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Summary

This dissertation discusses how mode and route choice behavior might change
with the introduction of future transportation modes when potential users are
unfamiliar with such systems. It uses discrete choice models and supernetwork
models without mode-specific constants and parameters with revealed preference
data of current modes to understand how future modes could impact mobility

effects such as mode choice, travel times, and resistance.
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Nothing has such power to broaden the mind as the ability to investigate
systematically and truly all that comes under thy observation in life.
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Chapter 1

Introduction

The accessibility and livability of urban areas are under pressure (Arbib & Seba, 2017).
Therefore governments seek solutions that result in fewer vehicles that can transport
more people using less space and producing fewer emissions (Kuss & Nicholas, 2022).
At the same time, innovators and companies propose new mobility systems with the
aim of providing a better service that improves the travel experience of travellers and
increases their market share and profits. In this way, in the last decades, numerous
transport modes, such as shared bicycles, shared scooters, automated cars, ride-hailing
services, electric bicycles, and other personal light electric vehicles have been devel-
oped, proposing to improve accessibility and livability. The use of such future modes
could potentially change the way our urban areas function and look substantially in
terms of spatial use, sustainability, health, equity, safety and economic opportunities
(Fagnant & Kockelman, 2015; Shaheen et al., 2019; Milakis et al., 2017; van Arem
et al., 2019).

Introducing future modes might lead to a change in accessibility (e.g., changing
travel resistances and congestion), and this, in turn, can lead to a change in land use and
activities. A conceptual model is proposed to describe this development (see Figure
1.1). The model structures the dominant relationships found in the literature and is an
adaptation of the Land Use and Transport (LUT) feedback cycle from (Wegener, 2004).
Future modes are placed in the centre of the conceptual framework to represent the
main source of effects on mode choice. When a future mode is deployed, the available
transport options change, which can change the mode choice behaviour (e.g., people
use a future mode instead of busses, trams, or metros or as part of multimodal trips) and
thus change the modal split (first-order effect: blue arrow). A change in mode choice
could indicate a change in accessibility (e.g., due to adding a mode, the travel resistance
will probably reduce and that is likely to improve accessibility) (second-order effect:
red arrow). If accessibility changes, urban areas change (e.g., more people move there)
and can be used more intensively in the long term as well (a change in land use), which
will again put pressure on the transport systems and might evoke the need for new
improvements. Note that introducing future modes affects livability as well, but this
conceptual model illustrates specifically the effects of future modes on accessibility,
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Mode & route choice
Travel resistance

Future modes

Figure 1.1: Conceptual framework of the dominant relationships of the effects of fu-
ture modes on mode/route choice and resistance. Adaptation from We-
gener (2004). The blue arrow depicts the explained first-order effect of a
changing mode and route choice and the red arrow depicts the described
second-order effect of a changing travel resistance due to a change in mode
and route choice.

land use and activities. This dissertation focuses on the coloured parts (mode & route
choice and travel resistance) in the conceptual framework (see Figure 1.1) and aims to
develop a mathematical model supporting the design of future mobility systems.

The choices people make regarding future modes are crucial to determining the
mobility effects, but we do not understand well how these choices regarding future
modes are made and how these choices affect the mobility system. This dissertation
looks at how a transport model supporting the design of future modes can be developed
such that its effects on mobility systems can be analyzed.

In this chapter, Section 1.1 introduces the problem statement. Section 1.2 gives an
overview of the current literature and state-of-the-art models to estimate the effects of
future modes. Using the knowledge gaps from the literature, Section 1.3 introduces
the main aim of this dissertation and its scientific and societal contributions. Lastly,
Section 1.4 describes the outline of this thesis.
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Defining a future transport mode

To analyze the effects of future modes on the mobility system, it is important to con-
sider what a transport mode entails and when such a mode can be considered a future
transport mode. A mode can be defined as a set of components that provides a means
or service of transport for people and/or goods. This dissertation focuses on pas-
senger transport. Transport modes are highly integrated into society and, therefore,
challenging to analyze and describe due to their complex, large-scale, interconnected,
open, and socio-technical nature (Sussman et al., 2014). Modes can be differentiated
and categorized on the basis of a multitude of attributes (e.g., costs, travel speeds,
comfort, and active driving task) (Kennisinstituut voor Mobiliteitsbeleid, 2018).

A mode can be considered a future mode in a specific area if it substantially differs
from already implemented modes. The novelty of a mode is, therefore, relative and
depends on the context: a mode can already exist somewhere in the world, but can be
considered a future mode for a specific area or when its implementation differs from
the implementation in other areas. For example, a metro system can be considered
a future mode in one city, changing people to start using the metro instead of cars,
whereas increasing the metro frequency of an already existing metro system in an-
other city is not considered a future mode, since the metro in this context is already
available. Another example of a future mode is a fully-autonomous car in an area
without fully-automated cars. A third example can be the introduction of electric
steps in an area where no revealed preference data of the use of electric steps are
available or revealed preference data of electric steps in other areas cannot be used in
the researched area, since the area’s characteristics are substantially different. In this
dissertation, we consider a future mode as follows:

future modes are substantially different compared to already existing im-
plemented modes in the research area or in similar areas

1.1 Problem statement

As explained earlier, the choices people make regarding future modes are crucial to
determining the mobility effects, but we do not understand well how these choices
regarding future modes are made and how these choices affect the mobility system.
Specifically, we need to know how we can actually estimate what effects future modes
could have on the mobility system before they are available and which future mode
could best be introduced to improve the mobility system the most. In this dissertation
we define the improvement of the mobility system as the reduction of total travel re-
sistance (i.e., total generalized travel time). Which brings us to the central problem
statement of this dissertation:
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How can the ultimate future mode of a mobility system be determined be-
fore it is available?

Note that in this dissertation the phrasing ‘ultimate future mode’ is used for the
future mode that improves an existing mobility system the most. This ultimate future
mode can be seen as the best additional mode in a mobility system and not as a perfect
mode that replaces all other modes (in other words, a mode with zero travel resistance
for each traveller). The next section explains the current state-of-the-art and knowledge
gaps regarding modelling the effects of future modes on the mobility system.

1.2 Modelling future modes

As mentioned in the previous section, assessing the mobility effects of future modes
is needed to understand how future modes can contribute to existing mobility systems.
This dissertation uses discrete choice models to assess the mode choice effects and
assignment models to assess the impact of future modes on the network performance
and combines both into a supernetwork model. The following sections dive into the
literature to understand how discrete choice models, traffic assignment models and
supernetworks are used to determine the effects of future modes.

1.2.1 Discrete choice models

Discrete choice models can be used to understand how people make decisions (includ-
ing choosing their transport mode). Discrete choice models have a set of available
options which are captured in a formula to calculate the probability that a specific op-
tion will be chosen out of a set of available options. The multinomial logit model is
a well-known discrete choice model. For instance, a multitude of studies use logit
models to model mode choice in the context of unimodal trips for automated driving
(Puylaert et al., 2018; Snelder et al., 2019), and shared driving (Zhou et al., 2020; Daisy
et al., 2018; Choudhury et al., 2018; Ikezoe et al., 2020; Winter et al., 2020b), and for
multimodal trips (Fan et al., 2019; Bovy & Hoogendoorn-Lanser, 2005).

The multinomial logit model assumes that the alternatives are significantly differ-
ent (Independence from Irrelevant Alternatives (IIA)). If this does not hold, then the
so-called ‘red/blue bus paradox’ occurs when two alternatives are too similar. This
could lead to an overestimation of the probability that one is chosen if an unaltered
multinominal logit model would be applied. The IIA constraint might be violated for
future modes that are or can be seen as further developments of existing modes. To
overcome this overestimation, other types of discrete choice models, such as a nested
or mixed logit model, can be used (Ortuzar & Willumsen, 2011). Such approaches in-
troduce mode-specific scaling parameters that reflect the similarity of modes, the value
whereof has to be estimated and estimated again when adding a future mode.
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The attractiveness of an alternative in a discrete choice model is described by a
generalized utility function covering mode attributes and personal characteristics (Or-
tuzar & Willumsen, 2011). These utility functions contain, inter alia, mode attributes
and mode and person-specific constants and parameters. The mode attributes describe
the characteristics of each mode and the mode and person-specific constant describes
the implicit bias of travellers towards a certain mode (e.g., a car has a higher level of
status compared to taking the bus). The mode attributes are estimated for personal
preferences by parameters. Note that the person-specific indicator can be based on
personal characteristics, such as age and income, but can also be based on a certain
type of traveller as part of a subgroup (cluster). The mode and person-specific constant
contains all other mode attributes that are not made explicit in the mode attribute set
(i.e., they are not available in the dataset).

In order to describe these utility functions, it is necessary to know which charac-
teristics to include. Mode choice is determined by numerous characteristics that can
roughly be separated into three categories: mode attributes (e.g., costs, travel time),
personal characteristics (e.g., age, gender, and income), and trip characteristics (e.g.,
origin and destination location, trip purpose, and precipitation). Characteristics are
sometimes mode-specific, which are called mode-specific parameters, or are called
mode-specific constants when bundled together (implicitly). Traditionally, attributes
such as transport cost and transport speed, are used to describe mobility systems. Ad-
ditional mode attributes, such as type of ownership (e.g., buying, leasing), protection
against weather, space for luggage, and availability in time, play a role in describing
mobility systems in more detail (Bagley & Mokhtarian, 2002). Mode attributes that are
suitable for describing existing modes can be seen as ‘identified attributes’; the utility
of a specific mode is described by a combination of different values for these identified
attributes and mode-specific constants and parameters.

Future modes can have other values for already identified attributes, but can also in-
troduce new attributes and can, therefore, be described by appending and/or replacing
attributes (e.g., car availability instead of car ownership) (Soteropoulos et al., 2019)).
For instance, Mobility-as-a-Service (MaaS) adoption can be estimated by introduc-
ing a so-called ‘loyalty subscription scheme’-factor for existing modes using different
classes of travellers in their choice model for people that demonstrate loyalty to their
current mode and people that are more keen on trying out new modes Gu & Chen
(2023). Zijlstra et al. (2020) has a similar approach and identifies five factors (innova-
tiveness, being tech-savvy, needing travel information, having a multimodal mindset,
wanting freedom of choice) to determine the willingness of travellers to switch modes
easily. Mo et al. (2021) defines two main factors determining the adoption of MaaS:
the positive evaluations and current use of ride-hailing services. Acheampong et al.
(2020) looks at trip characteristics as well by conducting a survey. They concluded
that the use of a mode is primarily determined by personal characteristics, perceived
benefits, safety risks, and car dependency. Furthermore, it was concluded that when
looking at trip characteristics, the use of a mode is influenced by the availability of a
mobility-on-demand service, specifically in a suburban context. These types of factors
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help to estimate mode-specific constants and parameters, and model-specific parame-
ters (for certain types of discrete choice models) and are ideally estimated using stated
or revealed preference data.

Empirical research uses stated and revealed preference surveys to estimate the rel-
evant parameters to model mode choice. Revealed preference research helps to under-
stand how people make choices in the real world by measuring people’s actual travel
behaviour, but can only test how existing mobility systems are used. Stated preference
research can be performed to find out how and when people start to use future modes,
such that the change in mode choice and travel behaviour can be analyzed. These find-
ings cannot be used to analyze the effects when a certain future mode is completely
integrated and adopted in a transport system, since the ‘novelty’ of a mode is not there
anymore and other parameters might be determining mode choice. In other words, it
is challenging to perform stated preference research to determine future mode choice
when these are completely integrated and adopted (Cherchi & de Dios Ortizar, 2006).

Since revealed preference data of future modes is by definition not available, these
studies need to make assumptions about mode-specific parameters (e.g., time is often
valued differently in an automated car than in a conventional car) and mode-specific
constants for those future modes. For instance, Snelder et al. (2019) looked at multiple
future modes, such as automated vehicles and automated (shared) taxis and vans using
assumptions of values of mode-specific parameters for these future modes, but basing
the choice behaviour of current modes on a revealed preference dataset.

Aiming to overcome the need for assumptions, studies often try to analyze mode
choice using pilots. Although implementations are often limited, since temporary pi-
lots do not change long-term mode choice behaviour, it already gives some insight into
how a future mode might be used in the real world (Anagnostopoulou et al., 2020;
Mundorf et al., 2018).

Stated preference research (people stating what their travel behaviour will look
like, which can be different from their actual travel behaviour) can also play a role
in estimating future mode choice. However, it can be challenging to determine how
results from stated preferences studies translate into actual behaviour, due to the diffi-
culty for people to estimate how their actual (revealed) choice behaviour differs from
their stated choice behaviour. This is because stated preference research is, by defini-
tion, based on a representation of reality, where certain (unknown) attributes are not
taken into account in the research (Cherchi & de Dios Ortizar, 2006; Daly & Rohr,
1998).

Stated preference research is used to estimate the choice behaviour and change in
mode attribute valuation (e.g., change in value of time) when a new future mode is in-
troduced (Arentze & Molin, 2013; Smit et al., 2019). For example, Correia et al. (2019)
specifically researches the impact of automated driving on the value of time while per-
forming other activities in the car using a stated preference survey. Stevens et al.
(2022) assessed the financial viability of autonomous mobility-on-demand systems in
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Rotterdam, the Netherlands with mode-specific constants based on stated preference
data.

The main advantage is that these studies give some insight into how these future
modes will probably be used, but one limitation is that travellers will still probably be-
have differently once these future modes are actually introduced (revealed preference)
compared to what they state in a stated preference survey.

Stated and revealed preference research can be combined to analyze how future
modes might be used. Extrapolating the values of mobility system-specific constants
and parameters of current modes based on revealed preference research to a new set
of modes, including a new (future) alternative, and, subsequently, normalizing these
results using stated preference research is a way to combine stated and revealed prefer-
ence research (Daly & Rohr, 1998; Polydoropoulou & Ben-Akiva, 2001). This ap-
proach, however, has implicit preferences by including values of mobility system-
specific constants and parameters of the analyzed mobility systems to model mode
choice, so when extrapolating this to future modes, assumptions about implicit prefer-
ences are also carried over and influence the predicted modal split of the newly added
mode. This means that the estimated modal split of a future mode is difficult to vali-
date, since it is unknown to what extent the current biases influence the modal split of
the future mode choice.

From the literature, it is concluded that it is challenging to know how to analyze
how choices could change when future modes would be available. This is challenging
because potential users are not familiar with such systems yet, so current models with
mode-specific constants and parameters, which are estimated using empirical data, do
not suffice for this purpose. This means we need to look at other ways of determining
how the mobility effects of future modes can be analysed without including implicit
preferences of existing modes.

To avoid including implicit preferences of existing modes when describing exist-
ing (and future) modes, mode-specific constants and parameters should not be used
(Quandt & Baumal, 1966; Jin et al., 2017). Quandt & Baumal developed the so-called
abstract mode model, in which mode choice is assumed to be explained only by at-
tributes such as speed, frequency of service, comfort, and cost (Quandt & Baumal,
1966). Their abstract model does not include mode-specific constants or parameters
related to the perceived (partly unexplained) overall utility of a mode. The model
describes a mode by merely looking at the type of service that travellers get for an
unlabelled mode (e.g., mode A instead of a car). Quandt & Baumal’s explorative study
considers the choice situations of different unlabelled modes characterized by differ-
ent combinations of attributes such as speed, frequency of service, comfort, and cost.
Their approach aims to expose the ‘true’ trade-offs by travellers between the attribute’s
levels by introducing extra mode-attributes that capture the choices and remove the
need for mode-specific constants and parameters. These are mode-specific and can
therefore not be used to estimate the choice behaviour when future modes are intro-
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duced. The unlabelled mode modelling approach has been applied in several papers.
DeSalvo & Huq implemented Quandt & Baumal’s approach to analyze mode choice
of existing modes and urban household behaviour by considering costs, commuting
time, speed and distance (DeSalvo & Huq, 2005). Malalgoda & Lim used a similar
approach to research the use of existing public transit in the U.S. by considering the
variables passenger miles, unlinked passenger trips, vehicle hours, operating employ-
ees, fuel, fare, income and population (Malalgoda & Lim, 2019). Malalgoda & Lim
used this approach because of its ability to consider continuous modes, and therefore,
find mathematical optimumes.

Based on the literature review, the unlabelled mode modelling approach can be par-
ticularly useful to expose trade-offs based on attributes by travellers, making choices
between existing and non-existing modes, such that the future modal split can be es-
timated. The knowledge gap is that the unlabelled mode modelling approach has not
been used yet to estimate the modal share of future modes using revealed preference
data of existing modes. An important requirement to leave out a mode-specific con-
stant and parameters is the availability of a complete and coherent set of attributes
that can represent both existing and future modes. Another way to look at this is the
requirement that the mode-specific constants and parameters can be sufficiently de-
scribed by a number of non mode-specific attributes. Another assumption that needs
to be made is that the valuation of the modes attributes by travellers will not change
when a future mode is introduced.

1.2.2 Traffic assignment models

In order to determine mobility effects, such as changes in travel times, resistance and
network effects, such as rerouting due to congestion, need to be modelled with a given
travel demand and (multimodal) transport network. This can be done using traffic
assignment models.

A multitude of studies discuss the types of traffic assignment models and distin-
guish between static, quasi-dynamic, and dynamic modelling approaches. A static
model assumes that traffic conditions are in equilibrium and do not depend on time
and can use functions to determine the travel time on certain road segments using,
for example, a BPR-function (Ortuzar & Willumsen, 2011; Bureau of Public Roads,
1964). A quasi-dynamic model assumes that traffic conditions are in equilibrium, but
also model effects of spillback and queueing (Van Eck et al., 2014; Ortuzar & Willum-
sen, 2011; van Wageningen-Kessels et al., 2015). Finally, dynamic models can capture
emergent effects that cannot be captured in the other models. A dynamic model as-
sumes that traffic conditions change over time and also includes spillback and queue-
ing, making it possible that effects such as congestion and rerouting can be modelled
using, for instance, the cell or link transmission models to determine changing traffic
conditions (Yperman et al., 2005; Daganzo, 1995). (Quasi-)dynamic models, however,
are computationally more demanding than static models, so depending on the goal of
the model and the level of precision needed from the model, (fully) dynamic models
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are not always the best choice.

Generally, four levels of detail can be distinguished when discussing traffic assign-
ment models; 1) microscopic models that describe the behaviour of individual agents
(travellers or vehicles), 2) macroscopic models that describe the behaviour of agents as
a continuous flow, 3) mesoscopic models that describe agents using aggregated terms,
e.g., in probabilistic terms and clusters of agents, but behavioural rules are defined on
an individual level and agents still make ‘their own decisions’, (Ortuzar & Willum-
sen, 2011) and 4) models that combine a network fundamental diagram with a choice
model (Snelder et al., 2019). Emergent effects can be theoretically observed in micro-
and mesoscopic models. The computational complexity ranges from high to low for
micro-, meso-, and macroscopic models respectively (Ortuzar & Willumsen, 2011; van
Wageningen-Kessels et al., 2015).

Traffic assignment models have been used to analyze the mobility effects of cer-
tain future modes, since these effects can influence mode choice and the performance
of the network. For example, Wang et al. (2019) developed a multiclass traffic as-
signment model to analyze the mobility effects of connected and automated vehicles.
Madadi et al. (2019) used a macroscopic dynamic model with a separate infrastructure
to simulate the effects of automated driving. Furthermore, Snelder et al. (2019) used a
network fundamental diagram to analyse the effects of automated driving and shared
mobility on modal split, vehicle kilometres, delays and parking revenue.

1.2.3 Supernetworks

Future modes can be used as the main mode of transportation and as a first- and last-
mile mode (e.g., shared bicycles available at train stations are especially valuable as a
last-mile mode) (Van Eck et al., 2014). A way to assess the mobility effects of future
modes is to include both unimodal and multimodal trips in the analysis by using su-
pernetworks. Supernetworks can be defined as a network with subnetworks/layers
each representing a different category (i.e., in the context of this study: transport
modes interconnected via transfers) (Nagurney & Dong, 2002; Sheffi, 1984). Su-
pernetworks have a wide array of applications from modelling knowledge-intensive
systems (Nagurney & Dong, 2005) and supply chain systems (Nagurney et al., 2002)
to transportation networks (Arentze & Timmermans, 2004; Lozano & Storchi, 2002).

These supernetwork models need to define where people are allowed to switch
between modes (e.g., where the mobility hubs or transfer links are located) (Arentze &
Timmermans, 2004; Nagurney et al., 2003). For instance, such models are applied to
model the effects of fleet size, spatial availability of floating shared modes and parking
fees on the use of shared cars (Li et al., 2018). Vo et al. (2021) used a supernetwork
to explore the effects of the interaction between private cars and transit modes on
the activity-travel choices of individuals defining the locations where individuals can
switch modes without predefined route sets.

One limitation that the above-mentioned studies have in common is that they all



10 1 Introduction

predefined specific future modes to analyse. These studies assume the choice be-
haviour based on stated preference research and use constants and parameters of these
future modes to analyse the mobility effects of a future mode on urban areas.

The multimodal mobility effects of future modes are analyzed in this dissertation
by combining discrete choice models with the unlabelled mode modelling approach
(Section 1.2.1) and simultaneous mode choice and traffic assignment models (Section
1.2.2) in a supernetwork.

1.3 Main aim and contributions

This dissertation aims to develop a supernetwork model to analyze how the ultimate
future mode of a mobility system can be determined before it is available. More specif-
ically, it aims to develop an unlabelled supernetwork, without the use of mode-specific
constants and parameters, that can be used to assess the mobility impacts of any fu-
ture mode and to design future mobility systems, where no revealed preference data
of these future modes are available, that minimize the travel resistance of the mobility
system. The main and sub-research questions are stated below.

Main research question:

How can the ultimate future mode of a mobility system be determined before it is
available?

The main research question can be answered by answering the three sub research
questions in order of appearance. The main scientific and societal contributions are
stated in Sections 1.3.1 and 1.3.2.

Sub research questions:

1. How can the modal split of unimodal trips with any future mode be determined?

This sub research question is answered in Chapter 2, where an unlabelled mod-
elling approach is developed in a discrete choice model to estimate the modal
split of unimodal trips of two examples of when future modes (i.e., shared au-
tonomous vehicles and electric steps) are available.

2. How can the modal split and network effects of multimodal trips with any future
mode be determined?

This sub research question is answered in Chapter 3, where the unlabelled mod-
elling approach of Chapter 2 is extended with a traffic assignment network using
a supernetwork with one layer per mode. A novel shortest path function de-
termining the mode and route choice for each agent combining addable (e.g.,
cost per km) and non-addable (e.g., weather protection for 70% of route) mode
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attributes into route resistances is developed. This is done to analyse other mo-
bility effects besides modal split, especially the change in experienced total ‘re-
sistance’ or disutility for travelers in the network. This enables the inclusion of
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