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Abstract: The travel demand prediction of an activity-based travel demand model (ABM) is based
on a hierarchical structure of multiple choices related to an individual’s activity scheduling. This
structure has, however, not been investigated for motorcycle-based cities. The coarseness of the traffic
analysis zoning system combined with mixed land use results in a large proportion of intrazonal
trips, which demands model enhancement in ABMs for these cities. Using large-scale household
travel survey data from Ho Chi Minh City, a major motorcycle-based city in Vietnam, this study
investigated the hierarchical structure for non-work activity scheduling, with consideration of three
dimensions: (1) activity starting time, (2) travel mode, and (3) destination choices at the tour level
with attention given to the impacts of intrazonal tours. Multinomial logit and nested logit models
were adopted for model development. Results showed that work durations in the schedule strongly
affected the scheduling of non-work activities. The estimated logsum parameters showed empirical
evidence that hierarchy could be different for different activity types. Our findings also suggested a
significant impact of intrazonal tours on the structuring and modeling of activity scheduling choices.
The validation result indicated that our proposed models’ predictive capability is acceptable.

Keywords: hierarchical structure; activity-based travel demand model; motorcycle-based city;
intrazonal tour

1. Introduction

The travel demand in developing countries is growing at a rate that outpaces road
infrastructure development. Therefore, modeling travel demand for developing countries
should shift toward leveraging behavioral tools, such as activity-based travel demand
models (ABMs), instead of four-step models (FSMs) [1,2]. Most ABMs predict travel
demand based on a hierarchical structure of multiple choices related to an individual’s
activity scheduling [2,3]. In practice, the most common choices are activity starting time
(ToD), location, and mode, as these are the basic building blocks at both tour and trip
modeling levels [3].

Most operational ABMs adopted a predefined hierarchical structure involving ToD,
mode, and destination based on the underlying behavioral assumptions made by the
researchers [2,4]. Studies have shown that this hierarchical order is dependent on the
local context in which the model is applied [2,3,5]. While researchers have paid significant
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attention to modeling and structuring those choices [6–14], nevertheless, most of these
works are dedicated to developed countries.

However, motorcycle-based cities (MBCs) are distinct from cities in the developed
world. With mixed land use and a high density of amenities in city centers, people living in
MBCs can reach the places necessary to satisfy most of their daily needs within their own
neighborhood. Notably, road infrastructure is often underdeveloped. Narrow streets, a lack
of collector roads, and poor connectivity of the road network make cities’ mobility more
dependent on low-cost but flexible motorcycles [15,16]. The differences in mobility options
and land use patterns create differences in individuals’ choice sets [17] and observed
behaviors between the two contexts [18]. Further investigation of the hierarchical structure
of ToD, travel mode, and destination choices for MBCs is, therefore, necessary [1].

On the other hand, Yagi et al. [19] and Sarmiento et al. [20] have raised various
problems with regard to the accuracy of the household travel survey (HTS) in developing
countries, such as a lack of trip cost information and coarse traffic analysis zoning systems.
The coarseness of these systems combined with highly mixed land use results in a much
higher rate of intrazonal destination choice in developing countries than in other countries.
This difference is amplified as parcels or microzones have recently been incorporated as the
spatial modeling unit instead of traffic analysis zones (TAZ) in the developed world [3,21].
For example, the intrazonal destination choice rate was approximately 10% in the United
States (US) [22] and 7% in Oslo, Norway [23]. This rate was 63% of all home-based non-
work (HBO) trips and 33% of home-based work (HBW) trips in a large-scale HTS of Ho Chi
Minh City (HCMC), Vietnam in 2013. Similarly, 68% and 42% were the rates of intrazonal
HBW and HBO trips, respectively, for Jakarta, Indonesia [24].

Some ABMs excluded intrazonal tours/trips from the model development, as the
authors argued that the proportion of intrazonal tours, most of which are non-motorized,
is small. However, this omission might bias the estimated parameters [23] and the results
of network assignment [22]. Bhatta and Larsen [23] also showed that the proportion of
intrazonal trips influences the modeling outcome. It is, however, difficult to precisely
model intrazonal tours/trips, as they contain no information on the network level of
service. Okrah [25] pointed out two possible approaches to mitigate this issue: (1) to
enhance the intrazonal trip/tour modeling, or (2) to avoid it by reducing the zone size. To
the authors’ knowledge, the impact of modeling intrazonal trips/tours in ABMs has not
been fully addressed in the literature.

It is important to understand that activity scheduling behaviors in MBCs are subject
to serious congestion and air pollution due to the prevalence of private transport. The
objective of this paper is, first, to investigate the hierarchical structure among activity
starting time (ToD), travel mode, and destination choices in ABMs for MBCs. Due to the
limitations in travel data surveys and administrations in these cities, the second objective is
to examine the impacts of intrazonal tours on the modeling and structuring of those choices.

To serve these purposes, a hierarchical structure for non-work activity scheduling,
with consideration to activity starting time, travel mode, and destination choices at the
tour level, was developed with attention given to the effects of intrazonal destination
choice using the HTS data of HCMC, an MBC in Vietnam. Multinomial logit (MNL) and
nested logit (NL) models were adopted for model development. The selected structure was
evaluated based on statistical tests on the estimated parameters and the consistency of the
logsum parameters with random utility maximization theory (RUM).

This study contributes to the literature with more insights into the interdependence
among the choices of ToD, transport mode, and destination in an MBC context. It further
explores the influences of intrazonal tour modeling on the formation of the activity schedul-
ing structure. The findings can therefore assist the development and calibration of an ABM
for the motorcycle-based cities.

The remainder of this paper is organized into four sections. The Section 2 reviews
existing studies related to the modeling of multiple choices in travel behavior models and
intrazonal trip modeling methods. The Section 3 introduces our proposed method and
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the data set. The Section 4 presents the empirical results of the structure development
process, estimation results, and validation of the proper structure. The Section 5 presents
our discussion and concluding remarks.

2. Literature Review
2.1. Modeling the Activity Scheduling Process

On a daily basis, individuals often make multiple choices simultaneously when
scheduling an activity. ABMs incorporate those choices in a modeling process. Although
there is no typical ABM framework, many operational ABMs are composed of hierarchical
structures of multiple behavioral models as illustrated in Figure 1. In general, the results of
an ABM are individuals’ full day schedules of all trip information. With the input from a
synthetic population, land use, and the skim matrices of the network, a typical ABM model
consists of an activity generation or daily pattern generation component and an activity
scheduling component. However, the activity generation component is not our concern
in this study. The activity scheduling component consists of multiple choices involving
activity and travel decision making such as time choice, mode choice, and location choice.
In modeling, researchers define these multiple choices as situations in which an individual
evaluates a joint-choice model [3,7,26].
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Estimating a joint-choice model can be done by either a simultaneous or sequential
approach. While simultaneous estimation uses all choice-related variables in a single pro-
cess, the sequential approach estimates the behavioral decision process in a hierarchical
manner [26]. Although the simultaneous approach is argued to offer more behavioral re-
sults [8], it has been found that the estimated results from the two approaches are not much
different [27]. In addition, the sequential approach is more popular in operational ABMs [3],
especially when dealing with a large number of choice dimensions and alternatives [12].
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As the sequential approach attempts to capture the correlation between choice alterna-
tives rather than replicating the process of how an individual evaluated multiple choices
and made the decision [28], it is important to opt for a proper hierarchical structure of the
joint choice of activity scheduling in an ABM [8].

Among studies explicitly analyzing the underlying rationale of the hierarchical struc-
tures of multiple choices of activity scheduling, many addressed the two choice dimensions:
(1) destination choices and (2) mode choices. Most ABMs in the US assume that people are
more likely to change their choice of automobile to fit their commuting distance [3]. There-
fore, the structure with mode conditional on destination choice became “a convention” in
US models [29]. A similar sequence was assumed in Albatross [17], which is an ABM model
applied in some European regions. Most researchers apply the same modeling sequence to
ABMs despite knowing that this sequence could be reversed when modeling for activities
that do not require specific destinations such as shopping and touring purposes [3,29]. In
another study, Newman and Bernardin [12] developed an ABM for Knoxville, Tennessee, a
medium-sized city in the US, by analyzing work location and mode choices in the context
of home-based work tours. The authors argued that the structure in which destination
choice is conditional on mode choice was more representative of automobile-dominant
cities. Ozonder and Miller [13] also produced a similar conclusion when investigating the
hierarchy of mode and destination choices for shopping and social or recreational trips in
the Greater Toronto and Hamilton Area (GTHA).

Mixed results were also found in the hierarchical structure when incorporating ToD
with other dimensions. From operational ABMs in the US, it was found that the modeling
level of ToD is dependent on the time resolution: the broader the time resolution, the more
likely that the ToD choice is modeled at the higher level [3]. In the study on the choices of
travel mode and departure time for shopping trips, Bhat [30] argued that individuals are
more likely to change the starting time of shopping trips than to change travel mode. In this
study, the trip departure time was represented by five discrete time periods. Two nesting
structures of two choice dimensions were estimated and the structure with the travel
mode conditional on ToD was adopted. Similarly, Ma et al. [11] studied the correlated
choices between departure time and travel mode for the commuting trips of individuals
in a Chinese city. The authors also concluded that the structure with commuting time
choice made prior to the transport mode choice was more appropriate for their case study.
However, Hossain et al. [31] found mixed results in the structure of commuting mode and
departure time choices in GTHA using the latent class model, in which more than 62% of
commuters were more likely to switch departure times than transport modes and the rest
were more likely to switch transport modes than departure times. Therefore, modeling
the joint choice of ToD with mode and destination choices should consider not only time
resolution but also the types of activities and the local conditions.

Apart from the fixed hierarchical structure mentioned above, Auld and Mohamma-
dian [4] proposed a dynamic model in which the order of choices is dependent on temporal
and spatial constraints. This model was calibrated using a Global Positioning System (GPS)
based activity and travel survey. These data are, however, not available in many regions.

As revealed from the literature review, significant efforts have been made to model
and structure joint choices in activity scheduling. These studies showed that the structure
of activity scheduling depends on the nature of the modeling context, transportation
system, land use, and travel behavior [3,14,32]. However, studies on the hierarchical
structure among the three choices of ToD, transport mode, and destination are insufficient.
Moreover, the context of MBCs in terms of urban transport, land use [15] and the choice of
destination and transport mode are different from that of car-based cities in the developed
world [18]. Additional work on the appropriate hierarchical structure for these cities is
therefore necessary.
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2.2. Intrazonal Tour/Trip Modeling

There are two approaches to modeling intrazonal trips/tours in current ABMs: (1) us-
ing intrazonal impedances (such as travel time, cost, or distance) [23,33] or (2) using a
single parameter to capture unobserved attributes for the intrazonal tours [12,24]. Methods
to enhance the modeling of these trips/tours are mainly found for FSMs, as they are still
based on the TAZ system.

To account for policies to promote green transport in the Greater Buffalo-Niagara area
in New York, Wang and Su [34] refined the structure of FSM with a focus on intrazonal trip
modeling to enhance the sensitivity of an FSM. In the trip distribution and modal split steps,
the joint choice of intrazonal destination and transport mode was separately modeled. By
separating intrazonal trips and interzonal trips, their results revealed the impact of land
use variables, such as population and employment distributions, on intrazonal trip making.
In a recent study, Park et al. [35] modeled intrazonal trips in a binary choice model that
included many variables of the built environment, such as development density, land use
diversity, and distance to transit.

To this point, the performance of a travel demand model was found to be affected by
the incorporation of intrazonal trips/tours. Modeling intrazonal trips/tours was found to
rely on many factors [35–38]. Therefore, inputting intrazonal travel impedances or using
a single parameter may not significantly improve the predictive capability of the models.
Explicitly considering the impacts of intrazonal trip/tours when modeling the hierarchical
structure of ToD, travel mode, and destination is worth further investigation, as it has not
been fully addressed in the literature.

3. Data and Method
3.1. General Approach

This study follows the methodological framework illustrated in Figure 2. After re-
viewing previous works, we conducted the data preparation tasks: i.e., extracting the
travel time matrices for each mode, land use data of each TAZ, and converting trip-based
information in the house travel survey data (HTS) into tour-based information to calibrate
the sub-models. The following task is our iterative effort to test different hierarchical
structures. This task is described in more detail in Section 3.3. In the end, the selected
modeling structure will be validated.

3.2. Data
3.2.1. Study Area

Ho Chi Minh City (HCMC) is the financial and economic center of Vietnam, with a
population of 9 million people (HCMC Census 2019). According to the statistics of the
HCMC Department of Transport in 2017, about 35% of the road networks have a width of
less than 7 m and only 14% are wider than 12 m. Meanwhile, there were approximately
356,429 cars and 6,071,701 motorcycles in use in 2019. However, the public transport system,
which is mainly based on buses with 136 routes and 2603 vehicles (in 2017), only counts
for less than 10% of total trips. The total area for the bus terminal system, bus stops, and
parking lots was only 0.39 square kilometers. The rate of land for transport only accounts
for 8.8% of the urban construction land [39].

The growth rate of income per capita of the city was estimated to be six times larger
than the growth of the road length [39]. According to the METROS report, the trips were
more frequently generated and/or attracted from/to the TAZs of the center business
districts (CBDs) and the newly developed districts which are located in the northeast of
the city.

Due to this inadequate infrastructure system, the most popular transport mode in
HCMC and other cities in Vietnam is the motorcycle, owing to its affordable price, flexible
use, and inexpensive parking space.
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3.2.2. Household Travel Survey Data

The data were obtained from a large-scale HTS (METROS) conducted in HCMC in
2014 under a project funded by the Japan International Cooperation Agency (JICA). The
collected information included household attributes, personal attributes, and one-day
travel patterns. The design of the METROS sample was based on the census of HCMC with
approximately 1% of total households (nearly 47,000 individuals of 15,000 households).
Table 1 presents some sociodemographic statistics of the METROS and this census. The
sample distribution was slightly different from the population (p-value of 0.22 to 0.23 in the
Chi-square test) because the main target of the survey was to collect the travel patterns of
individuals older than six years of age, children less than six years old were assumed to
not generate an independent trip. Therefore, the percentage of the population less than
18 years old in the HCMC census was double that in METROS.

There were 3303 households with 26,767 one-day activity schedules remaining af-
ter data cleaning. From these schedules, 66,158 home-based tours were obtained, with
36,589 HBO tours accounting for more than 55% of all home-based tours. Figure 3 illustrates
the number of tours by primary activity and tour type as either interzone or intrazone. The
proportion of intrazonal tours was larger than 52%, except for company business (38.5%).

The HBO tour data set was split into two subsets where 80% of the data were used in
the training phase, and the other 20% were used in the validation phase.



Sustainability 2022, 14, 6367 7 of 23

Table 1. Sociodemographic information.

Sample
Size/Population

Age

<18 18–25 26–35 36–55 56–65 66–75 >75

METROS
(2013) 46,999 13.40% 14.32% 21.90% 37.21% 9.62% 2.53% 1.03%

HCMC
(2009) 7,162,864 26.05% 17.89% 20.26% 26.74% 4.58% 2.71% 1.77%

Education

Primary
school

Secondary
school

High
school Vocational College/University Post

Graduate None

METROS (2013) 9.54% 25.19% 35.05% 3.99% 21.39% 1.84% 3.01%
HCMC (2009) 19.47% 35.90% 28.80% 3.28% 11.90% 0.51% 0.14%

Gender (Female)
Number of Household Members

1 2 3 4 5 6 7+

METROS
(2013) 45.94% 0.80% 10.42% 38.12% 36.40% 9.80% 2.89% 1.56%

HCMC
(2009) 52.03% 7.42% 16.01% 21.91% 25.40% 12.69% 8.26% 8.30%
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3.2.3. Level of Service Data

Using the origin-destination matrix represented in TAZ centroids, car travel time, pub-
lic bus travel time, and shortest distance were calculated by integrating the GraphHopper
Routing Engine (https://www.graphhopper.com/, accessed on 1 November 2019) with
the road network from OpenStreetMap (OSM). Travel times by motorbike, walking, and
bicycle were derived by the shortest distance and average speeds obtained from the Special
Assistance for Project Implementation (SAPI) for HCMC Urban Mass Rapid Transit Line
1, which was conducted in 2013. The survey measured the average speeds of three main
transportation modes (car, public bus, and motorcycle) at three time periods: (1) morning
peak (6:00 to 9:00), (2) low peak (11:00 to 15:00), and evening peak (16:00 to 19:00). We also
assumed that, except for those peak durations, all modes travel at the posted speed limits.

3.3. Hierarchical Structure Development Method

To serve the objectives of this study, a hierarchical structure of ToD, travel mode, and
destination choices at the tour level was developed using the large-scale HTS dataset. As
activities are different in nature, their scheduling is also different [40]. Therefore, only
non-work activities were considered. A similar investigation of work activity scheduling
will be conducted in another study.

The hierarchical order of ToD, mode, and destination choice models were constructed
step-by-step. First, each choice model was estimated as the bottom model. As the bottom

https://www.graphhopper.com/
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model is constrained by the choice in the upper model, its specification contains the
common variables associated with all choice dimensions [41], such as travel time or cost by
a certain mode and ToD in our case. The upper models contain the inclusive or logsum
values, which carry information from the lower level. Based on the result of the first step,
other choice dimensions were added, and the hierarchical order of the two-dimensional
choice was tested. Finally, the structures of the three choices were evaluated. The choice
models and their interdependences are modeled by MNL and NL models which are popular
in many operational ABMs.

Testing for the proper hierarchical structure is based on the informal test of the sign
and magnitude of the estimated logsum parameter which connects the lower level to the
upper level [12,13,32]. The estimated logsum parameter should fall between zero and
one [42]. A judgment can be made on the sensitivity of the level of service variables in the
lower-tier model [6].

To investigate the impact of modeling intrazonal tours on structure development, two
types of destination choice models were developed: (1) a model with the full destination
choice set and (2) a model with the home zone excluded from the destination choice set. In
the latter approach, the choice of the home zone is jointly modeled with transport mode and
ToD. The impact of the intrazonal tour was represented by a single parameter (βIntrazone).

The development of structure and models in this study was based on the following
assumptions/definitions:

• The activity of the longest duration in the tour was assumed to be the primary activity.
All tour choice dimensions were those associated with this primary activity. The
concerned activities are (1) private matters (e.g., visit the doctor, go to the bank) (PM),
(2) company business (i.e., a work-related activity not at the usual work location)
(CB), (3) eating out (EO), (4) social visits/religious services/sports (SRS), (5) shop-
ping/market (SHM), (6) picking up/dropping off (i.e., picking up or dropping off
someone or something) (PD), (7) Joyriding (i.e., going out for pleasure normally within
the same neighborhood, exercising) (JR), and (8) other activities (OT);

• At the tour level of modeling the HBO tours, all HBW tours were already scheduled.
The primary activity and duration were also given;

• The ToD choice set was defined by seven discretized periods based on the observed
activity starting time in the data set as follows: (1) ToD1: from 00:00 to 06:30, (2)
ToD2: from 06:31 to 08:59, (3) ToD3: from 09:00 to 10:59, (4) ToD4: from 11:00 to 13:59,
(5) ToD5: from 14:00 to 15:59, (6) ToD6: from 16:00 to 18:59, and (7) ToD7: from 19:00
to 24:00;

• Tour mode refers to the main transport mode that accounted for the longest distance
in the trip chain to the primary activity location. Representative transport modes
(Figure 4) were grouped from 24 types in HTS. Other modes were removed due to
the unavailable level of service information. The final choice set for transport mode
comprised six alternatives: (1) Walking (WK), (2) Bicycle (BI), (3) Motorcycle as a driver
(MC_D), (4) Motorcycle as a passenger (MC_P), (5) Car as a driver and a passenger
(CAR), and (6) Public bus (PB).
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4. Empirical Findings
4.1. Structure Development and the Impacts of Intrazonal Tours

During the effort to develop the hierarchical structures, the travel-time parameter in
the ToD choice model was positive when modeled at the bottom level. This result showed
that the ToD model was insensitive to the change in the level of service (LOS), which was
similar to the observation in [3] that ToD with a broad range should be modeled at the
top level.

The order of mode and destination were examined with the consideration of the
intrazonal tour as mentioned in Section 3.3. Two hierarchical structures were tested. The
first was the structure with the mode conditional on the destination choice. The second
was the reversed structure. With the first structure, the range of estimated values for the
transport mode logsum parameter ranged from 2.13 to 6.77 under different settings of
the choice models and activity types. These results suggested that this hierarchy was
inconsistent with the statistical criterion of the nested models [42]. This also reflected the
situation in HCMC, where individuals are highly dependent on private transport modes,
especially motorcycles. Motorcycles can flexibly maneuver in crowded and small streets,
are easier to find parking for, and can carry goods or a pillion rider. Therefore, individuals
in HCMC are dependent on this mode of transport for most activities and are more likely
to change their destination rather than change their travel mode for all non-work activities.

For the reversed structure, two destination choice models were developed: (1) a model
with the full destination choice set and (2) a model with the home zone excluded from the
destination choice set. The estimated values of βIntrazone ranged from 3.0 to 7.0 in the model
with the full destination choice set. The estimated travel time parameters ranged from
−0.075 to −0.008. However, despite being expected to be positive, the estimated value of
the destination logsum parameter in the mode choice models was negative. Theoretically,
the logsum represents the inclusive accessibility of all alternatives from the nested model [7].
If this inclusive accessibility value increases, then the utility of the alternative in the upper
level associated with that nest would also increase. In this hierarchy, however, the inclusive
value only represents the attractiveness of the intrazonal destination and contains almost no
accessibility information from other destination alternatives due to the high intrazonal tour
proportion in the observed data. Therefore, the hierarchy with intrazones included in the
destination choice set was rejected. Meanwhile, in the models that excluded home zones
from the choice set, the estimated destination logsum value in the mode choice model was
positive and less than one. This structure assumes that destination alternatives conditional
on the same mode were assumed to be correlated.

Based on this result, three hierarchical structures (Figure 5) were generated when
incorporating ToD with mode and destination choice models. HIERARCHY1 was estimated
with the assumption that the joint model of mode—interzone and mode—intrazone is
nested in ToD. However, due to the inclusion of intrazone elements, the logsum value from
the mode-destination model was negative in the ToD model.

HIERARCHY2 is a two-level nested structure. ToD, mode, and intrazonal destination
choices were modeled at the same level and followed by an interzonal destination choice
model. The estimated logsum parameter of interzonal destinations was positive but close
to zero, which meant that all destinations in the choice set are highly correlated under a
given combination of ToD and mode. This result led to the “elimination by aspects” by
Tversky [43]. This theory views choice as the probabilistic process in which an individual
excludes alternatives from the choice set step-by-step based on certain attributes until
only one alternative remains. This model has not been applied in practical ABMs due to
its complexity.

The underlying assumption for HIERARCHY3 was that the unobserved attributes of
choosing a mode and interzonal destination are correlated conditional on ToD choice. For
example, a nonworker in a household can just use the motorcycle before or after the HBW
tour of the workers. The logsum parameter in this structure fell in the range from zero to
one. HIERARCHY3 was more likely to fit with our data set. This structure is composed of
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three levels. The top-level (Top model) models the choice of ToD for interzone and ToD
and mode of intrazone. The middle level is the mode choice model (MODE). The bottom
level is the interzonal destination choice model (DEST). Details of model specifications,
estimation, and validation results of the models for different activity types are presented in
Section 4.2.
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Our results implied the significant effect of intrazonal tours on the development of
joint-choice models. The intrazonal tours should be explicitly considered for cases where
the data spatial resolution is coarse or the proportion of interzonal tours is high. The choice
of intrazone alternative should be made together with other choices [38], meaning that
the choice of intrazone should be simultaneously modeled with transport mode and ToD
choices in our case.

4.2. Activity Scheduling Models
4.2.1. Modeling Framework and Sub-Model Specifications

Each sub-model in HIERARCHY3 is a function of interested variables. As illustrated
by the continuous arrows in Figure 6, in our proposed hierarchical structure, the output
of the choice in the upper-level model is passed to the models in the lower-level models
in the form of explanatory variables. In the other direction, the dash arrows indicate the
upward integration of the lower-level models to the upper-level models in the form of
logsum values.

The top model is an NL model at an individual’s HBO tour unit. The overall choice set
comprised 49 alternatives. Eight models, each corresponding to one type of activity, were
estimated. These models are explained by socioeconomic variables such as gender, age,
income, vehicle ownership, and daily activity scheduling characteristics such as total work
duration and total non-work duration. Employment statuses, either working part-time
(work or school duration of less than 4 h) or working full-time (work or school duration of
more than 4 h) were defined by the total work duration in the schedule. The duration of
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employment status and primary activity were used as explanatory variables for the ToD
models. To avoid identification issues, a dummy variable for working full-time and an ac-
tivity duration variable were used in the ToD utility component for alternatives containing
interzonal destination choice. Dummy variables for working part-time were used in the
ToD utility component for alternatives associated with the intrazonal destination.
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The total utility component (VTMD) of the joint ToD, mode, and destination is written in
Equation (1) which is composed of three components: (1) VT_Interzone: the utility component
for choosing a ToD with an interzonal destination given in Equation (2), (2) VT-Intrazone: as
the utility component of choosing a ToD with an intrazonal destination given in Equation
(3), and (3) VM-Intrazone: the utility component of choosing mode (M) with an intrazonal
destination given in Equation (4).

VTMD = ASCToD + ∑
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tion outside the home zone is presented in Equation (6). Vୈ୉ୗ୘ = β୲୰ୟ୴ୣ୪_୲୧୫ୣ ∗ tt୘୭ୈି୑୓ୈ୉ + β୪୭୥ ∗ log൫exp൫β୮୭୮൯ ∗ popୈ୉ୗ୘ + areaୈ୉ୗ୘൯ (6) 

[VT−Intrazone + VM−Intrazone + βIntrazone]∗XIntrazone+

∑T∈ToD

[
VT−Interzone + βlogsumMODE

∗logsumMODE

]
∗ (1− XIntrazone),

(1)

VT−Interzone = ∑βTi_Interzone∗XT∗TODi, (2)

VT−Intrazone = ∑βTi_Intrazone∗XT∗TODi, (3)

VM−Intrazone = ASCMODE_Intrazone + ∑βMj_Intrazone∗XM∗MODEj, (4)

where:

• ASCTOD: alternative specific constant for each ToD alternative;
• ASCMODE_Intrazone: transport mode alternative specific constant associated with the

choice of transport mode to the intrazonal destination;
• βTi_Interzone: specific parameters associated with ToDi and interzonal destination;
• βTi_Intrazone: specific parameters associated with ToDi and intrazonal destination;
• βIntrazone: specific parameter for alternatives associated with intrazonal destination;
• βlogsumMODE: log sum parameter from interzonal mode choice model;
• βMj_Intrazone: specific parameters associated with transport mode j and intrazonal destination;
• XM, XT: explanatory variables;
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• Dummy TODi =

{
1 if alternative containing TODi

0 otherwise
;

• Dummy MODEj =

{
1 if alternative containing transport mode j

0 otherwise
;

• Dummy XIntrazone =

{
1 if alternative containing intrazonal destination

0 otherwise
;

• logsumMODE: The logsum term from the nesting mode choice model for alternatives
associated with interzonal destinations.

The utility function of the MODE model was formulated as in Equation (5) as follows:

VMODE = ASCMODE + ∑βz∗Z + ∑βToD∗ToD + βlogsumDEST∗logsumDEST (5)

where:

• ASCMODE: transport mode alternative specific constant that is used to capture the
unobserved attributes in the choice of transport mode to the interzonal destination;

• βlogsumDEST: log sum parameter from interzonal destination choice model;
• Z: explanatory variables including household/personal attributes such as vehicle

ownership, age, gender, and income;
• ToD: dummy variable for time-of-day periods;
• logsumDEST: The log sum term from the interzonal destination model.

In the DEST model, the choice set was sampled using an average ratio value between
activity duration and travel time described in [18]. This approach was based on the
assumption elaborated by Dijst and Vidakovic [44] that individuals are willing to spend
a long travel time on activities of a long duration and vice versa. Population (pop) and
surface area (area) were the size variables. In the construction of the data, due to the lack
of travel cost information as part of the data accuracy issues in developing countries [19],
the effort to include travel costs in the model was not successful. Therefore, only travel
time as a generic variable (ttTOD-MODE) was considered. βlog was introduced to capture
the sensitivity of the model to the zoning system [45]. The utility function of choosing a
destination outside the home zone is presented in Equation (6).

VDEST = βtravel_time∗ttToD−MODE + βlog∗ log
(

exp
(
βpop

)
∗popDEST + areaDEST

)
(6)

These two models were calibrated with the pooled data of all activities due to a lack of
land use data related to different activity types.

4.2.2. Modeling Results and Discussions

PythonBiogeme, an open-source package for discrete choice models [46], was adopted
for the model estimations. Summaries of the results are presented in Tables 2–4 for the top
models, MODE, and DEST models, respectively. Most parameters were estimated with the
expected sign and 90% significance level except for some parameters associated with few
observed alternatives.

Table 2 summarizes the estimated parameters of the top models for eight activities.
The adjusted rho-squared, which ranged from 0.18 to 0.36, is reasonable for a complex joint
model. The differences in estimated parameters across the models suggested heterogeneity
in the scheduling of different activities. The negative ASCTOD in the “Eating out”, “Social
visits/Religious services/Sports”, and “Joyriding” models indicated that these activities
are less likely to start in the daytime when other variables were set to zero. As a part of city
culture, residents prefer to go out in the evening for entertainment after a day of work to
avoid the high daytime temperatures. Most services in HCMC are open until 10:00 p.m.



Sustainability 2022, 14, 6367 13 of 23

Table 2. Top models.

Parameters Alternative PM CB EO SRS SHM PD JR OT

ToD
alternative-

specific
variable

ToD1 0.52
(2.95) **

−2.19
(−10.81) ***

−1.74
(−7.11) ***

−0.23
(−3.03) **

0.26
(1.32)

−0.21
(−1.18)

−1.32
(−7.83) ***

ToD2 0.71
(4.53) ***

2.24
(5.44) ***

−0.50
(−4.21) ***

−1.07
(−6.55) ***

1.44
(24.23) ***

2.41
(14.42) ***

−0.82
(−3.26) **

0.37
(3.40) ***

ToD3 −0.07
(−0.39)

2.51
(6.23) ***

−1.90
(−16.87) ***

−2.52
(−10.17) ***

0.29
(3.91) ***

0.41
(2.16) **

−3.08
(−15.40) ***

−0.43
(−4.52) ***

ToD4 −1.09
(−4.77) ***

1.78
(4.29) ***

−2.74
(−12.19) ***

−2.59
(−15.09) ***

−1.39
(−11.90) ***

1.36
(8.11) ***

−3.39
(−5.33) ***

−0.88
(−6.14) ***

ToD5 0.73
(4.25) ***

1.72
(4.11) ***

−2.48
(−10.92) ***

−1.17
(−7.07) ***

0.05
(0.64)

−0.14
(−0.57)

−1.77
(−7.73) ***

0.27
(2.67) **

ToD6 0.88
(5.67) ***

2.28
(5.40) ***

−0.86
(−15.42) ***

−0.24
(−3.41) ***

0.64
(10.09) ***

1.85
(11.43) ***

−0.19
(−2.49) **

−0.06
−(0.82)

ToD7 0 (constrained)

Choosing ToD: Interzonal destination component

Parameters PM CB EO SRS SHM PD JR OT

Primary
activity

duration

ToD1-
Interzone

0.37
(2.75) **

0.96
(6.77) ***

0.79
(4.61) ***

0.75
(4.64) ***

0.37
(5.56) ***

ToD2-
Interzone

0.79
(9.03) ***

0.36
(4.36) ***

0.94
(10.79) ***

1.19
(11.79) ***

0.69
(3.04) **

0.39
(9.84) ***

ToD3-
Interzone

0.79
(7.95) ***

0.22
(2.48) **

1.02
(9.45) ***

1.35
(11.44) ***

1.03
(4.19) ***

0.35
(7.40) ***

ToD4-
Interzone

0.93
(8.54) ***

1.38
(14.98) ***

1.13
(4.45) ***

0.38
(6.65) ***

ToD5-
Interzone

0.34
(2.60) **

1.06
(8.24) ***

0.99
(5.57) ***

ToD6-
Interzone

0.37
(3.36) ***

−0.41
(−1.68) *

1.15
(16.09) ***

0.83
(8.92) ***

0.84
(5.86) ***

ToD7-
Interzone

0.73
(10.47) ***

0.41
(4.19) ***

0.84
(6.46) ***

−0.25
(−2.89) **

Dummy:
Total

duration of
work

activity in
schedule

more than
4 h

ToD1-
Interzone

−2.77
(−8.68) ***

−2.35
(−4.93) ***

−3.50
(−4.80) ***

−1.15
(−2.19) **

−2.41
(−4.05) ***

−2.62
(−5.05) ***

ToD2-
Interzone

−3.89
(−8.36) ***

−2.88
(−9.48) ***

−2.51
(−7.54) ***

−0.74
(−3.33) ***

−2.62
(−2.57) **

−2.86
(−9.50) ***

ToD3-
Interzone

−1.30
(−1.75) *

−1.31
(−1.80) *

ToD4-
Interzone

−1.47
(−2.75) **

0.67
(2.08) **

−2.26
(−2.23) **

ToD5-
Interzone

−0.70
(−2.86) **

0.77
(2.25) **

0.92
(1.82) *

1.30
(2.38) **

ToD6-
Interzone

−0.37
(−2.46) **

−0.65
(−4.42) ***

ToD7-
Interzone

1.63
(2.71) **

0.45
(5.52) ***

0.30
(2.29) **

1.88
(22.90) ***

1.23
(5.01) ***

1.09
(7.98) ***

0.54
(4.90) ***

Logsum
from

MODE
(βlogsumMODE)

All ToD al-
ternatives

0.63
(10.63) ***

1.05
(5.11) ***

0.49
(11.46) ***

0.77
(12.97) ***

0.88
(25.90) ***

1.00
(11.51) ***

0.41
(5.66) ***

0.70
(13.85) ***

Choosing ToD-MODE: Intrazonal destination component

Parameters PM CB EO SRS SHM PD JR OT

Total
duration of
nonwork

activities in
schedule

ToD1-
Intrazone

2.83
(14.03) ***

2.56
(5.07) ***

1.82
(14.88) ***

2.44
(9.54) ***

0.53
(5.58) ***

0.52
(2.78) **

1.56
(9.62) ***

1.68
(8.10) ***

ToD2-
Intrazone

3.27
(9.22) ***

1.78
(5.64) ***

2.24
(22.35) ***

2.81
(10.68) ***

1.38
(13.89) ***

0.60
(3.74) ***

2.14
(4.63) ***

1.75
(9.87) ***

ToD3-
Intrazone

0.50
(1.60)

0.81
(2.66) **

−0.48
(−3.26) **

ToD4-
Intrazone

0.23
(1.10)

−1.26
(−7.28) ***

ToD5-
Intrazone

0.27
(2.10) **

−1.88
(−16.90) ***

−0.63
(−1.81) *

−1.04
(−3.65) ***

−0.37
(−2.42) **

ToD6-
Intrazone

0.43
(3.41) ***

−1.25
(−15.83) *** - - -

ToD7-
Intrazone

−0.66
(−7.16) ***

−0.34
(−2.52) **

−2.09
(−21.53) ***

−1.22
(−3.41) ***

−0.63
(−6.30) ***

−0.60
(−5.16) ***
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Table 2. Cont.

Parameters Alternative PM CB EO SRS SHM PD JR OT

Dummy:
Total

duration of
work

activity in
schedule of

less than
4 h

ToD1-
Intrazone

−1.19
(−4.37) ***

0.26
(1.28)

−1.22
(−3.80) ***

−0.31
(−3.22) **

-
-

−1.53
(−6.77) ***

−0.65
(−2.74) **

ToD2-
Intrazone

−2.59
(−6.73) ***

−0.78
(−5.71) ***

−1.86
(−6.60) ***

−1.83
(−18.44) ***

−0.70
(−4.30) ***

−3.00
(−5.87) ***

−1.75
(−9.33) ***

ToD3-
Intrazone

−0.18
(−0.74)

−0.36
(−2.62) **

ToD4-
Intrazone

0.46
(2.49) **

0.35
(1.53)

−0.55
(−3.24) **

ToD5-
Intrazone

0.70
(3.65) ***

0.36
(1.64) *

0.24
(1.43)

−0.34
(−2.49) **

ToD7-
Intrazone

0.77
(1.55)

0.39
(5.45) ***

Number of
activities in

tours

MC_D-
Intrazone

0.11
(0.83)

0.41
(4.44) ***

0.11
(0.84)

0.37
(6.32) ***

0.21
(1.44)

0.61
(2.03) **

0.16
(1.78) *

PB-
Intrazone

0.71
(1.30)

Dummy:
Personal

income not
reported

MC_D-
Intrazone

−1.24
(−10.58) ***

−1.24
(−14.40) ***

−0.89
(−6.32) ***

−0.62
(−9.01) ***

−0.22
(−1.32)

−1.04
(−3.73) ***

−0.87
(−9.01) ***

MC_P-
Intrazone

0.61
(1.94) *

−0.31
(−1.52)

−0.68
(−2.24) **

−0.02
(−0.10)

−0.92
(−2.24) **

−1.00
(−3.54) ***

PB-
Intrazone - −1.15

(−1.55)

Personal
income

MC_P-
Intrazone

−0.14
(−4.24) ***

−0.26
(−3.75) ***

0.00
(0.02)

−0.61
(−4.02) ***

−0.31
(−4.79) ***

PB-
Intrazone

−0.44
(−1.76) *

MC_D-
Intrazone

0.06
(3.33) ***

0.08
(8.80) ***

0.15
(6.48) ***

0.06
(2.26) **

Number of
MC/HH
workers

MC_P-
Intrazone

0.39
(4.57) ***

0.42
(7.69) ***

0.58
(7.78) ***

0.74
(20.31) ***

0.57
(5.85) ***

0.49
(6.78) ***

Dummy:
Person age

<18

BI-
Intrazone

2.46
(9.13) ***

2.53
(10.06) ***

2.00
(9.89) ***

0.74
(4.85) ***

−1.04
(−2.11)

2.73
(7.24) ***

1.75
(8.60) ***

Dummy:
Person age

>65

WK-
Intrazone

1.25
(7.93) ***

1.22
(8.18) ***

1.17
(7.31) ***

0.97
(9.28) ***

2.16
(5.55) ***

0.85
(4.83) ***

0.95
(6.83) ***

Personal
income

PB-
Intrazone

1.69
(2.40) **

1.54
(1.91) *

Female PB-
Intrazone

0.65
(1.18)

Dummy:
Student

PB-
Intrazone

1.36
(1.94) *

Mode
specific
variable

BI-
Intrazone

−2.84
(−10.77) ***

−2.50
(−4.84) ***

−2.99
(−14.38) ***

−2.24
(−9.00) ***

−0.68
(−6.64) ***

−1.64
(−5.76) ***

−1.74
(−3.59) ***

−1.96
(−10.83) ***

MC_P-
Intrazone

−2.42
(−7.61) ***

−3.11
(−4.32) ***

−0.66
(−2.99) **

−0.78
(−2.37) **

−0.92
(−4.86) ***

−0.35
(−0.80)

−0.96
(−2.15) **

−0.34
(−1.17)

WK-
Intrazone

0.29
(1.50)

−0.86
(−3.75) ***

0.26
(2.01) **

0.27
(1.36)

0.94
(9.93) ***

−1.48
(−5.75) ***

3.07
(7.91) ***

0.20
(1.39)

PB-
Intrazone

−3.12
(−3.09) **

−2.74
(−13.16) ***

−3.53
(−8.77) ***

Intrazone
specific
variable

(βIntrazone)

All alterna-
tives

4.34
(7.86) ***

7.92
(4.39) ***

4.11
(10.70) ***

6.06
(11.93) ***

6.84
(23.89) ***

7.93
(11.31) ***

2.76
(3.80) ***

5.24
(11.84) ***

Sample size 2431 264 4866 2934 10,932 1775 2530 3337

Rho-square-bar 0.20 0.25 0.25 0.24 0.20 0.25 0.36 0.18

Significance code: ***: 1% significance level **: 5% significance level; *: 10% significance level.

Regarding the estimation results in the interzonal components, the structure charac-
terized by the log sum values (βlogsumMODE) from the lower level in most models ranged
from 0.41 to 1.05 with good statistical significance. The largest values in the “Picking
up/Dropping off” and “Company business” models indicated the independence of trans-
port mode alternatives under a given ToD. As the log sum captures the correlation among
tour transport mode alternatives, the log sum parameter attaining a value of one indicated
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that when scheduling for these activities, choosing ToD is not conditional on the choice
of transport mode. The results suggested different scheduling structures for each activity
type. The impact of working status and sociodemographic variables also vary by the
different activity types. Except for the “Shopping/Market” and “Picking up/Dropping
off” models, activity duration significantly impacts the choice of starting time in interzonal
tours. The longer the activity duration is, the earlier the time of day that the activity is
started. Most of the estimated parameters for daytime ToD alternatives associated with
full-time working individuals were negative, which indicated that these individuals are less
likely to start non-work or school activities in interzonal destinations during the daytime.
Similarly, part-time workers were less likely to schedule these activities in the home zone
in the morning.

Table 3. MODE model.

Parameters Alternative Value (t-Test in Parentheses)

Alternative specific constants

Bicycle −2.6 (−8.26) ***
Car −1.98 (−3.09) **

Motorcycle as passenger −0.938 (−7.61) ***
Public bus −2.25 (−4.72) ***

Walk −0.811 (−1.73) *
Motorcycle as driver - -

Dummy-TOD1 (from 0:00 to
6:30)-(MC_D as the base case)

Walk 0.861 (4.59) ***
Bicycle 1.23 (4.43) ***

Motorcycle as passenger −0.718 (−5.06) ***
Public bus 1.42 (3.33) ***

Car - -

Dummy-TOD2 (from 6:31 to
8:59)-(MC_D as the base case)

Walk 0.238 (1.67) *
Bicycle 0.422 (1.44)

Motorcycle as passenger 0.134 (0.92)
Public bus 0.261 (1.13)

Car - -

Dummy-TOD3 (from 9:00 to
10:59)-MC_D as the base case)

Walk - -
Bicycle 0.39 (1.19)

Motorcycle as passenger −0.864 (−6.09) ***
Public bus 2.06 (5.55) ***

Car - -

Dummy-TOD4 (from 11:00 to
13:59)-(MC_D as the base case)

Walk 0.402 (1.34)
Bicycle 1.51 (5.03) ***

Motorcycle as passenger −0.925 (−4.57) ***
Public bus 2.09 (4.99) ***

Car - -

Dummy-TOD5 (from 14:00 to
15:59)-(MC_D as the base case)

Walk −0.49 (−1.78) *
Bicycle 1.22 (4.99) ***

Motorcycle as passenger −0.994 (−7.08) ***
Public bus 2.55 (7.61) ***

Car - -

Dummy-TOD6 (from 16:00 to
18:59)-(MC_D as the base case)

Walk - -
Bicycle 0.845 (3.8) ***

Motorcycle as passenger −0.394 (−4.24) ***
Public bus 1.82 (5.43) ***

Car - -

Person Age <18 Bicycle 1.82 (8.93) ***
Motorcycle as passenger 1.17 (6.22) ***

Person age >65
Motorcycle as passenger 1.01 (6.7) ***

Public bus 1.11 (5.15) ***
Walk 1.17 (5.87) ***
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Table 3. Cont.

Parameters Alternative Value (t-Test in Parentheses)

Female
Motorcycle as passenger 1.21 (17.04) ***

Public bus 0.292 (2.28) **

Personal income not reported (Dummy:
1–Income not reported; 0 otherwise)

Car −0.628 (−1.13)
Motorcycle as driver −0.699 (−5.97) ***

Motorcycle as passenger −0.191 (−1.97) **

Personal income
Car 0.156 (6.26) ***

Motorcycle as driver 0.125 (8.1) ***

Student Public bus 0.639 (3.00) **

Number of CAR/HH workers Car 1.76 (2.55) **
Number of MC/HH workers Motorcycle as driver 0.693 (13.58) ***

Home zone in CBD
Bicycle 0.624 (3.95) ***

Public bus 0.369 (1.67) *
Walk 1.15 (4.12) ***

Home zone in NDD Public bus 0.899 (3.95) ***

Number of activities in tour
Car 0.386 (1.02)

Public bus −0.407 (−2.24) **

Dummy for bring/get activity in tour
Car 1.00 (1.71) *

Motorcycle as driver 0.781 (6.17) ***
Public bus −1.2 (−2.8) **

Logsum–destination All alternatives 0.538 (8.55) ***

Init log likelihood: −14,299.53
Final log likelihood: −6188.046

Likelihood ratio test for the init. model: 16,222.969
Rho-square for the init. model: 0.567

Rho-square-bar for the init. model: 0.564

Significance code: ***: 1% significance level **: 5% significance level; *: 10% significance level.

Table 4. DEST model.

Parameters Value t-Test

Parameter of the size part βlog 0.703 34.95 ***
Populationβpop 4.81 0.79

Area βarea (constrained) 0 -
Travel time βtravel_time −0.173 −90.73 ***

Sample size: 9079

Rho-square-bar: 0.142
Significance code: ***: 1% significance level **: 5% significance level; *: 10% significance level.

In the intrazonal components, βIntrazone parameters captured the unobserved attributes
in scheduling the activities in the home zone. The large βIntrazone is explained by the highly
observed proportion of intrazonal tours. The negative intrazone mode parameters in the
“Company business” and “Picking up/Dropping off” models meant that the most preferred
mode was MC_D (driving a motorcycle) for traveling in the home zone while walking
was more preferred for other activity types. The reason might be because these activities
are temporally inflexible and individuals may not want to take the risk of being late by
choosing a slower mode. These results suggested that the choice of intrazonal destination
for non-work activities is constrained by other factors in addition to land use variables such
as available transport mode, time, and the individuals’ schedule of work activities.

The MODE model (Table 3) had good performance with an adjusted rho-squared
value of 0.564, while that of the DEST was 0.14.

In MODE, the estimated parameters ToD3, ToD4, and ToD5 associated with PB showed
that individuals are more likely to choose to travel by public bus for activities started during
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low congestion periods. Because there is no separate infrastructure for public transport in
HCMC, it takes much longer to travel by bus than by motorcycle during peak hours.

Females, university students, and elderly people, who seemed to have more flexible
time than their counterparts, had higher utility toward public buses. Secondary or high
school students were more likely to choose bicycles. Individuals living in the CBDs and the
newly developed districts (NDDs) were more likely to choose public buses, walking, and
bicycles than individuals living in rural areas (RAs). Personal income significantly affected
the choice of travel mode in interzonal tours. In general, individuals with higher income
are more likely to travel by their private mode of transportation.

In addition, choosing a motorcycle was not dependent on tour complexity, which is
similar to the descriptive information in [47]. Narrow streets, especially in the CBD, the
flexibility of motorcycles, and the congestion of the underdeveloped infrastructure in the
city are among the reasons that explain these behaviors.

The negative value of the dummy representing if the tour encompassed a pick up or
drop off activity by PB indicated that adding a stop to the tour also decreased the utility of
choosing a public bus. This result explained the fact that people do not want to use public
buses to perform complex tours due to the low connectivity of the existing bus network to
many urban land-use functions, such as schools. The low probability of choosing public
buses in the RA is explained by the unequal or underdeveloped bus network among the
three areas. As described by Van et al. [48], more than 60% of the distances from the
household location to the nearest bus stop in RA are larger than 1 km, while this ratio is
less than 10% in the CBD and 35% in NDDs.

In the DEST model (Table 4), the estimated general travel time parameter had a
negative sign with a high significance level. The size parameter of 0.703 was also statistically
significant. This result indicated that the model is sensitive to the zonal system [45]. The
estimated parameters of the population were insignificant, and the area parameter was
constrained to one. The reason for this result is that population and area variables are not
enough to explain the attractiveness of a zone for non-work or school activities.

4.2.3. Model Validation

Petrick et al. [49] used various measures to compare the results from different settings of
sub-models in an ABM model. Those measures were derived by grouping modeling output
as the number of tours, number of trips, number of stops, etc., and then stratifying those
aggregate outcomes into different segments. The authors also suggested that the method can
be used to test models that have hierarchical structures with sub-models. Drchal et al. [50]
proposed a statistical validation framework using the Kolmogorov–Smirnov two-sample (KS)
statistic for a better comparison of the output of ABM models.

Our proposed hierarchical structure consisted of three integrated sub-models for
choices at the tour level. The output was the predicted starting time, the main transport
mode, and the destination of the primary activity for each individual. The aggregate
validation measures consisting of frequencies of ToD, mode, and destination choices at
aggregate zone levels are presented in Figures 7–9.

In the KS test comparing two dataset values, the higher p-value suggests a smaller
difference between them. With the KS statistics’ p-values larger than 0.05 for all measures,
the proposed model produced similar prediction results to the observations.

At the disaggregated level, the distributions of ToD, mode, and 1 km-interval tour
distance (distance from home zone to destination) stratified by activity type, age group,
and employment status were used as validation measures. KS statistics were calculated
for each case. The results are summarized in Table 5. Tour distance had the poorest
performance. The tour distance distributions of “Social visits/Religious services/Sports”
and “Other” activities were the most different at a significance level of less than 10%.
Destination choice for these activities is quite a challenge since the activities themselves
contain multiple purposes that require different spatial settings of opportunities. While
their temporal patterns in terms of activity start time and duration may be similar [18],
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their spatial patterns are not. “Company business” tours were significantly different from
the observation regarding the ToD measure but not for the other two measures.
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Table 5. Disaggregate results by Age and Employment status and Activities: p-value of Kolmogorov–
Smirnov test.

Category ToD Mode Distance

Age

<18 0.96 0.70 0.72
18–25 0.21 0.82 0.36
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Table 5. Cont.

Category ToD Mode Distance

26–35 0.58 0.69 0.12
36–55 0.58 0.59 0.36
56–65 0.54 0.92 0.38
66–75 0.2 0.96 0.39
>75 0.74 0.68 0.07

Employment status

No work 0.58 0.59 0.39
Part-time 0.74 0.92 0.15
Full-time 0.21 0.93 0.17

Activity type

Private matters 1.00 0.97 0.76
Company business 0.09 0.50 0.42

Eating out 0.31 1.00 0.65
Social

visits/Religious
services/Sports

0.78 0.80 0.07

Shopping/Market 0.42 1.00 0.89
Picking up/Dropping

off 0.85 0.92 0.51

Joyriding 0.33 0.99 0.59
Other 0.42 0.90 0.05

5. Concluding Remarks

In this paper, we successfully developed a hierarchical structure to represent the
interdependence among the choices of ToD, mode, and destination choice in the scheduling
of non-work or school activities at the tour level of an ABM for MBCs.

The main findings are as follows. First, by separately considering intrazone alterna-
tives, the hierarchy with ToD choice at the top level, transport mode choice in the middle,
and destination choice at the bottom level is the most appropriate structure. Similar to the
interdependence between the mode and destination choices of car-dominated cities [12], the
transport mode is less likely to be switched than the destination in motorcycle-dominated
cities such as HCMC, whereas the reversed order is applicable in the Jakarta model [24]. Our
result, therefore, contributed to the empirical evidence that there is a correlation between
the modal split pattern and the hierarchical structure of mode and destination choices.

Second, our experiment confirmed the significance of modeling intrazonal destination
choice on structure development. Intrazonal trips/tours should be modeled in conjunction
with other choice dimensions, such as travel mode and time choice.

Third, the variation in estimated parameters in different models, especially βlogsumMODE,
reflected the differences in activity scheduling and the different interdependence relation-
ships among transport modes and ToD across activities. This result provided empirical
evidence that the scheduling structure is dependent on the nature of the activity [5,40,51].

Motorcycles as the prevalent mode of transportation are often associated with low-
income countries. Thus, higher-income individuals were expected to have less utility in
using a motorcycle, as found in the Jakarta case study [52]. However, in the case of HCMC,
high-income persons were found to use both cars and motorcycles. This result showed that
motorcycle use will continue to be the predominant mobility option in this city as indicated
in literature [53–55].

Furthermore, in contrast to developed countries [23,36] where intrazonal trips are more
likely to be made by non-motorized modes, our result indicated that the most preferred
mode in the intrazonal tours was walking and the second most preferred mode was driving
a motorcycle, which was slightly lower in magnitude. Driving a motorcycle was especially
preferred for pickups and drop-offs and company business. This pattern revealed an unsafe
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walking and cycling environment for school trips. These findings suggest that policies
only targeted toward shifting transport mode choice behavior would affect individual and
household daily life [56]. The travel environment surrounding residential areas should
be improved to encourage the shift to nonmotorized modes to improve traffic safety and
the environment.

Our findings contribute further insights into the interdependence among the choices of
ToD, transport mode, and destination in an MBC context which is missing in the literature.
In addition, the influence of intrazonal tour modeling on the formation of the activity
scheduling structure was also explored. Our proposed framework and models suggest to
transport planners and policymakers that a comprehensive plan targeting multiple aspects
of daily travel demand would be more effective than only focusing on a single aspect such
as managing travel mode choice. The proposed structure established part of the modeling
framework for the first ABM model for HCMC and will be embedded within FEATHERS,
an operating ABM model developed for Flanders, Belgium [57,58]. In the next stage, the
ToD and mode choice models for work or school activities at the tour level and trip level
will be added. The intermediate stops in the intrazonal destination with the tour ends are
also worth careful consideration.

Although the objectives of this paper were successfully achieved, future work is
needed to overcome some limitations that largely stem from data issues. First, only the
travel time variable was included in our models due to issues with the revealed preference
travel survey data in developing countries [19,59]. The absence of this cost variable weakens
the power of the proposed model in evaluating transport pricing policies. Furthermore,
the lack of many land use attributes related to different activities also makes the model
insensitive to the land use policies that target the long-term relationship between land use
and daily activity scheduling. As there is no study on modifying the ABMs with intrazonal
tours/trips, a different approach is required to incorporate this issue. In future work, mode
choice and interzonal destination choice models should be estimated for each activity type
so as to make these models more sensitive to the difference in activities.
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Abbreviations

ABM(s) activity-based travel demand model(s)
FSM(s) four-step model(s)
HCMC Ho Chi Minh City
CBD(s) center business district(s)
NDD(s) newly developed district(s)
RA(s) rural area(s)
MBC(s) motorcycle-based city(ies)
HTS household travel survey
METROS large scale HTS in HCMC

SAPI
data in the Special Assistance for Project Implementation for HCMC Urban Mass
Rapid Transit Line 1

TAZ(s) traffic analysis zone(s)
MNL multinomial logit
NL nested logit
KS Kolmogorov–Smirnov test
RUM random utility maximization theory
HBO home-based other tour/trip
HBW home-based work tour/trip
ToD activity starting time
WK walking
BI bicycle
MC_D motorcycle as driver
MC_P motorcycle as passenger
CAR car as driver and passenger
PB public bus
DEST interzonal destination choice model
PM private matter activity
CB company business activity
EO eating out activity
SRS social visit/religious service/sport related activity
SHM shopping/market activity
PD picking up or dropping off someone or something
JR joyriding activity
OT other activities
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