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Abstract

Large cities around the world are experiencing increasing congestion and
extra times spent in traffic. Extra time have value for society and for individ-
uals. This extra time in traffic is also increasing the air pollution and traffic is
one of the main sources of air pollution and global warming. Congestion and
extra time can be decreased by better utilizing of the existing road network.
The short-term travel time prediction on city level is important essence in
traveler information and proactive traffic management applications that can
help to utilize the existing road network in more effective way.

Furthermore, accurate short-term prediction of traffic conditions is essen-
tial for traffic control, traveler information provision, real-time vehicle routing,
and trip planning, etc. For many of these applications, a network-wide predic-
tion is desirable. Research on short-term travel time prediction used to focus
mainly on few motorways and major arterials. Nowadays, the availability of
probe data for large urban areas boosts the growth of the literature on travel
time prediction on urban road networks. Travel time prediction on urban
networks is a challenging and more complex problem compared to motorways
due to many complex phenomenal involved that can be seen as uncertainties.
It involves many route alternatives, many intersections that can be signal-
ized or unsignalized, parking, flow crossings and many more. Most of the
sophisticated models applied in small case studies of one or a few segments
of motorway are computationally complex, with many inputs and parameters
that have to be continuously calibrated. All these circumstances are in favor
of data-driven approaches.

Regarding short-term travel time or traffic prediction, one of the main
identified challenges is moving from motorways and single arterials to the
network level. This thesis addresses the challenges of short-term traffic pre-
diction in large-scale urban networks. When dealing with the large-scale road
networks and prediction models with certain computational complexities, the
increase in the size can significantly increase computational demands. An-
other aspect connected to the large-scale networks is that potential noise
can be decreased by considering larger neighborhoods but variations can be
smoothed out, as well. Thus, it can be convenient to consider partitioning it
into the smaller parts but the effects of this were not studied in the context of
short-term travel time prediction in the literature before. This thesis attempt
to study these effects and the existence of bias-variance trade-off. Further-
more, the state-of-the-art data-driven prediction methods are adapted for
short-term travel time prediction in large-scale urban networks in order to
boost their performance considering the prediction accuracy and computa-
tional costs.

Paper I introduces integrated framework that combine methodologies with
respect to processing of floating car data (FCD) from probes to real-time
travel time prediction. Paper II studies the effects of spatio-temporal parti-
tioning on very large case study consisting of 11,300 links. Finally, Paper III
examines the recent 3D speed map methodology for short-term travel time
prediction and its modification is proposed. For all three papers, the case
study is road network of Stockholm, Sweden.





Sammanfattning

Stora städer runt om i världen upplever ökad trängsel och extra tid i trafi-
ken, inklusive Stockholm. Extra restid har en kostnad säl för samhället som för
individer, men denna extra tid i trafiken ökar även luftföroreningarna. Trafi-
ken är en av de främsta källorna till luftföroreningar och global uppvärmning.
Sär korttidsprognos påstadsnivåviktigt för bresenärsinformation och proaktiv
trafikhantering, eftersom det möjliggör ett bättre utnyttjande av det befint-
liga vägnätet.

Noggrann kortsiktig prediktion av trafikförhär viktigt för trafikstyrning,
information till resenärer, ruttplanering i realtid etc. För mav dessa använd-
ningsomrär prediktion över ett brett nätverk önskvärt. Forskningen om real-
tidsestimering och korttidsprediktion av resetider har hittills fokuserat främst
påmotorvägar och större innerstadsleder. Prediktion av restider för stadsnät-
verk är ett mer komplext och utmanande problem jämfört med motorvä-
gar pågrund av mkomplexa fenomen. Sofistikerade modeller som vanligtvis
tillämpas i mindre fallstudier av motorvägar är beräkningsmässigt komplexa
beroende påmängden indata och parametrar som mkalibreras kontinuerligt.

När det gäller kortsiktig prediktion av restider och trafik är en av de vikti-
gaste identifierade utmaningarna att gåfrmotorvägar och enskilda innerstads-
leder till nätverksniv. När man arbetar med de stora vägnäten är det naturligt
att tänka påatt partitionera det i mindre delar, men effekterna av detta för
kortsiktig resetidspediktion har inte studerats tidigare i litteraturen. Denna
avhandling fokuserar påstora stadsomroch utvecklar dagens främsta meto-
der för att förbättra storskalig restidsprediktion. Uppsats I introducerar ett
integrerat ramverk som kombinerar metoder i hela kedjan fratt bearbeta floa-
ting car-data (FCD) till restidsprediktion. I uppsats II studeras effekterna av
tids-och rumslig partitionering av nätverk i en stor fallstudie bestav 11 300
länkar. Slutligen undersöker uppsats III en nyligen presenterad metod med
3D-hastighetskartor för korttidsprediktion och modifikationer föresl. För alla
tre uppsatser är fallstudien vägnätet i Stockholm, Sverige.





Acknowledgements

First of all, I would like to thank my main supervisor Erik Jenelius and my assistant
supervisor Wilco Burghout for all the support, advice and discussions we have had
about research and ideas that we will hopefully realize in a near future. Thanks
also to my advance reviewer Gyözö Gidofalvi for the valuable comments and sug-
gestions in order to improve this thesis. I am also grateful to the Swedish Transport
Administration (Trafikverket) for funding the research projects that facilitated the
research included in this thesis.

Thanks to all my colleagues for their friendship that has made this two years
journey fun and pleasant.

Finally, I would like to thank my wife Katarina for being a constant support
and my two year old daughter Hana for letting me go to work most of the days.

vii





List of papers

Papers included in the thesis
I. Cebecauer, M., Jenelius, E. and Burghout, W., 2017. Integrated framework

for real-time urban network travel time prediction on sparse probe data. IET
Intelligent Transport Systems, 12(1), pp. 66-74.

II. Cebecauer, M., Jenelius, E. and Burghout, W., 2018, November. Spatio-
Temporal Partitioning of Large Urban Networks for Travel Time Prediction.
In 2018 21st International Conference on Intelligent Transportation Systems
(ITSC) (pp. 1390-1395). IEEE.

III. Cebecauer, M., Gundlegård, D., Jenelius, E. and Burghout, W., 2019, Jan-
uary. 3D Speed Maps and Mean Observation Vector for Short-Term Urban
Traffic Prediction. Transportation Research Board (TRB) 98th Annual Meet-
ing (2019), Washington DC, pp. 1-20.

Related publications not included in the thesis

IV. Tympakianaki, A., Koutsopoulos, H.N., Jenelius, E. and Cebecauer, M., 2018.
Impact analysis of transport network disruptions using multimodal data: A
case study for tunnel closures in Stockholm. Case Studies on Transport Policy,
6(2), pp. 179-189.

V. Langbroek, J.H., Cebecauer, M., Malmsten, J., Franklin, J.P., Susilo, Y.O.
and Georén, P., 2019. Electric vehicle rental and electric vehicle adoption.
Research in Transportation Economics, in press.

VI. Cebecauer, M. and Buzna, L., 2017. A versatile adaptive aggregation frame-
work for spatially large discrete location-allocation problems. Computers &
Industrial Engineering, 111, pp. 364-380.

VII. Koháni, M., Czimmermann, P., Váňa, M., Cebecauer, M. and Buzna, L.,
2017, February. Location-scheduling optimization problem to design private
charging infrastructure for electric vehicles. In International Conference on
Operations Research and Enterprise Systems (pp. 151-169). Springer, Cham.

ix





Declaration of contribution

The founding ideas and motivations for Papers I and II were derived from discus-
sions between Erik Jenelius, Wilco Burghout and Matej Cebecauer. I am the main
contributor in the research design, methodology, data processing, implementation,
computational experiments, analysis of results and writing. Erik Jenelius helped
greatly with methodology, and both Wilco Burghout and Erik Jenelius helped with
the interpretation of the results, as well as the paper revision to produce the papers
with a clear messages.

The idea for Paper III comes from the paper [17] and joint discussion of all
co-authors about the 3D speed map methodology introduced in this article. I am
the main contributor in implementing the original methodology and utilizing it
towards short-term travel time prediction, computational experiments, analysis of
results and writing. David Gundlegård processed and provided the data for two
case studies introduced in this paper and was of great help in discussions, writing
and experiment design. All co-authors helped greatly in shaping the final version
of the paper.

xi





Abbreviations

DTA - Dynamic Traffic Assignment
FCD - Floating Card Data
GPS - Global Positioning System
MCS - Motorway Control System
MMS - research project: Mobile Millennium Stockholm
POST - research project: Prediction and scenario based traffic management
PPCA - Probabilistic Principal Component Analysis
RO - Research Objective
RQ - Research Question
TMC - Traffic Management Center

xiii



Contents

Contents xiv

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Research Objectives 5

3 Research methodology 7
3.1 Data and Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.2 Integrated framework for large-scale short-term travel time prediction 8
3.3 Travel time prediction methods . . . . . . . . . . . . . . . . . . . . . 9
3.4 Spatio-temporal partitioning . . . . . . . . . . . . . . . . . . . . . . 11

4 Scientific Contributions 13
4.1 Paper I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.2 Paper II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.3 Paper III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

5 Discussion and future directions 17
5.1 Future research directions . . . . . . . . . . . . . . . . . . . . . . . . 17

Bibliography 19

xiv



Chapter 1

Introduction

1.1 Background

Large cities around the world are experiencing increasing congestion, including
Stockholm. Stockholm was highlighted as the 92nd most congested city worldwide
by TomTom for the year 2016 with an average 28% extra travel time. This extra
time is valuable for society and for individuals, but also this extra time in traffic is
increasing air pollution. It is known today that traffic is one of the main sources
of air pollution and global warming. Thus, city-level short-term travel time predic-
tion is important for both traveler information and traffic management applications.
Traveler information such as travel time prediction and online routing enables trav-
elers to take faster more appropriate paths. The travel time prediction in proactive
traffic management can result into the more effective use of the road network and
decrease congestion and travel times thanks to the centralized decisions on directed
traveler information, traffic control or incident management strategies. Prediction
of traffic conditions across large-scale urban networks is desirable for many of these
applications. On the other hand, this also requires a wide network of sensors for
measuring traffic conditions.

GPS devices in vehicles or smartphones allow the collection of traffic data in
urban road networks, which makes them highly valuable as opportunistic traffic
sensors [2]. These data has proven useful for traffic management applications [15].
In the context of an urban environment with large-scale road networks, these op-
portunistic traffic sensors allow the collection of data during any time of day at a
low marginal costs [20, 15].

Research on short-term travel time prediction traditionally focused on one or a
few segments of motorways and main arterials. Commonly applied models include
artificial neural networks [23, 24], an approach utilizing Dynamic Traffic Assign-
ment (DTA) [5, 3]. These models can capture driver response to provide traffic
information, but they are very complex which make their application and calibra-
tion very challenging and needs to be continuously calibrated. This complexity is
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2 CHAPTER 1. INTRODUCTION

one of the reason, why naive methods such as the historical mean or instantaneous
travel time without model assumptions are widely used in practice [23]. They are
easily implemented and computationally effective.

Nowadays, the availability of probe data for large urban areas has boosted the
growth of literature on arterial and urban road network travel time estimation
and prediction [15, 14, 26, 17]. Although, data availability travel time prediction
in urban networks is challenging and a more complex problem when compared
to motorways. There are many complex phenomena involved that can be seen
as uncertainties, as it can be hard to measure them. The complex phenomena
in the urban environment are: many route alternatives; many intersections which
can be signalized or unsignalized; parking; interactions and flow crossings with
different modes such as public transport, pedestrians, bicycles, trains; and many
more. Most of the sophisticated models applied before in small case studies of one
or a few segments of motorway are computationally complex, with many inputs
and parameters that have to be continuously calibrated.

All of these circumstances are the reason why data-driven prediction approaches
are currently more suitable to deliver short-term travel time predictions for large-
scale urban areas. [12] introduces a dynamic Bayesian network model which consid-
ers the spatio-temporal dependencies. K-nearest neighbors approach is extended
in [6]. [21] uses the online multi-output gaussian process regression. A hybrid
method that combines the advantages of local smoothing and multivariate Proba-
bilistic Principal Component Analysis (PPCA) is introduced in [16]. [17] proposes
a method that generates for each day a 3D speed map (spatio-temporal k-mean
clusters) and reveals day-to-day patterns by clustering these days to groups based
on their mutual similarities in 3D speed maps. It is shown that these groups of
days and 3D speed maps can be used for city-level short-term prediction of travel
times.

The effects of partitioning networks to smaller parts were not studied in the
context of short-term travel time prediction in previous literature. The number
of partitioning or clustering methods is overwhelming. These methods are from
or are used across different fields such as districting, zoning, location analysis,
aggregation, spatial analysis, GIS, mathematics, statistics, data science, etc. One
stream of literature aims for optimal design of private or public service systems, it
usually uses terms of zoning or districting [8, 4, 11]. Aggregation of large problems
to smaller ones in order to deal with computational complexity [10, 7] is another
stream of literature. In the field of the transport, the commonly used methods are
k-means, DBSCAN, Ncut. Thanks to its effectivity and simplicity, the k-means [18]
is one of the most popular clustering techniques. [17] compares k-means, DBSCAN
[9] and S-NCut [22] and shows that k-means can be a good trade-off between the
quality of resulting clustering and computational time.
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1.2 Thesis Outline

The licentiate thesis is organized as a collection of papers.The introductory text
for the papers consists of five chapters. Chapter 1 introduces background and
literature review. Research objectives are formulated in Chapter 2 followed by
research methodology 3 and scientific contribution listed paper by paper in Chapter
4. Finally in Chapter 5 future research is discussed.





Chapter 2

Research Objectives

Regarding short-term travel time or traffic prediction, the main identified challenges
are: moving from motorways and single arterials to the network level; properly
handling missing data; and making use of new data sources such as probe data
[25]. Thus, considering the travel time prediction, the most challenging is the
prediction in the context of large-scale urban networks due to its complexity and
many reasons we have discussed before. Literature and other studies usually aim for
one or several routes which are usually motorways or main arterial with complete
data. As discussed before, there are only a few works that discuss short-term travel
time prediction for large-scale urban road networks. The increasing availability of
traffic data for urban areas in last years enables us to develop and study prediction
methods on them.

Considering all of this, the main goals of the research presented in this thesis are
to pioneer, examine and develop a methodology that will boost large-scale urban
network prediction and provide some knowledge for it. More detailed definition of
research objectives (RO), which address the short-term travel time prediction in
the context of large-scale urban networks, are the following:

RO1 Develop integrated framework for large-scale urban
network travel time prediction on sparse probe data.

To the best of our knowledge, there does not exist such a framework that integrates
all necessary steps from processing a stream of probes to the real-time travel time
prediction. The framework integrates methodologies for map-matching with path
inference; which output is the source of observations for a link travel time esti-
mation; and network travel time prediction that includes the calibration of model
parameters. as well.

• Autonomous - The framework should allow automatic regular or irregular
re-calibration of prediction model parameters.

5



6 CHAPTER 2. RESEARCH OBJECTIVES

• Versatility - In the sense of data, case study and data-driven prediction
method. In the case of using any different method in any module of the
framework, it does not have to affect the other modules as long as the inputs
and outputs are consistent.

• Continuity - The framework should be always able to produce travel time
prediction, even during the re-calibration of prediction model parameters.

• Real-time - The travel time prediction or estimation should be produced in
less than 1 second after the request. Of course, this depends also on the size
of the case study, but there are options on how to boost performance by road
network partitioning and parallel computing. Such integration involves data
and time management that allows to produce travel time prediction in real-
time and allow to re-calibrate prediction model parameters in the background.

RO2 Examine and improve existing methods for large-scale
short-term travel time prediction.
Within this objective, we aim to study state-of-the-art methods that can be used for
large-scale network-wide travel time prediction that can enable real-time prediction.

RO3 Examine effects of spatio-temporal partitioning on
large-scale urban networks travel time prediction.
There are not a lot of papers that deal with large-scale urban travel time predic-
tion in literature. When applying travel time prediction models to such areas the
following research questions (RQ) arise:

• RQ3.1 Does the partitioning of large-scale networks into smaller parts de-
crease or increase prediction accuracy?

• RQ3.2 Can the partitioning of large-scale networks into smaller areas facilitate
real-time travel time prediction?

• RQ3.3 Does there exist a bias-variance trade-off? In the sense of using smaller
or larger neighborhoods.



Chapter 3

Research methodology

In this chapter, the research methodology, which aims to address the research ob-
jectives is presented. First, the data and case study used for computational ex-
periments are introduced. Then, the general integrated framework that took shape
during this research is introduced. Finally, the choice of particular prediction meth-
ods that are used within the papers for computational experiments are discussed.
Most importantly, these methods are adapted and modified in a way that improves
large-scale travel time prediction performance.

3.1 Data and Case Study

For all included papers, we consider Stockholm, Sweden and its road network as
the case study area. It is important to highlight that all methodologies are versatile
and can be applied to various data sources and case studies.

The Stockholm area is a great candidate for studying heterogeneous large-scale
urban networks towards travel time prediction. As mentioned in the introduction
Stockholm is the 92nd most congested city worldwide. Furthermore, the road net-
work of Stockholm is very heterogeneous in many attributes, e.g considering the
functional class of road (motorways, main arterials, arterials, and urban roads) in
addition there are many: bridges, islands, bus lanes, traffic lights, crossings, etc.

IMobility Lab at KTH has been collecting various data for several years to
measure the state of the roads in the Stockholm region. Real-time collection of
traffic flow and speeds from the Motorway Control System (MCS) with 2,000 MCS
radars; HERE travel time estimation for the 300 segments along the motorways,
main arterials and urban roads in Stockholm city; actual weather information; and
hourly and daily weather forecasts. For several years till August 2016 Floating
Car Data (FCD) or GPS probes of 1,500 taxis operating in Stockholm region, were
collected. Average reporting frequency is once every two minutes and each vehicle
report its id, GPS coordinates, timestamp, and information whether it is occupied
or not. All valid observations, independent of taxi status are used here. Obser-
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8 CHAPTER 3. RESEARCH METHODOLOGY

vations representing average speeds lower than 3 km/h, including taxis waiting at
ranks, or higher than 140 km/h are filtered out. Previous studies have shown that
both map-matching and travel time estimation methods perform well based on this
source of probe vehicle data [20, 19].

In Papers I and II we used taxi FCD as the source for travel time estimations
used for calibrating and evaluating the prediction models. On the one hand, the
big advantage of FCD is large space coverage, including urban roads, and low
costs. On the other hand, data quality is lower and noisy; and probes have to
be map-matched and path inferred in order to get travel time estimations for road
segments or links. There is also no guarantee to have observations on all links of the
network at particular time intervals, and thus the missing data have to be handled.
To highlight the highly demanding computation, the implementation of the map-
matching and path inference for all FCD probes for 11,300 links in Paper II ran
for 2 weeks on 6 Intel Xeon E5-2660 2.6GHz CPUs cores. Travel time estimation
is significantly faster and consumes just a few hours. More than 140,000 PPCA
models were estimated and it consumed almost 14 days on one core and not more
than 30 GB of computer memory.

In Paper III, 2000 MCS radars are used to estimate link travel times on 420
links on the major roads around Stockholm (see Figure 2 in Paper III). The link
travel time estimation combines the MCS speed data with a first order traffic model
(CTM-v) using an ensemble Kalman filter, see [1] for a more detailed description.

Illustration of case studies across all three papers is visualized in Figure 3.1.

3.2 Integrated framework for large-scale short-term travel
time prediction

Figure 3.2 shows the general framework (RO1) developed as part of this thesis
and which was not introduced in any literature at this moment. Paper I proposes
the first version of this framework and system architecture for urban network travel
time prediction based on probe data. For FCD data it integrates all necessary steps
from processing the stream of data towards the real-time travel time prediction. The
methodology proposed in Paper II allows integrating the spatio-temporal clustering
into the original framework. Work done in Paper III also belongs to the clustering
part of the framework. It is important to note that as the travel time estimations
are provided, it does not matter from which type of sensors they are inferred, the
framework from this point can be used for any source of travel time data and most
data-driven prediction methods. In the next section, the selection of travel time
prediction methods which are used to carry out the computational experiments to
address the research objectives stated above are discussed.
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segments estimated by MCS, 

links estimated by FCD

Paper III case study area

0 2.5 5 10 km7.5

Paper I, case study area

Paper II, case study area

Figure 3.1: Visualisation of case study and links/segments of road network with
travel time estimations based on the MCS and FCD data.

3.3 Travel time prediction methods

As with large-scale urban networks, we are mostly limited by data source and size
of the network. The taxi FCD data are a great source of data from which link travel
times for very large networks can be inferred. But the taxi represents an only small
part of traffic data, and thus noise and missing data can be included. Despite these
cons, it allows us to study travel time prediction on very large networks. Thus, 15
minutes time intervals, are a good trade-off for lowering the missing data portion
by increasing the observations per link and time interval, which are used to deliver
travel time estimation [19].

At the time of starting this research, recent hybrid multivariate PPCA [16] was
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Figure 3.2: Architecture of the large-scale short-term travel time prediction frame-
work.

determined to be the best candidate as it fulfilled all requirements, as well as out-
performing network-wide prediction methods introduced in literature before. Thus,
to address the research objectives, the PPCA is used in computational experiments
for significantly larger case studies and its adaptations are introduced in Paper I
and II.

Later, the 3D speed map methodology [17] which allows large-scale travel time
prediction is introduced. Thus, we examine it with respect to the PPCA in Paper
III. Furthermore, its modification which improves short-term travel time prediction
is introduced in this paper.

Finally, it is important to note that all three papers address research objec-
tive RO2 as they contribute by utilizing the methodology of existing methods for
short-term travel time prediction on large-scale networks that allows to boost their
performances. The following chapter discusses the contributions of all papers and
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how they address all research objectives.

3.4 Spatio-temporal partitioning

The Paper I and [16] shown that multivariate models for short-term travel time
prediction can be improved when considering the adjacent links and time intervals.
It indicates that noise can be decreased by considering larger neighborhoods but
variations can be smoothed out. In one extreme of using the whole network as one
big neighborhood, it can significantly lower the variance, while another extreme
of smaller neighborhoods as individual links can lower the bias. High bias can
potentially lead to under-fitting the prediction model while over-fitting may be
caused by high variance. Anyway, there can be a bias-variance trade-off. Generation
of the appropriate neighborhoods in the sense of size, granularity, and its effects
on the short-term travel time prediction is discussed in Paper II. In addition, the
existence of bias-variance trade-off is investigated. Paper II is addressing research
objective RO3 and all its three sub-questions.





Chapter 4

Scientific Contributions

This chapter summarizes the main contributions across papers and addresses the
stated research questions. Table 4 summarises which paper is addressing which
research objectives.

Table 4.1: Relationship between papers and research objectives

Notation Research objectives
Papers

I II III

RO1 Integrated framework

RO2 Examine and improve prediction methods

RO3 Examine effects of spatio-temporal partitioning

4.1 Paper I

This paper introduces an integrated framework for real-time urban network travel
time prediction on sparse probe data and extends the hybrid PPCA methodology
to the neighboring links. There are three main contributions:

• The Framework integrates methodologies for processing a stream of FCD by
map-matching with path inference; which output is the source of observations
for a travel time estimation; finally, it includes travel time prediction. The
computational experiments show that the implementation of the proposed
framework provides predictions for all 1,900 links of the case study network
in less than a second. The stream of data can be processed online as FCD
data are received. Considering the FCD stream of data for 15 minute time
interval, it takes around 25 seconds on a single core to process them by map-
matching, path inference and provide travel time estimation. This travel

13



14 CHAPTER 4. SCIENTIFIC CONTRIBUTIONS

time estimation from the previous 15 minute time interval is then used for
short-term travel time prediction for the next 15 minutes. Calibration of
prediction model takes significantly more computational time, this process
can run relatively infrequently (for example once a month) and is therefore
not time critical. Experiments demonstrate the scalability of the system for
real-time prediction for large-scale networks.

To the best of our knowledge, this is the first presented integrated framework
which considers all necessary computation steps. The framework is versatile
in terms of the methods, data sources and the road network to which it is
applied. When the framework is set, it can run autonomously and re-calibrate
in the background at regular or irregular intervals, and thus it fully addresses
RO1.

• The hybrid PPCA methodology proposed in [16] for network-wide short-term
prediction is adopted and extended to neighboring links in order to capture
both network-wide and local spatio-temporal correlation patterns. This ex-
tension is slightly increasing the prediction accuracy, but it demands more
computational resources and time. It depends on the application, data and
case study if the increase in accuracy is a good trade-off against the higher
computational demands. This methodology and experiments follow RO2.

• Investigation of computational experiments reveals important remarks for all
PPCA methodologies introduced in the paper. For most times of the day,
the historical mean can be considered sufficient. However, PPCA has signif-
icant advantages with respect to the historical mean or local smoothing for
links and time intervals where the speed variability across days is large. This
is especially valuable since link speed variability tends to be larger during
peak hours when prediction accuracy is the most important. The results also
show that the prediction methods are robust against missing observations,
which is important for applications with sparse probe data. Furthermore,
the historical mean can be seen as a sufficient prediction method for normal
regular conditions for a lot of time intervals and links, and the computa-
tional resources can be focused on the time of days and links that need more
sophisticated methods to produce reliable travel time predictions.

To summarize the outcomes, the results reveal a big potential for PPCA in
peak hours with large speed variability and very good computational efficiency that
allows considering even significantly larger case studies in future research. More
sophisticated methods such as estimating parameters for clusters of links (Paper
II) and days (Paper III) may help to further utilize the full potential of PPCA or
other prediction methods in general.
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4.2 Paper II

This Paper presents the continuing research in short-term travel time prediction for
large-scale urban networks. Paper I reveals the potential for the improvements when
considering neighborhoods links. Inspired by these findings, Paper II investigates if
the size of neighborhoods in the prediction models can result in more appropriate
bias-variance trade-offs. More concretely, several different spatio-temporal parti-
tioning methods and a different number of clusters that are used to group links and
time intervals to different sets are considered here. Each set involves clusters that
cover the whole road network. These sets are then further investigated for pre-
diction accuracy and whether they can provide more robust large-scale travel time
prediction. To the best of our knowledge, there is no similar study in literature. To
investigate it we use an exceedingly large case study of 11,300 links and we pursue
huge computational experiments that were discussed in the methodology chapter.
The contributions are as follows:

• General methodology and framework combining spatio-temporal partitioning
and travel time prediction which contribute to the integrated framework and
adapts it for very large case studies (RO1), is introduced.

• Considering RQ3.1, with appropriate partitioning the calibration time can be
reduced by more than 60% and provide more robust travel time prediction.
With growing variability on the links, the benefits of partitioning can improve
prediction accuracy by more than 40%.

• Addressing the RQ3.2 the appropriate partitioning can decrease the predic-
tion time on one core from 6.5 seconds, when no partitioning is applied, to
0.3 seconds, which save 95% of the computational time. This can increase the
scalability for prediction methods and facilitate real-time travel time predic-
tion for very large-scale networks.

• Regarding RQ3.3, the results reveal the existence of a bias-variance trade-off.
Using larger neighborhoods can lower the variance but increase the bias. In
other words, the prediction can be improved by utilizing multivariate models
over neighborhoods of links and time intervals. The searching for the appro-
priate number and size of each neighborhood can be a highly computationally
demanding task.

4.3 Paper III

This Paper investigates the usability of the 3D speed map methodology recently
introduced in [17] for short-term travel time prediction. A motivation for using
this methodology is that it is clustering days to groups, which based on the Paper
I is one of the possibilities for partitioning data that can increase the prediction
accuracy. The contributions of this work are the following:
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• Following RO2, the 3D speed map methodology is adapted and investigated
for its application to short-term travel time prediction. This results in a mod-
ification of the original methodology that significantly decreases the compu-
tational time with greatly simplified calibration and comparable prediction
accuracy.

• Considering the prediction accuracy, the original but also modified method-
ology slightly outperform the PPCA method in almost all experiments.

• In 3D speed map methodology, days are clustered to the groups based on
their similarities. Results reveal that all days are evaluated with quite a high
similarity. The reason can be the size of the case study or measurements of
similarity. This also raised the question of whether the network should be
partitioned into smaller parts that should be handled separately, as is shown
in Paper II in order to achieve more appropriate bias-variance trade-offs. In
addition, instead of using historical mean as the predictor, the PPCA model
might be applied to the groups or clusters to get some additional patterns
within the group.

The 3D speed maps methodology has already been shown to be able to find day-
to-day regularities of traffic patterns and promising robust predictions for large road
networks performance. Here we further establish that 3D speed maps and mean
observations vector methodology, which is a modification of the 3D speed map
methodology for short-term travel time prediction, has large potential.



Chapter 5

Discussion and future directions

City-level network-wide prediction of the traffic state and traffic demand is impor-
tant for both traveler information applications (e.g online navigation) and traffic
management applications (e.g platforms for providing information to travelers or
scenario evaluation of incident management strategies). However, the city-level
prediction is very challenging and requires efficient processing of large amounts of
data. Within this thesis, we have proposed a methodology that allows to boost
performance of PPCA and 3D speed maps methods for large-scale short-term ur-
ban travel time prediction. The extensive computational experiments show that
spatio-temporal partitioning of the large-areas into smaller parts, which represent
more appropriate neighborhoods regarding bias-variance trade-off, can improve the
performance of prediction methods. Furthermore, we show that the methods can
be extended to large-scale traffic flow prediction, allowing them to be used in more
advanced traffic management applications such as real-time scenario evaluation.

5.1 Future research directions

The framework presented in Paper I is already adopted and extended for traffic
conditions clustering on the case study of 3,600 road segments in [13]. The revealed
outcomes of this licentiate thesis point to several possible future research directions.

The hybrid method of mean observation vector or 3D speed maps methodology
and PPCA can boost the accuracy of travel time prediction. We identified before
that one of the things that can be improved here is the fact that prediction is based
on median/mean values across days, links and time intervals. The application of
PPCA for each group of days can help to get additional patterns within the group.
A different direction to improve 3D speed maps is to apply spatio-temporal parti-
tioning of the road network and apply 3D speed maps to these parts independently.
In Paper III and case study of Stockholm motorways, the all days are evaluated to
be quite similar, which can be an effect of large neighborhoods. In other words, such
decomposition of the road network can help to find better bias-variance trade-offs.

17
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The prediction methods considered in this thesis can be used for both flow
and travel time prediction. Both these attributes are critical for real-time scenario
evaluation that have potential to be used in traffic management decisions. If some
event will occur, current data will be used to match the historical pattern and
produces short-term flow and travel time prediction that will fit the sub-network
associated to the event as the input for simulation based evaluation.

The research can also go in the direction of considering more modes representing
public transport. So far this research is aimed for highways or car drivers. With
the increasing availability of data in this area, the commuting patterns of public
transport users can be evaluated and fit to the overall picture of how the city moves
and how users react to the different disruptions in a much wider picture.
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