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ABSTRACT

DIGITAL MAP AND GNSS FUSION TO ENHANCE
LOCALIZATION FOR INTELLIGENT VEHICLE
APPLICATIONS

This thesis aims to enhance vehicle localization through the fusion of digital
maps and vehicular communication. A particle Iter based algorithm for fusing global
navigation satellite system (GNSS) receiver, odometer, and digital maps is proposed
and implemented. Implementation deployed on an embedded system and tested in the

eld. Field tests were carried out di erent in parts of Istanbul to measure the perfor-
mance of the algorithm in di erent satellite visibility conditions. Results show that
algorithm selects the correct road segment on the digital map with 96% success rate.
The proposed algorithm was further enhanced with the addition of mutual positioning
on vehicular ad-hoc networks (VANETS). The measurement-based statistical model
of relative distance as a function of Time-of-Arrival(TOA) is experimentally obtained.
The mutual positioning procedure is investigated in terms of positioning accuracy and
network performance through realistic simulation studies with a di erent number of
collaborative vehicles, and the proposed mutual positioning procedure is experimen-
tally evaluated by a eet of ve IEEE 802.11p radio modem equipped vehicles. It is
shown that collaboration in a VANET improves the availability of position measure-
ment and its accuracy up to 40% in comparison with the stand-alone GNSS receiver.
Local integrity heat map concept is introduced as a new local integrity methodology.
Local integrity heat map is implemented and tested with extensive eld tests. Algo-
rithm is successful in detecting urban canyons and can be used as an augmentation
for GNSS. It is concluded that our fusion framework with the use of digital maps and
inter-vehicle communications can be e ciently used for ADAS applications and our

local integrity method can further enhance fusion and localization.



OZET

AKILLI ARAC UYGULAMALARINDA DAHA 1Y1
KONUMLANDIRMA ICIN SAYISAL HARITA VE GNSS
FUZYONU

Bu tez arac konumland rmay harita ve araclar aras haberlesme kullanarak
gelistirmeyi hede emektedir. Global uydu navigasyon sistemi (GNSS) al ¢ s, odometre
ve say sal haritalar n parcac k litresi temelli bir algoritma ile birlestirilmesi onerilmis
ve uygulanm st r. Algoritman n degisik uydu gorunebilirlik durumlar ndaki davran s n
test etmek icin Istanbul’un degisik noktalar nda saha testleri gerceklestirilmistir. Sonuc-
lar algoritman n %96 basar ile harita uzerinde dogru yol parcas n secebildigini goster-
mektedir. Onerilen algoritma araclararas haberlesme aglar (VANET) uzerinde kars | k-
I konumlama eklentisi ile daha da gelistirilmistir. Goreceli mesafenin var s zaman n n
olcumu temelli istatiksel bir fonksiyonu deneysel olarak elde edilmistir. Kars | kI ko-
numland rma proseduru konumlama hassasiyeti ve ag performans ac s ndan degisik
say da isbirlikci arac iceren gercekci simulasyon cal smalar ile incelenmis ve IEEE
802.11p radyo modemle donat Im s bes aracl k bir lo ile deneysel olarak degerlendiril-
mistir. VANET lerde isbirliginin konum olcumunun yararlan rl g n gelistirdigi gibi
tekil bir GNSS al ¢ s na gore %40 oran nda hassasiyetini de art rd g ispat edilmistir.
Yerel butunluk s cakl k haritas kavram yeni bir yerel butunluk metodu olarak oneril-
mistir. Algoritma sehir kanyonlar n n tespit edilmesinde ve GNSS’e bir destek olarak
basar | d r. Say sal haritalar ve araclar aras haberlesme kullanan fuzyon yap mz n
ileri surucu destek sistemleri uygulamalar nda verimli olarak kullan labilecegi ve yerel
butunluk metodumuz ile fuzyonun ve konumland rman n daha da gelistirilebilecegi

sonucuna var Im st r.
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1. INTRODUCTION

It is well-known that one of the trends in automotive evolution is towards vehicles
with autonomous capabilities. Automotive companies have started providing advanced
driver assistance systems (ADAS) to increase safety and comfort of the driving expe-

rience.

Driver-centric technologies improve driver s awareness by simply warning the
driver or taking actions like emergency braking. Most of the global navigation satellite
system (GNSS) receivers, cameras, and other vehicular sensors support such applica-
tions. Vehicle-centric technologies like anti-lock braking systems (ABS), lane departure
warning (LDW) or electronic stability control (ESP) enhance the control of the vehicle.
Both driver and vehicle-centric technologies use sensory information for a single vehi-
cle. The introduction of mobile communication infrastructure allows for the sharing
of information available in the car with other cars to enhance situational awareness.
Communication provides enhanced and more accurate information directly from the

ego vehicle to a network of vehicles.

For ADAS and autonomous driving di erent sensors are used to determine the
state of the vehicle and surrounding environment or outside world. External environ-
ment sensing involves collecting information about the driving environment. Most im-
portant external environment information includes lanes and lane boundaries, nearby
vehicles, pedestrians, tra c signs, tra c lights and unexpected tra c participants.
Since the quality of sensing of these surrounding environment information is a ected
by weather, road and light conditions, digital maps can be used to augment informa-
tion coming from classical sensors. H. Janssen et al. [1] presented a good example
for augmentation of camera sensor with map fusion for a better tra c sign detection.
In the context of speed sign detection [2, 3], map fusion is particularly useful for ad-
verse weather and lighting conditions. Depending on the weather condition one of the
sensors may become more feasible and preferred by employing a fusion technique like

Dempster-Shafer fusion (see [4]). There are a lot of important attributes available on



the digital map like road directions, turn restrictions and road types which can further

improve the contribution of the digital map data [5].

As described in the survey papers [6{8] on ADAS technologies or ADAS equipped
vehicles (intelligent vehicles), cameras, radar, and LIDAR are most commonly used
sensors for sensing the external environment. In addition to that, because of di er-
ent type of obstacles and adverse weather conditions, thermopile (temperature) and
infrared sensors are also integrated into intelligent vehicle systems. In Figure 1.1, con-
ventional sensors and their related ADAS technologies are summarized [9]. As it may
be seen from the gure either the range or the sensing area is limited for conventional

Sensors.

Sensor e i
Typ o —— Long Short / Mid
Vision Tt ol Range Radar Range Radar
Application 76.81MHz 24.26 /76.81 GHz

Adaptive Front Lighting (AFL), Traffic Sign
Recognition (TSR)

Night vision (NV) X X
Adaptive Cruise Control (ACC) X X X X
Lane Departure Warning (LDW) X

Low-Speed ACC, Emergency Brake Assist

(EBA), Lane Keep Support (LKS) X X X
Pedestrian detection X X X
Blind Spot Detection (BSD), Rear Collision X X X

Warning (RCW), Lane Change Assist (LCA)

Park Assist (PA)

Cameramonitor systems (CMS)

LRR Infrared Video SRR/MRR Lidar SRR Video
11to0280m 0.2 10 120m 0 to 80m 0.2 to 160m 0.2 to 90m 0 to 80m

Figure 1.1. Sensors and ADAS Applications (Courtesy of Texas Instruments).

The relative positions of the objects detected by the sensors are also important
for the ADAS decisions. Most of the time ADAS decisions are highly dependant on

the accuracy of positioning. Positioning can be handled in a local frame by placing



ego vehicle in the center of the local map. Additionally, to be able to retrieve more
information positioning can be done in the global coordinates which will also require
selecting the correct location on the available digital map, namely map-matching. For
example, for the system to decide on an emergency break to prevent a frontal collision
avoiding the crash depends on the distance and relative position of the vehicle and

whether it is in the same lane as the suddenly braking car.

Global Navigation Satellite System (GNSS) is the infrastructure that allows users
with a compatible device to determine their position, velocity and local time in the
global frame by processing signals from satellites in space. A variety of satellite po-
sitioning systems, including global constellations and Satellite-Based Augmentation
Systems (SBAS), provides GNSS signals. While GNSS is the most important tech-
nology to provide the position information for an intelligent vehicle system, accuracy
and availability are still not enough for fully autonomous driving. Problems like ur-
ban canyons and tunnels prevent GNSS from becoming the sole provider of location

information in the intelligent vehicle domain.

In many cases, it is logical to fuse di erent subsystems and sensors with di erent
characteristics to ensure quality required by safety critical applications. Sensor fusion
is also attractive to get a better localization accuracy. However, deploying more sensors
is not always cost e ective and may create maintenance problems. That is why, the
core idea of this thesis is to integrate the existing facilities in a car such as digital maps,
GNSS, vehicle to vehicle (V2V) communication and odometer to enhance and assure
accuracy and availability of the positioning platform. Our approach is innovative in
the sense that it uses digital maps and V2V communication as an additional sensor yet
it is in an excellent price/performance point since we are mostly utilizing existing o -
the-shelf technologies. We propose a generic Bayesian fusion platform where additional

sensors can be fused if needed in the near future.

The integrity of the GNSS as a sensor is a critical and a complicated problem. In-
tegrity is de ned as the measure of trust for the correctness of the GNSS measurement.

To be able to fuse sensors safely, the error characteristic of a given sensor should be



known. We have thoroughly investigated the integrity concept and proposed a method

to enhance the fusion of the GNSS with other vehicular sensors.

To be able to propose an innovative but practically applicable method, we re-
viewed current state of the art for our underlying subsystems. We surveyed current
GNSS technologies, available digital maps, and communication technologies. In GNSS
domain there are four di erent global constellations available. Currently, American
global positioning system (GPS) and Russian globalnaya navigatsionnaya sputnikovaya
sistema (GLONASS) provides global coverage. Europe s Galileo and China s BeiDou
Satellite Navigation System (BDS) are partially available. Digital maps reached nearly
to global coverage with the demand coming from car navigation systems. Digital maps
include a lot of important attributes, such as road types, directions, and speed limita-
tions which can be utilized for an improved localization. Lately, there are attempts to
enrich existing digital maps, such as lane geometry, to cover needs coming from ADAS

applications.

We also checked other sensor fusion attempts to get better positioning and map-
matching. In the literature, we have seen that maps are rarely used to enhance po-
sitioning even though map matching is worked extensively. Since the vehicular com-
munication technologies are relatively new to the market, their use for localization has
not been exploited yet. Existing attempts does not cover real eld tests and do not

utilize map fusion [10].

In the rst part of our research, we focused on map-fusion and map-matching. We
created a Bayesian framework for localization and map-matching using digital maps.
We proposed four di erent versions of a particle Iter based map matching and local-
ization algorithm, and we proved that we could enhance positioning and map-matching
quality signi cantly. We tested our proposed algorithms in the eld with di erent road
types. We used a vehicle equipped with simple tracking black box integrated with the
odometer. We implemented the proposed algorithms on a low cost, readily available

embedded system. We also prepared demonstration and simulation environments.



While working on GNSS fusion with digital maps, we realized that local con-
ditions could a ect the quality of fusion due to unknown error range of the GNSS
receiver. We have attempted to de ne a novel integrity method to overcome this prob-
lem, namely local integrity heat map. The availability of such a heat map can enhance
the accuracy of the positioning system through better error modeling and also can
provide an integrity feature to de ne the level of reliability of the GNSS sensor. This
type of approach can be used in developing a high integrity enhanced receiver suit-
able for autonomous driving. A high integrity receiver can output the expected error
range. Di erent thresholds depending on the reported error can be de ned to select

autonomous, semi-autonomous or manual control of the vehicle.

In the third part of our research, we have focused on vehicular communication
and its use for better positioning. We used the idea of dissemination of position in-
formation from di erent channels to overcome local problems like tunnel passages,
high buildings. We upgraded existing Bayesian framework by employing additional

localization through multilateration of the vehicle to vehicle (V2V) messages.

The resulting system and algorithms are unique in many aspects. We used digital
maps and V2V communication as an additional sensor. We also carried real world road
tests where in the literature only limited amount of work is available supported with

real life testing.

Figure 1.2 provides an overview of our architecture. The application library
and the software components, marked with yellow, are implemented on the on-board-
unit (OBU) of a vehicle. Most of the sensors can be integrated through a network
connection. In our implementation, we utilized a serial hardware interface. Digital
map is optimized to lower storage requirements. We also implemented the particle

Itering algorithm to fuse all the information coming from sensors. In the Figure, gray
items are other possible sensors which can be integrated into the system. Implemented
software Bayesian fusion framework is available for easy integration of possible other

sensors like an inertial navigation system (INS) as shown in the picture.
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Figure 1.2. Architecture Sensor Fusion for Localization.

1.1. Contributions

Main contributions of the thesis are as in the following:

A particle Iter vehicle localization and map matching algorithm are proposed
which utilizes digital map topology. Four di erent implementations are developed
for the proposed algorithm and tested in real world conditions. The reason be-

hind the four di erent implementations is to make valid proof of the improvement



provided by map fusion. The rst algorithm does not use the map information
to create a base for the minimum performance of GNSS and odometer based po-
sitioning system in a Bayesian framework. Other three algorithms di er in the
digital map usage. It is shown that introduction of digital maps improves the loca-
tion accuracy and map matching performance when map topology and attributes
are utilized. More accurate localization is provided with better cost/performance
as it employs inexpensive widely available components.

When compared to existing algorithms in the literature, proposed system outper-
forms previous algorithms in all urban, suburban scenarios with a similar sensor
setup. It reaches the same performance as the algorithms which utilizes expensive
sensors or not widely available technologies.

Local integrity heat map concept is de ned and is validated with real world road
tests. It is shown e ective in detecting urban canyons and can be used as a local
correction factor.

Local integrity heat map concept is compared with other available local integrity
models. The proposed method is cost e ective and can be used in practical
applications.

A vehicular ad-hoc network (VANET) assisted cooperative vehicle mutual posi-
tioning algorithm is proposed. It is shown that previously proposed performance
of the particle Iter algorithm can be enhanced with the addition of relative
positioning measurements.

VANET based localization is a demanding task in a real eld test with moving
vehicles. Modeling the time lost at the physical layer of the communication
medium was a real challenge and accomplished successfully.

The algorithm improves location accuracy and even more importantly keeps lo-
calization available in the absence of data from GNSS. Performance is proved
through simulation as well as the real world tests.

It is shown that physical implementation of VANET localization di ers from
simulation drastically due to timing problems. There are a few real world tests
in the literature for similar works. Many problematic timing issues have to be

solved in real world implementation of VANET localization algorithm, but the



performance of the algorithm successfully demonstrated.

A Bayesian fusion framework for localization and map matching where additional
sensors can easily be integrated is developed. The framework is used for both
initial map fusion algorithm and also VANET fusion algorithms.

The work covered in the thesis is disseminated through nine di erent publications.
Implemented algorithms have been used in two European Union and one locally
funded research and development projects. Results are successfully demonstrated
in public demos.

A patent application is led for the heat map concept.

1.2. Outline of the Thesis

Rest of the thesis is organized as follows: Chapter 2 provides detailed informa-
tion about localization technologies and ADAS. Satellite-based positioning systems are
discussed in detail. Fundamentals of VANETS are described. Finally, description of
digital maps used in our work is given. In Chapter 3 the proposed particle Iter al-
gorithm for map matching and localization is described. Bayesian fusion framework
with particle Iter implementation is described. Results of the eld tests are included.
Chapter 4 makes the de nition of local integrity concept and gives details about our
proposed local integrity heat map concept. Chapter 5 describes VANET assisted coop-
erative vehicle mutual positioning. Implementation of cooperative positioning through
V2V communications are given together with the integration of this information into
the Bayesian fusion framework. Simulation results with real eld tests are presented.

Chapter 6 includes the conclusions.



2. LOCALIZATION TECHNOLOGIES AND ADAS
APPLICATIONS

2.1. Introduction

In this chapter, we will provide state of the art in GNSS, VANET and digital map
technologies primarily focusing on the aspects utilized by the algorithms developed in

this thesis.

Global Satellite Navigation Systems have been developing for many years to pro-
vide a more accurate x and possibly a faster initial positioning. Assistance information
has been shown to enhance initial positioning in customer level devices as well. This
information can be transmitted in di erent ways. Satellites, stations, and even vehicles
can be used in data dissemination. The most typical GNSS system is GPS. Galileo
is a civilian technology from Europe. Glonass is from Russia and BeiDou Navigation
system (BDS) also known as COMPASS is a Chinese satellite navigation system. We

will explain these technologies in detail especially mainly on GPS and Galileo.

In addition to global localization techniques digital maps and mobile communi-
cations are becoming a core technology for better sensing the vehicle environment and
improving localization of the ego-vehicle and surrounding vehicles. Digital maps can
be considered, and treated, as an additional sensor. When compared with the sensors
like camera, lidar, radar they provide longer range information about the vehicle s en-
vironment. To be able to use the information in digital maps the correct segment on
the digital map should be selected and this is called map matching. The correctness

of the map matching is crucial to get the best out of the digital map data.

There are many available forms of the digital map data. Vector and raster maps
are the basic two categories. Raster based data are tile based aerial or satellite photos.

Raster data require a signi cant amount of storage and but are simpler to process.
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Vector maps are graphs with geolocation information. The vector data mostly
consist of lines, curves, polygons and points. Vector data can be stored in di erent le
structures and database models and can be compressed into smaller sizes. Processing
the vector data requires mainly graph algorithms and is much more complex than the

raster data.

As digital maps are becoming one of the core components of the autonomous
driving more detailed maps are needed. In the last years highly detailed maps which
include attributes like lane information, detailed 3D buildings, pavements, processed

lidar data and road signs have been developed for autonomous driving.

Along with the digital maps, mobile communication is becoming another sensor
for the vehicles. The importance of communication and digital maps as a sensor is due
to their ability for providing longer range sensing and more trustable information. For
example, they are only available sensors which can provide information about locations

which are occluded by buildings.

There are many connected car applications utilizing cellular technologies. But
safety applications require, a dedicated, responsive and more local communication.
Wireless inter-vehicle communication enables information dissemination between vehi-
cles, to improve safety, e ciency, and even to enhance infotainment aspects. Safety
applications, like collision avoidance or hazardous road warnings, use location infor-
mation to estimate collision probabilities between vehicles or mark the location of the
current event are examples of use-cases where inter-vehicle communication becomes
necessary. Continuous dissemination of location information between vehicles provides
a better understanding of the environmental changes and unexpected behaviors. Due
to the high mobility and dynamic structure of VANETS, routing mechanisms need

periodically updated location information.
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2.2. Global Satellite Navigation Systems

2.2.1. Global Positioning System

Global Positioning System (GPS) is the most widely used GNSS in the world.
The goal is to provide location and time information to the receivers. Although the
initial design is for military usage, civilian usage is in increasing demand. It is freely
accessible to anyone using a GPS receiver. The GPS constellation contains 24 satel-
lites but four satellites in line of sight are su cient to position the user. Positioning
depends on the accurate timing information of the signals received. Satellites trans-
mit their location information along with the message generation time. The receiver
uses the timestamp and the speed of light to compute the distance from the satel-
lites. The computed distances are used together with satellite positions to reveal the
receiver s position. The position found is shown on an underlying digital map stored
in the receiver device. Additional features derived from the location information lead
location-based applications in the navigation market. Accurate timing information is
also used in tra c signaling and base station synchronization. When the number of
visible satellites is less than four, the GPS receiver may use other techniques such as
dead reckoning, additional information from the vehicle computer, etc. to compensate

missing information.

GPS is a fundamental component of a present day vehicle. GPS can be used
to nd absolute position and velocity. With access to a precise map, a vehicle can
determine ego-location with respect to its destination and on the road network. This
information is needed, for example, to compute optimal routes or driving directions.
With a vehicle-to-vehicle wireless communication system, it can also be used to com-

pute relative position and relative speed information.

The information available from a GPS is:

Absolute position in a geodetic coordinate system, for example, latitude, longi-

tude, altitude, X-Y-Z earth centered earth xed, or The Universal Transverse
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Mercator (UTM)

Velocity and course over ground information(Horizontal Speed, orientation to the
true north).

Precise time and pulse per second

Raw information that can be used for precise post-processing applications

Various levels of accuracy in GPS measurements can be obtained, depending on
the types and number of GPS signals received and analyzed, the algorithms, and the
availability of externally supplied correction data, including di erential correction and
real time kinematic correction data. Satellite visibility and geometric con guration is
also a signi cant factor in GPS measurement accuracy, especially in areas with tree

foliage coverage or buildings that can occlude signals or create multipath re ections.

Generally speaking, in areas with an unobstructed view of the entire sky and an
acceptable orbital con guration of visible satellites, a standard inexpensive or embed-
ded GPS receiver can achieve position accuracies on the order of 5-15 meters. This
accuracy is su cient for providing navigation and routing instructions for a human

driver, but it is insu cient for resolving which lane a vehicle is currently occupying.

Correction signals are available from free and public services to achieve the next
level of GPS position accuracy. Nationwide Di erential GPS (NDGPS) correction
signals broadcast in the long wave band and satellite-based augmentation systems
(SBAS) such as the Wide Area Augmentation System (WAAS) provided by the US
Federal Aviation Administration or the European Geostationary Navigation Overlay
Service (EGNOS), [11].

A satellite-based augmentation system (SBAS) capable GPS receiver, using one
of these basic di erential correction data services broadcast over a large area of the
planet, can achieve position accuracies on the order of 1-2 meters. This is a su cient
accuracy level for some safety applications, and can sometimes resolve lane identity.
Locally computed di erential corrections or commercial SBAS systems can achieve sub-

meter accuracies. The sub-meter accuracy provided by SBAS signi cantly improves
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the performance of data collection systems and safety systems, and in some cases, it is

su cient for longitudinal vehicle automation.

The more sophisticated commercial correction services such as EGNOS can achieve
position accuracies of 10 cm or better. High precision locally computed real-time Kkine-
matic correction systems can produce position accuracies of 1-2 cm. Measurements at
this precision are su cient for full vehicle automation. Of course, both the correction
data and the GPS receiver hardware needed to achieve these levels of accuracy are

quite expensive.
The time information from the GPS is particularly useful in inter-vehicle commu-

nications since it allows the precise synchronization of clocks across multiple vehicles

and infrastructure systems.

2.2.1.1. Fundamentals of GPS. As seen in the Figure 2.1 [12] the GPS constellation

consists of 24 satellites arranged in 6 orbital planes at an altitude of 12,500 miles

(20,200 km). Each satellite completes 2 orbits each sidereal day.

Figure 2.1. GPS Satellite Constellation.
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Each satellite broadcasts at least the following signals and information:

L1 Frequency: 1575.42 MHz (19 cm) at 25.6 W

L2 Frequency: 1227.60 MHz (24 cm)

Course Acquisition (C/A) Code (on L1) : 1.023 megabits/sec PRN (pseudoran-
dom noise), 1023 bits long (repeats every 1 ms, 300 km)

Precise (P,Y) Code (on L1, L2, 90 out of phase)

Navigation Message : 50 Hz data, 12 minute message time

Sub frame Data : Coordinated universal time (UTC) and clock corrections, Al-

manac, Precise ephemeris data (30 sec), lonospheric propagation data

Newer GPS satellites support signals transmitted on additional frequencies, for
example on the L5 (1176.45 MHz) band.

Position at one of two possible intersection points.

Position somewhere on
edge of circle.

Figure 2.2. Position Information Found from the Intersection of Multiple Spheres

(Triangulation).

GPS technology is, fundamentally, based on triangulation and the fact that, in
terms of RF signal propagation, distance traveled is directly related to the elapsed time
(in a vacuum 3.3 ns is approximately equivalent to 1 meter). Consider that any object
that is known to be a distance D from a given point must lie on the surface of a sphere

of radius D centered on that point. Two non-coincident points with known distances
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from the object de ne two spheres, and the object must lie on the intersection of those
spheres, which is a circle except in exceptional degenerate cases. Three points reduce
the possible location of the object to two points, one of which is, in the case of the GPS
system, unfeasibly far from the surface of the earth. Thus, to compute the position
of an object we need its distance to at least three known points. This is illustrated in

Figure 2.2.

Satellites transmit navigation messages. Navigation message includes almanac
and ephemeris. Almanac data, which has two formats (YUMA and SAM), contains
information about time and status of the satellite constellation. Almanac lifetime is in
one week periods. Ephemeris contains the orbital information of each satellite which is
used to calculate the position of the satellite in orbit. Ephemeris lifetime is two hours.
Ephemeris contains the positions in orbits which can shift as the time passes due to

gravity of the sun and moon.

The orbital location of a GPS satellite can be computed precisely using the al-
manac and ephemeris data transmitted by the satellites themselves coupled with a
mathematical model of orbital dynamics. Indeed one of the primary functions of the
GPS ground control system is to track the satellites and regularly update the almanac
and ephemeris information. What remains is to determine the distance, or range, from

each of at least three satellites to the antenna of the GPS receiver.

As mentioned earlier, the distance traveled is a direct function of the elapsed
time between the transmission of a signal and its reception. GPS satellites carry atomic
clocks of very high precision, and the GPS ground control system ensures that the clocks
of all satellites are synchronized to within a few nanoseconds. The data transmitted by
each GPS satellite also contain information about when transmissions are made. All
GPS satellites transmit on the same frequencies, so each satellite transmits its data
stream by modulating its binary sequence with pseudorandom noise (PRN) code. On
the L1 channel, the PRN codes are 1023 bits long and thus repeat every millisecond.
Since the GPS receiver knows the PRN sequence of each satellite, it can produce its

copy of that sequence synchronized to its internal clock and use correlation to determine
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the time o set of the received and internally generated signals for each visible satellite.
(See Figure 2.3.)
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Figure 2.3. Pseudo Range from Temporal Correlation.

However, GPS receivers typically use nothing more than a crystal controlled clock
with considerable drift over time relative to the GPS satellites. So it is necessary to
align the receiver clock with the satellite clocks. Clock drift introduces the fourth
unknown into the problem, and therefore a full GPS position X requires four satellites
at the minimum. Since the clock bias, the di erence between the receiver s clock and
the satellite clock is unknown, the distance or range measured by the PRN correlation
process is called a pseudo range. Expressed mathematically in Earth-Centered Earth-
Fixed (ECEF) coordinates, the measured pseudo range for each visible satellite is given
by Equation 2.1

q
Pi= G )P+ Y+ 2’ +o+y 2.1

where (X;,Yi,Zi) is the ECEF position of the satellite, (x,y,z) is the ECEF position of
the observer,c; is the clock bias (c is speed of light), v; is an unknown o set to due

errors and noise, i = 1:::;n where n is the number of visible satellites

With n 4 satellites, this forms a system of possibly over determined nonlinear
equations that can be solved for the four unknowns using a variety of numerical tech-
niques to obtain the (X;y; z) position coordinates and the clock bias c; at the antenna of
the GPS receiver. As an example, one possible solution technique involves linearizing

the pseudo range equations an estimate of (x;y;z) using a Taylor s series approxima-
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tion and solving using an SVD/Pseudo inverse approach or a Newton-Raphson iterative
approach.
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Figure 2.4. Generalized Block Diagram of GPS Receiver.

2.2.1.2. GPS Error Sources. Considering the above, it is clear that errors in the -

nal position solution can arise from errors in any of the fundamental measurements:
including satellite position, clocks, and timekeeping, and the pseudo range distance
measurements. A basic error budget (1-sigma values) for a standard GPS receiver

would be

Broadcast Ephemeris (satellite position and orbit data): 2.5 meters
Satellite Clocks: 1.5 meters

lonosphere Delays: 5.0 meters

Troposphere Delays: 0.7 meters

Receiver Noise and Numerical Computations: 0.7 meters

Multipath and Di raction: 1.5 meters

It is worth mentioning that many of these errors can be considered as slowly time
varying (autocorrelated) signals or almost as bias terms, so is it common to see GPS
position errors slowly wander within a region surrounding the exact position. Given
the actual position and the cloud of GPS measurements of the receiver, two di erent

accuracy measures are used in the industry:
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CEP (Circular Error Probable): The radius of the circle that is expected to
contain x percent of the measurements (a typical percentage could be 50)
2DRMS (Twice the Distance Root Mean Square): The radius of the circle that is

expected to contain 95 percent of the measurements

GPS manufacturers tend to report the expected performance of a given receiver

using one of these two methods [13].

2.2.2. Galileo

Galileo is the global navigation system of Europe which provides fully autonomous
satellite-based positioning, navigation and timing capability for global high-performance
services. Galileo is designed to deliver real-time positioning with high precision (meter
accuracy) for a publicly available system. Galileo presents dual frequencies as stan-
dard. It is interoperable with GPS and Glonass, the US and Russian global satellite
navigation systems respectively. By o ering dual frequencies as standard, Galileo is
set to deliver real-time positioning accuracy down to the meter range. On 21 October
2011, the rst two of four operational satellites designed to validate the Galileo con-
cept in both space and on Earth are launched. Two more followed on 12 October 2012.
In-Orbit Validation (I0OV) phase has been followed by new Full Operational Capability
(FOC) satellite launches. Soyuz has so far launched four pairs of FOC satellites from
French Guiana, on 22 August 2014, 27 March 2015, 11 September 2015 and 17 Decem-
ber 2015. The fully deployed Galileo system will consist of 24 operational satellites plus
six in-orbit spares, positioned in three circular Medium Earth Orbit (MEO) planes at
23,222 km altitude above the Earth, and at an inclination of the orbital planes of 56
degrees to the equator [14].

The Galileo system will be an independent, global, European-controlled, satellite-
based navigation system and will provide a number of guaranteed services to users

equipped with Galileo-compatible receivers.
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The Commercial Service (CS) is one of the future satellite-based services planned
for the Galileo global navigation satellite system, in addition to the Open Service (OS),

the Search And Rescue service (SAR) and the Public Regulated Service (PRS).

The Galileo CS o ers attractive opportunities for possible future road services,
including added-value data and enabling authentication-based services. In addition to
the CS, the signal authentication has also been proposed and considered for possible

future evolutions of the Galileo OS signal.

Galileo is partially available at the moment. Commercial GNSS receiver can fuse
the information available from Galileo and GPS. In this thesis, we have also used such
hardware. The integration is at the chip level as the Galileo service becomes fully

available, quality of information from the GNSS receiver should increase.

The Galileo Commercial Service will allow for the development of applications for
commercial or professional use owing to improved performance and data with greater
added value than that obtained through the OS. In fact, the CS will use the OS signals
plus two encrypted signals (ranging codes and data) on the E6 band. It will potentially
ensure centimeter level accuracy, improved reliability, and signal authentication to en-
abled receivers. Typical value-added services could include service guarantees, precise
timing services, the provision of enhanced ionosphere delay models, local di erential
correction signals for extreme precision position determination and other services based

on the broadcast of system information data.

The objective of the CS is to provide added value data to the nal users of this
service, sending information/data through encrypted signals: therefore a cryptographic
key will be needed by the users to access them. These added value data will be
generated by future Service Providers external to the Galileo system. These Service
Providers will pay the European Commission (EC) for the right to transmit their data
through the Galileo signals, and they will, on return, charge the nal CS users for the
reception of their encrypted data. Figure 2.5 presents the CS key players and their

role.
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Figure 2.5. Actors Involved in the Galileo Commercial Service.

As far as a possible investigation on the potential role of the Galileo CS in this
thesis is concerned, it is also necessary to point out that a complete technical speci-
cation document related to the CS signals (also known as Signal in Space Interface
Control Document) is still not publicly available. The Galileo CS cannot be considered
as a current state of the art, due to the lack of complete information as well as CS
signals. As a consequence, the support to the Galileo CS cannot be considered in our

developments
2.2.3. GLONASS

GLONASS is the Russian counterpart to GPS. It consists of a constellation of
satellites in medium Earth orbit (MEO), a ground control segment, and user equipment.
The system was formally declared operational in 1993. In 1995 it was brought to a fully
operational constellation (24 GLONASS satellites of the rst generation). Reduction in
space industry funding led to degradation of the GLONASS constellation. In 2002 the
GLONASS constellation consisted of 7 satellites that were insu cient for navigation

support of the Russian territory even with limited availability. GLONASS was behind
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GPS in terms of accuracy.

A modernization program started in 2002. As a result GLONASS system was pre-
served and modernized and became operational consisting of GLONASS-K satellites.
Ground control segment was upgraded that together with the orbital constellation en-
sures the accuracy characteristics at a level commensurate with those of GPS The State
Standard of time and frequency facilities and the Earth rotation parameters de nition
facilities were modernized. GNSS augmentation prototypes, a great amount of patterns
of core receiving and measuring modules, positioning, navigation and timing (PNT)
equipment for civil and speci ¢ use and related systems were designed. Currently,

system is in use with 24 satellites [15].

2.2.4. BeiDou Navigation Satellite System

BeiDou Navigation Satellite System (BDS) is China s global navigation satellite
system which has been developed independently. BDS is composed of three parts: the
space section, the ground section, and the user section. The space section contains ve
geostationary orbit satellites and 30 non-geostationary orbit satellites. The ground
section consists of the main control station, the injection stations and the monitoring
stations. The user section includes terminals of BeiDou system [16]. It became opera-
tional in China in December 2011, with 10 satellites in use and began o ering services
to customers in the Asia-Paci c region in December 2012. It is planned to start serving

global customers upon its completion in 2020.

2.3. Improving GNSS Quality and Availability

Following services are the most common ways to improve GNSS quality or avail-

ability:

Assisted GPS (A-GPS): A-GPS is a widely adopted solution typically seen on
smartphones nowadays. GPS information is combined with assistance server

information to enhance the time to rst x (TTFF) and positioning. A standard



22

GPS device needs around 30 seconds on average to x the position because it
needs to download the ephemeris and almanac information from the satellites
and the bandwidth is low. The A-GPS server provides this information over the
terrestrial network to A-GPS receivers to shorten the positioning time. If clock
information is also provided, it yields for better positioning as well.
The European Geostationary Navigation Overlay Service (EGNOS): EGNOS uses
ground stations to receive GPS data, calculate the corrections and broadcast the
X messages via geostationary satellites. Three geo satellites broadcast correc-
tions and integrity information of the satellite constellation. Beside geo satellites,
EGNOS has ground stations for di erent purposes such as mission control, wide
area network and monitoring station
EGNOS Data Access Service (EDAS): EDAS is a ground-based access to EGNOS
information. The primary goal is to disseminate EGNOS corrections on terrestrial
networks. If the receiver is out of range of EGNOS satellites such as in urban
canyons, EDAS can be used.
Di erential GPS (DGPS): DGPS is another kind of GNSS augmentation system
that use ground-based reference stations that enable the broadcast of di erential
information (rover) to improve accuracy. In contrast to EGNOS, DGPS do not

provide integrity information.

2.3.1. Assisted GPS

Assisted GPS is yet another GPS receiver that uses assistance information from

other sources than the satellite to enhance time to rst x (TTFF). A-GPS receiver can

X the position in a warm start case under ve seconds. The assistance data includes

ephemeris, almanac and time information. The use of this information depends on the

operating mode. Assisted GPS has two modes of operation:

Mobile Station Based (MSB): Mobile station can provide ephemeris and almanac
which lets the receiver to nd satellites quickly. In this case, the network can also

provide precise time to the receiver.
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Mobile Station Assisted (MSA): In this case, the device receives information
needed to acquire GPS signals and sends its received signals with its time in-
formation to the GPS assistance server. The server is presumed to have good
satellite information and su cient computing resources. It calculates the po-
sition using the received information and sends the position back to the GPS

receiver.

During cold start, a conventional GPS receiver needs to download both the al-
manac and ephemeris data while in warm start the GPS receiver needs to download
ephemeris only. Ephemeris itself is 900 bits which take 18 seconds to download theo-

retically since the bandwidth of GPS communication is 50 bps.

Assistance data (ephemeris and almanac) can be transmitted to a device via GSM
network which is called the online method. Since GSM network connection is faster
than satellite communication, it yields to faster position xes. Note that real time
information is from the GSM provider s A-GPS server. This is bene cial in places
with weak signals or where the satellite visibility is restricted due to the conditions

such as urban canyons.

In the case of the o ine method, the receiver uses Long Term Orbit (LTO) to
predict ephemeris whose quality degrades as time passes. The bene t of the o ine
method is that it enables the receiver to work without any connection and use the

assistance provided [17].

In Figure 2.6 [18] a mobile device with A-GPS receiver can receive information
from the server to capture signals and sends its signals to the location server. Note that
the communication is based on the cellular network. The location server then computes
the client s position using its fresh ephemeris data and sends the position back to the
receiver device using the network. This is a typical scenario of today s commonly used
positioning systems. This scheme shows an example of the online method of positioning
with station assistance. Although the apparent bene t of this scenario is the position

computation task is assigned to the server, so the receiver only receives the nal X, it
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will not work if the connection is lost. In rural areas or if the cellular coverage is poor,

positioning will be in uenced as well.

o
e

Cellular Network -

Figure 2.6. A-GPS Communication Schema.

2.3.2. EGNOS/EDAS

The EGNOS represents the Europe s rst venture into satellite navigation. EG-
NOS is an SBAS and provides an augmentation signal to the Global Positioning System
(GPS) Standard Positioning Service (SPS). Presently, EGNOS augments GPS using
the L1 (1575.42 MHz) Coarse/Acquisition (C/A) civilian signal function by provid-
ing correction data and integrity information for improving positioning and navigation
services over Europe. EGNOS infrastructure consists of three geostationary satellites
over Europe and a network of ground stations. Since it is based on GPS, the EGNOS
signal does not require major changes to the receivers. Today, many GPS receivers
available on the market are also SBAS-enabled, thus, suitable to process and exploit
EGNOS signals.
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EGNOS currently o ers three types of services [19]:

Open Service: The service is provided free of charge without any guarantee or
resulting liability. It is open for use to anyone with an EGNOS-enabled satellite
navigation receiver. The Open Service was launched on October 1, 2009.

Safety of Life signal: EGNOS provides a valuable integrity message warning the
user of any malfunction of the GPS signal within six seconds. This integrity mes-
sage is essential when satellite navigation is used for safety critical applications,
such as ying aircraft or navigating ships through narrow channels. The EGNOS
Safety-of-life Service was certi ed for civil aviation in 2011.

Commercial Service: EGNOS provides a terrestrial commercial data service called
the EGNOS Data Access Service (EDAS). EDAS is the single point of access to
the data collected and generated by the EGNOS ground infrastructure (RIMS)
mainly distributed over Europe and North Africa. Upon registration, EDAS is
accessible to authorized users (e.g. added-value application providers) through

the connection to a dedicated internet domain.

It must be noticed that EDAS disseminates EGNOS data in real-time: its services are
available from July 30, 2012, and are intended to be delivered and maintained over the
long term [20]. Figure 2.7 [19] shows the high level architecture of EDAS.

EGNOS
Geostlationary

Satellila
=gV EGNOS Signal In

Space

EGNOS messages

Service
Providers

User segment

Figure 2.7. EDAS High-Level Architecture.
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Table 2.1. EGNOS Message Types, Contents, Refresh and Validity Periods.

Message Data content Refresh Validity

Type Period(s) Period(s)

Identi er

0 Don t use for safety applica- | 6 N/A
tions (for SBAS testing)

1 PRN Mask assignments, set | 120 600

up to 51 of 210 bits
2t05, 24 Fast Corrections, UDREI Variable Variable

6 Integrity Information 6 18

25 Long term satellite error | 120 360
corrections

9 GEO navigation message | 120 360
(X, Y, Z, time, etc.)

7 Fast correction degradation | 120 360
factor

10 Degradation parameters 120 360

18 lonospheric  grid  point | 300 1200
masks

26 lonospheric delay correc- | 300 600
tions

12 SBAS Network Time/UTC | 300 86400

0 set parameters

17 Almanac Data 300 none

Registered users can access EDAS to form new innovative applications, to inte-
grate into existing services, or to support research programs. These users exploit the

di erent types of the data available from EDAS, which are [20]:
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raw GPS, GLONASS and EGNOS GEO observations and navigation data col-
lected by the entire network of Ranging and Integrity Monitoring Stations (RIMS
A, B, C) and Navigation Land Earth Stations (NLES);

EGNOS augmentation messages broadcast from the EGNOS geostationary satel-
lites, as normally received by EGNOS users. It must be remarked that the raw
data can be provided in both ASN.1 and RTCM format. This information is

provided by EDAS in real-time with an update rate of one second.

In addition to raw data, EDAS also provides the EGNOS Augmentation Message.
The EGNOS augmentation message is formed of a number of distinct message types
containing various aspects of the overall augmentation message. The message types
provided are summarized in the Table 2.1, where all message type identi ers, data

content, refresh and validity periods are reported [21].

As already remarked, EDAS disseminates EGNOS data in real-time. An alterna-
tive non-real time source of EGNOS messages via internet is the ESA EGNOS Message
Server (EMS), which allows getting the EGNOS messages o ine in the form of ASCII

les, for post-processing purposes. The EMS service is accessible free-of-charge, using

the FTP protocol.

2.4. Vehicular Ad Hoc Networks(VANETYS)

VANETS are designed to create a spontaneous data exchange between moving
vehicles, and they are one of the key components in intelligent transportation. They
are especially good for time-critical and safety related applications. The coverage
and applications can be extended with the inclusion of the infrastructure and the
pedestrians with the same communication technologies. The range is around 100 and
300 meters which is much better than almost all sensors used for intelligent transport
applications. Standards have already de ned in Europe, US, and Japan. In US IEEE
1609 WAVE (Wireless Access in Vehicular Environments) protocol stack builds on
IEEE 802.11p. In Europe, European Telecommunications Standard Institute (ETSI)

builds on a variant of the same radio technology with some adaptations. Vehicle
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to Vehicle (V2V), vehicle to infrastructure (V2I), and vehicle to pedestrian (V2P)
communication are built on same technology. Messages can be moved further with the

use of multi-hops as shown in Figure 2.8.

Figure 2.8. Routing with Multi-hop Forwarding.

There are several applications possible like cooperative awareness, road hazard
signaling, speed management, toll collection, cooperative navigation, and localization.
Since we are focusing on enhancement and use of location information in intelligent
transport systems (ITS), we will devote rest of this section on location information in
VANETSs. In addition to that, it may be easily seen that most of the applications in

VANET domain are only possible with a high integrity location information.

2.4.1. Location Information in VANETS

Wireless inter-vehicle communication enables information dissemination between
vehicles, to improve safety, e ciency and even to enhance infotainment aspects. Figure
2.9 [22] represents the communication in a typical vehicular communications scenario.
For instance, safety applications, like collision avoidance or hazardous road warnings,

use location information to estimate collision probabilities between vehicles or mark
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the location of the current event. Continuous dissemination of location information
between vehicles provides a better understanding of the environmental changes and
unexpected behaviors. Due to the high mobility and dynamic structure of VANETS,

routing mechanisms need location information which must be updated periodically.
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Figure 2.9. A Typical Inter-vehicle Communication Scenario.

From a communications perspective, VANETS are organized by di erent layers,
such as application, facilities, and network layers. The Application Layer is mostly used
for safety. Safety applications focus on warning the drivers about the incoming events
like sudden brakes, dangerous intersections, control losses, hazardous roads etc. Such
applications need at least the location information of the unique event. So the location
information dissemination is the basic information, exchanged on the application layer
[23].

US National Highway Tra c¢ Safety Administration (NHTSA), the US Depart-

ment of Transportation (USDOT), and the Vehicle Safety Communications Consortium
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(VSCC) of Crash Avoidance Metrics Partnership (CAMP) identify eight applications
which provide the greatest bene ts concerning safety. Seven of these eight applications
need position information dissemination with di erent frequencies (1 to 50 Hz).To dis-
seminate the required data including location information, a message dispatcher is
suggested in [24]. In Europe ETSI TC ITS, i.e. the European standardization group
for ITS, currently, speci es the basic applications and their requirements (see ETSI
TR 102 638).

The facilities layer is the correspondence of the three open system interconnec-
tion (OSI) layers in the OSI model that are between the network and the application
layer. The facilities layer has categories such as application support facilities (coopera-
tive awareness message - CAM and decentralized environmental noti cation message-
DENM), information support facilities (local dynamic map - LDM), communication
support facilities (addressing mode etc.), common facilities (time and position man-
agement, service managements etc.), and domain facilities (DENM management for
Road Hazard Warning etc.). These two message sets carry the location information of
the source node (ETSI TS 102 637-1, ETSI TS 102 637-2, ETSI TS 102 637-3).

In the case of an application that requires multi-hop, the Network layer needs
the position information. Some designs of Network Layer like IEEE 1609.3 does not
use multi-hop and with that does not require position information. Car to car - Com-
munication Consortium (C2C-CC) network layer supports multi-hop communication
and also geo-networking. ETSI standardized the C2C-CC approach in ETSI TS 102
636-4-X.

Geo-networking provides packet dissemination to a particular destination area
or a de ned range. Network layer which provides geo-networking requires location
information of the source and location information of the destination point if there
is one. ETSI TS 102 636-4-1 determines a common network layer header for geo-
networking. The position information is represented in source position vector which
is the vector from the origin to the destination with additional attributes. A source

position vector is described as:
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Geographical position (denoted by POS_LPV)

Speed (S_LPV)

Heading (H_LPV)

Timestamp indicates when the geographical position POS_LPV was generated
(TST_LPV)

Accuracy of the geographical position (POS, LPV)

Accuracy of the speed (S, LPV)

Accuracy of the heading (H, LPV)

2.5. Digital Maps

We have utilized a navigable digital map database in vector format in this thesis.
There are di erent database models for digital vector maps. In the following section, we
will de ne attributes and models that we utilize in our development. In this thesis, we
developed algorithms where the practical application is possible. Highly detailed maps
and local dynamic map concepts are fairly new concepts and only partially available
for research and development e orts. We did not utilize high detailed maps in our work
due to limited availability. But we will summarize these newer digital map formats to

give a complete domain information.

2.5.1. Navigable Map Database

A road contains a type, form of way, maneuvers, speed information and level as
shown in Figure 2.10. Road types, namely functional road class (FRC), and form of
way (FOW) mainly describe the road, while maneuvers describe the movements on the

roads.
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Figure 2.10. Road Model.

These attributes restrict search space for positioning thus yields enhanced accu-
racy and shorter process time in the real-time implementations of localization and map

matching scenarios.

Details of functional road class and form of way are given in Tables 2.2 and 2.3.

Table 2.2. Functional Road Class Codes.

Code Description

10 Motorway,

20 Major roads of high importance,

30 Other major roads,

40 Secondary roads,

51 Local connecting roads,

52 Local roads of high importance,

60 Residential connecting roads,

70 Residential roads

80 Other roads, usually not suitable for vehicle
tra c, e.g. stairs, narrow walkways
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Table 2.3. Form of Way Codes.

Code Description

2 Dual carriage way

3 Single carriage way

4 Round about

5 Major slip road

6 Parallel road

8 Entrance to/exit from a car park
9 Small slip road

11 Poor condition

12 Unpaved

13 Road in a pedestrian zone
15 Service road

Average and legal (maximum) speed information is available on a road segment
in the digital map database. Speed attributes are closely related to the road type
and street network (STNW) parameter. STWN parameter de nes if the road passes
through an urban area. Maximum speed information bounds the search space of the

vehicle s relative position when current speed of the vehicle is known.

It is possible to classify roads according to FRC and FOW. These classi cations
then map to speed limit information. The speed information is used in conjunction

with FRC in our implementation.

Maneuvers are the list of allowed actions and list of restricted actions for a road to
ensure safety and regulations. They are de ned for every road that complies. There are

four types of maneuvers namely implicit, priority, prohibited and restricted maneuvers.

Restricted maneuvers are the implementation of the tra c rules of directions such

as turn sign. Figure 2.11 shows an example restricted maneuver.
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Al

Figure 2.11. An Example of Restricted Maneuver.

Prohibited maneuvers are the implementation of restrictions and prohibited turns

such as no U turn signs.

Figure 2.12. Prohibited Maneuver.

Implicit maneuvers are the implementation of turns due to nature of the road or

tra ¢ ows although it is not restricted by the tra c signs.
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Realily Datlabase

Figure 2.13. Implicit Maneuvers.

Priority maneuvers described when the main road makes a turn while navigation
shows straight. As in Figure 2.14, the main road tends to go straight, but because of

the tra c sign on the right, it makes a turn.

Figure 2.14. Priority Maneuvers.
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Another type of maneuver is the bifurcation. Bifurcation is the fork structure
ahead of the road that confuses the driver. There are three types of bifurcations namely

exit fork, multi-lane fork, and simple fork.

As shown in Figure 2.15 exit fork is described over the roads that exit from the

main road.
continuation of entrance lane
exit lané into exit lane /amnce lane
. N, /
‘_

Exit Fork

Figure 2.15. Exit Fork.

As shown in Figure 2.16 multi-lane fork is described over the roads that fork the

main road lanes.

rReality Database
g <«
S i
R 2

Figure 2.16. Multi-lane Fork.

A simple fork is described if the road forks into two parts without any sign or
navigation that confuses the driver. The angle between the parts determines if the fork

is a bifurcation or not. (see Figure 2.17)
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Realily Database

Figure 2.17. Simple Fork.

2.5.2. Detailed Maps for Autonomous Driving

In our work, we use available navigation maps as a sensor for a better localization.
As automated driving is coming closer to reality, for reducing the cost of sensors, use
of more detailed maps becomes an important concept. For example to make lane level
map matching having the lane centerlines can be very useful. Companies like TomTom

and Here started to produce examples of such maps.

One of most important features of these maps is detailed lane information. Fol-

lowing features can be available for lanes.

Lane center lines (lane type, speed restriction, connection type)
Lane borders (lane border type, color, group)

Lane groups

Lane connections

Height, Width information




















































































































































































































































































