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Abstract

Urbanization, climate goals, and the need for e [cieht transportation have high-
lighted the importance of an attractive and e [edtive public transport system. Buses
play a crucial role in urban mobility due to their flexibility and cost-e [edtiveness.
This study focuses on Mdélndals bro, one of Gothenburg’s major bus terminals, aim-
ing to evaluate its future capacity using queue theory and microsimulation. The
objectives include: (1) conducting a comprehensive data analysis to understand bus
arrival patterns and dwell times, (2) developing a dynamic queue model based on
queue theory to assess the station’s capacity and probability of queue formation,
and (3) performing microsimulations using PTV Vissim to explore di [erknt scenar-
ios and evaluate system performance. The scenarios included, the station as it is
operating today, the addition of another bus line, the addition of a new bus line plus
two added berths. The findings indicate that none of the tested scenarios would ex-
perience significant congestion or queues, with the probability of a full station below
5% in each direction. The addition of two extra berths would further enhance capac-
ity and proved to be the best solution to increasing capacity. The study underscores
the significant impact of dwell time and scheduling on the operational capacity of
MédlIndals bro. This research provides valuable insights for decision-makers, as the
method could be used as a tool, although it should not be the sole basis for major
decisions, but rather a guidance tool for evaluating bus station capacity.

Keywords: Queue theory, microsimulation, PTV Vissim, dwell time, capacity, bus
terminal
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1

Introduction

Population growth, increased tra ¢ congestion, and environmental concerns are all
factors that contribute to people seeking alternatives to car travel. Because of this,
municipalities and governments aim to encourage individuals to utilize public trans-
port or explore alternative modes to the car such as walking and cycling. As a
result, there is a growing demand for adequate public transportation, and this trend
Is expected to persist in the future. To cope with the large demands of public trans-
port cities worldwide need to make large investments in both rail and road public
transport to increase the capacity and e ectiveness. Sweden has set forth ambitious
environmental and climate objectives, and the Region of Vastra Gétaland shares a
similar commitment. By 2030, Vastra Goétaland aims to reduce climate emissions
by 85% (Region Vastra Gotaland, 2023). Achieving these ambitious climate targets
poses a signi cant challenge, however, through collaborative e orts among Region
Vastra Gotaland, municipalities, the Swedish Transport Administration, and other
stakeholders, it is possible to establish favorable conditions for more sustainable
travel practices. In some instances, it involves utilizing existing alternative options,
while in others, national or municipal policy instruments are necessary to facilitate
the transition toward a more transportation-e cient society. Encouraging greater
usage of public transport, cycling, and walking instead of individual car travel not
only reduces the environmental and climate impact of transportation but also lib-
erates street space (Region Vastra Gotaland, 2021).

Gothenburg, like other bigger cities around the world, is not immune to the global
trend of increasing urbanization, and it is projected that its population will grow
by 150,000 residents by 2035 (Region Vastra Goétaland, 2021). This growth will
place additional strain on the transportation infrastructure, reducing mobility and
transport e ciency. To address this challenge, the cities of Gothenburg, Mdlndal
and Partille have set a goal to increase the number of passengers using public trans-
portation by 40% by the same year (Koll2035, 2018). As part of the bigger tra c
supply programme, Malbild Koll2035 aims to focus on the public transport goals of
the region that are set to be achieved by 2035. The objectives are mainly to achieve
a 20-25 percent reduction in travel times and a 70 percent increase in capacity for
public transport. To accomplish this, the transportation system relies on the im-
plementation of various tra ¢ concepts, namely Metrobus, City Line, Tram, and
Citybus, but also through streamlining their current concepts (Region Vastra Go6-
taland, 2021).

Despite MoIndal being an independent municipality, its association with Gothen-
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1. Introduction

burg City results in a strong connection between the public transportation systems
of both cities, with a travel distance of approximately 10 minutes. As the combined
population of Gothenburg, MélIndal, and Partille is estimated to reach 800,000 indi-
viduals, the region has put forth the early mentioned comprehensive tra c supply

action plan Malbild Koll2035 in order to achieve speci ¢ goals by the year 2035. The
main three objectives are to support sustainable urban development, to facilitate an
easier daily life for citizens, and to increase the proportion of trips made by public
transportation, walking, and cycling.

The public transportation system in Gothenburg and the neighbouring municipality
MolIndal is operated by Vasttra k, the public transport authority in the region, and
consists of buses, trams, ferries, and trains. Buses are the most frequent form of
transport in the area and provide a convenient way to reach di erent areas of the
city and though the smaller suburban areas where rails do not exist. Trams are
a popular way to get around the city center and out to the suburbs, while ferries
are used to travel shorter distances across the city's waterways. The train system
is also well-developed, with lines running from Gothenburg's city center to various
outlying cities in the region of Western Sweden.

Buses play a vital role for the public transport infrastructure in the Vastra Goétaland
Region and MdlIndal this is since buses could be seen as less costly, more accessi-
ble and more exible than other public transport modes e.g. metros and trams.
These characteristics make buses an easy approach to raising the capacity of public
transport without having to do signi cant changes to the current infrastructure.
The Region of Vastra Gotaland emphasizes in its transport supply program the
signi cance of comprehending the population's demographics, travel patterns, and
requirements while devising public transportation systems (Region Vastra Gétaland,
2021). The tra c regulation program for the region of Véastra Gotaland county ex-
plains that there are challenges including capacity constraints, which are expected
to worsen as a result of increased travel demand due to the rising population. As
public transport expands, access to terminals and major interchanges around the
region, particularly in Gothenburg, will be a ected (Region Vastra Goétaland, 2021).

The MdIndal resecentrum is one of the bigger hubs in and around the Gothenburg
are and comprises three main components: Mdlndals bro, the bridge serving as the
central bus terminal; MéIndal station, serving as a stop for regional trains; and
ModlIndal innerstad, located approximately 100 meters from the bridge, serving as a
stop for trams (sparvagnar) and the recently added city bus line 25. In this report
we focus on the bridge as it is the home for the bus system, but noteworthy is that
when referring to the entire public transport complex/hub, we most commonly use
the name Mdlindal station.

As for many similar transport hubs around the world, MéIndal station is expecting
an increase in travelers and the capacity of the bus system therefore has to increase.
To avoid costly reconstructions, the existing public transport infrastructure has to
be utilized and optimized. Therefore it is important to be able to analyze a timetable
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1. Introduction

and a quantity of buses that are bene cial to people's travel habits, o er transit re-
liability but at the same time do not put pressure on the infrastructure and instead
contribute to the opposite.

In this study, the capacity of Mdlndal station's bus terminal MéiIndals bro was
evaluated. This was done through data analysis as well as a microscopic simulation
and a mathematical model based on queue theory. The study was mostly based
on the concept of queuing theory which can be applied to analyse queue formation
in di erent systems. Additionally, the microscopic simulation program PTV Vissim
was employed to visualize the behavior of buses under various scenarios with a micro
simulation model.

1.1 Aim and objectives

This report constitutes an operational performance analysis of the bus system at
MaolIndal station, aiming to assess the capacity of Mdlndals bro. To accomplish this,
the analysis will be conducted in line with three primary objectives.

Firstly, a comprehensive data analysis will be carried out utilizing both provided
and self-acquired data. This analysis will yield valuable insights into the in ux of
buses to the station and their corresponding dwell time. These ndings will be in-
strumental in constructing both a queue model and a microsimulation, which will
serve as the subsequent steps in the analysis. The second objective involves the
development of a dynamic queue model for the bus terminal. The model will be
based on queue theory and will play a crucial role in assessing the station's capacity
through calculating the probability of queue. Lastly, a microsimulation using PTV
Vissim will be created to explore and observe various scenarios. This simulation
aims to provide further understanding and evaluation of the system's performance
under di erent conditions.

The three cases that will be analysed in this report are the following
1. Scenario 1 is supposed to re ect the current state of MdIndals bro in terms of
scheduling, bus stops and bus data.
2. Scenario 2 is supposed to show how the station performs when buss line 25 is
added to the station as it looks today.
3. Scenario 3 is supposed to re ect how the station would perform if bus 25 was
added and two additional bus berths, designated to it.

1.2 Literature review

This literature review chapter will provide an overview of pertinent theories and
literature. It aims to build the foundation and to o er an understanding of existing
research and theories which will be used to shape this study.



1. Introduction

1.2.1 Bus scheduling

As explained by Wren and Rousseau (1995) transport and line planning begins with
assessing the current and actual needs of the community. The key approach is to es-
tablish direct connections whenever feasible, between existing hubs or between cities
or regions that experience high tra ¢ volumes. The subsequent planning process
becomes a challenging mathematical task centered around optimization. Optimiza-
tion, as de ned by Bunte and Kliewer (2009), entails achieving the smallest possible
eet size and/or operational costs.

The bus system should ideally meet the demand by providing services to the pas-
senger while also minimizing one or few of the objectives; passenger waiting time,
vehicle traveling time or operational costs meaning vehicle cost or passenger cost
(Guihaire & Hao, 2008; Galicia et al., 2009). Public transport planning typically
involves con icting interests between users and operators. According to Guihaire
and Hao (2008), authorities strive for service quality, while operators focus on cost
minimization. Authorities impose route con gurations and frequencies to ensure
coverage, while operators adjust departure times to optimize resource utilization.

Bunte and Kliewer (2009) also provide insights into the process of transport plan-
ning, which begins at a strategic level by collecting and analyzing current or fore-
casted data on passenger demand. Using this data, demand models are developed to
determine the required infrastructure, including route and stop con gurations. The
authors further suggest that the next crucial step involves determining the number of
trips for each line, which serves as the foundation for creating timetables with speci-
ed arrival and departure times, as well as start and end stations. Subsequently, the
planning process focuses on e ciently allocating resources to ensure the feasibility
of these trips, taking into account factors such as drivers and vehicles.

A shorter process is provided by Guihaire and Hao (2008) that share the process
into ve steps being: route design, frequency setting, timetabling, vehicle scheduling,
and crew scheduling (Ibarra-Rojas et al., 2015; Guihaire and Hao, 2008). Connected
to the third step of the bus transport planning process the authors also stress the
importance of bus transit synchronization in the already very complex process of
timetabling. The synchronization of bus transfer is de ned by the literature as a
situation where the departure time of a bus is scheduled after the arrival time of
another bus, accounting for the necessary time for the passenger to complete the
transfer (Chu et al., 2019; Gkiotsalitis and Maslekar, 2018; Guihaire and Hao, 2008).
Transferring becomes necessary when there is no direct service available for a par-
ticular origin-destination pair (OD). To create an appealing public transportation
system, Chu et al., (2019) explains the importance of establishing transfer stops or
hubs where buses operate with high frequency and are synchronized. For a better
bus transit system the waiting times need to be shorter and buses need to have
su cient capacity to accommodate passengers without becoming overcrowded (Chu
et al., 2019; Schmocker et al., 2011). It is also crucial to avoid delays in service
that can result from buses reaching full capacity when passengers attempt to board.
Such delays can make the bus transit system unattractive and discourage passengers
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1. Introduction

from utilizing it (Ibarra-Rojas et al., 2015). The authors point out that, despite its
signi cance, transfer timing has not been explicitly taken into account in literature.
Instead, the focus has primarily been on ensuring the e cient operation of buses
and trains in meeting passenger demands (Chu et al., 2019).

There are therefore many di erent areas that regard the operation of bus services.
The frequency, timetables and vehicle schedules of all the bus lines are all part of
this. However, during the operational stage, uncertainties such as varying travel
times, disruptions, vehicle breakdowns, and weather conditions often arise, possibly
resulting in bus bunching. Bus bunching refers to the situation where consecutive
buses on the same route arrive at stops with intervals shorter than the planned
timing (Fonzone et al., 2015; Schmdocker et al., 2016; Verbich et al., 2017). This
phenomenon typically occurs when the rst bus is delayed due to factors like high
boarding rates or tra ¢ congestion, causing the subsequent bus to have fewer pas-
sengers and depart ahead of schedule. To address this issue, dynamic control ap-
proaches are employed, including stop skipping, holding vehicles at stops, adjusting
operation speeds, and implementing tra ¢ signal priority for buses (lbarra-Rojas
et al.,, 2015). These approaches rely on the availability of su cient data and are
e ectively utilized to optimize operational performance. Bus bunching, schedule
sliding and overcrowding occur due to spatio-temporal variation of travel times and
passenger demands. An increase of the dwell time (the time that the bus stays on
the station) might increase it's time headway with the proceeding trips and leads
to a domino e ect. The delayed bus trip in result falls behind schedule and has to
serve a bigger amount of passengers (Hans et al., 2015).

With dynamic control it is possible to alleviate the e ects of bus bunching, schedule
sliding and overcrowding that have a big impact on the attractiveness of bus transit
use (Gkiotsalitis, 2019). The author explains that this is a problem of stochas-
tic nature and real time control is needed to react continuously to the travel time
and passenger demand variation. Since these problems are stochastic, they can-
not be e ectively addressed in the strategic or tactical planning phases according
to Gkiotsalitis (2019). Instead, they need to be managed through corrective real-
time control, requiring continuous monitoring of travel time and passenger demand.
To facilitate this, Automated Vehicle Location (AVL) data, Automatic Passenger
Count (APC), and Automated Fare Collection (AFC) and Geographical Positioning
Systems (GPS) systems are employed (Gkiotsalitis 2019; Ibarra-Rojas et al., 2015).

The availability of data is crucial for observing bus operations and implementing
corrective actions in real time. It also serves as a means to oversee and assess the
performance of operations. As a result, bus transit companies face greater pressure
to incorporate data-driven approaches into their decision-making processes (lbarra-
Rojas et al., 2015; Gkiotsalitis, 2019).

Prior to making operational decisions, tactical planning decisions must be estab-
lished. These decisions are focused on enhancing the level of service and reducing
future operational costs. This phase involves xing the eet size and utilizing given

5



1. Introduction

lines' origin-destination matrices. (Gkiotsalitis, 2019; Ibarra-Rojas et al., 2015).
When determining the frequency of a transport system, it is essential to align the
service with the demand, recognizing that demand is a dynamic factor that under-
goes changes over time. The frequency setting problem, as referred to by Ibarra-
Rojas et al. (2015), entails determining the number of trips required to provide a
high level of service for a given set of lines. However, due to uctuations in passen-
ger demand, it is expected that system usage will experience periodic increases or
decreases.

Ibarra-Rojas et al. (2015) categorize transit problems in operational planning into
two primary types: frequency-based operations, where a speci ¢ number of buses per
hour is maintained for regular service, and timetable-based operations, where precise
departure and arrival times are scheduled for each line. In the case of Gothenburg's
public transportation, timetable-based operations are employed. When developing
a frequency schedule, important considerations include estimating waiting times,
determining eet size, and managing transfer waiting times. Conversely, timetable-
based operations require careful attention to speci ¢ operational characteristics such
as meeting demand patterns, synchronizing bus lines, and optimizing well-timed
transfers (Barnhart and Laporte, 2007; Ibarra-Rojas et al., 2015).

To minimize operational costs, it is crucial to align the timetables and service with
the demand, ensuring that buses are neither overcapacity nor signi cantly under-
utilized. Ceder et al. (2013, as referenced in Ibarra-Rojas et al., 2015) demonstrate
how to create a balanced timetable. They assume a constant passenger arrival
rate in smaller planning periods and employ analytic procedures to generate de-
parture times. In the case of the next step in transport planning, that is vehicle
scheduling, F. Zhao (2006) divides the entire day into morning and afternoon
problems, showing that this is a normal way to solve complex transportation prob-
lems. This approach relies heavily on data collection. While headways are typically
not considered in timetabling, according to Ibarra-Rojas et al. (2015), Ceder et al.
(2013) propose minimizing deviations from the desired passenger load while main-
taining headways, achieved by employing buses of di erent sizes. Other authors rec-
ommend additional methods, including mathematical programming problems with
supply-demand equilibrium constraints and the implementation of various heuristic
procedures. The procedures are continually explained in Ibarra-Rojas et al. (2015)
while presenting the main objectives for each procedure, varying from minimizing
time to maximizing savings.

1.2.2 Queue Theory

Queue theory is an analytical technique used for evaluating delays and queue lengths,
or simply explained a mathematical way to examine waiting lines (Newell, 2013). A
bus stop can be regarded as a queueing system, wherein buses arrive according to a
particular probability distribution, wait in a queue to enter the stop if it is occupied,
dwell for a period, and leave, possibly experiencing delays due to blocking tra c or
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1. Introduction

downstream tra c signals. A queuing system comprises two essential components,
namely the source of the customer population and the service process (Hui, 2009).
The customer (in this case, the bus) population may be nite or in nite. A nite
system is one where the number of customers has a notable impact on the potential
new customers, such as when buses are waiting in line for service. Conversely, an
in nite population is one where the number of buses waiting in line has minimal
impact on the rate at which other buses reach the service. Hui (2009) notes that
customer behavior and how buses approach the bus stop can always change, depend-
ing on queue characteristics. In certain cases, customers may opt for a di erent line,
leading to a bus entering another bus berth. However, this is not a queue charac-
teristic to consider, as it is not a typical occurrence.

The other essential component of a queueing system is its service. This component
encompasses the number of waiting lines, number of services, service arrangement,
arrival and service patterns, or pre-decided priority rules. Queueing systems may be
classi ed as either single-server or multi-server, meaning that they consist of either
one queue or multiple queues, where customers can decide which line to join (Mehdi,
2003). The rate at which customers arrive and get served characterizes queueing
systems. The arrival rate is a term that describes the average number of customers
per time period, while the service rate refers to the average number of customers
that can be served during the same period, and it governs the capacity of the service
system (Shortle et al., 2018).

In the case of the bus system, the parameters correspond to the following.
" Source: Public transport

Server: Bus Stop

Service facility: In a case where buses can choose between several stops.
Customers: Buses

Service time: How long the bus dwells at the station (follows a negative expo-
nential distribution)

Inter-(arrival time): The time between buses to reach the server. 2 minutes
for bus 1, 4 for bus two, etc. (follows a Poisson distribution).

The fundamental single-server models, such as the one that could be assumed in
the case of a bus terminal with pre-decided berths for each bus, are presumed to
arrive at a Poisson arrival rate with exponential service times (Hall, 1999; Shortle
et al.,, 2018; Wang et al., 2021). The Poisson and exponential distributions are
fundamental components in queue theory. Straightforwardly described, the Poisson
distribution focuses on quantifying the number of occurrences of in this case arrivals
within a xed time frame, whereas the exponential distribution characterizes the
time intervals between these occurrences in an in nite time frame, which is how
these two relate to one another (Cooper, 2005). The queue discipline usually fol-
lows a rst-come, rst-serve basis, with in nite queue lengths and an in nite calling
population. Bus stops provide service in a steady-state, implying that the arrivals
at the stops, over a long period, are expected to be less than the stop's capacity
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1. Introduction

(Wang et al., 2021). Literature shows that bus arrivals to a stop follow a Poisson
distribution, some stops however rather follow a general distribution (Mehdi, 2003).

The Poisson process is characterized by a "memoryless” waiting time until the arrival
of the next customer (Fodor, 2023). As seen in the equation below, where X is a
random variable.

PX>t + tjX>t)=P(X> 1) (1.2)

The expected time from one customer (bus) to the next, denoted by, implies that
the probability of waiting an additional minute, second, or hour, etc., until the next
arrival is independent of the amount of time that has passed since the last arrival
(Fodor, 2023). This further implies that the waiting time until the next arrival
follows an exponential distribution with parameter

P(T>t)=e * (1.2)

Furthermore, this implies that the number of customers (buses) arriving during any
time interval of length t follows a Poisson distribution with expected valué- (Adan
and Resing, 2015; Shortle et al., 2018).

Queue models are presented by a Kendall's notation in the following manner:
(1/2/3):(4/5/6)

Inter-arrival distribution

Service time distribution

Service Channels

Service Discipline

Max number of customers allowed in system (in nite or nite)

Calling source (in nite or nite) (Asmussen et al., 2003; Koko et al., 2018)

ogabkwbhE

This study utilizes an M/M/1 queue model, representing a single server model,
where there is one single server available for customers to choose from (Aung, 2020).
The M stands for Markovian, however another term is Poissonian and stands for as
previously explained memoryless or completely random with an exponential distri-
bution (Asmussen et al., 2003). As mentioned earlier, this model entails the presence
of a queue, where customers are placed in line when the server is occupied serving
another customer. This concept is particularly applicable to buses, as each bus is
assigned a speci ¢ berth and is restricted to serving passengers exclusively at that
berth.

Although queue theory is a valuable method for analyzing bus systems, it should
be noted that it may be inadequate for complex bus stops, necessitating the use of
simulation in conjunction with queue theory (Lindberg, 2019). Simulations often
only include the isolated station and are less good when including surrounding traf-
c. J. Zhao et al. (2018) means that by adding a delay, the tra ¢ can be indirectly
included while keeping the quality of the simulation.
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As Mdlndals bro is a terminal its important to note that bus terminals are special in
the sense that they function di erently than a single bus stop. Buses need to arrive
according to timetables based on headways and they need to leave, possibly with
a purposeful delay, or with a delay due to tra c signals (Lindberg, 2019). In this
process of entering the terminal the bus will have to interact with other buses, dwell
at di erent points and most likely dwell at a passenger crosswalk, which is also the
case for Mdldnals bro.

1.2.3 Dwell time modeling

The duration for which a bus occupies a station encompasses several factors. As
presented by Jaiswal et al. (2007) these include the time spent waiting in a queue
until the bus reaches the loading area, where it will serve passengers, the dwell time
required for passengers to reach the bus door at its loading area position, the time
required to serve passengers through the busiest door, and the time required to open
and close the doors. Additionally, the clearance time comprises any re-entry delay
due to waiting in turn for any buses at leading loading areas that are obstructing
the subject bus's departure, along with any re-entry gap acceptance delay.

Dwell times, concerning the interaction between passengers and the bus, can be
described as the overall time required for the bus to interact with passenger(s) at
any given busway station, including the time required for door opening and closing
(Pathiranage et al., 2013). In other words dwell time is de ned as the time the bus
spends while stopped to serve a passenger and consumes up to 26% of the total travel
time of buses (Rajbhandari et al., 2003). Bus characteristics such as the number
of doors, if the bus is low oor or not or if only the front door opens for alighting
passengers are all factors that impact dwell time (Jaiswal et al., 2007). Those fac-
tors are however constant for the bus whereas the number of people boarding and
unboarding and other instances that cannot be exactly predicted are not.

Dwell time is as said considerably impacted by any factors that impede bus from
moving forward. Such factors may include queues or tra c, as well as the volume
of passengers and the activities they must complete before boarding the bus, such
as fare payments or entrance through the front door only. Fletcher and EI-Geneidy
(2013) have reported that crowding on buses notably intensi es when the bus reaches
60% of its maximum capacity (Fletcher and El-Geneidy, 2013).

Jaiswal et al. (2007) explains that apart from assessing bus delays through stations,
comprehending bus dwell times is crucial in evaluating the bus handling capacity
of the loading areas and consequently the bus capacity of the station platform as a
whole. The bus platform capacity is of great importance as it can potentially create

a bottleneck within the transportation system.
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2

Site description

2.1 Molndals bro

Mdlndals bro (MdIndal Bridge) is a prominent bus terminal situated within the Mol-
ndals station complex, centrally located within the town of MéIndal, as depicted in
Figure 2.1. MolIndal resecentrum represents a key transport hub, accommodating
buses, trams, and local and regional trains. The terminal is situated atop a bridge
structure bearing the same name, which traverses over tramways, motorways, high-
ways, and railroads. This bridge structure functions as a pedestrian, cyclist, car,
and bus overpass, linking the eastern and western portions of Mélndal. Moreover,
it serves to interconnect the train stops with other public transport stops situated
within MéIndal station/ MdIindal Resecentrum. Figure 2.2 and 2.3 show more de-
tailed maps of the area.

Figure 2.1: Location of the MdIndal Bro in relation to Gothenburg, (Mango map,
2023)
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Figure 2.2: A detailed map of the area which shows the bridge, bus berths and
surrounding roads (MangoMap, 2023)

Figure 2.3: A satellite picture of the bridge (Google, 2023)

The MoélIndals bro bus terminal is a sawtooth bus station where there are currently

nine bus berths, (see gure 2.4). Bus berths B1-B8 are used consistently by eight
di erent buss lines in both directions while berth B9 is used as to serve replacement
tra c in case of unforeseen events in the public transport system. Table 2.1 shows
the bus lines that operate on MdIndals bro and which berth they stop on. Figure

2.5 and 2.6 aim to give a better visualization and understanding of the station.
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