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Abstract: Understanding travel behavior and its relationship with built environment is crucial for
sustainable transportation and land-use policy-making. This study provides additional insights
into the linkage between the built environment and travel mode choice by looking at the built
environment characteristics at both the trip origin and destination in the context of transit-oriented
development (TOD). The objective of this research is to provide a better understanding of how travel
mode choice is influenced by the built environment surrounding both trip end locations. Specifically,
it investigates the effect of transit-oriented development policy and the way it affects people’s mode
choice decisions. This is accomplished by developing discrete choice models and consideration
of urban form characteristics at both trip ends. Our findings not only confirmed the important
role the built environment plays in influencing mode choice, but also highlighted the influence of
policies, such as TOD, at both trip end locations. Results suggest that the probability of choosing
transit and non-motorized modes is higher for trips originating and ending in TOD areas. However,
the magnitude of this TOD effect is larger at trip origin compared to destination. Higher residential
and employment densities at both trips ends are also associated with lower probability of auto and
higher probability of transit and non-motorized mode choices.
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1. Introduction

The relationship between the built environment and travel patterns have received significant
scholarly attention within the past few decades. Previous research suggests that changing the urban
form pattern to a more compact, transit-friendly, and mixed-use pattern will eventually result in lower
auto dependency and promote transit and non-motorized modes [1-4]. Among various policies to
promote transit ridership and cope with congestion, transit-oriented development (TOD) has become
popular recently; it has been implemented in many regions in response to issues associated with urban
sprawl and high auto dependency.

TOD offers many social, environmental, economic, and health benefits. It is associated with
high-density, mixed-use development and walkable design, which brings various opportunities closer
to residential locations, and facilitate walking, cycling, and transit mode choice [5]. Therefore, TOD
affects people’s travel behavior primarily through increasing mode choice alternatives and encouraging
transit and non-motorized modes. It is expected that people living in TODs have a more sustainable
and active lifestyle and less automobile dependency [5,6].
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Many researchers believe that the built environment pattern at both trip origin and trip destination
plays a role in changing travel patterns, by influencing travel attributes such as travel time, distance,
and mode of travel. Usually, in typical discrete mode choice models based on utility maximization
theory [7], variables included are mostly the traveler’s socio-demographic characteristics, and the
mode-specific attributes of travel, such as time, cost, and level of comfort; the effect of urban form at
trip origin and destination is usually neglected in such models. This results in these models being
under-specified and unable to fully explain the mode choice decision process, or the contributing
factors [8]. This study tries to overcome these limitations by: (1) constructing a multinomial logit
model for mode choice for Washington, D.C. metropolitan area, using built environment characteristics
at both trip origin and destination; and (2) investigating the effect of TOD at either trip origin or
destination on travel mode choice, and to see whether trips originated/ended in TOD areas have higher
probabilities of transit and non-motorized mode choice.

This research investigates the effects of built environment on mode choice in the context of TOD for
22,367 individuals making over 87,000 trips within Washington, D.C., and 19,664 individuals making
about 72,000 trips in the Baltimore metropolitan area. It considers the built environment characteristics
at both trip origin and destination—such as residential and employment densities, level of mixed
development, and street connectivity—in addition to controlling the households’ socio-demographic
factors and travel time utilities. A multinomial logit model is built using the 2007/2008 household
travel survey data for the Washington, D.C. and Baltimore metropolitan areas. The travel survey data
includes geocoded trip origin and destination location as well as other characteristics of each trip,
such as travel distance and time, trip purpose, and mode used on trip, as well as the characteristics of
the trip maker, such as age, gender, education level, income, car ownership, worker status, etc.

Based on all of the discussions above, the objective of this paper is to understand how the mode
choice decision is made in response to the built environment characteristics of both the trip origin
and destination, particularly if one or both trip ends are located within a TOD boundary. It makes a
comparison between two adjacent metropolitan areas and shows how mode choice behavior is different
in TOD areas of two metropolitan areas with different populations, transit network characteristics,
and land use patterns and provides additional evidence and lessons to learn by policy-makers and
planners who seek to evaluate and expand TODs throughout the nation.

The following section provides a brief review of past studies on the impacts of urban form on travel
behavior and more specifically, the influence of traveling to/from TODs, on mode choice decisions.
Next, we describe the research design, including the characteristics of the study areas, data sources
and processing, and methodology used to identify TODs, and investigate the mode choice patterns.
Finally, multinomial logit (MNL) model results are presented and discussed, followed by conclusions,
study limitations, and potential future research directions.

2. TOD and Travel Behavior in the Literature

TOD is generally defined as a neighborhood where people can access and use transit as easily
and conveniently as driving a private automobile to reach various destinations [9]. TODs have
many potential benefits highlighted in previous literature, such as promoting the use of transit and
non-motorized modes, increasing job accessibility, reducing auto dependency and traffic congestion,
and improving environmental air quality [10-12]. Several studies in the past have focused on
quantifying the benefits of TOD and its impacts on travel behavior, such as VMT [13,14], traffic
congestion [10,15,16], mode choice [11,17-19], and trip generation [20-22]. Many studies show that
people who live in TOD areas tend to use transit and non-motorized modes more, compared to those
living in non-TOD areas [13,23,24].

Travel mode choice analysis has received significant scholarly attention in previous literature.
Various factors identified in the previous literature to have significant impact on mode choice
decision-making are as follows: mode-specific factors, such as availability, cost, convenience, privacy,
safety, etc.; individual-specific factors, such as socioeconomic and demographic characteristics;
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environmental factors, such as urban form of the trip origin and destination; Trip-related characteristics
such as time of travel, purpose, trip distance, and origin/destination location of the trips; and attitudinal
factors such as health concerns, habits, cultures, etc. [25]. Among these factors, the urban form
characteristics have probably received the most scholarly attention [1,26-28]. Ewing and Cervero [26]
performed a meta-analysis of the effect of built environment and urban form on travel and argue that
mode choice is influenced by both the socioeconomic and demographic characteristics of the travelers
as well as the built environment pattern. Moreover, not all the urban form measures have the same
influence in terms of significance and magnitude on the choice of various modes. They argue that,
for instance, walking is mostly influenced by measures of land use diversity, intersection density,
and destination accessibility level within walking distance. On the other hand, transit mode choice is
influenced by service proximity and street network design variables, in addition to the degree of land
use diversity and parking availability and activity density around stations [26].

More recently, researchers investigated the effect of the built environment on mode choice through
some mediating factors such as car ownership and travel distance and suggested that built environment
has both direct and indirect effects on mode choice and confirmed that higher densities are associated
with lower probability of auto mode choice and higher probability of transit and walk mode choice [29].
Similar results were found in many other empirical studies within the past several years [30-32].

However, there has been limited recognition of the spatial characteristics of where a trip begins
and ends, and their impact on mode choice decision. Cervero [8] argued that “ ... the potential
effects of densities, land-use mixtures, and urban designs in and around trip origins and destinations
are left unsaid. This compromises the ability to test the possible transportation benefits of land-use
initiatives, be they transit-oriented development, infill housing, neo-traditional towns, or clustered
developments that promote efficient automobile circulation.” Within the past decade or so, several
studies tried to fill in this research gap by considering the effects of built environment characteristics
in their mode choice models [8,33-36]. However, due to many limitations, such as data availability
and lack of a reliable land use quantification system at an appropriate spatial unit of measurement,
the majority of these studies only looked at the urban form at trip origin (i.e., mostly at home location).
Very few studies considered the built environment characteristics of both home and work locations
and their influence on commute trips [1,8,32,35,37]. These studies all confirmed the importance of
consideration of land use characteristics at both trip ends in the utility-based mode choice models,
and suggested that people who travel to/from high-density mixed-use neighborhoods near rail transit
stations tend to drive less and take transit more. For instance, Ding et al. [35] investigated the built
environment effects of residential and workplace locations on mode choice using five major variables
of residential and employment density, land use mixture, average block size, and distance from the city
center. They found that employment density at workplace has a more important role than densities
at residential location [35]. Additionally, Shen et al. [38] investigated effects of rail transit-supported
urban expansion on commute mode choice in several Chinese cities and found that the proximity of the
residence location to rail stations and the population density in the work location are both significantly
and positively associated with the choice of rail transit as the primary commuting mode. However,
they also found that longer commuting distance is associated with higher probabilities of using transit,
rather than driving, to work [38].

However, as mentioned before, the majority of these studies excluded non-work trips (due to data
limitations), which are the majority of daily trips made in the U.S. According to NHTS 2009, 69% of
all trips made on weekdays and 90% of all trips made on weekends are non-work trips (compared
to 31% and 10% work trips, respectively) (Summary of travel trends: 2009 national household travel
survey) [39]. Thus, there is still significant research that needs to investigate the effect of the built
environment and transit accessibility on mode choice, considering all trip purposes.

Moreover, despite numerous research efforts suggesting that TODs increase the probability of
transit and non-motorized mode choice as they significantly improve transit accessibility and reduce
the time and cost associated with transit mode choice [40], there has been limited research specifically
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looking at the quantitative effects of recently-popular development policies—such as TOD—on mode
choice, looking at both trip origin and destination. Given the importance of effective evaluation
of TOD’s performance for planners and policy-makers, a more in-depth investigation on various
behavioral effects of TOD and other land use policies would be helpful for the future of urban
design policy making and analyses. That requires analyzing the effect of the built environment and
TOD—measured at both trip origin and destination—on mode choice.

In response to the existing research needs discussed above, this study investigates the effect
of built environment and transit-oriented design—at both trip ends—on travel mode choice via a
multinomial logit modeling approach. It contributes to the current literature by quantifying the effect
of land use measures, such as density, diversity, and design, as well as the effect of a transit-oriented
urban setting, on mode choice for both work and non-work trips. More importantly, it investigates the
effect of transit-oriented policy by directly adding the variables to the model, specifying whether trip
origin/destination is a TOD. The mode choice model is built based on socio-demographic characteristics
of the trip maker (i.e., age, income, household size, number of workers, car ownership, and bike
ownership), transit/auto travel time ratio (as a proxy for travel time utility), the built environment
characteristics at both trip origin and destination (i.e., residential density, job density, entropy,
and average block size), and a binary variable for TOD. The results of this study not only reveals the
effect of the built environment at both trip origin and destination on travel behavior, but also measures
the effect of TOD separately from other land use characteristics.

3. Research Design

3.1. Study Area

The Washington, D.C. metropolitan area consists of the District of Columbia, cities in Maryland
and Northern Virginia, and a small part of West Virginia. It is the fourth-largest metropolitan area in
terms of population and the most educated, highest-income metropolitan area in the country. According
to US Census 2013, the Washington, D.C. metropolitan area has the highest per capita income and
the third-highest household median income in the United States. The Baltimore-Columbia—Towson
metropolitan area, also known as Central Maryland, is located next to the Washington, D.C. metro area
and is well connected to it via road and transit networks.

Table 1 summarizes the characteristics of the study area in terms of population, size, and
socio-demographic attributes of residents compared to the entire nation. As it indicates, both
households” median income and per capita income in Washington, D.C. metropolitan area are above
the average for the whole nation. In terms of car ownership, which has proved to be one of the
key factors influencing mode choice, the Washington D.C. metro area has a 1% lower percentage of
zero-automobile households and households who own two and more automobiles. The percentage of
households who own one automobile is the same as that in the whole nation.

The Washington, D.C. metro area also has a very extensive and efficient transit network, with four
major rail transit systems (Washington, D.C. Metro line-WMATA, Maryland Commuter Rail-Marc,
Virginia Railway Express, and Amtrak high-speed train) and many bus transit systems. Together, these
systems connect the Capitol Hill/Downtown area to various parts of the District of Columbia, and
several jurisdictions in the states of Maryland and Virginia. Figure 1 below illustrates the location and
coverage of major rail transit lines in addition to the major highway network. As indicated, D.C.’s rail
transit system connects Washington, D.C., Baltimore, and major cities in Virginia, such as Arlington
and Fairfax. Promoting high-density and pedestrian-friendly development with a concentration of
various destination types (i.e., mixed-use development) around these transit stations is expected to
serve a large population living in these regions and encourage many transit trips to replace auto travel.
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Table 1. Washington, D.C. characteristics.

General Characteristics and Population/Employment Composition

Washington, D.C. Nation
Geographic area 3,860,676 * 2,461,037,520
2010 Population 5,582,170 312,471,327
2010 Employment 2,781,078 126,352,072
# workers 2,574,306 123,344,995
# Housing units 2,213,752 133,341,676
# households 2,208,782 133,031,550
Socioeconomic and demographic characteristics
Households” median income $57,291 $51,144
Per capita income $47,411 $26,964
# households that own zero automobiles, 2010 223,347 (10.1%) 11,938,791 (9.0%)
# households that own one automobile, 2010 739,940 (33.5%) 44,695,942 (33.6%)
# households that own 2+ more automobiles, 2010 1,245,495 (56.4%) 76,396,817 (57.4%)
% white population 54.8 72
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Figure 1. Washington, D.C. transit system map.
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The Washington, D.C. region has always been ahead of many other cities in the U.S. in terms
of TOD planning and implementation. The successful implementation of TODs in Arlington, VA,
Silver Spring, MD, and Columbia Heights, D.C. are a few examples. However, as it can be imagined,
each of these TODs had its own characteristics in terms of current status of immediate land use
around the stations and level of flexibility for redevelopment (as lands could be owned by government
agencies, local transit authorities, or private parties) and required different approaches to satisfy
the TOD requirements of high density mixed use developments and pedestrian-oriented designs.
Thus, although D.C. metropolitan area is very active in terms of TOD planning and implementation,
successful TODs have been achieved through varying approaches, customized based on area-specific
status and needs.

3.2. Data and Variable Calculations

This study employs various data sources, such as travel survey data, land use data, transit
station location data, and auto and transit travel time matrix data. The 2007/2008 household travel
survey data was obtained from Metropolitan Washington Council of Government (MWCOG) in
Washington, D.C. After removing observations with missing values, the data include around 87,000
trips made by 22,367 individuals living in the Washington, D.C. metro area with various backgrounds
and socio-demographic characteristics.

For each trip, the origin and destination location information is provided at the traffic analysis
zone (TAZ) level. Also, individual traveler’s information such as age, gender, race, and employment
status, along with household information such as household’s size, annual income, car ownership
status, number of workers, number of bikes available in the household, etc., is provided in the survey.

To calculate built environment characteristics associated with both trip ends, the most recent land
use data was obtained from MWCOG. Four major land use variables were calculated for the analyses;
residential density, job density, land use mix (entropy), and average block size (street connectivity).

In order to identify TOD areas, major rail transit station data for the Washington, D.C. metropolitan
area was obtained from the National TOD database, created by the Center for Transit-Oriented
Development (CTOD). This dataset includes exact XY coordinates for all fixed guideway transit stations
in the Washington, D.C. metropolitan area [41] (http://toddata.cnt.org/). Using the ArcGIS version 10.2
(Redlands, CA, USA) [42] spatial analysis tools, a half-mile buffer was created around each station to
represent the transit zone (TOD).

Travel time for auto and transit were calculated using the origin-destination (OD) skim matrices
from the MWCOG, which includes the network-based time required to travel between centroids of
each TAZ pairs in the area for auto and transit, separately. The travel times are calculated for peak and
off-peak periods separately and replaced in the data based on when the trips were made (for trips made
during peak/off-peak period, travel time for peak/off-peak hours is replaced). Additionally, to calculate
transit travel time between each TAZ pairs, access time, initial waiting time, transfer waiting time,
transfer walk time, and in-vehicle time are all considered. Walk travel time is also calculated based on
travel distance, and by using the average walking speed (3.1 mph) and detour factor (1.4), although it
is not included in the final model.

Three classes of explanatory variables were used in the model: (1) the ratio of travel time by
transit to travel time by auto (as a measure of utility of travel); (2) the trip-maker’s socioeconomic
characteristics such as age, income, gender, household size, car ownership, the number of workers
in the household, and number of bikes available in the household; and (3) land use characteristics of
both trip origin and destination location. Land use variables used in the model include residential
and employment densities, level of land use mix, and average block size at both trip origin and
destination. A binary variable to specify whether trip origin/destination was located in a TOD zone
was also included. Table 2 provides a list of variables used in the mode choice model, along with
definition, calculation process, and descriptive statistics. It divides the variables into four categories;
trip makers’ characteristics, built environment characteristics, TOD, and travel attributes. It also
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provides a summary of the number of trips originated or ended in TODs vs. trips with both trip ends
located in TODs. As it indicates, out of 86,824 trips in our analysis, 17,315 trips are either originated or
ended in TOD zones (which is only 20% of all trips we modeled). Very few trips occurred with both trip
ends located in TODs (2734), with a higher proportion of trips occurring between two different TODs
as opposed to the same TOD (1725 vs. 1009). Our descriptive analysis also indicates that of the 2734
trips with both trip ends in TODs, only 191 trips were made by transit, and about the same number of
trips were made by auto and walk/bike modes (1292 trips by auto and 1207 trips by walk/bike). Out of
1009 trips made within the same TOD, 291 were made by auto and the rest were made by walk/bike.
No trips were made by transit within the same TOD as it is expected (as we only considered rail
stations as TOD locations and it does not make sense to use transit unless you want to travel between
different stations).

Table 2. Variables and descriptions.

Variable Definition/Calculation Process Mean Std. dew.

Traveler’s characteristics

Age Age of trip maker 42.03 20.8
HH size # of people in the household 2.25 122
HH income Household’s annual income $60,000-$74,999 N/A
Cars # of cars available in the household 1.80 1.03
Workers # of employed household members 1.27 0.83
Bikes # of bikes available in household 1.13 1.50
Built environment characteristics
Res density Population/acre in each TAZ 7.61 10.99
Emp density Number of jobs/acre in each TAZ 13.18 53.06
Entropy Level of land use mixture * 0.42 0.24
Avg block size Level of street c‘onnectwl'ty/average 0.19 0.28
block size/sq. mile
TOD factor
TOD Binary variable; whether or not a TAZ is N/A N/A
TOD **
Travel attributes
Transit/Auto Ratio of transit travel time to auto travel N/A N/A
travel time ratio time between each OD pair
Trip statistics

# of trips originated from TOD 8571

# of trips destined in TOD 8744

# of trips with both ends in TODs 2734

# of trips occurred in the same TOD 1009

# of trips between two different TODs 1725

Total # of trips 86,824

I .
* Entropy =~} i I:((;;’ ) , ranges from 0-1. ** Detailed TOD identification method is provided in Section 3.3.

3.3. TOD Identification

Theoretically, TOD is defined as a neighborhood consisting of one major public transit station or
hub, surrounded by high-density development with a mixture of residential, employment, shopping
and civic uses, and lower-density development gradually spreading outward from the center [43].
In practice, many TOD studies defined TOD boundaries using a half-mile buffer around selected transit
stops [6,44-46].
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When TODs are identified, it is important to distinguish between TODs and TADs. TAD
(transit-adjacent development) is identified as a failure of TOD, characterizing as a transit center
surrounded by mostly homogenous land use patterns, poorly-connected streets, and relatively low
densities that are characterized as auto-dependent [5,6,47,48]. Regrettably, many researchers in the
past misleadingly treated TADs as TODs, ignoring the fact that about 60% of rail transit stations in
the U.S. do not have the required features to be called TOD, rather they are more like TADs [5,49].
Failure to take into account other characteristics, such as high density, convenient and connected streets,
and diversified land use patterns, into the TOD identification process would result in misleading
results about the various impacts of TOD on travel behavior, traffic congestion, and the environment.

A few studies in the past tried to distinguish between TODs and TADs by considering one
or more land use characteristics, such as residential and employment densities, street connectivity,
and mixed-use development [5,13,49-52]. In addition, some studies considered housing affordability
as an important factor to consider when identifying TODs [20].

We adapted a methodology first introduced in Nasri and Zhang [13]. They proposed a mathematically
rigorous definition to quantitatively measure TODs and their boundaries based on the level of transit
accessibility, as well as consider some important land use features required in TOD planning and
design [13]. We chose this identification method as it clearly differentiates between TOD and TAD by
taking into account measures such as density, street connectivity, and mixed-use pattern. Moreover,
this methodology is easy to use and apply to various regions, as it is based on transit accessibility and
zone-level built environment measures, which are easy to calculate in different metropolitan areas and
regions. It identifies TODs as a single or a combination of adjacent geographical zones, where each zone
meets the following requirements:

Z; € TOD if
Z; ‘ > Az;g o) Z; > Avg
Residential Residential Employment Employment
BZi <B Avg 1)

Rank,""™" /n > 0.30

Z; € Uy <icyBall,

where:

Zi
Residential
Dé"nploymm . = Employment density of Z; = employment/area (acre)
Avg
Residential
Avg
Employment

Bz, = Average block size of Z; (sq. mi)

= Residential density of Z; = residential population/area (acre)

= Average residential density for the entire metropolitan area

= Average employment density for the entire metropolitan area

Bayg = Average block size for the entire metropolitan area
Rank?tmp ¥ is the rank of Entropy (Z;) when sorted decreasingly according to entropy

BallOTf5 is the circle of radius 0.5 mile around point T;
T;, 1 <i < nis the point where the transit station is located

Figure 2 below shows the location of TOD zones with respect to the major road network in
Washington, D.C. metropolitan area. As it indicates, the majority of TODs are located inside the I-495
Capital Beltway which covers the Central D.C. and Capitol Hill region. There are TODs located in
other parts such as College Park, Rockville, and Silver Spring in Maryland and Arlington and Fairfax
in Virginia as well.
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Figure 2. TOD locations in Washington, D.C. metropolitan area.

Using data sources described in the previous section, the four built environment measures have
been calculated for each zone; spatial analysis techniques were used to overlap the geocoded rail
transit station data and the built environment measures in order to identify the transit stations with the
specified urban form required to qualify as TODs. The results have been used in the model as a binary
variable called TOD, with a value 1 for the TAZ to be considered as a TOD area and zero otherwise.

3.4. Mode Choice Models

Discrete choice models and specifically, multinomial logit (MNL) models based on random utility
maximization, have been widely-used for mode choice studies in previous literature. These models
have a simple mathematical framework and are relatively easy to estimate [29]. The MNL model is
based on three main assumptions: (1) alternatives are independent from each other; (2) individual’s
choice error terms are independent; and (3) the error associated with each individual is assumed to be
normally distributed [53].

To test the hypothesis that trips that originate and/or end in TOD areas have a higher probability
of being made by transit or non-motorized modes, the discrete choice model was developed for the
Washington, D.C. metropolitan area. MNL was chosen and the utilities were calculated for each
mode alternative. In this process, a random utility model is designed to predict the choice of an
individual n» among a discrete set of alternatives. It is assumed that each individual associates a utility
to each available alternative and eventually, chooses the alternative with the highest utility. Utility is
a unit-less measure of how much benefit individual n receives for choosing a particular alternative.
Utilities calculated for each mode are used to obtain the probability of individual n selecting a specific
alternative mode. The alternative mode with the highest utility is the most likely to be chosen by
an individual. The utility associated by individual # to alternative i, denoted by U, is a random
variable so that:

Uin = BVin + €in )

where:

U;,, = the utility of alternative i to individual n

Vin = aset of socio-demographic characteristics of individual n, travel time ratio, and built environment
characteristics of trip ends’ locations

B = a set of coefficient weights for the independent variables

&jp = error term
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The probability that individual n chooses alternative i is given by:
Uiy

P =
Y et

7

®)

where:

P; ,, = the probability that alternative i is selected by individual
U;;, = the utility of alternative i to individual n (calculated in equation above)
J = the total number of alternatives (in our case it is 4)

The maximum likelihood estimation (MLE) was used to calculate the MNL coefficient weights.
It is done by using the observed records (the mode chosen in any of the trips recorded in the dataset) to
calculate the set of coefficients that could re-produce the observed mode choice for each individual trip
maker (with specific characteristics associated with it) in the most accurate way. The MLE maximizes
the log likelihood function, which is calculated as:

logL(8Ix) = ) Pu(6Ix) @)
where:

logL = the log likelihood of a set of parameters 0 given outcome x
P = the probability of the observed outcome choice x given the set of parameters 0 for the set of
observed individuals #.

The process of calculating the log likelihood continues with iterations until the maximized value
is obtained. Modes included in the model are transit, auto, walk/bike, and other (treated as base in the
model specification). Biogeme software was employed to run the MNL models. It is an open source
software designed for the maximum likelihood estimation of parametric models, and in particular,
discrete choice models [54].

4. Results and Discussion

Table 3 summarizes the results of the final MNL mode choice model after many iterations.
As it indicates, the choice of travel mode is significantly influenced by both socio-demographic
characteristics of travelers as well as the land use pattern, at both trip origin and destination. The ratio
of transit travel time to auto travel time has a significantly negative association with all modes (except
for auto mode, which is not statistically significant). However, the coefficients for the walk/bike mode
are larger in comparison. It implies that the higher the ratio of time it takes to travel from one point to
another by transit to that by auto, the lower the probability of choosing transit and walk/bike modes
for that specific trip. The age of the traveler also has a significant positive effect on all modes, with the
coefficient of auto being slightly larger than the other two modes; the older the traveler, the higher the
chance of driving, as opposed to taking transit or walking to reach destinations. Household income
significantly and positively influences auto and non-motorized mode choice, while it does not show
to be a significant factor in transit mode choice. Car ownership has a significant positive impact on
auto and a negative impact on transit and walk/bike mode choice, which is an expected relationship.
On the other hand, bike ownership (the number of bikes available in the household) does significantly
influence mode choice by reducing the probability of choosing auto and transit, and increasing the
probability of choosing the walk/bike mode. These results are all expected intuitively, and were found
in a variety of previous research.
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Table 3. MNL results for mode choice.

Coefficient p-Value
Constant (auto) 091 0.000
Constant (transit) 0.49 0.001
Constant (walk/bike) 0.038 0.785
Travel characteristics
Transit/Auto travel time ratio (auto) —0.0038 0.665
Transit/Auto travel time ratio (transit) -0.18 0.000
Transit/Auto travel time ratio (walk/bike) -0.28 0.000
Traveler socioeconomic characteristics
Age (auto) 0.056 0.000
Age (transit) 0.054 0.000
Age (walk/bike) 0.041 0.000
HH size (auto) -0.15 0.000
HH size (transit) -0.20 0.000
HH size (walk/bike) —-0.106 0.000
HH income (auto) 0.062 0.000
HH income (transit) -0.016 0.142
HH income (walk/bike) 0.047 0.000
Cars (auto) 0.18 0.000
Cars (transit) -0.76 0.000
Cars (walk/bike) -0.54 0.000
Workers (auto) 0.059 0.041
Workers (transit) 0.56 0.000
Workers (walk/bike) 0.1 0.000
Bikes (auto) —-0.049 0.000
Bikes (transit) -0.073 0.000
Bikes (walkBike) 0.076 0.000
TOD effect at both trip origin and trip destination
Trips from TOD (auto) -0.100 0.241
Trips from TOD (transit) 0.29 0.002
Trips from TOD (walk/bike) 0.305 0.001
Trips to TOD (auto) -0.17 0.046
Trips to TOD (transit) 0.17 0.069
Trips to TOD (walk/bike) 0.18 0.044
Built environment characteristics
Residential density-origin (auto) —0.000062 0.979
Residential density-origin (transit) 0.0095 0.000
Residential density—origin (walk/bike) 0.013 0.000
Job density-origin (auto) —0.0037 0.000
Job density-origin (transit) 0.0019 0.000
Job density-origin (walk/bike) 0.0019 0.000
Land use mix-origin (auto) 0.44 0.000
Land use mix-origin (transit) -0.11 0.325
Land use mix-origin (walk/bike) 0.69 0.000
Avg. block size-origin (auto) —-0.55 0.000
Avg. block size-origin (transit) -3.22 0.000
Avg. block size-origin (walk/bike) -3.50 0.000
Residential density-destination (auto) 0.0022 0.350
Residential density-destination (transit) 0.0101 0.000
Residential density-destination (walk/bike) 0.015 0.000
Job density-destination (auto) —-0.0027 0.000
Job density-destination (transit) 0.0026 0.000
Job density-destination (walk/bike) 0.0025 0.000
Land use mix-destination (auto) 0.31 0.001
Land use mix-destination (transit) -0.15 0.190
Land use mix-destination (walk/bike) 0.51 0.000
Avg. block size-destination (auto) -0.54 0.000
Avg. block size-destination (transit) -3.75 0.000
Avg. block size-destination (walk/bike) -3.11 0.000
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Table 3. Cont.

Coefficient p-Value
Model output statistics
No. observations 86,824
Log-likelihood ratio —46,357.863
LR chi-squared (51) 27,867.72
Prob > chi-squared 0.0000
Pseudo Rho-square 0.23

Regarding the effect of built environment and transit accessibility on mode choice, the results
indicate that overall, the built environment characteristics at both trip ends influences the mode choice.
Specifically, trips originated and/or destined in TOD zones show to have lower probability of auto
and higher probability of transit and walk/bike modes, as it is expected as one of the goals of TOD
policy. However, the magnitude of the effect is slightly larger for the TOD at destination variable. This
is probably because of the parking availability and price issue in TOD areas, which results in a lower
probability of auto and higher probability of transit and non-motorized mode choice.

Other land use factors also have significant association with travel mode choice. Higher residential
and employment densities at the trip origin and destination reduce the chance of driving and increase
the probability of using transit and walk/bike modes (although the coefficient of residential density
at both origin and destination is not statistically significant). A lower level of street connectivity
(larger block size) at both trip origin and destination would reduce the probability of transit and
walk/bike modes (although the coefficient for auto is also negative, its magnitude is much smaller
than that of transit and walk/bike coefficients). Entropy—or level of land use mix—at both trip origin
and destination has a significant positive correlation with auto and walk/bike probability and an
insignificant negative correlation with transit mode choice probability. This implies that the choice of
transit is minimally influenced by the level of land use mix. In reality, this is expected, since people
who want to group their trips with various purposes into more complex tours do not usually tend to
use transit, as auto is a more convenient mode for complex tours in more mixed-use development areas.
On the other hand, living in neighborhoods with a high ratio of land use mix—where many destinations
can be reached within walking distance—encourages residents to complete some non-work trips on
foot, thus increasing the probability of choosing walk/bike mode. The results confirm that the effects
of land use on mode choice is as significant at origin as it is at destination. Mode choice decision
is influenced by the characteristics of trip origin (i.e., home location in most cases) such as density,
connectivity, transit-friendliness, and destination accessibility, as well as the characteristics of trip
destination. In many cases, the land use pattern (such as street design, parking availability, and level
of mixed-use development) and transit accessibility at trip destinations play a more important role in
determining the travel mode choice for both work and non-work trips, as the results highlighted.

Moreover, while the coefficients for trip origin and destination slightly differ in magnitude
(i.e., in some cases the variables measured at trip origin is larger while in other cases, the destination
variables are larger in magnitude), this difference is negligible and one could still conclude that built
environment characteristics at both trips ends significantly influence mode choice, looking at the results
presented here. This is in fact a significant finding as it provides additional evidence and insight for
land use planners and policy makers for their future land use-transportation policies and programs.
It supports the claim made in many previous studies that in order to reduce auto dependency and
encourage more transit and non-motorized mode choice, land use and transportation planners and
policy makers need to increase transit accessibility—via policies such as TOD—and support compact
development not only in the city center, but also throughout the entire metropolitan areas to cover
both trip ends [2,55].

In general, findings show that living and/or working in TODs reduces automobile use and
encourages transit and non-motorized modes.
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In summary, the mode choice model suggests that land use pattern at both trip ends plays an
important role in determining the mode for travel in the study area. The mode choice model clearly
shows that effective TOD policy and design significantly reduces the probability of driving and
encourages transit ridership.

Findings from this disaggregate-level analysis clearly confirm the hypothesis proposed by TOD
advocates, who claim that living within walking distance of transit, and specifically in TOD areas,
will change people’s travel behavior towards a more sustainable manner, with less driving and more
transit use, which will eventually lead to decreasing traffic congestion and pollution. Findings also
show that, while proximity to transit alone encourages people to drive less and use transit more often,
the additional attributes of TOD make it more influential on reducing automobile use and encourage
transit ridership.

5. Conclusions

This study investigated the effect of the built environment, and TOD policy, at both trip origin
and destination on travel mode choice, using data from the Washington, D.C. metropolitan area.
It contributes to the current literature by investigating whether and to what extent compact and mixed
use development and transit accessibility at the trip destination influences travel mode decisions.
Previous literature has extensively focused on answering the same question—at the trip origin—and
little was known about the similar effect of built environment and urban form at the other end of
the trips. The results of this study offer some insight to mode choice decisions of people who travel
to/from TOD areas and whether they are more likely to choose transit and non-motorized modes over
automobiles. As TOD has become a very popular transportation policy in many cities with varying
urban forms and transit network patterns all around the world, in addition to the cities and regions
in the United States, land use planners and transportation policy makers in cities and metropolitan
areas outside the U.S. can also benefit from the results of this study in their ongoing and future
transit-friendly policies and plans to reduce auto dependency as the results suggest that providing
transit accessibility and high-density urban form at trip destinations is as significant as it is at the
trip origins. In fact, in order to get the best outcome of the TOD and compact development policies,
it is crucial to implement them throughout the entire cities and metropolitan areas to provide better
opportunities for people with varying mobility patterns to make sustainable modes, such as transit
and walk/bike, a part of their routine daily travel and reduce their automobile dependency.

Despite the many societal benefits of TOD, challenges remain for TOD planning and
implementation. There is a serious concern about how TOD serves different social classes, as well as
the very young, elderly, and disabled population [23]; how to balance the population by providing
affordable housing near TOD zones is an ongoing discussion. TOD design should also be convenient
and appealing for disabled individuals by providing special accommodations for them to ride on/off
transit as easily and smoothly as possible. At its current state, even in cities such as New York with
an efficient transit system and high ridership level, the required facilities and services necessary
for the disabled population are not in place. This is an important limitation of TODs, particularly
because disabled individuals may not be able to drive and require transit even more than the rest of
the population.

On the other hand, city planners and developers struggle to determine how much parking to
provide in TOD areas to facilitate park-and-ride trips that promote transit usage for the auto-dependent
majority. There are no guidelines in the literature for parking space requirements in TOD areas; it is
also one of the limitations of the current study due to lack of parking data.

Another limitation of this study is that, similar to many other TOD studies, it only analyzes
TODs of one metropolitan area. This limits the ability to generalize the findings to other regions.
Additionally, the residential self-selection effect is not taken into account in this analysis, as it uses
cross-sectional data. In terms of the power of the mode choice model, this study could be improved by
incorporating trip purpose into the model’s framework for a more in-depth analysis of mode choice
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pattern in TOD areas, including additional transit service quality measures, as well as many land use
factors, such as the length and quality of sidewalks, parking availability within TOD stations and
surrounding neighborhoods, accessibility measures, and road network design measures. Overcoming
these limitations requires additional data and research efforts which could be done in a future study.
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