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Abstract 

The main focus of the master thesis lies on developing a methodology to analyse the accuracy 
of toll declarations within a satellite based toll system. This methodology employs two 
different approaches to determine reasons why Toll Service Providers (TSP) deliver toll 
declarations that show charge inaccuracies. Both approaches are carried out to analyse the 
results of the ARENA project’s field test which was held in April 2010 to test On Board Unit 
(OBU) solutions for toll collection. In particular, the charge reports of companies that 
participated in the field test are analysed.  
An overview of satellite based tolling systems with regards to the design of the associated 
pricing lists and toll declaration requirements has shown that many differences among the 
tolling systems in Europe exist. In addition a practical analysis of the available test data is 
performed. The first approach is to use the delivered raw data from the compliance check 
reports to create a new set of charge reports. This set of newly created charge reports is then 
compared to the TSPs’ delivered charge reports and the known true charge report. Significant 
correlations between the TSP’s charge reports and the newly created ones are identified which 
lead to the conclusion that the raw data has been facilitated by the TSP to calculate the fees 
within the charge reports. The results of the comparison when applying the first approach to 
the ARENA test data prove that the reason for the inaccuracies does not lie in the wrong 
calculation of the fees according to the ARENA pricing list but lies within the raw GPS data 
itself. The second facilitated approach is to visualise the GPS data in ArcGIS in order to 
analyse the reported trajectories. Therefore the true route, the reported trajectory and data 
from a reference OBU is used as an input. The results of applying the second approach to the 
ARENA test results show that inaccuracies were caused by failing to collect GPS data during 
power outages. Furthermore it is determined that there were data management problems on 
the TSP side regarding the time stamps of the reported test data. 
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1 Introduction 

This chapter includes a short background about the ARENA project, the company where this 
thesis is written and presents the reader the scope and framework of this thesis. Furthermore it 
includes the motivation and problem description as well as the aim and purpose of this thesis. 
An outline of the thesis concludes this chapter. 

1.1 Background 

The Swedish research and development project ARENA aims to develop a concept for a road 
user charging system for heavy goods vehicles in Sweden. The motivation for starting the 
project in the year 2006 was that Swedish national authorities began considering to introduce 
a distance based toll for Heavy Goods Vehicles (HGV) in Sweden. The project is financed by 
the Swedish Transport Administration (STA), European Regional Development funds and 
VINNOVA with NetPort.Karlshamn as the project coordinator (Forss et al. 2010). Other 
participants are the university Blekinge Institute of Technology, the consultancy SWECO 
Infrastructure and the company Info24. The goal of the ARENA project is the development of 
a distance, time and location based toll concept that is in compliance with the European policy 
and directives. In order to develop and create such a system the needs and requirements of the 
different stakeholders (authorities, users and industry) are under investigation. In the first 
already completed part of the project there has been exchange of information between 
government authorities and the other stakeholders in Sweden and abroad. Furthermore a 
functional concept has been developed about how a road user charging system could be 
designed in Sweden. 
Currently, ARENA is in the second phase of the project where one of the main topics is a 
field test in the south of Sweden that has been conducted during the time this thesis was 
written. The aim of the field test was to test the developed concept by inviting companies 
from other countries to participate. 

1.2 NetPort.Karlshamn 

The thesis was conducted at the Swedish Triple Helix organization Netport.Karlshamn. For 
the thesis work there was also cooperation with the companies SWECO Infrastructure, Info24 
and the university Blekinge Institute of Technology (BTH), all of them are involved in the 
ARENA project. NetPort.Karlshamn is a regional development partnership in the area of 
Karlshamn located on the south coast of Sweden. The main objective of NetPort.Karlshamn is 
to contribute to long-term local and regional growth through restructuring of commercial and 
industry life and creating opportunities for knowledge exchange and diffusion. This is 
achieved through collaboration between Blekinge Institute of Technology, the municipality of 
Karlshamn as well as regional, national and international entrepreneurs. NetPort.Karlshamn 
has three focus areas: 
 

• New Media 
• Creative Industry 
• Intelligent Logistics / Intelligent Transport Systems 

 
Within the last focus area Netport.Karlshamn is the project coordinator of the Swedish R&D 
project ARENA. The ARENA field test was performed at the test site hosted by NetPort. 
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1.3 Motivation and Problem Description 

The ARENA project includes a field test in the south of Sweden in order to test and 
demonstrate Global Navigation Satellite Systems (GNSS) based OBU solutions of six 
different participating companies. These companies act as TSP within the ARENA project, 
meaning that they have to use their OBUs and algorithms to calculate toll charges that have to 
be reported to the Toll Charger (TC). In the ARENA role model the TC is the ARENA project 
itself. Within the ARENA field test in April, all OBUs were installed in the same single truck 
which then drove on a test track numerous times while every test run was performed under the 
same conditions. The test track includes five different challenges that were included to make 
the test more demanding and challenging for the TSP. However the specifications and layout 
of the test track are not known to the TSP during the tests. The main results of these tests are 
toll declarations (charge reports) that list the amount of kilometres driven on each type of road 
in order to provide a final price that eventually has to be paid by the user. The pricing list and 
the requirements for the content and format of the declarations are defined and provided to the 
TSP by the ARENA project – however it is completely up to the TSP how they calculate and 
come up with the final price that has to be paid using their own OBU and algorithms for 
processing of the data. ARENA itself only performed a rough analysis of the accuracy of 
these reported toll declarations. Basically, the accuracy of each reported fee within the charge 
reports was calculated for every test run. The result is a value in percentages that represents 
the deviation to the actual true toll that has been defined by ARENA for the amount of driven 
kilometres on the test track. Due to the fact that only this rough analysis was performed by 
ARENA it is therefore desirable to develop a methodology for analysing the data that has 
been reported by the TSPs in more detail. 

1.4 Aim and Purpose 

This thesis aims to develop a methodology for reviewing and analysing toll declarations of a 
GNSS based tolling system. As a starting point an overview of the fundamentals of tolling is 
provided and a survey about existing and planned GNSS based tolling systems in various 
countries in Europe is conducted. The results of this survey aim to present how the current 
pricing lists and toll declarations amongst the different researched countries are expressed. In 
order to apply the developed methodology the aim is to perform a practical analysis that 
focuses on the comparison and analysis of data that has been delivered by TSPs to the TC. In 
particular, this analysis aims to determine reasons for deviations of the charging accuracy for 
charge reports. The results are based on the developed methodology that is in this case used to 
analyse test data from the ARENA project. 

1.5 Thesis Outline 

Chapter 2 - Fundamentals of Tolling 

This chapter gives an introduction to the fundamentals of tolling. It includes a categorisation 
of the different types of charging systems and explains the background of interoperability in 
terms of the European Electronic Toll Service (EETS). Furthermore an overview of how the 
general concept of GNSS based tolling works including a description of thin and thick client 
approaches is given. 
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Chapter 3 - Methodology 

This chapter describes the developed methodology. 

Chapter 4 - Systems in Europe 

This chapter includes an overview of toll systems that have been implemented in Europe. The 
existing toll systems in Germany, Slovakia and Switzerland are presented including an 
evaluation of their pricing list and toll declaration schemes. In addition, the tolling trials in the 
Czech Republic and United Kingdom are introduced.  

Chapter 5 - Practical Analysis 

This chapter describes the basic role model, pricing list and toll declarations within the 
ARENA project. Furthermore this chapter presents the ARENA test track and provides an 
overview of the available input data that is used at the subsequent analyses. In addition this 
chapter discusses the results of the applied methodology to study the inaccuracies of the 
delivered charge reports. 

Chapter 6 - Conclusion 

This chapter summarises the performed work within this thesis. 
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2 Fundamentals of Tolling 

This chapter aims to provide the basic preliminary knowledge that the following chapters is 
based on. Therefore the background of tolling and the most important definitions and 
terminologies that are used in the thesis are explained. This includes a categorisation of 
different types of charging schemes that are subsequently referred to in the following 
chapters. In order to have an overview of the various possibilities of tolling the subsequent 
chapters present the different types of charging schemes and a brief overview of the measures 
taken to improve European interoperability in order to give a full picture of the tolling 
domain. The chapter is concluded by giving an overview of GNSS and Cellular 
Communication Networks (CN) based tolling and presents the concept of thin and thick client 
approaches. 

2.1 Terminology 

A lot of different terminologies are used in currently available literature as well as by the 
stakeholders involved in the tolling business for the topic of charging a fee for the use of a 
specific road segment. Already in Roman times certain passage ways would require a fee to 
be paid in order to be able to pass them. Back in those days the terminology was certainly 
limited to the words fee, road charge or maybe even toll as there was no sophisticated 
charging scheme or technology applied behind the scenes. However through the introduction 
of modern, most often electronic, schemes new terminologies arose. Only to name a few these 
are: toll roads, road pricing, tolling, e-tolling, Electronic Toll Collection (ETC), Electronic 
Fee Collection (EFC), Kilometre Tax, Road user charging (RUC), multi lane – free flow 
(MLFF) systems, congestion charging, congestion pricing etc.  
For instance, Pickford and Blythe (2006) state that the difference between RUC and tolling is 
that the fee within RUC is ‘calculated to meet some demand management objective, rather 
than just recovering a fee for using the infrastructure’. This means that the motivation and 
reasons for collecting fees have changed from a tool to collect money used only to financing 
road infrastructure to a means of achieving other policy goals. These are for instance 
internalisation of external costs (e.g. congestion, environmental pollution, noise etc.) or traffic 
management to influence the choice of routes and even travel modes. Another factor that adds 
to this jungle of different terminologies is that toll collection has so far mostly been developed 
by countries completely on their own – until recently there has hardly been any cooperation 
between the European countries which also results in the current lack of interoperability of the 
various schemes. Therefore throughout this thesis the terminology is simplified by usually 
only referring to road tolls while the associated applied scheme is always defined separately 
or made clear through the context. 

2.2 Types of Charging 

In the field of road tolls there are several types of charging schemes that can be applied. In 
order to understand the different concepts a categorisation is performed that is partly based on 
the work done by Cottingham et al. (2007: 501-505). This is done without focusing on the 
detailed technologies that can be facilitated in order to realise a charging system. These 
systems consist of a combination of all the factors that have an influence on the charging 
scheme.  
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When looking at the top of Figure 1 it can be seen that there are three main parameters that 
make it possible to perform a rough categorisation of the various charging schemes, namely 
time, distance and location. Furthermore there are additional factors that can be considered 
and included as modifiers of the final price that eventually has to be paid by the user in the toll 
schemes. To name a few these modifiers could for instance be the amount of congestion (e.g. 
high, medium, low), the vehicle type (e.g. HGV), passenger car, number of axles, weight 
etc.), environmental factors (e.g. emission class) or vehicle occupancy (how many persons are 
inside the vehicle).  
 

 
Figure 1: Types of charging 

 
The first three obvious possible schemes are time based, distance based and point based toll. 
Point based toll refers to toll systems that collect the toll for a specific road or for instance for 
a bridge or tunnel at a specific location – the toll can either be collected manually at toll 
plazas or with the help of electronic systems. Time based toll refers to systems where vehicles 
are charged when travelling during specific period of times, whereas distance based toll 
systems collect a fee per kilometre driven. The combination of the latter with the factor 
location is distance and location based toll, where the location refers to the type of road that is 
used. Another type of charging are fees for parking that depend on the location and most often 
also on specific times. The next category that can be identified are zone and cordon based toll 
schemes (often also referred to as congestion pricing/charging) that charge a fee for a specific 
area (bundle of locations) and can also depend on specific times. In cordon based toll systems 
the vehicles within the cordon are not charged – they are only charged when crossing the 
boundaries of the cordon. Examples for cordon toll systems can for instance be found in 
Singapore and Stockholm. A quite similar approach is zone based toll. The main difference to 
cordon based tolling is that in zone based toll systems, like for instance in London, a daily fee 
is charged for every vehicle that drives in the specific zone, no matter how many times the 
vehicle enters or exits the zone. Both the zone and cordon toll systems could in addition also 
include the parameter distance, meaning that the toll is levied within a zone/cordon depending 
on how many kilometres are driven. 
Next to the zone/cordon based systems the more general combination of all three parameters 
is distance, time and location based toll. When all three parameters are of importance the 
scheme has certainly the most difficult requirements to fulfil as it needs to identify at which 
time the vehicle is travelling for how many kilometres on which location.  

2.3 European Interoperability and EETS 

When considering the current market of toll systems in Europe there are many different 
technical solutions available that are most often developed by each country’s infrastructure 



Fundamentals of Tolling 
 

19 

operators for bridges, tunnels and motorways. As there is next to a few already existing, 
mostly DSRC based, interoperability schemes currently hardly any interoperability between 
the single systems available the European Commission issued the directive 2004/52/EC on the 
interoperability of electronic road toll systems in the Community (EC 2004). The main aim of 
this directive is to establish a service that is based on the principle of one contract - one 
device – one invoice, meaning that it should be possible for vehicles to travel all over Europe 
only having one service contract and only one OBU installed in the vehicle. This service is 
known as the European Electronic Toll Service (EETS). The directive also specifies that all 
new toll systems put into operation after January 1st 2007 may only make use of one or more 
of these technologies (EC 2004): 
 

• Satellite positioning technology 
• Mobile communications technology using the Global System for Mobile (GSM) 

Communications) / General Packet Radio Service (GPRS) standard 
• 5.8 GHz microwave technology 

 
Satellite positioning technology refers to GNSS like GPS that work as standalone OBU 
systems in combination with GSM/GPRS as a communication channel whereas microwave 
technology is most often known as Dedicated Short Range Communication (DSRC) and relies 
on communication between the OBU and road side equipment that has to be installed at the 
road infrastructure. There are several European research projects that aim to contribute to the 
goal of full interoperability and the establishment of EETS in Europe. One of them is a project 
series called CESARE (ASECAP 2010). These projects are promoted by the European 
Association of tolled motorways, bridges and tunnels (ASECAP), the ASECAP associated 
organisations and the road administration of several European countries known as the 
Stockholm Group (according to Tierolf, 2010, currently a group of total of 10 countries 
cooperating for interoperability). CESARE was supported by the European Commission and 
had the objective of specifying, designing, promoting and implementing EETS on the 
European road network as demanded by the directive 2004/52/EC (Foss 2009). 
One of the major results of the CESARE project is a role model for the EETS based on four 
different main roles depicted in Figure 2.  
 

 
Figure 2: CESARE role model based on CESARE (2006) 

 
The following associated explanations are basically taken from the definitions according to 
CESARE (2006) and are of great importance to understand the underlying concept of the 
ARENA project and performed work in the subsequent chapters.  
 

• TC Role 
Toll Charging means providing a transport service (often road usage) to a service user 
and charge the latter a fee for this (the toll). The responsibility for levying toll in a toll 
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domain is part of the role and results in claiming payment from a third party within the 
EETS Provision Role. 

• EETS Provision Role 
EETS Provision means providing equipment (OBU), contracts and payment means to 
those who want to use the EETS. EETS Provision includes claiming money from users 
and guaranteed payment for genuine claims received from the Toll Charging Role and 
is often also related to as TSP. 

• Service Usage Role 
Service Usage means taking advantage of the EETS for payment of tolls in the toll 
domains of the Toll Charging Role. 

• Interoperability Management Role 
Interoperability Management gathers the functionality that deals with overall 
management of interoperable EFC. This includes rules for interoperability, 
certification, common specifications, etc. Therefore this role represents the regulatory 
role of the EETS interoperability scheme. 

 
Another important document that further defines the EETS is a decision (2009/750/EC) on the 
definition of the European Electronic Toll Service and its technical elements by the European 
Commission from 6th October 2009. The focus of this decision is the definition of the 
essential technical specifications and requirements and more precise rights and duties of all 
the participants in the EETS role model. In general the EETS is an additional service to the 
already existing national tolling systems. There is going to be a registration and certification 
process for the EETS provider in order to sign contracts with each individual TC. The 
decision also includes obligations for the TCs to report information on the requirements for 
EETS providers in their toll domain (EC 2010). 
Tierolf (2010), chairman of the Stockholm Group, however states that still a number of 
specifications have to be developed although this legislation is now in place. These 
specifications are needed for issues like enforcement and the levels of field testing. 
Furthermore the business case for the TSPs that provide EETS needs further evaluation. 
Another important issue in the context of interoperability is the subject of standardisation. The 
standardisation for the communication interface between the TSP and the TC is currently in 
progress, namely within the International Organization for Standardization (ISO) standard 
17575 Electronic fee collection - Application interface definition for autonomous systems 
which is currently in draft status. Figure 3 shows the basic system design and what ISO 17575 
is going to contribute: 
 

 
Figure 3: Standardisation view for GNSS based charging systems from Schrödl (2010) 

 
The main goal is to be able to communicate between the front-end system and the back-end 
system independently of the used technologies. The front-end system (TSP) is responsible for 
collection of charging data represented by an OBU and a proxy (back office), that is centrally 
located and hosts services like the communication link and the processing of the reported 
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data. The back-end system (TC) is responsible for verification and accounting of the charging 
data independently of the used technologies. A standardised interface (ISO17575) allows this 
operation of the TC and any type of front end system from any TSP, independently of the 
used technology as all the formats for all types of transactions are standardised (Schrödl 
2010). 

2.4 Functional Overview of GNSS/CN based Tolling 

The concept of GNSS/CN tolling is based on the use of GNSS and CN. Based on 
Tuchscheerer (2008) the functional modules of a GNSS/CN based road charging system are 
depicted in Figure 4. 
 

 
Figure 4: Functional overview of CN/GNSS tolling systems based on Tuchscheerer (2008) 

 
The basic idea is to collect positioning data via a GNSS like for instance GPS with the help of 
a GNSS receiver (and often also other additional sensors, like gyrometers and odometers) on 
an OBU. This is done periodically in order to obtain the raw positioning of the vehicle. The 
next functional step is to perform post processing on this raw data. This typically includes 
filtering of the data in order to get rid of positions that are invalid and could furthermore 
include some sort of plausibility checks. The obtained location info then has to enter the 
tolling detection step. An algorithm has to determine whether the vehicle is driving on a road 
that is subject to road charging or not. This can for instance be done with the help of a geo 
database that provides geographical information on which roads a toll charge has to be paid 
and can be used for cross checking with the location information. In case a positive check has 
been performed (meaning that the vehicle drove on a toll road) the result is typically given a 
reference ID and forwarded to the charge calculation step to calculate the actual toll subject to 
the applied pricing list. 
All processes within the detection of the toll road step until the final calculation with the use 
of the pricing list heavily depend on the used toll model. This includes the basic factors that 
define the final price and how they are expressed in the system. 

2.4.1 Thick Client Approach 

Tuchscheerer (2008) states that within the regime of electronic toll collection a thick client is 
associated with a technical setup that performs all calculation and processing including the 
determination of the toll that has to be paid within the OBU within the vehicle itself. When 
looking at Figure 5 it can be seen that the process works exactly as described above in the 
functional overview – the raw positioning data is fed into the post processing, toll detection 
and charge calculation step. In the thick client setup all of these steps are performed on the 
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OBU and the resulting toll charge is then transmitted to the tolling back office via a cellular 
communication network, e.g. via GSM/GPRS. In order to perform all of these steps on the 
OBU it needs to supply a lot of functionalities and processing capabilities which also require a 
lot of information stored on the OBU. The thick client OBU will have to include geographic 
information and pricing list (regardless of whether this is implemented as a database, digital 
map or similar) in order to calculate a final price. Although these required functionalities 
heavily depend on the applied pricing and toll scheme there will always be a need to update 
the data that is stored on the OBU. This is due to the fact that the road network and pricing 
lists are constantly subject to change, for instance due to new road segments, construction 
work, changes of geometry, prices and many more. These updates require another channel 
from the tolling back office to the OBU via e.g. GSM/GPRS that has to be able to deal with a 
significant amount of data volumes (up to gigabytes). 
 

 
Figure 5: Setup of thick client based on Tuchscheerer (2008) 

2.4.2 Thin Client Approach 

In contrast to the thick client the OBU in the thin client setup does not supply a lot of 
functionalities. Basically the OBU’s task is only to collect positioning information. This 
positioning information is then sent to the tolling back office via a cellular communication 
network like GSM/GPRS as illustrated in Figure 6. 
 

 
Figure 6: Setup of thin client based on Tuchscheerer (2008) 
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The data can either be transmitted instantly after collecting it or in bundles of data in 
continuous time intervals. Either way the amount of data that has to be transmitted to the 
tolling back office is high, because all the algorithms and calculations are situated within the 
tolling back office and no calculation is performed on the OBU itself. This however also 
means that significantly less updates of the OBU have to be performed as the complete 
updating process can be done in the tolling back office rather than updating all the OBUs in 
the vehicles. 
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3 Methodology  

This chapter describes the developed methodology for the analysis of data delivered by TSPs 
to the TC in GNSS based toll systems. In this particular case the analysis of the results and 
processes are based on the ARENA field test track. Figure 7 gives an overview of the used 
methodology for this task. 
 

 
Figure 7: Overview of methodology for practical analysis 

 
The first part of the practical analysis was to acquire and gather all the required input data that 
is available at the TC – in this case ARENA after the completion of the test track. Therefore it 
had to be determined what kind of data was already available within the ARENA project in 
the dataset that was reported by the TSP during the test week. The dataset consists of the 
charge reports and also of compliance check reports that were supposed to contain raw 
positioning information according to ARENA specifications. There had been no assessment 
of what was actually reported by the TSPs in the compliance check process by the ARENA 
project, therefore this was also analysed within this thesis in order to understand how the 
TSPs dealt with the requirements to send in the raw data that was the calculation basis for 
specific charge reports. This task gave in depth insight into what was actually reported within 
the compliance check reports in order to better understand how it could be used in the 
subsequent analysis. 
To assist in processing the input data into a common format in a partly automated way a 
custom made application to convert the input files into an appropriate format, e.g. from XML 
to Comma-Separated Values (CSV) or Text (TXT) files, had to be developed. This was 
needed as the amount of data was too large for manual processing and also the formats 
differed from each TSP. This step furthermore involved data preparation work including 
filtering, sorting etc. 
The next task involved analysing which specific charge reports of each TSP were going to be 
analysed in the proceeding steps. The main input for this task were the charging accuracy 
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results from ARENA for each TSP. The identification of the relevant specific challenges for 
the analysis further depended on: 
 

• Incompleteness of charge reports from each TSP: 
only charge reports for challenges where a charging accuracy had been calculated by 
ARENA were considered for further analysis 

• Completeness of compliance check data from each TSP: 
an analysis of completeness of the raw GPS data had to be done – only challenges 
where sufficient raw GPS data for the time period of the challenge was available were 
going to be considered. This is closely related to the assessment of the compliance 
check process (also see Figure 7 – step 2) 

• Significance in terms of charging accuracy: 
dependent on the overall charging accuracy of each TSP, only challenges where an 
actual significant deviation could be identified were going to be analysed – this was 
determined individually for each TSP depending on their results 

 
Figure 8 shows the relations between the different charge reports. The TSP calculated their 
TSP Charge Reports with the gathered data on their OBU during the test track using their own 
processing techniques. The True Charge Report is basically the actual fee that had to be paid 
on the test track. This has been determined by ARENA manually by adding up all the road 
segments that have been used as the route of the test track. This has been double checked by a 
proprietary software application. This application uses the same digital map and pricing list 
information that was provided to the TSP and was used to process GPS logs that have been 
recorded by a reference OBU in the truck. As the software application has proven to work 
with the GPS data of the reference OBU to calculate the true fee it could be assumed that with 
sufficient GPS input data it would deliver similar results when using the TSP’s GPS raw data 
as an input as a next step within the analysis. Another set of charge reports for specific 
challenges that have been identified in the prior step has been created. This generated NEW 
third set of charge reports was based on the raw GPS data of the TSP (available through 
compliance check reports from the TSP). 
 

 
Figure 8: Relations of different charge reports 

 
The newly generated charge report is then compared with the charge report that was reported 
by the TSP. By evaluating the difference between the results (route including the total length 
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of each road type) of the new charge report and the TSP’s charge report it was possible to 
draw conclusions attributed to the raw GPS data. 
In order to use the data provided by the TSP it had to be modified and put into the correct 
format that the ARENA software application demands, meaning that the data had to be stored 
in TXT files, ordered according to the timestamp and transferred to Degrees, Minutes and 
Seconds (DMS) format coordinates. This required another automated process using JAVA. 
Depending on the GPS input data that was used, there was a need to modify the available data 
due to the fact that the ARENA application only works properly when given GPS tracklogs 
that have been recorded with an interval of max. 1-2 seconds. This was done by enhancing the 
TSP’s logfile with additional new GPS points through applying interpolation techniques until 
the map matching program was able to provide a route along the trajectory of the GPS points. 
For this route a third new charge report can be generated that could then be compared to the 
other sets of charge reports. 
In addition to the analysis of the generated third set of charge reports another approach was 
used to determine reasons why specific identified TSP charge report results deviated from the 
true result. This approach was based on a manual analysis of the raw GPS data of a specific 
challenge. The procedure is to visualise the true route of the test track in an appropriate GIS 
based software tool. Then the trajectory that was recorded by the TSP for the challenge – 
according to the compliance check report raw GPS data – and logs from the ARENA 
reference unit were visualised on the same screen. This combination of visualisation of the 
actual route and the GPS trajectories offers the possibility to analyse the trajectories according 
to defined parameters. The aim of this manual analysis was to draw conclusions through these 
parameters that could then be interpreted as possible causes for the deviations in the charging 
accuracy: 
 

• Position of GPS points: 
checking if timestamps and position of GPS points are consistent with the true route  

• Missing GPS points 
finding patterns where GPS points are missing, especially for specific challenges 
where power outage was an issue 
 

The final step within the analysis was to draw conclusions and to discuss the possible reasons 
as to why the identified challenges might have deviated from the true fee. 
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4 Systems in Europe 

A literature review is performed to give an overview of all GNSS based tolling systems in 
Europe where such solutions are already implemented or planned. The sources of information 
for this overview are internet research, papers of e.g. Intelligent Transport Systems (ITS) 
congresses and commercially available information provided by the stakeholders and 
companies in the field of GNSS based tolling. In addition to the general introduction to GNSS 
based systems an overview of pricing lists and declaration requirements that have a major 
impact on the design of a tolling scheme are given. 
The term pricing list refers to the fact that the TC will deliver a set of required information to 
the TSP – often also referred to as toll context data. The commission decision 2009/750/EC 
mentioned in Chapter 2.3 includes a definition for toll context data where it ‘means the 
information defined by the responsible toll charger necessary to establish the toll due for 
circulating a vehicle on a particular toll domain and conclude the toll transaction’ (EC 2009). 
This pricing list has to include detailed information on how much money has to be paid for 
every road that is to be charged. For instance, the pricing list (e.g. excel list, database, ...) can 
include:  
 

• Road class that is being charged (e.g. urban, rural, ...)  
• Time intervals at which toll is charged (congestion, no congestion, specific times, 
workdays/holidays, ...)  
• Vehicle class that is being charged (trucks, cars, environmental class)  
• Price for different weights of vehicles  
• Etc. 

 
Next to the pricing list, the TC will also provide some sort of description of what the final toll 
declaration has to contain. Again the commission decision 2009/750/EC defined the toll 
declaration as ‘a statement to a toll charger that confirms the circulation of a vehicle in a toll 
domain in a format agreed between the toll service provider and the toll charger’ (EC 2009). 
In other words: the TC will tell the TSP exactly what information in which format he wants to 
receive from him. This declaration could for instance be an Extensible Markup Language 
(XML) file that includes the amount of kilometres certain vehicles have been driving on and 
the associated price that has to be paid. 
In order to collect the information both parties (TC & TSP) have been contacted in different 
countries. The reason for conducting this overview is that these two factors have a major 
impact on how the TSP are going to design their OBU and processing for calculation of the 
final price. In addition to analysing the current state of the art of GNSS based tolling systems 
the results are helpful to better understand what requirements need to be met during the 
process of combining a registered travel path with the pricing list into a toll declaration. 

4.1 Already Implemented Toll Systems and their Pricing Lists 

In order to give an introduction to the concept of GNSS based toll systems the subsequent 
chapters describe the already implemented systems from three different European countries, 
namely Germany, Slovakia and Switzerland. Switzerland is not a GNSS based toll system - 
however the scheme was included to present another type of pricing list next to the German 
and Slovakian one. 
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4.1.1 Germany 

Toll Collect, a German consortium of companies, developed and introduced the world’s first 
operational toll system called LKW-MAUT that is based on GNSS in 2005 (Grush B. 2008). 
Toll Collect was commissioned by the German government to develop and operate the toll 
system and is a subcontractor for the Federal Office of Goods Transport (BAG) (Toll Collect 
2010a). The LKW-MAUT applies to all domestic and foreign HGV that exceed the weight of 
12 tons on all federal motorways in Germany (it should be mentioned that a few sections are 
exempted, also 3 non-motorways are charged). The length of all motorways in Germany is 
about 12,000km which are split up into 5,400 route segments that are charged when driving 
upon by Toll Collect. According to the types of charging that have been defined in Chapter 
2.2 the German toll system can be put into the category of distance and location (only 
motorways) based toll depending on the modifiers of environmental factors (emission 
category) and vehicle type (number of axles) (RTT 2010). As can be seen in Figure 9 the 
system is divided into two parts: an automatic tolling and a manual booking system.  
 

 
Figure 9: Overview of LKW-Maut in Germany based on Schulz (2006) 

 
The core element of the automatic tolling system is the installation of an OBU in the truck. 
This OBU is provided by Toll Collect free of charge, the user has to pay for the proper 
installation in a commissioned workshop. The purpose of the OBU is to obtain the 
geographical coordinates that the truck has been driving on via GPS and other positioning 
sensors (dead reckoning with directional gyroscope and speedometer signals). These 
coordinates are then matched to one of the motorway segments within the OBU’s internal 
map to determine the kilometres driven by the truck. In addition to the GPS based system also 
about 300 Infrared (IR) gantries are used at bottleneck locations where GPS positioning is not 
accurate enough in order to obtain correct positioning data of the truck. This can be the case 
in urban canyons where a lot of multipath propagation occurs (Grush B. 2008) or for instance 
at locations where other federal roads run very closely and parallel to the motorway and 
therefore hinder correct map matching in the OBU. Based on the vehicle properties (emission 
category, number of axles) and the amount of driven kilometres the OBU calculates the toll 
that has to be paid and transmits this information to the Toll Collect data processing centre via 
GSM. This means that the German system is based on a thick client approach (compare with 
Chapter 2.4.1). The transmission occurs when a predetermined toll amount is reached or at 
predefined time intervals. Next to the automatic tolling it is also possible to pay the toll 
without the OBU via internet as a registered company or at tolling terminals also without 
registration (Wieland 2005). In both cases the route needs to be known and paid in advance 
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(up to three days), therefore the drivers need to adhere exactly to their specified routes when 
actually driving. 
In order to ensure compliance with the toll system the German enforcement strategy consists 
of automated enforcement, stationary checks, mobile checks and checks on the premises of 
German haulage companies (Schulz 2006). The automated enforcement consists of 300 
permanently installed gantries equipped with IR communication equipment and number plate 
recognition cameras in order to check whether the trucks have a correctly functioning OBU 
installed or to check the number plate against the database at the Toll Collect data processing 
centre in order to identify if the toll has been prepaid via the internet or at a terminal. An 
auxiliary assistance to the automated enforcement is the execution of checks at stationary 
check points. This means that information about suspected toll violators that have been 
identified by the automated enforcement check can be sent to stationary enforcement officers 
located at a parking lot nearby the offender in order to track the truck down for further 
inspection. Next to the automated checks the second main enforcement instrument is mobile 
control. Around 300 inspection vans are patrolling the motorways in order to check the 
vehicles and drivers if they have paid the road charge. In order to determine if the trucks have 
an OBU installed the officers are equipped with portable IR equipment in order to check the 
HGV while driving next to it. If the truck has an OBU installed the officers check if the toll 
has been paid correctly (e.g. checking the declaration of number of axles). If it does not have 
an OBU installed the licence plate is checked against Toll Collect’s central database in order 
to check if manual payment has been recorded. In case the truck is suspected to be a toll 
offender it can be stopped for further investigation and consequently the driver has to pay the 
toll plus additional costs and fines. The last part of the enforcement strategy is the ability of 
the BAG to conduct random checks of transport documents, fuel receipts and tachograph 
discs through on site inspection at suspected transport companies in order to determine if they 
correctly paid the toll in the past (Toll Collect 2009). 
In terms of the pricing list there are two main areas that have been identified in Germany. 
Both have been introduced by the involved state and associated ministries: 
 

• Legislation 
• Toll Table (Mauttabelle) 

 
When analysing what the actual input for the design of the toll system in Germany was for 
Toll Collect it is imperative to understand the legislation that was put in place, because it 
already provides the main pillars and foundation of the system. 
The German government introduced a law for tolls on highways in 2002, the so called 
Autobahnmautgesetz (ABMG) (JURIS 2010a). This law clearly defines which type of 
vehicles have to pay a toll on all German motorways, namely according to §1(1) all vehicles 
(with some explicitly listed exceptions like e.g. buses, police etc.) that are solely used for 
commercial transport of goods and have a minimum weight of 12 tons. Furthermore §1(3) 
defines some specific exceptions for motorway stretches that are not tolled, whereas §1(4) 
states that the Federal Ministry of Transport, Building and Urban Development (BMVBS) is 
in some cases eligible to issue regulations that expand the toll also to the secondary road 
network (Bundesstraßen). The ABMG furthermore defines what kind of information the TSP 
is allowed to collect and process and how enforcement is to be handled, however this is not of 
concern of this review.  
When analysing the actual prices in the German scheme §3(1) states that the toll is determined 
by the travelled distance, amount of axles and emission class. The German government is 
eligible to set these prices for the different possible combinations, which was done through 
the Mauthöheverordnung (MautHV) – a regulation issued in 2003 that defines the prices 
according to four different vehicle categories. Table 1 depicts the prices including detailed 
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information for each category. In order to have an easier overview of the emission classes the 
equivalent EURO standard emission classes have been included next to the German emission 
classes. 
 

Table 1: German toll price categories according to axles and emission class 

 German Emission 
Classes 

equivalent 
to 

Axles current price 
[per km]  

from 01/2011 
[per km]  

≤ 3 0.141 € 0.140 € 
Category A 

• S5 
• EEV class 1 

EURO 5 
≥ 4 0.155 € 0.154 € 

≤ 3 0.169 € 0.168 € 
Category B 

• S4 - no PMK 
• S3 – PMK ≥ 2 

EURO 4 
≥ 4 0.183 € 0.182 € 

≤ 3 0.190 € 0.210 € 
Category C 

• S3 – no PMK 
• S2 – PMK ≥ 1 

EURO 3 
≥ 4 0.204 € 0.224 € 

≤ 3 0.274 € 0.273 € 
Category D 

• S1 
• S2 – no PMK 
• no emission class 

EURO 0-2 
≥ 4 0.288 € 0.287 € 

S - Schadstoffklasse (emission standards) 
PMK - Partikelminderungsklasse (particle reduction classes) 
EEV - Enhanced Environmental Friendly Vehicle 
EURO – European Union Emission Standards 

Source: JURIS (2010b) & WKO (2009) 
 
In order to meet the requirements of the legislation in Germany the BMVBS commissioned 
the Federal Highway Research Institute (BASt) to create and maintain a toll table. Table 2 
shows an excerpt of the toll table (a part of the motorway A24) in order to understand the 
basic structure of it. 
 

Table 2: German toll segments table 

BAB K_NR1 VON (FROM) K_NR2 NACH (TO) KM  STATUS 
24 1 AS Hamburg-Horn 2 AS Hamburg-Jenfeld 3.5 11 

24 2 AS Hamburg-Jenfeld 3 AK Hamburg-Ost,Kreuz 2.7 11 

24 3 AK Hamburg-Ost,Kreuz 4 AS Reinbek 4.6 11 

24 4 AS Reinbek 5 AS Witzhave 6.6 11 

24 5 AS Witzhave 6 AS Schwarzenbek/Grande 5.7 11 

24 6 AS Schwarzenbek/Grande 7 AS Talkau 10.2 11 

24 7 AS Talkau 8 AS Hornbek 5.9 11 
BAB – Bundesautobahn (Federal motorway) 
K_NR1 – Knotenpunktnummer #1 (Number of junction of FROM junction 
K_NR2 – Knotenpunktnummer #2 (Number of junction of TO-junction 
KM – length of road segments in kilometre 
STATUS - code to indicate status of road segment - 11 e.g. means both junctions are accessible 

Source: BASt (2010) 
 
This toll table includes a detailed list of all stretches of German motorways that are subject to 
the toll and is published online (BASt 2010). As can be seen in Table 2 the length of each 
segment in kilometre is taken by the distance between consecutive junctions of the motorways 
(which all have a number K_NR1 or K_NR2 respectively) with the secondary road network. 
There are about four updates each year from BASt on the toll table, meaning that also Toll 
Collect needs to update both the automatic (OBU) and the manual procedure for paying the 
toll four times a year. 
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According to Ohst (2010) this toll table is the only input that the company Toll Collect 
receives from the state and authorities side in order to run their EFC system. Considering that 
there has been no other input from the TC (e.g. a digital map representation of the tolled 
network) this means that Toll Collect solely has to rely on this list. In consequence Toll 
Collect developed its own digital map for the use in their OBUs that includes the provided 
pricing list information from the toll table.  
As mentioned before the German tolling system incorporates only one TSP being the 
company Toll Collect. However this terminology is actually not entirely accurate as the 
German System can’t be seen in the light of an EETS role model because EETS has not yet 
been established in Germany and Europe. Due to this fact there exists very scarce accessible 
information on the requirements of toll declarations that the TSP would send to the TC in the 
EETS role model – in this case Toll Collect to BAG. However the structure of the invoice that 
is issued to the user (truck owner) already reveals the minimum set of information that is 
currently made available from the TSP side in terms of the toll declaration.  
In the German case there are two types of monthly invoices available, a toll statement that 
includes the total charge for each vehicle including the used rates (based on axles, emission 
etc.) or a itemised journey list which includes each individual trip of the vehicles including 
more trip data. Table 3 shows an extract of the most important parameters that can be 
considered as parts of a toll declaration to the TC as they are also included in the quite 
detailed itemised journey list. 
 

Table 3: German itemised journey list 

Licence Plate Licence plate number of each vehicle being charged 
Date Date of invoice 
Start Start of charged period 
Booking / Partial 
journey number 

IDs for specific charged journeys 

Type 
Defines the type of charge (toll charge or e.g. cancellation 
charges) 

Entry point  States the entry point by motorway and junction designation 

Over 
States most important passed motorway sections/junctions 
designations 

Journey 
information  

Exit point States the exit point by motorway and junction designation 

Toll-rate designation 
Includes information on current version of applied toll rate, 
location class, time class, axle class, weight class, emission class 
and TSP ID 

Method States if manual or automatic fee collection was applied 
Kilometre Sum of kilometres driven on the tolled segments 
Price Total charge per journey in EUR 

Source: Toll Collect (2010b) 

4.1.2 Slovakia 

Slovakia is the second country that introduced a GNSS based road user charging system in 
Europe on the 1st of January 2010. In 2007 a public tender process was conducted for the 
introduction of the charging system that ended up in a contract between Národnej diaľničnej 
spoločnosti, a.s. (NDS) – the national motorway company in Slovakia - and the private 
company SkyToll in January 2009. 
When categorising the Slovakian system according to the types of charging that have been 
defined in Chapter 2.2 it can be described as a distance and location based charging system 
depending on environmental factors (emission category) and vehicle type (number of axles). 
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The total amount of roads being charged sums up to a total of 2026km - comprising of 571km 
of motor- and expressways and 1455km of 1st class roads (NDS 2010a). This toll applies to 
vehicles with a weight of more than 3.5 tons that are used for transporting goods and also 
vehicles that can transport more than 9 persons including the driver (NDS 2010b). 
The use of an OBU within all vehicles that have to pay the toll is mandatory. This OBU can 
be installed by the user in the windscreen on his own, a permanent installation is however also 
possible. The OBU is a standalone piece of equipment – there is no connection to the vehicle 
other than the power supply, for which the cigarette lighter socket can be used. Therefore 
there is no need for a mandatory installation process by a commissioned workshop.  
 

 

Figure 10: Overview of Slovak toll system 

 
Another fact that can also be seen in Figure 10 is that the computation of the road charge is 
not done on the OBU but in the data processing centre of SkyToll. This means that the 
Slovakian system is based on a thin client approach (compare with Chapter 2.4.2). 
According to NDS (2010a) 46 fixed and portable roadside installations are in place and used 
for enforcement while the vehicles are driving. Furthermore 25 mixed mobile enforcement 
units consisting of police officers and SkyToll personal are on the roads 365 days a year 24h 
per day that have the authority to stop vehicles in order to check for violations. 
The Slovakian toll scheme takes the weight of the vehicle, the number of axles and the 
emission class into consideration for determining the toll price – all of these parameters are 
saved on the OBU. In contrast to the emission class that is not subject to dynamic changes and 
therefore entered by an authorized employee of SkyToll the combination of weight and 
number of axles can be set dynamically by the driver within the vehicle using a combination 
of LED buttons on the OBU as depicted in Figure 11: 
 

 
Figure 11: Setting vehicle category on the Slovakian OBU based on MYTO (2010c) 
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In addition to the major motorways, also considerate parts of the secondary road network are 
being tolled in Slovakia. The toll has to be paid for vehicles above 3.5t and also includes 
busses. This has been regulated through Slovak legislation, namely the act No. 25/2007 which 
also lists the vehicles which are exempted from paying toll. The current prices for each type 
of vehicles are defined in the regulation Nr 350/2007 that has been issued by the Slovak 
Republic and can be seen in Table 4. 
 

Table 4: Slovakian toll price categories according to axles and emission class 

  EURO 0-2 EURO 3 EURO 4-5, EEV 

 
Vehicle  
weight 

Nr of 
Axles 

MW/EW  
[per km] 

1st Class 
[per km] 

MW/EW  
[per km] 

1st Class 
[per km] 

MW/EW  
[per km] 

1st Class 
[per km] 

3.5t – 12t - 0.093 € 0.070 € 0.086 € 0.063 € 0.083 € 0.063 € 

2 0.193 € 0.146 € 0.183 € 0.136 € 0.179 € 0.136 € 

3 0.202 € 0.153 € 0.193 € 0.146 € 0.189 € 0.143 € 

4 0.209 € 0.156 € 0.199 € 0.149 € 0.196 € 0.146 € 

Heavy 
Good 

Vehicles ≥ 12t 

≥ 5 0.206 € 0.153 € 0.193 € 0.146 € 0.189 € 0.143 € 

3.5 – 12t 0.060 € 0.040 € 0.050 € 0.030 € 0.030 € 0.020 € 
Busses 

≥ 12t 
- 

0.110 € 0.080 € 0.100 € 0.070 € 0.060 € 0.040 € 

MW – Motorway 
EW – Expressway 
1st Class – Secondary Road Network 
EURO – European Union Emission Standards 

Source: MYTO (2010a) 
 
One very significant aspect of this pricing list is that the charge differs between 
motorway/expressways and the 1st class roads. This means that it does not only matter what 
kind of vehicle is driven, but it is also imperative to know on what kind of road class the 
vehicle is driving.  
In order to have the needed information of the road network the Slovak Ministry of Transport, 
Posts and Telecommunications issued regulation 529 in 2009. This regulation defines the 
segments of each particular road that are subject to toll. In Table 5 an extract of the complete 
table is shown. The segments are defined by distinct crossings of the roads with other roads. 
An important observation can be seen here when looking at the columns total length and 
tolled km. The majority of the values are equal when comparing them with each other - 
however there are segments that are not being fully tolled. This poses the requirement on the 
toll system to be able to charge the vehicles the correct amount of toll with respect to the part 
of the segment that is actually being tolled.  
 

Table 5: Slovakian toll segments table 

Identifikátor 
 

(Identifier) 

Začiatok úseku 
 

(Start of section) 

Križovanie 
 

(Crossing) 

Koniec úseku 
 

(End of section) 

Križovanie 
 

(Crossing) 

Celková 
dĺžka úseku 
(Total length) 

Spoplatnená 
dĺžka úseku 
(Tolled km) 

D01-001 Bratislava - 
Trnávka/ Vajnory 

D/1, I/61 Senec D/1, II/503 12.908 km 12.206 km 

D01-002 Senec D/1, II/503 Senec - Blatné D/1, I/61 3.749 km 3.749 km 

D01-003 Senec - Blatné D/1, I/61 Trnava - Voderady D/1, 
III/06117 

13.195 km 13.195 km 

D01-004 Trnava - Voderady D/1, III/0611 Trnava - Modranka D/1, I/51 6.141 km 6.141 km 

D01-005 Trnava - Modranka D/1, I/51 Trakovice D/I, II/513 15.884km 15.884 km 

D01-006 Trakovice D/1, II/513 Žlkovce D/1, I/61 2.584 km 2.584 km 

D01-007 Žlkovce D/1, I/61 Piešt’any D/1, II/499 15.280 km 15.280 km 

Source: MDPT (2009) 
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Discussion with SkyToll and the Slovak Transport Research Institute revealed that the Slovak 
EFC system was basically only based on the table of prices and segments. The latter one was 
also issued in the procurement process of the system and was updated later on, however the 
structure of it did not change. Although digital representations of the charged road network at 
NDS exist, they were not used as an input for SkyToll – therefore NDS did not put any 
additional requirements on the context data that was delivered to SkyToll, like using a specific 
digital geographical data base (Miškovič 2010, Mikula 2010). Although the segments are 
described in detail by the defined crossings within the delivered toll segments table the design 
of the digital map was totally up to SkyToll. This means that the way these segments are 
represented in the digital map was not defined by NDS, allowing SkyToll to choose the 
representation completely on their own. The key fact here is that the possible assumption that 
delivering defined toll segments is equal to delivering a digital map is not valid. Of course it 
is true that the delivered segment table provides the basis for the digital map, however this 
does not mean that for instance the very same segmentation is used for sure. Within the 
process of developing a suitable digital map it is possible (and most certainly also needed) to 
perform a further segmentation of the delivered road segment in order to for instance deal 
with long lengths (e.g. 15km) of the segments. 
The existing toll system in Slovakia can not be seen as an EETS role model in terms of the 
toll declaration exchange between the TSP and TC. This is due to the fact that SkyToll is the 
only company that has a contract with NDS to offer the tolling system. Therefore one has to 
rely on the information that is made available to the user in order to investigate what the toll 
declaration might contain, because they are not published by NDS in the EETS sense that 
allows for more than one TSP offering the tolling system. According to MYTO (2010b) the 
customer can log into an online web portal where he has access to a detailed toll statement of 
toll transactions that lists the journey information that were recorded in the installed OBU at 
the time of using the road sections next to other account details. This provided information is 
not very detailed – Table 6 summarizes the information given on the web portal: 
 

Table 6: Slovak toll statement of toll transactions 

Licence Plate Licence plate number of each vehicle being charged 
Date Date of invoice 
Start Time Timestamp for specific identified road link 
Section Name / ID Section Name and ID of charged road link 
Price Total charge per charged item in EUR 

Source: MYTO (2010b) 
 
For instance, it should be noted that this table does not include the amount of kilometres 
driven – this is only reflected in the final price under the assumption that the vehicle class, 
weight, emission class and number of axles is also known. 

4.1.3 Switzerland 

Switzerland introduced its national tolling scheme called Performance-Related Heavy Vehicle 
Fee (HVF) in 2001 as a replacement to a flat-rate for heavy vehicles that has been in place 
since 1984. In Switzerland there is no clear cut between TSP and TC – the complete tolling 
system is handled by the Swiss Federal Customs Administration (SFCA) which is a state 
owned institution (SFCA 2010). According to the types of charging that have been defined in 
Chapter 2.2 the Swiss system can be attributed to the category of pure distance based charging 
depending on environmental factors (emission category) and vehicle type (weight).  
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From the technical point of view the key element of the Swiss system is the mandatory use of 
an OBU for all HGV that are registered in Switzerland. The OBU is installed into the vehicle 
and connected to the tachograph which consequently measures and records the total travelled 
distance on a chip card in the OBU. This chip card can then be sent in to the SFCA via mail 
delivery or reported manually through an internet platform. Foreign vehicles are issued a chip 
card to report their kilometre reading when entering the country and pay their toll when 
leaving again through manual self service stations at the borders or they can also choose to 
install the OBU. This is seldom the case, only 5% of the total amount of OBUs are installed in 
foreign vehicles (McKinnon 2006). 
In addition to the tachograph connection the OBU is also equipped with DSRC, motion 
sensors and GPS components as can be seen in Figure 12. There are about 100 equipped 
border stations in Switzerland that make use of the DSRC communication in order to switch 
off the recording of the kilometre reading of the OBU when the vehicle leaves the country. 
Furthermore there are DSRC beacons in combination with vehicle classification and 
Automatic Number Plate Recognition (ANPR) cameras within the country for enforcement 
purposes that check if the data is collected correctly within the OBU (Oehry 2008). 
 

 

Figure 12: Overview of Swiss OBU from Rapp M. and Balmer U. (2006) 

 
The GPS component within the Swiss scheme is on the one hand used to collect positioning 
information in order to monitor the correct functioning of the tachograph and on the other 
hand as an additional mechanism to monitor the Swiss border crossings in order to start or 
stop the automatic collecting of travelled distance (Rapp M. and Balmer U. 2006). In both 
cases the GPS is solely used for monitoring of functions that are also performed by other 
components, therefore the Swiss scheme can not be seen as a pure GNSS based toll system 
like the previously described systems in Germany and Slovakia. This means that Switzerland 
has a unique scheme as it is also difficult to attribute the Swiss OBU to the thin client regime 
(compare with Chapter 2.4.2). It is more in the vicinity of a classical thin client approach 
compared to a thick client, but the only wireless communication that takes place is for 
enforcement and monitoring reasons and not for the actual reporting of the travelled distance 
which is the duty of the vehicle owner.  
Switzerland has a unique and especially simple pricing list compared to other implemented 
EFC systems in Europe. What makes the scheme so simple is that not only the entire road 
network is tolled - also every road class has exactly the same price, therefore it doesn’t matter 
at all which specific routes a truck actually took in the process. This simplifies the 
requirements that are set onto the OBU drastically as it only needs to record the driven 
distance rather than also logging exact positioning information. The road charge for a specific 
vehicle is consequently then solely depending on the weight of the vehicle, the emission class 
and on the kilometres driven where the latter is the only parameter that needs to be measured 
by the system. The emission class and the maximum permissible weight of the truck is 
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entered according to the vehicle registration documents within the process of registering for 
the LSVA and setting up the OBU in the vehicle. As the maximum weight of the truck 
changes if a trailer is attached the driver has to manually declare the trailer within the OBU by 
selecting the correct type of trailer that has been attached. 
The current pricing list is depicted in Table 7 (the factor of weight is already included in the 
price as it is given in price/tonkm, meaning that the price can directly be multiplied with the 
respective maximum weight of the vehicle and driven distance).  
 

Table 7: Swiss pricing list 

Tax category Euro category Price [per tkm]  
I Euro 2, 1, 0 and previous 3.07 Rp. / tkm 

II Euro 3 2.66 Rp / tkm 

III Euro 4, 5, 6 and subsequent 2.26 Rp / tkm 
1 Rp = 0.01 CHF = ~ 0.00714301€ [15 June 2010] 

Source: SFCA (2010) 
 
As mentioned before the complete tolling scheme is managed by the SFCA. Therefore there is 
no need for a toll declaration in the EETS sense between the TSP and the TC in Switzerland. 
The Swiss scheme requires the vehicle owner to declare his journeys completely on his own 
through reporting the information stored on the chipcards. According to Jordi (2010) the users 
also have access to the raw data that was recorded by the OBU as they can open it by reading 
the chipcard in a computer prior to declaring their toll. In order to understand what could be 
the possible content of such a toll declaration in the EETS domain it makes sense to look what 
this chipcard is actually recording, because in the end this is exactly the information that the 
toll declaration has to be based on.  
As can be seen in Table 8 the OBU records all events that are relevant for the toll charge, 
which have an impact on the amount of kilometres driven or the weight of the vehicle. In fact 
these events are connecting and de-connecting a trailer to the vehicle and exiting or entering 
the country. Each of these events includes the current kilometre reading and a time stamp. In 
addition there are daily status entries that enable charging on a daily basis. 
 

Table 8: Example of Swiss OBU log-file for toll declaration 

Event Event Detail Km-Reading Date / Time 
STATUS Status Bits 139542.4 01.10.2001, 06:00 
STATUS Status Bits 139723.7 02.10.2001, 05:03 
TRAILER ON 8.5 tons 140012.5 02.10.2001, 16:28 
EXIT via DSRC Border #018 140121.7 02.10.2001, 21:12 
ENTRY via DSRC Border #021 142252.3 05.10.2001, 08:23 
TRAILER OFF 8.5 tons 142263.4 05.10.2001, 08:43 
STATUS Status Bits 142278.7 06.10.2001, 05:23 
DEKLARATION Status Bits 142278.7 06.10.2001, 05:23 

Source: Oehry (2008) 

4.2 Possible Future Implementations of European Toll Systems  

The topic of GNSS based tolling is being discussed a lot during the writing of this thesis - 
many countries currently consider the possibilities of implementing new distance, time and 
location based toll systems. Just to name a few there is research going on in the Netherlands, 
Denmark, Sweden, France and Finland. Most of them are however in a preliminary state 
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where there is little public information available on how the concrete schemes are going to 
look like, also due to the fact that the introduction of tolling schemes is a highly political 
issue. This chapter presents a field trial in the UK and in the Czech Republic. 

4.2.1 United Kingdom 

According to Mackinnon (2010) the UK has no plans for a national tolling scheme at 
presence. However the British Department for Transport (DfT) is conducting research for the 
feasibility of time, distance and location based toll and the industry's ability to support this. 
Although very little information is publicly made available the original invitation to tender 
documents (DfT 2008a) for a demonstration trial provide some insight and information on the 
design of the UK pricing list which is therefore the focus and main source of information of 
this subchapter. 
Within the tender documents the DfT defined a draft scheme template that defines the rules 
for demonstrations. The purpose of this draft is to be able to conduct different kinds of 
demonstrations based on the same ground rules. The initial scheme was defined by the DfT, 
however the intention is that the actual design of the specific demonstration schemes are 
defined by local authorities in later stages of the demonstration. This draft includes general 
information on where the charges can apply, how the charges are calculated, who is subject to 
the toll, when the charge applies and other information – the concrete distinct schemes are 
then derived by the defined rules.  
The tender defines that two charge objects will be used to define where the toll is to be paid, 
namely areas and road segments that are both exactly defined to a list of data items (e.g. 
object name, description, location of entry/exit points, etc.). The key factor here is that the 
geographic data that is needed in order to define the charge objects is provided, similar to the 
ARENA case, from DfT through the use of the database of Ordnance Survey, which is the 
national mapping agency for Great Britain and has to be used in all demonstration cases. Next 
to this geographic data the second input that defines the toll scheme is a spreadsheet that 
contains the rest of the required information within the draft scheme template – its content is 
explained in the following paragraphs. 
Rather than delivering a pricing list that is comparable to the other presented schemes within 
this literature review the approach here differs significantly. According to DfT (2008b) the 
basis of the charge for each charge object has been assumed to take the following form as 
depicted in Figure 13, ‘in order to simplify the requirement for complex tariff tables within 
the demonstration’: 
 

 
Figure 13: UK basis of the charge adapted from DfT (2008b) 

 
As can be seen the charge can either be based on a distance based or area (event) based 
approach – this reflects the design of the charge objects again which were either area or road 
segment based. In the event based scenario the charge is levied when a specified event occurs, 
for instance on entry or exit from a charge object. In the distance based case the charge is 
calculated by multiplying the recorded distance with the associated road class tariff (charge 
class rate) and is in consequence then factored by a number of parameters that then determine 
the final charge for a given period of time. This charge class rate has to be defined for each 
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charge object by assigning each charge object its road class, e.g. urban, rural or motorway 
with a different factor.  
Similar to that the vehicle classes and time classes have to be defined for each demonstration 
case in order to apply the factors to the calculation of the demonstration charge. The question 
of vehicle class and time class is basically solved by delivering tables that specify each 
vehicle class according to a description and weight (e.g. motorcycles, light goods vehicles, 
large passenger vehicles, heavy goods vehicles over 12t, etc.) and each time class a time 
window (e.g. time class 1: standard period 09:30 – 16:29:59, time class 2: peak period 07:00 - 
09:29:59 & 16:30 - 18:59:59 etc). The only main difference here is that each of these classes 
is then also assigned a factor for the calculation of the charge according to Figure 13.  
Regarding the topic of toll declaration this trial requires a charge payment report to be 
transferred. This report has a minimum content that includes a unique report number, the total 
revenue that is collected, the total simulated payments for each day within the report period 
and the total simulated payments for each charge object and time period in the scheme. In 
addition to this reports there are so called assurance objects. According to DfT (2008a) 
assurance objects are ‘corridors at specific locations within schemes, defined by data items 
and geographic data including the known length of the corridor’.  
 

Table 9: List of items being checked in assurance reports 

Item Compliance Indication 
Reported Distance Within 5% of actual distance 
Distance Charge applied Within 5% of reference charge based on actual distance 
Date of travel Correct 
Time Class used Correct, based on times used 
Vehicle class allocated Correct 
Road User class allocated Correct 

Source: DfT (2008a) 
 
This mechanism provides the possibility to check the reported data for its correctness, as all 
charge records that are generated for assurance objects are inspected by the scheme owner 
(TC). Some examples of the key parameters that are being checked on in these assurance 
objects are listed in Table 9. 

4.2.2 Czech Republic 

The Czech Republic introduced a DSRC based tolling system that was implemented by the 
company Kapsch TrafficCom in January 2007. According to the types of charging that have 
been defined in Chapter 2.2 this toll system is distance and location based and applicable for 
all vehicles over 3.5t. The toll is further dependent on the number of axles and the emission 
class of the vehicle. As it is DSRC based the toll is currently limited to about 1200 km of 
roads where the necessary road side equipment for communication with the mandatory 
installed OBU in the truck is available (Černý K. 2009). 
There has been discussion in the Czech Republic to extend the toll system also to 1st class 
roads in order to deal with heavy traffic and congestion situations. As the DSRC based system 
would not be applicable on the rural roads due to way too high costs of erecting the necessary 
communication infrastructure the Czech Government is interested in GNSS based toll 
solutions. Due to the fact that Kapsch has already designed and delivered the DSRC based toll 
system including the complete back office infrastructure for the current tolling system the 
Czech government has mandated Kapsch for the implementation and operation of a GNSS 
based toll system on a non commercial trial basis. In this process a comparison between the 
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performance of the DSRC and the GNSS based system will be possible on the road stretches 
where exactly the same segments (approx. 250) are being charged. The system is based on a 
thin client approach and on the role models proposed in the EETS (Schrödl 2010). According 
to Kindleysides and Kopecky (2008) this project is referred to as the Czech hybrid 
DSRC/GNSS pilot and 5.000 vehicles are going to be equipped with a hybrid OBU that 
includes both DSRC and GPS technology in order to test the toll collection on all roads in the 
Czech Republic. 
Regarding the pricing list that was used for the currently implemented system Schrödl (2010) 
states that the current pricing list is documented in Excel format. This table is manually 
edited, agreed and signed between the TSP and the TC. Table 10 shows an extract of the 
structure of the current pricing list within the DSRC based system. 
 

Table 10: Sample pricing list in the Czech Republic 

Prices per kilometer in Kč: Euro Class ≤≤≤≤ 2 Euro Class ≥ 3 
Number of Axles 2 3 ≥ 4 2 3 ≥ 4 

motorways other week days 2.30 3.70 5.40 1.70 2.90 4.20 

1st class roads other week days 1.10 1.80 2.60 0.80 1.40 2.00 
 

Example Motorway D1 – total prices in Kč: Euro Class ≤≤≤≤ 2 Euro Class ≥ 3 
Segment km exit a km exit b Segment 2 3 ≥ 4 2 3 ≥ 4 

D0101 1 
Praha-
Spořilov  2 

Praha-
Chodov  

2 km 4.60 7.40 10.80 3.40 5.80 8.40 

D0102 2 
Praha-
Chodov  6 Průhonice  

4.5 km 10.35 16.65 24.30 7.65 13.05 18.90 

D0103 6 Průhonice  11 Jesenice  4.7 km 10.81 17.39 25.38 7.99 13.63 19.74 

D0104 11 Jesenice  15 Všechromy  4.5 km 10.35 16.65 24.30 7.65 13.05 18.90 

Source: MYTO CZ (2010) 
 
It can be seen that each toll segment is exactly defined by its starting and end point including 
the total length of the segment and an ID. Furthermore the emission class and the number of 
axles play a role for the amount of the toll whereas the weight is not a factor as the toll is 
eligible for all vehicles above 3.5t. For the purpose of the GNSS based hybrid solution there is 
a need for a more detailed pricing list as it will cover more than just the segments where 
DSRC equipment is available, namely all roads in the Czech Republic. According to Schrödl 
(2010) a custom made digital map representing all tolled road segments has been created by 
Kapsch – there has not been any input delivered by the TC for this pilot trial, therefore the 
representation of the toll segments has been done by what Kapsch considers the ‘simplest way 
possible’. On the one hand the current DSRC pricing list is translated to a digital map format 
and therefore represents the DSRC segments in exactly the same way as they are being 
charged within the DSRC system. On the other hand all other roads that are not yet covered 
by the DSRC system are segmented according to their road names. The basis for this 
procedure are TeleAtlas maps that are used within navigation systems as well. In this process 
the toll segments are, as mentioned before, defined by their road names. This means that all 
road segments of the digital map containing the same road name are combined and considered 
as separate single toll segments for that specific road. The combination of these two inputs 
forms the digital map which is then the basis for the map matching procedures in the later 
process of the system that matches the trajectory of the vehicle to these defined toll segments. 
Regarding the topic of toll declarations the Kapsch system delivers standardised (ISO 17575, 
also see Chapter 2.3) reports which contain information related to all relevant system 
operation processes, which have been defined in a contractual agreement between the TSP 
and the TC during system planning and setup.  
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Next to financial accounting and revenue reports also toll transaction reports can be accessed 
by the TC at any time. This declaration shows details of toll transactions which were 
generated at certain toll sections within a given time interval - an example is depicted in Table 
11. It is also possible to retrieve declarations for specific licence plate numbers that then 
consequently declare all transactions for the specific vehicle. 
 

Table 11: Sample of Czech toll transaction report 

TTR Eqm Time Toll Section (Segment) Lp Weight Kč 

ID ID 
2010-02-16 
23:00:17 

D01012 Praha-Chodov <2> - Praha-Spořilov <1> Lp 12t 3.34 

ID ID 
2010-02-16 
23:00:19 

D01012 Praha-Chodov <2> - Praha-Spořilov <1> Lp 12t 8.24 

ID ID 
2010-02-16 
23:00:28 

D01012 Praha-Chodov <1> - Praha-Spořilov <2> Lp 3.5t-7.5t 3.34 

ID ID 
2010-02-16 
23:00:35 

D01012 Praha-Chodov <1> - Praha-Spořilov <2> Lp 12t 8.24 

ID ID 
2010-02-16 
23:00:40 

D01012 Praha-Chodov <1> - Praha-Spořilov <2> Lp 12t 8.24 

ID ID 
2010-02-16 
23:00:42 

D01012 Praha-Chodov <2> - Praha-Spořilov <1> Lp 12t 8.24 

TTR ID = unique ID for each Toll Transaction, e.g. 2010047817021690 
Eqm = OBU ID, e.g. 123353313 
Lp = Licenceplate, e.g. 1P26793 

Source: Schrödl (2010) 

4.3 Comparison 

The literature review has shown that there are many different tolling schemes currently 
implemented or in development stage. The general design of the scheme, the design of the 
pricing list and the toll declarations differ from country to country. For instance, the 
comparison between the acquired information about the schemes in Germany and Slovakia 
shows some major differences. The most obvious one is that although both systems are based 
on GNSS/CN technology Germany relies on a thick client approach while Slovakia chose a 
thin client approach. Another distinction in terms of the OBU is that unlike Slovakia Germany 
does not require mandatory installation of the OBU. However the Slovakian OBU does not 
need to be installed by a commissioned workshop, due to the fact that there is no connection 
to in-vehicle systems like in the German case.  
The Slovakian toll scheme takes the weight of the vehicle, the number of axles and the 
emission class into consideration for determining the toll price – it can be noted here that the 
vehicle classes differ in Slovakia compared to Germany, as busses and vehicles below 12t are 
being charged the toll. However, unlike in Germany where only a few exceptions beside the 
major motorways are being tolled a major distinction is that in Slovakia also considerate parts 
of the secondary road network are tolled. This adds the requirement to be able to identify on 
which kind of road class the vehicle has actually been driving. This stands in contrast to the 
German pricing list where there is no such requirement to be able to distinguish between road 
types as there is one single price for each and every segment that is being tolled. When 
looking at the representation of these segments in both countries (Table 2 and Table 5) there 
are similarities – both tables are defined by distinct crossings of the roads with other roads. 
However a distinction from the German table arises when considering that the Slovakian table 
distinguishes between total length and tolled kilometres of the segments. There is no such 
distinction in the German case, meaning that each segment that is defined in the table is also 
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being entirely tolled. In the German scheme there is therefore no need to be able to charge the 
vehicles the correct amount of toll with respect to a part of a segment.  
The existing GNSS based toll systems in Slovakia and Germany can not be seen as an EETS 
role model in terms of the pricing list and toll declaration exchange between the TSP and TC. 
The observation that this role model is currently not implemented is actually valid for all 
currently existing toll schemes. This is simply due to the fact that the existing systems have 
been procured and implemented before the EETS role model was implemented in European 
legislation. This also leads to the fact that the pricing lists and toll declaration in the existing 
systems rely heavily on fixed tables of prices and definitions of segments that are mostly in 
some degree included within the local legislations. This results in the major problem that 
within these countries there’s by definition no open market that allows more than one TSP 
due to the former procurement and tender processes – which also leads to the fact that there 
has simply been no need to supply detailed pricing lists and public toll declaration 
requirements so far. On the other hand the ongoing research projects that have been 
investigated already stick to some degree to the role models and main pillars of the EETS. It 
seems to be tremendously easier to implement EETS when a toll scheme is designed from 
scratch rather than introduced to already existing schemes that have to conform to already 
signed contracts and structures. 
The design of the pricing list heavily influences how difficult it will be for a future EETS 
provider to adjust to different requirements in the different countries. A step in the right 
direction is for the TC to supply the TSPs with pricing lists that do not allow for too much 
interpretation on how the scheme is to be implemented by the TSP. For instance, in Germany 
and Slovakia there has been absolutely no input on what kind of digital map should be 
implemented within the toll scheme – if the EETS was introduced where multiple TSPs are 
allowed to come up with their own digital map representation of the charged segments then 
there’s a great risk that the results might differ a lot. Therefore the approach that has been 
chosen by ARENA (also compare with Chapter 5.1) and the DfT trials in the UK, namely to 
express the pricing lists with the help of digital geographic databases, shows potential to ease 
the introduction and development of European interoperability. Another future major step 
towards the introduction of EETS will be the result of the toll domain statements that have to 
be issued by every country within the year 2010. This is one of the demands of the regulation 
2009/750/EC where Article 19 states that each member state has to keep a national electronic 
register that includes information about the toll context data and other key facts (e.g. 
information about the corresponding toll charger, the currently used tolling technologies etc.) 
(EC 2009). These toll context data statements are not yet published and are currently being 
developed by each country – the results will give vital input on how each country defines its 
toll domain and pricing list for the EETS. 
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5 Practical Analysis 

This chapter summarizes the application of the developed methodology that has been defined 
in Chapter 3 within a practical analysis. At first an introduction to ARENA is given, followed 
by a description of the ARENA test track and the corresponding challenges within this test 
track. Then a description of the input data for two different analyses is given. The first 
analysis performed is based on creating a third set of charge reports with the reported raw data 
of the TSPs while the approach of the second analysis is based on visualisation of the reported 
raw data. 

5.1 Introduction to ARENA 

As mentioned in Chapter 1.1 the ARENA project’s goal is the development of a road user 
charging concept for Sweden. This concept is based on an approach that includes a number of 
different actors, depicted in Figure 14. The concept foresees two different toll services in 
Sweden – on the one hand a national service that only works within Sweden’s borders and on 
the other hand a service that is in compliance of the EETS. The role of the TC and TSP is 
taken by the STA – this is however not to be understood as a requirement set by the project 
and is of exemplary character (Sundberg J., Janusson U. and Sjöström T. 2008). 
 

 
Figure 14: Swedish tolling role model based on Sundberg J.,  

Janusson U. and Sjöström T. (2008) 

 
As can be seen in Figure 14, the role model is very similar to the one proposed by CESARE 
(compare with Chapter 2.3) by distinguishing the responsibilities into a number of main 
participants, namely the TC, TSP, users (Swedish and EETS users) and other associated 
parties within the process. This role model has also been made use of within the field tests 
where ARENA basically acted as the TC and the invited companies impersonated the role of 
multiple TSPs. From the technology point of view ARENA does not propose any detailed 
specifications on how the system should be implemented. However it is proposed that a thin 
client based on GNSS/CN technology should be used in a Swedish tolling system (Forss, M., 
Gustafsson, I., Källström, L. and Sundberg J. 2008). The concept for the tolling act itself is 
based on a distance, time and location based approach. In the ARENA concept this 
particularly means that the toll applies to both domestic and foreign heavy goods vehicles on 
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the entire public road network. Furthermore the toll charge is dependent on the weight of the 
vehicle, the emission class, the road (location) class of the road segment the vehicle is 
travelling on and also on the time of the day as it was proposed in a Swedish governmental 
report from 2004 (Regeringskansliet 2004). 
This makes the Swedish scheme significantly more complex than the other already 
implemented systems in operation presented in Chapter 4.1. Consequently this is also 
reflected in the pricing list that ARENA has created for the purpose of the field tests. The toll 
context data is of unique design among all the investigated countries. It comprises of two 
parts – an extract of the first part of the context data, namely the pricing list can be found in 
Table 12. 
 

Table 12: Extract of the Swedish pricing list 

Weight Location 
class 

Time class 
Min Max 

Vehicle 
Class 

Tariff (milli-
SEK per meter) 

0 Any ≥ 3.5 < 12 Euro 0 0.000 
1 Any ≥ 3.5 < 12 Euro 0 0.660 
2 Low Traffic ≥ 3.5 < 12 Euro 0 1.670 
2 Medium Traffic ≥ 3.5 < 12 Euro 0 2.254 
2 Rush Hour ≥ 3.5 < 12 Euro 0 2.789 
3 Low Traffic ≥ 3.5 < 12 Euro 0 0.528 
3 Medium and Rush Traffic ≥ 3.5 < 12 Euro 0 0.713 

Location classes: 
0: for free, e.g. private roads 
1: roads in the country side 
2: urban city roads 
3: highways 
LT – Low Traffic: 
Evenings and nights (00:00 am – 06:29 am & 06:30 pm – 11:59 pm) 
Weekends (Saturday, Sunday and bank holidays) 
July (00:00 am 1st of July – 23:59 pm 31st of July) 
MT – Medium Traffic: 
weekdays 06:30 – 06:59 
weekdays 09:00 – 15:29 
weekdays 18:00 – 18:29 
RH – Rush Hour: 
weekdays 07:00 – 08:59 
weekdays 15:30 – 17:59 
MRT – Medium and Rush Traffic 

Source: Löfgren J. (2009) 
 
It has to be noted that this list is only an extract of the complete pricing list as for every single 
location class the tariff is also adjusted for the different weight classes and emission classes. 
The complete pricing list can be found in the Appendix. As can be observed this detailed 
pricing list does however still require another set of input. Due to the fact that the entire 
Swedish road network is proposed to be subject to the toll that differs for each road type the 
information which road segments belongs to which location class needs to be defined as well. 
In ARENA this is provided through a digital map which is the second part of the toll context 
data that is provided within the field tests (Löfgren 2009). In particular this digital map 
includes a database that allocates a location class for each road segment in Sweden based on 
the Nationell Vägdatabas (NVDB), which is the National Road Database in Sweden operated 
by the STA (NVDB 2010).  
Figure 15 shows a screenshot of one small area of the digital representation of the road 
network and also an extract of the database that lies behind the map. Each individual road link 
has a unique ID, length, speed limit and individual location class (LocClassID in Figure 15).  
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Figure 15: Digital map within context data of ARENA 

 
The final fee for a specific journey is the summation of the travelled distances of each road 
segment multiplied by the associated fee which depends on the vehicle properties according to 
the pricing list, the current time class and the location classes of the individual segments.  
Due to the fact that the ARENA project facilitates the EETS role model of dividing the tasks 
between a TSP and TC there are requirements available for the toll declarations that have to 
be delivered by the TC to the TSP. Regarding the toll declarations within ARENA it has to be 
distinguished between the general concept and the implementation within the field tests. 
According to Nottehed and Hamilton (2010) the concept includes that in a future 
implementation scenario only a few parameters will have to be reported by the TSP to the TC, 
while in the field tests additional data is required as depicted in the Table 13. 
 

Table 13: Toll declaration requirements in ARENA 

Future charge reports: 
Vehicle ID Licence plate number and nationality of each vehicle 
Tax amount As calculated by TSP 
Time The time period that is covered within the charge report 
Trusted Recorder signature One for each usage statement 
Additional during field tests: 
Distance Distance driven in each combination of location class and time class 
Emission class Euro Classes 
Weight Maximum permissible weight including trailers and their load 
Time Class Low Traffic, Rush Hour, etc. 
Location class 0 (private roads), 1 (rural roads), 2 (urban city roads), 3 (highways) 

Source: Nottehed and Hamilton (2010) 

 
As these toll declarations (or charge reports) are subject of the practical analysis of this thesis, 
a more detailed description of the data including explanations of e.g. the term trusted recorder 
signature can be found in Chapter 5.3. 
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5.2 ARENA Test Track and Challenges 

The ARENA test track was designed to be a field test in order to test and demonstrate the 
ARENA concept and applied role model. Prior to this test track the ARENA field trials have 
been conducted – these tested the ARENA concept in the complete Swedish regions of 
Blekinge and Skåne using multiple trucks from November 2009 until February 2010 (Larsson 
and Clemedtson 2010). This was done by inviting several companies to act as TSP within the 
ARENA role model which supplied GNSS based OBU solutions that have been installed in 
multiple trucks. However, this thesis focuses solely on the test track. The test track has been 
conducted in one week in April 2010. In total 7 OBUs of 6 different TSPs have been installed 
in a single truck that was rented by the ARENA project for the test track purpose - a picture of 
the truck and setup inside the truck can be seen in Figure 16. 
 

   
Figure 16: ARENA test truck 

 
According to Löfgren (2010a) the ARENA test track consists of an approximately 45 
kilometres long route in the south of Sweden. The track has been divided into five different 
sections. In each of these sections one challenge has been defined - therefore there have been 
a total of five different challenges on the test track. 
The field test on the test track was conducted in one week in April 2010 without making any 
changes to the test track route or procedure. Each day four complete laps of the test track have 
been driven. One of these laps includes all five sections and therefore all five challenges. This 
amounts to a total of 20 test runs and 100 challenges over the entire week (5 days). For each 
of these challenges the TSPs were supposed to send in a charge report during the test week to 
ARENA. These 100 charge reports were requested by ARENA for specific time intervals, i.e. 
when each test run on each test section has actually been performed on each day. This has 
been recorded by a co-driver in the test truck during the field test who took notes when each 
test on each section has started and ended. 
In order to understand the design of the challenges they are going to be described below, 
always referring to the letters and numbers in Figure 17, which shows an overview of the test 
track. 
 
Section 1: Non-defined (non-chargeable) roads  

The challenge within this section aimed to test the ability of the OBU to cope with streets that 
are not defined in the map data that has been provided to the TSP. The first section started at 
the point A and ended at point B taking the northern route. The parts that should have been 
identified as segments that are not defined in the map data and therefore not to be charged any 
toll are located at approximately 1. These roads are not public and situated within 
Karlshamn’s harbour. 
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Section 2: Non completed road links 

The second section started at B and ended at point C. The challenge part was located at 2 at an 
off-ramp of the highway E22. The test truck took the off-ramp in order to exit the highway 
that lead to a T-intersection where a turn was taken and the truck came to a stop. Rather than 
continuing on this road the test truck went into reverse mode and drove several hundred 
metres backwards in order to return to the E22 using the on-ramp. The aim of the challenge 
was to see how these segments are treated by the TSP as the truck has not been driving on the 
segments for their entire length and even in reversed mode. 

Section 3: Parallel roads 

The third section started at point C and was finished at point D. The aim of the challenge 
between those points was to test the ability of distinguishing roads that are very close to each 
other. At points 3a and 3b the test truck left the main road and drove on roads that are parallel 
to the main road. The location class and tariff from these parallel roads differed from the main 
road, therefore also different prices had to be charged for the detours of the main road.  

Section 4: Power outage while vehicle is standing still  

The fourth section started at point D and ended at point E. The aim of the challenge between 
those points was to test the behaviour of the OBU if the supply power was turned off while 
the vehicle is standing still. After a certain time period the power was turned on again and the 
vehicle started to continue driving – this was done twice, once for a 3 minute interval 
approximately at the point 4a and again for 1 minute interval at point 4b. 

Section 5: Power outage while vehicle is driving  

The fifth section started at point E and ended at the previous starting point A. The challenge 
here was similar to the one in section 4 where the power was switched off – in this challenge 
the power was turned off as well, however the vehicle was still driving. This was done 
between points 5a and 5b and a second time between points 5c and 5d. 
 

 
Figure 17: Overview of ARENA test track adapted from Löfgren (2010b) 
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5.3 Description of Input Data 

The following chapters give a description of the input data for the analysis. As described in 
the methodology in Chapter 3 the main sources of data are charge reports and compliance 
check reports.  
One aspect of the ARENA project that is important for the description of the input data is the 
concept of the trusted recorder. According to Hamilton (2010) the trusted recorder supplies a 
cryptographic signature of the data that was used to create the toll declaration and was 
suggested to become part of the ISO 17575 draft version. In particular, usage data refers to a 
reformatted subset of the raw sensory data that was collected in the OBU. The data is 
accumulated within the OBU until a time limit or data volume threshold is met – then a batch 
of usage data is created and given a unique ID-number as well as a calculated hash checksum 
which is later used in order to add unique IDs to the toll declaration while the actual data stays 
at the TSP. Furthermore Hamilton (2010) states that ‘in a full scale implementation the 
Trusted Recorder is expected to be implemented as a tamper resistant piece of hardware, and 
use digital cryptographic signatures based on certificates.’ However for the sake of the test 
track a software implementation of the trusted recorder was chosen using a simple hashing 
algorithm. 

5.3.1 Charge Reports 

The core results of the field test were charge reports that have been delivered by the TSP to 
the TC after each day of the test week in April 2010. The actual content of these charge 
reports has already been presented at the introduction to ARENA in Chapter 5.1, specifically 
in Table 13. The design of the interface between the TSPs and the TC (in this case the 
ARENA project) has been developed according to the ISO 17575 standard (also compare with 
Chapter 2.3) using XML and web-service based exchange of data and was hosted by the 
company Info24. 
A sample of the structure of these charge reports can be found in Figure 18. The most 
important parts within the XML sample, namely the contents of the required toll declaration, 
have been highlighted and given numbers:  
 

[1] – unique charge report ID 
[2] – licence plate number 
[3] – beginning and end of the charge period in Universal Time Coordinated (UTC) 
[4] – reported amount of toll that has to be paid in milli-SEK 
[5] – EURO emission class of the vehicle 
[6] – weight of the vehicle in tons 
[7] – location class of the vehicle 
[8] – time class of the vehicle 
[9] – total distance that was covered 

 
It is important to note that this sample report only states one combination of time class, 
location class, emission class and weight class - in reality a charge report for a certain period 
of time consists of many combinations of these factors that occur along the driven route and 
are therefore also reported (by adding more blocks of 
<aggregatedSingleTariffClassSession>). 
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Figure 18: Example of XML charge report 

 
During the test track week in April 2010 the seven participating TSPs had to produce a charge 
report for every single challenge. ARENA provided the TSPs with lists of time slots for each 
challenge on every day, e.g. Challenge 1: Start 07:00:00 - End 07:18:02 – this was the time 
frame for which the TSP was supposed to send in a charge report. The company SWECO 
used these received charge reports for calculating a charging accuracy which is the basis for 
the analysis in this thesis. This charging accuracy was calculated by computing the ratio 
between the fee that was reported in the TSP charge report for a specific challenge and the 
correct result for that challenge. This means that the result of this accuracy calculation is a 
number in percentages, e.g. 97% would indicate an undercharging of 3% while 103% would 
indicate an overcharging of 3% (Löfgren 2010b). 
The charge reports have only been reported for 6 out of the 7 installed OBUs by the 
corresponding TSPs – therefore there are a total of 6 different sets of calculated charging 
accuracies for the TSPs available as an input, which are from now on referred to as TSP 1-6. 
Table 14 shows an example of the calculated charging accuracies for two days of the test 

         <?xml version="1.0" encoding="UTF-8" standalone="yes" ?> 
         <TollChargeExchangeMessage CreateRef="TSP1" MsgVer="2.0" RegionalUnits="Metric" TimeZone="UTC"> 
         <msgId>ade22d26-5b30-489c-acb6-a30220acd22c</msgId> 
         <msgTimeStamp>2010-04-16T12:30:00.517Z</msgTimeStamp> 
         <msgSender> 
            <informationSenderID>325ee837-e69c-480d-80ef-061b3ffbda6b</informationSenderID> 
               <informationSenderName>TSP1</informationSenderName></msgSender> 
         <msgReceiver> 
               <informationReceiverID>8cf47010-9797-4aed-965f-05ee23dbe826</informationReceiverID> 
               <informationReceiverName>ARENA</informationReceiverName> 
         </msgReceiver> 
         <msgExpiryTime>2010-04-16T12:35:00.517Z</msgExpiryTime> 
         <chargeReports> 
            <chargeReport SeqID="1"> 
--> [1]        <chargeReportId>e027d6fe-ff0c-420c-9f4c-26006dad0d45</chargeReportId> 
               <vehicleLPNr> 
--> [2]           <licensePlateNumber>HFR339</licensePlateNumber>  
                  <countryCode>SE</countryCode>  
               </vehicleLPNr> 
               <timeOfReport>2010-04-16T08:52:01.868Z</timeOfReport> 
               <reportTransactionCounter>135559</reportTransactionCounter> 
               <authenticator>FUTURE-AUTHENTICATOR</authenticator> 
               <usageStatementList> 
                  <usageStatement> 
                     <usageStatementId>1</usageStatementId> 
                     <usageAuthenticator obeUsageReportId="fabd5b53-ff9e-4513-9dc2-b7fc82a2e46f"  
                     <obeUsageTransactionCounter="153010">FUTURE-AUTHENTICATOR</usageAuthenticator> 
                     <aggregatedFee> 
                        <timePeriodCovered> 
--> [3]                    <beginOfPeriod>2010-04-15T07:03:17.000Z</beginOfPeriod> 
--> [3]                 <endOfPeriod>2010-04-15T07:16:34.000Z</endOfPeriod> 
                        </timePeriodCovered> 
--> [4]                 <feeExclVat>39615</feeExclVat> 
                        <vatForThisSession>0.0</vatForThisSession> 
                        <currency>SEK</currency> 
                     </aggregatedFee> 
                     <aggregatedSingleTariffClassSessions> 
                        <aggregatedSingleTariffClassSession> 
                           <vehicleDescription> 
--> [5]                       <class>Euro 5</class> 
                              <dimensions> 
                                 <weightLimits> 
--> [6]                             <vehicleTrainMaximumWeight>40.00</vehicleTrainMaximumWeight>  
                                 </weightLimits> 
                              </dimensions> 
                           </vehicleDescription> 
                           <tariffClass> 
--> [7]                       <locationClassId>2</locationClassId> 
--> [8]                       <timeClassId>TimeCla_Rush</timeClassId> 
                           </tariffClass> 
--> [9]                    <totalDistanceCovered>4254</totalDistanceCovered> 
                        </aggregatedSingleTariffClassSession> 
                     <aggregatedSingleTariffClassSession> 
                  </usageStatement> 
               </usageStatementList> 
            </chargeReport> 
         </chargeReports> 
         </TollChargeExchangeMessage> 
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week of TSP 6. The accuracy values are depicted for each challenge for which the 
corresponding charge report has been delivered. The Ch column depicts for which of the 100 
challenges the charge report has been reported and is therefore numbered from 1-100. As can 
be seen in this illustration the delivered charge reports were sometimes either completely 
missing or a fee of 0 SEK was reported which was not considered for the calculation of an 
accuracy value. 
 

Table 14: Example of charging accuracy of TSP 6 for two days of the test track week 

 Section 1 Section 2 Section 3 Section 4 Section 5 
Date Ch % Ch % Ch % Ch % Ch % 

1   2   3   4   5   
6 100.04 7 104.25 8 99.71 9 99.52 10 86.56 

11 100.01 12 104.25 13 99.71 14 99.58 15 86.63 
12.04. 

16   17   18 122.82 19 93.44 20 39.70 
21   22   23   24   25   
26   27   28   29   30   
31   32   33 87.59 34 98.79 35   

13.04 

36   37   38 178.28 39 69.73 40 38.76 
Ch … Challenge 1 – 100 
%… charging accuracy in % 
 means that a charge report with fee of 0 SEK has been reported 
 means that no charge report have been received for the particular test 

 

5.3.2 Compliance Check Reports 

As mentioned at the beginning of this chapter ARENA incorporates the concept of the trusted 
recorder. One process that involves the trusted recorder is the compliance check process. This 
process enables the TC to send requests to the TSP in order to receive the underlying raw 
usage data from the trusted recorder that was used to create a specific charge report (Nottehed 
and Hamilton 2010). For the purpose of the ARENA test track the requests have been 
manually sent from the company Info24 to the TSPs in order to receive the raw usage data 
from the TSPs. The TSPs then had to send in compliance check reports. 
The XML structure of the raw usage data that is sent within the compliance check reports is 
depicted in Figure 19. However it is important to note that ARENA did not define any 
requirements on how the TSP is actually supposed to record and collect the positioning data. 
This means it was completely up to the TSP what kind of technologies they implemented 
within their OBU in order to come up with a correct charge, but this also leads to the fact that 
they were not required to report any specific parts of their acquired raw data in the 
compliance check report. Furthermore the term of raw data was described in the interface 
specification as follows: ‘TSPs are not requested to provide usage data in its most raw form, 
as this would probably be subject to intellectual property, trade secrets, or just be very hard to 
read. Instead, usage data shall be understood as a level of abstraction slightly above the data 
format used by the OBE (On Board Equipment), but still closer to the sensory data collection 
than what comes out of a map matching or other post processing step’ (Nottehed and 
Hamilton 2010). Therefore Figure 19 merely shows some possible examples of what the TSPs 
collected within the process and reported to ARENA - what was actually sent within the test 
track week differed among the 6 TSPs. 
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Figure 19: Example of XML compliance check report 

 
Besides the type of data (GPS coordinates, vehicle speed, odometer, etc.) it is also of great 
interest what the requested interval of the compliance check data was. The interface 
specifications between the TC and the TSPs state that each sensory type has to have a 
minimum recording rate. This minimum recording rate differs from the sampling rate that the 
TSPs use within their systems – for instance a certain OBU reads the GPS every second and 
the minimum recording interval is set to 30 seconds. The TSP can then discard 29 out of 30 
readings at its own discretion and only store every 30th reading for the purpose of enforcement 
(Nottehed and Hamilton 2010). In order to find out what minimum recording rate has been 
used for the analysis of the compliance check data within this thesis an inquiry has been sent 
to Info24. According to Nottehed (2010) Info24 did not define any minimum recording rate 
for the test track – this information therefore revealed that it had solely been up to the TSP to 
select a recording rate for the compliance check reports ‘as long as they were able to show 
that the vehicle had driven the route accurately enough to calculate the price’. Another factor 
for analysing the compliance check process was to determine for which time intervals Info24 
has actually requested compliance check reports or in other words – for which of the 100 
challenges and associated charge reports the TSP were requested to send in the compliance 
check reports during the test track week. According to Nottehed (2010) compliance check 
reports for the entire set of charge reports from all 6 TSPs have been requested, meaning that 
each TSP was supposed to send in a compliance check report for each and every of the 100 
challenges. 

5.3.3 Additional Data 

Another source of additional input data was delivered as the ARENA test environment also 
included two OBUs that have been installed in the truck by ARENA. However these two 
OBUs only recorded reference GPS data that has not been further processed or utilized within 
the field test. This reference data has been recorded with a GPS sampling rate varying 
between 1 and 2 seconds and was not subject to the challenges, meaning that for example the 
power was not turned off for these two reference units during the power outage challenges in 
section four and five like it has been for the TSPs’ OBUs. 

<listOfRawUsageData> 
   <rawDataList> 
      <rawUsageData UsageDataName="GNSS" TimeStamp="2010-04-14T11:40:23Z"> 
         <dataField FieldName="CoordinateSystem">WGS84</dataField> 
         <dataField FieldName="Latitude">56.162112</dataField> 
         <dataField FieldName="Longitude">14.855483</dataField> 
         <dataField FieldName="Altitude" Unit="m">0.000</dataField> 
         <dataField FieldName="Heading" Unit="degr">270</dataField> 
         <dataField FieldName="VehicleSpeed" Unit="km/h">32</dataField> 
      </rawUsageData> 
      <rawUsageData UsageDataName="VehicleStatus" TimeStamp="2010-04-14T11:40:23Z"> 
         <dataField FieldName="Odometer" Unit="km">57218.8629</dataField> 
         <dataField FieldName="Accelerometer" Unit="m/s/s">10</dataField> 
      </rawUsageData> 
   </rawDataList> 
</listOfRawUsageData> 
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5.4 Evaluation of the Reported Compliance Check Data 

In contrast to the delivered charge reports, where an accuracy calculation has been performed 
by ARENA, no assessment of the reported compliance check data within the ARENA project 
has been made. A total of 295 XML files have been reported by the TSPs to ARENA. 
However, this number does not say anything about the amount of actual data that has been 
delivered by each TSP. This is due to the fact that the formats of the XML files differed 
drastically among the TSPs. For instance TSP 5 only reported 5 XML files where each file 
encapsulated the data for one complete day while other TSPs reported over 100 XML files for 
the entire week.  
In order to deal with the vast amount of GPS positions that were encapsulated in the different 
XML files all reported GPS positions (latitude, longitude, date and time) have been extracted 
for each individual TSP. This has been done using a JAVA application that parsed all XML 
files and converted the entire set of timestamps and their corresponding coordinates that have 
been reported by the TSP during the test week into CSV format. These CSV files have then 
been further processed with regards to the following points: 
 

• Due to the fact that the reports were delivered in separate XML files the GPS data was  
 not sorted after the converting process of the data into CSV format. As each GPS point  
 included a timestamp with the time and date of the recording each CSV file was sorted  
 according to the time stamp, starting from the beginning of the test week on 12th of  
 April. 
• The process of converting the XML files into custom CSV files has been done for the  
 entire set of XML files of each TSP. In order to distinguish between different days the  
 CSV files have been split into separate files for each day of the test week. 
• In order to make sure that only one GPS position has been reported for each unique  
 timestamp a check has been applied to all CSV files to determine if a timestamp  
 occurs more than once. The result showed that some timestamps and their associated  
 GPS coordinates have been reported more than once within the parsed XML files –  
 therefore they consequently also showed up as duplicates in the CSV files. In order to  
 only have unique timestamps the duplicate positions have been deleted. 
• Similar to the issue of double positions the plausibility of the GPS points has been  
 checked. The start point of the test track is located approximately at the World  
 Geodetic System 1984 (WGS84) coordinate 14.865633 Latitude / 56.16365  
 Longitude. By comparing the received coordinates two issues have been identified in  
 this step. The first one is that timestamps have been reported that have a GPS position  
 with a longitude and latitude value of zero. As these are clearly not in the vicinity of  
 the test track they are considered to be faulty and have been deleted - this means that  
 these timestamps have been treated as if they would not have been reported at all. The  
 second identified issue only occurred with TSP 6. This TSP has obviously reported  
 mixed up longitude and latitude coordinates in all XML files. Specifically, the values  
 for longitude and latitude have been swapped. Due to the fact that this swapping of the  
 values of longitude and latitude seems to be a systematic error that only occurred in  
 the process of creating the XML charge reports the values for longitude and latitude  
 have been swapped again. 

 
Due to the fact that ARENA requested a compliance check report for all of the 100 challenges 
from each TSP, the basis for the request was exactly the same list of time slots that has also 
been used for the request of the charge reports. It has to be noted that by requesting 
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compliance check reports for the entire set of time slots ARENA on the one hand loses the 
possibility to check if the TSPs were able to report compliance check data for specific 
requested time slots. On the other hand this allows two other possible comparisons. First of all 
it allows for a comparison of completeness of the reported data by the different TSPs amongst 
themselves due to the fact that every TSP had to report for the exact same time slots (another 
scenario could have been that ARENA requests specific challenges from each TSP on an 
individual basis). Secondly an analysis whether the charge reports and compliance check 
reports results correlate in terms of completeness is possible, as there should be raw data 
available for every single charge report due to the request of compliance check reports for the 
entire set of 100 challenges. 
In order to measure the completeness of the compliance check reports the approach was to 
allocate each reported GPS position to its respective challenge time interval. As mentioned 
before the list of time intervals for each challenge is known and has been supplied to the TSP 
as the basis for the delivery of the charge and compliance check reports. Through the UTC 
timestamp of each reported position it was therefore possible to assign each individual 
position to its specific challenge. The result after this sorting process were separate CSV files 
for each challenge of each TSP. As soon as there has been at least one GPS position for a 
specific challenge a file was created for that challenge. This process of allocating each GPS 
position to its respective challenge also enables another check for the plausibility of the GPS 
positions, namely due to the fact that GPS positions that have been reported outside of the 
requested time intervals are identified. This actually only occurred within the compliance 
check reports of TSP 3, who reported a total of 19 GPS positions within time intervals that 
have never been requested by ARENA. 
The results in Table 15 show the number of challenges where at least one GPS position has 
been reported for the requested time intervals. In order to analyse if there have been direct 
correlations between the reporting of the charge reports and the reporting of the compliance 
check reports the amount of the delivered charge reports is included in the same table (the 
number of charge reports here represents the one where an accuracy has been calculated by 
ARENA, meaning that charge reports with a reported value of 0 SEK have been considered to 
be faulty).  
 

Table 15: Comparison of completeness of delivered reports from TSPs 

 TSP 1 TSP 2 TSP 3 TSP 4 TSP 5 TSP 6 
number of challenges where charge 
report data has been reported 

100 84 80 98 100 61 

number of challenges where raw data 
has been reported 

80 5 80 40 100 63 

 
The results show that TSP 2 and 4 reported significantly fewer GPS positions for diverse 
challenges although the number of delivered charge reports is high. The same holds true for 
TSP 1, although the difference is not as high as with TSP 2 and 4. This leads to the conclusion 
that TSP 1, 2 and 4 actually must have had considerably more raw data for the calculation of 
the respective charge reports compared to what has been reported within the compliance 
check reports – TSP 1, 2 and 4 therefore show a lack of reporting. When looking at TSP 3, 5 
and 6 a clear correlation between the number of the delivered charge and compliance check 
reports can be assumed, meaning that if a charge report has been delivered a compliance 
check report has been delivered as well (TSP 5 is the trivial case – a figure of 100 for both 
reports leaves no doubts). 
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In order to determine if the latter assumption is correct and to be able to perform a more 
detailed analysis the exact break down of the reported raw data has to be taken into account. 
This has been done by compiling tables based on the calculated charge reports’ accuracy by 
ARENA. Table 16– Table 21 combine the calculated charge accuracies with the results of the 
compliance check reports for each individual challenge. In particular the amount of reported 
GPS points has been determined and depicted for each challenge. As the amount of GPS 
points is naturally linked to the recording time an estimate of the latter is also depicted, 
namely through the arithmetic mean value of the time differences of all consecutive GPS 
recordings for each challenge - a high recording time corresponds to low values (e.g. 5 
seconds), a low recording time corresponds to high values (e.g. 250 seconds). The following 
legend applies to Table 16 – Table 21: 
 
 Ch – Challenge 1-100 
 % – Charging accuracy of charge report according to ARENA’s calculation 
 # – Number of GPS points reported in compliance check report for the challenge time interval 
 T – Mean GPS recording time in seconds  – arithmetic mean value of time differences of all 

– consecutive GPS positions for given challenge 
  – No charge/compliance check report delivered 
   – Charge report of 0 SEK delivered 

 
When looking at Table 16 a clear pattern emerges for the 20 challenges where no raw data has 
been delivered within the compliance check reports – no compliance check reports have been 
delivered at all on the last day of the test track week. The recording time of the delivered GPS 
points varies between about 30 seconds for section 1 and section 3 and about 55 seconds for 
section 2 and section 4. There have been very few GPS points reported for section 5 which 
results in a significantly lower recording time. 
 

Table 16: Charge accuracy and compliance check report data of TSP 1 

 Section 1 Section 2 Section 3 Section 4 Section 5 

 Ch % # T Ch % # T Ch % # T Ch % # T Ch % # T 

1 107.31 27 35.38 2 90.89 8 52.43 3 96.26 22 33.90 4 60.21 26 55.48 5 1.12 4 256.00 

6 107.02 26 35.60 7 91.70 8 51.86 8 94.92 22 34.57 9 62.82 26 54.24 10 2.88 3 340.00 

11 107.20 26 36.04 12 96.59 9 52.25 13 94.36 22 33.05 14 60.27 26 54.72 15 2.34 4 237.67 
12.04. 

16 106.88 27 32.81 17 95.29 8 55.00 18 94.64 22 33.43 19 62.73 25 59.54 20 3.06 5 208.50 

21 107.51 27 30.00 22 94.96 8 49.00 23 95.69 24 35.22 24 62.40 25 56.38 25 0.25 3 376.50 

26 106.64 27 34.50 27 90.56 8 52.71 28 94.71 22 34.10 29 65.72 26 54.32 30 0.96 3 360.50 

31 107.44 28 32.96 32 90.08 8 52.14 33 98.23 22 35.33 34 66.76 25 57.33 35 0.58 4 266.67 
13.04 

36 107.11 29 32.57 37 91.22 9 57.00 38 95.48 23 34.95 39 56.48 23 60.55 40 2.31 4 246.33 

41 107.74 30 33.14 42 89.26 9 50.88 43 95.48 22 34.10 44 61.35 29 52.75 45 0.23 3 367.50 

46 107.02 27 33.27 47 90.73 9 62.25 48 98.09 25 33.75 49 61.78 25 57.38 50 1.71 4 266.33 

51 107.38 28 32.93 52 92.52 11 51.10 53 95.48 23 37.45 54 63.50 25 59.08 55 0.61 4 268.67 
14.04. 

56 107.38 28 33.96 57 91.05 9 58.13 58 94.99 22 34.81 59 72.51 30 52.97 60 6.57 4 269.33 

61 107.53 29 34.14 62 91.70 9 72.00 63 100.13 24 34.39 64 57.32 26 54.64 65 0.49 5 225.00 

66 107.11 29 34.64 67 92.03 8 54.43 68 96.40 25 35.88 69 61.67 25 58.17 70 4.64 6 193.60 

71 107.80 29 31.32 72 91.54 8 55.29 73 96.19 25 37.50 74 61.97 26 55.00 75 1.73 6 196.00 
15.04. 

76 106.85 30 31.76 77 91.87 10 41.67 78 96.47 24 43.22 79 60.94 26 57.40 80 4.55 5 211.00 

81 107.48     82 93.82     83 98.30     84 65.28     85 2.77    

86 106.67     87 87.63     88 95.62     89 65.23     90 5.93    

91 107.38     92 91.22     93 110.35     94 64.94     95 0.82    
16.04. 

96 107.14     97 90.40     98 98.16     99 68.09     100 5.65    

 
TSP 2, depicted in Table 17 delivered only raw data for a total of five challenges – in this 
comparison it becomes obvious that these five sets of raw positioning data have been reported 
for one complete test run on only one day. 
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Table 17: Charge accuracy and compliance check report data of TSP 2 

 Section 1 Section 2 Section 3 Section 4 Section 5 

 Ch % # T Ch % # T Ch % # T Ch % # T Ch % # T 

1       2       3       4       5       

6 106.67     7 96.10     8 97.81     9 99.53     10 102.07     

11 107.02     12 96.59     13 97.88     14 99.44     15 102.16     
12.04. 

16 106.55     17 95.78     18 101.26     19 99.39     20 102.70     

21 107.51 26 30.16 22 96.59 9 44.75 23 101.19 25 34.00 24 98.77 35 37.82 25 102.04 22 33.95 

26 106.94     27 96.43     28 97.81     29 99.56     30 103.10     

31 106.61     32 96.10     33 97.60     34 99.56     35 102.26     
13.04 

36 107.05     37 96.43     38 118.81     39 99.77     40 102.70     

41 107.48     42 96.75     43 100.63     44 61.89     45 102.70     

46 107.00     47 94.31     48 97.74     49 99.36     50 102.59     

51 106.46     52 96.27     53 97.10     54 99.56     55 102.26     
14.04. 

56       57       58       59       60       

61 99.72     62       63 33.68     64 98.60     65 97.03     

66 110.47     67 96.27     68 97.88     69 98.70     70 102.64     

71 106.76     72       73       74 71.41     75 102.29     
15.04. 

76 107.26     77 96.27     78 97.60     79 98.70     80 103.53     

81       82       83       84 61.28     85 101.90     

86 107.02     87 96.27     88 97.74     89 98.64     90 102.20     

91 106.82     92 96.10     93 97.74     94 98.55     95 102.60     
16.04. 

96 107.02     97 96.27     98 97.60     99 98.70     100 102.25     

 
When analysing TSP 3 the prior assumption that if a charge report has been delivered, a 
compliance check report has been delivered too turns out to be true. All of the 80 reported raw 
datasets are exactly the ones where also a charge report has been delivered. Furthermore all of 
the 20 missing compliance check reports occurred on one single day of the test track week – 
that is – except the fact that it is a different day - a similar pattern compared to TSP 1, where 
the 20 missing reports were also attributed to one entire day. The GPS recording time is 
roughly about 40 seconds. 
 

Table 18: Charge accuracy and compliance check report data of TSP 3 

 Section 1 Section 2 Section 3 Section 4 Section 5 

 Ch % # T Ch % # T Ch % # T Ch % # T Ch % # T 

1       2       3       4       5       

6       7       8       9       10       

11       12       13       14       15       
12.04. 

16       17       18       19       20       

21 94.36 18 40.71 22 102.29 6 54.20 23 96.19 17 43.00 24 97.84 32 36.39 25 77.62 14 55.46 

26 102.03 19 49.56 27 92.52 5 30.00 28 118.81 17 39.13 29 97.81 32 36.10 30 76.28 15 47.21 

31 93.60 18 47.59 32 102.29 6 46.40 33 103.30 17 39.38 34 95.18 31 36.60 35 74.27 14 41.69 
13.04 

36 113.86 18 43.06 37 101.48 6 31.20 38 96.26 17 39.19 39 99.47 32 36.55 40 78.58 14 52.54 

41 98.84 20 64.84 42 96.59 6 58.20 43 108.52 17 35.50 44 93.61 33 39.50 45 77.15 13 48.92 

46 104.02 17 40.56 47 97.24 6 27.40 48 111.83 17 40.25 49 96.78 33 36.41 50 79.51 13 48.25 

51 115.79 15 35.93 52 99.52 6 29.80 53 109.15 16 43.00 54 102.70 32 37.00 55 84.54 10 36.22 
14.04. 

56 104.86 18 42.24 57 95.45 6 52.60 58 103.38 17 37.00 59 100.75 34 36.88 60 84.91 14 47.15 

61 104.30 18 41.18 62 100.83 6 33.40 63 111.48 17 39.56 64 97.54 32 37.10 65 83.49 10 37.67 

66 96.00 19 50.78 67 100.99 6 54.60 68 103.59 17 42.94 69 98.23 32 37.00 70 69.15 13 51.08 

71 95.86 17 43.50 72 101.15 6 48.80 73 98.79 16 44.33 74 97.44 33 38.06 75 82.59 10 39.33 
15.04. 

76 108.84 16 44.00 77 103.43 6 39.20 78 92.45 16 55.00 79 93.20 33 36.78 80 83.90 10 39.00 

81 98.04 18 51.47 82 100.83 6 27.60 83 112.04 17 39.63 84 89.69 33 35.16 85 76.79 9 38.88 

86 107.41 18 47.71 87 94.96 6 28.00 88 109.15 16 36.67 89 99.17 32 36.13 90 71.11 13 48.08 

91 112.91 19 47.67 92 96.75 6 46.60 93 103.52 17 35.69 94 97.08 32 36.45 95 74.71 13 49.33 
16.04. 

96 96.69 17 42.75 97 104.41 6 45.60 98 99.22 16 44.27 99 78.82 33 35.34 100 24.09 13 50.50 

 
When analysing TSP 4 in Table 19 it can be observed that no raw data has been delivered 
during the entire first and last day although it must have been available due to the fact that a 
charge report has been delivered. Next to these complete two days several other compliance 
check reports are missing – notably these missing reports occurred in consecutive rows on 
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two different test runs rather than occurring randomly spread out through all possible 
challenges. The recording time for section 1-3 is in the area of 30 seconds whereas section 4 
and section 5 show higher recording times. 
 

Table 19: Charge accuracy and compliance check report data of TSP 4 

 Section 1 Section 2 Section 3 Section 4 Section 5 

 Ch % # T Ch % # T Ch % # T Ch % # T Ch % # T 

1 120.94     2 95.61     3 101.19     4 67.41     5 32.13     

6 122.26     7 95.78     8 100.49     9 73.97     10 19.79     

11 117.87     12 94.80     13 99.85     14 73.08     15 37.85     
12.04. 

16 120.66     17 94.31     18 100.13     19 74.61     20 24.65     

21 80.50 17 27.88 22 84.54 11 41.00 23 58.21 24 27.78 24 3.68 8 190.14 25 2.21 7 133.17 

26 74.71 33 30.41 27 97.24 24 25.35 28 96.89 41 24.25 29 33.50 31 49.50 30 23.81 13 65.17 

31 30.68     32 2.77     33 81.60     34 57.70     35 36.52 19 51.56 
13.04 

36 105.81 41 27.80 37 97.41 22 28.29 38 93.72 34 29.58 39 22.47 36 42.71 40 16.59 11 81.40 

41 115.63 37 28.25 42 98.22 18 36.82 43 81.60 25 28.38 44       45 11.47 15 70.50 

46 59.23 25 30.42 47 95.13 22 29.33 48 95.34 35 28.50 49 40.82 29 54.61 50 3.38 8 28.86 

51 20.02 23 31.68 52 98.06 23 28.50 53 80.76 26 28.24 54 29.26 24 59.00 55 22.75 17 57.00 
14.04. 

56 107.59 41 28.60 57 97.89 22 29.38 58 90.41 35 27.88 59 38.03 35 48.09 60 10.90 15 68.64 

61 84.81     62 95.13     63 56.59     64       65 7.96     

66 123.69 36 28.66 67 67.92 20 31.74 68 98.30 36 29.26 69 51.91 41 38.30 70 30.41 17 55.38 

71 29.76     72 75.25     73 83.15     74 45.82     75 25.53     
15.04. 

76 97.10     77 94.64     78 94.14     79 31.73     80 5.46     

81 91.80     82 46.26     83 39.88     84 3.21     85 15.92     

86 74.56     87 78.19     88 94.99     89 37.94     90 13.98     

91 16.16     92 73.62     93 43.06     94 26.59     95 15.71     
16.04. 

96 122.80     97 100.01     98 71.24     99 7.26     100 13.09     

 
TSP 5, depicted in Table 20 was the only TSP that reported raw data for all of the 100 
challenges. The recording interval in section 1-4 is roughly about 10 seconds, in section 5 the 
recording interval is varying and generally lower.  
 

Table 20: Charge accuracy and compliance check report data of TSP 5 

 Section 1 Section 2 Section 3 Section 4 Section 5 

 Ch % # T Ch % # T Ch % # T Ch % # T Ch % # T 

1 101.50 80 9.18 2 98.55 29 10.29 3 92.66 81 8.09 4 87.57 99 10.67 5 120.45 6 125.20 

6 100.34 80 8.28 7 98.38 28 10.30 8 98.44 83 7.98 9 97.58 99 10.99 10 97.32 1 - 

11 98.44 80 8.42 12 98.55 28 10.15 13 100.98 82 7.80 14 98.17 91 12.27 15 98.35 7 7.50 
12.04. 

16 100.67 81 9.11 17 98.22 30 10.07 18 103.80 82 7.38 19 97.90 108 12.13 20 99.76 17 45.75 

21 100.17 79 9.03 22 98.38 28 10.85 23 101.33 81 8.84 24 99.94 107 11.33 25 97.65 7 101.00 

26 99.98 78 9.38 27 98.38 28 10.78 28 99.50 83 7.82 29 99.36 100 10.32 30 99.24 12 55.00 

31 99.78 76 9.51 32 98.55 28 10.48 33 99.50 81 8.13 34 100.42 109 11.04 35 99.80 10 27.78 
13.04 

36 100.52 78 9.43 37 98.55 28 11.11 38 99.85 81 8.31 39 100.10 99 10.66 40 99.03 14 23.23 

41 99.72 80 9.97 42 99.03 29 11.68 43 99.43 77 7.84 44 99.74 130 10.24 45 100.62 17 19.00 

46 100.28 82 9.10 47 98.87 30 11.10 48 99.29 84 8.18 49 99.21 120 10.18 50 100.76 13 21.50 

51 99.98 81 9.18 52 99.03 29 11.89 53 99.57 83 8.52 54 101.01 100 12.24 55 96.13 12 22.82 
14.04. 

56 100.13 77 9.62 57 98.87 29 11.57 58 100.20 83 8.05 59 100.13 93 14.09 60 99.17 18 36.41 

61 99.30 78 9.53 62 98.87 27 13.62 63 99.85 82 8.31 64 98.46 105 10.36 65 98.32 15 21.57 

66 100.25 78 9.47 67 98.71 28 11.26 68 99.78 81 8.53 69 100.41 95 11.41 70 99.05 20 36.21 

71 100.25 78 9.99 72 99.52 29 11.04 73 100.27 83 9.04 74 100.35 120 10.54 75 98.93 12 26.09 
15.04. 

76 100.07 77 10.00 77 99.52 27 9.50 78 100.06 83 10.87 79 99.47 95 12.81 80 98.42 14 53.23 

81 100.42 80 10.54 82 99.85 32 17.84 83 103.52 74 12.84 84 100.01 122 10.86 85 98.81 22 33.10 

86 100.55 81 9.88 87 99.36 34 16.30 88 100.35 87 8.52 89 99.44 119 9.96 90 99.47 45 81.64 

91 100.91 46 8.51 92 99.36 35 16.00 93 100.27 85 9.19 94 98.91 113 10.60 95 98.88 15 44.36 
16.04. 

96 99.72 81 10.04 97 99.52 32 17.81 98 100.77 85 10.01 99 99.76 94 12.61 100 99.44 11 65.40 

 
When looking at the results of TSP 6 in Table 21 it is again observable that if a charge report 
has been delivered, a compliance check has been reported as well. An exception of TSP 6 is 
that data has been delivered on the first day of the test week raw for two challenges although 
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no charge report has been delivered for those challenges – this indicates that the TSP could 
have actually produced a charge report as raw data was definitely available for calculation.  
 

Table 21: Charge accuracy and compliance check report data of TSP 6 

 Section 1 Section 2 Section 3 Section 4 Section 5 

 Ch % # T Ch % # T Ch % # T Ch % # T Ch % # T 

1   215 5.00 2   121 5.00 3       4       5       

6 100.04 146 5.00 7 104.25 61 5.00 8 99.71 129 5.00 9 99.52 172 6.96 10 86.56 71 8.99 

11 100.01 137 5.00 12 104.25 59 5.00 13 99.71 130 5.00 14 99.58 185 6.56 15 86.63 66 8.72 
12.04. 

16       17       18 122.82 80 5.00 19 93.44 325 5.00 20 39.70 211 5.00 

21       22       23       24       25       

26       27       28       29       30       

31       32       33 87.59 71 5.00 34 98.79 64 8.94 35       
13.04 

36       37       38 178.28 95 5.37 39 69.73 279 5.43 40 38.76 193 5.00 

41 5.11 13 54.58 42 437.18 69 5.88 43       44 65.50 94 5.00 45 30.83 34 5.00 

46 45.74 164 6.10 47 82.42 58 5.00 48 140.30 124 7.24 49 141.05 215 7.28 50       

51 90.24 193 5.31 52 156.53 85 5.06 53 123.04 202 5.00 54 133.35 233 6.57 55 28.89 34 10.12 
14.04. 

56       57       58 215.56 131 5.04 59 61.41 278 5.99 60 36.52 169 5.00 

61       62       63       64       65 37.21 37 5.00 

66 99.93 150 5.20 67       68 99.71 133 5.00 69 99.91 208 6.43 70 86.75 81 8.21 

71 34.28 227 5.00 72 206.21 126 5.00 73 108.94 173 6.19 74 163.32 240 6.46 75       
15.04. 

76       77 172.33 83 5.00 78 203.79 202 5.00 79 72.38 293 5.00 80 54.28 110 7.81 

81       82       83       84 71.80 56 5.18 85       

86 99.81 153 5.00 87 104.57 70 5.00 88 99.71 133 5.00 89 99.61 175 6.73 90 86.70 65 8.88 

91 99.96 162 5.00 92 92.36 60 5.00 93 99.71 119 5.00 94 96.91 202 6.42 95 66.02 70 9.10 
16.04. 

96       97       98 144.39 82 5.43 99 82.35 299 5.00 100 37.64 193 5.16 
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5.5 Creating Third Set of Charge Reports 

As described in the thesis methodology in Chapter 3 and in Figure 8 the reported compliance 
check raw data can be used to create a third set of charge reports using a proprietary software 
application that has been developed by SWECO. The main input for this map matching and 
fee calculation software application are  
 

• GPS track logs 
• digital map of the test track area 
• ARENA pricing list 

 
During the course of this analysis, the raw data which was extracted out of the compliance 
check reports has been used for GPS track logs input. The software application requires a 
specific format, namely TXT files where the GPS points are to be in DMS format. In order to 
compile the necessary TXT file structure of the timestamps and the coordinates a JAVA 
application was used to convert the coordinates from the originally received longitude and 
latitude format to DMS format. The SWECO application matches the inserted GPS points to 
the digital map and then calculates a charge report according to the pricing list. This means 
that the result of the application is the fee that has to be paid and the respective amount of 
travelled distance that has been identified for each location class based on the input of the 
GPS track logs. Figure 20 depicts an example of the fee calculation step after the map 
matching process.  
 

 
Figure 20: Fee calculation software – example of calculated third charge report 
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5.5.1 Identification of Challenges for Analysis 

The identification of the challenges that were chosen for the analysis by creating a third set of 
charge reports was subject to the following two steps: 
 

• Step 1: Selection of challenges according to availability of sufficient data 
o Compliance check report – availability of sufficient raw data for challenge 
o Charge report data – availability of calculated accuracy for challenges  

• Step 2: Additional challenge selection criteria 
 
The first step involves a determination which TSPs have provided sufficient raw data for this 
analysis. This requirement comes from the fact that the used digital map within the context 
data of the field test consists of a high amount of very short segments. The software 
application is therefore not able to deal with GPS track logs with a recording rate that is lower 
than 1-2 seconds. As a direct consequence of the fact that the minimum recording interval has 
not been defined by ARENA the raw data within the compliance check reports shows very 
diverse sampling intervals. In fact only TSP 5 and 6 reported raw data that had a sampling 
interval of about 5-15 seconds. All the other TSP’s GPS logs show a sampling rate of more 
than 30 seconds as can be seen in Table 16 – Table 21. In order to be able to use the software 
application to create a third set of charge reports for the TSPs linear interpolation was applied 
to the GPS logs using EXCEL according to the following relation: 
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where x , y … time stamp (input) and coordinate (output) of newly interpolated position 
 

ax , ay  … time stamp (input) and coordinate (input) of original first position 

 
bx , by  … timestamp (input) and coordinate (input) of original second position 

 
This linear interpolation relation has been applied separately for longitude and latitude of each 
timestamp and original position pair within the GPS logs until enough new additional 
positions have been interpolated so that a recording interval of 1 second is reached. Figure 21 
depicts the interpolation of a sample GPS log that had an original recording interval of 5 
seconds. 
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Figure 21: Visualisation of a 5 second GPS log sample before and after linear interpolation 

 
However, this process of interpolation was only applicable to GPS logs that had a recording 
interval of about 5 seconds. The reason for this can be seen in Figure 22 that shows an 
example of an original GPS log with a recording time of 30 seconds. The original GPS points 
are too far from each other to apply linear interpolation – e.g. only two points are available at 
the intersection in the upper right corner of Figure 22. The result would be too inaccurate to 
be used in the subsequent analysis when applying linear interpolation to this kind of data, due 
to the fact that too many added interpolated points would not end up in the vicinity of the 
correct road stretches, because essential information has already been lost due to the low 
recording interval. 
 

 
Figure 22: Visualisation of a sample 30 second GPS log 

 

… interpolated GPS points 

… original GPS points 

… interpolated GPS points 

… original GPS points 
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TSP 1-4 delivered raw data with a recording time that is too high to be used for the 
interpolation process and have therefore not been considered for this analysis. As TSP 5 did 
not show enough significant inaccuracies no analysis has been performed. The interpolation 
step has only been applied to TSP 6. Therefore the analysis of creating a third charge report is 
solely done for TSP 6. Another aspect that concludes step 1 of the challenge selection process 
is that a charge report had to be available including its calculated accuracy for the same 
challenges where raw data is available - as the analysis in Chapter 5.4 has shown this was the 
case in 61 challenges of TSP 6. 
In step 2 additional selection criteria have been applied – an overview is depicted in Figure 
23. In order to have a broad spectrum of different cases for the analysis a total of four charge 
reports have been selected for each individual test out of the pool of 61 available challenges 
where both a charge report and compliance check report have been delivered. These four 
charge reports of each test comprise of one charge report with the best accuracy and three 
charge reports that showed significant inaccuracies. An overview of the 20 selected 
challenges is given in Table 22.  
 

 
Figure 23: Selection of challenges for analysis of TSP 6 

 
The first row of Table 22 corresponds to the inaccuracies of the charge reports that have been 
chosen according to the first selection criteria in Figure 23. This inclusion of fairly accurate 
reports was done in order to guarantee that accurate third charge reports can be produced by 
using the raw data within the respective compliance check reports. Consequently, other 
challenges, namely the ones that show way more serious inaccuracies can be analysed in the 
same way. 
 

Table 22: Inaccuracies of the 20 selected charge reports of TSP 6 

Section 1 Section 2 Section 3 Section 4 Section 5 

Ch % off Ch % off Ch % off Ch % off Ch % off 

11 +0.01 7 +4.25 13 -0.29 14 -0.42 10 -13.44 

46 -54.26 42 +337.18 38 +78.28 49 +41.05 40 -61.24 

51 -9.76 72 +106.21 58 +115.56 54 +33.35 60 -63.48 

71 -65.72 77 +72.33 78 +103.79 74 +63.32 100 -62.36 

Ch - Challenge 1-100 
% off – Inaccuracy of charge report, e.g. reported value of 104.25% would correspond to an 
inaccuracy of +4.25% 
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5.5.2 Results 

A complete summary of the results after using the interpolated raw GPS logs as an input for 
the software application is depicted in Table 23. When looking at the columns of inaccuracy 
that list the values for the charge reports delivered by the TSP and the ones that were achieved 
with the raw data of the compliance check reports it can be observed that there are significant 
correlations – the most significant ones have been highlighted in grey colour. 
 

Table 23: Results of raw data analysis through third charge report of TSP 6 

  Inaccuracy [%] Fee [SEK] Loc. Class 0 [m] Loc. Class 1 [m] Loc. Class 2 [m] 

 CH CR NCR TRUE CR NCR TRUE CR NCR TRUE CR NCR TRUE CR NCR 

11 +0.01 -0.94 33.67 33.67 33.35 409 409 408 4057 4051 4039 4288 4279 4243 

46 -54.26 -61.50 33.67 15.4 12.96 409 314 0 4057 8535 7198 4288 0 0 

51 -9.76 -19.92 33.67 30.38 26.96 409 0 0 4057 7602 5712 4288 2706 2712 S
ec

tio
n 

1 

71 -65.72 -68.04 33.67 11.54 10.76 409 0 0 4057 6404 5976 4288 0 0 

7 +4.25 +0.66 6.14 6.4 6.18 0 0 0 3411 3551 3435 0 0 0 

42 +337.18 +261.61 6.14 26.84 22.2 0 84 84 3411 0 0 0 3514 2919 

72 +106.21 +95.46 6.14 12.66 12 0 1223 1500 3411 7010 6665 0 0 0 S
ec

tio
n 

2 

77 +72.33 +62.23 6.14 10.58 9.96 0 409 410 3411 0 0 0 1716 1619 

13 -0.29 +3.16 14.19 14.15 14.64 1337 1266 948 7884 7838 8132 0 0 0 

38 +78.28 +39.53 14.19 25.3 19.8 1337 409 357 7884 0 0 0 4105 3221 

58 +115.56 +116.76 14.19 30.59 30.76 1337 409 353 7884 2344 2463 0 4279 4283 S
ec

tio
n 

3 

78 +103.79 +97.45 14.19 28.92 28.02 1337 0 0 7884 7599 7179 0 2471 2456 

14 -0.42 -8.95 34.00 33.86 30.96 107 98 90 15250 15208 15231 1066 1039 577 

49 +41.05 -4.95 34.00 47.96 32.32 107 0 0 15250 4049 4051 1066 6587 4070 

54 +33.35 +2.85 34.00 45.34 34.97 107 0 0 15250 7967 7688 1066 5021 3437 S
ec

tio
n 

4 

74 +63.32 +22.61 34.00 55.53 41.69 107 0 0 15250 6618 6633 1066 7064 4840 

10 -13.44 -39.95 42.85 37.09 25.73 0 0 0 0 0 0 6969 6009 4186 

40 -61.24 -61.59 42.85 16.61 16.46 0 1044 1102 0 9198 9145 6969 0 0 

60 -63.48 -64.25 42.85 15.65 15.32 0 128 208 0 8668 8509 6969 0 0 S
ec

tio
n 

5 

100 -62.36 -64.74 42.85 16.13 15.11 0 1052 1119 0 8931 8393 6969 0 0 
Inaccuracy = Inaccuracy of charge report, e.g. reported value of 104.25% would correspond to an inaccuracy of +4.25% 
CH = Challenge 1-100 
CR = Charge Report - value delivered in charge reports by TSP 
NCR = New Charge Report – value that has been calculated in new charge report using the software application 
TRUE = Correct value for the Section track 
Highlighted = Pairs of significant comparison results have been highlighted 

 
The performed analysis and the identified correlations allow for a number of conclusions for 
the accuracy of the charge reports and the nature of the compliance check reports for TSP 6, 
namely: 
 

• For the majority of challenges the newly produced charge report delivered a fee that  
 resulted in an accuracy that was well within the range of the accuracy of the charge  
 report delivered by the TSP. It can therefore be concluded that the reported raw data in  
 the compliance check reports was definitely the one that has been used by the TSP to  
 calculate the reported fee. Regardless if the raw data from a fairly accurate or very  
 inaccurate delivered TSP charge report has been analysed the results were either  
 almost the same or at least in close proximity of the reported accuracy. 
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• The assumption that the reported GPS raw data was the actual basis for the calculation  
 of the fees in the TSP’s delivered charge report is further confirmed by looking at the  
 comparison of the reported location classes in Table 23. This is due to the fact that the  
 amount of metres and the break down into the different location classes of the newly  
 produced charge reports is similar to the original charge reports of the TSP. 
• As it was possible to reproduce the very same accuracies – and even more importantly  
 also the very same inaccuracies for the fees - it can therefore be concluded that the  
 reason for the inaccuracies of TSP 6 lies definitely within the raw GPS data that was  
 used for the calculation of the fee. 
• Due to the fact that the reported location classes and the corresponding fees are that  
 similar to the newly calculated charge reports it is very unlikely that errors happened  
 within the map matching and charge calculation stage of TSP 6 – this is verified by the  
 similar results in reported location classes, metres and the corresponding fees. This in  
 an indication that the processing and application of the ARENA pricing list worked  
 sufficiently. 

5.6 Visualisation of the Raw GPS Data 

In order to perform the analysis by visualisation of the raw GPS data ArcMap has been used 
within the ArcGIS software package from the Environmental Systems Research Institute 
(ESRI). The following input data was used within the ArcMap application: 
 

• Set of reference GPS data from two ARENA OBUs 
• GPS logs from the compliance check reports 
• Actual true route for each test 

 
The set of reference GPS data that has been gathered by two ARENA OBUs has been 
processed in a similar fashion as the raw data that has been delivered by the TSP’s through the 
compliance check process. The reference data has been split up according to the time intervals 
of each challenge – as data from two units was available and the completeness of the data 
varied between them the most complete data set has always been picked for each individual 
challenge. In consequence both the raw data from the TSPs and the reference data have been 
processed to a format that can be displayed simultaneously within the ArcMap application by 
importing custom EXCEL files as separate layers for each analysed challenge. This allows a 
comparison between what has been collected by ARENA and what the TSPs have reported 
for the very same challenges based on the defined time intervals. As the reference data was 
collected in the very same truck as the GPS logs from the TSPs this comparison aims to verify 
that the raw data is compared against the correct true route in the proceeding analysis. The 
actual true route has been displayed by importing the digital map from the test track area. As 
mentioned in Chapter 5.1 and in Figure 15 the digital map is based on a database of individual 
links that all have a unique ID. A list of the segments that form the true route was made 
available for the thesis work by the ARENA project as the test track and correspondingly the 
true route has been defined by ARENA prior to the field test. The database of the digital map 
was queried for the true route segments for each location class according to the supplied list 
of IDs by applying Structured Query Language (SQL) statements within ArcMap. By splitting 
up the true route into five sectors – one for each section and its respective challenge – this 
made it possible to depict the true route for each section in separate layers in addition to the 
displayed raw GPS and reference data.  
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5.6.1 Identification of Challenges for Analysis 

As the approach to do an analysis by creating another set of charging reports for specific 
challenges has only been applicable for TSP 6 it was decided to start the analysis by 
visualisation for the very same TSP in order to take a closer look at the actual raw GPS points. 
In this specific case of TSP 6 the very same charge reports as in the latter analysis (compare 
with Table 22) have been picked for the analysis by visualisation. This is due to the fact that it 
has been verified that in these cases the raw data has most likely caused the inaccuracies for 
the respective challenges. However, unlike in the first analysis by creating a third charge 
report, there was no necessity to interpolate the points for this type of analysis – therefore the 
original raw data of TSP 6 is used within this analysis. 
TSP 2 has delivered hardly any charge and compliance check reports, namely only for a total 
of 5 challenges. Out of the 100 delivered charge reports of TSP 5 only a total of three show an 
inaccuracy of more than 5% which means that they are considered to be too accurate for this 
kind of analysis. TSP 2 and 5 have not been considered for the analysis of the raw data. 
The selection criteria for the remaining TSPs can be seen in Figure 24. The results of the 
analysis by visualisation have not been included in the thesis due to the fact that apart from 
the facts found for TSP 6 no new additional reasons or conclusions have been identified in the 
course of the analysis of TSP 1, 3 and 4. 
 

 
Figure 24: Selection of challenges for analysis of TSP 1, 3 and 4 

5.6.2 Results 

The following subchapters present the results of the analysis by visualisation of TSP 6. In 
order to have a qualitative result of the analysis five different outcomes have been defined that 
describe the analysed relation between the depicted positions of the GPS points for the 
reported raw data and the true route for each specific challenge: 
 

+  all GPS points are on the true route 
-  no GPS points are on the true route 
+- most GPS points are on the true route, some are outside 
-+ most GPS points are not on the true route, only some are on the true route 

 
The second type of result, namely patterns of missing GPS points are indicated within the 
respective visualisation figures. Furthermore the following legend applies to all figures that 
visualise data: 
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 depicts the true route 

  depicts all map segments of the digital map 

 depicts the raw GPS data of the TSP 

 depicts GPS data of the ARENA reference OBU (not included in all figures) 

 
 

depicts areas where wrong GPS points have been reported – wrong refers to 
the fact that the test truck has not been at the reported position at the 
respective time stamp  

  
 depicts areas where GPS points are missing within a reported trajectory 
  
 
Due to the limitation of having to insert screenshots of the visualisation procedure without 
being able to switch between the different layers like in the ArcGis application the ARENA 
OBUs’ reference logs have been omitted from most of the screenshots in order to improve the 
readability. However, the reference GPS logs can partly be seen in challenges that involve 
road sections that where not included in the digital map, i.e. the true route is not covering the 
reference GPS data at those locations. Figure 25 shows such an example of the visualisation 
of a sample GPS log of the ARENA reference OBU. The reference GPS logs have been 
considered for every analysed challenge in order to validate that the test truck has actually 
been driving on the true green route at the same time intervals that are being analysed. 
 

 
Figure 25: Sample of ARENA OBU’s reference GPS logs 

 

TSP 6 - Section 1: 

The first analysed challenge was challenge 11 on the first day of the field test having a very 
low charge inaccuracy of only +0.01 %. Figure 26 illustrates that the positions of the reported 
GPS logs are in line with the true route. This includes the challenge area in the southern part 
where it can be observed that the reported positions are in line with the reference OBU. As the 
reported raw positions and fee are accurate it can be concluded that the application of the 

wrong GPS 
points 

missing 
GPS points 
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ARENA pricing list has worked sufficiently. This means that the roads that are not defined in 
this challenge have not been charged. 
 

 
Figure 26: Raw data of TSP 6 – Challenge 11 

 
In contrast the next analysed challenges 46, 51 and 71 on the third and fourth day of the field 
test showed inaccuracies of -54.26%, -9.76% and -65.72%. The analysis revealed that for all 
three challenges the raw data was of similar character – namely that the GPS points turned out 
to be shifted in western direction. In addition to these wrong GPS positions the trajectory 
shown in Figure 27 has a gap of about one minute where no GPS points have been reported.  

 

 
Figure 27: Raw data of TSP 6 – Challenge 46 

 
Challenge 51 showed an charge accuracy of 90.24% - this sounds fairly accurate, however the 
raw data reveals that the fee has actually been calculated for a completely wrong route. Only 
through the visualisation of the raw data depicted in Figure 28 one can see that the reported 
fee has been calculated for a route that is not in line with the true route. It can be concluded 
that the reported fee has been based on road segments where the vehicle has not been within 
the challenge time frame and the charged fee merely adds up to a value that is in proximity to 
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the true charge by coincidence – this is backed up by including the results of the reported 
location classes and respective amount of driven meters of the prior analysis by creating a 
third set of charge reports. The fact that - for instance - no charges for location class 0 have 
been reported at all indicates that the eastern part of the route has not been identified as part of 
the route, due to the fact that 409m of this road type have actually been driven.  
 

 
Figure 28: Raw data of TSP 6 – Challenge 51 

 
Similar behaviour to challenge 46 can also be seen for challenge 71, depicted in Figure 29. 
 

 
Figure 29: Raw data of TSP 6 – Challenge 71 
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TSP 6 - Section 2: 

When analysing the second section the TSP achieved the best result at challenge 7 which is 
also reflected in the raw data – the positions of the GPS points are in line with the true route 
for this challenge as can be seen in Figure 30.  
 

 
Figure 30: Raw data of TSP 6 – Challenge 7 

 
However the challenges 42, 72 and 77 with inaccuracy values of +337.18%, +106.21% and 
+72.33% are amongst the worst inaccuracies of charge reports that have been reported by the 
TSPs at all. The visualisation of the reported raw data for challenge 77 is done in Figure 31 
which shows that the GPS positions are wrongly situated on the other side of the map that 
belongs to section 1 of the test track. Obviously this is the cause for the enormous 
inaccuracies - similar observations have been made for challenge 42 and 72. 

 

 
Figure 31: Raw data of TSP 6 – Challenge 77 

 

TSP 6 - Section 3: 

The challenges within the third section were to identify driving on parallel roads – an 
accuracy of 99.71% has been achieved in challenge 13. When visualising the raw data of 
challenge 13 it can be concluded that the positions are in line with the true route of this 
challenge. Figure 32 depicts the complete trajectory of the raw data of challenge 13 and 
provides two close-ups of the parallel road sections.  
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Figure 32: Raw data of TSP 6 – Challenge 13 

 
When analysing the challenges with lower accuracy, namely challenge 38, 58 and 78 which 
are depicted in Figure 33 similar behaviour to the previously analysed challenges in section 2 
was observed – the reported positions within the raw data of the challenges are completely off 
the true route. 

 

 
Figure 33: Raw data of TSP 6 – Challenge 38, 58 and 78 

 

TSP 6 - Section 4: 

The fourth section shows very similar results as the previous in terms of the raw GPS data – 
the best charge report for challenge 14 with an accuracy of 99.71% was calculated out of raw 
data that is also in line with the true route as can be seen in Figure 34. In the other analysed 
challenges 49, 54 and 74 there have been no GPS recordings reported for the majority of the 
section. However, in all three challenges wrong GPS points have been reported on the eastern 
side of the test track as can be seen in Figure 35. 
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Figure 34: Raw data of TSP 6 – Challenge 14 

 

 
Figure 35: Raw data of TSP 6 – Challenge 49, 54 and 74 

TSP 6 - Section 5: 

TSP 6 achieved a charge accuracy of 85.56% for the fifth section within challenge 10. The 
analysis through visualisation of the raw data for this challenge shows that the TSP was not 
able to collect GPS data during the two power outages of the challenge. There are two gaps 
where GPS points are missing for a period of approximately 1.5 and 3 minutes. It can be 
concluded that this is the cause for the reported inaccuracy of -13.44%.  
 

 
Figure 36: Raw data of TSP 6 – Challenge 10 
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The other three analysed challenges do not show a similar behaviour as the fairly accurate 
latter one – the challenge 40, 60 and 100 with an inaccuracy of -61.24%, -63.48% and 
-62.36% once again show that wrong GPS positions have been used for the calculation of the 
charge. The depicted trajectories can be seen in Figure 37. 
 

 
 

Figure 37: Raw data of TSP 6 – Challenge 40, 60 and 100 

 
Table 24 gives a summary of the results of the analyses by visualisation of the positions of the 
raw GPS points of TSP 6: 
 

Table 24: Results of raw data analysis by visualisation of TSP 6 

 

 CH CR [%]  Analysis Result 

11 +0.01 + 

46 -54.26 - 

51 -9.76 +- 

S
ec

tio
n 

1 

71 -65.72 -+ 

7 +4.25 + 

42 +337.18 - 

72 +106.21 - 

S
ec

tio
n 

2 

77 +72.33 - 

13 -0.29 + 

38 +78.28 - 

58 +115.56 - 

S
ec

tio
n 

3 

78 +103.79 - 

 

 CH CR [%] Analysis Result 

14 -0.42 + 

49 +41.05 -+ 

54 +33.35 -+ 

S
ec

tio
n 

4 

74 +63.32 -+ 

10 -13.44 + 

40 -61.24 - 

60 -63.48 - 

S
ec

tio
n 

5 

100 -62.36 - 
CH = Challenge 1-100 
CR = TSP’s charge report inaccuracy  
+  all GPS points are on the true route 
-  no GPS points are on the true route 
+- most GPS points are on the true 
   route, some are outside 
-+ most GPS points are not on the true  
   route,  only some are on the true  
   route 
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5.7 Discussion of the Results 

The results of the practical analysis of this thesis allow for a number of conclusions. 
Regarding the completeness of the delivered charge and compliance check reports of the 
ARENA test track it can be concluded that only one out of 6 TSPs managed to deliver the 
entire set of requested charge and compliance check reports. One significant observation is 
that three TSPs failed to deliver compliance check reports, although they delivered charge 
reports for the very same challenges. The fact that they did deliver charge reports is a clear 
indication that the TSPs must have had the corresponding raw data for these challenges. On 
the other hand it has been proven for all TSPs except for two challenges of TSP 6 that 
whenever a compliance check report has been delivered the corresponding charge report has 
also been delivered. 
Another issue that was dealt within the analysis is the recording time of the delivered raw data 
used for the compliance check reports. The raw data that was delivered from each TSP 
showed different recording times due to the fact that ARENA did not define the minimum 
recording rate of the raw data. Instead of defining the minimum recording rate ARENA 
decided to leave it up to the TSP to choose a recording time that is adequate to prove that a 
vehicle has driven a specific route. It can be concluded that the majority of the reported GPS 
logs show a recording interval greater than approximately 30 seconds, which is definitely not 
sufficient to prove that a vehicle has been driving on a specific series of road segments. If one 
wants to be able to provide satisfactory proof in a future scenario that a vehicle has been 
driving on a specific route then it would be recommendable to define a minimum recording 
rate of at least 5 seconds. This value has proven to work within the performed analysis of the 
raw data of TSP 6. A further analysis would naturally benefit from an even lower recording 
interval, for instance 1 second.  
In general it has to be said that the accuracies for charge reports varied widely. Selection 
criteria have been applied to identify specific challenges for the analysis. This placed the 
focus of the analysis on the inaccurate charge reports, but it shall also be mentioned that TSPs 
managed to provide results with a small margin of error. The results of the first analysis of 
creating a third set of charge reports has shown that there have been correlations between the 
TSPs’ charge reports and the newly generated charge report. This therefore leads to the 
conclusion that TSP 6 has used the very same raw data for the calculation of their charge 
reports. Furthermore, the results of the comparison of the two sets of charge reports have 
proven that the reason for the reported inaccuracies in the charge reports does not lie within 
the charging calculation itself. This means that it was verified that for a certain set of GPS 
logs the TSP was able to apply the ARENA pricing list correctly. The second approach 
however, namely an analysis based on the visualisation of the true route and the GPS 
trajectories of the TSP’s OBU and the ARENA reference OBU, has delivered results that 
allow further conclusions as to why the inaccuracies occurred. One reason for the inaccuracies 
within the charge reports was identified for section 4 and 5. The analysis by visualisation has 
revealed that some TSPs were unable to report a correct charge report for section 4 and 5 due 
to the power outage challenges. This was observed because the reported raw data showed 
missing GPS points exactly during the time interval when the power outages occurred. This 
resulted in the consequent undercharging of TSPs at section 4 and 5.  
Analysing the TSP’s reported trajectories has further revealed that the absolutely worst 
reported inaccuracies (e.g. overcharging of more than 300%) have been caused by data 
management problems at the TSP side. These data management problems manifest 
themselves by the fact that TSP 6 has reported GPS trajectories within the compliance check 
reports that do not match the position of the true route or the reference GPS unit at all. 



Practical Analysis 
 

75 

However, the individual GPS positions that were reported wrongly showed the correct 
timestamp in terms of the given challenge interval. This indicates that the TSP was unable to 
use their collected OBU data correctly within the charge calculation process, as the respective 
recorded positions for the timestamps can not have occurred at the given time interval. As an 
example, the TSP actually managed to calculate charging accuracies of 100.01% on the very 
same stretch of road where the timestamp issues occurred in other test runs, which then 
resulted in an accuracy of only 45.75%. This leads to the conclusion that the data management 
after the actual collection of the data is to be blamed instead of other issues like the recording 
accuracy of the OBU itself. It is important to note here that this conclusion is backed up by 
the fact that the previous analysis, namely the first approach by creating a third charge report, 
has shown that using these wrong GPS points for calculating a charge report has resulted in 
almost the same charged fee and breakdown into the different location classes. Therefore it is 
highly unlikely that these data management problems occurred during the analysis within the 
thesis itself as it has been proven that the raw data has been used for the calculation of the 
charge. 
Another interesting aspect regarding the problem of selecting wrong positions due to wrong 
time stamps is the fact that the ability to detect such errors depends on the facilitated pricing 
list. For instance, one challenge which has been analysed showed a reported accuracy of 
90.24% where the positions which were used for calculating the charge have actually been 
wrong. This indicates that the composition of the segments with different location classes was 
similar which resulted in a fairly accurate charge by coincidence. If the design of the pricing 
list was changed, for instance by having distinctively different amounts of toll for the 
respective location classes, the impact on the accuracy would have been larger. This 
underlines the definite necessity of having the TSP not only report a final fee to the TC, but 
also the exact breakdown of the driven kilometres in the different location classes to enable 
proper transparency of the charged fee.  
One aspect that certainly contributed to the inaccuracies in the charge reports of the TSP is the 
fact that the design of the challenges was not known by the TSPs before and during the field 
test. It can be assumed that the results would have been more accurate if the design of the test 
were revealed to the TSPs in advance because the TSPs would most certainly have been better 
prepared, e.g. for the power outage challenges by using hardware that is unaffected by power 
loss by facilitating back up batteries in the OBU. However, considering that the worst 
inaccuracies happened due to data management problems at the TSP side independently of the 
design of the challenges it is very unlikely that revealing the test design in advance would 
have had any impact on the charge accuracy of these respective challenges. Due to the fact 
that a future real life system has to work properly in a number of different conditions it is 
advisable to keep the secrecy of the test design in future testing scenarios. Of course it is 
important to share the design of the test with the TSPs after the completion of the test runs in 
order to allow for possible improvements of the equipment and processes. Not revealing the 
test design in advance offers considerable opportunities to pinpoint problems of charge 
inaccuracy that might occur in a real life environment. This might not be the case if the TSPs 
are given the opportunity to provide a tailor made solution by revealing the test design for a 
specific test track in advance. 
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6 Conclusion 

The thesis has given an introduction to the fundamentals of tolling including the different 
types of charging, the most important facts about European interoperability of tolling systems 
and an overview of the concept of thin and thick clients. A literature review about the GNSS 
based tolling systems in Europe has shown that many differences among the investigated 
tolling schemes exist. When considering the question of how TCs express their pricing lists 
and how the toll declarations are handled it became apparent that the analysed existing GNSS 
based toll systems can not be seen in the light of the EETS role model. In particular this 
means that the existing toll systems have been procured and implemented before the EETS 
role model was implemented in European legislation that defines a clear cut between the 
responsibilities of the TC and the TSP. The evaluation has shown that the pricing lists and toll 
declaration in the implemented systems rely heavily on fixed tables of prices and definitions 
of segments that are included within the local legislations. Therefore there has been no need 
for the TC to supply detailed pricing lists and public toll declaration requirements so far. In 
summary it can be stated that the investigation of the pricing lists has shown that it seems 
tremendously easier to implement EETS when a new toll scheme is designed from scratch 
rather than introducing it within already existing schemes that have to conform to already 
signed contracts and structures. It can therefore be concluded that the design of the pricing list 
influences how difficult it will be for a future EETS provider to adjust to different 
requirements in the different countries. The approach of TCs supplying the TSPs with pricing 
lists that do not allow for too much interpretation on how the scheme is to be implemented by 
the TSP shows potential to ease the introduction and development of European 
interoperability. In particular this means for instance to express the pricing lists with the help 
of digital geographic databases like it has been done in the case of the ARENA project and the 
trials in the UK. 
In order to identify reasons for inaccuracies in charge reports that have been delivered by 
TSPs a methodology has been developed. Within this methodology two approaches to analyse 
reasons for deviations in charging accuracy within charge reports are used. These two 
approaches within the developed methodology have been applied to test data that has been 
acquired during a field test within the ARENA project that was conducted in April 2010 with 
the participation of six TSPs that provided their OBUs for the test. For this field test all the 
provided OBUs have been installed in a single truck that drove 20 turns on a predefined test 
track that was divided into five different sections that each had a specific challenge. The 
available input data for the analysis was test data comprised of charge reports, compliance 
check reports and GPS logs that have been collected by a reference OBU. Within the first 
applied approach raw data that has been delivered within the compliance check reports was 
used to create a new set of charge reports of specifically selected challenges of a TSP. This 
has been done by using a proprietary map matching software from SWECO. In order to use 
the software interpolation had to be applied to the GPS log of the analysed TSP in order to 
add additional GPS points due to the fact that the reported GPS logs showed a GPS recording 
interval of only 5 seconds which was insufficient for the analysis. This set of newly created 
charge reports has been compared to the set of charge reports that were delivered by the TSPs 
and the true charge report that has been defined within the ARENA project. For the majority 
of the analysed challenges the newly produced charging report has delivered a fee that 
resulted in an accuracy that was well within the range of the accuracy of the charge report 
delivered by the TSP. This was the case for both fairly accurate and very inaccurate TSP 
charge reports. Due to the fact that also the break down into the different location classes of 
the newly produced charge report was similar to the original charge reports of the TSP it can 
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be concluded that the TSP has actually used the delivered raw data for the calculation of the 
fee. Furthermore this leads to the fact that the inaccuracies are not causes by an incorrect 
calculation of the fees according to the ARENA pricing list but lie within the raw GPS data 
themself.  
The second approach was to visualise the GPS data using the software ArcGIS. This was done 
by displaying the raw data that was delivered by the TSPs together with the true route of the 
test track and GPS trajectories that have been recorded by a reference OBU simultaneously. 
The results of this analysis have shown that the worst inaccuracies of TSP 6 have been caused 
by data management problems rather than the recording accuracy of the OBU itself. 
Furthermore it has been identified that challenges that involved the power outages have 
shown a lack of reported GPS trajectories exactly at the times of the power outage which 
leads to the conclusion that the TSP was unable to collect GPS data during the power outage. 
 
 



References 
 

79 

7 References 

Books, Journal article / Paper from CD-ROM, Electronic Database or 
Journal 

CESARE (2006) ‘Interoperability of Electronic Fee Collection Systems in Europe – D1.2 
Revised CESARE Model’, Final Deliverable of CESARE III 

Cottingham D. et al. (2007) ‘Survey of Technologies for the Implementation of National-
scale Road User Charging’, Transport Reviews, vol. 27, no. 4, July 2007, pp. 501-505. 

EC (2004) 'Directive 2004/52/EC of the European Parliament and of the Council on the 
interoperability of electronic road toll systems in the Community', Official Journal of the 
European Union 

EC (2009) ‘Commission Decision 2009/750/EC on the definition of the European Electronic 
Toll service and its technical elements’, Official Journal of the European Union 

Forss, M., Gustafsson, I., Källström, L. and Sundberg J. (2008) ‘Kilometre tax for heavy 
goods vehicles in Sweden – A proposal for a functional concept’, ARENA report 2008:1 

Foss T. (2009) ‘The CESARE IV Role Model applied in the European Electronic Toll 
Service (EETS)’, Proceedings 16th ITS World Congress 2009 Stockholm [CD-ROM], 
Available: /papers/3331.pdf 

Grush B. (2008) ’GNSS ‘Superoperability’ changes the incumbent Tolling Landscape’, 
Proceedings 15th ITS World Congress 2008 New York [CD-ROM], Available: 
/data/papers/TS61-30095.pdf 

Hamilton C. (2010) ‘Roles, Responsibilities and Processes – Arena Field Trial in preparation 
for a Swedish Kilometre Tax’, ARENA Roles, Responsibilities and Processes, v2.2, October 
2009 

Löfgren J. (2009) ‘Context Data Definition - Arena Field Trial in preparation for a Swedish 
Kilometre Tax’, ARENA Roles, Responsibilities and Processes, v2.2, October 2009 

McKinnon A. (2006) ‘A review of European truck tolling schemes and assessment of their 
possible impact on logistics systems’, International Journal of Logistics: Research and 
Application, vol. 9, no. 3, September 2006, pp. 191-205 

Nottehed H. and Hamilton C. (2010) ‘Integration Definition Document - Arena Field Trial in 
preparation for a Swedish Kilometre Tax’, ARENA Interface Specifications, v2.5 January 
2010 

Oehry B. (2008) Rapp Trans AG, ‘Swiss Heavy Vehicles Fee LSVA Implementation and 
Experiences’, Proceedings 7th European ITS Congress 2008 

Pickford A. and Blythe P.T. (2006) ‘Road User Charging and Electronic Toll Collection’, 
London: Artech House 2006, p. 14 



References 
 

80 

Rapp M. and Balmer U. (2003) ‘The Swiss Distance Related Heavy Vehicle Fee (LSVA) - A 
Novel Approach to Area-Wide Road Charging’, Proceedings 22nd PIARC World Road 
Congress 2003 

Sundberg J., Janusson U. and Sjöström T. (2008) ‘A kilometre tax for heavy goods vehicles 
in Sweden – A conceptual system design. Part I: Requirements and preconditions, ARENA 
report 2008:2 

Tierolf J.W. (2010) ‘State to State – Progress of EETS and other schemes’, Tolltrans 2010, 
pp. 10-14 

Tuchscheerer W. (2008) ’CN/GNSS Tolling Solutions – Thin, Thick or Other Clients?’, 
Proceedings 15th ITS World Congress 2008 New York [CD-ROM], Available: 
/data/papers/TS61-20155.pdf 

Wieland B. (2005) ‘The German HGV-toll’, European Transport / Trasporti Europei, no. 31, 
2005, pp. 118-128 

Pages and Documents from the World Wide Web  

ASECAP (2010) The CESARE project [Online], Available: 
http://www.asecap.com/english/projets [06 September 2010] 

BASt (2010) Mauttabelle [Online], Available: http://www.mauttabelle.de/ [08 June 2010] 

DfT (2008a) UK Department for Transport, Road Pricing Demonstrations Project Invitation 
to Tender, Scheme Template Guidance pp 183-208- [Online], Available: 
http://www.dft.gov.uk/pgr/roads/introtoroads/roadcongestion/roadpricingdemoproject/ [10 
May 2010] 

DfT (2008b) UK Department for Transport, Road Pricing Demonstrations Project Invitation 
to Tender, Scheme Rules Definition Schemes 1 and 2 pp 209-214, [Online], Available: 
http://www.dft.gov.uk/pgr/roads/introtoroads/roadcongestion/roadpricingdemoproject/ [10 
May 2010] 

JURIS (2010a) Gesetz über die Erhebung von streckenbezogenen Gebühren für die 
Benutzung von Bundesautobahnen mit schweren Nutzfahrzeugen (Autobahnmautgesetz für 
schwere Nutzfahrzeuge - ABMG) [Online], Available: 
http://bundesrecht.juris.de/abmg/index.html [08 June 2010] 

JURIS (2010b) Verordnung zur Festsetzung der Höhe der Autobahnmaut für schwere 
Nutzfahrzeuge (Mauthöheverordnung - MautHV) [Online], Available: http://www.juris.de/ 
[08 June 2010] 

MDPT (2009) Ministerstva dopravy, pôšt a telekomunikácií Slovenskej republiky (Ministry 
of Transport, Posts and Telecommunication Slovak Republic) Regulation 529 on identifying 
sections of motorways, express roads and 1st class roads [Online], Available: 
http://www.ndsas.sk/spoplatnene-koridory-ido/24685s [10 June 2010] 

MYTO (2010a) SkyToll Information Toll Portal on Slovakian EFC System, Toll Rates 
[Online], Available: https://www.emyto.sk/web/guest/toll/rates [10 June 2010] 



References 
 

81 

MYTO (2010b) SkyToll Information Toll Portal on Slovakian EFC System, User manual of 
the Customer Zone of the Web Portal [Online], Available: 
https://www.emyto.sk/c/document_library/get_file?uuid=34b3052e-3bcd-4f38-a48c-
f9db53ef5a28&groupId=10136 [15 June 2010] 

MYTO (2010c) SkyToll Information Toll Portal on Slovakian EFC System, On-Board Unit 
Service [Online], Available: https://www.emyto.sk/web/guest/pouzivanie [08 August 2010] 

MYTO CZ (2010) Czech Toll Portal, Zpoplatněné úseky - Tolled Segments [Online], 
Available: 
http://www.premid.cz/fileadmin/downloads/MYTOCZ_341_tarifftable_2010_v01.pdf  
[23 June 2010] 

NDS (2010a) Multi-Lane Free-Flow Electronic Tolling in the Slovak Republic [Online], 
Available:http://www.asecap.com/english/documents/Multi-Lane_Free-
Flow_Electronic_Tolling_in_the_Slo.pdf [07 May 2010] 

NDS (2010b) Guide for Electronic Toll Collection in the Slovak Republic [Online], 
Available: https://www.emyto.sk/web/guest/downloads [07 May 2010] 

NVDB (2010) Nationell Vägdatabas - National Road Database, This Is What We Do at 
NVDB [Online], Available: http://www22.vv.se/nvdb2_templates/english____37005.aspx 
[22 June 2010] 

Regeringskansliet (2004) Swedish Ministry of Finance Commission of Road Traffic 
Taxation, Summary of the final report from the Commission of road traffic taxation 2004:63 
[Online], 
Available: http://www.regeringen.se/sb/d/2008/a/24083;jsessionid=a-6m0OY4HrZ6  
[17 August 2010] 

RTT (2010) RoadTrafficTechnology.com, LKW-MAUT Electronic Toll Collection System for 
Heavy Goods Vehicles, Germany, [Online],  
Available: http://www.roadtraffic-technology.com/projects/lkw-maut/ [15 April 2010] 

SFCA (2010) Swiss Federal Customs Administration, Performance-related Heavy Vehicle 
Fee [Online], Available: 
http://www.ezv.admin.ch/zollinfo_firmen/steuern_abgaben/00379/index.html?lang=en  
[15 June 2010] 

SkyToll (2010) SkyToll, Kontrollsystem [Online],  
Available: https://www.emyto.sk/web/guest/penalties [15 June 2010] 

Toll Collect (2009) Truck Toll in Germany - User information [Online], 
Available: http://www.tollcollect.de/pdf/benutzerinformation/web_einfuhrungstex_gb.pdf 
[15 April 2010] 

Toll Collect (2010a) Toll Collect, Questions & Answers [Online],  
Available: http://www.toll-collect.de/faq/tcrdifr004-
5_datenschutz.jsphttp://www.archaeol.freeuk.com/EHPostionStatement.htm [15 April 2010] 

Toll Collect (2010b) Toll Collect, Toll Statement [Online],  
Available: http://www.toll-collect.de/pdf/en/Erlaeut_MA_GB_neu.pdf [16 June 2010] 



References 
 

82 

WKO (2009) Wirtschaftskammer Österreich, Maut in Deutschland - Schadstoffklassen-
Einteilung [Online], Available: 
http://portal.wko.at/wk/dok_detail_file.wk?AngID=1&DocID=993100&ConID=412390  
[09 June 2010] 

Presentations 

Černý K. (2009) Kapsch Telematic Services ‘Czech electronic toll collection – Next steps’, 
Sofia, October 2009 [Online], Available: 
http://www.sdt.cz/pdf/ct/5_Czech_electronic_toll_collection_Next_steps.pdf [23 June 2010] 

Kindleysides S. and Kopecky J. (2008) Kapsch TrafficCom ‘The Czech Republic as a Case 
Study - A review of technologies applied in the past and those required for the future’ 
[Online], Available: http://www.theiet.org/events/2008/digests/road-pricing/kindleysides-
case-study.cfm [23 June 2010] 

Larsson P. and Clemedtson P.O. (2010) SWECO, Netport.Karlshamn, ‘ARENA Overview 
and Trials Set Up’, Presentation at Malmö ARENA Field Trials Evaluation Workshop 20 
May 2010, [Online],  
Available: http://www.arena-ruc.se/eng/?info=home&news=265 [17 August 2010] 

Löfgren, J. (2010b) SWECO ITS, ‘Results of the Trials’, Presentation at Malmö ARENA 
Field Trials Evaluation Workshop 20 May 2010, [Online], 
Available: http://www.arena-ruc.se/eng/?info=home&news=265 [25 May 2010] 

Schulz G. (2006) Federal Ministry of Transport, Building and Urban Affairs ‘HGV tolls in 
Germany based on satellite and mobile communications technology: innovative, 
environmentally friendly and fair’ [Online], Available: 
http://www.internationaltransportforum.org/europe/ecmt/taxes/pdf/Paris06Schulz.pdf  
[17 April 2010] 

Interviews 

Jordi P. (2010) Rapp Trans AG, Information request Pricing List in Switzerland, e-mail and 
telephone interview with Rapp Trans AG, (philipp.jordi@rapp.ch), [11 May 2010] 

Löfgren, J. (2010a) SWECO, Information request ARENA project, e-mail to SWECO 
(jens.lofgren@sweco.se), [29 April 2010] 

Mackinnon D. (2010) UK Department for Transport, Information request Pricing List in UK 
field trial, e-mail to UK Department for Transport (don.mackinnon@dft.gsi.gov.uk),  
[10 May 2010] 

Mikula J. (2010) Member of Výskumný ústav dopravný, a.s. Žilina (Transport Research 
Institute, Inc. Zilina), Information request Pricing List in Slovakia, e-mail to VUD 
(mikula@vud.sk), [10 June 2010] 

Miškovič B. (2010) Director for Strategy and Business Development SkyToll, Information 
request Pricing List in Slovakia, e-mail and telephone interview with SkyToll 
(boris.miskovic@skytoll.sk), [14 June 2010] 



References 
 

83 

Nottehed H (2010) Chief Technology Officer Info24, Information request ARENA test track 
April 2010, e-mail to Info24 (hans.nottehed@info24.se), [05 July 2010] 

Ohst, D. (2010) Senior Advisor Toll Collect, Information request Pricing List in Germany, e-
mail to Toll Collect (daniel.ohst@toll-collect.de), [01 June 2010] 

Schrödl S. (2010) Solution Architect Toll Systems Kapsch TrafficCom AG, Information 
request GNSS Hybrid System in Czech Republic, e-mail to Kapsch TrafficCom AG 
(soeren.schroedl@kapsch.net), [18 June 2010] 

 
 



 

 

 
 
 



Appendix 
 

85 

8 Appendix 

8.1.  Complete Pricing List ARENA 

Weight  Weight Location 
class 

Time 
class Min Max 

Vehicle 
Class 

Tariff (milli-SEK 
per meter)  

Location 
class 

Time 
class Min Max 

Vehicle 
Class 

Tariff (milli-SEK 
per meter) 

0 Any ≥ 3.5 < 12 Euro 0 0,000  2 MT ≥ 22 < 40 Euro 3 5,465 
0 Any ≥ 3.5 < 12 Euro 1 0,000  2 MT ≥ 22 < 40 Euro 4 4,782 
0 Any ≥ 3.5 < 12 Euro 2 0,000  2 MT ≥ 22 < 40 Euro 5 4,099 
0 Any ≥ 3.5 < 12 Euro 3 0,000  2 MT ≥ 22 < 40 EEV 3,416 
0 Any ≥ 3.5 < 12 Euro 4 0,000  2 MT ≥ 40 Any Euro 0 11,271 
0 Any ≥ 3.5 < 12 Euro 5 0,000  2 MT ≥ 40 Any Euro 1 10,247 
0 Any ≥ 3.5 < 12 EEV 0,000  2 MT ≥ 40 Any Euro 2 9,222 
0 Any ≥ 12 < 22 Euro 0 0,000  2 MT ≥ 40 Any Euro 3 8,197 
0 Any ≥ 12 < 22 Euro 1 0,000  2 MT ≥ 40 Any Euro 4 7,173 
0 Any ≥ 12 < 22 Euro 2 0,000  2 MT ≥ 40 Any Euro 5 6,148 
0 Any ≥ 12 < 22 Euro 3 0,000  2 MT ≥ 40 Any EEV 5,123 
0 Any ≥ 12 < 22 Euro 4 0,000  2 RH ≥ 3.5 < 12 Euro 0 2,789 
0 Any ≥ 12 < 22 Euro 5 0,000  2 RH ≥ 3.5 < 12 Euro 1 2,535 
0 Any ≥ 12 < 22 EEV 0,000  2 RH ≥ 3.5 < 12 Euro 2 2,282 
0 Any ≥ 22 < 40 Euro 0 0,000  2 RH ≥ 3.5 < 12 Euro 3 2,028 
0 Any ≥ 22 < 40 Euro 1 0,000  2 RH ≥ 3.5 < 12 Euro 4 1,775 
0 Any ≥ 22 < 40 Euro 2 0,000  2 RH ≥ 3.5 < 12 Euro 5 1,521 
0 Any ≥ 22 < 40 Euro 3 0,000  2 RH ≥ 3.5 < 12 EEV 1,268 
0 Any ≥ 22 < 40 Euro 4 0,000  2 RH ≥ 12 < 22 Euro 0 5,112 
0 Any ≥ 22 < 40 Euro 5 0,000  2 RH ≥ 12 < 22 Euro 1 4,648 
0 Any ≥ 22 < 40 EEV 0,000  2 RH ≥ 12 < 22 Euro 2 4,183 
0 Any ≥ 40 Any Euro 0 0,000  2 RH ≥ 12 < 22 Euro 3 3,718 
0 Any ≥ 40 Any Euro 1 0,000  2 RH ≥ 12 < 22 Euro 4 3,253 
0 Any ≥ 40 Any Euro 2 0,000  2 RH ≥ 12 < 22 Euro 5 2,789 
0 Any ≥ 40 Any Euro 3 0,000  2 RH ≥ 12 < 22 EEV 2,324 
0 Any ≥ 40 Any Euro 4 0,000  2 RH ≥ 22 < 40 Euro 0 9,295 
0 Any ≥ 40 Any Euro 5 0,000  2 RH ≥ 22 < 40 Euro 1 8,450 
0 Any ≥ 40 Any EEV 0,000  2 RH ≥ 22 < 40 Euro 2 7,605 
1 Any ≥ 3.5 < 12 Euro 0 0,660  2 RH ≥ 22 < 40 Euro 3 6,760 
1 Any ≥ 3.5 < 12 Euro 1 0,600  2 RH ≥ 22 < 40 Euro 4 5,915 
1 Any ≥ 3.5 < 12 Euro 2 0,540  2 RH ≥ 22 < 40 Euro 5 5,070 
1 Any ≥ 3.5 < 12 Euro 3 0,480  2 RH ≥ 22 < 40 EEV 4,225 
1 Any ≥ 3.5 < 12 Euro 4 0,420  2 RH ≥ 40 Any Euro 0 13,943 
1 Any ≥ 3.5 < 12 Euro 5 0,360  2 RH ≥ 40 Any Euro 1 12,675 
1 Any ≥ 3.5 < 12 EEV 0,300  2 RH ≥ 40 Any Euro 2 11,408 
1 Any ≥ 12 < 22 Euro 0 1,210  2 RH ≥ 40 Any Euro 3 10,140 
1 Any ≥ 12 < 22 Euro 1 1,100  2 RH ≥ 40 Any Euro 4 8,873 
1 Any ≥ 12 < 22 Euro 2 0,990  2 RH ≥ 40 Any Euro 5 7,605 
1 Any ≥ 12 < 22 Euro 3 0,880  2 RH ≥ 40 Any EEV 6,338 
1 Any ≥ 12 < 22 Euro 4 0,770  3 LT ≥ 3.5 < 12 Euro 0 0,528 
1 Any ≥ 12 < 22 Euro 5 0,660  3 LT ≥ 3.5 < 12 Euro 1 0,48 
1 Any ≥ 12 < 22 EEV 0,550  3 LT ≥ 3.5 < 12 Euro 2 0,432 
1 Any ≥ 22 < 40 Euro 0 2,200  3 LT ≥ 3.5 < 12 Euro 3 0,384 
1 Any ≥ 22 < 40 Euro 1 2,000  3 LT ≥ 3.5 < 12 Euro 4 0,336 
1 Any ≥ 22 < 40 Euro 2 1,800  3 LT ≥ 3.5 < 12 Euro 5 0,288 
1 Any ≥ 22 < 40 Euro 3 1,600  3 LT ≥ 3.5 < 12 EEV 0,24 
1 Any ≥ 22 < 40 Euro 4 1,400  3 LT ≥ 12 < 22 Euro 0 0,968 
1 Any ≥ 22 < 40 Euro 5 1,200  3 LT ≥ 12 < 22 Euro 1 0,88 
1 Any ≥ 22 < 40 EEV 1,000  3 LT ≥ 12 < 22 Euro 2 0,792 
1 Any ≥ 40 Any Euro 0 3,300  3 LT ≥ 12 < 22 Euro 3 0,704 
1 Any ≥ 40 Any Euro 1 3,000  3 LT ≥ 12 < 22 Euro 4 0,616 
1 Any ≥ 40 Any Euro 2 2,700  3 LT ≥ 12 < 22 Euro 5 0,528 
1 Any ≥ 40 Any Euro 3 2,400  3 LT ≥ 12 < 22 EEV 0,440 
1 Any ≥ 40 Any Euro 4 2,100  3 LT ≥ 22 < 40 Euro 0 1,76 
1 Any ≥ 40 Any Euro 5 1,800  3 LT ≥ 22 < 40 Euro 1 1,600 
1 Any ≥ 40 Any EEV 1,500  3 LT ≥ 22 < 40 Euro 2 1,44 
2 LT ≥ 3.5 < 12 Euro 0 1,670  3 LT ≥ 22 < 40 Euro 3 4,048 
2 LT ≥ 3.5 < 12 Euro 1 1,518  3 LT ≥ 22 < 40 Euro 4 1,12 
2 LT ≥ 3.5 < 12 Euro 2 1,366  3 LT ≥ 22 < 40 Euro 5 0,96 
2 LT ≥ 3.5 < 12 Euro 3 1,214  3 LT ≥ 22 < 40 EEV 0,800 
2 LT ≥ 3.5 < 12 Euro 4 1,063  3 LT ≥ 40 Any Euro 0 2,64 
2 LT ≥ 3.5 < 12 Euro 5 0,911  3 LT ≥ 40 Any Euro 1 2,400 
2 LT ≥ 3.5 < 12 EEV 0,759  3 LT ≥ 40 Any Euro 2 2,16 
2 LT ≥ 12 < 22 Euro 0 3,061  3 LT ≥ 40 Any Euro 3 1,92 
2 LT ≥ 12 < 22 Euro 1 2,783  3 LT ≥ 40 Any Euro 4 1,68 
2 LT ≥ 12 < 22 Euro 2 2,505  3 LT ≥ 40 Any Euro 5 1,44 
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2 LT ≥ 12 < 22 Euro 3 2,226  3 LT ≥ 40 Any EEV 1,2 
2 LT ≥ 12 < 22 Euro 4 1,948  3 MRT ≥ 3.5 < 12 Euro 0 0,713 
2 LT ≥ 12 < 22 Euro 5 1,670  3 MRT ≥ 3.5 < 12 Euro 1 0,648 
2 LT ≥ 12 < 22 EEV 1,392  3 MRT ≥ 3.5 < 12 Euro 2 0,583 
2 LT ≥ 22 < 40 Euro 0 5,566  3 MRT ≥ 3.5 < 12 Euro 3 0,518 
2 LT ≥ 22 < 40 Euro 1 5,060  3 MRT ≥ 3.5 < 12 Euro 4 0,454 
2 LT ≥ 22 < 40 Euro 2 4,554  3 MRT ≥ 3.5 < 12 Euro 5 0,389 
2 LT ≥ 22 < 40 Euro 3 4,048  3 MRT ≥ 3.5 < 12 EEV 0,324 
2 LT ≥ 22 < 40 Euro 4 3,542  3 MRT ≥ 12 < 22 Euro 0 1,307 
2 LT ≥ 22 < 40 Euro 5 3,036  3 MRT ≥ 12 < 22 Euro 1 1,188 
2 LT ≥ 22 < 40 EEV 2,530  3 MRT ≥ 12 < 22 Euro 2 1,069 
2 LT ≥ 40 Any Euro 0 8,349  3 MRT ≥ 12 < 22 Euro 3 0,950 
2 LT ≥ 40 Any Euro 1 7,590  3 MRT ≥ 12 < 22 Euro 4 0,832 
2 LT ≥ 40 Any Euro 2 6,831  3 MRT ≥ 12 < 22 Euro 5 0,713 
2 LT ≥ 40 Any Euro 3 6,072  3 MRT ≥ 12 < 22 EEV 0,594 
2 LT ≥ 40 Any Euro 4 5,313  3 MRT ≥ 22 < 40 Euro 0 2,376 
2 LT ≥ 40 Any Euro 5 4,554  3 MRT ≥ 22 < 40 Euro 1 2,16 
2 LT ≥ 40 Any EEV 3,795  3 MRT ≥ 22 < 40 Euro 2 1,944 
2 MT ≥ 3.5 < 12 Euro 0 2,254  3 MRT ≥ 22 < 40 Euro 3 5,465 
2 MT ≥ 3.5 < 12 Euro 1 2,049  3 MRT ≥ 22 < 40 Euro 4 1,512 
2 MT ≥ 3.5 < 12 Euro 2 1,844  3 MRT ≥ 22 < 40 Euro 5 1,296 
2 MT ≥ 3.5 < 12 Euro 3 1,639  3 MRT ≥ 22 < 40 EEV 1,080 
2 MT ≥ 3.5 < 12 Euro 4 1,435  3 MRT ≥ 40 Any Euro 0 3,564 
2 MT ≥ 3.5 < 12 Euro 5 1,230  3 MRT ≥ 40 Any Euro 1 3,240 
2 MT ≥ 3.5 < 12 EEV 1,025  3 MRT ≥ 40 Any Euro 2 2,916 
2 MT ≥ 12 < 22 Euro 0 4,133  3 MRT ≥ 40 Any Euro 3 2,592 
2 MT ≥ 12 < 22 Euro 1 3,757  3 MRT ≥ 40 Any Euro 4 2,268 
2 MT ≥ 12 < 22 Euro 2 3,381  3 MRT ≥ 40 Any Euro 5 1,944 
2 MT ≥ 12 < 22 Euro 3 3,006  3 MRT ≥ 40 Any EEV 1,620 
2 MT ≥ 12 < 22 Euro 4 2,630  
2 MT ≥ 12 < 22 Euro 5 2,254  
2 MT ≥ 12 < 22 EEV 1,879  
2 MT ≥ 22 < 40 Euro 0 7,514  
2 MT ≥ 22 < 40 Euro 1 6,831  
2 MT ≥ 22 < 40 Euro 2 6,148  

 

 

 

Location classes: 
0: for free, e.g. private roads 
1: roads in the country side 
2: urban city roads 
3: highways 
LT – Low Traffic: 
Evenings and nights (00:00 am – 06:29 am & 06:30 pm – 11:59 pm) 
Weekends (Saturday, Sunday and bank holidays) 
July (00:00 am 1st of July – 23:59 pm 31st of July) 
MT – Medium Traffic: 
weekdays 06:30 – 06:59 
weekdays 09:00 – 15:29 
weekdays 18:00 – 18:29 
RH – Rush Hour: 
weekdays 07:00 – 08:59 
weekdays 15:30 – 17:59 
MRT – Medium and Rush Traffic 


