ GMultifamily mG 6¼ GPH

In Nashville: n = 50, �x= 0:833815, s= 0:019478
t-value 46.689483 -0.425891 145.160974 NA
p-value \0.00001 0.672052 \0.00001 NA
Result Reject H0 Do not reject H0 Reject H0 NA

In Memphis: n = 50, �x = 0:724131, s= 0:015135
t-value -79.028206 19.624625 39.88245 24.89721
p-value \0.00001 \0.00001 \0.00001 \0.00001
Result Reject H0 Reject H0 Reject H0 Reject H0

In Chattanooga: n = 50, �x = 0:764597, s= 0:032522
t-value 10.589294 53.981842 67.671158 65.647894
p-value \0.00001 \0.00001 \0.00001 \0.00001
Result Reject H0 Reject H0 Reject H0 Reject H0

Note: LIHTC = Low-Income Housing Tax Credits; PH = Public Housing.

NA = No Public Housing in Nashville.
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transit corridors for affordable housing development.
Both cities have dedicated funding to minimizing the dis-
placement of existing affordable housing units near new
transit developments. The Equitable Development
around Transit plan in Raleigh uses zoning around tran-
sit stations to encourage the development and preserva-
tion of affordable housing units. This type of policy
could be considered in other cities to facilitate the coor-
dination of affordable housing and transit services in the
future (67, 68).

It is also important to highlight the ongoing efforts of
many transit agencies to evaluate transit equity, includ-
ing those in the case studies evaluated in this paper.
For instance, in Nashville, the WeGo transit agency reg-
ularly employs the Transit Boardings Estimation and
Simulation Tool to assess transit equity for minority and
low-income populations, typically as part of the Title VI
service equity analysis (69). However, WeGo transit
planners have noted in a recent survey that the percent-
age change in access to jobs could serve as a suitable
accessibility metric for analyzing the impact of proposed
service plans under their Better Bus initiative (69). They
further expressed a desire to incorporate transit accessi-
bility into their planning activities in collaboration with
key community partners in the future (69). This study
proposes an approach that could be utilized by transit
agencies such as WeGo in Nashville for assessing the
impact of transit modifications while promoting coordi-
nation between transit planning and local partners, par-
ticularly housing authorities.

Broadly speaking, it is generally recommended that
local transit agencies and housing authorities in the
U.S.A. coordinate transit planning and affordable hous-
ing development. For example, transit agencies could
give priority to affordable housing communities when
planning new transit services and/or offer free or dis-
counted fare programs to encourage affordable housing
residents to take transit. In addition, housing authorities
could consider locating new affordable housing construc-
tion in areas with good transit access. Other planning
and policy options could also be considered to facilitate
housing and transit coordination in the future.

Limitations and Future Research

There are some notable limitations of this study, includ-
ing the following: the applicability to other areas beyond
the U.S.A.; the absence of low-wage jobs in the transit
accessibility indicator; the lack of a decay function for job
attractiveness; and potential competition between afford-
able housing residents in the transit accessibility measure.

First, the applicability of the method proposed in this
study may be limited to the U.S.A. because housing poli-
cies, transit planning practices, and the availability ofT
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Figure 7. Top five affordable housing locations with limited transit access in three cities: (a) Nashville, (b) Memphis, and (c) Chattanooga.
Note: LIHTC = Low-Income Housing Tax Credits; PH = Public Housing; MATA = Memphis Area Transit Authority; CARTA = Chattanooga Area Regional

Transportation Authority; Apts = Apartments.
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data vary significantly between different countries. The
next two limitations are associated with different fac-
tors that can lead to variations in the results of the tran-
sit accessibility analysis, potentially influencing the
conclusions.

A second limitation relates to the selection of the des-
tinations in the calculation of transit accessibility levels.
Some studies suggest that people living in low-income
communities are more likely to work in or be qualified
only for low-wage jobs (70–72). The absence of an analy-
sis of transit accessibility to low-wage job destinations
could lead to an underestimation of the transit inequity
issues faced by affordable housing units because their
residents are typically low-income individuals and may
be more likely to be employed in low-wage jobs. The goal
of this paper was to provide a general understanding of
transit accessibility to all jobs from affordable housing
locations; however, future research should consider the
unique challenges faced by individuals in low-wage jobs.

Additional limitations pertain to the type of transit
accessibility measure used in this study. The use of the

cumulative opportunity measure did not consider the
decay function of job attractiveness or the potential com-
petition between affordable housing residents and other
populations within the same area for available job oppor-
tunities. These limitations are particularly noteworthy
because previous research on travel behavior has shown
that individuals are less likely to travel to jobs that are
farther away. Previous research has also suggested that
competition for job opportunities may occur among low-
income people, with many of them potentially competing
for the same position. Consequently, this limitation may
result in an underestimation of the transit inequity faced
by affordable housing residents. Notably, the conclusions
drawn from any study are contingent on the measure of
transit accessibility employed, and different measures can
potentially yield varying results and implications (73, 74).

There are several areas in which future research could
contribute to a deeper understanding of transit equity in
affordable housing.

First, although providing access to jobs is an impor-
tant function of public transit, some travelers, especially
low-income populations who may be transit-dependent,
rely on transit to get to grocery stores, healthcare facili-
ties, schools, outdoor recreational areas, or other essen-
tial services (72). Therefore, transit access to other
essential services could be a future focus for research.

Second, this paper measured the transit accessibility
of fixed route bus service in dense urban areas. However,
on-demand services (e.g., dial-a-ride routes) are available
in many suburban and rural areas that do not have fixed
route service. Therefore, measuring access using on-
demand transit services among affordable housing units
could be considered in future research.

Third, the proposed method considered the impact of
transit service changes on the transit accessibility of a sin-
gle affordable housing location along the transit route;
however, future research could expand the method to
consider the impact of transit service changes on all
affordable housing locations in the vicinity.

Figure 8. Satellite view of Wesley Highland Meadows and the
surrounding road and transit networks.
Note: MATA = Memphis Area Transit Authority.

Figure 9. Overlapping isochrones before and after modifying the frequency of MATA transit route 40 for Wesley Highland Meadows.
Note: MATA = Memphis Area Transit Authority.
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Fourth, this paper proposed short-term transit modifi-
cations for existing affordable housing locations. Future
research could consider long-term coordination between
transit service planning and affordable housing develop-
ment (e.g., where to locate new housing developments).

In summary, this study highlights several significant
areas for future research. Moreover, the findings offer
important policy implications for practitioners seeking to
enhance transit equity and potentially improve the acces-
sibility of affordable housing locations. By implementing
this methodology, housing authorities and transit agen-
cies can work toward creating more equitable and con-
nected communities.
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