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Populärvetenskaplig sammanfattning
I takt med ökande urbanisering och ökat resande, ökar även trängseln
i vägnätet. Det resulterar i minskad produktivitet, begränsad tillgäng-
lighet och negativ miljöp̊averkan. Ett redan tr̊angt trafiksystem är
känsligt för störningar, och även små incidenter kan f̊a stora kon-
sekvenser i form av köer och samhällsekonomiska kostnader. De
negativa konsekvenserna av trängsel kan minskas med hjälp av trafik-
lednings̊atgärder. Det kan vara reglering av trafiksignaler, variabla
hastighetsskyltar och p̊afartsramper eller spridning av trafikantinfor-
mation om restider, olyckor och köer via radio, digitala vägskyltar och
navigationsappar. Multimodal trafikledning utnyttjar olika transport-
slag i trafiklednings̊atgärderna för att öka trafiksystemets effektivitet
och robusthet. Med hjälp av stora mängder observationer av resor
med b̊ade kollektivtrafiken och privata fordon kan först̊aelsen för mul-
timodala resmönster öka. Trafikdata kan även användas för att skapa
trafikmodeller som i sin tur kan vara ett stöd för att utvärdera och
prioritera åtgärdsplaner för trafikledning. Exempelvis kan ruttvalsmod-
eller användas för att först̊a vilka resenärer som p̊averkas mest av en
trafikolycka och därmed behöver information om alternativa rutter
eller färdmedel.

Syftet med avhandlingen är att nyttja mobilitetsdata för att först̊a
och stödja multimodal trafikledning. Det inkluderar även att analysera
incidenters p̊averkan p̊a multimodala nätverk, samt att utveckla och
utvärdera ruttvalsmodeller som en komponent i beslutsstöd för multi-
modal trafikledning. I avhandlingen utforskas trender för ett effektivt
transportsystem, där vikten av att observera och modellera trafik
betonas. Därefter presenteras en litteraturöversikt över multimodal
trafikledning där möjligheter och utmaningar diskuteras. Där identi-
fieras även krav p̊a data och modeller att använda som beslutsstöd
för multimodal trafikledning. Baserat p̊a dessa krav analyseras vidare
ruttval i vägnätet med hjälp av GPS-sp̊ar. Slutligen analyseras effek-
ten av historiska olyckors p̊averkan p̊a restider, efterfr̊agan, ruttval
och färdmedelsval. Avhandlingen bidrar till en bättre först̊aelse av
multimodal trafikledning genom att integrera storskalig mobilitetsdata
i modellering av ruttval och analys av olyckors p̊averkan p̊a trafiken.
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Abstract
Increasing travel demand and urbanization lead to road congestion.
This results in lost productivity, reduced accessibility, and negative
effects on the environment. An already congested transportation sys-
tem is sensitive to disturbances, and even minor incidents can have
major consequences in terms of queues and societal costs. Solutions
to reduce congestion in the transport network include urban traf-
fic management. Traffic management measures include regulating
signal control, variable speed limits, and ramp metering, as well as
distributing traveller information about traveltimes, congestion, and
incidents through radio broadcasting, variable message signs, or navi-
gation apps. A multimodal traffic management system utilizes several
transportation modes within an integrated system to improve network
performance and robustness. Large-scale mobility data from the public
transport network and private vehicles enable a better understanding
of travel patterns in multimodal networks. Traffic data can also be
used to estimate traffic models that support the evaluation and priori-
tization of traffic management measures. For example, a route choice
model can be used to identify travellers that are most impacted by an
incident, and therefore need information about alternative routes or
transportation modes.

The aim of the thesis is to utilize mobility data to improve the
understanding and support of multimodal traffic management. The
aim includes analysing incident impact on multimodal transportation
networks, and developing and evaluating route choice models to use as a
component in multimodal traffic management decision support systems.
In the thesis, recent trends are explored in the transition towards
more efficient road transport, emphasizing the role of monitoring and
modelling traffic. Second, related literature is surveyed to identify the
potential synergies and challenges of multimodal traffic management.
Requirements of data and models in a decision support systems for
multimodal traffic management are also identified. Based on these
requirements, route choice behaviour in the road network is analysed
using GPS trajectory data. Last, travel patterns during incidents
are analysed to identify the impact of incidents on delay, demand,
route choice and mode share. The thesis contributes to a better
understanding of multimodal traffic management by integrating large-
scale passive mobility data into incident impact analysis and route
choice modelling.

v





Acknowledgments
I would like to express my deepest gratitude to everyone who has
contributed to this thesis and supported me throughout the journey.
First of all, to my supervisors Clas Rydergren and David Gundleg̊ard.
Thank you for always making time for me and for providing your
genuine and thorough feedback. Your support and guidance have been
invaluable.

I am also grateful to my colleagues at campus Norrköping for
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J. (ed.) Handbook on Climate Change and Technology. Chel-
tenham, UK: Edward Elgar Publishing. pp. 180-195.

II. Danielsson, A., Gundleg̊ard, D., and Rydergren, C. Extending
urban traffic management to a multimodal perspective: a survey
of synergies and challenges. Currently under journal review.

III. Danielsson, A., Gundleg̊ard, D., and Rydergren, C. (2024). Anal-
ysis of route choice sets and attributes in route choice estimation
for urban traffic management using GPS-data. In Proceedings
of the 103rd Transportation Research Board Annual Meeting.
Washington D.C., USA, January 7th-11th 2024.

IV. Danielsson, A., Gundleg̊ard, D., Ringdahl, R., and Rydergren,
C. (2025). Analysis of road incident impact on route choice.
In Proceedings of the 9th International Conference on Models
and Technologies for Intelligent Transportation Systems. Lux-
embourg, September 8th-10th 2025.

V. Danielsson, A., Gundleg̊ard, D., and Rydergren, C. Road in-
cidents and their impacts on network performance and travel
demand: a quantitative analysis. Working paper

VI. Danielsson, A., Chaves, D., Burghout, W., Cebecauer, M., Gund-
leg̊ard, D., and Rydergren, C. A framework for multimodal inci-
dent impact analysis across road and public transport networks.
Working paper

ix





Contents

Populärvetenskaplig sammanfattning iii

Abstract v

Acknowledgments vii

List of papers ix

1 Introduction 1
1.1 Background 1
1.2 Aim and scope 6
1.3 Methodology 7
1.4 Outline 8

2 Multimodal traffic management 9

3 Traffic modelling and analysis 13
3.1 Traffic modelling 13
3.2 Statistical learning models 15
3.3 Performance evaluation 16

4 Data sources used in the thesis 19
4.1 Network data 19
4.2 Mobile network data 20
4.3 GPS trajectories of road vehicles 21
4.4 Public transport ticket and GTFS data 22
4.5 Road traveltimes 22
4.6 Motorway control system speeds and traffic counts 23
4.7 Traffic incidents 24
4.8 Data quality 25

5 Contribution of the thesis 29
5.1 Research gaps 29

xi



Contents

5.2 Research questions 30
5.3 Summary of the included papers 31
5.4 Other scientific contributions by the author 37
5.5 Main contributions 38

6 Discussion and conclusion 41

Bibliography 45

Abbreviations 53

Paper I 55

Paper II 73

Paper III 109

Paper IV 135

Paper V 143

Paper VI 157

xii



Chapter 1

Introduction

1.1 Background
Throughout history, transportation has always been a necessity. Al-
though, the modes of transportation and the distances have evolved.
At the beginning of the 20th century, the main mode of transportation
was by horse and carriage and the average daily travel distance was
one kilometre per person (Naturskyddsföreningen, 2021). Nowadays,
the average daily travel distance is around 40 km, and the number of
alternative modes keeps increasing with new technologies. Alongside
the rise in travel demand, urbanization rates have also increased. It
is predicted that by 2050, urban areas will be home to 66% of the
global population (United Nations, 2018).

With increased travel demand in combination with increased ur-
banization, the capacity of the road network in many cities is not
enough. Operating transport systems near their capacity limit make
them vulnerable to incidents. Even small incidents can imply major
effects on the system performance and cause congestion. For example,
road incidents in Stockholm 2023 contributed to primary delays of over
7 000 traveller hours each, not counting secondary effects on alternative
routes and modes. Congestion in the network not only triggers frus-
tration among drivers but also leads to losses in productivity, reduced
accessibility, and increased emissions (Grant-Muller and Xu, 2014).
Given that traffic significantly contributes to emissions, environmental
concerns are of utmost importance in traffic research (B. Othman
et al., 2019). Currently, the transportation sector is responsible for
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Chapter 1. Introduction

25% of the CO2 emissions in Europe (IEA, 2021), boosting global
warming.

Congestion can be mitigated with urban road traffic management
measures and intelligent transport systems (ITS), including signal
control, variable speed limits, and traveller information. With traffic
management measures, travellers can be influenced to change their
route or their departure time, or even cancel the trip if there is an
incident in the road network causing congestion.

Recently, the idea of shifting travellers to other modes has been
raised as a measure of traffic management, i.e., suggesting travellers
to use another mode of transport when there is an incident in the
road or public transport network. In Paper II in this thesis, we define
multimodal traffic management as the simultaneous management of
”several transportation modes, utilizing the potential of the complete
transport system to ease network congestion and provide efficient
traveller mobility.”. This multimodal traffic management integrates
transport networks where several modes of transport are being co-
ordinated in a single operational traffic management centre. Rather
than aiming to optimize vehicle flows, flows of travellers are guided
to reduce congestion and delays on network level. Transportation
systems are naturally interconnected, with congestion in one mode
impacting other modes. Thus, integrating the management of several
modes in one system makes the transport network more robust to
incidents. Examples of multimodal traffic management measures are

• a joint traveller information channel

• adaptive traffic signals that prioritize buses during peak hours
while still maintaining car flow

• commuter parking by train and bus stations enabling travellers
to shift mode between car and public transport

• multimodal journey planners, displaying alternatives such as
micromobility or public transportation (PT) filling the last-mile
gap to enable non-central parking for example

• adapt public transportation capacity during major road incidents

Figure 1.1 illustrates an example of a trip with multimodal alternatives.
There are two alternatives to travel by car, and two by public transport.
During current conditions, the car alternatives are faster than the
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1.1. Background

Figure 1.1: Example of multimodal alternatives of a trip.

public transport alternatives. However, if an incident would occur
on the fastest car route causing an estimated delay of 15 min, the
other car route, the metro, and the bus would all be faster. Current
unimodal urban traffic management centres could inform travellers
about the alternative route of 17 minutes, whereas a multimodal traffic
management centre can utilize the knowledge of all alternatives and
provide travellers with a more comprehensive overview of alternatives.

To manage traffic effectively and prioritize between different traffic
management measures, it is necessary to understand multimodal
mobility patterns. The rapid growth of sensor and mobility data
over recent decades has created new opportunities to analyse these
patterns at large scale. These sources include probe trajectories,
Origin-Destination (OD) flow measurements, link flow, speed and
travel time data, public transport ticket data, and GPS data from
public transport vehicles. Mobility data can also be used as input
to traffic modelling. A traffic model can estimate and predict the
traffic state from data samples based on a number of fundamental
assumptions, for example that travellers have full information about
the transportation system and make rational choices. With a traffic
model, the effect of management measures in future scenarios can
be predicted. As an example, a route choice model can be used to
understand where travellers on a specific location in the network are
coming from, and where they are going. Figure 1.2 (a) shows the road
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Chapter 1. Introduction

vehicles passing by a target inflow link to Stockholm, marked with an
orange arrow indicating the direction of the vehicles.

(a) Trips of travellers using the
target link. The width represents
the share of vehicles using each
link.

(b) Start and end of trips us-
ing the target link aggregated
over traffic analysis zones (TAZ).
The colour represents the share
of vehicles passing the target link
starting/ending in the zone.

Figure 1.2: Example of how route choice analysis can be used
in urban road traffic management.

The width of the links in Figure 1.2 (a) represents the share of observed
vehicles on the link, that also uses the target inflow link. It can
be noted that about half of the vehicles coming from the south of
Stockholm continue towards and through the city centre. This can
be valuable insights into providing targeted traveller information. In
similar matters, Figure 1.2 (b) shows the share of vehicles passing by
a target link that starts their trip in each traffic analysis zone (TAZ).
Knowing where travellers on a link are coming from provides insights
into which travellers that need information in case of an incident
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1.1. Background

at the target link. These patterns also indicate where PT demand
might increase during major incidents and therefore capacity should
be increased as a measure to reduce delays.

Different data sources can also be combined to provide a holistic
understanding of multimodal mobility patterns at both network and
local levels. One example is shown in Figure 1.3, where mobile network
data (MND) and PT ticket data is combined to illustrate how major
road and public transport incidents can affect trips starting in upstream
TAZ. During the public transport incident (to the right in the figure)
we can observe a decrease in public transport mode share during the
incident in a majority of the TAZ, suggesting that the incident caused
travellers to shift to another mode. During the road incident however
(to the left in the figure), the response is mixed with upstream zones
showing both increases and decreases in public transport mode shift.
There is no clear evidence in these data that the public transport
mode share increased during the road incident. This suggest that
in this area travellers adapt their choice of transport mode during
major public transport incidents, but no corresponding mode shift
is observed during road incidents in these data. In areas with good
alternative transport options, where travellers already shift between
different modes of transport, traffic management centres can introduce
additional incentives to encourage further mode shifts and thereby
reduce the overall impact of incidents.

Figure 1.3: Example of the mode shift of road (to the left) and
public transport (to the right) incidents. Red colours indicate
an increase in public transport mode share, while blue colours
indicate a decrease in public transport mode share during the
incidents (marked as a red start and a yellow link respectively).

These type of analyses provide important insights to multimodal
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Chapter 1. Introduction

traffic management centres in providing targeted and relevant traveller
information. Together with models these data can be utilized to eval-
uate management measures and support decisions about prioritization
between different management actions, and identify when management
actions are needed. The graph in Figure 1.4 is an example on how
mobility data can be used to monitor the the impact of incidents over
time. The median delay and the 25th and 75th percentiles for a specific
route can be used as a reference range for daily delay monitoring.
Delays falling outside this range may indicate abnormal conditions
and signal the need for management intervention.

Figure 1.4: Delay over hour of the day. The graph can be used
to monitor daily delay to identify days that falls outside of the
25th and 75th percentiles of the median delay.

1.2 Aim and scope
The aim of the thesis is to utilize mobility data to improve the un-
derstanding and support of multimodal traffic management. The
aim includes analysing incident impact on multimodal transportation
networks, and developing and evaluating route choice models to use
as a component in multimodal traffic management decision support
systems. Large-scale passive mobility data are used for analysis and to
estimate and evaluate the proposed models. The primary data source
is GPS data, complemented by data from stationary sensors. The
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1.3. Methodology

thesis is motivated by the need for a better understanding of travel
patterns in multimodal networks and improvements in methods for
traffic management decision support, potentially leading to improved
network efficiency.

The focus of the thesis is on methods for data analysis and model
development. The scope covers analysis of private car route choice
and incident impact on traffic networks. Traffic incidents refers to
event causing non-recurring congestion, such as accidents and vehicle
breakdowns, and analysis of planned events, such as road works, are
not included in the thesis. Implementation of models and decision
support systems for operational multimodal traffic management is also
outside the scope of this thesis. Furthermore, the data sources used
in the thesis consist of observed large-scale passive traffic patterns.
Therefore, socio-economic factors that may influence travel choices
have not been included, as they are not captured in the available data.
Thus, the interpretation of the results is limited to the choice, not
covering the reasons behind it.

1.3 Methodology
The research follows a deductive approach, in which hypotheses are
formulated about the features affecting route choice and the impacts
of incidents on multimodal transportation networks. These hypotheses
are then tested using mobility data. I have a quantitative approach,
and the research methods include mathematical modelling, simulation
and statistical learning. An important step on the way to build-
ing models is data analysis and processing. Stockholm is used as a
case study area and the results can be used by traffic managers and
policymakers.

To address the aim of the thesis, the following methodology is
used. First, literature exploring recent trends towards a more efficient
transport network is reviewed. The motives to monitor and model
mobility patterns are identified and the connection between an efficient
traffic network and mobility analysis is illustrated with an example of
data-driven energy estimation of different routes.

Second, a literature survey is conducted to define multimodal
traffic management, as well as to identify synergies and challenges
associated with it. Requirements of data types and traffic models to
support decisions in multimodal traffic management are identified. A
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Chapter 1. Introduction

two-step search methodology over three online publication databases
is used to identify relevant literature. First fundamental concepts on
traffic modelling and traffic management are identified and then recent
trends of multimodal traffic management are explored. Search terms
related to the application, method, and data used are combined.

Third, based on some of the identified requirements of models, a
discrete route choice model is estimated and evaluated using large-
scale GPS trajectory data from the urban area of Stockholm. Using
the model to predict route choice can be useful as decision support in
proactive traffic management. The data used show revealed preferences
(secondary data) of route choice and have been collected passively. In
the data set used, no socioeconomic aspects of the respondents are
included, such as age, income, or gender. Thus, choice parameters
related to such information are not explicitly included.

Lastly, traffic incidents, such as accidents and vehicle breakdowns,
are analysed to understand the impact of incidents in the multimodal
transportation network. Large-scale mobility data from probe vehicles
and mobile devices, as well as stationary sensors, are used to identify
how traveltime, demand, route choice and mode shares are impacted
by disturbances in the network.

1.4 Outline
The remainder of the thesis is structured as follows. Chapter 2 in-
troduces multimodal traffic management and presents related work,
followed by a description of traffic modelling and analysis in Chapter 3.
Chapter 4 presents data sources that have been used for multimodal
traffic analysis and to estimate and evaluate proposed models in the
thesis. In Chapter 5, the contribution of the thesis is described in
terms of the research gap intended to fill, research questions, sum-
maries of the included papers and main contributions. Chapter 6
concludes the thesis with a discussion of how the included papers are
related to each other, as well as future research directions.
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Chapter 2

Multimodal traffic
management

Urban traffic management aims to ensure safe, orderly, and efficient
mobility while minimizing congestion, delays, and incidents in real-
time (Semanjski and Gautama, 2018; Ringhand and Vollrath, 2018; De
Souza et al., 2017). Reducing congestion and improving the efficiency
of the transportation network also reduces traffic emissions (Sheikh
and Peng, 2022). Urban traffic management involves the operational
control and coordination of traffic flows within a specific geographical
area, such as a city, for different modes of transport. Unlike traffic
planning, which includes long-term measures such as building new
infrastructure, traffic management concerns the day-to-day operation
of existing transport systems. Examples of traffic management systems
are road traffic management, public transportation traffic management,
railway traffic management, fleet traffic management and air traffic
management. Some of these management systems are interconnected.
For example buses are included in both road traffic management
and public transport traffic management. In this thesis however,
buses considered part of public transport traffic management while
road traffic management refers to management of travellers in private
vehicles on the road, such as cars, motorcycles and trucks.

Road traffic management includes traffic control measures to reg-
ulate the road traveller flows, and traveller information influencing
travel behaviour and decisions. Examples of traffic control measures
are signal control, SC, (Li et al., 2020), ramp metering, RM, (Papa-
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Chapter 2. Multimodal traffic management

georgiou et al., 1991) and variable speed limits, VSL, (Khondaker and
Kattan, 2015).

Public transportation traffic management on a strategic level in-
cludes transfer synchronization between different lines, for example
coordinating the time table of a bus line to match the train time
table, and vehicle scheduling (Liu et al., 2023; H. Zhang et al., 2026).
Examples of operative control measures in public traffic management
are vehicle holding, stop-skipping, speed control, re-routing, and sig-
nal prioritization (Gkiotsalitis et al., 2023). There are also strategies
specifically to minimize bus bunching, when several buses on the same
line drive together in a platoon instead of on their predefined schedule
(Low et al., 2026; Daganzo, 2009).

Traveller information measures include route guidance and infor-
mation about the road traffic state and delays in the public transport
network. This information is often distributed through radio broad-
casts, variable message signs (Peeta et al., 2000), navigation systems in
cars or mobile devices, and traveller information apps. Traveller infor-
mation can be classified into pretrip and enroute advice, distinguished
between the point in time the information was given (Papageorgiou
et al., 2003). The result of the pretrip information could be a postpone-
ment or cancelling of the intended trip, route or mode changes, while
the enroute information mainly results in changes in route. Nowadays
pretrip information through navigators in cars or mobile devices is
commonly used (Levinson, 2003; Meng et al., 2018; Essen et al., 2016).

Transportation networks in modern cities are naturally multimodal,
meaning that travellers often switch between different modes of trans-
port and that incidents or congestion in one mode can affect others.
Although the overall objective of traffic management is similar across
all transport modes, management centres are still unimodal, with
separate systems and approaches used for different modes of trans-
port (Vaillant et al., 2022). Multimodal traffic management includes
the joint management of road traffic management and public trans-
portation (Al Sabouni et al., 2023; Meng et al., 2018; Semanjski and
Gautama, 2018). Thus, it is not limited to multimodal trips, where
several modes of transportation are used.

In this thesis, the focus is on the integration of road and public
transportation traffic management. In Paper II of this thesis, we
structure the key components of a multimodal traffic management
system as in Figure 2.1. The overview is based on the literature survey
in Paper II of this thesis, and was complemented by practical insights
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gained through informal discussions and visits to the Stockholm traffic
management centre. The top row in Figure 2.1 illustrates that a

Figure 2.1: Overview of a multimodal traffic management
system.

multimodal traffic management system integrates information about
transport supply, demand, and network conditions to estimate and
predict traffic states. The supply consists of road and public transport
infrastructure, incidents, and control systems such as traffic signals
and information signs, while demand represents travellers’ desired trips
between origins and destinations (although observed traffic counts
are used as a proxy for desired trips in this thesis). The demand
can be represented as the total demand regardless of transport mode,
or separately for road and public transportation. Traffic models use
this information to simulate mode choice, route choice, and network
loading, resulting in estimates of traffic flow, speed, and density. This
process is described in more detail in the next chapter.

The middle row of Figure 2.1 shows that the traffic models in the
first row of the figure are estimated and calibrated using observations
from sources such as radar traffic counts and speeds, GPS probe data,
public transport tickets, and general transit feed specification (GTFS)
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Chapter 2. Multimodal traffic management

data. Based on traffic state estimation and prediction, automatic
control systems can be adjusted and traffic management centres can
apply control and traveller information measures.

From the middle row there are two arrows to the last row in
Figure 2.1, illustrating the observed data not only used for traffic
state estimation, but are also directly used for incident detection
and decision support systems. Decision support systems for traffic
management includes information that assists the traffic managers
in providing traveller information and control measures in real time.
Multimodal traveller information and control strategies can influence
travel behaviour and improve system performance. Providing inte-
grated information across transport modes can affect travellers’ mode
choices, and multimodal traffic control can optimize both road traffic
and public transport operations simultaneously. Examples of studies
focusing on multimodal control and traveller information measures
are (K. Othman et al., 2025), (Huang et al., 2023) and (Hridoy et al.,
2025). Decision support tools increases confidence in making decision
by increasing the traffic management operators’ situational awareness
(Endsley, 1995). A decision support system can for example be a
dashboard with visualizations of for example traveltime along specific
routes, traffic incident information, and congestion propagation. The
visualizations can either be from processed data, or based on model
predictions. There are already some commercial software for this, such
as Aimsun live, PTV Optima and Streams ITS platform (Aimsun,
2025; PTV Group, 2025; Transmax, 2025).

Recently, the trend within traffic management has been towards
a larger focus on data-driven algorithms and ITS. ITS refers to
technologies, applications, and systems developed to improve traffic
safety, efficiency, accessibility, and user service (J. Zhang et al., 2011;
Qureshi and Abdullah, 2013). Today, the availability of mobility data
from travellers is growing, enabling a data-driven approach in ITS,
complementing the traditional model-based system.
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Chapter 3

Traffic modelling and
analysis

3.1 Traffic modelling
A traffic model describes the movements of travellers making trips, the
interaction between them, and how it can lead to new traffic patterns
(Sheffi, 1985; Ortúzar and Willumsen, 2011; Treiber and Kesting, 2013).
There are macroscopic models, that describe the flows on a network
level, similar to a stream of water in a river, microscopic models,
where the interaction between individual travellers is modelled, and
mesoscopic models, that are hybrids of macroscopic and microscopic
models (Treiber and Kesting, 2013). The models estimate the current,
and predict the future, state of the traffic network based on data
samples and some fundamental assumptions, e.g. that travellers make
rational choices such as aiming to minimize their traveltime and cost.

The state of a system is represented by the information needed to
determine future outputs, given future inputs (Glad and Ljung, 2000).
In traffic flow theory, the state is typically defined by flow, density,
and speed of the traffic (Treiber and Kesting, 2013). A traffic state
prediction is an important input to traffic management, as described in
Chapter 2.. It can be used to determine optimal routes in navigation
systems, plan and optimize the logic of traffic signal control and
variable speed limit, and simulate the environmental effects of traffic
operations such as fuel consumption and CO2 emission (Treiber and
Kesting, 2013).
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Chapter 3. Traffic modelling and analysis

Predicting the traffic state includes a prediction of OD demand.
An OD demand model estimates and predicts the number of travellers
that desire to travel from an origin to a destination per time unit,
often stored in an OD-matrix. The origins and destinations are often
aggregated into TAZ that are connected with a transport system built
up by roads and public transport lines.

The interaction between the OD demand and the transportation
system is described by a traffic assignment process, generally using
behavioural models of mode and route choice (Bliemer et al., 2017).
The theory of traffic assignment is often based on Wardrop’s principle
of user equilibrium, assuming all travellers choose the trip alternative
minimizing their traveltime (Wardrop, 1952). Thus, in equilibrium,
no traveller can improve their traveltime by choosing a different mode
or route.

In dynamic traffic assignment (DTA), a time component is added
to the process, that is, the OD-flows, as well as the mode and route
choice are time dependent (Peeta and Ziliaskopoulos, 2001; Szeto
and Wong, 2012). In the dynamic loading process, travellers are
propagated on the network. The arrival time at a link is different from
the departure time, thus the model can capture temporal variations of
traffic. In DTA, there is an iteration between the route and departure
time choice, and a network loading process. This iteration leads to
a dynamic user equilibrium (Iryo, 2013). In the dynamic context,
it is assumed that travellers can predict the traveltimes they will
experience during their trip, taking current congestion into account,
with the motivation that recurrent travellers tend to know when and
where congestion occurs (Iryo, 2013).

Destination, route and mode choice are related to the behaviour of
individual travellers about to make a trip from a given origin (Sheffi,
1985; Ortúzar and Willumsen, 2011; Prato, 2009). Algorithms to
model mode choice include statistical and machine learning models.
Common modes in the studies included in the review by Hillel et al.
(2021) are car, walk, bus, public transport, cycle, motorbike/moped,
train and to distinguish between car driver and car passenger.

Route choice estimation includes two main components, route set
generation where the alternatives each traveller is assumed to choose
between are defined, and route selection, where the probability of
each route being chosen is calculated. In the route set generation, the
considered routes are selected out of the universal set of routes and
there are several methods to do so, e.g. K -shortest path search with
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link penalty (Bekhor et al., 2006), labelling (Bekhor et al., 2006), a
breadth first search with link elimination (Montini et al., 2017), a
stochastic link-based sampling approach with successive choices at each
node (Frejinger et al., 2009), or a data driven route identification (Ton
et al., 2018). The attributes describing the utility of the alternatives
could for example be traveltime, route length, road type, number of
intersections, and delay (e.g., Hess et al., 2015; Yao and Bekhor, 2020;
Duncan et al., 2021).

In the network loading process, the estimations of demand, mode
choice, and route choice are converted to link flows in the transport
network (Iryo, 2013; Peeta and Ziliaskopoulos, 2001). The total travel
demand is distributed across the network, taking the capacity of each
road segment into account. Each link in the network is associated with
a link cost, typically expressed as a function of the link volumes. In the
simplest case, any propagation effects are neglected and the network
loading is instantaneous, implying that all assigned travellers to a
route are present at all links of the route simultaneously (Tsanakas,
2021). In DTA, the travellers are instead propagated dynamically in
the network. If traveltime is the only factor affecting the link cost, the
cost can be determined using a volume delay function. As congestion
builds up, it can influence future route and mode choices as travellers
seek to optimize their journeys (Iryo, 2013).

3.2 Statistical learning models
Statistical learning models can be seen as tools for modelling and
understanding complex datasets, often through making assumptions
and hypothesis testing. Estimations of mode and route choice are
historically often based on discrete choice models with survey data as
input. A multinomial logit model (MNL model), where each alterna-
tive (different modes of transportation or different routes in this case)
is described using attributes weighted against each other in a utility
function. It is assumed that a traveller chooses the alternative with
the greatest utility. The weights of the attributes are often estimated
with maximum likelihood estimation, where the weights that maxi-
mize the likelihood of the observed alternative being chosen are found.
The MNL model is restricted by the independence from irrelevant
alternatives (IIA) property (Washington et al., 2009), which does not
hold in the context of a route choice model where the alternative
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routes typically overlap with each other to some extent (Frejinger and
Bierlaire, 2007). To overcome the IIA property, a correction attribute
that penalizes overlap is added to the model (e.g., Cascetta et al.,
1996; Ben-Akiva and Bierlaire, 1999; Axhausen and Schüssler, 2009).

Machine learning seeks to gain knowledge by training models to
fit data, with focus on making accurate predictions on unseen data.
Hillel et al. (2021) give a systematic review of machine learning classi-
fication methodologies for modelling passenger mode choice. Identified
algorithms include logit models, artificial neural network (NN), deci-
sion trees, extreme learning machine, support vector machine (SVM),
bayesian learners, rule-based machine learning, and hybrid methods.
Hagenauer and Helbich (2017) compare seven machine learning clas-
sifiers for mode choice and conclude that the random forest has the
best performance. In addition, they estimate the importance of each
attribute and find that the importance varies with different classifiers.
The random forest is further analysed in Cheng et al. (2019) where
it is combined with decision trees to model mode choice, and also
their approach estimates the relative importance of each explanatory
variable.

Regarding route choice, Lai et al. (2019) compare traditional
econometric models, (MNL model, path size (PS)-logit, and cross-
nested logit) to machine learning models; random forest (RF), SVM
with Gaussian kernel, and artificial NN with one-layer backward
propagation, 5 hidden nodes, and a sigmoid activation function. The
result shows that RF and SVM have the best performance, followed
by the NN and last the econometric models.

3.3 Performance evaluation
The usefulness of a traffic model depends on its performance to cor-
rectly predict future states of the network (Ortúzar and Willumsen,
2011). There are several ways to evaluate the performance of a model.
With a data-driven approach, it is common to compare training data
error with test data error. That can show how general the model
is, that is, if it works generally on other data than it was trained
on. Common metrics to compare between observed and estimated
behaviour are R2-value, root mean square error (RMSE) and mean
absolute percentage error (MAPE). R2-value shows how much of the
variance in the dependent variable that is explained by the explanatory
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variables (or attributes) in the model. It is a measure of how well
the model fits the data points (James et al., 2017). An R2-value of 1
means that the model perfectly predicts the data, an R2-value of 0
means that the model does not capture any of the variability of the
data and a negative R2-value means that the model is worse than
a horizontal line representing the average value. RMSE shows the
magnitude of the error term, i.e., how much the estimation differs
from the observation. Together with MAPE, expressing the error
in percentage, this provides a comprehensive overview of both the
absolute and relative prediction error.
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Chapter 4

Data sources used in the
thesis

In the thesis, large-scale passive data is used to analyse mobility
patterns and estimate route choice models. The word large-scale
indicates that the data sets contain a large number of observations.
That the data is passive refers to that it has been collected without
any active action from the respondents to provide the data. In the
thesis, Stockholm is used as a case study area. The following sections
describe data sources that have been combined to analyse multimodal
mobility patterns in the thesis and the included papers, including
general information about networks, trips, traveltimes, traffic counts,
and the traffic incidents included in the analyses.

4.1 Network data
The OpenStreetMap road network (OpenStreetMap contributors,
2017) of Stockholm used in this thesis constitutes 86 917 links and
40 640 nodes. The median length of the links in the network is 90m,
with Q1 around 40m and Q3 around 230m. The road classes used in
the thesis are 1 to 6, with 1 being highways and 6 being small streets.
The speed limits vary from 30 to 120 km/h. From the south end to
the north end in the network it is about 25 km, while the width of
the network (from west to east) it is about 30 km. The network of
Stockholm, with road class 1 to 4 in brown, is shown in Figure 4.1.
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Figure 4.1: Network in Stockholm.

The public transport network in Stockholm constitutes of three
lines of metro, four lines of commuter train, five lines of light trains,
five tram lines, and a number of buses and ferry lines.

4.2 Mobile network data
Mobile network data (MND) refers to data collected by cellular network
operators, with penetration rates of up to 20-50 %. The location of
mobile devices, and thereby travellers, is typically approximated by the
cell location (Breyer, 2021). The data contains a user ID, a timestamp
and a cell ID of travellers. Mobile network data is well suited for
mode choice modelling but is possible to use for route choice as well,
to some extent. However, the position of the traveller can only be
roughly approximated, thus within-a-city routes can be challenging to
identify, especially in regions with low cell density. The MND used in
the thesis are sourced from the Swedish telecommunications provider
Telia. They are used to estimate OD flows and mode shares on hourly
level in Paper V and VI.
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4.3 GPS trajectories of road vehicles
GPS trips with trajectories (INRIX trips with waypoints and trajecto-
ries) covering the area of Stockholm is one main source of data used
in this thesis. For a detailed description of the dataset the reader
is referred to Ahlberg et al. (2021). Around 400 000 trips collected
during 5 weeks 2019 in and around Stockholm are included. The
estimated penetration rate (capture rate) is around 1%. The data has
been collected as way points with a location and a timestamp mainly
from GPS-units in vehicles. To preserve the privacy of the travellers,
while retaining the trip information, many trips get a new trip id
after one hour. The way points have been map-matched to links in
the network. The data set contains a user ID, a timestamp, a link,
and known error codes among other things. Both consumer vehicles
(75%) and fleet vehicles (25%) are included and the average travel
length of a trip is 22 minutes for consumer vehicles and 41 minutes
for fleet vehicles. An example OD pair with trajectories of trips and
way points is shown in Figure 4.2.

Figure 4.2: Example of OD pair with trajectories and way
points.

The GPS trajectory data are used in Paper III and IV to analyse
routes, estimate a route choice model and analyse how routes are
impacted by incidents. In Paper V and VI the GPS trajectories are
used to approximate spatial extents of incidents.
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4.4 Public transport ticket and GTFS data
Smart cards have been introduced in the public transport system in
Stockholm. It has increased the convenience for the passengers and
decreased the costs for operators (Breyer, 2021). The data set of
smart card data in the Stockholm region is presented in more details
in Gundleg̊ard et al. (2024) and Cebecauer et al. (2023). The data
contains a card ID (that might be rehashed periodically), a timestamp
and the stop location of the tap-in, i.e., at the start station of the
trip. The data set is collected in Stockholm from 2011 until today
and there are around 2 million tap-ins per day. 45% of the trips are
made by metro, 40% by bus, 12% by commuter train, 2% by tram
and 1% by the other modes (Gundleg̊ard et al., 2024). Journeys are
reconstructed by linking each tap-in event to a specific vehicle trip
using the recorded boarding time and location. This process produces
complete origin-to-destination travel records, including any transfers
made between services.

GTFS data contains both static data with schedules, stops, fares
and route planning of lines, and real-time vehicle observations and
service alerts.

The thesis utilizes the smart card data and GTFS data in Paper VI,
where the impact of incidents in the road and public transport network
are compared, and incident impact on mode shares are estimated.

4.5 Road traveltimes
Traveltimes from probe vehicles and stationary sensors are collected
continuously. In this thesis, traveltime data from 2023 have been
used. The data set contains about 7 000 links with traveltimes around
Stockholm, with an average length of 715 meters. The traveltime is
an average of 5 minutes reported every minute. The average speed of
Tuesdays in October 2023 at 7.00 in the morning is shown in Figure
4.3. The road traveltime data is used to analyse the incident impact
in Paper V and VI.
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Figure 4.3: Average speed on Tuesdays at 7.00 in October 2023.

4.6 Motorway control system speeds and
traffic counts

On a major part of the motorways in Stockholm, there are motorway
control system (MCS) portals. The systems constitutes radar sensors
capturing the number of vehicles passing each lane, along with their
speed. The data is processed into a traffic count and average speed
per lane per minute continuously over the year. Around 1000 locations
of sensors are used in the thesis, positioned regularly every 100-500
meters, marked in Figure 4.4. In this thesis, the MCS data from 2023
have been used in Paper V and Paper VI to study the impact of
incidents of link demand and weight the traveltime impact of incidents
to represent the total delay for all travellers.
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Figure 4.4: MCS portals in Stockholm.

4.7 Traffic incidents
A traffic incident can be defined as non-recurring events causing
a temporary reduction in capacity in the transportation network,
e.g. accidents or vehicle breakdowns (Jagadeesh et al., 2024; Lee
et al., 2023). Road incidents include accidents, stationary vehicles,
objects on the road and towing. The road incidents are often reported
to traffic management centres by travellers observing the incident,
or by automatic incident detection systems. During 2023 around
10 000 incidents were reported to the traffic management centre, where
averages to 28 incidents per day. The most common incident is
stationary vehicle, followed object on the road, and accident as can
be seen in Figure 4.5.
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Figure 4.5: Incident types reported to the traffic management
centre in Stockholm 2023.

Public transport incidents are included in the GTFS data. The
public transport incidents include signal failures, accidents, vehicle
failures, and technical issues.

The road incident data set is used in Paper IV, V and VI where
impact of incidents are analysed in different aspects, while the public
transport incident data set is only used in Paper VI, where multimodal
effects of incidents are analysed.

4.8 Data quality
One advantage of using large-scale data is the that it provides data
on a wide range with high coverage of the transportation system, to a
reasonable cost. It opens new possibilities for analysis and modelling
of the traffic state and understanding travel patterns. It can be used
to detect variations in speed, flow and density of roads that would not
be possible with a small data set. Larger sample sizes also improve
the reliability of observed patterns. Models can generalize better and
become more resilient to noise and outliers in the data. While the use
of large-scale mobility data has led to insights into travel behaviour
on a wide geographic scale at a reasonable cost (Ahsani et al., 2019),
there are some concerns about using these data.
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The input data may suffer from quality issues, including biases
and inaccuracies, which affect the validity of the models and the
predictions. Data bias refers to the potential inaccurate representation
of the population in the dataset, which could lead to systematic errors
and misleading conclusions if not corrected for (Richterich, 2018;
Meppelink et al., 2020). For example, MND only include the part
of the travellers with a mobile phone with one specific operator. To
reduce the risk of bias, results can be compared to previous results in
the literature. Triangulation, that is, using several data sources, also
decreases the risk of bias.

The usage of large-scale mobility data is also associated with a risk
of privacy and ethical issues. Privacy breaches are often associated
with data leakage or publication of data sets. Mobility data has shown
to be highly unique, and travellers’ risk being identified using little
outside information (Montjoye et al., 2013). A majority of travellers
are identifiable with only a few time-stamped points of location. To
address privacy concerns related to large-scale mobility data, the data
can be aggregated or randomly hashed, noise can be introduced to
datasets, or synthetic data sets can be generated (Gursoy et al., 2019).
However, this may reduce the effectiveness of the data. Thus, there
exists a trade-off between data utility and privacy concerns.

Another issue is errors in the data collection. Normally, outliers are
data points that deviates significantly from the rest of the observations
in a data set. They lie unusually far from the overall pattern or
trend. Outliers can be detected by analysing the probability density
function, where outliers are far from the median point, or using the
standard deviation. Another common method to detect outliers is the
interquartile range (IQR) rule. A data point is then considered an
outlier if it is outside the upper or lower IQR limit. IQR is the interval
between Q3 (the 75th percentile) and Q1 (the 25th percentile), and
the limits are Q3 added by 1.5∗IQR and Q1 subtracted by 1.5∗IQR
respectively. Outliers can be results of measurement errors or represent
rare events in the dataset. In general, outliers caused by measurement
errors are removed during the data-cleaning process before the data
are used for modelling or analysis. In this thesis however, outlier
analysis is used to identify whether traffic incidents result in travel
patterns that differ significantly from normal conditions, and thereby
assess their impact on travellers.

The data used in this thesis were not collected by the author, and
therefore the complete data-collection process and all potential sources
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of error are not known. In some of the data sources, data points with
known errors are identified using error codes. These data points have
been removed before using the data for analysis or model estimation.
However, other errors may remain in the input data, which could
affect the results and potentially lead to misleading conclusions.
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Chapter 5

Contribution of the
thesis

5.1 Research gaps
There exists no well-recognized definition of multimodal traffic man-
agement and the relation between transport efficiency and traffic
management is not clear. The lack of understanding of multimodal
mobility patterns hinders the integrated management of several modes.
Especially, there is limited research and data analyses on traffic inci-
dents and their impact on multimodal mobility patterns.

There is also a lack of literature on quantitative assessments of
multimodal traffic management in general, and of decision support
systems for it in particular, which further delays an implementation
of a multimodal traffic management system. Although there are many
studies that utilize GPS data for route choice modelling, the focus on
traffic management applications, where the attributes are based on
information that is available in real-time, is not well studied.
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5.2 Research questions
Based on the research gaps, the following research questions are
proposed.

1. How does monitoring and modelling of mobility support the
transition towards a more efficient road transport network?

2. What are the synergies and challenges of multimodal traffic
management?

3. What is the impact of incidents on multimodal travel patterns?

4. How can route choice models utilizing large-scale passive data
be developed to be used as a component in multimodal traffic
management?

Research question 1 illustrates the motive of the thesis in a broad
perspective and motivates why research in this topic is important.
Research question 1 is answered by a literature survey of efficient
road transport and recent mobility trends in Paper I. The second
research question builds on the findings in Paper I, and is answered by
a survey of literature that extends traffic management to a multimodal
perspective in Paper II. The second question examines the potential
synergy effects of integrating the management of multiple transport
modes, compared to the current unimodal approach. In this context,
synergy effects refer to benefits that exceed the combined effects of
managing each transport mode separately. The question also investi-
gates the challenges associated with implementing and operating such
an integrated traffic management system. The literature survey in
Paper II showed that there is a need for quantitative assessment of
multimodal traffic management measures and decision support tools.
A first step in this direction is to understand the travel pattern during
incidents, which leads to Research question 3. Research question 3 is
addressed in Paper IV, Paper V and VI where the impact of incidents
on mode shares, link speed, travel delay, route choice and demand is
analysed. Research question 4 is answered in Paper III, where a route
choice model is estimated based on GPS and network data to use as
decision support in multimodal traffic management. Research question
4 explores how one component of a multimodal traffic management
decision support tool can be developed, namely a route choice model.
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5.3 Summary of the included papers
The thesis is built up of six papers that are summarized in this section.

Paper I: Transition towards more efficient road trans-
ports: insights from mobility analytics

Paper I addresses the trade-off between the need for mobility and
the negative environmental impacts of transportation, such as the
contribution of greenhouse gases and the air pollution. Three major
dimensions in the transition towards more efficient road transport
are discussed: reduce transport demand, improve transport efficiency,
and reduce fuel consumption. The paper answers Research question 1
by illustrating how traffic monitoring and modelling can be used in
practice for more efficient road transport.

In the transition towards more efficient road transport, a data-
driven approach to estimate and predict demand and traffic work is
identified as an important step. That can be used as input to moni-
toring and following up energy use of transportation. The proposed
approach, described in more detail in (Tsanakas, 2021; Tsanakas et al.,
2021), is based on large-scale traffic flow data, including GPS tra-
jectories, mobile network data, and stationary vehicle count sensors.
Estimates and predictions of demand and route choice are used as
input to a vehicle flow propagation process resulting in linkflows over
time. Using the framework HBEFA, the linkflows are converted to
estimations for energy use and emissions. The main benefit of the
proposed approach compared to traditional techniques is that less
calibration is needed. The paper also provides a discussion of emerging
mobility trends, such as demand management, mode shifts, electrifica-
tion, biofuels, automated vehicles, mobility as a service, electric road
systems, and digital accessibility.

The paper contributes to the understanding of the relationship
between transportation and traffic management, and climate impact.
Suggestions for addressing challenges range from behavioural aspects
to the role of emerging technologies and the need for traffic manage-
ment measures supported by data-driven analyses, monitoring, and
modelling.

The paper is co-authored by David Gundleg̊ard, Clas Rydergren
and Nikolaos Tsanakas. The numerical example was made by Niko-
laos Tsanakas. The author of this thesis contributed as the main
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author and took the leading role in the writing of the paper. Paper
I is published in Urban, F. & Nordensvärd, J. (ed.) Handbook on
climate change and technology. (2023). Cheltenham: Edward Elgar
Publishing, pp. 180–195.

Paper II: Extending urban traffic management to
a multimodal perspective: a survey of synergies and
challenges

Paper II answers Research question 2 by surveying literature covering
urban traffic management. The study aims to identify synergies
and challenges of extending road traffic management to a multimodal
perspective by integrating public transport in road traffic management.
Relevant literature is found by using different categories of search terms,
with synonyms, different spellings and related concepts combined using
boolean logic, truncation, masking, and proximity operators in several
databases. A growing trend in number of publications indicates an
increased interest in the subject over the past two decades.

In general, traffic management aims to ensure safe and efficient
movement of travellers and goods by guiding and redirecting the traffic.
Management measures, ranging from traveller information in variable
message signs, radio broadcasts or mobile phone apps, to signal control
and ramp metering, are provided in real-time to influence traveller
behaviour and route selection to reduce congestion. Traditionally,
urban traffic management primarily adopts a unimodal approach,
focusing on individual transportation modes separately.

Based on the literature overview, the definition of multimodal
traffic management is that it ”... simultaneously manages several
transportation modes, utilizing the potential of the complete trans-
port system to ease network congestion and provide efficient traveller
mobility.” (p. 87 in Paper II).

Synergy effects of multimodal traffic management include increased
flexibility for traffic managers, increased information availability of
travellers and improved mode shifts. Thus, providing a multimodal
system with integrated traffic management opens new possibilities for
seamless and efficient mobility. However, there are also challenges as-
sociated with such a system, including collaboration and data sharing
between stakeholders. A multimodal traffic management system also
introduces the need for data and traffic models to serve as decision
support in evaluating actions related to multimodal management mea-
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sures. In addition to multimodal traffic assignment, these requirements
include providing support for traveller information, and connection
points between modes (e.g., commuter parking).

The contribution of the literature survey lies in its examination of
multimodal traffic management, covering definitions, synergies, and
challenges.

The paper is co-authored by David Gundleg̊ard and Clas Ryder-
gren. The author of this thesis contributed as main author and took
the leading role with the conceptualization, development, and writ-
ing of the paper. Paper II is currently under journal review. The
study has been presented at Transportforum, Linköping, January 2024.

Paper III: Analysis of route sets and attributes in
route choice estimation for urban traffic management
using GPS-data

Paper II identifies requirements on data and models for multimodal
traffic management. In Paper III, some of these requirements are met
in a route choice estimation process based on vehicle GPS trajectory
data, answering Research question 4. GPS trajectories from Stockholm
during 4 weeks 2019 are used to identify a route choice set and
attributes to describe the utility of each alternative. Two approaches
of route set generation are compared and the results show that a data-
driven choice set augmented with routes from a shortest path algorithm
gives a model with high responsiveness to dynamic traveltimes. It
is assumed that a model responsive to traveltimes is well suited in a
traffic management context, since the traveltimes are typically affected
by incidents in the network. Logit-based discrete choice models are
implemented and attributes are selected based on a forward stepwise
selection process, where one attribute at the time is added to the
model. Evaluation metrics include log-likelihood, Bayesian Information
Criterion (BIC), a hit rate, and R2 value for observed and estimated
route shares and OD-specific link flow. Results show that the proposed
models have a significantly better fit compared to näıve models, with
only free flow traveltime as explanatory variable. It is concluded that
mean traveltime, road class, and other measures of the simplicity of
the route are important to the route choice. The study suggests a
promising future for data-driven route choice models, especially with
the anticipated increase in available GPS data.

The contribution of Paper III includes a comparison of two route set
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generation approaches and logit-based discrete choice models for road
network route choice. The study provides insights into improving data-
driven route choice models for more efficient urban traffic management.

The paper is co-authored by David Gundleg̊ard and Clas Ryder-
gren. The author of this thesis contributed as main author and took
the leading role with the development of algorithms, analysis of re-
sults, and writing of the paper. Paper III has been presented at and
published in the proceedings of the 103rd Transportation Research
Board Annual Meeting, in Washington D.C., USA and previous results
has been presented at the 10th Symposium of the European Asso-
ciation for Research in Transportation (hEART), Leuven, Belgium,
June 2022; the Swedish Transportation Research Conference, Lund,
Sweden, October 2022 and Stockholm, Sweden, October 2023; and
the 4th Symposium on Management of Future Motorway and Urban
Traffic Systems (MFTS), Dresden, Germany, December 2022.

Paper IV: Analysis of road incident impact on route
choice

Paper IV addresses Research question 3 by analysing the impact of
road incidents on link speed and route choice of drivers. GPS probe
data from Stockholm 2019 is analysed to identify changed behaviour
with and without incidents present. First, a method to locate the
incident in the road network based on the speed reduction compared
to normal condition speed is proposed. Second, speed deviation and
route choice is analysed, both on network level and locally around the
incident. Routes are identified with a data driven approach, where
the route set constitutes filtered historical routes observed in the GPS
data set. If the share of travellers using an incident route (passing
the incident) on the incident day is below the fifth percentile of the
distribution of normal days, the incident is considered to have had
an impact on the route choice. A similar comparison is made for the
incident impact on the speed. Lastly, the route choice model developed
in Paper III is evaluated on the incident scenarios.

Results show that 15% of the incidents have an effect on the speed,
and 5− 12% have an effect on the route choice. The results suggests
that how large the impact of the incident is depends on whether the
incident type is accident or not, if the incident occurs on a highway
or not, how long the incident duration is and how much the speed
is reduced. Up to 20% of the travellers shift to an alternative route
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during the 10 incidents with the largest impact. The alternative routes
are up to 36% longer in distance. The route choice model developed in
Paper III predicts 43− 100% of the travellers to change route during
these 10 incidents. Thus, the model does not capture the route shift
behaviour observed in the data very well.

The contribution of Paper IV includes a method to analyse the
impact of road incidents on route choice. The paper also contributes
a method to map the location of reported incidents to links in the
network. Additionally, a route choice model estimated on GPS data
during normal conditions on incident scenarios is evaluated.

The paper is co-authored by David Gundleg̊ard, Rasmus Ringdahl
and Clas Rydergren. The author of this thesis contributed as main
author and took the leading role with the experimenting, analysis of
results, and writing of the paper. Paper IV has been presented at,
and published in the proceedings of, the 9th International Conference
on Models and Technologies for Intelligent Transportation Systems
(MT-ITS 2025). The results of the paper has been presented at the
Swedish Transportation Research Conference, Norrköping, Sweden,
October 2025.

Paper V: Road incidents and their impacts on net-
work performance and travel demand: a quantitative
analysis

Paper V addresses Research question 3 by analysing the impact of
incidents on travel patterns. More precisely, traveltime, travel demand
during historic incidents are compared to normal conditions. A method
to identify the upstream extent, and the temporal range, of the incident
using GPS trajectories and traveltime data is developed. The trips
using the incident link during normal conditions are traced upstream,
and all other links where at least 5% of the trajectories are passing
are included. The trips are also used to identify relevant OD-pairs.
All OD-pairs where at least one of the trajectories passes the incident
link are included in the analysis. Once the area and OD-pairs that
can be assumed to be impacted by the incident are identified, metrics
to evaluate the incident impact is developed. The characteristics of
the incidents with significant impact on traveltime are analysed.

The results show that incidents with significant impact on the
traveltime have a high share of accidents, have multiple incidents or
events reported to the traffic management centre during the incident
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time window, longer duration and decreased link flow compared to a
normal scenario. The incidents with significant impact caused delays
of over 1 000 traveller hours (over 7 500 traveller hours in extreme
cases). The analysis of the impact on travel demand suggests that few
travellers cancelled their trips due to the incident, but to some extent
they shifted to an alternative route not passing the incident. The
paper contributes an algorithm to analyse the impact of incidents on
network performance, in terms of delay, and travel demand changes.

The paper is co-authored by David Gundleg̊ard and Clas Ryder-
gren. The author of this thesis contributed as main author and took
the leading role with the data analysis, analysis of results, and writing
of the paper. Paper V is a working paper that have not yet been
submitted to a journal.

Paper VI: A framework for multimodal incident im-
pact analysis across road and public transport networks

Paper VI is a continuation of paper V, addressing Research question
3. A framework to compare the impact of incidents in the road and
public transport networks is developed. The impact of incidents on
delays resulting from Paper V are compared to impact of incidents
on public transportation delays. In addition, multimodal effects of
incidents are analysed by studying how mode shares are impacted
by incidents in both networks. The framework includes methods for
incident characterization, estimation of expected travel times and
mode shares using clustering, estimation of spatio-temporal extent of
the incidents and incident impact estimation on network level, local
level and mode shares. One challenge that is addressed in the paper
is to make the incidents comparable between the two networks.

The results show that road incidents typically contribute to larger
delays, but public transport incidents typically have longer durations.
The analysis also indicate that public transport travellers tend to
change their mode of transport during major incidents, but there is
no clear evidence for a corresponding trend for road travellers. The
main contribution of Paper VI is the framework to make the impact
of incident in the road and public transport networks comparable and
to evaluate multimodal effects of incidents.

The paper is co-authored by Daniel Chaves, Wilco Burghout, Matej
Cebecauer, David Gundleg̊ard and Clas Rydergren. The author of
this thesis contributed as one of the two main authors and took the
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leading role of the analysis of the road network, analysis of results and
writing of the paper. Paper VI is a working paper that have not yet
been submitted to a journal.

5.4 Other scientific contributions by the au-
thor

Apart from the papers included in this thesis, the author contributed
to the following papers not included in the thesis. In the first paper,
cluster analysis is used to identify typical link- and day-types. The
method is applied to travel speed data in Sweden. The aim is to
understand recurring traffic state patterns and to identify infrastruc-
ture deficiencies, such as potholes. In the second paper, a method to
identify and analyse long-term trends in travel speed data is proposed.
The trend curves are clustered to identify groups of links with similar
long-term and seasonal trends. In the third paper, a C-logit model
is developed to estimate and predict route choice. An analysis of
the attributes included in the route choice model is made based on a
literature survey and GPS trajectory data. The first two papers are
excluded from the thesis due to a small contribution of the author of
this thesis. The last paper is excluded due to the large overlap with
Paper III.

• Fredriksson, H., Danielsson, A., Gundleg̊ard, D., Rydergren, C.
(2025). Exploring spatio-temporal traffic performance variation
through clustering of descriptive travel time statistics. Trans-
portation Research Procedia 86. pp 747-754.
doi: 10.1016/j.trpro.2025.04.093

• Fredriksson, H., Danielsson, A., Gundleg̊ard, D., Rydergren, C.
(2025). Link analysis through time series decomposition and
clustering. Procedia Computer Science 257. pp 225-232.
doi: 10.1016/j.procs.2025.03.031

• Danielsson, A., Gundleg̊ard, D., Rydergren, C. (2022). Analysis
of key route attributes for route choice model estimation based
on GPS data. In proceedings of the 10th Symposium of the
European Association for Research in Transportation (hEART
2022), Leuven, Belgium, June 1-3, 2022.
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5.5 Main contributions
There are both scientific and practical contributions of the thesis.
Scientifically, the thesis contributes to an understanding of multimodal
traffic management and its connection to an efficient transport network
(Research questions 1 and 2). A definition of multimodal traffic
management is formulated, and synergies and challenges associated
with multimodal traffic management are identified based on a literature
survey. In addition, an overview of methods for decision support
systems for multimodal traffic management is made.

Another main contribution lies in the development and evaluation
of methods and the insights derived from analysing new data sources.
Methods for route choice modelling and for generating route sets using
large-scale GPS data are developed and evaluated (Research question
4). The understanding of how these models can be used for traffic
management decision support systems is increased. An overview of
attributes of a route choice model based on a literature survey is made.
Furthermore, data-driven methods to analyse and evaluate the impact
of traffic incidents on travel patterns are developed and evaluated
(Research question 3). Especially, methods to analyse and evaluate
the incident impact on delay, demand, route choice and mode share
using mobility data from several modes of transport are developed
and evaluated.

The practical contribution is a better understanding of the connec-
tion between traffic management and transport analytics (Research
questions 1 and 3). The developed methods enable insights about
travel patterns and flow propagation in Stockholm, as well as insights
about traffic incidents impact on the travel pattern in Stockholm.

Overall, the thesis contributes to an understanding of how new
data sources can be utilized to support multimodal traffic management
and to adapt traffic models to be used for traffic management scenarios.
The parts of a multimodal traffic management system that the thesis
focus on are marked in orange in the system overview in Figure 5.1.
Paper I describes the motive for traffic management and mobility
analytics, as well as the connection between them on a broad level. In
Paper II, the concept of multimodal traffic management as a whole
is defined and surveyed. Paper III contributes with methods for
route choice modelling based on travel time data adapted for traffic
management contexts. Paper IV presents a method of how the incident
impact on route choice can be analysed. Paper V and VI contributes
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Figure 5.1: Contribution of the thesis are made in the parts
of the multimodal traffic management overview that are marked
with an orange colour.

with methods for incident impact evaluations on delay, demand and
mode share. The methods and insights from Paper III-VI are all useful
for incident management. In Paper III-VI are road observations in
the form of GPS-trajectories, sensor measurements of speed and flow,
and link traveltime used. In addition, Paper VI uses public transport
(PT) observations as well. Road supply, in terms of incidents are used
in Paper III-VI, and Paper VI uses PT incidents as well.
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Chapter 6

Discussion and
conclusion

An efficient transportation system is a critical goal for our society,
envisioning a future where motorized travel is, when necessary, facili-
tated by an efficient transport network. Paper I motivates the need
for traffic monitoring and modelling in the transition towards efficient
transportation. Recent mobility trends are presented, together with
an example of how large-scale mobility data can be used to estimate
the energy use of transport.

This transition not only puts new requirements on travel behaviour
but also on the network, traffic models, mobility data and traffic man-
agement. Rather than increasing the capacity of the network by
constructing new roads which induces new demand, the transport
network must be managed given the current infrastructure to limit
emissions. Together with increasing urbanization, limiting traffic emis-
sions is a challenge that makes it crucial to utilize the full potential
of the transport network. Paper II explores this aspect by focusing
on multimodal traffic management. It discusses the integration of
public transport in road traffic management under a unified system.
Model and data requirements for such a system, along with its po-
tential benefits and challenges, are identified. The conclusion is that
multimodal traffic management can increase flexibility and robustness,
improve traveller information, and enable more efficient mode shifts
by using the full potential of the transport network. However, several
challenges remain. These include ensuring effective collaboration and
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data sharing among stakeholders, as well as developing integrated
traffic models and decision-support tools that can support multimodal
traffic management.

Paper III illustrates how some of the model requirements for traffic
management can be met, that is how traffic modelling can be used
as decision support in traffic management. More specifically, a data-
driven approach to route choice estimation for traffic management
is analysed. It is concluded that a route choice model is useful in
traffic management to identify car travellers affected by incidents and
congestion, and to identify alternative routes during incidents.

In Paper IV it is concluded that the route choice model developed
in Paper III is not capable of route choice predictions during incidents.
Together with Paper V and VI, the impact of incidents on route choice,
traveltime, demand and mode share is analysed. It is shown that the
worst incident cause up to 20% of the travellers to change their route
and total delays of over 7500 traveller hours for one incident. The
results suggest that travellers tend to change their mode of transport
during public transport incidents, but during road incidents travellers
rather change their route.

The focus of the thesis is on developing methods and insights to
use in a decision support tool in multimodal traffic management. The
primary contribution lies in the methods developed. These methods
represent an initial step toward understanding and quantifying the
potential of multimodal traffic management. Methods to monitor
the impact of incidents enables possibilities to evaluate the effect of
management measures, and prioritize between different actions. In
long term, real-time route choice models could be used to predict how
travellers adapt their route when incidents occur and network capacity
changes. By extending these tools with a mode choice component,
it would also be possible to predict traveller flows across entire mul-
timodal transport networks. However, to estimate route and mode
choice models for incident scenarios a lot of data is needed. Access to
probe trajectory data is limited due to privacy issues, and Paper IV
showed that only major incidents have a significant impact on route
choice. Therefore, data for estimation of behaviour models during
incidents may be sparse.

Understanding current mobility patterns in multimodal networks
is essential to influence and incentivise travellers to change their
behaviour and reduce network delays and congestion. Evaluating
multimodal impacts of incidents on the network performance is a
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first step toward developing decision support systems for multimodal
traffic management. These tools support traffic management operators
in providing informed traveller information and prioritize between
management measures.

However, several challenges remain before multimodal traffic man-
agement decision support systems can be implemented. Paper II
identifies issues related to collaboration between different stakeholders,
as well as difficulties in quantifying the effects of multimodal traffic
management measures. These are important directions for future work.
Future research directions also include development, analysis, and
evaluation of further components for multimodal traffic management.
This includes, for example, route and mode choice models that are
adapted for incident scenarios. The literature survey in Paper II also
identified a lack of quantitative methods for assessing the potential of
multimodal traffic management strategies in specific regions or cities,
as well as a need for methods to integrate and combine data from
different sources.

Further research should also address the operational aspects of
multimodal traffic management. This includes evaluating relevant
traffic control measures and targeted traveller information under dif-
ferent incident scenarios. The analysis of the behavioural effects of
management measures is also left as future work. In addition, imple-
mentation of real-time decision support systems is another important
future research direction. Finally, the multimodal analysis in the thesis
is limited to the integration of road and public transport management
systems. Future research could therefore include additional modes of
transport in the analysis, such as active modes and micromobility.

Improving the ability to use traffic models to support traffic man-
agement decisions can make management measures a powerful tool to
mitigate congestion in urban areas. The continuos stream of mobility
data, that will continue to grow with the introduction of connected
and autonomous vehicles, and the multimodal nature of transporta-
tion systems support a transition towards more integrated traffic
management approaches. In a future with an even greater variety of
transport modes, effective coordination between modes will be essen-
tial for achieving time-efficient, accessible, and sustainable mobility.
While multimodal traffic management does not guarantee an efficient
transport network, reducing congestion in a robust and holistic way is
essential in the transition towards achieving it.
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Sjöholm, A., and Sjöstrand, S. (2021). Förstudie kring användning
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Abbreviations

DTA dynamic traffic assignment

GTFS general transit feed specification

IIA independence from irrelevant alternatives

IQR interquartile range

ITS intelligent transport systems

MAPE mean absolute percentage error

MCS motorway control system

MND mobile network data

MNL model multinomial logit model

NN neural network

OD Origin-Destination
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PS path size

PT public transportation

RF random forest

RMSE root mean square error

SVM support vector machine

TAZ traffic analysis zone
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