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Abstract

As travel demand grows in many metropolitan areas, overcrowding in
public transport systems has become a major issue. Crowding distribution
can be highly uneven over station platforms and multi-car transit vehicles.
This implies that cars are not equally utilized and thus, passengers perceive
on-board crowding higher. Furthermore, there are higher fleet requirements
to serve the demand, leading to higher operating costs. Public transport
operators’ main concern is to reduce on-board crowding effects through in-
vestments. Thus, there is a need to thoroughly understand how passengers
are distributed among individual cars and evaluate on-board crowding in a
more realistic way, by considering that passenger distribution over vehicles is
not even.

Paper I explores the utilization of automated public transport data to
analyze passengers’ boarding behavior and investigate the trade-offs between
crowding and walking when passengers make car boarding choices. The frame-
work proposed in this paper is applied in a case study of a line segment of
Stockholm metro network. In crowded conditions, passengers are found to
make trade-offs, increase walking to avoid in-vehicle crowding, when choosing
a train car.

Paper II focuses on the extension of an existing public transit operations
and assignment model, BusMezzo, to allow modelling of crowding in indi-
vidual cars of a multi-car vehicle. The simulation framework is applied in a
case study in Stockholm metro network, evaluating the effects of variations
in demand and station layout on the distribution of passengers over vehicles.
Increased demand results in a more even passenger distribution at the most
crowded stations. This is due to less remaining capacity that leads to low
flexibility of how passengers are distributed among train cars. The closure of
a popular access point at a selected station leads to more evenly loaded trains
and lower perceived in-vehicle travel times per passenger.
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Sammanfattning

I takt med att efterfrågan på resor ökar i många storstadsområden har
överbelastning i kollektivtrafiksystemen blivit en viktig fråga. Trängseln kan
vara ojämnt fördelad längs plattformar och i tåg med flera vagnar. Det ojäm-
na kapacitetsutnyttjandet i tåget resulterar i att resenärer upplever större
trängsel ombord. Dessutom uppstår det högre krav på fler fordon för att
tillgodose efterfrågan, vilket leder till högre driftskostnader. Kollektivtrafik
operatörerernas främsta åtgärd är ofta att minska negativa trängseleffekter
genom investeringar. Det finns därför ett behov av mer kostnadseffektiva åt-
gärder. Det kan göras genom att öka kunskaperna om hur resenärer fördelar
sig mellan vagnarna och analysera trängseln ombord på ett mer realistiskt
sätt genom att hänsyn tas till att resenärer fördelar sig ojämnt mellan tågets
vagnar.

Artikel I undersöker användandet av automatiskt insamlade data om kol-
lektivtrafik för att analysera resenärers ombordstigning och undersöka avväg-
ningarna mellan trängsel och förflyttning längs plattformen när passagerare
väljer en vagn. Det föreslagna ramverket tillämpas i en fallstudie av ett lin-
jesegment i Stockholms tunnelbanenät. Under trånga förhållandet har passa-
gerare visat sig att välja en mindre trång vagn.

Artikel II fokuserar på utvidgning av det befintliga modellverktyget Bus-
Mezzo för att kunna modellera trängseln i varje vagn. Det utvecklade analys-
verktyget tillämpas i en fallstudie i Stockholms tunnelbanenät. Effekterna av
passagerarvolymer och stationsutformningar på trängsel i vagnar utvärderas.
Ökad efterfrågan resulterar i en jämnare fördelning av passagerare på de mest
trånga stationerna. Detta beror på mindre återstående kapacitet som leder
till låg flexibilitet i hur passagerare fördelas mellan vagnar. Stängningen av
en populär ingångspunkt vid en utvald station leder till jämnare lastade tåg
och lägre upplevda körtider per passagerare.
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Chapter 1

Introduction

1.1 Background

The steady growth in population and travel demand in many cities around the
world cause overcrowding in public transport systems. Many public transport sta-
tions are heavily loaded, particularly in peak hours. This results in longer boarding
and alighting times and hence, headway variability that impacts the reliability of
the service (Lam et al., 1999a). Crowding at transit stations is associated with
crowding inside the transit vehicles. On-board crowding has many negative effects
on public transit users, including discomfort, delays and denied boarding (Tirachini
et al., 2013), which leads to a higher disutility perceived by the passengers and a
lower level of satisfaction (Cantwell et al., 2009; Haywood et al., 2017).

Even during peak periods, passengers can be highly unevenly distributed on
station platforms and among individual cars of a multi-car vehicle (TRB, 2014;
Zhang et al., 2017). This implies that car units are not equally utilized. From a
public transport operator perspective, this results in higher costs as more vehicles
are required to serve the demand. From a public transit user perspective, there is
a larger experienced on-board crowding discomfort.

There are studies aiming to reduce the unevenness of the passenger distribution
in the train by either determining the optimal location along a station platform
where the train stops (Sohn, 2011) or by providing real-time crowding information
(Drabicki et al., 2017; Zhang et al., 2017). Car-specific real-time crowding infor-
mation may induce passengers’ boarding behavior, increase the utilization of the
remaining capacity of the train and eventually reduce on-board crowding external-
ities.

Passengers may consider several factors, including total travel time, comfort,
transfers when making travel decisions. Furthermore, passengers are found to make

1



2 CHAPTER 1. INTRODUCTION

trade-offs to avoid the effects of on-board crowding, by choosing a less crowded train
car to board, wait for the next train if there are no available seats or choose an
alternative travel path (Kim et al., 2015; Pownall et al., 2008). The distribution
of the passengers on station platform critically impacts on-board crowding distri-
bution and it is affected by the platform layout and the location of access points
(Krstanoski, 2014; Szplett and Wirasinghe, 1984). Walking distance between the
entrance point and the waiting position, the location of the exit point at the desti-
nation, as well as the capacity of the waiting position affect on-platform crowding
unevenness (Liu et al., 2016).

Reducing on-board crowding effects and increasing the capacity utilization of
the public transport vehicles through public transport infrastructure or operational
interventions is one of the main concerns of public transport operators. This re-
quires a thorough understanding of passengers’ travel behavior. Transit assignment
models (TAM) are extensively used for describing the distribution of passengers in
the public transport network, forecasting passengers travel route decisions and mod-
elling crowding. Fu et al. (2012) reviewed the growing literature on TAMs used to
model passenger route choices in congested networks. TAMs are broadly classified
into frequency-based and schedule-based models.

Frequency-based models represent the public transit services on the line level,
producing aggregated results. Frequency-based models in congested networks are
presented by Lam et al. (1999b) and Cepeda et al. (2006), accounting for the passen-
ger travel cost and service capacity, respectively. The probability that a passenger
fails to board the vehicle due to capacity constraints was introduced by Schmöcker
et al. (2008) in a frequency-based model.

Schedule-based models represent individual train trips that depend on timeta-
bles giving a dynamic representation of passengers’ assignment. Nuzzolo et al.
(2011) presented a schedule-based TAM to model crowding inside the vehicle by
considering a discomfort factor. Poon et al. (2004) and Hamdouch and Lawphong-
panich (2008) introduced vehicle capacity constraints in schedule-based models to
model boarding passengers and predict the waiting time per passenger. The effect
of on-board discomfort on the sitting and standing passengers has been modelled by
Leurent (2010) and Sumalee et al. (2009), by introducing seat capacity constraints.

Agent-based schedule-based simulation models consider individual passenger’s
behavior and choices to model dynamic congestion effects. Agent-based TAMs, in
contrast with frequency-based and scheduled-based models, represent demand mi-
croscopically, including individual passengers’ adaptive behavior. One of the first
agent-based models was presented by Whaba and Shalaby (2005), assuming that
individual travel behavior is adjusted based on passenger’s experience. Zhang et al.
(2008) used a disaggregate approach of scheduled-based transit assignment to model
passenger behavior during the boarding and alighting process at stops. Rexfelt et al.
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(2014) have simulated individual passenger flows at stops and also inside buses. A
dynamic and stochastic TAM, proposed by Cats et al. (2016), evaluates congestion
and crowding effects (denied boarding, on-board crowding and service irregularity)
at the vehicle level, considering that passengers are evenly distributed over transit
vehicles. Schedule-based and agent-based TAMs were compared by Cats and Hartl
(2016), investigating the ability to model on-board congestion, finding that the lat-
ter is more sensitive to variations in demand.

Understanding passengers’ motivation for choosing a specific car of an urban rail
vehicle to board is an important requirement for evaluating infrastructure and oper-
ational interventions that aim to reduce the negative effects of crowding. A number
of previous studies use data-driven approaches to analyze passengers’ boarding be-
havior and determine the underlying factors that affect passengers’ car choices. A
survey conducted at highly congested metro stations, studying passengers’ motiva-
tion for choosing a specific metro car to board, showed that the main motivation of
passengers, that choose a car intentionally, is to minimize the walking time at the
destination (Kim et al., 2014). A recent stated-preference study in Paris showed
that most of the passengers in the morning rush hour choose a platform position
to wait based on the desired exit point at their destination station (Christoforou
et al., 2017). Although stated preference studies provide useful insights for ana-
lyzing travel behavior, the behavior of passengers in practice might differ from the
surveyed and thus, it would be desirable to utilize actual observations for analyzing
passengers’ car boarding choices. The availability of multiple automated public
transport data sources enables data-driven analysis as an approach for understand-
ing how passengers make car-specific choices. Tools for modelling and forecasting
passenger flows on-board transit vehicles are widely used in the literature. How-
ever, these tools usually lack knowledge on how to model crowding in individual
cars of multi-car rail vehicles, which might lead to underestimated on-board crowd-
ing effects and generalized user cost. Since measures to reduce crowding in transit
vehicles require considerable investments, it is important to develop tools that can
capture their effects on crowding in a more realistic manner.

1.2 Outline

This licentiate thesis is organized as a collection of papers and it is structured
into five chapters. Chapter 2 outlines the research objectives of the thesis. The
research methodological approaches are presented in Chapter 3. In Chapter 4, the
main scientific contributions are summarized. Finally, Chapter 5 concludes the
thesis and outlines the future research directions.
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Chapter 2

Research objectives

In this thesis, the main objective is to understand how passengers are distributed
among individual cars of an urban multi-car rail vehicle. To reach this objective, we
aim to identify the causes that have a significant impact on passengers’ decision for
boarding a specific car unit. Further, within the main objective, we aim to improve
existing modelling tools that can be used to model and evaluate on-board crowding
in a more realistic way, by considering the distribution of passenger loads across
the vehicle. The research questions (RQ) of this thesis are itemized and analyzed
as follows:

RQ1: What are the determinants of passengers’ car boarding choice utilizing
multiple automated data sources?

Passenger flow data is a necessary input for any public transport application
focusing on evaluating the performance of a transit system. Advances in technolo-
gies used at transit stops and inside transit vehicles enable the collection of reliable
and detailed passenger data that can be utilized for analyzing passengers’ travel
behavior. The increasing availability of automatically collected data offer a wide
range of continuous and unbiased public transport data.

Although stated-preference studies are widely used to analyze passengers’ be-
havior and car choices, as discussed in the previous chapter, actual travel behavior
may be different from the surveyed and hence, it is essential to analyze observed
travel behavior, by utilizing actual observations. To the best of our knowledge,
no studies have investigated the underlying causes of passengers’ car choices when
boarding a multi-car vehicle using information obtained through automated data
sources, which motivates the first research question.

5
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RQ2: How can existing tools be improved for evaluating on-board crowding un-
evenness?

There are several studies in the literature that use modelling tools to predict
passenger flows in public transport networks and evaluate crowding inside transit
vehicles. However, these models usually lack knowledge on how to model crowd-
ing distribution over multi-car transit vehicles, i.e. among individual car units.
Considering passengers being evenly distributed over the vehicle might result in
the underestimation of crowding effects as well as the average generalized travel
cost per passenger. One of the primary objectives of this study, motivated by the
limitations of the transit assignment models used in the literature, is to propose
a methodology for analyzing capacity utilization of individual train car units and
model individual passenger’s car-specific boarding choices.

RQ3: What are the effects of variations in demand and infrastructure interven-
tions on the performance of the system?

One of the main motivations for public transport operators is to reduce the neg-
ative crowding effects and increase the capacity utilization of the vehicles through
infrastructure or operational interventions. Moreover, there is a need to evaluate
crowding unevenness under different demand conditions. This motivates our inter-
est to evaluate how variations in demand and station layout interventions impact
the distribution of passengers over vehicles. Within this objective, to represent
the magnitude of crowding unevenness and to facilitate comparisons of passengers’
distributions for different scenarios, a metric for measuring crowding unevenness
needs to be utilized.



Chapter 3

Research methodology

This chapter describes the methodological components used to address the re-
search objectives discussed in Chapter 2. Data-driven approaches are used to an-
alyze passengers’ boarding behavior at an aggregate level, investigate the factors
that have a significant impact on the car boarding choice and understand how pas-
sengers are distributed over multi-car vehicles. Passenger path choice modelling
in a dynamic agent-based transit assignment model, BusMezzo (Cats, 2013), is
extended for modelling passengers’ distribution among individual car units and
evaluate on-board crowding unevenness.

3.1 Data-driven analysis for passengers’ boarding behavior

Paper I utilizes multiple types of automatically collected passenger data for an-
alyzing passenger boarding behavior. The objective of the analysis is to provide
an understanding of the factors that impact passengers’ car boarding choices under
varying crowding conditions.

The proposed framework requires train car passenger load data (e.g., car weight
measurements or automated passenger counts, APC), station incoming traveler
flows (e.g., APC or automated fare collection, AFC) at a given station access point
and a station-to-station origin-destination (OD) demand matrix for analyzing the
trade-offs between walking and on-board crowding at an aggregate level. Specifi-
cally, the paper models the passenger boarding share of an individual train car as a
function of the crowding on-board the train arriving to the station, the station lay-
out and on-platform crowding. The availability of individual passenger data, such
as entering and exiting time and location at the origin and destination station,
respectively, the on-platform walking time, as well as the choice of car unit and
waiting platform section would allow for analyzing the relations between walking
and on-board crowding at an individual passenger level. However, such data is not
readily available.

7
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Figure 3.1 displays an overview of the information obtained through the avail-
able multiple automatically collected data sources. Contactless smart card transac-
tions at the level of station access points are used to estimate the share of passengers
entering at each station entrance point. Car passenger load data, estimated based
on car weight measurements, are used as a crowding indicator on-board the train
approaching a station. Car passenger load data are combined with the average ra-
tio of boarding to alighting passengers at a station, obtained from the station-level
OD data to estimate the boarding passengers per car. On-platform crowding level
is represented by the number of passengers waiting on the platform prior to train
departure. We assume that there are no denied boardings and hence, on-platform
crowding prior to train departure is equal to the total number of passengers board-
ing the train and its estimation is based on the combination of car load data and
OD demand data. Linear regression analysis is used to infer the relations between
several variables and passengers’ car-specific boarding decisions. More details on
the data processing and how the available automated data sources are combined
are found in Paper I.

Figure 3.1: Illustration of utilization of automatically collected data. Information
(blue rectangles) obtained by processing the data (white rectangles) retrieved by
automated data sources (gray rectangles).
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3.2 Passenger car choice modelling

A dynamic agent-based public transport operations simulation model BusMezzo
is used in Paper II for modelling on-board congestion effects, accounting for capac-
ity constraints. A detailed description of the model components is presented in
Cats (2013). In BusMezzo, crowding is evaluated at the level of vehicles and the
distribution of passengers over vehicles is not captured. We extended the passenger
path choice modelling in BusMezzo to model passenger distribution among individ-
ual cars of the multi-car transit vehicle. Additions to the model are mainly related
to transit network representation and dynamic decision-making modelling.

The transit network is represented by transit routes, transit lines, transit stops
and the corresponding timetables. To enable modelling the distribution of passen-
gers over vehicles, a transit stop is divided into sections. Each transit line is defined
by an OD pair and a sequence of transit stops in between. Each transit vehicle serv-
ing a trip consists of cars. We assume that each transit stop can be served by more
than one transit lines consisting of the same number of car units per vehicle and
hence, each platform section corresponds to a specific car unit. Walking distances
on the platform and between stops are given to enable stop and section choice.

In modelling individual passengers’ path choices, each passenger makes a se-
quence of decisions, including boarding, alighting and walking decisions, that com-
bined yield to the realization of a path. Each transit path alternative, connecting
an origin to a destination location, is described by a sequence of transit stops, tran-
sit lines and walking links (Cats et al., 2016). To model passenger distribution over
vehicles in Paper II, the definition of path alternative is extended and further de-
scribed as a combination of transit stops associated with a platform section, transit
lines associated with a car unit and a set of walking links between platforms and
stops.

Individual passengers’ decisions, i.e. walking, boarding and alighting decisions,
are expressed with multinomial logit models. Each path alternative is associated
with a utility function and passengers choose the path alternative that maximizes
their expected utility. In Paper II, dynamic car-specific decision-making is mod-
elled. Individual passenger’s platform section and car choices are affected by walk-
ing and boarding decisions, respectively. The walking utility associated with a
platform section at the first stop that the passenger wants to walk to, is based on
the walking distance between the origin location where the passenger initiates the
trip and a platform section at the transit stop that the passenger wants to walk
to. The passenger evaluates the alternative platform sections at the connected stop
considering also the expected future travel attributes for all path alternatives be-
tween the platform section at the connected stop and the final destination. Future
travel attributes include the waiting time, in-vehicle time, walking time and the
number of transfers. In the implemented model, the walking distance between a
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pair of platform sections of two connected stops is computed based on the short-
est walking path connecting these platform sections. An arriving vehicle triggers
a boarding decision; boarding the vehicle or staying on the same platform section
waiting for other vehicle. The utility associated with boarding and the one asso-
ciated with staying on the same platform section waiting for the next vehicle are
evaluated in the boarding decision process. When a passenger decides to board
a vehicle, they choose the car that corresponds to the selected waiting platform
section. Passengers that fail to board the specific car due to capacity constraints or
choose not to board stay on the same platform section waiting for the next available
vehicle.

The definition of the path alternative for passengers making a trip between an
origin location o and a destination location d is illustrated in Figure 3.2. For il-

Figure 3.2: Illustration of path alternative definition for an OD pair with a single
transfer. Platforms are represented by gray rectangles and are divided into sections
delimited by dotted lines. Individual train cars are represented by rounded rectan-
gles. Walking links are represented by dashed lines. Transit lines are depicted by
arrows, indicating the directions of the train.
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lustration, we assume that the transit stops are served by 3-car-trains and hence,
the platforms are divided into three sections. The passenger, starting the trip at
o, chooses between three walking alternatives; walk to one of the platform sections
at transit stop A. The transit line l1 serves stop A, while each platform section
is served by the corresponding train car unit of the line, front, middle and rear
car according to the direction of the line. A passenger that decides to walk to
the platform section at the first connected stop that corresponds to the front train
car will board the front car, if they make a boarding decision taking car capacity
constraints into account, and will alight at the platform section that corresponds to
the same car at the transfer stop B, since passenger movement between individual
cars is not possible. The alighting platform section of stop B is then set as a new
origin location and the passengers needs to make another walking decision to an-
other platform section of the same or another transit stop. The illustrated network
in Figure 3.2 includes nine path alternatives.

Extensions of the modelling framework allow for studying day-to-day dynamics.
An iterative network loading is performed to represent passengers’ adaptive travel
behavior. Passengers learn from their experience gained during the previous days
and they adapt their travel decisions on a day-to-day basis, based on their expecta-
tions about car-specific perceived in-vehicle travel times. When the model accounts
for within-day dynamics, i.e. the first day of the simulation, passengers choose a
platform section and thereby a train car expecting an evenly loaded train. On the
other hand, when the model accounts for day-to-day dynamics, passengers expect
different crowding levels in individual cars based on their experience from previous
days and car-specific crowding effect also impacts their car boarding choices. In this
case, the utility associated with a path alternative includes in-vehicle travel times
that are weighted with a crowding factor based on passenger’s experience gained
on previous days.





Chapter 4

Scientific contributions

In this chapter, the main contributions and results are summarized in relation
to the research questions. The relationship between the stated research questions
and the contributions of each of the included papers are illustrated in Table 4.1.
This thesis makes contributions both from a methodological and an empirical per-
spective.

Table 4.1: Relationship between research questions and papers.
Papers

Research questions I II
RQ1 What are the determinants of car choice based on automated data sources? X
RQ2 How can existing tools be improved for evaluating on-board crowding unevenness? X
RQ3 What are the effects of demand and layout interventions on crowding unevenness? X X

The research articles included in this thesis propose independent methodologies
that follow a logical order to study crowding unevenness on-board multi-car rail
vehicles (Figure 4.1). To address RQ1, Paper I investigates the determinants of
passengers’ car boarding choice, based on data-driven analysis at an aggregate
level. Individual passengers’ behavior and car-specific path choices are modelled
in Paper II that extends an existing dynamic transit operations and assignment
model to address RQ2. The proposed methodologies in Paper I and II are utilized
to assess on-board crowding unevenness for variations in demand and infrastructure
interventions.

4.1 Paper I - Determinants of passengers’ metro car choice
revealed through automated data sources: A
Stockholm case study

In this paper, combined automatically collected data (car weight measurements,
AFC and OD matrix) are utilized to examine passengers’ boarding behavior, in-

13
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Figure 4.1: Thesis conceptual model.

vestigate the factors that impact passengers’ choices to board a specific car and
analyze the trade-offs that passengers make between walking distances and on-
board crowding at an aggregate level. The share of passengers boarding a specific
train car is modelled as a function of the crowding level on-board the train arriving
to the station, the layout of the station and on-platform crowding.

Key difference between the proposed methodology and previous studies that
analyzed passengers’ car choices based on stated preference data is that the pro-
posed framework utilizes actual observations obtained through automated data,
providing a more realistic analysis of passengers’ boarding behavior. Another key
contribution of the proposed method is that APC data that distinguishes between
boarding and alighting passengers are not required, since the number of passengers
boarding each car is estimated based on car load data combined with aggregate
station-level OD demand data. However, boarding passenger data can be included
in the proposed framework when available.

To address RQ1, the proposed framework is applied to a specific line segment
of Stockholm metro network, where passenger distribution is on average highly
uneven among individual train cars. However, the variables used to explain pas-
sengers’ car boarding choices are general and the methodology could be transferred
to other stations and networks if the same type of information is available. The
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following findings add to the empirical body of knowledge regarding passengers’
boarding behaviour. Analysis results show that the proportion of passengers enter-
ing at a station access point increases the passenger boarding share of the closest
car, indicating that passengers’ motivation is to minimize walking distance at their
origin. While passenger loads at the studied stations are on average skewed towards
the front cars, findings indicate that a crowded front car of the train approaching
the station is associated with increasing shares of passengers boarding the middle
car. This suggests that passengers choose less crowded cars in crowding conditions.
Platform crowding has a positive impact on the boarding share of the middle cars,
indicating that passengers aim to maximize comfort by choosing to wait at the
middle of the platform.

In addressing RQ3, the distribution of passengers on-board individual cars of
the most crowded train trip upon departure from one of the studied stations is
evaluated for different scenarios. The rearrangement of the location of station
access points is found to result in a highly even passenger distribution in the train.

4.2 Paper II - Evaluating crowding in individual train cars
using a dynamic transit assignment model

In addressing RQ2, the main methodological contribution of this paper is the
extension of the passenger path choice modelling in a public transit simulation
framework for evaluation of crowding on-board multi-car vehicles, capturing crowd-
ing in individual cars. Performing an iterative network loading, the model accounts
for day-to-day dynamics, where individual passengers gain experience about car-
specific perceived in-vehicle travel times. Path decision making process in BusMezzo
has been extended, allowing passengers to make car choices based on the walking
distance to a platform section of the first stop that the passenger wants to walk
to and the expected future travel attributes for all path alternatives between this
section and the final destination as well as their expectations, updated on a day-
to-day basis, about on-board car-specific crowding.

The validity of the developed simulation model has been investigated and an
empirical data set of car load data, estimated through car weight measurements,
has been used to test the simulation outputs. We find that the model provides
a better representation of the empirical data when it accounts for day-to-day dy-
namics and car-specific crowding effect is taken into account in passenger’s decision
making process.

The simulation framework is applied in a case study of a line segment in Stock-
holm metro network. To address RQ3, the effect of variations in passenger demand
and station layout interventions on crowding unevenness and passengers’ weighted
in-vehicle time is evaluated. To represent the magnitude of crowding unevenness
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and to compare the distribution of passengers for different scenarios, we utilize
a metric for quantifying the unevenness of passenger distribution. This metric is
based on the Gini coefficient and it measures the deviation of the passenger distribu-
tion from the perfectly equal distribution, i.e. when train cars are equally utilized.
Findings indicate that increased demand level results in more even passenger dis-
tribution among individual cars and in particular, at the stations where trains are
more crowded and passengers’ choices are less flexible due to less remaining capac-
ity. The more even passenger distribution across the train, partially counteracts the
increased perceived in-vehicle travel time per passenger that is caused by the in-
creased passenger loads. An infrastructure intervention associated with the closure
of the most popular entrance point (e.g. due to elevator or escalator maintenance)
at a station where on-board crowding is highly skewed, results in more even passen-
ger distribution not only at the specific station but also at the downstream stations,
leading to lower passengers’ experienced discomfort. The developed model evalu-
ates on-board crowding in a more realistic way, finding that the average perceived
in-vehicle travel time per passenger is underestimated when car-specific crowding
is not modelled.



Chapter 5

Conclusion and future directions

Public transport operators are faced with the challenge of reducing crowding
effects on-board public transport vehicles through public transport infrastructure
or operational interventions. On-board crowding in transit vehicles is often uneven
even during rush hours. However, transit assignment models usually do not capture
crowding distribution among individual cars of multi-car vehicles and thus, under-
estimate users’ travel costs. Within this thesis, a methodology has been developed
to understand crowding unevenness, model the crowding distribution over vehicles,
as well as evaluate the effects of crowding in a more realistic way. We find that
passengers make car-specific boarding choices, making trade-offs between walking
and in-vehicle crowding. In crowded situations passengers have lower flexibility
of how to be distributed in the train due to less remaining capacity that leads to
more evenly loaded cars. A more even passenger distribution is achieved when the
most popular entrance at a station is temporarily closed down due to passengers’
increased preference for the car located close to the single access point. Passenger
distribution on-board trains at the downstream stations is also affected by this in-
frastructure intervention.

The developed models can be used as decision support by public transport oper-
ators to evaluate the effect of different demand scenarios or several layouts of new or
renovated stations during the planning process on on-board crowding unevenness.
The main limitations of the research methodology and the findings of this thesis
point to potential directions of future research and applications.

The data-driven analysis findings presented in Paper I could be generalized by
studying other transit stations with different demand and infrastructure charac-
teristics. Car boarding choice analysis is limited to factors related to passengers’
origin station, since smart-card tap-ins are only available for the studied area. Mu-
nizaga and Palma (2012) overcame this limitation by using smart-card tap-ins to
estimate the destination stop and build OD matrices. In a future work, outgoing
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traveler flow at a given platform access location could be estimated to examine how
factors related to passengers’ destination affect car choices. Moreover, to increase
the generality and applicability of the methodology, further research is required to
handle passengers that are denied from boarding.

On-platform crowding and the distribution of passengers across the platform
critically affect train dwell times, since a more even passenger distribution leads to
shorter boarding and alighting times. Future research should include the utilization
of the extended agent-based simulation model, presented in Paper II, to study how
car capacity utilization affects dwell times. In this paper, we assume that passengers
are denied from boarding the vehicle when the selected car is fully capacitated,
which might lead to overestimated generalized waiting time. Passengers boarding
the next closest car when the chosen one has reached its capacity would give a more
realistic representation of car choices. Furthermore, the simulation model could be
further extended to evaluate crowding unevenness when passengers have access to
car-specific real time crowding information. Drabicki et al. (2017) introduced a
path choice model that is consistent with the modeling approach followed in this
study and accounts for crowding information provided to passengers.
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