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Abstract
German Aerospace Center (DLR)

Master in Geodesy and Geoinformatics

Evaluation of the availability of communication channels for inland vessel
navigation based on a long-term measurement campaign

by Kateryna LUBYK

This study investigates the capability of GSM and AIS communication chan-
nels for the provision of GNSS correction data, which are required for highly ac-
curate positioning of inland vessels. The evaluation is based on a 1-year mea-
surement campaign in the most important inland European waterway, the Rhine-
Main-Danube Corridor. This research provides a map of the investigated internet
availability in the main waterway path from Linz to Antwerp. Additionally, the ca-
pabilities of five AIS base stations broadcasting AIS binary messages in the VDES
backup frequency in the test waterway area are estimated in this research.

The evaluated results indicate AIS communication channels can satisfy the es-
tablished requirements. GSM would be able to satisfy the requirements but cur-
rently it is not reliably available on all parts of the inland waterways. Therefore,
further research is needed to investigate VDES (new AIS generation) and further
measurement campaigns need to be conducted. The analysis presented in this
work is based on the manipulation big data, the integration of GIS technologies,
and the development of custom algorithms.
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Chapter 1

Introduction

Global Navigation Satellite Systems (GNSS) are the main information source of
absolute Positioning, Navigation, and Timing (PNT) data for maritime and inland
water navigation systems. This is supported by simultaneously adopting different
processing channels to produce PNT data according to the special requirements of
the various aspects of ship navigation.

The growing global transport of goods has become a vital factor increasing the
size of ships. The dimensions of inland waterway vessels have some limitations,
since they should be able to pass under the bridges and the through waterway
locks. Another challenging task is the safety of passing the number of vessels
yielding the same routes at the same time. Today, inland navigation is more chal-
lenging than maritime navigation and has higher requirements for accuracy and
positioning.

According to the ”Annual Report 2018 Inland Navigation In Europe”, the num-
ber of accidents on inland waterways has been significantly reduced in the last
20 years. Specifically, the number of collisions between ships follows an obvious
downward trend, which is due to the installation of electronic devices and equip-
ment [28].

Nowadays, however, a significant number of inland accidents and casualties
still exist. The rate of the accidents varies from one river to another. For instance,
if you compare the Rhine to the Danube, the accident rate is lower. It depends on
the quality of the navigation infrastructure and the specification of the inland wa-
terway. According to accident statistics up to 2013, the accidents were determined
as grounding, ship gets stuck, collision between ships , collision with infrastruc-
ture and bridges, pounding of waves, and other accidents. The most frequent
cause of accident was the collision with infrastructure and bridges [28]. This kind
causes 38-40% of all accidents. The next most frequent variety of accident was
the collision between ships (18-19%) [28]. In last few years this type of accident
is reducing. Nevertheless, collisions with infrastructure and bridges still shows
an increasing tendency.This is why it is important to design and implement a safe
navigation system to help skippers pass through difficult waterway areas.

Another aspect is the upcoming future of autonomous navigation. Due to the
unpopular and complex profession of officer of the watch, it is necessary to reduce
the number of people on board and try to automate transportation along inland
waterways. Future technologies supporting autonomous navigation will require
reliable and accurate positioning and communication between ship and shore.



2 Chapter 1. Introduction

This study focuses on the analysis of the high-precision phase-based position-
ing with a Real-Time Kinematic algorithm (RTK), using the correction data re-
ceived by the GSM or AIS communication channel. The objective of this study is
to evaluate GSM communication channel and the alternative AIS communication
channel, investigate the current status of the availability of the communication.
The data for the analysis was obtained from the one-year measurement campaign
in the Rhine-Main-Danube waterway corridor.

1.1 Motivation

Inland waterway transport plays an important role for the transport of cargo in
Europe. More than 37,000 kilometers of waterways connect hundreds of cities
and industrial regions. 21 out of 28 Member States have inland waterways, 13 of
which have networks which are interconnected. Within the data of the European
Union, the share of road transport is constantly at a level of roughly 50%, whereas
inland waterways represent less than 5% of the total transport amount [25]. But
inland waterway transport has significant potential to increase the modal share.
In comparison with other modes of transport which are often facing traffic jams
and capacity problems, inland waterway transport is marked by its reliability, en-
ergy efficiency and sighificant capacity for increased exploitation. The European
Commission aims to promote and strengthen the competitive position of inland
waterways in the transport system and to facilitate its integration into the inter-
modal logistics chain. Inland waterway transport is a competitive alternative to
road and rail transport. Specifically, it is an environmentally-friendly option in
terms of energy consumption and noise emissions. It has the lowest amount of
CO2 emissions in comparison to other modes of transport. Energy consumption
per km/ton of transported goods constitutes approximately 17% of road transport
and 50% of rail transport [25]. In addition, inland waterway transport provides a
high degree of safety, in particular when it comes to the transportation of danger-
ous cargo. External costs for inland navigation such as costs deriving from climate
gases, air pollutants, accidents and noise, are the lowest in contrast with other
transport modes. Ultimately, it helps to deal with overloaded road networks in
densely populated regions.

Presently, the development of safe and reliable inland waterway navigation
is an important objective, especially considering the possible shift of transporta-
tion from the road and train transport to the inland waterway. To secure safe and
effective ships’ operation some modern equipment was produced, which assists
the deck officers in ship control and maneuvering. The global economy develops
quickly and establishes new waterway transport requirements, such as the opti-
mization of the number of crew on board, energy savings, and cost reductions
in the ship operations. In this respect, the automation of ship operations should
be developed and focused on automatic guidance and advance driver assistance
functions. This is a worthwhile solution for reducing the amount of crew and op-
erating costs.

High precision positioning and reliable information about the surroundings
and obstacles in the waterway are essential for these systems. These requirements
can be satisfied via highly accurate and stable positioning, which depends on a
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reliable communication link. This study is considered a basis for the improve-
ment and development of automatic machines and systems in inland waterway
transport applications through the identification of areas with poor Internet access
and analyzing the impact of obstacles on it. Moreover it can be used to develop
connection availability towards the future of autonomous navigation.

1.2 Objectives

The aim of this thesis is to analyze the one year measurement campaign in the
most important inland waterway route - the Rhine-Main-Danube Corridor and
detect the parts of the path where there is no internet connection for autonomous
navigation. This work is composed of the following tasks:

1. Extract relevant information from a real measurement database for evalua-
tion of availability of connection.

2. Define the reference trajectory.

3. Filter the trajectory data from the disturbances data (maneuvering, mooring,
change locations movements).

4. Calculate river kilometers in the waterway path from Linz to Antwerp.

5. Represent the measurement data in this waterway path and detect the posi-
tion and river kilometers according to the reference trajectory .

6. Identify the vessel routes and status of the vessel in the route.

7. Evaluate the availability of the internet connection for the 2 Hz data in the
waterway path.

8. Identify and explore the most frequently used the river kilometers.

9. Analyze river kilometers with a bad internet connection.

10. Analyze the influence of the connection of different environmental scenarios,
and evaluate the influence of bridges and waterway locks on the availability
of connection.

11. Evaluate the AIS communication link and simulate the error message rate
from received RTCM-3 and AIS messages in the test bed area.

The development of this work has been financed and supported by the depart-
ment of Nautical Systems, which is a part of the Institute of Communications and
Navigation of the German Aerospace Center (DLR) for the period of eight months.

The algorithms have been built with Python, a modern, high-level language
suitable for a wide variety of programming tasks. The Python language is an open-
source language and allows for quick and easy solution development. The Python
Standard Libraries make programming even more effective. These libraries make
it easy to do things such as converting date and time values, manipulating strings,
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performing complex calculations, encoding and decoding data, file manipulation,
working with databases, visualizing the data.

This work was done with the help of GIS technologies and the QGIS open-
source platform.

1.3 Thesis Outline

The rest of this work is organized as follows: the next chapter provides a discus-
sion of the current communication systems and state of the art related works and
projects. In chapter 3, GNSS architecture and RTK measurement principles are
briefly described. Then, chapter 4 gives an outlook of the measurement campaign
and vessel along with equipment characteristics. In this chapter the database and
the methodology for extracting relevant data are also described. Chapter 5 exten-
sively explains all essential methods and tools that were used for the evaluation of
the measurement campaign. Chapters 6 and 7 present the evaluation of the avail-
ability of GSM and AIS connections. These chapters, also contain the description
and analysis of the influence of waterway infrastructures on the disturbance of
communication and present the map of connection availability. Finally, in chap-
ters, 8 and 9, the conclusions and future work are presented.
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Chapter 2

Review of Navigation
Communication Systems for Vessels

2.1 Vessel Navigation Historical Aspects

Inland water transportation is aimed at transporting goods and passengers by ship
on inland waterways, both natural (rivers, lakes) and artificial (canals, reservoirs)
between inland harbors or docks and wharves. The history of inland transport
dates back more than one thousand years old. It is believed the first large river
vessels were built in Ancient Egypt in the fourth millennium BC. The first sailors
used redundant simple charts and observations of the Sun and stars for navigation.
Maps, compasses, astrolabes, and calipers constituted the early instruments which
were used for navigation. In the modern era, these devices have been significantly
substituted by electronic and technological equivalents.

The twentieth-century technological revolution produced important advance-
ments for marine and inland navigation, including radio beacons, radar, the GNSS
compass, electronic river charts and the Global Positioning System (GPS).

Presently, positioning, electronic charts, and radar signals are overlapped when
the nautical traffic situation is shown on a vessel display. In addition to this nau-
tical information, ship parameters pertaining to specific ships are retrievable with
the help of Inland AIS (Automatic Identification System) based on the other ships’
radar echoes which can be accounted for during ship handling.

2.2 Automatic Identification System

AIS has been used as a communication platform to exchanges data between ves-
sels since 2004 [16]. This system is implemented in different types of vessels. AIS
information supplements marine radar, which is maintained as the first method
of collision avoidance for water transportation. AIS uses marine radio frequencies
for transmission between vessels instead of the mobile Internet. An AIS-like sys-
tem could be established on the mobile Internet, but for navigation purposes this
is currently very hazardous as the mobile Internet is not consistently available on
the vessel route. Even the current AIS system is affected by safety issues caused
by both technical and human errors [11].

The International Maritime Organisation (IMO) Resolution A.917(22) defines
the objectives of AIS as [13]:
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“AIS is intended to enhance: safety of life at sea; the safety and efficiency of
navigation; and the protection of the marine environment. SOLAS regulation
V/19 requires that AIS exchange data ship-to-ship and with shore-based facilities.
Therefore, the purpose of AIS is to help identify vessels; assist in target tracking;
simplify information exchange (e.g. reduce verbal mandatory ship reporting); and
provide additional information to assist situation awareness”.

Collecting sensor data from vessels has numerous purposes. Data received
by various vessels allow for new applications such as in the field of navigation.
Moreover, collecting data, even from an individual boat, can give data which can
be used to detect different problems quickly. An example of implementing marine
data is using it as a support for navigation. Every vessel collects its own GPS
location, heading, and velocity data which can then be transmitted to other vessels.
This data can be used by the officer of the watch to assist navigation by having
more information about the situation of other vessels in the waterway. This is
particularly beneficial in bad weather conditions or on tight shipping routes when
a visual observation or radar monitoring might not be enough to identify other
vessels.

2.2.1 AIS Work Principle

FIGURE 2.1: AIS Architecture [33]

AIS is established on ships and by vessel traffic services (VTS). This system
allows for the identification and discovery of vessel locations by electronically ex-
changing data with other nearby ships, AIS base stations, and satellites. The ap-
proach when the detection of AIS signatures satellites is used is called Satellite-AIS
(S-AIS). AIS transceivers automatically transmit data about the position, speed,
and navigational status of the vessel. The data is reported from the ship’s navi-
gational sensors, such as from Global Navigation Satellite System (GNSS) receiver
and from the GNSS compass. Additional information, such as the vessel’s name
and call sign, is also transmitted constantly and is programmed when installing
the equipment.
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AIS systems work on the scenarios for Self-Organizing Time Division Multiple
Access (SOTDMA). This approach can be adjusted to all users and meets the likely
future requirements for an effective use of the spectrum [32]. This means each
vessel has its own unique time to transmit the data. The transmission is organized
in slots, where each slot is the time period in which the transponder is able to
transmit the data. The data is transmitted constantly with the same time intervals.
These intervals can be every 2 –10 s, most quickly a vessel’s speed while underway
and every 3 min while vessels are at anchored.

The data is broadcast through a VHF (Very High Frequency) transmitter built
into the transceiver. VHF is the range of radio frequency electromagnetic waves
(radio waves) from 30 to 300 megahertz (MHz), with corresponding wavelengths
of ten meters to one meter. AIS platform exchange data between ships and be-
tween ship and shore with two VHF communication channels (AIS 1: 161.975
MHz; AIS 2: 162.025 MHz) [36].

The coverage of this system depends on the height of the antenna. The prop-
agation of the signal is better than radars because VHF has longer wavelengths.
The large wavelength allows for good visibility in even the most difficult areas,
such as river bends, behind islands, or in a hilly areas (see Fig. 2.1).

VTS is a traffic monitoring system established by harbor or port authorities.
The delivered information on the vessel can be displayed on a screen or chart plot-
ter showing the other vessels’ positions in much the same manner as a radar dis-
play. AIS stations regularly synchronize themselves to each other, which helps
avoid the overlaying of the slot transmissions [20].

2.2.2 Message Types

There exist 27 various kinds of top-level messages which can be broadcast by AIS
transceivers [4]. AIS messages 6, 8, 25, and 26 supply "Application Specific Mes-
sages" (ASM), which allow "competent authorities" to define additional AIS mes-
sage subtypes [32]. In this work Message type 8 will be used, which is an AIS
binary broadcast message. This message will be changeable in length, depending
on the quantity of binary data. The length can be shifted between 1 and 5 slots.
Since the data content of this binary message is defined by the application, Mes-
sage 8 is an Application Specific Message. In this work the transmitted length of
the message will be 5 slots and will contain 1008 bits.

2.2.3 Message Format

An AIS slot is 26.667 ms long. This means that a slot that starts at 0.00 ends at
26.667 ms, which the beginning of the next slot [32]. The data modulation is 9600
bit/s, so each slot has a maximum capacity of 256 bits. When data is output on the
VHF data link it should be grouped in bytes of 8 bits from the top to the bottom
of the table associated with each message, in accordance with ISO/IEC 13239:2002
[32].

Each slot has the following structure:

<8 bit ramp up><24 bit preamble><8 bit start flag><168 bit payload>
<16 bit CRC><8 bit stop flag><24 bit buffer>
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where [36],

• 24 bit preamble: this is a sequence of 0101...

• Start flag: this is ’0x7e’

• 168 bit payload, this is the body of an AIS message. For messages requiring
more data, several slots (Maximum of 5) must be used.

• 16 bit CRC-16-CCITT(Cyclic redundancy check): this is a 16-bit polynomial
to calculate the checksum.

• Stop flag: this is ’0x7e’

• 24 bit buffer: this is used for bit stuffing, synchronization jitter and distance
delay.

2.3 Sensors for Collision Avoidance

Safe inland waterway navigation requires reliable and accurate information which
should simultaneously present position and movement data of the vessel relative
to the location and movement of other traffic members. This must also be done
while taking into account the available space for movement in the waterway.

The navigational system on board most ships is currently based on RADAR
and AIS. RADAR is an on-board device, which uses a rotating antenna to emit
electromagnetic waves of the X-band (8-12 GHz) or S-band (2-4 GHz). The direc-
tion and distance of other vessels are determined by receiving and evaluating the
reflected signals.

AIS exchanges including static and dynamic navigation data, as well as data
related to the overall voyage. Dynamic data, in this case, is developed from built-
in PNT sensors (among them GNSS, compass) and represent the information about
the speed, course and etc.

AIS and RADAR systems have their strengths and weaknesses. The benefit of
RADAR is the detection of other vessels is accomplished by an independent sys-
tem on-board the ship. For this, the IMO declares RADAR as the main system for
collision avoidance. However, RADAR also identifies more or less all objects that
scatter electromagnetic waves. So in addition to other users of the traffic system
it picks up everything from quaysides and wave crests to flocks of birds. On the
other hand, objects located in the radio shadow of other objects cannot be identi-
fied with RADAR.

The positions provided by AIS, compared to RADAR, are presented as abso-
lute values, which most of the time present higher accuracy than relative RADAR
positions. Positions are identified using radio navigation systems, such as GPS, in
which the GNSS receiver is either integrated into the AIS device or attached ex-
ternally. Accordingly, the security discussion about the lack of resilience in GNSS
systems is also reliant on the reliable provision of AIS data content.

The correct entry of static as well as voyage-related AIS data and the careful
configuration of all navigation-related sensors which serve as AIS data sources
must be handled by inland waterway technicians to ensure that AIS data content
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is reliable. This is why, despite the performance limitations of the RADAR, it is
still the primary collision avoidance system. Thus, the current status of the vessel
inland navigation is the combination of lookout, AIS and RADAR.

2.4 Autonomous navigation

Future developments in technology will transform and enchance the way in which
the inland waterway sector operates. This will drive performance enhancements
and create opportunities for inland waterway businesses to make better decisions.
One such forward steps is autonomous shipping. Autonomy can be defined as
a situation, where the vehicle can have freedom from external controls or influ-
ences. Auto-pilot is already established in most wheelhouses and the machine
room is more and more automated. In the near future, inland navigation will use
technologies for remote(shore) operations onboard the vessel. This is leading for
applyiong fully automated operation systems (AOS). Systems are currently be-
ing investigated and developed that will implement automated functionality but
with the possibility of human intervention on-board and on-shore. Companies like
Massterly, Seafar, Rolls-Royce, Wilhelmsen, KONIGSBERG, . . . etc. are involved in
designing the first automated cargo transportation vessel, with the goal of being
available within a few years, both in maritime and inland navigation. [31][18][15].

However, an autonomous ship also causes a lot of difficulties and challenges,
technical and communication problems, which should be properly identified and
solved. The autonomous vessels should have sufficient intelligence to make ap-
propriate decisions in relation to possible internal and external variations. Such
self-operating systems should include advanced decision-making facilities.Therefore
the research centers try to develop various technologies to support the vessels fu-
ture automation.

Recent technological progressions in autonomous systems, i.e. self-driving
cars, robots, etc., are examples of systems with sufficient decision-making abil-
ities. Moreover, these autonomous systems are also supported by internal and
external IoT (i.e. internet of things), big data and communication infrastructure to
overcome the respective challenges. Nevertheless, the success of decision-making
innovations in these autonomous systems is yet to be evaluated comprehensively
by the respective authorities.

The first international definition of levels of automation in inland navigation
was provided by CCNR(Central Commission for Navigation on the Rhine)[26].

The figure 2.2 is describing five levels of automation, where the fifth is full au-
tomation and the first level is steering assistance. Autonomous functionality will
allow the vessel to make decisions on her own, operate fully independently even
without remote control, and adapt to all given situations and external variables,
while upholding safety standards. Automation also combines a highly-developed
form of artificial intelligence.

The shipping industry must reach several milestones to make autonomous
ship navigation a reality. The state of "Remote Controlled Ship" can be an im-
portant milestone in this destination. Remote-controlled navigation facilities can
always be a part of autonomous ship navigation. In general, each vessel naviga-
tion can have both autonomous and remote-controlled navigation sectors that are
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FIGURE 2.2: Levels of automation in inland navigation[26]

segmented via the operational requirements of future vessels. The required in-
land water way infrastructure to support both remote controlled and autonomous
ship operations should be developed and is another important milestone in the
autonomous destination. [22].

One project that intended to develop and test the concept of an autonomous
ship was MUNIN (Maritime Unmanned Navigation through Intelligence in Net-
works).[23] Vessel navigation in this project is based on a combination of auto-
mated decision systems in addition to remote controlled actions via a shore-based
station.

The MUNIN concept defined the following systems and entities:

• An Advanced Sensor Module that focuses on automated detection of objects
and the recognition of sea phenomena. This information is gained by com-
bining data provided by radar and AIS with daylight and infrared camera
imagery.
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• An Autonomous Navigation System (ANS) that enables navigation on a pre-
defined voyage route within certain degrees of freedom and operates and
makes decisions that avoid collisions and ensures the boat’s stability in chal-
lenging weather conditions.

• A Shore Control Center (SCC) whose task is to permanently monitor and
control the autonomously operated vessel. This is accomplished by the on-
board crew of skilled nautical officers and engineers and by drones.

Due to safety concerns, especially in the initial phase, it is required that the
system must intelligently operate at various autonomous levels without reducing
the overall safety performance. Furthermore, if the remote control system fails, an
unmanned ship needs reliable emergency methods to dock automatically and in a
safe manner.

2.5 The concept of LAESSI

One of the important projects contributing to the development of inland ship nav-
igation was LAESSI. Within the LAESSI (Control and Assistance Systems to En-
hance the Safety of Navigation in Inland Waterways) project effective navigation
assistance functions for inland waterway transport have been developed. The
LAESSI project is aimed at making the environmentally-friendly mode of inland
waterway transport safer.

As a part of the LAESSI project, a study to add detailed integrity information to
the GNSS processing result was conducted. Providing highly accurate and reliable
navigation data is a prerequisite for setting advanced driver assistance functions.

With this project, DLR has developed methods for the determination of highly
accurate and reliable position, navigation and time information (PNT) for the ship
forming an essential basis of the assistance functions. For this purpose, real-time
kinematic (RTK)-based methods were developed for use under the difficult envi-
ronmental conditions of inland navigation with shading and multipath propaga-
tion in the area of locks and under bridges.

LAESSI development concentrated on the development of the following four
navigation assistance functionalities [5]:

• A Bridge Collision Warning system supplying a timely alert signal to the
officer of the watch whenever the vessel, especially the wheelhouse or the
mast, have no possibility safely pass under a bridge.

• A Mooring Assistance supplying an accurate display of the actual location.
In particular, displaying highly accurate information about the distances to
quay walls and other vessels..

• An Automatic Guidance System decreasing pressure on the skipper during
route navigation. This is satisfied by highly accurate and tested position and
heading information from the basis of this functionality, especially on narrow
waterways.
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• A Conning Display with clarity showing the motion of the ship. For this aim,
it is also important to combine information from the propulsion systems as
well as the impacts of wind and water currents.

The demand for project is evidenced by a large number of accidents caused by
inland waterway vessels. The project LAESSI focuses, specifically, on the develop-
ment of driver assistance functions in the areas of bridge approach warning, path
guidance assistance and installation assistance, including the associated conning
display.

The bridge approach warning should be able to check in sufficiently before a
bridge passage to determine whether the ship and, in particular, its height-variable
assemblies such as wheelhouse and Radarmast, can safely pass the next bridge. A
possible warning message must be signaled several hundred meters before the
bridge passage to have enough time for making a decision and successful maneu-
vering.

For the mooring assistant, the position orientation of the ship should be linked
to the surroundings of the ship. The skipper is thus able to obtain an accurate
representation of his situation. In particular, the current distances to quay walls or
other ships and is thus assisted in maneuvering. With the help of the lane guidance
assistant, the skipper should be relieved during the trip. Highly accurate, integrity
checked position information is an important basis for this. The conning display
represents the movement of the ship in a clear form. For this, it is necessary to be
able to build on the position information by considering the drive equipment and
the influence of the wind.

The work of the DLR is focused on the highly accurate determination of posi-
tion, altitude, and pre-alignment of the ship with the help of Global Navigation
Satellite Systems (GNSS). Anyone navigating with GNSS-based positioning must
also be able to rely on it. Therefore, the topic of integrity was an important com-
ponent of the overall system. PNT determination may not work in all situations
(such as bridges). However it is crucial the skipper is reliably signaled when he can
trust the measuring system. The development of integrity monitoring procedures,
as well as the realization of an interface for the transfer of integrity information to
the assistance functions, was an integral part of the work in the project.

In order to achieve the required accuracies, RTK methods were used for the
PNT determination. For this purpose, carrier-phase-based correction data must be
provided, which is derived from a network of land-based GNSS reference stations
and transmitted to the barge. For transmission, a reliable data channel generally
available along the inland waterways must be used. Since land stations for the
Automatic Identification System (AIS) are already being operated on many fed-
eral waterways, furthering the use of this infrastructure is possible. However,
the AIS communication channel does not provide enough bandwidth to transmit
RTK correction data in correspondence to the standard AIS messages. For this
reason in LAESSI project a spesial setup for transmittion AIS messages in backup
frequencies were developed. This is initial investigations of transmission of RTK
data using AIS technology (on VDES frequency channels) were carried out. The
VDES is still in the process of standardization. Significant improvements can be
expected with the future use of the VDES broadband channel (100kHz) and the
development of appropriate coding schemes.
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The measurement campaign investigated in this work was performed within
the LAESSI project .The setup of the measurement system and the driver assistance
function was also provided within this project (see overall system setup Fig.B.1).
Also there were including the AIS/VDES setup, where in th one part of the water-
way the RTK corrections where receiving from AIS stations.

2.6 Current Research Projects

Currently, several projects are underway to improve and develop inland naviga-
tion. In this chapter, we will briefly present some of them. All of these project
implementations will be based on the AIS VDES technologies and require reliable
communication channels.

• AutonomSOW (2019-2033)

The project AutonomSOW is an association of partners from industry, federal,
and state science, which cooperates with the DLR. In July 2019, the project began
with its first investigation. This project aims to make possible and demonstrate
partially automated, automated and ultimately autonomous navigation in ship-
ping. The systems, solutions, technologies, and regulations to be developed will
actively support crew navigation, take on routine tasks, anticipate and efficiently
manage challenges such as intercommunication, bottlenecks or locks, and increas-
ing the safety of transport. The project’s approach is based on a highly accurate
satellite-based positioning of the ships and the detection of the environment by
sensors. A communication system based on 5G and AIS VDES is possible with
shore-based system partners that will enable the efficient management of water-
way use according to principles yet to be determined. The aim is to test the techni-
cally necessary everyday equipment on board and integrate it into the digital man-
agement of the waterway. This also forms the basis for the basic concept for au-
tonomous driving in inland navigation, which is to be developed. The beginning
of 2020 should be started with the construction of a digital test field inland ship-
ping for the automated and autonomous operation on the Spree-Oder-Waterway
(SOW). In 2022, automated driving is placed within the scope of the project. In
2033, autonomous driving, based on the developed functions, is planned to be
implemented [1].

• NOVIMAR (2017-2021)

The NOVIMAR (NOVel Iwt and MARitime transport concepts) project part-
ners’ goal is to develop the economic feasibility of waterborne transportation by
introducing the concept of the vessel train [9]. The project’s aim is optimization
using existing short-sea, sea-river, and inland waterways. The NOVIMAR project
runs in the period of 1st of June 2017 – 1st of June 2021. One of the challenges the
developers met in this project were interlinking vessels within the train by a digi-
tal connection. Individual vessels will be able to join and leave the vessel train at
places adjacent to their points of origin or destination at the seaside or inland. Part-
ners of the NOVIMAR consortium are developing the appropriate tools for smart
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navigation, command, and control necessary to ensure safe operations. Certainly,
for the purpose of navigating such a sophisticated system a reliable communica-
tion link and accurate positioning are needed.

In the current discussion of the project, using AIS was suggested to communi-
cate the status and composition of the vessel train; a specific, designed AIS applica-
tion message that contains information about the status of the vessel convoy; and
a locking assistance system developed in the Scippper project that will interface
with waterway locks.

• SciPPPer (2018-2021)

The abbreviation of project SciPPPer (SChleusenassistenzsystem basierend auf
PPP und VDES für die BinnenschifffahRt) stands for “Inland Locking assistance
navigation system based on PPP and VDES“) [24].

The project started in 2018 and will be worked on until 2021. This project is a
follow-up of the LAESSI project, since it left a lot of open questions which should
be pursued. Within SciPPPer, the technology standard of the waterway infras-
tructure in Europe are developing because the improvement of inland and coastal
shipping is an essential assistant measure to improve the efficiency of logistics.

Passing locks is the most common, but also the most demanding and critical
in the inland navigation. The purpose of this project is to design an innovative
assistance system which will automate the entering and exiting of a lock. This aim
will be achieved by adopting new technologies: PPP (Precise Point Positioning)
and using the new VDE (VHF Data Exchange) standard. The integration of the
information and its presentation on a corresponding navigation display will be
developed. Further, it will investigate the required short-range sensor technology
within the framework of the project.

These projects are important to secure and expand Germany’s position as a
logistics hub in Europe. Consequently, the productive use of waterways and locks
is an important strategy.

2.7 State of the Art

Today, precise navigation requirements have become crucial, principally for safety-
critical applications such as in the aviation, maritime, railway, or automotive do-
mains. Special requirements are established for inland waterways, but these are
more challenging to develop due to the technological advancements in this branch.
Inland waterways are exposed to various hazardous traffic areas such as narrow
passages, bridges, waterway locks, and other vessels on the waterway. Moreover,
inland navigation in a large ship reduces maneuverability. The aforementioned
projects and future projects will improve the future of inland waterway naviga-
tion systems. They aim to supply driver assistance functions for inland vessel
navigation, and upcoming techniques, now in trial status, combine AIS and GSM
communication protocols.

Despite the fact GSM is determined to be a stable and low latency communi-
cation channel, its coverage is not sufficient in rural areas and inland waterway
scenarios. However, AIS is an important information exchange system within the
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inland community, and its existing infrastructure can potentially cover the entire
inland waterways.

The next-generation of AIS is now being developed and tested to fulfill the cur-
rent need for data exchange capabilities. It is internationally called the VHF Data
Exchange System (VDES) and will take into consideration the determined require-
ments for data exchange. Thus, the AIS radio channels (VHF Data Link VDL) will
be guarded against overload as AIS populations increase. VDES will protect the
original functions of AIS while supplying extra capacity for a broad range of ap-
plications in inland and maritime safety communication. VDES is designed to be
a globally available digital data exchange system committed to maritime safety,
security, efficiency and the protection of the environment. VDES has the ability to
support inland data exchange such as River Information Services.

Most studies have only focused on the precision of the RTK measurement and
the reliability of these measurements. One main issue which was not sufficiently
investigated is the availability of communication channels to transmit this RTK
correction. In the light of the recent need for autonomous and semi-autonomous
navigation, there is a considerable concern about constant and uninterrupted com-
munication channel. This paper focuses on analyzing the long, inland measure-
ment campaign and the availability of GSM and AIS in the Rhine-Main-Danube
waterway corridor.
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Chapter 3

Satellite based Navigation

Defining a precise position has always been of considerable interest and the appli-
cations of such systems are almost unlimited.

Huge progress was made with the invention of the radio, which provided a
way of determining location over large areas. For achieving good coverage over
the whole world, radio transmitters were moved into space, now constituting the
GNSS system.

Navigation Satellite Time and Ranging Global Positioning System (NAVSTAR
GPS), or the GPS as it is more commonly called, is such a GNSS which is conducted
by the United States Department of Defence. This was the first operational GNSS,
but several other systems are now also implemented.

Other GNSS systems are: the Russian system Globalnaya Navigatsionnaya
Sputnikovaya Sistema (GLONASS), the European Galileo system, and the Chi-
nese Beidou Satellite Navigation System (BDS). They and others are either in use
or are currently under development.

3.1 GNSS Architecture

Global Navigation Satellite System (GNSS) is a universal term designating a satel-
lite navigation system (e.g. GPS, Glonass, Galileo and Beidou) which provides
continuous positioning around the world [30]. Principally, GNSS system consists
of three main segments: the space segment, which includes the satellites; the con-
trol segment (also referred to as the ground segment), which is responsible for the
appropriate operation of the system; and the user segment, which includes the
GNSS receivers, and provides positioning, velocity, and precise timing to users
(see Fig.3.1).

The principle of satellite-based positioning is based on the time-of-arrival of
the signal received from the satellites.

A GNSS position solution is defined by passive ranging in three dimensions.
The time of arrival signal, t(sa) , is defined from the receiver clock, while the time
of transmission, t(st), of each signal is received from its ranging code and data
message. The range, ρ, from a satellite to the user, measured by GNSS user equip-
ment, is gained by differencing the times of arrival and transmission and then
multiplying by the speed of light, c. Accordingly,

ρj = (t(sa), j − t(st), j)c (3.1)
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FIGURE 3.1: GNSS architecture [30]

where the index j is used to indicate the satellite number or receiver tracking
channel and error sources have been neglected [10].

Because the position of the satellite constitutes part of the navigation message,
finding the solution of the receiver positioning problem just consists of solving a
geometric problem. It is necessary that the receiver is in range of at least four satel-
lite signals, as the clock offset of the receiver must be evaluated synchronically
with the position. The GNSS system ensures a basic radial positioning with meter
accuracy in the horizontal plane and in the vertical axis. However, this greatly
depends on the type of service, the quality of the receiver, and the geometry of
the satellites with regard to the target. Furthermore, differential techniques can
provide higher accuracy than a meter by making use of base stations at known
locations to remove some of the errors. For example, carrier-phase positioning
techniques can supply centimeter precision for real-time navigation and millime-
ter accuracy for surveying and geodetic applications [10].

3.1.1 GNSS Segments

Space Segment

The main purposes of the space segment are generation and broadcasting code
and carrier phase signals and collecting and transmitting the navigation message
uploaded by the control segment. The GNSS space segment is composed of satel-
lite constellations, which have enough satellites to ensure visibility of at least four
satellites at the same time from any point of the surface of the Earth. The transmis-
sion of the signal is regulated by highly stable atomic clocks onboard the satellites
[30].
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Control Segment

The control segment is accountable for the appropriate operation of the GNSS, and
has the next basic functions [30]:

• to control and maintain the status and configuration of the satellite constel-
lation;

• to predict ephemeris and satellite clock evolution;

• to keep the corresponding GNSS time scale (through atomic clocks);

• to update the navigation messages for all the satellites.

User Segment

The user segment consists of GNSS receivers, which have the following functions:
receiving GNSS signals, determining pseudoranges (and other observables), and
solving the navigation equations necessary to provide the coordinates and a very
precise time. The standard GNSS receiver has the following elements: an antenna
with preamplifier, a radio frequency section, a microprocessor, an intermediate-
precision oscillator, a feeding source, some memory for data storage and an inter-
face with the user. The antenna transforms the incoming GNSS radio signals to
electrical signals, which are the inputs for the receiver. Next, the ranging proces-
sor uses acquisition and tracking algorithms to define the range from the antenna
to each of the satellites used from the receiver outputs. It also controls the receiver
and decodes the navigation messages. Lastly, the navigation processor uses the
ranging measurements to compute a position, velocity, and time (PVT) solution.
For additional information on the user’s segment, refer to [10].

3.2 Error Sources

Satellite-based navigation is affected by several types of random errors and also
affected by the influence on the passing signal through the atmosphere. Due to
these errors, signals will deviate or the speed of the signal will be reduced while
traveling from the satellite to the GPS receiver. According to the source of errors
in satellite-based navigation can be distinguished in three main categories:

• satellite-based errors

• receiver-based errors

• signal propagation errors

3.2.1 Ionosphere Errors

Ionosphere delay occurs in the altitude from 50 km to 1000 km or even more. The
speed of the GNSS signals which propagates in the ionosphere can be modified by
the presence of an electrical charge in this layer of atmosphere [30]. Gas ionizes



20 Chapter 3. Satellite based Navigation

when the ultraviolet and the X-ray radiation interact with the atoms and the gas
molecules.[8] The influence of the ionosphere varies with solar activity and the
geomagnetic field. For GPS frequencies the resulting range error can vary from less
than 1 m to more than 100 m. Carrier frequencies will be reflected by the passing
the ionosphere when the signal is below 30 MHz. Just the higher frequencies can
permeate through the ionosphere layer. This dependence on the signal frequency
allows removing the first-order effects using two-frequency measurements. In this
work two-frequency GNSS receivers were used, which eliminates the influence of
the ionosphere.

3.2.2 Troposphere Errors

The troposphere is one of the atmospheric layers that is on the altitude of about 20
km above Earth’s surface. GNSS signals are affected by the troposphere and have
an extra delay in the measurement of the signal when passing through this layer
from satellite to receiver. This layer is composed of dry gases and water vapor,
occasionally causing the GNSS signals to refract and delay.

This delay is frequency-independent. However, it depends on the tempera-
ture, pressure, and humidity and on the transmitter and receiver antenna loca-
tions. Therefore, it is hard to model troposphere errors accurately using global
general models [30].

3.2.3 Multipath Errors

The multipath error appears when a radio signal reaches the receiving antenna
by two or more paths. The main cause is the location of the antenna close to
the reflecting structures. For land scenarios, signals are generally reflected by the
ground, buildings, or trees while, for ships, reflections off the host-vehicle body
are more common.

Interference can also happen from diffracted signals. The reflected and diffracted
signals are typically delayed with regard to the direct signals and have a lower
amplitude unless the direct signals are attenuated (e.g., by a building or foliage).
Low-elevation-angle signals are usually subject to the greatest multipath interfer-
ence.

Minimization of the multipath error can be done by improving antenna direc-
tivity. For example, by attenuating the signal coming from certain low-elevation
directions and removing the antenna away from reflecting objects [30].

3.3 GNSS Observation Techniques

In general, GNSS observables are pseudoranges obtained by code or phase mea-
surements. These two approaches have different accuracy: code ranges have meter
level precision, while the accuracy of the carrier phase is in the millimeter range.

The GNSS positioning can be performed by techniques such as Single Point
Positioning (SPP), Differential Positioning with Corrections (DGPS), and Relative
Positioning (Static, Rapid Static, Stop and Go, Kinematic and Real-Time Kinematic



3.3. GNSS Observation Techniques 21

(RTK)). GNSS SPP uses one GNSS receiver, while DGPS and relative GNSS posi-
tioning use two or more GNSS receivers, concurrently following the same satel-
lites. Marine and inland navigation commonly use for navigation purposes the
relative and differential positioning techniques. However, these techniques de-
pend on corrections from the reference receiver.[8]

In this work RTK measurement technique is used since it can give centimeter-
level accurate positioning.

3.3.1 RTK

Today, RTK-GNSS technique has been well established for many survey applica-
tions because there is no post-processing of the carrier phase data, and it has high
accuracy and fast initialization. This approach has been used since the early 1990s.

The standard scenario for measurements in RTK technique requires two re-
ceivers: reference and ’roving’ receiver and the available communication link to
transfer the data. After setting up, the carrier phase measurements will continu-
ously broadcast from the reference receiver to the roving receiver.

RTK approach allows reaching accuracies of up to centimeter-level almost im-
mediately but for this a dense network of reference stations and a sufficient com-
munication channel between the moving and the static receivers is needed.

The real-time positioning (RTK) approach allows to be fast and precise. How-
ever, this approach requires a service (in this work the Trimble Positioning Service
was used) and it should be taken into account the most significant aspect to pro-
viding it is the availability of the communication link[3].

When the communication link is not available and the correction messages can
not be transmitted from the reference station to the receiver, it will be automatically
switched to the Single Point Positioning and calculate the position according to the
satellite scenario. The accuracy of positioning with SPP can be in the meter range
while, RTK is in the centimeter range.

3.3.2 Basic Principle of RTK

The Real-time kinematic (RTK) positioning method is based on the transmission of
carrier-phase and pseudorange data over a radio link from GNSS reference station
to a roving station. The main advantage of this method is that, with this technique
the coordinates are determined in real-time.

The reference station (or base station) is a station where a GNSS receiver at a
known location is established. This location of the reference station is pre-surveyed
by either traditional methods or by GNSS observation for multiple days. Then
the reference station can provide error data for every observation compared to its
known position.

The signal’s range can be affected by any obstructions along the propagation
path. The ability to successfully use the received signal depends on various factors
including the sensitivity of the receiver.

The data transmission can also be via the Internet using, e.g., the Network
Transportation of RTCM Internet Protocol (NTRIP; [1.24]) and obtained by a hard-
wire or wireless link such as a mobile phone.[33]
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FIGURE 3.2: Principle of RTK

The working principle of RTK is a single-differencing GNSS observations be-
tween rover and base stations (the subscripts R and B will be used respectively
) which helps to remove the satellite clock error and significantly diminish iono-
spheric and tropospheric influence on the signal propagation; then, a pivot satellite
(referred to using the superscript r) which is determined for double-differencing,
removing the clock offsets from the rover and base receivers.

According to the [33], the code and carrier phase observations from the ith
satellite observed at the tracked vehicle are represented as:

ρi
R = ||pi − pR||+ Ii + Ti + c(dtR − dti) + εi

R (3.2)

Φi
R = ||pi − pR||+ Ii + Ti + c(dtR − dti) + λNi

R + εi
R (3.3)

where:

ρi
R is the code observation [m],

Φi
R is the phase observation [m],

pi is the position of the ith satellite,

pR is the position of the rover,

Ii is the ionospheric error [m],
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Ti is the tropospheric error [m],

c is the speed of the light [299 792 458 m/s],

dtR is the receiver clock offset at reception time [s],

dti is the satellite clock offset at transit time [s],

λ is the satellite clock offset at transit time [s],

Ni is unknown number of cycles between the receiver and the satellite,

εi, εi are the remaining errors for the code and phase observations respec-
tively [m],

When applying double-differences, the geometric distance between the satel-
lite and rover is usually represented by the following linearised form:

||pi − pR|| = x(bl)pR (3.4)

where ui is the line-of-sight unit vector from the receiver to the ith satellite
position.

After solving the ambiguities correctly, a final adjustment solution is performed
to obtain the rover coordinates at cm accuracy level [14].

In the RTK technique, correction messages are transmitted to rovers in a cer-
tain format that every receiver manufacturer produces. For the prevention of the
confusion different data formats can cause, the Radio Technical Commission for
Maritime Services RTCM, Special Committee 104 (RTCM SC-104), has declared a
standard format for transmitting correction messages between reference and rover
stations and this has been named RTCM SC-104 [29].

Positioning accuracy increases the more reference and rover stations track satel-
lites there are and, the faster the ambiguity resolution gets. The addition of GLONASS
satellite signals and GPS signals can be used in this case.

The advantages of using RTK GNSS method are as following:

• the post-processing of RTK data is not required;

• the coordinates of measured points in the field can be transformed to local
coordinate systems in real-time, with the requirement of a few points (at least
three) whose coordinates are also known in the local coordinate system being
available;

• the method supplies a reliable tool for positioning all points precisely. In
standard kinematic surveys and in the case of (undetected) cycle slips or loss
of lock in the reference station, kinematic positioning cannot be performed.
In RTK, this is easily identified, and the survey continues with a new integer
ambiguity introduced and fixed in real-time;

• with RTK it can be accurately surveyed (on a cm level) in the field in real-
time.
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Today, RTK GPS is broadly used all over the world in different fields and for
different purposes. Nevertheless, the RTK method has some disadvantages which
can be summarized as follows[17]:

• the radio distance from the reference to the rover receiver is limited. The
practical distance is approximately 5-km from the radio transmitter;

• radio obstruction by topographical constraints like mountains or man-made
obstacles like high-voltage towers can occurs, which lead to failure in obtain-
ing the correction message in the rover receivers;

• this system fully depends on the reference receiver, and any failure in this
will lead to a failure in the RTK technique which is based on the coordinates
of the reference receiver only;

• corrections are accurately figuring the GPS errors in the territory observa-
tions ;

• accuracy degradation of the RTK occurs when the distance between reference
and rover receivers increases or when the age of corrections increases.
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3.4 Virtual Reference Station

To improve the precision of GPS positioning a few distinctive strategies exist. They
are all based on data sent between the measurement equipment and other de-
vices, such as permanent reference stations. These permanent reference stations
are stations where a GNSS receiver is installed and users have the opportunity to
use them as their base in relative positioning. Messages are sent from a reference
station to a moving rover are called corrections. The commonly used format for
corrections is RTCM. This format is a recommended standard developed by the
Radio Technical Commission for Maritime Services. With a baseline processing,
the effects of orbit errors, ionospheric and tropospheric refraction are decreased
by forming differences of the observables, e.g., double differences. These effects
increase with a growing baseline length. Consequently, it is essential to use short
baselines between reference stations and the rover. Thus reference station net-
works like the German satellite positioning service (SAPOS) and several others
have been designed to meet these requirements.

Nevertheless, the existing reference station network demands further decrease
of the baseline length for differential positioning techniques. The concept is to
generate "observation data" for a non-existing station from real observations of a
multiple reference station network and to broadcast these data to the rover station.
This is the basic principle of the virtual reference station (VRS) concept[12].

A VRS is an unoccupied reference station located in the vicinity of the meter
from the RTK client. For this position, observation information is produced from
the information of surrounding reference stations as if they had been used on that
position by a GPS receiver. The principle is that the correction data for the rovers
is obtained by interpolating the data of several reference stations, usually the data
of three or more reference stations.

The VRS positioning service access proceeds as follows [27] :

• The data from the Reference Stations is transmitted to the processing and
control center at a one-second interval.

• The RTK user transmits its rough position from a standalone GPS measure-
ment in an NMEA GGA message to the control center

• The processing center determines in which triangle the user is stationed and
computes a virtual reference station (as a function of the transmitted approx-
imate position).

• The processing center transmits the data of the virtual reference station to
the user in RTCM format.

This concept reduces the mistakes caused by the baseline distance between the
rover and the reference station. Thus, the reliability of the positioning is height-
ened. The advantage of using VRS is, for example in case the reference station fails
temporarily. The correction data will be computed with the surrounding reference
stations. In addition, productivity is moved forward by clearly shorter initializa-
tion times. The precision of RTK positioning can be reached in centimeter-level by
using VRS. However, this technique has some weaknesses. First of all, the VRS
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service dependences on a communication system such as the mobile phone net-
work. Furthermore, VRS requires a bi-directional communication link between
the receiver and the computation center because the rover has to send information
about its current position and has to receive the VRS data. This telecommunica-
tion link must provide high bandwidth communication between all the elements
of the system: the reference stations, the master control center, and the user re-
ceiver. The second challenge is errors can be produced by different tropospheric
and stratospheric models applied between the computation center and the rover.

FIGURE 3.3: VRS communication [27]

Today, Network RTK is a broadly admitted technique, and, therefore, a grow-
ing number of organizations are establishing networks providing real-time cor-
rections from a reference station network. In this work, Trimble VRS positioning
service was used.

3.5 Coordinate Frames and Transformations

The science of navigation represents the position, orientation, and motion of ob-
jects. In this research work, an object is a vehicle with navigation equipment, such
as a GNSS antenna. To specify the position and linear motion of an object we need
to define an appropriate coordinate system. This system depends on different
references such as the center of mass of that object, the geometrical center or an ar-
bitrarily convenient point such as a corner and etc. In the case of radio positioning
equipment, the phase center of the antenna is a suitable origin as this is the point
at which the radio signals appear to arrive. The orientation and angular motion
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of an object should be described with a set of three axes. These axes need to be
non-coplanar and also should be mutually perpendicular. The choice of the axis
should fit the normal direction of motion for the object, the vertical direction when
the object is at rest. For precise navigation, the relationship between the different
coordinate frames must be properly defined. This section describes the coordinate
systems used in this work.

In this work, the measurement campaign data followed the ETRS89 coordi-
nate system. We are assuming for performing our further calculations, we can use
WGS84 as a spatial reference system. As in table 3.1 the main parameters that are
used for the ellipsoids are similar. And since we need to make a transformation be-
tween geographic coordinate system(longitude, latitude) to Cartesian coordinate
system(x,y). The transformation between these systems was provided by Python
library utm, which allows transforming the coordinates from WGS-84 to UTM and
from UTM to WGS-84.

3.5.1 ETRS89

The European Datum ETRS89 is defined throughout Europe and is the nationwide
uniform reference system for geospatial information of the Land Surveying and
Real Estate Cadastre. It was derived directly from a global system (ITRF89)[19].
This coordinate system is an ECEF (Earth-Centered, Earth-Fixed) geodetic Carte-
sian reference frame, in which the Eurasian Plate represented is static. Coordi-
nates in ETRS89 are based on the GRS80 ellipsoid. Coordinates and maps in Eu-
rope based on ETRS89 are not subject to change due to continental drift. The de-
velopment of ETRS89 is based on the global ITRS geodetic datum, in which the
presentation of the continental drift is adjusted so that the total apparent angular
momentum of continental plates is near 0.

3.5.2 WGS84

The World Geodetic System 1984 (WGS84) is a three-dimensional Cartesian coordi-
nate system with an earth fixed global reference frame. [12] This coordinate system
is a standard for applications in cartography, geodesy, and satellite navigation, in-
cluding GPS. A set of primary and secondary parameters describe an earth-model.
The primary parameters determine the form of an earth ellipsoid, its angular ve-
locity, and the mass of the earth. In this coordinate system, the GRS80 (Geodetic
Reference System 1980) reference ellipsoid was originally used, but has sustained
some minor refinements in later editions since its initial publication. Most of these
refinements are essential for high-precision orbital calculations for satellites. How-
ever, they have little practical impact on typical topographical uses. The table 3.1
lists the main ellipsoid parameters.

A detailed gravity model for the earth is determined by the secondary param-
eters. These extra parameters are needed because WGS84 is used for determining
the orbits of GPS satellites. The ellipsoid used in this coordinate system is com-
posed to fit the geoid of the entire earth. Hence it usually does not fit the geoid
in a specific country as well as the non-geocentric ellipsoid used for mapping the
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Parameter WGS84 GRS80

Semi-major axis of the ellipsoid (a) 6 378 137.0000 m 6 378 137.0000 m
Semi-major axis of the spheroid (b) 6 356 752.3142 m 6 356 752.3141 m
Flatting of the spheroid (f) 1/298.257223563 1/298.257222101

TABLE 3.1: Reference Ellipsoid Parameters

country. WGS84 is considered the most commonly used datum format with GPS
receivers nowadays. The NMEA standard implements coordinates in this format.

3.5.3 UTM

The Universal Transverse Mercator (UTM) is a system for specifying coordinates
to locations on the surface for the Earth. In this coordinate system, the earth is con-
sidered a perfect ellipsoid. The position is represented horizontally, which means
it neglects altitude. Nevertheless, it varies from global latitude/longitude as this
approach "cuts" the earth into 60 zones. Each zone projects on the plane as the
basis for its coordinates. Defining a location indicates the zone and the x, y coordi-
nate in that plane. Zones in UTM extent are frequently 6 degrees of longitude, and
each has an appointed central meridian. The scale factor at the central meridian is
defined to be 0.9996 of true scale for most UTM systems in use [12].

3.6 Data Formats

Various formats for the exchange of satellite navigation data are defined. The most
widespread are RTCM, RINEX, and NMEA. They are internationally accepted and
generally supported by all receiver manufacturers. The data format defined by
the Radio Technical Commission for Maritime Services (RTCM) is adopted for the
real-time broadcast of measurements and differential corrections. The receiver-
independent exchange (RINEX) format is used for the transfer of raw data, espe-
cially for postprocessing applications. The National Marine Electronics Associa-
tion (NMEA) determined an ASCII data format which is used for the transmission
of position solutions.

3.6.1 RTCM Format

In spite of the fact that a few receiver producers have designed their own pro-
prietary formats, the transmission of correction information between a reference
and a remote receiver has been standardized in 1985 corresponding to the sug-
gestions of the US Radio Specialized Commission for Oceanic Administrations,
Uncommon Committee 104. The current version 3.1 is denoted as RTCM standard
10403.1.

Though the RTCM format was initially presented for differential operations in
maritime applications, it is now utilized in all fields of applications for the broad-
casting of all kinds of GNSS information.
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A third version of RTCM has been established to enhance the capability of data
broadcasting and to improve the integrity of the parity operation. The third ver-
sion has been specially produced for large data transmissions and is adopted to
RTK and network RTK operations. The message has the following structure: 8-bit
preamble, 10- bit message length identifier, and 6 extra bits in the header reserved
for future use. The data field has a maximum length of 1024 bytes followed by
a 24-bit cyclic redundancy check (CRC) [12]. For the broadcasting of RTCM data
over the Internet the networked transport of RTCM via Internet Protocol (NTRIP)
format is used. This format was defined by the German Federal Agency for Car-
tography and Geodesy. NTRIP is based on the hypertext transfer protocol (HTTP).

3.6.2 NMEA Format

In 1983, US National Marine Electronics Association (NMEA) declared the NMEA-
0183 interface specification. The NMEA 0183 standard represents an electrical
interface and data protocol for communications within marine instrumentation.
Howewer, it became a voluntary industry standard interface for all GNSS receivers.

The concept of this standard is data exchange between talkers and listeners.
The principal is one talker sends data to one or more listeners through one-way
serial communication channels. The NMEA data format is used to exchange in-
formation about the position including quality indicators, course over ground or
speed over ground data.

The NMEA 0183 standard uses a simple ASCII - encoding standard for elec-
tronic communication [7]. Data is broadcasted from a talker to a listener by sen-
tences, and the maximum amount of characters which can be in one sentence is
82. These sentences have a common structure. Each sentence starts with the de-
limiter «$» (dollar sign) and is ended with a <CR><LF> (carriage return, line feed)
delimiter. A sentence consists of a number of fields containing an address field
identifying the talker and the sentence formatter, zero or more data fields, and an
optional (for most offers) checksum field to detect data transmission errors. Each
field is followed by a comma deliminator, except for the address and checksum
fields.

There are about 60 different approved sentence types. The beginning of the
sentence shows GPS data with a "GP" indicator and for GLONASS information,
the "GL" sign. The last data field is marked by an asterisk "*" and an optional
checksum. The checksum is not mandatory for all message types. The checksum
is given in hexadecimal format. Finally, it is followed by a carriage return and
line-feed character [12].

The NMEA messages and their content used in this work are defined in table
3.2. The figure 3.4 shown the structure of the NMEA GGA sentence.
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GNNS related NMEA sentances
Sentence Description of content
GGA Global Positioning System Fix Data (time, ellipsoidal

coordinates, number of satellites, dilution of precision,
quality indicator, geoidal height, age of differential
GPS data)

HDT Heading true (heading true in degrees)
VTG Navigation data (course over ground, speed over

ground)

TABLE 3.2: NMEA sentences

FIGURE 3.4: The structure of the NMEA GGA sentence
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Chapter 4

Experimental Setup

This study was supported by the Department of Nautical Systems, which is part of
the Institute of Communication and Navigation of the German Aerospace Center
(DLR) [6]. The data for the evaluation was provided by DLR. In this chapter the
measurement campaign and equipment used for this work will be described. Ad-
ditionally the overall system measurement setup will be described. This chapter
contains the description of the database structure and the method used for data
visualization as well as the extraction of the appropriate data from the database.

4.1 Measurement Campaign

The measurement campaign under investigation was provided by a vessel in the
LAESSI project. The data sources on board the EL-NINO provide their data in the
form of NMEA data sets with update rates of 2 Hz, in accordance with the stan-
dard. Data was stored in a SQLite3 database. The duration of the measurement
campaign was 1 year. The vessel was sailing in the inland waterway pathway
of the Rhine-Main-Danube Corridor. It is an international waterway between the
North Sea and the Black Sea. A general overview of the sailing trajectory by the
vessel for the 1-year time frame is shown in figure4.2.

FIGURE 4.1: Main components of the evaluated measurement cam-
paign setup
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FIGURE 4.2: Measurement Campaign 2018

4.2 The Vessel and Equipment

In the context of this thesis, data was collected while the vessel travelled in the
Rein-Main-Danube corridor.

For analysis, a cargo ship was used, having the characteristics represented in
table 4.1.

Vessel EL-NINO
Type Cargo ship
Year of construction 1956
Length 185 m
Width 10 m
Dead Weight 4,322 t
Average Speed 10.5 km/h
Maximum Speed 20 km/h

TABLE 4.1: Vessel EL-NINO

The EL-NINO boat contains a NMEA 0183 network for communication be-
tween transducers and display instruments.
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FIGURE 4.3: Vessel EL-NINO and the two established on-board
GNSS antennas

Figure B.1 shows a schematic overview for the system setup of the measure-
ment campaign. The main equipment components used in setting up the evalua-
tion campaign are shown in the figure 4.1. For the evaluation of this work, the fol-
lowing were used: a Trimble GNSS receiver, Switch, PC, and Nauticast A2. Also,
two GNSS antennas were established on the wheelhouse of the vessel (see Fig. 4.3
). The overall measurement setup, for testing LAESSI assistance functionalities
includes:

• Trimble BX982 GNSS receiver - receives RTK corrections from AIS/VDES or
Mobile phone (Backup) and provides a highly accurate position solution;

• TP-Link TL-SG1008D (Gigabit Switch) - a device in a computer network that
connects other devices together. Multiple data cables are plugged into a
switch to enable communication between different networked devices;

• Alberding PC NISE105-E3845 (PC) - stores measurement information;

• Nauticast A2 - reception of AIS messages - VDE Channel;

• Argonics Trackpilot - automatically follows a predefined route;

• Radarpilot - designates the solution – a radar system including direct control
of a track-keeping autopilot;

• Autopilot - allows the recording of specific turn rate data;

• LAESSI Assistance - Control and Assistance Systems to Enhance the Safety
of Navigation in Inland Waterways including: the bridge collision warning
system alerts, the mooring assistant, the automatic track control, and the con-
ning indicator.
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4.3 GNSS Receiver

During the measurement campaign, the Trimble BX982 GNSS receiver was used,
which is commonly used for marine applications which require centimeter-level
accuracy and heading. It is a multi-channel, multi-frequency GNSS receiver which
allows OEM’s and System Integrators to rapidly integrate centimeter-level posi-
tioning and precise heading into their application. The Trimble BX982 supports
GPS L1/L2/L5, GLONASS L1/L2/L3, and BeiDou B1, B2 signals and Galileo sig-
nals. Code differential GPS positioning accuracy 3D: typically < 1 m. Accuracy and
reliability may be subject to anomalies such as multipath, obstructions,satellite ge-
ometry, and atmospheric conditions. RTK positioning accuracy Horizontal: ±(8
mm + 1 ppm) RMS and Vertical: ±(15 mm + 1 ppm) RMS. Initialization time is less
than 10 seconds [34].

4.4 Database

For this work a 1-year data set which was stored in a SQLite database was eval-
uated. SQLite is a relational database management system (RDBMS). In compar-
ison to many other database management systems, SQLite is not a client-server
database engine. Rather, it is embedded in the end program such as a receiver.
SQLite performs most of the SQL standard, generally following PostgreSQL syn-
tax. SQLite is a popular choice as an embedded database software for local/client
storage in application software. In SQLite, there are a large number of bindings to
other programming languages, including Python.

The database schema is represented in figure 4.4.

FIGURE 4.4: SQLite3 database schema

The table sensors contain the id and name of each sensor that was used in the
measurement campaign (see Fig.4.5).

The table chunks represent information for each sensor according to time rele-
vant message (see Fig.4.6).
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FIGURE 4.5: Table sensors in SQLite3 database

FIGURE 4.6: Table chunks in SQLite3 database

For this work, the relevant sensor was the Trimble_NMEA2Hz. This sensor
contains the NMEA messages sent out by the GNSS receiver.

For the selection of sensor data content, the following SQL query was used:

"SELECT chunk FROM chunks,sensors WHERE
chunks.sensor_id=sensors.sensor_id AND
sensors.sensor_name=\"Trimble_NMEA2Hz\""

4.5 Data Extraction and Visualization

One of the important issues of this work is the handling of big data. For this
purpose, SQL query relevant data were stored in CSV(Comma Separated Values)
format since they are easy to read and post-process with Python, this format is the
most common import and export format for spreadsheets and databases. Python
enables easy-to-read CSV files by using the pandas library’s DataFrame object. A
DataFrame is two-dimensional, size-mutable, and potentially heterogeneous tab-
ular data structure with labeled axes (rows and columns).

Another format used for data visualization is the GPX format. GPX, or GPS
Exchange Format, is an XML schema designed as a standard GPS data format for
the interchange of data between applications and Web services on the Internet. It
can be used to describe waypoints, tracks, and routes. The format is open and can
be used for free.

For extracting data from the database, sqlite3 and pynmea2 python libraries
were used, which allow for the connection to the database, the identification of
NMEA messages, and the parsing of them.
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To enable us to do the evaluation, first we need to identify the main route of
the vehicle. For the visualization of the one-year measurement campaign, QGIS
Python Plugin - TimeManager and FFmpeg multimedia framework were used.
With these tools, we can reproduce the vehicle position for each timestamp and
store this in MP4 format.

The purpose of the Time Manager plugin for QGIS is to supply convenient
browsing through temporal geodata. A dock widget gives a time slider and a
configuration dialog for managing layers. Timestamps have to be in one of the
appropriate formats. In our case, the time stamp was in the following format:
YYYY-MM-DD HH:MM:SS.ssssss. This tool is essential when it is necessary to
animate data and understand its behavior according to timestamps. To produce
animations like the one below, QGIS Time Manager allows you to export several
individual frames (map images) at a certain time interval from QGIS, which can
then be combined into one animation. The example of a single-frame image is
shown in the figure 4.7.

The first important step in this work was the creation of a tool to One of the
first steps in this work was the creation of a tool to extract and decode NMEA
messages and save it in a format that is easy to perform calculations on and to
manipulate. The next important step was to understand the scale of the measure-
ment campaign and the behavior of the vessel during the measurement campaign.
Using these tools, we can manipulate the data from the measurement campaign
and prepare the data for evaluation. These methods will be discussed in the next
chapter.

FIGURE 4.7: Vessel position according to time
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Chapter 5

Methods and Tools for the Evaluation
of the Measurement Campaign

Data analysis requires various pre-conditional operations. The first step of the
process is to create a re-scaled reference trajectory according to which we can relate
all other data. The next steps are to identify the vessel status and remove data
points far from the reference trajectory, like paths in tributaries, or innactive data
points such as long periods in harbors. Another important issue is the extraction
and division of data into individual voyages. After finishing these steps, we can
evaluate the availability of connections in the main waterway. In this chapter, data
preparation and processing will be discussed.

5.1 Reference Trajectory

A vital issue for this work was to set data in one reference system - river kilometers,
which enable the identification of each point in appropriate part of the waterway.
For this task, it was important to have one reference trajectory according to which
the calculations can be done. Considering that the vessel embarked on many short
voyages, one continuous set of data from Linz to Antwerpen was extracted from
the data (see Fig. 5.1). The time frame on this voyage was 15 days from 27.03.2018
to 10.04.2018. The total length constitutes 1392,68 km.

After analyzing the data of this voyage, numerous outliers were detected that
needed to be eliminated because we only need the data on the main waterway
path when the vehicle is not mooring, changing position or maneuvering.

We have developed a methodology that allows us to determine the status of the
vehicle from the measurement data. AIS VDO messages already contain informa-
tion about the vessel Navigational Status, but this data is not reliable according to
various studies. For this reason, it was important to have this information accurate
and reliable for further evaluations.

5.2 Determining the Navigational Status of the Vessel

As was mentioned in chapter 2, AIS systems provide information about the navi-
gational status. So for this reason, the first approach in this work was trying to de-
termine the reliable navigational status. For detecting maneuvering and mooring
points two parameters were used: the speed and differences between the course
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FIGURE 5.1: Reference trajectory

over the ground and the heading. It is known that the vessel uses different ranges
of speeds for different movements in the waterway. It can be one of the parameters
that can indicate the status of the vessel in the appropriate time frame.

Course Over Ground (COG) defines the direction of motion, with regard to the
ground that a vessel has moved relative to the magnetic north pole or geographic
north pole. Therefore, should a vessel be stationary, it has no COG. Under con-
ditions where a vessel is encountering leeway (wind, current), a vessel’s heading
and COG may differ. Heading is used to represent the direction an object is point-
ing.(see fig.5.2)

For determining conditions for parameters we used a frequency distribution,
which shows how often each different value in a set of data occurs. And from
figure 5.3, we can make an assumption that the vessel was standing still when the
speed is in the range of (0.0 - 0.5), maneuvering between (0.5 - 5.0), and sailing
between (5.0 - 10.0+) km per hour.

The histogram 5.4 of differences between course over ground and heading
shows that most frequently angles in range (0 - 50) degrees occur. In this range, the
vessel was sailing. In this range, the ship sailed along the main waterway, when
the angle increases and is out of the the investigated range we can suggest that it
is doing maneuvering.

After applying these suggested conditions, we managed to eliminate a range
of points where the vessel was standing still and maneuvering. However, the
result was not satisfactory because there were still a significant number of points
where the vehicle underwent maneuvers or were in harboring areas (see Fig.5.5
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FIGURE 5.2: Directions of the vehicle

FIGURE 5.3: A frequency distribution of the speed of the vehicle

and Fig.5.6). In some cases, we eliminated some important points that caused
us to not have the correct trajectory. And in order to achieve a smooth reference
trajectory, this method could not be applied in this investigation.

The approach that has been applied here, checks the time when the vessel
leaves the vessel-specific radius. For more accuracy, we checked 3 different radii:
small - 5 meters, middle - 15 meters and large - 50 meters. For each point posi-
tion, we check the time when the vessel leaves the area with a specific radius.(see
fig.5.7)
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FIGURE 5.4: A frequency distribution of the angle between course
over ground and heading

FIGURE 5.5: Before and
after applying conditions

in the harbour area

FIGURE 5.6: Before and
after applying conditions
in the waterway lock area

Name Radius Time Speed

Small 5 m 30 sec 0,6 km/h
Middle 15 m 1 min 0,8 km/h
Large 50 m 1 min 30 sec 2 km/h

TABLE 5.1: Status conditions

For calculating the radius of departure from the great-circle, the distance be-
tween two points on a sphere was used, given their longitudes and latitudes (Haver-
sine formula 5.1):

d = 2 ∗ R ∗ arcsin(
√

Δϕ/2) + cos ϕ1 ∗ cos ϕ2 ∗ sin(Δλ/2) (5.1)
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FIGURE 5.7: Use of different radii to detect manoeuvring and stand-
ing still areas

where,
ϕ is latitude in radians,
λ is longitude in radians,
R is earth’s radius (mean radius = 6,371km).

After applying this algorithm for 1 continuous route, which was 15 days long,
sailing from Linz to Antwerpen, we achieved the following result (Fig.5.8):

FIGURE 5.8: A frequency of the status of the vehicle
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Most of the time - 59%, the vehicle was in a harbor area. To achieve the refer-
ence trajectory, points with the status of mooring, changing location, or maneuver-
ing were skipped. From this data set, only 39% of the data where the vehicle was
moving were taken. The result was checked in the QGIS platform and has shown
a smooth trajectory that is situated only in the main waterway. This trajectory we
will use as a reference trajectory. This reference trajectory will be used in the next
steps for recalculating river kilometers and the distances to this trajectory.

5.3 Defining River Kilometres

River kilometres (RKM) is a measure of distance in kilometres along a river start-
ing from its mouth. River kilometers begin at zero and increase further upstream.
RKM is similar to vehicle roadway kilometers markers, except that river kilome-
ters are not marked on the physical river; instead, they are marked on navigation
charts and topographical maps. It should be noted that the total of the river kilo-
meters is not the same as the length of the river. Rather, it is a method of determin-
ing location of any feature along the river relative to its distance from the mouth
when measured along the course (or navigable channel) of the river.

In cases when some ambiguity exists as to where the river mouth begins, the
zero river kilometer point may not be exactly at the mouth. For example, when
a river has more than one stream, a series of river mile strings referring to the
distance to the ocean or the sea may be used [37].

In this work, the evaluated measurement campaign river kilometers approach
was used. Since we evaluated several waterways, all rivers were assigned to a one-
river kilometer system. For better evaluation of the measurement campaign, the
calculation of river kilometers starts from the beginning of the vessel route. The
river kilometer value identifies the location of each point from the measurement
campaign relative to the reference trajectory. The 0 kilometer point was assigned
in the area of Linz (Austria) and the end kilometer in Antwerpen (Belgium). In
between this waterway range, the river passed through big cities like Düsseldorf,
Frankfurt am Main, and Nuremberg. The total distance of the investigated trajec-
tory is 1392,68 km.

In an attempt to determine the kilometers of the river, the spline function was
first used. A spline is a special function defined piecewise by polynomials. This
approach can give us the approximate river curve, by using curve fitting, and an
interactive curve design for the complex investigated shape. This approach works
well with the small trajectories and when in this trajectory, there exists only one
value of y for each value x, i.e. the trajectory should be unambiguous. In our case,
the river has many curves that don’t satisfy the above preconditions. Therefore,
long and complex trajectory needs to be handled differently.

5.4 River Kilometers Algorithm

For calculating river kilometers we will use a reference trajectory that were defined
in previous chapter. In this trajectory, we identify for each point the kilometer
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which it has in the waterway path. The next task we attempt to solve is how to
apply this system to all our points from the measurement campaign.

The calculation of the river kilometers is based on the 3 points approach at
which one point from the measurement campaign intersects two nearest points
from the reference trajectory. This approach will be discussed in more detail in the
next chapter. To calculate river kilometers, the following parameters were used:

• reference trajectory

• the transformation from WGS 84 to UTM coordinate system

• the distance to the trajectory altitude were calculated in terms of the sides
theorem

• nearest points algorithm

After the kilometers and the distance to the reference path were calculated for
all points of the measurement campaign, all data were intersected with the refer-
ence path. Data that were more than 150 m from the reference path were discarded.

5.5 Background for River Kilometers Calculations

At first, we will consider a three-point task, where two points are from our ref-
erence trajectory and the third point is the point for which we want to calculate
kilometer and the distance to the trajectory. We already know the kilometers value
for two points from trajectory. And we need to find this value for the third point.
This task is to consider a line-segment AB (reference trajectory) and a point C (mea-
surement campaign) that forms a triangle (see Fig. 5.9).

For this task, the altitude in terms of the sides theorem were used. For any
triangle with sides a, b, c, and semiperimeter s:

s =
(a + b + c)

2
(5.2)

the altitude from side a is given by ha:

ha =
2
√

s(s − a)(s − b)(s − c)
a

(5.3)

To achieve the distance between the point that is a projection of point C onto
the line segment AB and the point A, the Pythagorean theorem was used.

a2 + b2 = c2 (5.4)

To set the appropriate river kilometer value for each point from the measure-
ment campaign from 5.4 we use the next equation:

x =
√

b2 − h2
a (5.5)

As a result, for each point, the river kilometer according to the reference trajec-
tory and the distance to the trajectory segment were determined.
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FIGURE 5.9: Line-segment AB (reference trajectory), and a point C
(measurement campaign)

The x value represents a distance between a point A and a projection point
C onto line AB. The last step is to find the river kilometer for point C which is
calculated by A - x. Thus, we achieve the river kilometer according to the reference
trajectory and the distance to the trajectory segment.

The next step is to implement this approach for all the points from the mea-
surement campaign. For every point from the measurement campaign, we need
to find two appropriate the closest points from the reference trajectory. This task
can be solved by finding the nearest neighbour geometry. This approach is one
of the most commonly used GIS tasks. In this study, we have a number of point
objects representing the reference trajectory of the vehicle, where each point rep-
resents a specific river kilometer, and then another set of locations representing a
1-year ship track on the inland waterways. Then, the task was to determine which
points from the reference trajectory is the closest one to the individual measure-
ment campaign points. This task is a typical nearest neighbour analysis, where the
purpose is to obtain the closest geometry to another geometry.

In Python, this kind of analysis can be done with a shapely function termed
nearest−points() that returns a tuple of the nearest points in the input geometries.
The object.distance() returns the minimum distance to the other geometric object.
After we have found for a specific measurement point the one nearest river kilome-
ter from the trajectory, we need to find the second nearest point. For this purpose,
we check the previous and the next points on the reference trajectory and take the
point which has the shortest distance (see Fig. 5.9).

After selecting the point which has the shortest distance to the measurement
point, the task reduces to the triangle with the known coordinates in apexes. Then
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it is required to do the above-represented calculations in the Cartesian coordinate
system. For this coordinates from WGS 84 to UTM coordinate system were trans-
ferred. This task was done with the help of python library UTM. The next step
is to calculate the perpendicular distance to the reference trajectory and define in
which kilometer this point is in the reference trajectory.

The algorithm for the river kilometers system was implemented with Python.
For computations the following libraries were used:

• shapely

• pandas

• geopandas

• utm

• time

• pdb

• ctypes

A flowchart that represents the whole process of calculating river kilometers
to all measurement data according to the reference trajectory is represented in the
figure 5.10.

5.6 Detecting and Removing Outliers from the Data

The important step before evaluation of the data is data preparation. At first, the
data were set in one river kilometer system. After this, all data were thoroughly
checked for continuous behavior. For this an algorithm flagged rows where the
river kilometer increases more than the common average speed permits. To set
all the data in terms of the reference trajectory, a path buffer with a radius of 150
meters was used. This value was chosen according to the distribution of distances
to the reference trajectory (see Fig. 5.11).

With this buffer of 150 meters around the reference trajectory, the data that were
not within the buffer and that were when the vehicle was on shore or in a harbor
were removed. In this case, the connection links with appropriate data could be
evaluated. The figure 5.12 shows the result of implementing a buffer in one part
of the waterway path.
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FIGURE 5.10

5.7 The Frequency of the Passage across the Reference

Trajectory

The reason for investigating the frequency of the passage across each part of the
river was because this parameter has considerable influence on the evaluation of
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FIGURE 5.11: Distribution of distance to reference trajectory in meters

FIGURE 5.12: 150 meters buffer

the internet availability. Thus, the number of passes the vessel took along each
evaluated section of the river was determined. Figure 5.13 indicates shows each
river kilometer with repect to each time stamp. This illustrates all the tracks and
their frequencies during the 1-year measurement campaign.
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FIGURE 5.13: 1 year measurement campaign El-Nino

From figure 5.13, we can see that the most frequently passed part is the segment
from 800 to 1400 kilometer. In this part of the river, the vessel passed 54 times. The
800th kilometer was situated in Frankfurt am Main and the 1400th kilometer was
in the city of Antwerpen.

5.8 Algorithm for Splitting Tracks

For the next assessment, it’s important to have a tool for dividing data into specific
tracks. Since we are working with big data, this tool should be fast and automatic.
An algorithm for splitting tracks was developed for this purpose. This algorithm
is based on the monotonic function and is applied with the following conditions
(see table 5.2).

Condition Movement upstream Movement downstream Mooring

Increase True False False
Decrease False True False
Non - increase False True False
Non - decrease True False False
Monotonic True True False

TABLE 5.2: Conditions for splitting data into separately tracks

The algorithm was applied to the river kilometer parameter behavior. So when
this parameter monotonically increasing, we suggest that this is upstream move-
ment and that when it is monotonically decreasing, it is the start of a new track
that is downstream (see Fig.5.14). Each change of down or upstream was stored
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as a new track. When the function is not monotonic we suggest that the vessel
is maneuvering or mooring. To analyze the river kilometer behavior, the data
were divided into small groups with a variable parameter for the number of taken
points. As a standard, were take 300 points for 2 Hz data.

FIGURE 5.14: Behaviour of river kilometer
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Chapter 6

Evaluation of Availability of GSM
Connection

In this chapter, using the previously presented methods and tools, we will estimate
the availability of GSM connections along the entire waterway. The parameters
that were used for the evaluation of the connection availability will be described
in this part. This chapter also contains the analysis of the internet connection in
some specific parts of the river, and different environmental scenarios are analyzed
with an emphasis on the influence of waterway constructions such as bridges and
waterway locks.

6.1 Parameters for Evaluation the Availability of Com-

munication Channels

The central issue of this work is the detection of areas of the waterway path with-
out a stable internet connection. As described before, the high accuracy position-
ing provided by RTK measurements depends on the reception of correction data.
The indicator which shows the number of epochs/second from the last received
correction data set is the Age of Correction [21]. This parameter will be used in the
next chapters for evaluating the connection availability. Another parameter that
will be checked to evaluate communication is the number of satellites tracked.
This parameter can be considered as an indicator of areas with open sky.

6.2 Age of Differential Correction Data

The main parameter that can show the availability of internet connection is the
Age of Differential Correction Data. The Age of Correction Data represents how
many seconds before the differential correction data are calculated by the DGPS
reference base station. With the chance of a constant correction stream, age of
differential GPS data will point out link latency. It is computed by subtracting the
time when the correction message has been generated from the current receiver
time. It is an essential tool to debug connectivity issues.

The Age of Differential Correction Data varies in range from 0.5 to 60 seconds.
For precise positioning, the age can be in the range from 0.5 to 1.5 seconds. When
the connection was lost, then the value starts growing from 1.5 to 60 seconds and
after that the receiver switches to Single Point Positioning(SPP).
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When the GSM connection is lost, the influence on the precision can be seen
immediately in the altitude measurement.

FIGURE 6.1: Loss of internet connection

FIGURE 6.2: Disturbance on the accuracy of measuring altitude after
increasing Age of Differential GPS data

In figure 6.1, the general behaviour the Age of Differential GPS data in one part
of the waterway is represented. We can see that the common variation of the value
is in the range from 0.5 to 1.5 seconds. Also, we can see the peak of 10 seconds
in the figure 6.1, which represents the disturbance in the broadcasting signal. To
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see how it influences the altitude measurement,the altitude is plotted for the same
area (see Fig. 6.2). It is evident from the graph that when the age of correction
data is in the range from 0.5 to 1.5 seconds, there is no disturbance in the altitude
measurement, but as soon as this indicator starts increasing we can observe at the
same point an immediate increase in the altitude value. This shows how the losing
the connection impacts the precision. When the age of correction data increases,
the accuracy of the RTK system decreases. These corrections should be in the range
of 0.5 to 1.5 seconds to have centimeter positioning accuracy. In the next sections,
we will use this range of Age of Differential GPS data to evaluate the ability of the
system to provide such accuracy in the waterway tack.

6.3 Availability of Internet Connection along the Wa-

terway Pass

For the first overall estimation, the data from the measurement campaign within
a buffer of 150 meters along a reference waterway path were taken. Wherein, we
evaluate the connection only in the main waterway path.

The availability of internet connection was determined by the following condi-
tions (table6.1):

Availability Age of Differential GPS data (sec)

Stable connection 0.5 - 1.5 s
Loss of connection 1.5 - 60 s

TABLE 6.1: Internet availability conditions

Under these conditions, the waterway pass was split into 50 meter sections. To
determine in which 50 meter case the point is situated, equation 6.1:

(km ∗ 1000//50) ∗ 50 (6.1)

where, integer division was used.
The algorithm that was used in this work checked the mean value of all passes

of the vessel in each 50 meter case. At first, the mean value of all points situated in
the first 50 meters were calculated, then with the return pass, the procedure was
repeated until we proceeded through all the passes in this specific part. In the
end, for each 50 meters case, we know the frequency of passing this part, the mean
value of the availability of the internet connection, and can calculate the number
of the satellites in this area. This algorithm was applied for the whole waterway
path by splitting it into 50-meter cases; as a result, we found the mean connection
availability for each case, taking into consideration the frequency of the passing
vessel.

The outcome of the availability of connection in the waterway area from Linz
to Antwerpen is shown in figure 6.3.

The following are the interpretations of the results. The most frequently passed
area has the highest value of availability, and some parts that experience poor con-
nectivity should be considered in more detail to determine the cause of the signal
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FIGURE 6.3: Availability of internet connection along the waterway
pass from Liz to Antwerpen

interruption. And of course, different environmental scenarios can influence on
the internet connection: the most common of which will be investigated in section
6.7. It should be noted that the region located from 560 to 600 kilometers is a spe-
cial test AIS area, and this part will be specifically evaluated in the next chapters.

6.4 Number of Satellites

The number of used satellites can be an indicator of the clarity of the sky and
which areas are good locations for communication availability. To validate this
assumption, this section we will explore the role of the number of satellites visible
to the vessel.

When the communication link is not available and can not provide correction
information from the base station, the receiver switched to a stand-alone position.

For the investigation, the mean number of satellites for all points within 50
meters of this location were calculated. When there was a high number of satel-
lites, a stand-alone position was used. Changes in the number of satellites can be
compared with the behavior of the age of differential GPS data.

The figure 6.4 shows the opposite curve which we achieve with the age of dif-
ferential age data. Consequently, this method can also be used for the description
of the availability of the communication link.

To see the correlation between these 2 methods, the internet availability achieved
from the age of differential data parameter and the mean number of satellites were
plotted.
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FIGURE 6.4: Number of satellites in view in the waterway path

FIGURE 6.5: Liner regression between availability of internet and
number of satellites in view

The figure 6.5 shows the dependence on the availability of the Internet and the
number of satellites used during the evaluation measurement campaign. How-
ever, due to the receiver setup, our assumption about the usage of the number
of satellites did not prove to be used in this evaluation. Because we have only
the number of used satellites not the information about the satellites in the view.
Thus, in the next chapters for the evaluation of an internet link, only the Age of
Differential Data will be used.
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6.5 Correlation of Internet Availability in the Upstream

and Downstream

One assumption that can be checked for the whole pass is that the connection de-
pends on the direction of the voyage: upstream or downstream. For this purpose,
two continuous tracks in the upstream and downstream directions were used, and
the data were checked separately. To analyze the dependency of the internet con-
nection of different routes, the cross-correlation method was used.

The cross-correlation method of two signals allows for the determination at
which time lag the correlation factor is the greatest. The cross-correlation of the
normalized discrete-time signals x[n] and y[n] is expressed as equation 6.2.

Rxy [m] =
∞

∑
n=−∞

x [n] y� [n − m] (6.2)

In our case, x[n] is upstream and y[n] is downstream.
CCross-correlation of any two given signals can be found via graphical tech-

niques. The cross-correlation method was applied to two different datasets from
two different observations, the aim is to figure out if those two sets are correlated.
We want to cross-correlate them and see if they match in any way. We plotted
availability for both datasets’ in 100 meters chunks over the top half of the figure
to visualize the data. For checking the parts with a loss in connection, missing
values after 60 seconds were filled with the value 99. Using matplotlib’s xcorr,
which in turn uses NumPy’s correlate() function, we computed cross correlation
and plotted it on the bottom half (see Fig. 6.6).

FIGURE 6.6: Correlogram of availability of internet connection for-
ward and back route



6.6. Evaluation of Access to Communication Channels in the Most Frequently Traveled
Parts of the Waterway

57

We achieved correlation coefficients array that represents the degree of similar-
ity of two datasets. The cross-correlation diagram shows us that these two routes
are highly correlated. And at lag 0 the correlation coefficient has its peak.

The average width of the river is around 600 meters, so in this range, the con-
nectivity is the same. Consequently, we can suggest that the parts where the inter-
net link is not stable are constant and don’t depend on which direction upstream
or downstream the vessel is navigating.

6.6 Evaluation of Access to Communication Channels

in the Most Frequently Traveled Parts of the Wa-

terway

From figure 5.13, we can see that the most frequently passed waterway section is
from 1100 to 1250 km. For a more precise and accurate evaluation this part of the
vehicle track was taken. This part of the river was passed for 54 times.

After applying the algorithm of splitting tracks, which was discussed in sec-
tion 5.8, we achieved 54 separate tracks over this part of the river. To verify the
connectivity behavior in each individual case, the mean internet availability was
calculated in the vicinity of 100 meters of each track. In an attempt to identify if the
connection depends on how frequently the vessel passes through a given water-
way section, a histogram of mean internet availability for each track were created
(fig. 6.7).

FIGURE 6.7: Distribution of internet availability for 54 tracks

The distribution of internet availability is as follows: 38 tracks have a very high
percentage of connection and vary in the range of (100 - 80)%, 9 tracks have some
disturbances in connection and were in the range of (80-50)%, and 6 tracks have
almost 0% connection. Those with 0% of connection are tracks that are not defined.
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6.7 Environmental Scenarios in GNSS for Vehicle Lo-

calisation

The analysis of the measurement campaign of the vehicle shows the error source
from the user segment. From the user side, different environmental scenarios such
as the lack of a signal, shadowing, multipath, and signal propagation effects cause
an accuracy degradation in localization.

Scenario Scenario Description

open area track laying outside town or city, very good view of tracks
urban track very close to the buildings
bridges area loss of visibility
waterway locks area narrow way with changing in altitude
mountains on one side or close to one steep mountain causing barrier for signal
harbour area close to the buildings

TABLE 6.2: Inland waterway track environmental scenarios

The vehicle in a waterway area can be met with different infrastructures and
different geographic properties. This can lead to signal interruptions or shadow-
ing effects. Additionally, the vehicle travels through city areas thus having multi-
path effects.

The accuracy of GNSS receiver locations is highly correlated to where the ve-
hicle is. The environmental scenarios can be categorized and defined as in Table
6.2. The GNSS receiver location performance varies a lot in these environments.
To apply reliable and accurate GNSS for vehicle localization, the safety aspects of
these environments need to be analyzed and taken into account.

The GNSS receiver will experience different GNSS localization accuracies de-
pending on the environmental scenario. The impact of two waterway locks in close
vicinity is shown in figure 6.8. The falling height of both waterway locks is 24.67
meters. This scenario shows what occurs when the receiver is in such challenging
waterway area. We can see where the speed was almost 0 and the altitude was
reducing in the location of the waterway lock infrastructure. We can see that in
the beginning, in both cases where the waterway level is reducing we still have a
good age of correction with a variation between 0.5 and 1.5 seconds. When the age
grows to 60 s, the receiver switches to the single point positioning, but even with
this positioning method, we have a big variation in the number of used satellites.
That is caused by the influence of the walls of the waterway lock. At some middle
point in the passing waterway lock, the receiver was able to receive corrections
and give the position in the RTK or DGPS, but then switch back to SPP.

The above scenario shows the demand for further investigation of influence
such waterway infrastructures in the communication link availability. There are
many different obstructions in the waterway that can affect the availability of the
internet. The prime example that can be investigated is the influence of bridges
and waterway locks.
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FIGURE 6.8: The waterway locks scenario

6.8 Availability of the Internet in the Waterway In-

frastructure Areas

Inland waterways of Europe and Germany are intersected by bridges in numer-
ous places. Most of the older bridges, in particular, are sustained by piers in the
fairways or at their edges. The bridges’ influence on the ship’s behavior and the
nautical skills needed for passing them are often undervalued.

Bridge piers are man-made constructions in the river cross-section, disturbing
its discharge pattern. In this area, the water level is not stable and moreover, due
to the bridge construction, vortices can appear in the water surface. Another situ-
ation that requires high precision is the interactions with passing ships, especially
in sophisticated bridge constructions.

Another waterway construction that can be evaluated is waterway locks. These
are waterway navigation constructions in canals and canalized rivers that aid ships
to overcome the height difference (lift height) between the upstream and down-
stream levels of two stretches of water. German locks that are constructed for large
ships have a clear width of 12.5 m. The available widths of river locks are in some
cases (Rhine and Danube: 24m) even larger. In Germany, the available length of
a lock chamber, i.e. the clearance between both gates minus a safety distance on
both sides is commonly in the range between 100m and 300m [35].

Due to the restrictive width of the waterway lock structure, it requires precise
navigation and timely response to any influences that could make the ship deviate
from its course.

The influence of the described waterway infrastructures was investigated, and
with the help of the GIS platform, the area from Linz to Antwerp were digitized
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and transformed to the river kilometers system; 275 bridges and 59 waterway
locks were found. The figure 6.9 shows the average internet availability and the
positions of waterway locks and bridges. It is obvious from figure 6.9 that in the
area where most of the waterway infrastructure is located, there is low internet
access.

FIGURE 6.9: Availability of internet and the positions of waterway
locks and bridges in the waterway path

For investigating this more in detail, every 100-meter chunk of the waterway
pass was checked to determine the existence of a bridge or waterway lock. Af-
ter this, a special column was created that classifies these areas as: bridge areas,
waterway, locks areas, and open sky areas.

The area parameter enables us to check if this waterway infrastructure has an
effect on the availability of connection. The histogram 6.10 and 6.11 shows an in-
crease in the frequency of low availability of internet in both types of waterway
infrastructure, yet the internet availability is pretty high in areas without water-
way infrastructure (see Fig.6.12). The mean percentage of internet connection in
the bridge are is 48.6%, in the waterway lock 41,8% and in the open sky area 58.2%.

But this still does not give us considerable certainty as to the loss of connec-
tion being dependent on a specific part waterway infrastructure. To enable us to
suggest that the loss of connection occurs due to infrastructure, the mean value
of internet connection. Of the areas within 100 meters before and after waterway
infrastructure was calculated. This investigation may show that either the infras-
tructure of the waterway causes a loss of Internet connection or that the whole area
has a poor Internet connection.

The delta value that represents this difference of connection was taken from the
next equation:

Δ = availability(v)− availability(i) (6.3)
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FIGURE 6.10: Availability of internet in the bridges area

FIGURE 6.11: Availability of internet in the waterway locks area

where,
availability(v) - availability in the vicinity area (mean value of 100 meters before
and after infrastructure area),
availability(i) - 100 meter around the infrastructure area.

The figure 6.13 shows that bridges area has less connectivity than the areas that
is before the bridge and after the bridge. The mean internet availability in the
bridge area is 48.6%, when in the vicinity of the bridge the internet availability is
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FIGURE 6.12: Availability of internet in the open sky area

51.4%.
For waterway locks, this difference is not as significant, but we can suggest that

it has some impact on the connectivity (fig. 6.14). The mean internet availability in
the waterway lock area is 41.8%, when in the vicinity of the waterway lock the in-
ternet availability is 42.6%. The waterway locks are huge waterway infrastructure,
and with such investigation, it is hard to see the direct impact because we need to
know the exact position where the waterway lock infrastructure starts and ends.

The next that can be checked is in which range the loss of connection occurs.
Additionally, construction specifications have to be investigated in more detail.

For analyzing the influence bridges have, the part with a high average avail-
ability of the internet in the section between 1000 and 1300 km was taken. In this
area, there are 32 bridges. After GIS analyzing we received the next statistic (table.
6.3):

Parameters High influence Slightly influence No influence

Number of bridges 9 11 14
Range of loss connection 10-40 % < 10 % 0 %
Width of the bridges 35 - 75 m 20 - 35 m < 25m

TABLE 6.3: Bridges influence on loss connection

In approximately 56% of cases from the chosen area, the bridges disturb the
connectivity. Also, bridges can create shadow effects that are out of the signal
flow. As an assumption, we suggest that different constructions and materials
for bridges can have different influences on the stability of the connection. The
pedestrian bridges have almost no effect on the signal.
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FIGURE 6.13: Mean Δ availability of internet in the waterway locks
area

FIGURE 6.14: Mean Δ availability of internet in the waterway locks
area

The example of the different bridge constructions is presented in figure 6.15.
For example, the Cologne Rodenkirchen bridge(a) is 52,3 meters wide and has
40% less connectivity than the area in the vicinity of the bridge connection. Yet,
the Rheinkniebrücke has almost no influence on the connection, and the width of
this bridge is 28,9 meters.

The figure 6.16 shows the Old bridge in the Würzburg with the waterway lock.
In this case, the loss of connection is 15%. In such areas, it is hard to determine



64 Chapter 6. Evaluation of Availability of GSM Connection

FIGURE 6.15: Different bridges constructions

the influence of which infrastructure reduces internet availability. Such areas are
generally highly challenging for inland navigation.

FIGURE 6.16: Old bridge in the Würzburg with the waterway lock

For the investigation of the connection availability on the waterway locks, an
area with 41 waterway locks was taken, and we receive the next statistic:

Parameters High influence Slightly influence No influence

Number of waterway locks 9 17 15
Range of loss connection 35 - 50 % 8 - 32 % 0 - 6 %
Falling height 3.30 - 24.67 m 2.75 - 10.34 m 2.74 - 4.01 m

TABLE 6.4: Waterway locks influence on loss connection

In 60% of the cases, the waterway locks have an influence on the loss of con-
nection. The falling height varies from 2.74 to 24.67 meters. As we can see, there is
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no straight correlation between the falling height and the range of a loss of connec-
tion. But, it is obvious that the highest percentage of influence has the waterway
locks with the highest falling height. As an example, one of the biggest falling
height waterway locks is represented in figure 6.17. This waterway lock has 24.67
meters of falling height.

FIGURE 6.17: Leerstetten waterway lock

6.9 Poor Internet Connection Areas

For the purpose of analyzing some specific parts with bad connectivity, 100 meter
groups were taken and the availability of the signal in each specific voyage was
checked. The lowest internet supply is in the 200 - 500 km waterway path. First, it
should be checked if the connection availability is always poor or if it can have a
good connection.

FIGURE 6.18: Frequency of availability of connection in each route
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As we can see from figure 6.18, only 3 routes have a significant number of 100%
connectivity. The other 4 routes have almost 0% connection. The specific parts of
the river should be checked for defining the cause of the loss and lack of the signal.
For analyzing these areas, box plots were built that display variations in samples
of a statistical population. So, we can see where the internet connection is stable
low and where it varies randomly from 0 to 100. One of the parts is the boxplot
6.19

FIGURE 6.19: Availability of the internet with poor connection

The figure 6.19 shows that at the first part, the connection ranges from 0 to
100% and is not stable. So the mean value is about 40%. But in the second part, the
connection is almost 0%. We can see that there are some small part around 100%,
but most of the value is 0% connection.

Next, we should check the location of this area. From figure 6.20, we can see
that in the area where we have almost 0% connection, the river makes a large bend
loop to the north around the mountain. And this loop is exactly the area where
we lost the connection from 294.8 km to 299.7 km. The mountain that is situated
is named Speckelsberg and is 531m tall. Consequently, this area is poor for GSM
signalling, and we can see that this area is constantly without connection.

In figure 6.21 the city area with bridges and waterway lock and rural area is
represented, and it clearly shows the effect of different environments on the inter-
net availability.

6.10 Map of Availability of GSM Connection

The analysis of bridges and waterway locks shows that there are a number of wa-
terway infrastructures that have no influence on the availability of connection. To
have a more clear understanding of where the reliable and poor parts of connec-
tion in the waterway path are located, a digital and interactive map that visualizes
connectivity and the location of GSM stations in the main waterway path built.
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FIGURE 6.20: QGIS: OpenStreetMap with river kilometers layer

FIGURE 6.21: Availability of internet with poor connection in rural
and town area

Folium python library was chosen. This library allows for the manipulation of
data in Python, and then visualize it in on a Leaflet map. Using maps instead of
other forms of charting has a lot of advantages as highlighting trends, uncovering
patterns, and revealing realities not visible before when it comes to spatial data. It
clarifies aspects of the data, rather than just simplifying the data itself.
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Python geospatial development was done by data manipulation and analysis
using geopandas, shapely, pandas, and other Python libraries. The purpose of
each library is shown in table 6.5

Library Functionality

Pandas help to structure and manipulated data in a DataFrame format
geopandas(gpd) allow To work with spatial data in a DataFrame
geopandas(GeoDataFrame) enable creation a GeoDataFrame from a DataFrame
shapely.geometry(LineString) creation line geometries that can be used in a GeoDataFrame
folium to generate a Leaflet-based map with the analysed data

TABLE 6.5: Python libraries and there functionality

A line segment requires two pairs of of XY coordinates. First, for each row
we set a special geometry type from a shapely point. Then, we create a gdf (Geo-
DataFrame) where the XY coordinates for a given row can be found in the geome-
try column. Then with the help of LineString() constructor, we start creating lines.
With help of the function make_lines(), we can take two sets of XY coordinates
from a GeoDataFrame and add them to a shapely LineString() constructor. As a
result, we have a DataFrame. Then we loop through a GeoDataFrame, passing
consecutive XY coordinate pairs to make_lines(). Now we have a new geometry
column containing shapely LineStrings. The achieved DataFrame then needs to be
converted into a GeoDataFrame.(see fig.6.22)

FIGURE 6.22: Geometry line segments

And then all the LineStrings in a Leaflet map are plotted.
On the resulting map, each line segment is symbolized by the availability of

connection value using folium’s color mapping functionality. It also has a scaled
color bar on the top, which rescales from green (100%) to red(0%) the availability
value.(see fig.6.23)
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FIGURE 6.23: Availability of connection in the Linz - Antwerpen wa-
terway path in Leaflet map
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Chapter 7

Evaluation of the AIS Test Area

As was outlined in the previous chapters, the measurement campaign evaluated
in this research was within the LAESSI project. The on-board assistance functions
designed to provide reliable assistance to the skipper require accurate, integrity-
tested GNSS RTK correction data, as well as relevant waterway information (WSI).
Based on these specifications, the requirements for land-based technologies and
communication could be derived. One part of the LAESSI project focused on es-
tablishing a communication channel for transmitting the high data rate GNSS data
and waterway information over a modified AIS shore network. The AIS / VDES
communication infrastructure was established on the Main River in an approxi-
mately 100 kilometer section. In this chapter, we will validate and evaluate the
capacity of the AIS/VDES communication channel. The analysis in this chapter
provides information about how the system works on regular trips over this area.
The capacity of the channels for transmitting corrections will be evaluated here,
and the message error rate of received RTCM and AIS messages will be simulated.

7.1 RTK Corrections Broadcasting via AIS

Due to the requirements of the reliable and stable communication link, in the
LAESSI project, five test transmission infrastructure AIS/VDES were established.
This area is the test-bed area for checking the availability of communication links.
Data streams are in the RTCM 3.1 format, and the RTCM messages contain obser-
vations for the GPS and GLONASS satellite systems. The data rate for transmit-
ting messages is 1 Hz and is provided via the AIS/VDES communication channel.
Under ideal signal reception conditions, the achievable position accuracy for the
user is 1-3 cm. For project-specific purposes, the bandwidth was optimized, non-
relevant message types were filtered, and one-to-one assignable station identifiers
were assigned in the message headers. The RTCM 10403.x format defines a "trans-
port layer", which should ensure the correct and reliable transmission of data. For
this purpose, a frame structure is used, in which the actual message is embedded.
This structure consists of a fixed preamble (8 bits), 6 reserved / undefined bits, the
message length (10 bits), the data message itself (0-1023 bytes), and a checksum
(24 bits). Each individual RTCM message (in particular GPS or GLONASS RTK
observations = RTCM messages 1004 and 1012) uses this structure for data trans-
mission. For the integrity marking of the messages, the reserved bits are used in
this project.
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The successfully received RTCM-3 message is decoded by using five binary
messages, which can only give us the final sentence containing the necessary in-
formation if the message is completely received.

The message type #8 (Binary Message) is used to send the integrity checked
GNSS RTK correction data as well as the waterway information via AIS. The AIS
MT #8 is variable in its length, depending on the amount of data to be transferred.

The individual messages should occupy a maximum of 5 slots. Below is a
description of the AIS MT format # 8 [32]. The figure 7.1 shows the format used
for AIS messages.

FIGURE 7.1: Format description AIS MT # 8:Binary broadcast mes-
sage [32]

This AIS message provides the framework for any application data and is al-
ready being used to send so-called "Application Specific Messages (ASM)".

The GNSS RTK correction data, which is in the RTCM format, is encoded as
a complete frame of data, which, because of the amount of data (up to 8232 bits),
has made it necessary to split it into multiple ASMs. Variable occupancy of the AIS
channels also allows for the more efficient utilization of the available bandwidth.
A corresponding software module (client) operating on the in-flight side has also
been developed and forms the interface between the communication channel and
the driver assistance functions. The GNSS RTK correction data is again provided
as a data stream in the RTCM 3 format as the input for the on-board PNT calcu-
lation. By contrast, the waterway information is stored as a machine-readable file
in an XML format so that it can be used for the display / warning in the driver
assistance system[2].

AIS transceivers apply two different frequencies, VHF maritime channels 87B
(161.975 MHz) and 88B (162.025 MHz). For this test area, the following were taken
as backup frequencies 2024(161.800) and 2025(161.850). These bandwidths were
specially chosen only for communication with our equipment. The shifted band-
width test does not influence the overall AIS communication system with other
vessels. The figure 7.2 shows the VDE frequency used for broadcasting AIS mes-
sages in the test bed area.

Since 2002 (Class A mandatory) data communication based on AIS has existed.
This system has some disadvantages:
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FIGURE 7.2: VDES range

• No error correction

• 25 kHz narrowband

• GMSK modulation (= GSM (2G))

7.2 Test-Bed Area

In one part of the Main river, back up antennas have been used to transmit AIS
messages on VDES frequencies. The five selected AIS base stations are located on
an approximately 100 km section of the Main between Würzburg and Lengfurt. In
addition, a sixth VRS solution was defined in the middle of the measurement area,
which provided the correction data via mobile radio (Internet) and was used as a
backup system.

The system was designed as follows, the corrections were transmitted over AIS
stations. When the Age of Differential GPS data broadcasted over AIS was more
than 20 seconds the system switch to the backup GSM connection.

The map, in figure 7.3, shows an overview of the test area.
The data is transmitting in a range of about 7 Kbit/s using an update rate of

1-2 seconds.

7.3 Evaluation of the Test Area Channels Capacity

During the time of the measurement campaign, the vessel passed the test-bed area
seven times. In order to identify the coverage of the tested frequency in this area,
we checked the connection to the AIS station. The percentage of connection to
each station and the coverage of river kilometers are represented in the table 7.1.



74 Chapter 7. Evaluation of the AIS Test Area

FIGURE 7.3: AIS stations in test area

AIS station Frequency of connection to AIS stations Coverage

LENG 4 % 15 km
ROTH 9,2% 15 km
STEI 22,3% 25km
ERLA 17,2% 35km
RAND 6,7% 20 km

TABLE 7.1: Connection to the AIS stations

Throughout this time, the vessel received corrections in almost 60% of cases
through AIS stations. Moreover, the signal coverage of each station of river kilo-
meters variates as well. The STEI and ERLA stations have the highest percentage
of the frequency of connection to AIS stations and also the biggest coverage river
kilometers.

To distinguish the connection in each individual voyage were plotted river kilo-
meters against the date time.

As we can see from figure 7.4, there were 2 voyages where the AIS stations
were not receiving correction data. The coverage of broadcasting corrections for
each AIS station is stable in each route. The AIS stations did not fully cover the
area, and we can see that between the end of one station and the beginning of
another station a GSM backup connection is always used. Unfortunately, there
are also some data gaps in the measurement campaign that may have arisen for
various technical reasons. The lack of data in this part cannot be assessed.

Next, we should check the behavior of the Age of Differential GPS data in each
voyage. The age of differential GPS data varies from 0.5 to 60 seconds. However,



7.3. Evaluation of the Test Area Channels Capacity 75

FIGURE 7.4: Connection to the AIS stations in each voyage

when the connection is lost after 60 s, the receiver didn’t assign any value to the
NMEA message about the time of receiving the correction data. For the purpose
of plotting the behavior of the overall Age of Differential GPS data for each indi-
vidual voyage, missing data were assigned the value of 99 to represent the loss of
connection.

FIGURE 7.5: Connection to the AIS stations

The figure 7.5 describes the age of differential GPS data for each individual
voyage.
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In figure 7.5, the spikes represent a loss of connection in routes at the same river
kilometer value. The first route that uses only a GSM connection shows the best
connection, and those that used AIS show the same behavior in all routes. In the
sixth route, we have almost no connection, but we cannot rule out that there might
problems with the receiver on that voyage as the reason for this outage is not yet
entirely understood.

7.4 Estimation of each Station’s Capability

We consider that the strength of the signal depends on the vessel’s position accord-
ing to the station. It is obvious that each station has its own coverage area, and as
we saw in the previous chapter, each station has its own signal range.

For investigating this assumption, for each point the difference from the current
position on the waterway to the used AIS station was calculated. For each station,
we plot the mean Age of Differential GPS Data according to the kilometer distance
to AIS station. Additionally, the standard deviation for each group of 100 meters
was calculated.

The figure 7.6 shows that even in the vicinity of the station, the mean Age of
Differential GPS Data is approximately 3 seconds. From -2.5 to -5.0 there are sig-
nificant jumps in the data. That can be interpreted that with such mean value like
5 seconds we can not have precise positioning. In this place we lost the accuracy
of positioning.

FIGURE 7.6: Connection to the AIS station RAND

The figure 7.7 shows the distribution for ERLA station. Here we can see more
jumps in the data even in the close vicinity to the station. It is curious that in the
-20 kilometer we have quite good value around 2.5 mean seconds. And from -20 to
-30 we still can connect to the ERLA station, but the connection is quite not stable.
And the peaks are very deviated from each other.

The ROTH station is presented in figure 7.8, and in the vicinity of the station,
around 3 kilometers, the signal is quite stable. But then we can see that further
away from the station, the signal losing the power..
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FIGURE 7.7: Connection to the AIS station ERLA

FIGURE 7.8: Connection to the AIS station ROTH

The STEI station, even at the exact position of the station, has jumps in the sig-
nal (fig. 7.9). At 5 kilometers away from the station, the mean Age of Differential
GPS Data starts growing from 3 to almost 10 seconds.

The distribution of Age of Differential GPS Data in the RAND station is shown
in figure 7.10. In the forward direction from the station, there is quite a stable
connection, but in another direction we can see that it has reduced. And from -2.5
kilometer the deviation of the data and the mean value is growing.

These results show that our assumption that the connection depends on the
distance to the station is proven correct, and that the average Age of Differential
corrections is higher in areas more distant from the AIS stations.
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FIGURE 7.9: Connection to the AIS station STEI

FIGURE 7.10: Connection to the AIS station LENG

7.5 Evaluation of the Transmission of AIS messages

According to previous results, we can assume that in the range from 1 to 1.5 sec-
onds, we successfully received messages from the AIS station. When this parame-
ter grows, we lose the communication channel. This factor can be used to estimate
the percentage of successfully received RTCM-3 messages. Figure 7.11 shows the
general approach that was used to get the percentage of messages received. This
approach uses the average age of the received corrections. Table 7.2 shows an
example of the average transmission time percentages of RTCM-3 sentences.

According to the calculated average for each time period, we got the following
dependency, which is shown in the figure 7.12. This curve represents the analytic
behavior of the percentage of successfully received messages according to the age
of the received RTCM-3 message. We see that after about 3 seconds the probability
of receiving decoded RTCM-3 sentences increases very quickly to 0 %.



7.5. Evaluation of the Transmission of AIS messages 79

FIGURE 7.11: Percentage of successfully received messages according
to the age of received corrections

FIGURE 7.12: Percentage of successfully received messages according
to the age of received corrections

Mean Age of Differential Data Successfully received,% Range of messages

1 1.2 s 100% all are received
2 1.75 s 50% 2 received out of 4
3 2.25 s 25% 1 received out of 4

TABLE 7.2: Transmission RTCM-3 sentences
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We want to check what is the capability of the communication channel to broad-
cast the AIS messages and then achieve RTCM-3 sentences. According to this a
function that describes the behavior of the distribution of the dependency of the
successfully received messages percentage according to the age of received correc-
tions was discovered. We suggest that according to the observation data, the next
equation gives us the percentage of successfully received messages according to
the mean Age of Differential Data in the appropriate river range:

y =
1

2 ∗ x − 1.5
∗ 100% (7.1)

To obtain the next equation, an expression was first derived for the growing
mean time delay. And then for the appropriate time case, the probability of the
percentage of successfully received RTCM-3 sentences was calculated. Derivation
of the equation is as follows:

x = 0.5 ∗ z + 0.75 (7.2)

where, z is the number of the case between two-time epochs for receiving
RTCM-3 message.

x = 0.5 ∗ 100
y

+ 0.75 (7.3)

2x =
100

y
+ 1.5 (7.4)

y =
100

2 ∗ x − 1.5
(7.5)

7.6 Simulation of the Message Error Rate

As far as we know, due to the description of the setup system 5, broadcasted mes-
sages can be decoded to one complete RTCM-3 sentence. When we have some
loss in the connection to the broadcasted station and lost at least one or more AIS
messages, the receiver can not demodulate any more the RTCM-3 sentences. In
this case, it is important to investigate the dependence of the error in receiving a
complete RTCM-3 sentence due to AIS messages. The background for this simula-
tion is the process of broadcasting AIS messages and decoding RTCM-3 sentences.
In this simulation, we used the binomial distribution.

The simulation depends on the number of random samples and the repeti-
tions of the simulation. The experimental probability gets closer and closer to the
theoretical probability as we conduct more and more experiments. This is often
referred to as The Law of Large Numbers. If we only have a few experiments, it’s
very possible that our experimental probability could be different from our theo-
retical probability or even very different. But as we have many more experiments,
thousands or more of experiments, the probability that the experimental and the
theoretical probabilities are very different, goes down dramatically.

P=̂Probability of AIS loss messages (7.6)
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1 − P=̂Probability of AIS correctly received messages (7.7)

Each trial can be clearly classified as either a success or failure. Each trial clearly
has one of two discrete outcomes. The equation 7.6 represents loss of AIS messages
and the equation 7.7 represents the probability of correctly received AIS messages

This approach didn’t depend on the amount of broadcasted AIS messages, be-
cause with different amounts of transmitted AIS messages, but with the same per-
centage of loss, the decoded RTCM-3 sentence probability can highly vary. With
fewer AIS messages in a worse case, the probability of decoding an RTCM-3 is ex-
tremely low. The worst case is when every 5th message is lost, then no RTCM-3
sentence can be decoded. The best case is when we lose the last consecutive mes-
sages. For example if we have 1000 AIS messages then we can decode 200 RTCM-3
sentences. But let’s suppose that we have lost 20 % of these messages then in the
best case we still can achieve 160 sentences when we have lost last consecutive
messages. But if this error spread on every 5th message then we will receive 0
sentences. So the probability is spread between 80% and 0%.

For the simulation of the dependency of the message error rate, the binomial
distribution were used.

The Binomial Distribution is represented by equation 7.8,

P(E) =
(

n
k

)
pk(1 − p)n−k (7.8)

where,
n - number of trials
k - number of success/fail (depend on a definition)

When we apply the equation 7.8 to our case we will achieve the next equation:

E(x) = #RTCM3 ∗ (1 − p)5 (7.9)

After implementing equation 7.8, the error curve that is shown in figure 7.13
was discovered.

A model that is shown in the figure represents how the error in broadcasting
the AIS messages impacts the quantity of successfully decoded RTCM-3 sentences.
We also can see how is change the dependency of the chosen amount of required
slots for decode complete RTCM-3 message.

The behavior of the curve will depend on how many AIS messages are required
for one RTCM-3 sentence. The figures 7.14 and 7.15 shows different dependencies
according to the required number of slots for completing one RTCM-3 sentence.
This method represents a useful tool for investigating the capability of this com-
munication channel approach.

Next, we can investigate the dependency of the AIS message rate according to the
bit error rate. For this, the equation 7.8 with a power of 1008 was used. We achieve
the next dependency represented in figure 7.16.

As we can see, the 0.01% bit error rate already causes an AIS message error rate
of 10%. And the 0.1% bit error rate leads to almost 100 % of the AIS message error.
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FIGURE 7.13: Message error rate with required 5 slots for one RTCM-
3 sentence

FIGURE 7.14: Message error
rate with required 1 slot for

one RTCM-3 sentence

FIGURE 7.15: Message error
rate with required 12 slots

for one RTCM-3 sentence

The bit error rate is the primary error that causes all next errors in decoding AIS
and RTCM-3 messages.
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FIGURE 7.16: Message error rate in AIS message according to
achieved bits

7.7 Analysis of each AIS station Communication Ca-

pability

To analyze the communication capabilities for each station, the mean and standard
deviation of the age of the differential corrections were used. Also, the range of
received AIS and RTCM-3 messages was calculated for each station.

The figure 7.17 shows the communication capability for the AIS ERLA station.
We can see that the mean age of differential data is around 5 seconds in the

vicinity of the AIS station. This value increases with distance from the station. The
capability to receive AIS messages is around 70%, and around 20% of the received
AIS messages are available to be decoded RTCM messages. The capability of the
communication link is not sufficient to be implemented, and the strength of the
link should be improved.
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FIGURE 7.17: Capability of AIS station ERLA (station location indi-
cated with dashed line)

FIGURE 7.18: Capability of AIS station LENG (station location indi-
cated with dashed line)
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FIGURE 7.19: Capability of AIS station RAND (station location indi-
cated with dashed line)

FIGURE 7.20: Capability of AIS station ROTH (station location indi-
cated with dashed line)
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FIGURE 7.21: Capability of AIS station STEI (station location indi-
cated with dashed line)
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7.8 Bit Rate Error in each AIS Station

The primary cause of errors in successfully achieving RTK corrections is due to the
bit transmission.

Below, the figures 7.22 - 7.26 represent the distribution of the bit error rate for
each station. We can see that even 0.2% of bit error cause around 80 % of AIS
messages to be received and then out of that only 20% of RTCM3 messages are
decoded.

We can see that all stations have the same range of the bit error rate (0.1 - 0.3)%.

FIGURE 7.22: Percentage of
bit error, ERLA station

FIGURE 7.23: Percentage of
bit error, LENG station

FIGURE 7.24: Percentage of
bit error, RAND station

FIGURE 7.25: Percentage of
bit error, ROTH station

FIGURE 7.26: Percentage of
bit error, STEI station
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Chapter 8

Summary and Conclusions

In this investigation, precise RTK positioning in the main Europe waterway Rhine–
Main–Danube Canal was evaluated. This research emphasizes the importance
of improving communication channels due to upcoming automatization and au-
tonomous navigation. In this work, two communication channels, GSM and AIS,
were evaluated. For this investigation, a one-year measurement campaign within
LAESSI project was used. The measurement campaign used a Trimble BX982
GNSS receiver, Switch in parallel with a mobile phone router, PC, AIS / VDES
Tranceiver, and two GNSS antennas. These were established in the wheelhouse
of the vessel. The navigation messages during the measurement campaign were
stored in a daily SQLite3 database. We have devised a methodology that allows
us to evaluate and manipulate big data. First, data was extracted from the each
daily database and the GGA(Global Positioning System Fix Data ), HDT(Heading
true), and VTG(Navigation data) NMEA messages were decoded and stored in
a CSV(Comma-separated values) format. Then the one-year measurement cam-
paign was visualized with the QGIS Python Plugin - TimeManager and FFmpeg
multimedia framework. For the evaluation, one reference trajectory, which was
one continuous route from Linz to Antwerpen, was utilized, the total length of
which was 1392,68 km. The river kilometers and distances were recalculated ac-
cording to the reference trajectory. To accomplish this, an algorithm was devel-
oped using the two nearest points with known river kilometers on the reference
trajectory to one of the points on the measurement campaigns. Then, consider-
ing the three points as a triangle, the measured river kilometer and distance were
mapped to the reference trajectory. After that, all data outside a buffer of 150 me-
ters around the reference trajectory were removed to ignore data from harbors and
small channels and only consider data in the main waterway. Additionally, as it
was discovered the receiver was occasionally switched off(), this data were elimi-
nated from the estimation of the overall internet availability. Finally, an algorithm
for splitting voyages was developed based on the behavior of river kilometers and
the monotonic function.

The evaluation of communication channels was based on the Age of Differ-
ential Corrections. The Age of Differential GPS Data is computed by subtracting
the time when the correction message has been generated from the current receiver
time. The update rate of corrections is in range from 1 HZ to 2 Hz and corresponds
the data range between 0.5 s to 1.5 s. In case of failure of Internet connection the
correction data age will be out of this range. To calculate internet availability, the
overall waterway pass was divided into 100 meters chunks and the mean value
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of the internet availability based on the Age of Differential Corrections was deter-
mined, taking into consideration the frequency of the vessel passing this 100-meter
chunk. As a result, our study provides a map of the availability of GSM connec-
tion in the main Europe inland waterway. Additionally, different communication
specifications were investigated. First, it was checked whether the connection de-
pends on whether the vessel is travelling downstream or upstream. To determine
this, two-directional voyages were taken, and the availability of the connection
was cross-correlated. This investigation showed that the connection doesn’t de-
pend on the direction of the vehicle route, and it is quite stable in the vicinity of
the width of the river, which can be up to 600 meters.

The assessment of the availability of the connection shows us there is a depen-
dency on the connection according to different environmental scenarios. In this
research, we investigate the influence of waterway infrastructure such as bridges
and waterway locks. In our investigated waterway pass, 275 bridges and 59 wa-
terway locks were accounted for. The intersection of this infrastructure with the
internet connection shows in most cases it has a significant negative influence on
the connection. This was determined by checking the mean values of availabil-
ity of internet connection in the 100 meter chunks according to the environmental
scenario in this area. The mean value of internet availability in the bridge area is
48.66%, in the waterway infrastructure - 41.6%, in the open sky area - 58.2%. The
influence of the bridges on the connection shows it varies according to the type
of bridge structure and the width of the bridge. The bridges with a width of 35
-75 meters have a range of lost connection 10 - 40%, and those with 20-35 meters
width have less than 10% loss of connection. Bridges with less than 25 meters have
almost no influence on the connection. The influence on the connection of the wa-
terway locks varies according to the falling height. This investigation has some
overlapping ranges due to the huge dimensions of the infrastructure and because
sometimes there is also a bridge near the waterway lock, which has a special effect
on the connection. The following statistics were obtained: the waterway locks with
a falling height from 3 to 4 meters have a negative influence on the connection of
only 0-6%. A falling height of 3 - 10 meters can decrease by 8 - 32% the connection,
and when the falling height is 4 - 25 meters, the influence on the connection is 35-
50%. Also, the poorly connected areas were examined in greater detail by investi-
gating the effects mountains and hills are likely to have. Finally, the connection is
better near the towns than in rural areas.

In another part of this master thesis, a specific test bed area was investigated
where the corrections where transmitted over five AIS base stations in a 100 km
section between Würzburg and Lengfurt. In these station, the availability of the
backup VDES frequencies, 2024(161.800 MHz) and 2025(161.850 MHz), were tested
to transmit RTK corrections. For the transmission of correction messages, the
RTCM-3 format, which was decoded out of 5 AIS messages type#8 (Binary Mes-
sage), was used. The total length of the AIS message was 1008 bits. This is the first
study of test AIS areas with such a setup established within the LAESSI project.
The vessel passed this special area 7 times and has the following frequencies of
connection to this AIS stations: LENG - 4%, ROTH - 9.2%, STEI - 22.3%, ERLA
- 17.2%, RAND - 6.7%. The vessel received 60% of the corrections through AIS
stations. In the other cases, due to the specification of the applied algorithm for
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the connection, GSM was used as a backup after more than 20 seconds of Age of
Differential GPS Data. The evaluation of each station shows different coverage of
transmitted corrections over AIS, and it varies from 15 to 35 kilometers. The esti-
mation of each stations capability of transmission corrections shows, that even in
the vicinity of the station, the Age of Differential GPS data is approximately 2.5 sec-
onds, which can not satisfy the requirements for precise positioning. By increasing
the distance from the station more than 5 kilometers, the Age of Differential GPS
data increases significantly.

According to the Age of Differential GPS data, we were able to recalculate the
received RTCM-3 messages. According to technical specifications that the mea-
surement rate is higher than the data transmitting rate, we assume that from 1 to
1.5 seconds we successfully receive one RTCM-3 message. Out of the mean Age
of Differential GPS data, we recalculate the percentage of received RTCM-3 mes-
sages. Then, out of the simulated message error rate, we recalculated the percent-
age of received AIS messages and the bit error rate. Analysis of each AIS station’s
capability shows the following performance: the bit error rate for all stations varies
in the range of 0.1 - 0.3%, which causes that we can successfully receive only 70%
of AIS messages. In the end, the availability to decode RTCM messages out of the
received AIS messages varies around 20%. The transmission of AIS messages over
AIS stations is sufficiently executed, but this setup does not satisfactorily allow for
the decoding of RTCM-3 messages from the received AIS messages.

An AIS test area with this connection capability cannot satisfy the requirements
for RTK transmission correction. This study shows communication channels need
to be improved. Also, in the existing test setup, there is no error correction, thus
the redundancy check can significantly improve the system.

The GSM communication channel, in contrast to AIS, was not made for inland
navigation. The map shows the investigated coverage of GSM connection is not
good in all areas. There are a lot of blind zones without any connection. This is
crucial to knowledge in case of navigation under bridges and in waterway locks,
where the high accuracy is especially necessary for autonomous navigation and
driver assistance functions.
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Future work

The results gained in this thesis indicate the GSM and AIS communication links
capability should be improved. Due to the specifications of new projects to be
implemented for inland navigation, the communication channels should suit the
different application requirements. The investigated communication channels ca-
pability can be used in the upcoming project SciPPPer [24]. The aim of the joint
project SciPPPer is the development of a driver assistance system for the automa-
tion of the lock movement of inland waterway vessels.

The technological basis for the new driver assistance function will require, first
of all, a reliable communication link. The necessary correction data will be made
available via the innovative VHF Data Exchange Systems (VDES). The VDE data
channel is part of the new VHF Data Exchange System (VDES), which is currently
undergoing standardization. The advantages of this system will be its protec-
tion against errors bits, capability to work with more frequencies, and availability
worldwide.

The future development of the communication system requires the execution
of additional measurement campaigns especially in the water areas where au-
tonomous vessels will potentially cruise. In addition to the Age of Corrections a di-
rect measurement of the communication channel characteristic like signal strength
would be beneficial.
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Appendix A

Python libraries

Essential python libraries that where used for the applications:

• Datetime: implements a number of functions to deal with dates, times and
time intervals. Whenever is needed to manipulate dates or time, is required
to import datetime function.

• Folium: it enables easy visualize data that has been manipulated in Python
on an interactive leaflet map. It allows both the binding of data to a map for
choropleth visualizations as well as passing rich vector/raster/HTML visu-
alizations as markers on the map. The library has plenty of built-in tilesets
from OpenStreetMap, Mapbox, and Stamen, and encourages custom tilesets
with Mapbox or Cloudmade API keys. Folium supports both Image, Video,
GeoJSON, and TopoJSON overlays.

• Geopandas:GeoPandas enables adding a spatial geometry data type to Pan-
das and allows performing spatial operations on these types, using shapely.
With this library, it is possible to generate intermediate GIS files and plots
with GeoPandas and then shift over to QGIS.

• Math: produces access to some common maths functions and constants in
Python, which can be used during code for more complex mathematical
computations.

• Matplotlib: is one of the most popular Python libraries for building plots
and other 2D data visualizations. The plots are interactive; it has zoom in
option on a section of the plot and a pan around the plot using the toolbar in
the plot window.

• Numpy: abbreviation for Numerical Python is the foundational package for
scientific computing in Python.

• Pandas: provide rich data structures and functions created to make working
with structured data fast, easy, and expressive. The primary object in pandas
that was used in this work is the DataFrame. It is a two- dimensional tabular,
column-oriented data structure with both row and column labels. Pandas
allow flexible data manipulation capabilities of spreadsheets and relational
databases (such as SQL). It presents sophisticated indexing functionality to
make it simple to reshape, slice and dice, perform aggregations, and select
subsets of data. Pandas is a primary tool that was used in this investigation
for data analysis.
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• Pynmea2: is a python library for the NMEA 0183 protocol. This library al-
lows parsing individual NMEA sentences using the parse(data, check=False)
function, which takes a string containing an NMEA 0183 sentence and re-
turns an NMEASentence object.

• Scipy: is a scientific library for Python. This library includes modules for
statistics, optimization, integration, linear algebra, Fourier transforms, signal
and image processing, and more. SciPy depends on NumPy, which provides
convenient and fast N-dimensional array manipulation.

• Shapely: allows to create shapely geometry objects (e.g. Point, Polygon,
Multipolygon) and manipulate with them, e.g. buffer, calculate the area or
an intersection, etc.

• Sqlite3: is a C library that implements a lightweight disk-based database that
doesn’t demand a separate server process and enables reaching the database
using a nonstandard variant of the SQL query language. For using the mod-
ule, first needed to produce a Connection object that represents the database.

• Utm: is a bidirectional UTM-WGS84 converter for python.
The syntax to convert from WGS84 to UTM:
utm.from_latlon(LATITUDE, LONGITUDE).
The return has the form (EASTING, NORTHING, ZONE NUMBER, ZONE LETTER).

The syntax to convert from UTM to WGS84:
utm.to_latlon(EASTING, NORTHING, ZONE NUMBER, ZONE LETTER). The re-
turn has the form (LATITUDE, LONGITUDE).

The speed of utm converting library: 0.4 - 0.5 sec.



97



98 Appendix B. Overall system setup

Appendix B

Overall system setup

FIGURE B.1: Overall system setup
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FIGURE B.2: Overall system setup part A
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FIGURE B.3: Overall system setup part B
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