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Abstract

This study analyzed the complex travel behavior of transit users by expanding conventional trip-
based approaches by considering full activity-travel tours and patterns as basic units of analysis.
A tour was defined as a sequence of trips that begins and ends at home and a pattern was
defined as an entire day’s sequence of activities and associated travel. We considered basic
descriptive analyses to first analyze work tours—the tours that contain at least one work
activity—of transit commuters and then used Structural Equation Modeling to identify the
factors that determine the work tour choices. Latent Class Analysis (LCA) was then used to
describe the pattern behaviors of all transit users. The results obtained using the 2017 National
Household Travel Survey dataset suggested that 80 percent of work tours consisted of seven
dominant tours and that work tour choice was influenced by a set of socio-demographics, built
environment, and activity-travel characteristics. The LCA model suggested that transit users can
be divided into five distinct classes, namely regular 9-to-5 commuters, after-work stop
commuters, multimodal multiple trip makers, morning non-work travelers, and recurrent
transit users, where each class had a representative activity-travel pattern. The results can help
transit agencies to identify transit user groups with particular activity patterns and to consider
market strategies to address user travel needs and to improve the quality of services provided.
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Analysis of Activity-Travel Patterns
and Tour Formation of Transit Users

Executive Summary

The complexity of travel behavior has evolves over time as travelers respond to various activity
demands and the changing supply environment, measured by congestion, cost, and emerging
technologies. Complexity in travel behavior is often manifested by an increasing tendency to
chain several activity purposes within a tour to minimize total travel time and the number of
trips. In response, travelers seek more flexible travel modes to complete their complex travel
demand. While personal vehicles arguably provide the most flexibility in terms of managing
travel needs, a more sustainable mode of transport is public transit. However, public transit
often offers less flexibility and mobility services than a private car in chaining activities due to
temporal and spatial constraints such as fixed routes and schedules, transfer requirements,
waiting times, and access/egress issues. Its widespread adoption is arguably dependent on its
ability to offer effective chaining of activities as well as trips. Unfortunately, little is known in
the context of American travel about the complex travel behavior of transit users. Our goal was
to address this research gap. In this study, we explored the tour formation and overall activity-
travel patterns of transit users. Here, a tour was defined as a sequence of trips that begins and
ends at home and contains at least one out-of-home activity. A pattern was defined as the
complete sequence of activities and trips made over a full 24-hour day.

The first objective of this research is to analyze how and when public transit commuters
incorporate non-work activities within their work tours, constrained by factors such as work
time commitments, transit operating characteristics, and access/egress issues. In particular, we
identified dominant patterns of work tours made by transit commuters and analyze these tours
using a set of activity-travel analytics and data from the 2017 National Household Travel Survey
(NHTS). The primary insights were: (1) about 80 percent of work tours consist of seven
dominant patterns whereas the remaining 20 percent of tours demonstrate a total of 106
diverse and more complicated patterns; (2) half of the transit work tours are complex; (3) most
simple tours are transit-only tours whereas most complex tours are multi-modal tours; and (4)
transit use is more complex than the traditional home to work commute with a diverse set of
choices at various stages of activity scheduling. These study findings are discussed in Chapter 2.

The second objective was to analyze the activity pattern behavior of transit users by
using a comprehensive approach—Latent Class Analysis (LCA). In particular, we identified latent
classes of transit users based on heterogeneity in activity-travel patterns and then associated
those classes with socio-demographic characteristics of transit users in the class. Based on the
2017 NHTS data, the LCA model suggested that the transit users can be divided into five distinct
classes where each class had a representative activity-travel pattern. Class 1 constituted
primarily employed white males who make transit-dominant simple work tours. Class 2 was
primarily composed of white females who make complex work tours. Employed millennials
comprised Class 3 and made multimodal complex tours. Class 4 represented younger non-white
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and older adult groups who made transit-dominant simple non-work tours. Last, Class 5
members made complex non-work tours with recurrent transit use and primarily comprised
single older women. In addition, we observed the activity-travel patterns of four disadvantaged
groups of transit users, namely people who lived in (1) carless households, (2) low-income
households, (3) rural areas, and (4) who were older adults. We found that these disadvantaged
groups used transit differently than non-disadvantaged groups. More specifically, these groups
of people typically used transit in non-work activity-travel patterns. Detailed discussion is
provided in Chapter 3.

Finally, we developed a tour choice model to characterize public transit commuters
(who) based on the complexity of work tours and also to assess the impacts of demographic,
location, and activity-travel factors on the likelihood of a transit commuter choosing a
particular type of work tour (why). Based on 2017 NHTS data, a Structural Equation Model
(SEM) was developed. The results suggested that married men with no children and high
vehicle ownership living in low-density areas tended to make simple work tours while single,
non-millennial women with children who live in high-density neighborhoods were more likely
to make complex work tours. Also, millennial white males with higher income and higher
education who are living in denser areas were more likely to make complex tours with work-
based sub-tours. Moreover, denser residential neighborhoods, flexible work schedules, and
private vehicle availability in work tours were observed to increase the propensity of making
any kind of complex tours. Chapter 4 presents these research outcomes.

Transit agencies can benefit from the research findings on tour formation and daily
activity-travel patterns of transit users by developing market strategies to address transit users
travel needs and thus to improve the quality of transit serviced provided.
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Introduction

Public transit is considered a sustainable mode of transportation that can reduce automobile
dependency and thus can mitigate some of the negative consequences of automobile use,
including congestion, air pollution, and energy consumption (Federal Highway Administration,
2018). However, with operations typically based on fixed routes and fixed schedules, public
transit offers lower flexibility and mobility services than automobiles, particularly in satisfying
complex travel needs (Hensher and Reyes, 2000) and thus is considered a less attractive mode
to many potential users. A better understanding of daily activity-travel patterns of transit users
is needed to allow transit operators to evaluate their services and to implement strategies to
attract more people to transit.

In recent years, a wealth of research has been completed that focused on techniques to
extract information on transit user’s daily activity-travel patterns by mining transit smart card
data (Ma et al., 2013; Ma et al., 2017; Bhaskar and Chung, 2014; Morency et al., 2007; Chu and
Chapleau, 2010; El Mahrsi et al., 2014; He et al., 2020). These studies mostly covered the data-
mining procedure but did not capture the user’s actual activity-travel patterns, with a few
exceptions (e.g., Goulet-Langlois et al., 2016). Also, the insights on activity-travel patterns were
derived either from Australian, Asian, Canadian, or European contexts. Thus, our knowledge of
activity-travel patterns and tour formation of transit users in the US context has been limited.
Our goal in this study was to address this research gap.

More specifically, this study investigated the complex activity-travel patterns and tour
formation of transit users. Here, the term pattern referred to a complete sequence of activities
(in-home and out-home) and trips made by an individual over a full day whereas tour, a basic
unit of a full pattern, was defined as a sequence of trips that begins and ends at the same
location (here, at home) and contains single or multiple activities. Tours can be constructed
with different degree of complexity based on how many different activities are involved in a
tour (more precisely how many non-home locations a tour entails). A simple tour started and
ended at home and includes a single non-home activity. If the activity performed was work,
then it was a simple work tour; for any other activity type, it was a simple non-work tour. On
the other hand, a tour containing more than one non-home activity location was defined as a
complex tour. If all non-home activities were work, then the tour was a complex work tour; if all
the non-home activities were non-work, then the tour was a complex non-work tour. Complex
tours can also combine work and non-work activities in the same tour, in which case they were
deemed work-non-work mixed tours (Rafiq and McNally, 2020a). The detailed classification of
tours are shown in Figure 1a and Figure 1b.

Pacific 10
Southwest
Region UTC

University Transportation Canter



Analysis of activity-travel patterns and tour formation of transit users

Figure 1. Defining simple and complex tours

Work HA W

Simple tour
(#non-home activity = 1)

o~ Work-nonwork mixed tour

Non-work (HY Chw

—»  Way to work (H) W)

— |  During work

Complex tour
(#non-home activity = 2)

Non-work any S

| Work-nonwork mixed | (H
(a) (b)

Since work activities are less flexible, employed people with a non-home work activity

typically made at least one work tour (either work-only or work-nonwork mixed) and then
aligned their non-work activities with respect to that tour. Non-work activities could be
performed as separate non-work tours or as a part of a work-nonwork mixed tour, in five ways:

1.

before work: non-work performed before starting the first work tour of the day by
making a non-work (simple or complex) tour

way to work: when an individual has started his work tour but did not yet reach the
workplace and performed non-work activities on the way

during work: non-work activities that are performed outside workplace but the person
returned to workplace after completing them

way to home: non-work activities that are performed as the person is on his way to
home from the workplace but has not reached home yet

after work: non-work activities that are performed by making separate non-work tours
after returning home from work.

This report is organized as follows. Chapter 1 discusses the relevant literature on transit

users. Chapter 2 describes the data and sample used in the research and present detailed trip
characteristics and tour formation (particularly work tours) of transit users. Chapter 3 outlines
the activity-travel patterns of transit users and transportation disadvantaged groups. Chapter 4
summarizes the factors that govern the choice of a particular type of work tour. Conclusions,
limitations, and policy implications are discussed in Chapter 5.
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Chapter 1: Literature Review

This section provides an overview of previous literature that focused on transit users’
demographics, travel characteristics, and trip chain behavior.

1.1 Socio-demographic and Travel characteristics of Transit Users

In a recent study, the APTA (2017) summarized the dominant characteristics of transit users as
aged between 25 to 54 years (79%), employed (71%); belonging to a 1- or 2-person household
(57%); women(55%); and white (40%);. It has been observed that ethnic minority groups
depend more on public transit than the white population (Grahn et al., 2019). Differences in
socio-demographic characteristics were observed between bus and rail riders. For example, the
level of education of rail riders was greater than that of bus riders (70% versus 42% who have at
least a bachelor's degree) and rail riders were more likely to be employed than their bus rider
counterparts. Household income of rail riders tended to be higher than for bus riders (Taylor
and Morris, 2015; APTA, 2017; Grahn et al., 2019; Buehler and Pucher, 2012). Since rail riders
have higher household incomes and thus have a greater availability of vehicles, they thus have
a higher chance of having a driver’s license than bus riders. While rail riders were more likely to
be white than black, bus riders had an equal distribution between these racial groups (APTA,
2017).

In addition to the differences between bus and rail riders, heterogeneity among transit
users might exist due to the variation in trip characteristics, daily activity-travel patterns, tour
formation attributes, attitudes, preferences, transit service quality, and residential location
attributes. In previous studies, heterogeneity was observed based on transit users’ attitudes
and preferences toward transit (Zhou et al., 2004; Iseki and Smart, 2012; Krizek and El-Geneidy,
2007), residential neighborhood types and users’ attitudes (Namgung and Akar, 2015), spatial
and travel behavioral features (Ou and Cai, 2018), and user characteristics and service quality
(Bordagaray et al., 2014).

The socio-demographic and travel characteristics of various transit disadvantaged
groups, such as senior citizens, low-income households, and people living in rural areas were
also considered in prior studies. For example, Yang and Cherry (2017) examined the socio-
demographic characteristics of rural transit users and observed that these users tended to be
non-white, captive riders (had difficulty in finding alternative transport modes), had lower
personal and household income, and owned fewer cars. Giuliano (2005) observed the role of
transit in the travel behavior of low-income households and found that these households were
auto-dependent rather than transit-dependent (transit was used only for a small portion of
their travel). The limited availability and lack of service quality made transit a poor substitute
for a private vehicle for these households. Those who used transit regularly had the lowest level
of mobility among all population segments. The use of public transit among older adults was
explored by Hess (2009) who found that older adults who are male, non-white, and belong to
low-income households were more likely to make frequent transit trips.
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Next, we discuss some major characteristics of transit trips. According to APTA (2017),
public transit was predominantly used to travel to or from the workplace (49% trips). The
second most frequent trip purpose was shopping (21%). While rail riders were more likely to
indicate their trip purpose as getting to or from work, bus riders were more likely to use transit
for traveling to or from school, medical or dental appointments, or other purposes (e.g. picking
up a car from service appointments, business appointments). The majority of riders used transit
five days per week. Most of these users (more than two-thirds) chose to walk either to access a
station (access) or to reach a destination (egress).

Identifying gaps from previous literature

Despite the complexity of an individual's activity-travel patterns, the overall transit user
population may fall into a small number of heterogeneous sub-groups, each with a defined
representative activity-travel pattern. However, previous studies did not consider such
heterogeneity in terms of user trips or tour/pattern characteristics nor in a combination with
their demographics. Identification of potential transit market groups with representative daily
activity-travel patterns may help transit operators to understand user demand for activities as
well as travel and to implement market strategies that address a particular group of users to
meet their travel needs and to improve quality of service. Prior research examined the socio-
demographic and travel characteristics of selected groups of transit disadvantaged groups.
However, these studies did not focus on the full activity-travel patterns of these groups, an
aspect that is likely very important in understanding activity-travel needs over various periods
of the day.

1.2 Trip Chain Behavior of Transit Users

Prior works that considered trip chaining or tour behavior of transit users focused on a variety
of issues. Hensher and Reyes (2000) found in Sydney, Australia that the likelihood of public
transit usage decreased with the change of a tour from simple to complex. Based on a limited
number of socio-demographic variables, they regressed the utility of a simple and complex tour
(work or non-work) associated from either car or public transit usage. Krygsman et al. (2007)
investigated, in the context of the Netherlands, the causal relationships between travel mode
choice (car or public transit) and the insertion of intermediate activities before, in between, or
after a work activity within a work tour. The authors concluded that the inclusion of an
intermediate stop for non-work activity before or after work tended to decrease public transit
utility but increased car utility. Moreover, they found that for home-based work tours, activity
decisions were made before deciding travel mode whereas Islam and Habib (2012) observed
that trip chaining and mode choice decisions were made simultaneously for work tours. Yun et
al. (2014) observed a negative association between the complexity of trip chains (measured by
stop frequency) and transit usage for work tours in Zhongshan, China.

In contrast, Currie and Delbosc (2011) found in Melbourne, Australia that trip chains
made by public transit appeared more complex than those undertaken by car particularly for
non-work tours. However, the opposite relationship was found for work tours. Primerano et al.
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(2008) observed that in Adelaide, Australia all forms of mass public transport tours involved a
higher numbers of activities compared to private car-based tours. The authors argued against
the hypothesis of Hensher and Reyes (2000) that public transit is not flexible for complex trip
chaining. They instead suggested that the nature of complex trip chaining behavior for public
transit users is different rather than inflexible. With public transit, users can access destinations
comprising a mix of land uses in close proximity to one another whereas travelers using a
private car can access activities located at multiple destinations that are not necessarily close to
each other. This statement was reinforced by Ho and Mulley (2013). Based on the Sydney
Household Travel Survey data, the authors showed that public transit usage in tours increased
as the number of activities located in close proximity to one another chained into a tour
increased (yielding a multiple purpose single destination tour). These results suggested that
chaining multiple activities in tours does not necessarily hinder public transit usage but an
unfavorable spatial distribution of activity locations might do so.

By challenging the traditional notion of a positive association between car usage and the
complexity of trip chaining and identifying the importance of regional variability in trip chain
behavior, Susilo and Kitamura (2008) suggested that in Osaka, Japan transit commuters tended
to chain trips more often and make more stops than car commuters. Based on onboard transit
ridership survey data collected in Indiana and Ohio, US, and the results of univariate analysis,
Bernardin Jr et al. (2011) suggested that transit tours were at least as complex as tours by other
modes. They also found that the complexity of transit work tours was highly dependent on
income and vehicle ownership of the commuter, for instance, low-income transit commuters
were observed to make more complex tours than affluent commuters.

Identifying gaps from previous literature

In summary, previous studies only addressed the interrelationships between the complexity of
activities and the utility of alternate mode usage with a primary focus on private vehicles and
public transit. In recent years, many studies have been conducted (using data from China,
Canada, Australia, and Europe) focused on techniques for extracting information on transit
riders’ daily activity-travel patterns by mining transit smart card data (Ma et al., 2013; Ma et al.,
2017; Bhaskar and Chung 2014; Morency et al., 2007; Chu and Chapleau, 2010; El Mahrsi et al.,
2014; He et al., 2020). These studies mostly covered the data-mining procedure but did not
recognize the riders’ actual activity-travel patterns with few exceptions (e.g., Goulet-Langlois et
al., 2016). Moreover, these insights on transit activity-travel patterns or trip chain behavior
were derived either from Australian, Asian, or European contexts. Therefore, our knowledge of
travel behavior of transit users from an activity- or tour-based perspective in the US is rather
limited.

1.3 This Study in the Context of Previous Literature

The purpose of this study was to perform an in-depth analysis of the activity-travel patterns and
tour formation of transit users in the US context. More precisely, our research goals were as
follows:
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Analysis of activity-travel patterns and tour formation of transit users

To analyze how and when public transit users incorporate different non-work activity
demands within their work tours, constrained by work time commitments, transit
operating characteristics, and access/egress issues.

To develop a tour choice model to characterize public transit commuters (who) based
on the complexity of work tours and to assess the impacts of various demographic,
location, and activity-travel factors on the likelihood of a transit commuter to choose a
particular type of work tour (why).

To identify latent classes of transit users based on the heterogeneity in daily activity-
travel patterns and tour formation.

To analyze the activity-travel patterns of transit disadvantaged groups, such as zero
vehicle owners, older adults, low-income households, and people living in rural areas.
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Chapter 2: Empirical Analysis of Tours Utilizing Transit

Public transit usually offers less flexibility and mobility services than a private car in chaining
activities due to temporal and spatial constraints such as fixed routes and schedules, transfer
requirements, waiting times, and access/egress issues. Its broader adoption and usage are
arguably dependent on its ability to offer effective chaining of activities and trips. To better
understand the demographic, trip, and tour characteristics of transit users, we explore tour
formation and the overall activity-travel patterns of transit users via comprehensive univariate
analyses, which are presented in the following sections.

2.1 Transit Users and Transit Commuters: Data and Sample

The 2017 National Household Travel Survey (NHTS) provides information on travel by US
residents in all 50 states and the District of Columbia (Federal Highway Administration, 2017),
including data on trips made by all modes of travel (private vehicle, public transportation,
pedestrian, biking, etc.) and for all trip purposes (travel to work, school, recreation, etc.). The
dataset contains the following four data tables:

e Households (socio-economic and location characteristics of surveyed households)

e Persons (demographic characteristics of all household members)

e Trips (over 24-hours by all household members 5 or older and trip-related attributes)
e Vehicles (vehicles used by the responding households)

The NHTS dataset contains 129,696 households consisting of 264,234 persons who took a
total of 923,572 trips. For this study, we identified public transit users as those individuals who
start their first trip from home and end their last trip at home and who used public transit for at
least one trip segment?. A choice of travel mode is treated as public transit if it is any of the
following: public or commute bus, city-to-city bus, subway/elevated/light rail/streetcar, and
Amtrak/commuter rail. This yields a final sample of 4,994 individuals who made a total of
20,222 trips where almost half of the trips are made by transit (10,011). We identified transit
commuters as those individuals who are at least 18 years old, perform at least one work
activity, and used public transit in at least one trip segment within their home-based work
tours. This resulted in a subsample of 2,448 individuals. Home-based work tours are formed by
linking person trip sequences that start and end at home and contain at least one work activity.
The result was a total of 2,454 home-based work tours.

2.2 Demographics of Transit Users

Who are domestic public transit users? Table 2.1 summarizes household, personal, and location
characteristics of selected transit users who used a transit mode for at least one trip segment.

*When a trip involves a change of modes, each mode defines a trip segment.
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Table 2.1 Descriptive statistics of transit users (N = 4,994)

Variables

Percentage of users (%)

Household characteristics

Household size

Household size = 1 29.4
Household size = 2 34.7
Household size > 2 35.9
Number of household vehicles
Number of vehicles = 0 36.2
Number of vehicles = 1 29.7
Number of vehicles > 1 34.1
Monthly household income (USD)
Low income (less than $35K) 37.3
Middle income (S35K to $100K) 29.2
High income ($100K or more) 31.2
Presence of child aged 0-17 19.0
At least one vehicle per licensed driver 48.1
Personal characteristics
Age groups
Younger group (below 18 years) 6.6
Millennials (18 — 38 years) 33.8
Generation X (38 — 58 years) 32.3
Older adults (more than 58 years) 26.1
Gender: Male 48.6
Employment status: Employed 62.2
Race: white 59.3
Type of transit use
Commuter rail 42.7
Public bus 62.4

Location characteristics

Population density (persons per sq. mile) in census block group

Low density (0-2000)
Medium density (2000-10000)
High density (>10000)

MSA has a rail connection

17.1
42.5
40.4
50.7

In terms of household characteristics, a majority of transit users have more than two

persons per household (35.9 percent) and belong to a lower income group (annual income less
than $35K USD) (37 percent). Few of these households have children aged 17 years or lower (19

percent) and 51.9 percent are car deficient households (less than one car per licensed driver).

The age distribution of transit users is similar for millennials (18 - 38 years) and Generation Xers

(38 - 58 years) and there is a considerable fraction of older adults among users (26 percent).

Most of the transit users are White (59.3 percent), employed (62.2 percent), and live in medium

to high-density areas.
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2.3 Trip Characteristics of Transit Users

What are the characteristics of individual trips made by transit users? Figure 2.1 shows that
transit is utilized for a considerable fraction of work (24 percent) and return home trips (38
percent). Shopping or running errands (14 percent) is also a common trip purpose of transit.
Only 5 percent of trips are made by transit to go to school or religious activity. Note that we did
not consider school bus as a public transit category. Transit is occasionally used for transporting
someone (pick up/drop off) or going to a restaurant or medical facility.

Figure 2.1 Distribution of transit trips by activity purposes
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Shopping/errands 14%
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Next, we investigate how the demand for transit trips for three activity purposes --
work, non-work, and return home -- varies over time-of-day. Figure 2.2 shows that the overall
demand for transit, represented by the fraction of trips made by transit, is similar (about 30
percent) for all conventionally defined time periods during daytime (i.e., AM peak, midday, and
PM peak period). Trip purpose, however, varies among these three time periods. For example,
during the AM peak period (6 am — 10 am), a majority of transit trips are made for work
purposes (about 17 percent) whereas the higher fraction of midday (10 am — 3 pm) trips are
made for non-work purposes (15 percent), and the dominant share of PM peak (3 am —7 pm)
transit trips represents return home trips (20 percent). Since transit services are typically
unavailable or operate with lower frequency during the late evening through early morning (7
am — 6 am), it is not surprising to observe a lower fraction of transit trips (11 percent) during
this period.
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Figure 2.2 Distribution of trip purpose by time of day
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The fraction of people traveling by activity purposes can be displayed in a time in motion plot in
Figure 2.3 which compares travelers making trips by (a) all modes versus (b) public transit-only.

Figure 2.3 Time in motion plot by trip purpose
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Note that we categorize trip purposes into four groups: (1) work: work- and work-
related trips; (2) maintenance: school/daycare/religious activity, medical/dental services,
buying goods, buying services, other general errands, and drop off/pick up someone; (3)

discretionary: go out for a meal, snack, carry-out, recreational activities, and visiting friends or

relatives; and (4) return home. Figure 2.3 shows that travelers typically commute to work

during the AM peak period and return home during the PM peak period (Figure 2.3a). Transit

riders demonstrate a similar trend but with higher peaks (Figure 2.3b). The higher peaks for
work and return home trips indicate that among transit riders, the majority of travelers are
employed and use transit regularly, primarily for work and return home purposes. Maintenance
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trips are observed to occur at a constant rate throughout the day except in the evening period
(Figure 2.3a). When travelers use transit for maintenance purposes, a similar trend is observed
with a slight variation in the late midday and PM peak periods (Figure 2.3b). For discretionary
trips, no prominent difference appears between trips made by all modes and trips by transit-
only.

Mode use behavior of transit users by trip purposes is shown in Figure 2.4. For any trip
purpose, the majority of trips are observed to be made by public transit except for discretionary
purposes. A similar fraction of trips (about 12-13 percent) is reported to be made by transit for
both work and maintenance purposes. The second most frequent mode used by transit users to
access any activity is walking, followed by private vehicles.

Figure 2.4 Distribution of travel mode by trip purpose
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2.4 Demographics of Transit Commuters

Table 2.2 summarizes the household, personal, and location characteristics of the selected
transit commuters who used a transit mode in at least one trip segment of the full home-based
tour. In terms of household characteristics, transit commuters had on average two persons per
household, 77 percent had a car available (42 percent have more than one) and 44 percent
belonged to a higher income group (annual income exceeds $100K USD). A majority were car
sufficient households (57 percent had at least one vehicle per licensed driver) but few of these
households had children aged less than or equal to 17 years (16 percent). The age distribution
of transit commuters was similar in number for millennials (18-38 years) and non-millennials
(above 38 years) and males and females were an equal share of transit commuters. Most
transit commuters were White (66 percent), worked full-time (84 percent), had flexibility in
work arrival time (53 percent), and lived in metropolitan areas that have rail connections (59
percent), relatively few in the sample were Hispanic (11 percent), immigrants (23 percent), or
had multiple jobs (8 percent).
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Table 2.2 Descriptive statistics of transit commuters

Variables Mean Std. Dev.
Total respondents 2,448
Household characteristics
Household size 2.42 1.26
Number of household vehicles

Number of vehicles =0 0.23 0.42

Number of vehicles = 1 0.35 0.48

Number of vehicles > 1 0.42 0.49
Monthly household income (USD)

Low income (less than $35K) 0.21 0.40

Middle income ($35K to $100K) 0.35 0.48

High income ($100K or more) 0.44 0.50
Home ownership (Own = 1, Others = 0) 0.54 0.50
Presence of child aged 0-17 (Yes =1, No = 0) 0.16 0.37
Number of adults 2.03 0.87
At least one vehicle per worker (Yes =1, No = 0) 0.56 0.50
At least one vehicle per licensed driver (Yes =1, No = 0) 0.57 0.50
Personal characteristics
Age groups (Millennials: 18-38 yrs. = 1, Others = 0) 0.43 0.50
Gender (Male =1, Female = 0) 0.51 0.50
Type of employment (Full time=1, Part time=0) 0.84 0.37
Flexibility in work arrival time (Yes=1, No=0) 0.53 0.50
Multiple job status (Yes=1, No=0) 0.08 0.28
Occupation (Prof., managerial or technical = 1, Others = 0) 0.62 0.48
Education (at least some college degree = 1, Others = 0) 0.87 0.34
Hispanic or Latino status (Yes = 1, No = 0) 0.11 0.31
Race (White = 1, Others = 0) 0.66 0.47
Immigration status (Yes =1, No = 0) 0.23 0.42
Employment status of spouse or partner

Has employed spouse or partner 0.48 0.50

Has non-employed spouse or partner 0.12 0.32

No spouse or partner 0.40 0.49

Captive rider: no vehicle or no driving license or give up
driving for medical condition (Yes=1, No=0)
Location characteristics

0.34 0.47

Population density (persons per sq. mile) in census block group

Low density (0-2000) 0.18 0.38
Medium density (2000-10000) 0.41 0.49
High density (>10000) 0.41 0.49
MSA rail status (Have rail = 1, Does not have rail or
household not in MSA = 0) 0.59 0.4
Distance from home to workplace (mile) 21.89 110.05
Proximity to transit station
Trip time to transit station (min.) 9.72 8.79
Trip time from transit station (min.) 12.52 14.63
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2.5 Trip and Tour Characteristics of Transit Commuters

A tour is a sequence of trips that starts and ends at the same location and contains one or more
activities performed at single or multiple destinations. If the starting and ending location in
guestion is home, the tour is deemed a home-based tour. Since our study involves working
individuals, we are interested in home-based tours that contain at least one work location
outside home. These are called home-based work tours. A home-based work tour is called a
simple work tour if it contains only one work activity but no non-work activity, thus having an
activity sequence of Home-Work-Home.

A home-based work tour may also contain non-work activities. These tours are called
work-nonwork mixed tours. Here, these mixed tours are subdivided into complex work tours
and complex tours with a work-based sub tour. Complex work tours contain non-work locations
accessed on the way to (‘way to work’) or from work ('way to home'). Multiple work locations
can be visited on a tour and these are also considered in this tour category.

Work-based tours involve visiting non-work locations 'during work' (such as during a
lunch break). When a home-based tour is combined with a work-based tour, we refer to as
complex tour with a work-based sub-tour. Both simple and complex work tours have exactly
one circuit whereas complex tour with work-based sub-tour has two or more circuits: one
circuit between home and work, and (at least) one circuit with work as a base.

Figure 2.5 shows the general construct of these tour types, with the type differences
emanating from the degree to which non-work activities are mixed with work. For instance,
simple work tours do not involve any non-work at all, complex work tours involve non-work
stops on the way to work and/or on the way to home, and work-based tours can have non-
work stops in any or all of these three ways. To represent the different types of tours, we
produced a graphical model where activity locations are vertices labeled as H (home), N(non-
work) and W (work) depending on where the activity is performed and an arrow between two
vertices denotes a trip between the corresponding locations.

A tour type is a generic representation of performing work and non-work activities and
can be realized in many possible ways. Any specific realization of a tour of a certain type is
called a tour pattern or simply a pattern. For example, H-W-H is a pattern of realizing a home-
based simple tour (which happen to be the only pattern for this particular type) and H-N-W-H
and H-W-N-N-H are sample patterns of home-based complex tours that involve one non-work
on the way to work and two non-work activities on the way to home. As a mean of representing
patterns of any kind, we denote each pattern as a 3-tuple (a, b, c) where the three whole
numbers (including zero) indicate the number of non-work activities involve on the way to
work, on the way to home, and from work and back to work respectively. Hence, the three
patterns mentioned can be denoted as (0, 0, 0), (1, 0, 0) and (0, 2, 0), respectively. We used this
notation when we identify the most dominant tour patterns from data for our study group.
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Figure 2.5 General construct of home-based work tours
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After extracting tour attributes from the data, we identified which work tour patterns
appeared most frequently. To ensure a sufficient sample of at least 50 observations in each
pattern, we identified seven dominant patterns that represented 80 percent of the total work
tours. The remaining 20 percent of these tours were labeled as "other." Figures 2.6 and 2.7
display the identified seven patterns. The simple work tour was deemed pattern 1. Those
patterns that represents complex work tours were deemed pattern 2, with four sub-categories
deemed as patterns 2a, 2b, 2c, and 2d based on the order of non-work activities. Last, complex
tours with a work-based sub-tour were deemed as pattern 3, with two sub-categories patterns
(patterns 3a and 3b). We also identified a complex tour pattern comprising 70 observations (2.8
percent of the total). This pattern included two work but no non-work activities. Since NHTS
data does not provide location data, it was not possible to identify the precise nature of these
work activities. Therefore, these tours were considered in the “other” category.

Figure 2.7 shows the fraction of tours for each of the three primary pattern types. The
largest group were simple work tours (49 percent). Complex work tours constituted the next
most frequent group (32 percent) with sub-category patterns 2a and 2b (33 and 15 percent).
This suggests that travelers who perform non-work activities as part of a work tour tended to
do so primarily on the way home from work. Among all pattern types, complex tours with a
work-based sub-tour comprised 19 percent of all HBW tours, with patterns 3a and 3b
constituting 43 percent and 13 percent of these tours, respectively.
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Figure 2.6 Seven dominant patterns of work tours: simple work tours (1), complex work tours
(2a, 2b, 2c, 2d), and complex work tours with work-based sub-tours (3a, 3b)
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Figure 2.7 Fraction of different work tours
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2.5.1 Simple work tour

This section discusses the socio-demographic and travel characteristics of travelers making
simple work tours.

2.5.1.1 Socio-demographic characteristics

The distribution of socio-demographic characteristics of travelers who make simple work tours
is shown in the spider plot in Figure 2.8. The prevailing socio-demographic characteristics in this
category of tours were males living with spouse or partner who belong to households that have
at least two workers and no children (aged between 6 and 17) and have more than one vehicle
(the respondent being the primary driver of one of those vehicles). These individuals reported
less flexibility regarding work arrival time.

Figure 2.8 Socio-demographic characteristics of travelers in simple work tours
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2.5.1.2 Temporal distribution of trips

The temporal distribution of activities, or ‘time in motion’ of travelers, for pattern 1 is displayed
in Figure 2.9. The figure shows the fraction of respondents who traveled to a work, non-work,
or return home activity by time-of-day. Note that the figure covers all trips made in an entire
day, not only the work tour trips. While simple work tours do not include non-work activities,
such activities could be part of home-based non-work tours performed either before or after
the work tour. For simple work tours, such non-work purposes can be seen in the PM peak and

evening periods.
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Figure 2.9 Time in Motion for three activity purposes in simple work tours
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2.5.1.3 Modal distributions

Each simple work tour had two trips: from home to work and from work to return home. Table
2.3 shows the distribution of tours by travel mode for these tours. The table also shows the
mean travel time for the associated mode. Note that a trip may have multiple travel modes; if
so, the primary mode (which had the highest proportion of travel time) is reported in the table.
We observe that public transit was predominantly used in both legs of most simple work tours
(in about 90 percent of these tours). A small fraction of tours had both trips made by private
vehicles (~5 percent) or on foot (~1 percent).

Table 2.3 Percentage of tours and average duration for trip modes in simple work tours

H-W-H (n=1196)

Fraction of tours Mean travel duration (min.)
H-W W-H H-W W-H

Single mode 97.6 97.1

Multiple modes 2.4 2.9 - ---

Primary mode *

Public transit 92.9 88.7 62.8 68.6

Walk 0.3 1.3 37.3 321

Private vehicle 5.3 7.9 16.4 24.5

Ride-hailing 0.7 1.3 34.0 29.1

Other 0.9 0.8 46.5 48.7

Notes: Home-based work tours were identified by individuals who used transit in at least one
trip segment. * If multiple modes were used in a trip, only the primary mode was reported.

Now that we identified which trips were made by which modes, we examined when
those trips started and how they spanned a 24-hour day. Figure 2.10 plots trips color-coded by
trip purpose with the x-axis showing departure time of day and the y-axis showing the mode
used. Furthermore, dots are color coded based on the purpose for which the trip was made
(red for work, green for nonwork and blue for returning home). The horizontal axis is also
segmented into conventional travel periods: AM peak (6 am to 9 am), Midday (9 am to 3 pm),
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PM peak (3 pm to 7 pm), and Evening (after 7 pm). Notice that for simple work tours, transit
demand was higher in both the AM and PM peak periods. Transit departure times tended to be
earlier than for other modes (at least for travelers who used transit for at least one trip on a

work tour).

Figure 2.10 Modal distributions by three trip purposes in simple work tours
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2.5.1.4 Modal sequence by tour

While the preceding discussion focused on mode use for each trip independently, we now
consider mode usage as a sequence within a tour to illustrate how transit commuters connect
modes in their work tours. For this, we represent the modes chosen in all trips in a sequence
diagram such as shown in Figure 2.11. Instead of showing all sequences that may exist for tours
of a certain pattern (which could be fairly large for tours involving multiple trips), we counted
how many times a given modal sequence appears and report only the top three frequent
sequences.

Figure 2.11 Frequent modal sequences in simple work tours
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The top three frequent modal sequences for simple work tours were (transit, transit),
(transit, car), and (car, transit) that constitute about 83 percent, 5 percent, and 1 percent of
tours, respectively, as shown in Figure 2.11. That means, in about 83 percent of home-based
simple tours, transit was used for both the work-bound and home-bound trips, nearly 5 percent
of tours involved transit in the first trip and private vehicle in the return leg, and about 1
percent of tours involved the reverse mode choice. In the latter two modal sequences, travelers
reported being car passengers, which denotes a pick-up or drop off by family members or
friends. On average travel by transit took about 63 minutes to work in the morning peak period
and about 69 minutes to return home in the evening peak period, as compared to 16 minutes
and 25 minutes by private vehicle, respectively (cf. Table 2.3).

2.5.1.5 Frequency of transit with other modes

Next, we were interested in examining the frequency of transit use with other travel modes at
an aggregate level. Figure 2.12 depicts a pie chart for simple work tours, each of which used
transit for at least one trip segment. Transit was also used in combination with walk (PT&WK),
private vehicle (PT&PV), other modes (excluding walk and private vehicle, PT&Others), or any
two or more combinations of modes. The share of transit only tours (PT only) dominates (83
percent) for simple work tours.

Figure 2.12 Frequency of transit with other modes in simple work tours
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2.5.2 Complex work tour

For complex work tours, four dominant patterns (2a, 2b, 2c, and 2d) were identified. This
section represents the properties of each of the identified patterns.

2.5.2.1 Socio-demographic characteristics

Figure 2.13 depicts the distribution of socio-demographic characteristics for complex tours
(pattern group 2) relative to simple tours (pattern 1). Travelers who made complex work tours
were most typically females with medium or high income. They reported more than two
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members in their household, were typically the only worker in the household, and had
flexibility in their work arrival time. Their households tended to have at least one vehicle but
the traveler was not considered the primary driver of that vehicle. They reported having more
children between 6 and 17 years of age in their household compared to simple tour makers. A
higher percentage of this group of travelers belonged to the non-millennial group (age > 38
years), and a lower percentage reported living with a spouse or partner.

Figure 2.13 Socio-demographic characteristics of travelers in complex work tours
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2.5.2.2 Temporal distribution of trips

The time in motion plots for complex work tour makers are shown in Figure 2.14. Conventional
temporal patterns defined by individual activity starting times are identifiable in the first few
figures but the distributions for more complex tours clearly illustrate the chaining effects before
or after a work activity. An earlier initial departure time from home by travelers who made non-
work activities before the work activity (patterns 2b and 2d) is shown in Figure 2.14. Of interest,
complex tours with one non-work stop on their return home (pattern 2a) had a bimodal
distribution of return home times, peaking between 6 pm and 8 pm. This suggested that some
travelers also had a home-based non-work tour that was performed after the work tour.
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Figure 2.14 Time in Motion for three activity purposes in complex work tours
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2.5.2.3 Non-work activity type and duration

A complex work tour may involve multiple trips and one or more non-work activities. To
analyze these tours in depth, we examined the mode and travel duration for each trip in a tour
as well as the activity purpose and duration for each non-work activity within the tour. Tables
2.4 and 2.5 present these results for the four identified patterns in group 2, including how non-
work activity purposes and the amount of time spent on them differed across these patterns,
particularly when non-work activities aligned themselves with respect to work. We focus on
attributes of non-work activities and defer the discussion on modes to the next section.

For complex tours where travelers make a single non-work stop on the return home
(pattern 2a), shopping (buying goods or services) was the most frequent activity (occurring in
about 40 percent of these tours) and with an average duration of about 37 minutes. On the
other hand, for non-work activity on the way to work (pattern 2b), the most common activities
were pick up/drop off or buying a meal. Such activities were of shorter duration (about 6
minutes for pick up/drop off and about 11 minutes for buying meals) whether due to implied
time constraints on the journey to work or simply the nature of these activities.
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For travelers who performed two non-work activities on the return home (pattern 2c),
most reported a shopping activity as the first non-work stop (on about 34 percent of tours),
with the next most frequent non-work task being buying meals (in about 19 percent of tours).
The same two non-work activity purposes dominated in the second non-work stop. With
respect to activity duration, travelers spent on average of 26 to 48 minutes for shopping and
about 57 to 72 minutes for buying meals (substantially greater than meals prior to work). This
difference is likely due to both greater flexibility after work and the cultural nature of meals by
time of day (with after work meals often involving family or friends).

Table 2.4 Percentage of tours for trip modes and non-work activities in complex work tours

2a. H-W-N-H 2b. H-N-W-H 2c. H-W-N-N-H 2d. H-N-W-N-H

N =262 N=118 N =64 N =52

H-W  W-N N-H H-N N-W W-H | HHW  W-N N-N N-H H-N N-W W-N N-H
Single mode 973 96.2 98.1 | 99.2 932 975 100 98.0 100 969 | 98.1 96.2 98.1 96.2
Multiple modes 2.7 3.8 1.9 0.8 6.8 2.5 0.0 1.6 0.0 3.1 1.9 3.8 1.9 3.8
Primary mode”
Public transit 89.7 648 352 | 458 576 729 | 8.9 547 234 266 | 385 615 76.9 23.1
Walk 34 16.1 20.7 | 23.7 288 6.8 3.1 156 234 188 | 269 28.8 135 327
Private vehicle 4.6 16.1 39.1 | 29.7 127 127 | 6.3 18.8 484 516 | 308 7.7 7.7 38.5
Ride-hailing 1.5 1.5 4.2 0.0 0.0 5.9 3.1 6.3 3.1 31 1.9 0.0 0.0 1.9
Other 0.8 1.5 0.8 0.8 0.8 1.7 1.6 4.7 1.6 0.0 1.9 1.9 1.9 3.8
Non-work activity
School/Daycare/Religious 4.6 10.2 6.3 4.7 9.6 5.8
Medical/Dental 5.0 2.5 4.7 1.6 3.8 1.9
Shopping/Errands 39.5 18.6 344 422 7.7 28.8
Social/Recreational 14.9 5.1 125 141 1.9 13.5
Pick up/drop off 7.7 24.6 125 4.7 38.5 32.7
Buying Meals 16.5 26.3 18.8 26.6 28.8 7.7
Others 11.9 12.7 109 6.3 9.6 9.6

Notes: Home-based work tours were identified by individuals who used public transit in at least
one trip segment. * If multiple modes were used in a trip, only the primary mode was reported.

Table 2.5 Average duration (minutes) for trip modes and non-works in complex work tours

2a. H-W-N-H 2b. H-N-W-H 2c. H-W-N-N-H 2d. H-N-W-N-H
Primary mode N =262 N=118 N =64 N =52

H-W  W-N N-H H-N N-W  W-H | H-W  W-N N-N N-H H-N N-W  W-N N-H
Public transit 560 541 514 | 478 583 652 | 557 595 355 445 | 561 491 510 476
Walk 240 144 187 | 11.2 100 315 | 195 113 108 215 |96 87 159 156
Private vehicle 134 395 194 | 124 12.7 26.7 | 25.0 333 19.2 16.2 | 149 145 305 26.7
Ride-hailing 24,5 40.0 21.8 | 0.0 0.0 320 | 24.0 13.5 19.0 125 | 10.0 0.0 0.0 30.0
Other 450 353 175|150 70 135|790 217 80 00 |400 170 150 300
Non-work activity
School/Daycare/Religious 266.0 156.9 117.0 122.0 53.0 132.3
Medical/Dental 67.7 125.3 81.7 60.0 67.5 108.0
Shopping/Errands 37.0 20.5 25.6 47.9 5.0 24.9
Social/Recreational 161.4 90.8 95.3 168.3 28.0 140.6
Pick up/drop off 25.6 5.9 13.6 6.7 9.8 12.4
Buying Meals 59.7 11.1 573 72.4 10.1 70.0
Others 945 80.2 1746 855 63.4 78.8

With the case of two non-work activities before and after work (pattern 2d), it is
interesting to note that the purpose of the two non-work activities appear to be negatively
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correlated: that is, tasks of a certain type performed before work had a lower chance to appear
again after work, and vice versa. For example, shopping/errands and social/recreation happen
less often before work than after work (7.7 percent versus 28.8 percent for shopping and 1.9
percent versus 13.5 percent for social) whereas buying meals patterns were the converse (28.8
percent and 7.7 percent before and after work, respectively). The only exception to this trend is
pick up/drop off, which occurs quite equally in both legs (38.5 percent and 32.7 percent),
possibly due to picking up a child from school/daycare after work who had been dropped off
before going to work. The most frequent activity performed on the way to work was pick
up/drop off. It may be worthwhile to investigate how transit commuters manage to pick
up/drop off someone on their way to work or way home since use of transit often involves a
change of modes (access/egress modes) and therefore, does not provide as much flexibility and
convenience as a private vehicle.

2.5.2.4 Modal distributions

Unlike simple work tours, complex tours combine work with non-work activities in a single tour.
Arguably, private vehicles often provide the most flexibility in complex travel, thus, individuals
with access to a private vehicle over the duration of a work tour would typically find it flexible
and convenient to connect non-work activity demands on a work tour. Since public transit often
operates under greater constraints, it can’t provide as much flexibility in accommodating non-
work activity stops within a work tour. It remains to be answered how travelers who use transit
for at least one trip within a work tour manage to connect to non-work activities.

Figure 2.15 Modal distribution by three trip purposes in complex work tours
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To help understand the modal distribution of trips in complex work tours, we examined
the top unshaded section of Table 2.4 and the modal distributions plot in Figure 2.15. Travelers
who had non-work activities on their way to work (pattern 2b) had different mode choices
returning home than for travelers who performed non-work activities on the way home
(patterns 2a, 2c, and 2d). Table 2.4 demonstrates that for pattern 2b transit was dominant for
the return home trip, while for the other three patterns in this category, private vehicles
dominated on the return home trip. Figure 15 shows that few work tours used ride-hailing
services or other modes, regardless of trip purpose, when transit was also used on the tour.
Last, in the two tour categories where a non-work activity occurs on the way to work (patterns
2b and 2d), a higher fraction of car and walk trips were recorded during the AM peak period
(Table 2.4 and Figure 2.15).

2.5.2.5 Modal sequence by tour

Figure 2.16 shows the three most frequent modal sequences in the identified four patterns of
complex tours. We also examined the average travel time for each trip by different modes
within a tour from Table 2.5. Combined, the analysis contributes to the understanding of mode
usage in activity-travel patterns in terms of activity type and temporal proximity.

The four patterns of complex work tours showed variations in the sequence of mode
usage. In pattern 2a, transit was reported as travel mode for all the three trips in the largest
fraction of tours (about 20 percent), followed by transit to work and non-work trips and then
private vehicle for the return home trip (about 18 percent). In 15 percent of the tours of this
pattern type, transit was used for the first two trips and walk was reported for the last trip. This
case may be attributed to a choice of a non-work activity in close proximity to home (19
minutes walking time (Table 2.5).
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Figure 2.16 Frequent modal sequences in complex work tours
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In pattern 2b, the highest portion of tours (about 17 percent) involved transit use to a
non-work activity close to work, followed by on average a 10-minute walk to work (Table 2.5).
About the same portion of tours (about 16 percent) used a private vehicle for the first trip to a
non-work activity, then took transit to reach the workplace (and also returned home from work
via transit). About 13 percent tours involved an 11-minute walk (Table 2.5) to the station, then
doing a non-work activity there, and taking transit for both work and return home trips. On
these tours, the non-work activities included buying meals (26 percent), pick up/drop off (25
percent), or shopping (19 percent) (Table 2.4). The use of private vehicle for only the first trip in
the tour has several potential explanations: (1) travelers were dropped off at a transit station
but recorded it as dropping off someone; (2) travelers dropped off someone at their activity
location and then drove to the station; (3) travelers drove a vehicle to a station and performed
a non-work activity there before taking transit to work, leaving the vehicle at the station (but
not having a corresponding trip at the end of the tour); or (4) travelers drove to the station with
another traveler. Uncertainty in properly recording complex travel confounds interpretation of
the data.

Neither case 1 nor case 4 represent pick up/drop off activities performed by a survey
respondent. Case 1 corresponds to being dropped off by someone else and case 4 involves
traveling in a private vehicle with someone to change mode at a station. To make further
inquiries on these issues, we analyzed those tours where travelers chose modes in the
sequence in question (private vehicle (NW) = transit (W) = transit (H)) and record the ‘pick
up/drop off' in their activity list. In 45 percent of these tours, people dropped off a child at
school by using a private vehicle for the first trip. then drove to the station, parked the vehicle,
and took transit to work (case 2). About 14 percent of the tours represented case 1 suggesting
that people misreported the drop off activity in their activity-travel diary. On the other hand,
around 21 percent of tours correspond to case 3 while no observed tours reflected case 4.

In pattern 2c where travelers made two non-work stops on their way home, 20 percent
of tours used transit for the first trip to work. On the return home portion, transit was used to
travel to the first non-work location followed by a pick up by someone with a private vehicle to
access the second non-work activity (which is located an average of 16 minutes from home
(Table2. 5). The final return home trip was with that vehicle. In some of the tours (about 15
percent), transit was used for only the first trip with a later pick up by a household member
from the workplace by private vehicle to complete the rest of the tour.

The most frequent modal sequence in pattern 2d was to use a private vehicle for the
first and last trips (non-work activities both before and after work) and to use transit for the
two middle trips (from non-work to work and the reverse from work to non-work on the way
home). The most frequent non-work activity purpose recorded for both directions was drop
off/pick up someone (between 33 to 39 percent of tours, Table 2.4). Similar to pattern 2b, this
activity sequence invoked some interesting questions. After analyzing the tours where the non-
work activity purpose was 'drop off/pick up', we conclude that in most of these tours (about 48
percent) travelers either used private vehicle or walked to drop off children at school/daycare
and then drove or walked to a station to take transit to work. After work, they reversed the
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morning commute (pick up and return home). It appears that some people (about 14 percent of
tours) were themselves dropped off but incorrectly reported this as a drop off/pick up activity.

2.5.2.6 Frequency of transit with other modes

From the above analysis, it is evident that transit alone cannot meet all travel demands. While
this is not surprising, what is of interest is that most transit commuters use multiple modes to
access different activities within a daily work tour. Figure 2.17 depicts the proportion of tours
with a combination of travel modes within a complete work tour. Note again that each sampled
respondent used transit for at least one trip segment within the work tour, but transit was used
in combination with walk, private vehicle, other modes, or any combination of two or more
modes.

Figure 2.17 Frequency of transit with other modes in complex work tours
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Interestingly, as discussed previously, when travelers simply go to their workplace and
then return home (simple tours), the share of transit only tours (PT only) was the largest (83
percent). But when they mixed any non-work activity before or after work, the PT only fraction
declined and travelers tended to combine transit with other flexible travel modes, particularly
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private vehicles, which caused the private vehicle share (PT&PV) to increase (e.g., for pattern
2¢, the PT only share became 11 percent and the PT&PV share rose to 42 percent).

2.5.3 Complex tour with work-based sub-tour

In this section, the socio-demographic characteristics and travel behavior of travelers who
made a work-based sub-tour within a home-based tour (pattern group 3) are discussed. Two
dominant work tours (patterns 3a and 3b) were identified representing this tour category.

2.5.3.1 Socio-demographic characteristics

Figure 2.18 provides the socio-demographic characteristics in a spider plot for this group, in
reference to simple tours (pattern 1). Pattern group 3 travelers were more likely male, younger
or millennials (age 18—38), married (live with spouse or partner), and with higher incomes.
Most of their households consisted of two members, both employed. Few travelers in this
category had children in their household. Members of this group had at least one household
vehicle and the traveler was considered as the primary driver of that vehicle. A much higher
fraction of travelers had flexibility in their job arrival time compared to simple or complex work
tour makers. In terms of household income, a greater proportion of these travelers belonged to
the higher income class than the travelers from the other tour categories.

Figure 2.18 Socio-demographic characteristics of travelers in work-based sub-tour
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Figure 2.14 also shows that travelers with pattern 3a were more likely to live with a spouse or
partner and had higher flexibility in job arrival time than travelers in pattern 3b. The reason for
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% of people

reporting greater flexibility in job arrival time was perhaps due to the nature of their occupation
(78 percent of travelers in pattern 3a reported a professional, managerial or technical
occupation compared to 68 percent travelers of pattern 3b).

2.5.3.2 Temporal distribution of trips

Next, the time in motion plot for this tour category was examined (Figure 2.19). Recall that a
time in motion plot shows the fraction of travel for a given purpose at various times of a day.
Since this category of tours involved making a sub-tour from the workplace, the figure
illustrates dual trips to work reflecting the case of accommodating a non-work activity mid-day
and then return to work.

Figure 2.19 Time in Motion for three activity purposes in work-based sub-tour
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2.5.3.3 Non-work activity type and duration

For complex tours with a work-based sub-tour, workers had a mid-day visit to a non-work
activity location from their workplace and then returned to the workplace (patterns 3a and 3b,
Figure 2.19). Such behavior is explained in Tables 2.6 and 2.7, which suggest that during midday
in most of these tours (74 to 77 percent, Table 2.6), workers reported going out for lunch from
their workplace, consuming about 23 to 28 minutes, and then returning to work (Table 2.7). In
pattern 3b, an additional trip to a non-work location is made, often shopping (about 34 percent
of tours, Table 2.6) with an average duration of about 28 minutes (see Table 2.7).
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Table2. 6 Percentage of tours for trip modes and non-work activities in work-based sub-tour

3a. H-W-N-W-H 3b. H-W-N-W-N-H

N =196 N=61

HW W-N N-W W-H|HW W-N N-W W-N N-H
Single mode 985 100 995 964|100 100 100 934 96.7
Multiple modes 1.5 0.0 0.5 3.6 0.0 0.0 0.0 6.6 3.3
Primary mode”
Public transit 934 4.1 4.6 86.7 | 93.4 9.8 9.8 60.7 37.7
Walk 1.5 91.8 923 2.0 1.6 869 869 246 213
Private vehicle 5.1 2.6 3.1 8.2 33 33 33 13.1 344
Ride-hailing 0.0 0.5 0.0 1.0 0.0 0.0 0.0 0.0 6.6
Other 0.0 1.0 0.0 2.0 1.6 0.0 0.0 1.6 0.0
Non-work activity
School/Daycare/Religious 1.5 1.6 1.6
Medical/Dental 1.5 3.3 1.6
Shopping/Errands 9.7 9.8 34.4
Social/Recreational 2.0 1.6 18.0
Pick up/drop off 0.5 0.0 6.6
Buying Meals 77.0 73.8 21.3
Others 7.7 9.8 16.4

Notes: Home-based work tours are identified by individuals who used public transit in at least
one trip segment. * If multiple modes were used in a trip, only the primary mode was reported.

Table 2.7 Average duration for trip modes and non-work activities in work-based sub-tour

3a. H-W-N-W-H 3b. H-W-N-W-N-H
Primary mode N =196 N =61

H-W W-N N-W W-H|HW W-N N-W W-N N-H
Public transit 60.2 221 371 63.0|51.0 19.7 215 483 51.3
Walk 25.0 8.2 8.3 31.3 | 5.0 6.9 7.6 12.3 10.5
Private vehicle 148 12.2 66.2 156 | 25.0 125 10.0 23.0 16.3
Ride-hailing 0.0 10.0 0.0 245 | 0.0 0.0 0.0 0.0 19.0
Other 0.0 12,5 0.0 43.8 | 21.0 0.0 0.0 19.0 0.0
Non-work activity
School/Daycare/Religious 45.7 44.0 75.0
Medical/Dental 65.0 42.5 50.0
Shopping/Errands 27.5 36.7 28.0
Social/Recreational 36.3 35.0 148.0
Pick up/drop off 10.0 0.0 16.3
Buying Meals 28.3 22.5 61.6
Others 44.1 39.3 88.4

2.5.3.4 Modal distributions

Similar to simple and complex tours, the modal distributions plot was prepared for the work-
based sub-tour group and is presented in Figure 2.20. This figure shows that transit was the
dominant mode for all trips within the tour except the midday trips to non-work activity
locations. In about 87 to 92 percent of these tours, these midday trips were made by walking
(see Table 2.6 and Figure 2.20). Such behavior corresponds to conventional lunch hour activity,
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Others -

Uber/Lyft =

Transit

Walk

Car

likely in densely developed areas, such as lunch activity within walking distance of the
workplace. In a very few tours, ride-hailing and other modes were used, regardless of trip
purpose. In pattern 3b, a considerable fraction of travelers (34 percent), used private vehicles

for the return home purpose (see Table 2.6 and Figure 2.20).

Figure 2.20 Modal distribution by three trip purposes in work-based sub-tour
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2.5.3.5 Modal sequence by tour
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Figure 2.21 shows the three most frequent modal sequences of this category of tours. While
the modal sequences indicate which trips were chained by which modes, Table 2.7 provides
associated trip durations. It was found that the largest fraction of tours (77 percent tours in
pattern 3a) involved a long (on average one hour) transit commute to work, with short (on

average 8 minutes each way) walking trips during the midday for non-work activities (mostly
meals) close to the work location (these are work-based sub-tours). During the evening peak
period, the reverse commute via transit was frequent. In pattern 3b, travelers made a 48-
minutes transit commute to an additional non-work location (cf. Table 2.7) before returning

home.
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Figure 2.21 Frequent modal sequences in complex tours with work-based sub-tour
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2.5.3.6 Frequency of transit with other modes

While observing the frequency of transit use with other travel modes in this pattern of tours it
was found that the share of public transit with walk (PT&WK) was high (cf. Figure 2.22). Note
that for pattern 3b transit use in combination with two or more other modes was common (36
percent) because in addition to walk trips at midday, other modes (mostly private vehicles)
were used on the return home trip.

Figure 2.22 Frequency of transit with other modes in complex tours with work-based sub-tour
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2.6 Summary

In this chapter, we analyzed the socio-demographic, trip, and tour characteristics of both transit
users and transit commuters by using the 2017 National Household Travel Survey (NHTS) data.
Here, the term tour was defined as a sequence of trips and activities that began and ended at
home. The primary insights are: (1) transit was utilized for a considerable fraction of work (24
percent) and return home trips (38 percent); (2) about 80 percent of transit work tours
consisted of seven dominant patterns whereas the remaining 20 percent of tours demonstrated
a total of 106 diverse and more complicated patterns; (3) half of the transit work tours were
complex; (4) most simple tours were transit-only tours whereas most complex tours are multi-
modal tours; and (5) transit use was more complex than the traditional home to work commute
with a diverse set of choices at various stages of activity scheduling. While policies associated
with public transit typically focus only on the journey to work, this study considered the
complete set of trips starting and ending at home including intermediate non-work activity. This
approach can provide insights for land use and transit-related policies to better accommodate
the complex travel behavior of commuters who utilize transit.
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Chapter 3: Activity-Travel Patterns of Transit Users

Public transit offers lower accessibility and mobility services than private vehicles and thus it is
often considered a less attractive mode to many people. To improve the performance of transit
and in turn to increase its usage, a better understanding of daily activity-travel patterns of
transit users is in order. This chapter analyzes transit-based activity-travel patterns by
classifying users using Latent Class Analysis (LCA) . A description of this pattern recognition
technique and the model results are discussed below.

3.1 Data and Sample

This study analyzes data from the 2017 National Household Travel Survey (NHTS), a source of
information on travel by US residents in all 50 states and the District of Columbia. This survey
sponsored by Federal Highway Administration includes data on trips made by all modes of
travel (private vehicle, public transportation, pedestrian, biking, etc.) and for all purposes
(travel to work, school, recreation, personal/family trips, etc.). The dataset contains the
following four data tables:

e Households (socio-economic and location characteristics of surveyed households)

e Persons (demographic characteristics of all household members)

e Trips (over 24-hours by all household members 5 or older and trip-related attributes)
e Vehicles (vehicles used by the responding households)

The NHTS dataset contains 129,696 households consisting of 264,234 persons who took a
total of 923,572 trips. For this study, we identified public transit users as those individuals who
start their first trip from home and ends their last trip at home and used public transit for at
least one trip segment?. The choice of travel mode was treated as public transit if it was any of
the following: public or commute bus, city-to-city bus (greyhound, etc.), Amtrak/commuter rail,
and subway/elevated/light rail/streetcar. This generated a sample of 4,994 individuals who
made a total of 20,222 trips where almost half of the trips were made by transit (10,011).

3.2 Pattern Recognition Technique: Latent Class Analysis (LCA)

Latent class analysis is a mixture model that hypothesizes that there is an underlying
unobserved categorical variable that divides a population into mutually exclusive and
exhaustive latent classes (Lanza and Rhoades, 2013). Suppose each member of a population
(indexed by i) contains J “indicator” variables (indexed by j), each of which can take a value
from a set of Kj possible outcomes (all indicators variables are categorical). Let Yjx =1 if
respondent j takes k-th outcome for its j-th categorical variable, and Yjx = 0 otherwise (V;
denotes the corresponding vector). For a given number of classes, say R, LCA attempts to
simultaneously compute: (a) the probability that a respondent falls into a certain class, denoted
by pr, for r=1, 2,..R, and (b) the class-conditional probability, denoted by m;« that observation

2 When a trip involves change of modes, each mode defines a trip segment.
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in class r produces the k-th outcome on the j-th variable. The likelihood of observing a certain
respondent is therefore given by:

J K
f il p) = ipr [ ] [cmorro

=1 j=1 k=1

The parameters that the LCA model estimates are p and m«, which are found via
maximum log-likelihood estimation (MLE). In a more generalized LCA model, the class
probabilities, p/'s, are regressed (by using a logit link function) from a set of observed variables,
called “covariates”. Hence, the estimation technique finds a set of per class coefficient vectors,
B, (instead of p,), along with 1« (more details on this technique can be found in Linzer and
Lewis (Linzer and Lewis, 2011).

3.3 LCA Model Indicator Variables and Covariates

LCA requires a set of indicator variables that defines the characteristics of each latent class and
a set of covariates that help to predict the probability of an individual belonging to a latent
class. Figure 3.1 shows the conceptual latent class model with a set of indicator variables and
covariates used in this study. To capture the heterogeneity in activity-travel patterns, we used
various trip and tour attributes of transit users as the indicator variables such as day of travel
(weekday or weekend), the number of daily tours (one or more), whether a work tour was
made or not, the number of daily non-work trips, the timing of non-work trips, the fraction of
daily trips made by transit, and employment status of the transit user. The covariates were
selected to understand the class membership profiles that consist of various socio-demographic
characteristics, such as gender, age, household income, household size, vehicle ownership, use
of rail transit on the travel day, and population density (persons per square mile) in the census
block group at the home location.
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Figure 3.1 Latent class cluster model
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We used polLCA (Polytomous variable Latent Class Analysis) in the statistical software package R

to run LCA. R provides model parameters and goodness of fit measures, (chi-square with

degrees of freedom and information criteria AIC or BIC). AIC or BIC can be used to compare the

relative fit of models with different numbers of latent classes, where a lower value suggests a

better model fit. In this study, we varied class sizes from 2 to 6, observed the corresponding fit

measures, and empirically assessed the extent of the interpretability of the resulting classes.

Figure 3.2 Model fit statistics for two to six-class models
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Figure 3.2 shows the fit statistic values for two to six-class models. With the increase in
the number of classes, the values of all fit measures decrease until the class size becomes six.
The rate of decrease varies, with a sharp decline after class 2 and then flattening after class 5.
Since the five-class model has the lowest AIC and BIC values and classes are easily identifiable
and logically interpretable, we accepted the five-class model for our study.

The class-conditional membership probabilities for the indicator variables and class-wise
probability-weighted summary statistics for covariate variables are shown in Tables 3.1a and
3.1b, respectively. The class size was determined by assigning an individual to a class for which
the probability of that individual belonging to that particular class was the highest (also known
as modal assignment). The summary statistics were reported as probability-weighted mean
values considering all individuals instead of computing the mean values of the individuals after
assigning individual cases to the class with the highest probability. The effects of covariates on
class membership are presented in Table 3.2. Each of the identified latent classes corresponds
to an underlying group of individuals who are characterized by a particular activity-travel
pattern and social-demographics features. Next, we provided a detailed description of (a) who
belongs to which among the five identified classes and their trip and tour characteristics, (b)
class membership socio-demographic profiles (which factor influenced an individual belonging
to a certain class), and (c) the activity-travel patterns of the five classes of transit users.

3.5 The Five Identified Transit User Classes

The first class corresponded to the simple work tour transit commuters (22 percent of total
users, Table 3.1a) who, as the name suggests, made a single tour (96 percent) for work
purposes (97.3 percent) on weekdays (92 percent). This group neither made a nonwork stop in
their work tour nor made a separate nonwork tour in a day (100 percent). Most of the
members used transit for their work and return home trips (78.9 percent reported using transit
for more than 50 percent of daily trips). This group constituted White (63.8 percent), employed
males who lived with other household members (81 percent), had high vehicle ownership (79.5
percent), and typically used commuter rail (53.6 percent) for their work trips (c.f. Table 3.1b).
The majority of this group (43.4 percent, Table 3.1b) resided in medium-density neighborhoods
(2,000 to 10,000 people per square mile).

The second class was identified as the complex work tour transit commuters that
constitute 22 percent of total users. Similar to class 1, this class also made a single (67.2
percent, Table 3.1a) work tour (97.3 percent) on weekdays but it typically included a non-work
stop within the work tour whereas class 1 does not. Several users also made a separate non-
work tour to perform a non-work activity (32.8 percent reported making multiple tours). Most
of the users made one non-work trip (71.5 percent) per day, usually performed during the
midday (10 am — 3 pm) or PM peak period (3 pm — 7 pm). The majority of the members (58.8
percent) depended on transit for making 25 to 50 percent of their daily trips. As per socio-
demographic characteristics, these individuals were mostly White (62.9 percent) employed
women with high income and high vehicle ownership (75.6 percent) who used commuter rail
for work purposes (Table 1b).
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Table 3.1a Class-conditional membership probabilities for indicators by class (N = 4,994)

Class 1 Class 2 Class 3 Class 4 Class 5
Simple work  Complex work  Multimodal Simple Complex
tour transit  tour transit complextour  non-work tour non-work tour
commuters  commuters transit users transit users transit users
(%) (%) (%) (%) (%)
Class probability 0.22 0.22 0.16 0.19 0.22
Indicator variables
Day of travel
Weekday 0.92 0.96 0.80 0.82 0.83
Weekend 0.08 0.04 0.20 0.18 0.17
Daily tours
Single tour 0.96 0.67 0.48 1.00 0.44
Multiple tours 0.04 0.33 0.52 0.0 0.56
Work tour included
Yes 0.97 0.97 0.59 0.00 0.01
No 0.03 0.03 0.41 1.00 0.99
Number of daily non-work
trips
Non-work# 0 1.00 0.00 0.00 0.00 0.01
Non-work# 1 0.00 0.72 0.00 0.77 0.00
Non-work# 2 0.00 0.29 0.24 0.23 0.30
Non-work# >2 0.00 0.00 0.76 0.00 0.69
Timing of a non-work trip
AM peak (6am — 10am) 0.00 0.19 0.43 0.63 0.68
Midday (10am — 3pm) 0.00 0.34 0.71 0.42 0.81
PM peak (3pm — 7pm) 0.00 0.49 0.75 0.06 0.53
Evening (7pm — 6am) 0.00 0.17 0.43 0.04 0.16
Fraction of daily trips by
transit
Less than 0.25 0.02 0.13 0.42 0.01 0.25
0.25-0.5 0.19 0.59 0.50 0.20 0.48
More than 0.5 0.79 0.28 0.08 0.79 0.27
Employment status
Employed 0.98 0.98 0.96 0.17 0.10
Not employed 0.03 0.02 0.04 0.83 0.90

The third identified class was deemed multimodal complex tour transit users (this class
was smallest with 16 percent of users) who were mostly employed (96.1 percent, Table 1a) and
made work tours (59.3 percent) like the first and second classes. The key difference was that
class 3 typically made multiple non-work trips (76.3 percent make more than two non-work
trips) within a work or non-work tour while the other two classes did not. Despite most of the
users being employed in this group, less than two-thirds of them made work tours on the travel
day (59.3 percent), which was in contrast to class 1 and class 2 (more than 97 percent did so in
these classes).
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Table 3.1b Probability-weighted summary statistics for covariates by class (N = 4,994)

Class 1 Class 2 Class 3 Class 4 Class 5
Simple work  Complex work  Multimodal Simple Complex
tour transit  tour transit complex tour non-work tour non-work tour
commuters  commuters transit users  transit users transit users
(%) (%) (%) (%) (%)
Class size® 1095 1127 733 977 1062
Covariates
Gender of the traveler
Male 54.1 49.5 48.0 46.4 44.3
Female 45.9 50.5 52.0 53.6 55.7
Age of the traveler
Younger group (< 18 years) 04 0.5 0.7 16.7 14.2
Millennials (18 — 38 years) 40.4 42.6 47.9 23.6 17.2
Generation X (38 —58 years) 41.1 37.8 37.2 21.1 24.2
Older adults (> 58 years) 17.5 17.8 13.5 36.2 43.4
Race of the traveler
White 63.8 62.9 73.6 45.7 52.9
Non-white 36.2 37.1 26.4 54.3 47.1
Household income
Low income (less than $35K)  21.1 20.5 18.9 60.9 62.8
Middle income ($35K —
$100K) 35.2 34.4 33.4 21.4 21.6
High income (more than
$100K) 41.4 43.4 46.8 13.5 13.1
Household size
One person 19.0 25.0 29.1 34.0 40.3
Two persons 38.3 39.9 41.7 25.0 29.5
more than two persons 42.7 35.0 29.2 40.9 30.2
Household vehicle ownership
Own at least one vehicle 79.5 75.6 71.5 48.5 43.9
Does not own a vehicle 20.5 24.4 28.5 51.5 56.1
Used rail on the travel day
Yes 53.6 55.5 59.3 24.3 23.2
No 46.4 44.5 40.7 75.7 76.8
Population density (persons
per sq. mile) in census block
group
Low density (0 — 2,000) 21.4 15.4 11.7 18.6 17.0
Medium density (2,000 —
10,000) 43.4 39.1 38.9 44.4 45.9
High density (more than
10,000) 35.2 45.6 49.3 37.0 37.1

Note: 2 Class size is determined by modal assighnment. Summary statistics are reported as probability-weighted mean

values.
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Unlike the other two employed groups, this group made a considerable fraction of
multiple tours (52.1 percent compared to 4 percent (class 1) and 32.8 percent (class 2)). The
users of this group were multimodal since most of them (more than 90 percent) used transit for
at most 50 percent of their trips and depended on other modes for making the rest of the trips.
Members of this class were mostly White (73.6 percent) millennials with high income (46.8
percent) and high vehicle ownership (71.5 percent) (c.f. Table 1b). Similar to class 1 and class 2,
a higher fraction of this group used commuter rail (59.3 percent). Unlike simple work tour
transit users (class 1), a higher fraction of the two complex tour users (class 2 and class 3) lived
in high-density residential areas (more than 10,000 people live per sg. mile) (Table 1b).

In contrast to the previous three groups, the last two groups of transit users were not
typically employed and consequently did not make work tours. Instead, they made single or
multiple tours to perform one or more non-work activities. The fourth group, identified as the
simple non-work tour transit users (19 percent of total users), primarily made a single tour (100
percent, Table 1a) to participate in only one non-work activity (76.8 percent). This group
depended mostly on transit for making both of their trips (79 percent use transit for more than
50 percent of trips) (Table 1a).

Compared to class 4, the final class of transit users (class 5) mostly made multiple tours
(55.7 percent) to multiple non-work activities (69.3 percent make more than two, Table 1a).
This class was, therefore, called complex non-work tour transit users, and comprised 22 percent
of total transit users. These two non-work tour classes included a higher fraction of younger
(age < 18 years) and older-adult (age > 58 years) groups and a larger proportion of low-income
households with low vehicle ownership (about 45 percent in class 4 and 5 compared to about
75 percent in the other three classes) (c.f. Table 1b). Moreover, while a higher proportion of the
three employed groups used commuter rail (more than 50 percent), the other two groups
mostly used the public bus (more than 75 percent) on the travel day. Among all the classes,
class 4 included a larger share of non-Whites whereas class 5 comprised a greater fraction of
single-living people. Similar to class 1, the majority of users in both class 4 and class 5 resided in
medium-density areas.

3.6 Prediction of Latent Class Membership

The socio-demographic factors (covariates) that influence whether an individual belonged to a
particular class are shown in Table 3.2. The covariate coefficients for four classes are displayed
relative to the first class (i.e., simple work tour transit commuters). Males were more likely to
belong to the simple work tour class (class 1) compared to the other four classes. On the other
hand, females were more likely to belong to each of the complex tour classes. This may be
because females often have a greater range of activity responsibilities than their male
counterparts (McGuckin and Murakami, 1999; Rafiqg and McNally, 2020a). Both younger (< 18
years) and older adult groups (> 58 years) were more inclined to be the non-work tour transit
users (class 4 and class 5) whereas millennials (18 — 38 years) were more likely to be the
multimodal complex tour transit users (class 3).
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Household income also affected class membership: transit users with low-income
tended to belong to class 4 and class 5, whereas high-income users tended to belong to class 2
and class 3. Likewise, users who did not have a household vehicle or did not use commuter rail
were more likely to belong to class 4 and class 5. We found an association between household
size and class membership: persons from single-living households tended to belong to class 5,
whereas persons from larger households were more likely to belong to class 1. The effects of
population density on class membership were limited, with people living in high-density areas
more likely to make complex tours, hence tend to belong to class 2 and class 3.

Table 3.2 Prediction of latent class membership (N = 4,994)

Complex work  Multimodal Simple Complex
tour transit complex tour non-work tour  non-work tour
. commuters vs.  transit users transit users transit users
Covariates . . . .
simple work vs. simple vs. simple vs. simple
tour work tour work tour work tour
commuters commuters commuters commuters
Gender of traveler: Male -0.168* -0.255** -0.226** -0.313***
Age of traveler (baseline: Millennials, 18 — 38
yrs.)
Younger group (less than 18 years) 0.324 0.646 4 54%** 4.897%**
Generation X (38 — 58 years) -0.151 -0.300%** -0.249* 0.177
Older adults (more than 58 years) -0.139 -0.666*** 1.212%** 1.581%**
Household income (baseline: low income, <
$35K)
Middle income ($35K — $100K) 0.084 0.165 -1.210*** -1.097***
High income (>$100K) 0.295** 0.507*** -1.644*** -1.536***
Race of the traveler: white -0.040 0.490*** -0.267** 0.006
Household size (baseline: single person)
Two persons -0.286** -0.423*** -0.240 -0.167*
More than two persons -0.525%** -0.880*** 0.082 -0.269
Household vehicle: own at least one vehicle -0.033 -0.281** -0.683*** -0.800***
(baseline: does not own vehicle)
Use of rail transit on the travel day: Yes -0.033 0.047 -0.655%** -0.755***
Population density (persons per sq. mile) in
census block group (baseline: low density, 0 —
2,000)
Medium density (2,000 — 10,000) 0.198 0.463%** -0.162 -0.036
High density (more than 10,000) 0.507*** 0.759*** -0.033 0.085

* *¥* and *** indicate statistical significance respectively at 10%, 5%, and 1%.
3.7 Activity-travel Patterns of Identified Classes

This section summarizes the activity-travel patterns of the identified five transit user classes. A
graphical representation is utilized for each class that shows the sequence of all activities and
travel reported in a travel diary day for a randomly selected 50 individuals from a given class.
Ideally, we would depict the plots for all individuals in the class but space and clarity of display
resulted in a selection of 50 patterns yielding the clearest depiction. We generated the same
plots for 10 different random samples, each time producing a similar set of plots. We report
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one of those ten results here. Figure 3.3 shows these results for each class (the x-axis denotes
the time of day and the y-axis denotes sampled individuals with their activities and trips). The
sequence of activities and travel is shown as segments based on activity and travel duration.
The segments are color-coded based on activity purpose and mode use. In Figure 3.3, a
summary of the major activity-travel characteristics of each class is also shown by a stacked bar
chart beside the activity-travel pattern drawing.

3.7.1 Class 1. Simple work tour transit commuters

The dominance of work (red-colored) segments in all the patterns in Figure 3.3a best illustrates
the work focus in this class. The blue segments show transit use, predominantly preceding and
following the red segments indicating transit as a commute mode to and from work. The
departure time of transit trips during morning and evening hours and the length of red
segments demonstrates that this is a 9-to-5 commuter group. In addition to the pattern
diagram, the bar chart depicts that this group mostly made a single tour for work purposes and
were primarily dependent on transit: 85 percent used only transit, 10 percent used transit in a
combination of a private vehicle, and 9 percent combined walk trips with transit. The higher
weekly frequency of transit use indicates that this class commuted regularly by transit. The
majority of this class were not captive riders3 but rather were choice riders (66 percent).

3.7.2 Class 2. Complex work tour transit commuters

In Figure 3.3b, class 2 demonstrates a similar pattern of work (red) and transit (blue) segments
like in class 1, which means that class 2 also used transit as a commute mode to and from work.
In contrast to class 1, this class also included green segments which depict non-work activities
usually performed either during work and/or after work hours (33.5 percent of people had
during midday and 49.3 percent during PM peak period non-work activity, Table 3.1a). The
after-work non-work activities were made either on the way to home journey or via separate
non-work tours. About two-thirds of people in this class made a single tour that typically mixed
non-work with work whereas the other third made multiple tours, possibly one for work and
another one for non-work. Data revealed that when this group had non-work activity during
work hours, they typically went to lunch (spending 28 minutes on average) within walkable
distance from their workplace. When the stop was on the way home, the activity tended to be
buying goods, groceries, or services, spending about 40 minutes on average.

Figure 3.3b also shows that while transit (blue) was predominantly associated with a
work activity (red), private vehicles (yellow) and other modes (cyan) along with transit were
also used to access non-work activities. For example, in 32 percent of non-work trips transit was
reported to be used whereas in 26 percent and 37 percent of trips private vehicles and walk
were used to access non-work activities, respectively.

3 Captive riders refers to those riders who either do not own a vehicle or do not have driving license or give up
driving for a medical condition.

Pacific 51
Southwest
Region UTC

University Transportation Canter



Analysis of activity-travel patterns and tour formation of transit users

Figure 3.3 Sampled activity patterns and aggregate trip characteristics by transit user classes
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(e) Class 5. Complex non-work tour transit users: 50 random patterns out of 1062 (left) and
aggregate trip characteristics of the entire class* (right)

* Modes are public transit (PT), private vehicle (PV), walk (WK), and at least two modes (TwoMore).

3.7.3 Class 3. Multimodal complex tour transit users

The transit users who belong to this class demonstrated different trip characteristics from the
first two classes (class 1 and class 2), as evidenced in Figure 3.3c. One difference was that not all
people in this class made trips to work on the travel day (even though 96 percent of people in
this class were employed). A possible reason may be that a higher fraction of class 3 reported
weekend trips (20 percent compared to 8 and 4 percent for class 1 and class 2, respectively) or
worked from home (12 percent compared to 3 and 4 percent) on the travel day. Another
observation was that non-home activities spanned from morning till late evening in this class,
which was not visible in other classes (42.8 percent people made trips during the evening
compared to 17.4, 3.5, and 16.2 percent in class 2, 4, and, 5 respectively, Table 3.1a). Also, class
3 participated in more non-work activities by making multiple tours and departed late in their
first trip made by transit within the first tour than the previous two employed classes. The
pattern also revealed that transit users in this class mixed private vehicles (yellow segments)
and other modes (cyan segments) with their transit modes (blue segments). This class indeed
had a higher fraction of “PT + two/more” group (the travelers who used two and more modes
in addition to transit to complete their activities) than other classes (Figure 3.3c bar chart). This
is why this class was called a multimodal transit user group.

3.7.4 Class 4. Simple non-work tour transit users

The activity-travel pattern of class 4 is displayed in Figure 3.3d, which shows a similar pattern to
class 1 but instead of having work activity (red), class 4 had mostly non-work activity (green). In
particular, this class made a single tour to perform one non-work activity and used transit to
make the non-work and return home trips (blue segments juxtaposed with green segments). It
is observed that the non-work trips mostly occurred during the morning hours (blue segments
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that precede the green segments spanned 8 am to 12 pm), usually to go to school (19 percent
trips), to buy groceries or other goods (35 percent), to visit health care centers (14 percent), or
to do discretionary activities (21 percent). As the pattern diagram shows, the total non-home
durations for each individual varies. For example, while the majority in this class spent fewer
than 5 hours (41 percent), a considerable fraction spent as many as 8 hours (26 percent) or
even as many as 12 hours (27 percent) in non-work activity (Figure 3.3d bar chart). This class
was neither considered as choice riders nor as frequent transit riders as for other commuter
classes. Most of the members used transit constrained by their circumstances (74 percent were
captive riders) and used it for at most 3 times a week (60 percent). They rarely used other
modes to make non-work trips— only 11 percent and 19 percent of members combined private
vehicles and walk with transit, respectively.

3.7.5 Class 5. Complex non-work tour transit users

Members of class 5 made multiple tours to multiple non-work activities as illustrated by a high
concentration of small green segments in Figure 3.3e. The green segments spanned from
morning through early evening, which was attributed to performing non-work activities during
the daytime: 67.5, 81.3, and 52.7 percent users made trips in AM peak, midday, PM peak
periods, respectively (Table 3.1a). Non-work trips were usually made for school (8 percent),
shopping (40 percent), discretionary activities (28 percent), and medical visits (10 percent).
Similar to class 4, the duration of total non-work activities varied considerably among the class
members (Figure 3.3e bar chart). The scattered pattern of small blue-colored segments in this
class demonstrated a repetitive use of transit for making multiple tours or single tours with
multiple trips. Data revealed that compared to other transit user classes, this class made more
transit trips with shorter duration (average number of transit trips for class 5 was 2.3 compared
to 1.9 for the other classes). The presence of walk (cyan) and private vehicle (yellow) segments
denoted corresponding trips which integrated other modes with transit to access multiple non-
work activities.

3.8 Activity Patterns of Transportation Disadvantaged Groups

This chapter presented an analysis of the five identified classes of transit users (simple work
tour users, complex work tour users, multimodal tour makers, simple non-work tour users, and
complex non-work tour users) and their associated activity-travel patterns. Next, we consider
the activity-travel pattern of four groups of transit users who are traditionally considered as
transit disadvantaged groups. These four groups are people who live in (1) carless households,
(2) low-income households, (3) rural areas, and/or who are (4) older adults. Carless households
are those which do not own a private vehicle and low-income households are those which earn
no more than $35K per year. Rural households reside in an area that is designated as urban or
rural as provided in the 2017 NHTS data. Older adults are defined as individuals who are aged
65 and above.

We calculated the distribution of these four transit disadvantaged groups relative to the
five identified general transit user classes to determine if these disadvantaged groups tended to
be more associated with a particular class and its corresponding activity pattern. Tables 3.3
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shows the distribution of the four disadvantaged groups within the five transit user classes.
While Table 3.3 shows the distribution as counts, Table 3.4 represents the same data but as
percentages. In each table, the first data column provides the class size for the five identified
classes, to be split by disadvantaged status. In the second data column,total class members who
do not belong to any of the four specified disadvantaged groups is provided while in the third
column total class members that belong to at least one of the four specified disadvantaged
groups is provided. The remaining columns present the distribution of the four disadvantaged
groups. Note that the column sums in Table 3 denote group counts while the corresponding
values in Table 3.4 sum to 100 percent. The disadvantaged groups are not mutually exclusive,
thus, members in one disadvantaged group can also belong to another group as well.

Table 3.3 Distribution of disadvantaged groups by five identified transit user classes (counts)

Class Class size withno  Class size with Low- Older
Class Class name . . . Carless Rural .
size disadvantage disadvantage income (>65)
1 Simple work tour users 1095 685 410 225 43 230 58
2 Complex work tour users 1127 681 446 273 41 228 71
3 Multimodal tour makers 733 418 315 213 26 140 36
4 Simple nonwork tour users 977 240 737 501 36 592 211
5 Complex nonwork tour users 1062 211 851 597 31 672 289
Total 4994 2235 2759 1809 177 1862 665
Note: Column 1 represents total class size split by Column 2 (those with no disadvantage) and Column 3 (those with any
of the four potential disadvantages. The breakdown of disadvantaged groups are not mutually exclusive.
Table 3.4 Distribution of disadvantaged groups by five identified transit user classes (percentage)
Class Class size with no  Class size with Low- Older
Class Class name share disadvantage  disadvantage Carless Rural income (>65)
(%) (%) (%) (%) (%) (%) (%)
1 Simple work tour users 22 31 15 12 24 12 9
2 Complex work tour users 23 30 16 15 23 12 11
3 Multimodal tour makers 15 19 11 12 15 8 5
4 Simple nonwork tour users 20 11 27 28 20 32 32
5 Complex nonwork tour users 21 9 31 33 18 36 43
100 100 100 100 100 100 100

Among these potentially disadvantaged groups of transit users, carless households and
low-income households were more prevalent (see Table 3.3). The percentage distribution of
general transit users across the five identified classes closely matched the distribution of users
who lived in rural areas but varied over the other disadvantaged groups (Table 3.4). This
suggests that transit users living in rural areas might not be different from the general
population of transit users relative to the types of activity-travel patterns exhibited (rural
residents who did not use transit were not part of the analysis). A larger fraction of carless and
low-income households used transit for making non-work tours (Table 3.4). Similarly, older

Pacific 56
Southwest
Region UTC

University Transportation Canter



Analysis of activity-travel patterns and tour formation of transit users

adults used transit primarily for non-work purposes with nearly 43 percent reported making
complex non-work tours (Table 3.4). Overall, a larger fraction of transit users (about 60 percent)
who did not belong to a disadvantaged group used transit for work purposes, which was the
reverse of the pattern for disadvantaged groups where a greater fraction (around 60 percent)
primarily used transit for non-work purposes (see Columns 2 and 3 in Tables 3.3 and 3.4).

3.9 Summary

This chapter analyzes the activity-travel patterns and tours of transit users by classifying them
into a number of sub-groups via Latent Class Analysis (LCA). Here, the term pattern denotes a
complete sequence of activities and trips made by a transit user over a full day whereas tour, a
basic unit of a pattern, refers to a sequence of trips that begins and ends at home and contains
single or multiple activities. Based on data from the 2017 NHTS, the LCA model results suggest
that the transit users can be divided into five distinct classes where each class has a
representative activity-travel pattern (Figure 3.4). Class 1 constitutes employed Caucasian
males who make transit-dominant simple work tours. This is a regular 9-to-5 commuter group.
Class 2 is composed of white females who commute by transit and typically make after-work
non-work activities. Employed white millennials comprise Class 3 and make multimodal
complex tours. Class 4 consists of younger non-whites or older adults who make a transit-
dominant simple non-work tour. Last, Class 5 members make complex non-work tours with
recurrent transit use and comprised single, older women. We observe that disadvantaged
groups, such as people from carless households, low-income households, rural areas, and older
adults use transit differently than the people who do not belong to the disadvantaged group.
Disadvantage groups typically use transit for making non-work and return home trips (non-work
activity-travel patterns). These study results can help transit agencies identify potential market
groups of transit users with particular socio-demographic characteristics and activity-travel
patterns and to take necessary market strategy steps to addressing different groups of users to
meet their travel needs and to improve the quality of service provided.

Pacific 57
Southwest
Region UTC

University Transportation Canter



Analysis of activity-travel patterns and tour formation of transit users

Figure 3.4 Five transit user classes and their socio-demographic properties
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Chapter 4: Modeling Work Tour Choice of Transit Users

Public transit is a sustainable mode of transport that can reduce automobile dependency and
can provide environmental, economic, and societal benefits. Its widespread adoption and use
are arguably dependent on transit’s ability to offer effective chaining of trips particularly when
utilized on a work commute. Unfortunately, little is known in the context of American travel
about the trip chaining behavior of transit commuters. To address this gap, a tour choice model
for transit commuters is proposed using Structural Equation Modeling (SEM). The detailed
description of the model development and the model results are discussed below.

4.1 Data and Sample

This study analyzes data from the 2017 National Household Travel Survey (NHTS). We identified
public transit commuters making work tours, that is, those individuals who are at least 18 years
old, perform at least one work activity, and used public transit in at least one trip segment. A
choice of travel mode is treated as public transit if it is any of the following: public or commute
bus, city-to-city bus (greyhound, Mega bus, etc.), subway/elevated/light rail/street car, and
Amtrak/commuter rail. This generated a sample of 2,448 individuals. Home-based transit work
tours were formed by linking person trip sequences that start and end at home and contained
at least one work activity. The result was a total of 2,454 home-based work tours (this includes
six individuals who each made two transit work tours on the same travel day). From the total
sample, travelers who visited multiple work locations (more than one) but did not mix non-
work with work (126 observations) were removed as were those travelers who made two work
tours in a day (6 observations). After removing observations with missing information, we
obtained a final sample of 2,079 individuals for modeling purposes.

4.1 Types of Work Tours

A home-based work tour is defined as a sequence of trips that starts and ends at home and
contains at least one work activity performed at single or multiple destinations. Home-based
work tours can be divided into three categories: simple work tours, complex work tours, and
complex tour with work-based sub-tours. Detailed definition of these three work tour
categories was provided in section 2.5.

The fraction of tours for each of the three categories is provided in Figure 4.2 and shows
that both simple work tours and work-nonwork mixed tours overall reflected an almost equal
share. Among mixed tours, complex tours represented a higher portion of tours (29 percent)
compared to work-based sub-tours (20 percent). The 2017 NHTS data revealed that in simple
work tours, transit was typically utilized for both the work-bound and home-bound trips, thus,
the share of transit-only tours was the largest for simple tours. In contrast, when travelers
mixed non-work activities either before or after work, the transit-only fraction declined, and
travelers tended to combine transit with other flexible travel modes (e.g., private vehicles). The
share of public transit with walk was the largest in work-based sub-tours, with both walk
access/egress and density proximate to the workplace being the likely contributing factors.
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Rafig and McNally (2020b) found that 83 percent of the simple work tours of transit commuters
were transit-only tours whereas 92 percent of work-nonwork mixed tours were multimodal
tours. When travelers made a non-work stop on the way to work, they often did so for a meal
or to drop off a child whereas when they stopped on the way home, the activity tended to be
buying goods or services. Users who performed non-work activity during work hours typically
went out for lunch within walkable distance from their workplace (Rafig and McNally, 2020b).

Figure 4.1 Fraction of work tours of NHTS transit commuters (N=2,079)

4.2 Model Specification

Structural equation modeling (SEM) is a comprehensive methodological framework that can
simultaneously estimate the causal relationships among a set of observed variables based on a
specified model (Kaplan, 2008). Such a structural model can capture the causal influences of the
exogenous variables on the endogenous variables (regression effects) and the causal influences
of endogenous variables on each other. The structural model also allows provision of error-
term covariances (Golob, 2003). The strength of the SEM is that in addition to identifying the
direct effect of one variable on another, it also can capture indirect effects through other
mediating variables. The summation of direct and indirect effects represents the total effect
that provides valuable insights on the interrelationships between variables.

SEM is widely used in travel behavior research as it enables the analysis of complex
causal relationships among a set of exogenous and endogenous variables. Golob (2003)
outlined a comprehensive review of the application of SEM in various travel behavior research
including its use in activity-based travel demand modeling. Several notable studies used SEM to
analyze the relationships among socio-demographic characteristics, activity participation, and
trip chain behavior (Lu and Pas, 1999; Golob, 2003; Kuppam and Pendyala, 2001; Chen and
Akar, 2017; Rafiq and McNally, 2020a). Fujii and Kitamura (2000) applied SEM to identify the
association between transportation control measures and commuters’ activity-travel patterns.
Among recent work, Van Acker and Witlox (2011) used SEM to show how relationships
between land use and commuting differ between work-only tours and more complex tours. The
relationship of work and non-work trip chaining (tours) with varying mode choice was explored
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by Islam and Habib (2012) by applying this technique.

This study develops a tour choice model by conceptualizing a causal relationship among
a set of socio-demographic characteristics, built environment variables, activity-travel
participation, and a particular work tour choice for the public transit commuters by using a SEM
path model. Path models typically have three types of variables: exogenous variables,
endogenous outcome variables, and endogenous mediator variables. An exogenous variable is
not causally dependent on any other variables in the model. On the other hand, endogenous
variables are determined by the model. An endogenous outcome variable is a dependent
variable with respect to other variables used in the model. Whereas, an endogenous mediator
variable is independent with respect to some variables and dependent with respect to other
variables in the model (Acock, 2013). The SEM path model equations, the conceptualized causal
structure, and the list of exogenous and endogenous variables used in our model are described
next.

4.2.1 The structural equation path model

Let us denote measured exogenous variables as X and measured endogenous variables as Y.
The equation for the endogenous variables is given by (Kline, 2016):

Y=TX+BY+ (1)

where Y is an (m x 1) column vector of endogenous variable and X is an (n x 1) column vector of
measured exogenous variables.

The structural parameters are the elements of the matrices are (Golob and McNally, 1997):

r (m x n) matrix of direct causal (regression) effects from the (n) exogenous
variables to the (m) endogenous variables;

B (m x m) matrix of causal links between the m endogenous variables; and
¢  (m x 1) matrix of m error terms

Equation (1) can be expressed in matrix form as (Kline, 2016):

. et A 0 - 4 Y G

Y ! fln X =lm Y .

2 — - - - 2- _|_ - - - -.2. _|_ QE (2)
Ku “ml o 0 Tfmn X:; 'j,:r:lal e 0 Y;;u;, Cm

Other parameter matrices include the covariance matrix of the measured exogenous variables
® and the covariance matrix of the error terms W, shown in Eq. (3).
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For identification of system (1), B must be chosen such that (I-B) remains non-singular, where |
is an identity matrix of dimension m. For an identified system, the model implied the total
effects of the endogenous variables on each other are given by (Golob and McNally, 1997):

T,y =U—-B)1-1I (4)

The total effects of the exogenous variables on the endogenous variables implied by the system
are given by (Golob and McNally, 1997):

Ty = I —B)™'T (5)
4.2.2 The exogenous and endogenous variables

Model variables were selected based on relevant prior work and data availability. Exogenous
variables included household and person-level socio-demographic characteristics. Household-
level characteristics included the presence of a child (aged 0 to 17 years), the number of adult
members (aged 18 years or more), the presence of a spouse or partner (by two categories:
employed spouse/partner or single (reference group) and unemployed spouse/partner), the
vehicle-driver ratio (number of vehicles divided by the number of licensed drivers), and
household income by three categories: low (reference group: less than $S20K), middle income
(S20K to S60K), and high income (S60K or more). Several person-level characteristics of the
travelers, including age, gender, ethnicity, Hispanic status, immigration status, educational
attainment, employment type, and flexibility in job arrival time, were considered as important
determinants of work tour choice. All person-level variables were represented as dummy
variables in the model.

The endogenous mediator variables were grouped in two broad categories: the built
environment and activity-travel characteristics. The built environment variables included
population density (persons per square mile) in the census block group of the household’s
home location, road network distance (miles) between home to the workplace, and proximity
of a transit station to either home or work/non-work activity location. This last variable was
defined by two variables in the model: one represents the average travel time spent by a
traveler to access a transit station from an origin and the other represented the average travel
time to access a destination from a station.

The activity-travel characteristics of a traveler were represented by a set of variables.
Since trip chaining is often a product of arrangements among household members to gain
efficiency in activity-travel engagements (Hensher and Reyes, 2000), we attempted to capture
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the effects of intra-household interactions on tour behavior. Such interactions are captured by
the fraction of hours spent on various out-of-home activity purposes by a household traveler.
We considered three such activity purposes — work, maintenance, and discretionary — and
thus, three variables in the model. Each of the variables was calculated by dividing the total
hours spent on a particular activity purpose by a traveler by the total hours spent on that
activity by all the members of the household (including the traveler). Note that maintenance
activities included drop off or pick up someone, buying goods, services or other general
errands, exercise, health care visit, and religious activities, whereas buying meals, recreational
activities, visiting friends and relatives, and volunteer activities are considered as discretionary
activities. Other variables that were considered to represent activity-travel characteristics are
technology usage behavior, travel party composition, and mode usage behavior. Technology
usage behavior was defined by two variables: frequency of ride-hailing app usage and the
frequency of online purchases in the last month. Travel party composition was characterized by
two variables: the fraction of trips made by a traveler with household members and the same
but with non-household members. These two fractions were calculated by dividing the total
number of trips made by a traveler with household and non-household members respectively
by the total number of trips made by that traveler in a day. The mode usage characteristic of
travelers was defined by the fraction of trips where a private vehicle is used within their work
tour. The endogenous outcome variable defined the choice of a particular work tour by a transit
commuter among three work tour types—simple, complex, and complex with work-based sub-
tours (a detailed discussion is provided with model estimation).

4.2.3 The conceptual model

The conceptual structure of the SEM can be graphically depicted by a path diagram. An arrow in
a diagram indicates the direct effect from one variable to another. The rectangular boxes
represent exogenous and endogenous variables. Since an endogenous outcome variable is
dependent on all the variables in the model, an arrow is directed to it. The conceptual model
structure for this study is shown in Figure 4.2. In the model, a set of household and person-level
socio-demographic characteristics of travelers and built environment variables were postulated
to both directly and indirectly (via activity-travel characteristics) affect their choice of a work
tour. Moreover, to capture residential self-selection effects, we posited direct connections from
each of the household and person-level characteristics to the built environment variables.
Error-term covariances among a similar set of variables, such as the four built environment
variables, two technology usage variables, and two travel party composition variables were also
added in the model. Last, two error-term covariances were provided between the fractions of
household maintenance and household discretionary activities.
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Figure 4.2 SEM conceptual structure
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4.2.4 Estimation of the model

Based on the conceptual structure (Figure 4.2), three SEM path models were estimated with
different combinations of a binary outcome variable. These three models facilitated the
contrasting of factors between any pair of work tours. For example, in the first model (Model 1
with sample size: 1,654), the binary outcome variable represented the combination of complex
and simple work tours. In particular, in this model, we assigned 1 to the outcome variable if a
traveler chose a complex tour and 0 otherwise. The purpose of this model is to compare the
factors that affect the choice of complex tours with that of simple tours. In model 2 (sample
size: 1,487), the outcome variable was 1 if a traveler chose a complex tour with work-based
sub-tour and 0 if the choice was for a simple tour. Finally, in model 3 (sample size: 1,017), a
contrast between two work-nonwork mixed tours was made. In this model, the outcome
variable was 1 if the choice of the work tour was a work-based tour and 0 if it is a complex tour.
SEM path models were estimated using the lavaan package in R. We used weighted least square
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mean and variance adjusted (WLSMV) estimator that works with categorical endogenous
variables (one binary outcome variable in each model, which is regressed by a probit function in
laavan (R documentation, 2018) and which accounts for non-normally distributed data (Muthen
and Kaplan, 1992). The widely used index to evaluate the model fit is 2 statistic, which tests
whether the observed covariance matrix and the model implied covariance matrix are equal.
Smaller y?value with high p-value (p-value > 0.05) indicates better model fit. Other model fit
indices are Root Mean Square Error Approximation (RMSEA), Comparative Fit Index (CFl),
Tucker Lewis Index (TLI), and Standardized Root Mean Square Residual (SRMR). The resultant fit
statistics for three models and the cut off value for the fit indices are shown in Table 4.1. It is
observed that all the model fit indices indicate a satisfactory fit for the three models.

Table 4.1 Model fit indices for the three SEM path models

Model-based value

Model Cutooff Model 1: Model 2: . Model 3: .
fit Description vlglfe cpmplex vs. complex with  complex with
indices simple sub-tour vs. sub-tour vs.
simple complex
(n=1,654) (n=1,487) (n=1,017)
Chi- A measure of the discrepancy between the
square: observed and model-implied covariance 2.27 (5) 6.50 (5) 7.15 (5)
x2 (df) matrices. Smaller value indicates better p>005 p >0.811 p >0.260 p >0.210
model fit.
RMSEA A measure of the amount of error of
approxmatpn per mod'el degree of ' <0.05 0.000 0.014 0.021
freedom, while controlling for sample size.
Smaller value indicates better model fit.
CFI An assessment of the improvement of the
hypothesized model compared to the
independence model with unrelated >0.95 1.00 0.99 0.99
variables. Bigger value indicates better
model fit.
TLI An assessment of the improvement of the
hypothesized model compared to the
independence model with unrelated >0.95 1.02 0.99 0.97
variables. Bigger value indicates better
model fit.
SRMR A measure of the mean absolute
correlation residual, indicating the overall
difference between the observed and <0.08 0.004 0.006 0.007
predicted correlations. Smaller value
indicates better model fit.
Kline (2016), Hu and Bentler (1999), and Van Acker and Witlox (2010)
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4.3 Results and Discussion

In this study, three broad categories of interactions (effects) were captured in the SEM model:
(a) factors that determined the choice of a particular work tour, (b) factors that influenced
residential location variables (residential self-selection), and (c) factors that affected activity-
travel characteristics of a traveler. In this section, only the model results of factors that
influence the choice of a work tour is discussed. Unstandardized coefficients of direct and total
effects that are statistically significant are discussed. If not otherwise stated, all the effects
mentioned in the discussion represent direct effects.

The direct and indirect effects of exogenous and endogenous variables on work tour
choice in the three models are shown in Table 4.2. While discussing our model results on transit
commuters work tour choice, we contrast our findings with prior studies on generic trip
chaining or tour behavior of commuters that did not focus on any particular mode. This will
help to understand the similarities and differences of work tour behavior between transit
commuters and commuters who travel by any type of mode.

4.3.1. Household and personal characteristics

The choice of a work tour was influenced by a set of household and personal characteristics for
a transit commuter. As observed, millennials were less likely to make a non-work stop on either
the way to work or to home (complex) but more inclined to pursue non-work activities while at
work on a work-based sub-tour (total effect). This is consistent with the notion that younger
people might not have childcare activities or household maintenance tasks to consider non-
work stops on the way to or from work; instead, they might consider performing non-work
activities during the work day, often taking lunch away from work. This finding partially
contradicts Castro et al. (2011) who observed that younger individuals are less likely to pursue
non-work activity while at work or after work. It is also noticeable that tours performed by
males tended to be more elementary than tours performed by females, who frequently link
non-work activity on the way to and/or from work. This may be because female workers often
have a greater range of activity responsibilities than their male counterparts (Kuppam and
Pendyala, 2001; Rafig and McNally, 2020a). In contrast, males preferred to perform non-work
activities during work (typically lunch hour activities outside the workplace). An individual
having a college or higher degree was more likely to make any kind of work-nonwork mixed
tours. A similar finding was reported in prior work for commuters (Islam and Habib, 2012;
Wang, 2015).

Immigration status appeared significant in only model 1 with the implication that
immigrants are more likely to make simple tours than native-born people (total effect), which
was also reported by Wang (2015). While Hispanic status appeared to be significant in only
model 2, ethnicity demonstrated significant impacts on tour choice in all three models, such as
Whites being less inclined to consider the way to work or the way home to make non-work
stops; instead, they preferred non-work activities during work hours. This finding supports the
claim by Wang (2015) that being White is negatively related to complex trip chaining.
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Employment characteristics such as fulltime versus part-time and flexibility in job arrival time
influenced tour choice. Full-time workers preferred making simple rather than complex tours
compared to part-time workers (total effect), but when they make a non-work stop, they
preferred to do so during work hours, possibly because work-based periods might appear
shorter for part-time workers to make a non-work stop. This finding is consistent with Castro et
al. (2011) but different from Islam and Habib (2012). Travelers who have flexibility in work start
time appeared to be more inclined to make any kind of work-nonwork mixed tours rather than
simple tours. A similar finding was observed in Islam and Habib (2012) and Wang (2015).

The presence of a spouse, children, or other adults significantly affected work tour
choice. In particular, a traveler having an unemployed spouse/partner was more likely to make
simple tours than complex (Model 1) compared to a traveler who either was single or had an
employed spouse/partner. This group of travelers, however, more preferred work-based tours
(Model 3) than their counterparts. Similarly, Islam and Habib (2012) also claimed that people
having partners were more likely to make simple work tours than single people. On the other
hand, individuals having children (aged 0 — 17 years) preferred complex tours (Model 1) over
simple tours, perhaps because they might take children to daycare or school or complete
shopping for children within a work tour and have fewer opportunities to make separate non-
work tours. Between the two types of complex tours (Model 3), they less preferred to perform
non-work during work hours (total effect). A similar finding is reported in Hensher and Reyes
(2000) for transit commuters and Wang (2015) for commuters irrespective of work mode
usage. With the increase in the number of adults in a household, travelers tended to make
more simple tours. This was expected since, with other adult members in the household, the
responsibilities of essential household maintenance tasks (e.g., taking a child to school/daycare,
grocery shopping) can be shared, which consequently reduced the need of a traveler to pursue
a non-work activity on a work tour. Similar results appear in Castro et al. (2011), Islam and
Habib (2012), and Wang (2015).

Other important household characteristics affecting tour choice were income and
vehicle ownership. However, household income did not appear significant in Model 1, which
means it did not significantly contribute to determining the likelihood of making complex tours
over simple tours, a result consistent with Wang (2015). It yielded significant effects in the
other two models. Results showed that both middle- and higher-income travelers were more
likely to make work-based tours compared to low-income travelers. Studies that focused on
generic trip chain behavior of commuters observed a positive association between household
income and complexity of trip chaining (Strathman et al., 1994; Islam and Habib, 2012; Maat
and Timmermans, 2006) whereas studies focusing on trip chaining behavior of transit
commuters found mixed results. For instance, Hensher and Reyes (2000) observed a positive
association but Bernardin Jr et al. (2011) found a negative correlation between household
income and the complexity of work tours.
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Table 4.2 Direct and total effects of variables on work tour choice in three SEM models

Model 1: complex vs.

Model 2: complex
with sub-tour vs.

Model 3: complex
with sub-tour vs.

simple .
simple complex
n=1,654 n=1,487 n=1,017
Direct Total Direct Total Direct Total
effect effect effect effect effect effect
Household Characteristics
Presence of child
B: 1 = if HH has child aged 0-17 years 0.073***  0.077** 0.064** -0.027 0.015 -0.126***
Presence of spouse/partner
B:1 = if traveler have unemployed -0.056**  -0.087**  0.041 0027  0101**  0.056
spouse/partner
Vehicle-driver ratio -0.062**  -0.105*** -0.088*** -0.149*** 0.038 -0.033
Number of adult members (aged >=18 years) 0.071** -0.122***  -0.031 -0.181***  -0.026 -0.044
Household income
B: 1 = low income (less than $20K) (baseline)
B: 1 = middle income ($20K to $60K) -0.034 -0.005 0.123***  0.156***  (0.138** 0.134**
B: 1 = high income (S60K or more) 0.004 0.014 0.201%***  0.277***  0.220***  (0.255%**
Personal Characteristics
Age of the traveler
B: 1 = Millennials (aged 18 to 38 years) -0.062**  -0.04 -0.044 0.039 0.012 0.076*
Gender: B: 1 if male -0.047* -0.091***  -0.016 -0.014 0.065* 0.065
Educational attainment
B: 1 = have some college or higher degree 0.032 0.097***  0.141***  0.209***  0.167***  0.135**
Immigration status: B: 1 = if Immigrant -0.03 -0.057* 0.011 0.01 0.046 0.058
Hispanic status: B: 1 if Hispanic or Latino -0.018 -0.018 -0.052* -0.037 0.005 -0.034
Ethnicity: B: 1 = if white -0.051** -0.064* 0.079***  0.117***  0.130***  (0.173***
Flexibility in job arrival time
B: 1 if have flexibility 0.043* 0.051 0.095***  0.116*** 0.031 0.061
Employment type: B: 1 = if have full-time job  -0.042 -0.084**  0.046 0.027 0.132***  0.114**
Built Environment Characteristics
Midpoint of population density in census
block group of home location (persons per 0.100* 0.104***  0.079** 0.101** -0.112**  -0.04
sg. mile)
ﬁfgt;"me from home to workplace (miles) ;)¢ 0.027 0.042  -0.124%**  -0.119%** -0.170%**
Proximity to transit station
Average travel time to access a station (log)  -0.036 -0.065* 0.000 -0.044 0.066 0.062
Ave.rage tr.avel time to a destination from a 0.055%*  -0.145*** -0.018 -0.058 0.006 0.072
station (min.) (log)
Activity-travel Characteristics
Intra-household activity interactions
Fraction of total household work hours 0.091***  0.078** -0.056 -0.058 -0.137***  -0.085*
;:)a:rt;on of total household maintenance 0.460%**  0514%**  (0.284%** 286 -0.063 -0.068
I;]roauc:slon of total household discretionary 0.467%**  0.466%**  0.646%**  0.660%** 0273***  (0.308***
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Model 1: complex vs. Model 2: complex Model 3: complex
. with sub-tour vs. with sub-tour vs.
simple .
simple complex
n=1,654 n=1,487 n=1,017
Direct Total Direct Total Direct Total
effect effect effect effect effect effect
Technology usage behavior
Monthly frequency of ride-hailing app. usage 0.011 -0.006 0.016 0.037 0.001 0.005
Monthly frequency of online purchase 0.028 0.052* 0.007 0.027 -0.003 -0.005

Travel party composition

Fraction of trips made with household 0.087%**  0.087%**  -0.065* -0.066* 0A1TFFF 0 117***

members

Fraction of trips with non-household -0.029 -0.029 0.131%%*  0.131%**  0.163** 0.163%**
members

Mode usage behavior

Fraction of trips made by private vehicle 0.328***  (0.498***  (0.178***  (0.291***  -0.348*** -0.382%***

Note: B = binary variable. *, ** and *** indicate statistical significance at 10%, 5%, and 1% respectively.

Travelers from households with a higher vehicle to driver ratio tended to make simple
tours (effect in Model 1 and Model 2), which might be due to having more vehicles per driver in
the household which either gave the traveler greater flexibility to make separate non-work
tours after returning home or made a vehicle available in the household to be used by other
household members to meet household demands. Bernardin Jr et al. (2011) also observed that
increasing vehicle ownership corresponds to much simpler transit work tours.

4.3.2 Built environment characteristics

Built environment characteristics affected a person’s choice of a work tour. Travelers living in
denser areas (higher population density near the residence) were more likely to make any kind
of complex tours than simple tours (effect in Model 1 and Model 2). This effect was referred to
as an inducement effect by Cao et al. (2008) and may reflect that high-density neighborhoods
often provide better access to transit service as well as a variety of mixed-use locations that
offer opportunities for commuters to generate non-work trips chained to their evening
commute to nearby homes or transit stations. A similar effect was also reported in Maat and
Timmermans (2006). With increasing distance from home to the workplace, the consideration
of a work-based period for engaging in non-work activities declined (effect in Model 2 and
Model 3), possibly because a longer commute might exhaust commuters and discourage them
from making additional trips from and to the workplace during midday. Proximity to a transit
station appeared significant in only Model 1. It shows that with the increase of average travel
time to or from transit stations, travelers were less inclined to make complex tours.
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4.3.3 Activity-travel characteristics

With the increase of the fraction of total household work hours made by a traveler, the
tendency of making complex tours increased (Model 1) but the tendency of making complex
with work sub-tours decreased (Model 3). On the other hand, the increase in the fraction of
total maintenance hours contributes more to making any kind of work-nonwork mixed tours
than simple work tours. Similarly, the increase of the fraction of total household discretionary
hours is linked to making work-nonwork mixed tours more than simple tours. Discretionary
stops were more likely to be made during work hours (lunch activity during midday) (Model 3).
Technology usage such as the monthly frequency of ride-hailing app usage or online shopping
did not significantly affect the choice of work tours.

Interestingly, who accompanies a traveler on a trip affected tour choice. For example,
when individuals made trips with household members, their chance of making complex tours
increased, and the tendency of making work-based sub-tours declined. Conversely, with the
increase of the fraction of trips made with non-household members, the chance of making
work-based sub-tours increased. Non-work stops made on the way to work or on way to home
were more likely to be made with household members to drop off/pick up someone from the
same household. On the other hand, a non-work stop made during work hours was more likely
to be made with co-workers (non-household members) for lunch. The use of a private vehicle in
the work tour was a discernable effect in all three models. With the increase of the fraction of
trips made by private vehicle, the tendency to make any kind of work-nonwork mixed tours
increased (model 1 and model 2). While comparing the two work-nonwork mixed tours, the
increasing fraction of private vehicle usage decreased the chance of making work-based sub-
tours compared to complex tours (model 3).

4.4 Summary

This chapter presented a tour choice model that was developed to define public transit
commuters based on the complexity of their work tours and to assess the impact of causal
interactions among household and person-level socio-demographic characteristics, built
environment variables, and activity-travel engagement on the likelihood that a transit
commuter would choose a particular type of work tour. We used an SEM path model to
conceptualize a causal relationship among a set of socio-demographic characteristics, built
environment variables, activity-travel characteristics, and a particular work tour choice. Based
on the 2017 NHTS data, the model results suggested that neighborhood density, flexibility in
work schedule, household activity interactions, travel party composition, and availability of
private vehicles on work tours were important determinants of work tour choice for transit
commuters. The results also defined the three groups of work tour makers. In particular, simple
work tour makers were typically married men with no children and with high vehicle ownership
living in low-density areas. Second, complex work tour makers were non-millennial women with
children who lived in high-density areas. Finally, millennial, White men of high income and high
education living in denser areas tended to make complex tours with work-based sub-tours. By
examining these group properties, it appears that in terms of flexibility in household activity
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scheduling due to household structure and resources, simple tour makers were the most
flexible group whereas complex tour makers were the most constrained. And, work-based tour
makers appeared to be a more affluent group compared to the other two groups. The summary
of the characterizations of these three groups is shown in Figure 4.3.

Figure 4.3 Three target groups of transit commuters and their properties

Target Groups Group Properties Group Descriptor
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Chapter 5: Findings, Policy Implications, and Limitations

This research analyzes the activity-travel patterns and tour formation of transit users by using
the 2017 National Household Travel Survey data. A tour was defined as a sequence of trips that
begins and ends at home and contains at least one out-of-home activity whereas a pattern was
defined as the complete sequence of activities and trips made over a full 24-hour day. In this
study, we addressed three major research objectives. The findings and associated policy
implications of each of the objectives are discussed below.

Objective 1. Identify the Complex Travel Behavior of Transit Users

The first objective was to examine how and when public transit commuters incorporated non-
work activities in their work tours using basic descriptive analyses (Chapter 2). We identified
dominant patterns of work tours made by transit commuters and analyzed these tours using a
set of activity-travel analytics. The primary insights and key implications of this objective are:

Finding 1.1 About 80 percent of work tours consist of seven dominant patterns whereas the
other 20 percent of tours demonstrate a total of 106 diverse and more complicated patterns.

To the best of our knowledge, this study was the first to analyze the full work tours with transit
use in various positions in the pattern sequence so this simple categorization and analysis of
tour types is considered as a contribution to theory and practice. We identify seven dominant
work tour patterns that represent 80 percent of the tours and these patterns were placed in
three broad tour categories: simple work tours, complex work tours with four sub-categories,
and complex tours with work-based sub-tour with two sub-categories. Based on the choice of a
particular work tour, this study identified potential transit commuters. For example, tours
performed by males tended to be more elementary than tours performed by females, who
frequently linked non-work activity either on the way to work or on the way to home, a result
consistent with the greater range of activity responsibilities for female workers (Strathman et
al., 1994; McGuckin and Murakami, 1999; Kuppam and Pendyala, 2001; Rafiq and McNally,
2020). On the other hand, higher-income people did not frequently make non-work stops on
their way to work or to home (complex tours); instead, they tend to do so within the work hour
(making work-based tours). Similarly, younger or millennial travelers mostly made work-based
tours whereas non-millennials preferred to make simple or complex work tours.

This information can help transit operators in identifying potential markets and their
associated demand for transit over the course of a day. This information can help to better
evaluate current transit services and to implement market strategies (e.g., fare structures) that
can meet the complex travel needs of potential users, which can lead to increased transit use.
For example, people who make multiple transit stops within a work tour could be provided
discounted fare options such as a day pass or free transfers which might encourage commuters
to use transit to reach non-work activity locations along with their workplace.
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Finding 1.2 In terms of complexity, half of the transit work tours are complex.

Previous studies showed that the majority of workers who use transit in their work tours are
more likely to make home-based simple tours (McGuckin et al., 2005). We observed that an
equal share of simple and complex work tours existed for transit commuters. Among all the
work tours where transit is utilized, 49 percent represented elementary or simple tours. On the
other hand, 51 percent of tours involved complex tours (complex with and without sub-tours)
where commuters were observed to chain either multiple work activities but no non-work
activity (5 percent) or to mix non-work activities with work on the way to, during work, or on
the way to home (46 percent). Among these work-nonwork mixed tours, most of the travelers
(60 percent) made at least one non-work stop on the way to home travel. About 35 percent and
41 percent of travelers did so on the way to work journey and during the work day respectively.
While making a non-work stop on the way to work, travelers most often dropped off a child or
bought a meal. When a non-work stop was made on the way to home, the activity tended to be
buying goods or services. If travelers performed a non-work activity during work, they typically
went out for lunch within walkable distance from their workplace.

It is apparent that public transit work tours were notably complex, which was partially
supported by Bernardin Jr et al. (2011) who showed that contrary to common belief, public
transit tours were at least as complex as tours by other modes. Our tour-based analysis
contributed to understanding the interrelationships and consistencies among the choice of
activities, timing, locations (proximity), duration, and modes used for the full set of trips
comprising a complex tour. Since public transit offers less flexibility of travel in accommodating
complex travel needs than private vehicles, the findings of our study provide an empirical
justification for evaluating policies that can better address the complex travel demands of
transit commuters.

Finding 1.3 In terms of mode use, most simple work tours are transit-only tours whereas most
complex tours are multimodal tours.

The study results suggested that when non-work activities are linked with work, transit
commuters tended to be multimodal, mixing other travel modes with transit. We found that
simple work tours were predominantly transit-only tours (83 percent) whereas most work-
nonwork mixed tours were multimodal tours (92 percent). It was observed that when travelers
perform non-work activities with work, they tended to combine private vehicles or walk with
transit. For example, a common non-work activity performed on the way to work is dropping
off children at school. It would not be convenient for a commuter to chain such non-work
activity locations (e.g., schools) with home or the workplace by using transit since connecting
these facilities (home - non-work - workplace - home) involves multiple transfers, waiting time,
and access/egress issues. To provide a convenient modal linkage, transit stations should be
designed to consider parking facilities and other activity services.

Finding 1.4 Transit use is more complex than the traditional home to work commute with a
diverse set of choices at various stages of activity scheduling.
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While policies associated with public transit typically have focused only on the journey to work,
this study reconsidered the complete set of trips, starting and ending at home and including
intermediate non-work activity. Although transit use was observed to be predominantly
associated with the work-end of the tour (a direct connection to or from work) due to better
transit services in employment centers, it was also noticed to be utilized at the non-work end of
the tours. Identifying the range of transit use as part of complex travel provides a foundation to
formulate better land use and transit-related policies to satisfy demands for complex tours with
a larger share for transit. For example, providing mixed land use developments at employment
centers might help transit commuters to access non-work activity centers in off-peak periods
within walking distance of workplaces. In addition, non-work activity centers can be located
near transit stations or residences. When locating such facilities, planners could consider
providing multiple activity centers (e.g., shopping/grocery, restaurants) at a single location. This
might reduce the number of transfers for commuters when they utilize public transit to access
non-work activities and facilitate performing multiple activity purposes at a single location
within a work tour.

The empirical analyses in this study can lead to a better understanding of how transit
commuters link non-work activities with work, which can improve our knowledge of linkages
between activity and mobility. Identification of such information is crucial and at the same time
challenging for better understanding the development of tour- or activity-based demand
models (Wang, 2015). TRB (2007) indicated that the analytical complexity and prohibitive data
demands of tour- or activity-based models enable only a small number of US transportation
agencies to apply them. We analyze tour behavior of transit commuters applying an activity-
based approach, but this does not directly represent an activity-based (or tour-based)
forecasting model. However, the insights of this study can be utilized to develop better tour-
based models that reflect the complexity of transit use within tours.

Objective 2. Identify Classes of Transit Users based on Complex Travel Behavior

The second objective was to apply a comprehensive classification approach, Latent Class
Analysis (LCA), to study the activity-travel behavior of transit users. The goal was to identify
latent classes of transit users based on the heterogeneity in activity-travel patterns and then
associate those classes with particular socio-demographic characteristics of transit users.

Finding 2.1 Transit users can be classified into five distinct classes, each with a representative
activity-travel pattern.

The LCA model results suggested that transit users can be divided into five distinct classes
where each class had a representative activity-travel pattern. Class 1 constitutes employed
White males who made transit-dominant simple work tours. This is a regular 9-to-5 commuter
group. Class 2 was composed of White females who commute by transit and typically make
after-work non-work activities. Employed White millennials comprised Class 3 and made
multimodal complex tours. Class 4 consisted of younger non-White and older adults who made
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a transit-dominant simple non-work tour. Last, Class 5 members made complex non-work tours
with recurrent transit use and were composed of single, older women.

These research findings can help transit agencies identify potential market groups of
transit users with particular socio-demographic characteristics and activity-travel patterns and
to propose market strategies that address these different groups of users to meet their specific
travel needs and thus to improve the quality of service provided. For example, frequent transit
services and on-time strict schedules need to be ensured and monthly transit pass option can
be offered particularly to those who regularly use it for commute purposes (Class 1 and Class 2).
While making after-work non-work activities, a substantial portion of Class 2 members use
private vehicles for non-work or return-home trips as transit use is not generally conducive to
do so. To provide a convenient modal linkage for this class, transit stations should be designed
to consider parking facilities and other activity services.

Since individuals belonging to Class 3 made multiple trips to non-work activity locations
and usually mixed other modes in addition to transit, providing multiple activity centers (e.g.,
shopping/grocery, restaurants) at a single location might be of benefit. This might reduce the
number of transfers required for transit use and might facilitate completing multiple activity
purposes at a single location. On the contrary, since Class 4 and Class 5 comprised a large
portion of older adults, special attention needs to be given to design better and convenient
transit services for them addressing their mobility and accessibility needs. Finally, Class 5 transit
users made frequent use of transit (multiple times in a single day) so discounted fare options
(e.g., a transit day pass or free transfers) could be offered so that they can make multiple
transit-stops in connecting non-work activities.

Finding 2.2 Transportation disadvantaged groups have different activity-travel patterns than
those who do not belong to any of the specified disadvantaged groups.

Among the potentially disadvantaged groups of transit users, carless households and low-
income households were more prevalent. A larger fraction of carless and low-income
households used transit for making non-work tours. Similarly, older adults used transit primarily
for non-work purposes with nearly 43 percent reported making complex non-work tours. In
general, a larger fraction of transit users (about 60 percent) who did not belong to a
disadvantaged group used transit for work purposes, which was the reverse of the pattern for
overall disadvantaged groups where a greater fraction (around 60 percent) primarily used
transit for non-work purposes.

Although transit services have typically better accommodated peak commuters (work
trips) rather than off-peak travelers, our results suggest that transit authorities should consider
improvements in off-peak hour services to address the travel needs of these transit-dependent
groups, particularly for those who have limited modal alternatives or who depend primarily on
transit due to age, income, or disability. Improving public transit facilities by addressing transit-
dependent groups can increase their mobility and may indirectly encourage greater transit us in
the general population. Identifying travel needs and barriers to personal mobility for transit
disadvantaged groups is important in establishing effective policies to reduce travel inequities.
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Objective 3. Develop a Tour Choice Model for Transit Users

The third and final objective was to develop a tour choice model to characterize public transit
commuters (who) based on the complexity of work tours and to assess the impacts of various
demographic, location, and activity-travel factors on the likelihood that a transit commuter

would choose a particular type of work tour (why) by applying Structural Equation Modeling.

Finding 3.1 Structural models suggest that neighborhood density, flexibility of work schedules,
household activity interactions, travel party composition, and availability of private vehicles in
work tours were important determinants of work tour choice for transit commuters.

Finding 3.2 Structural model results provided the demographic characterization of three groups
of work tour makers (simple, complex, and complex with work-based sub-tours).

The Structural Equation Model results not only identified the important determinants of transit
tour choice but also enabled the characterization of three groups of work tour makers. In
particular, simple work tour makers were most often married men with no children, with high
vehicle ownership, and living in low-density areas. Complex work tour makers tended to be
single, non-millennial women with children who live in high-density areas. The third group of
millennial White men with higher income and higher education living in denser areas commonly
made complex tours with work-based sub-tours.

The characterization of the above three transit commuter groups can help transit
providers to identify potential market groups and to formulate market strategies targeting the
respective groups. For example, discounted fare options (e.g., a transit day pass or free
transfers) could be offered or parking facilities at transit stations could be made available to the
group of commuters who have more constraints in household activity participation or who
need to make multiple transit stops in connecting non-work with work within a work tour.

Unlike previous studies on commuter tour behavior, this study captures the nature of
work tour complexity in greater detail by dividing complex tours into distinct categories. More
specifically, transit commuters who made a non-work stop before and/or after the work activity
(creating peak-hour demand) are separated from those who had stops during work hours (off-
peak hour demand). If short-term travel demand management policies to reduce peak-hour
traffic (such as alternative work schedules) were to be proposed, the results of this study can
provides guidance to identify those commuters who might be best served by such policies.

This study contributes to better understanding the circumstances of transit commuters
that facilitate chaining non-work activities before, during, or after work. For instance, our study
results indicated that flexibility in job arrival time and access to of a private vehicle in a work
tour increased the chance of making mixed work-nonwork tours. Fixed transit schedules and
fixed work start times often pose greater constraints on transit commuters in making a non-
work stop, particularly in the morning peak period. Without access to a private vehicle, it
becomes more difficult for a transit commuter to drop off children at school during the morning
period or to do grocery shopping during the evening period. To address such temporal and
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spatial constraints of transit commuters, modal integration is needed between transit and
other flexible travel modes. In this regard, an integrated transportation system could be
developed as a part of a commute program in collaboration of transit operators, on-demand
ride-hailing service operators (e.g. Uber/Lyft), and employers, where transit will act as the
central part of the system with pooled on-demand ride-hailing as a complementary mode to
provide first and/or last mile solutions and to facilitate connecting non-work trips with work, for
which transit does not currently offer a convenient linkage. In addition to providing better
accessibility and lower travel time to the travelers, the integration of pooled on-demand
services with traditional public transit could lead to a reduction in the number of vehicles,
carbon emissions, and congestion (Martinez and Viegas, 2017).

The tour choice models developed in this study can be used by transit agencies or other
planning organizations to forecast the nature of work tours made by a commuter with
particular socio-demographic, location, and activity-travel characteristics, which can aid in
predicting the number of stops made within a work tour for each commuter and then to
schedule a work tour in an activity-based travel demand forecasting model.

Limitations

There remain some limitations in this study. Detailed location data was not available in NHTS,
thus it was not possible to capture the impacts on tour complexity of land use distributions or
accessibility indicators near home, workplace, or transit stations. Since NHTS data contains
single-day diary data, the activity-travel behavior reported is specific to the survey date. We
recognize the limitations of not only NHTS but of all surveys and how well they can represent
underlying behavior. However, research suggests that single-day travel surveys of appropriate
sample size can capture the underlying distribution of behaviors. While the day in question may
not be typical of an individual respondent, the sum total over all respondents captures the
overall distribution of travel behaviors.

Regarding latent classes, the size of the categories identified are based on the NHTS
sample and do not necessarily reflect the size of these classes in any particular location or time
period. We do believe that these categories reflect dominant behaviors in the population as a
whole and that the size of each category reflects the relative size in the population, given
spatial variation. In other words, the categories identified are not broadly inclusive of all
behaviors, but we believe they do reflect the broad range of dominant transit behaviors. Last,
surveys from different areas might produce additional (or fewer) user categories and different
category sizes but we believe that our derived LCA classes are both intuitive and statistically
robust.
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Data Management Plan

This research used 2017 National Household Travel Survey (NHTS) data to conduct necessary
analysis. This dataset is publicly available at: https://nhts.ornl.gov/downloads
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