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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 filter 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
field. Field tests were carried out different in parts of Istanbul to measure the perfor-
mance of the algorithm in different 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 (VANETSs). 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 different number of
collaborative vehicles, and the proposed mutual positioning procedure is experimen-
tally evaluated by a fleet of five 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 field 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 efficiently used for ADAS applications and our

local integrity method can further enhance fusion and localization.



OZET

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

Bu tez ara¢ konumlandirmay:1 harita ve araglar arasi haberlesme kullanarak
geligtirmeyi hedeflemektedir. Global uydu navigasyon sistemi (GNSS) alicisi, odometre
ve sayisal haritalarin parcacik filitresi temelli bir algoritma ile birlegtirilmesi onerilmis
ve uygulanmigtir. Algoritmanin degisik uydu gortinebilirlik durumlarindaki davranigini
test etmek icin Istanbul'un degisik noktalarinda saha testleri gerceklestirilmistir. Sonug-
lar algoritmanin %96 basari ile harita iizerinde dogru yol parcasim segebildigini goster-
mektedir. Onerilen algoritma araclararas: haberlesme aglari (VANET) iizerinde kargilik-
i konumlama eklentisi ile daha da geligtirilmistir. Goreceli mesafenin varig zamaninin
olciimii temelli istatiksel bir fonksiyonu deneysel olarak elde edilmigtir. Karsilikli ko-
numlandirma prosediirii konumlama hassasiyeti ve ag performansi agisindan degisik
sayida isbirlik¢i arag iceren gergekci simiilasyon caligmalar: ile incelenmis ve IEEE
802.11p radyo modemle donatilmig bes araclik bir filo ile deneysel olarak degerlendiril-
migtir. VANET’lerde igbirliginin konum ol¢iimiiniin yararlanirhginmi gelistirdigi gibi
tekil bir GNSS alicisina gore %40 oraninda hassasiyetini de artirdigi ispat edilmistir.
Yerel biitiinliik sicaklik haritasi kavrami yeni bir yerel biitiinliik metodu olarak 6neril-
mistir. Algoritma gehir kanyonlarinin tespit edilmesinde ve GNSS’e bir destek olarak
bagarilidir. Sayisal haritalar ve araclar arasi haberlesme kullanan fiizyon yapimizin
ileri stiriicii destek sistemleri uygulamalarinda verimli olarak kullanilabilecegi ve yerel
biitiinliik metodumuz ile fiizyonun ve konumlandirmanin daha da gelistirilebilecegi

sonucuna varilmigtir.
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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 different 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, traffic signs, traffic lights and unexpected traffic participants.
Since the quality of sensing of these surrounding environment information is affected
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 traffic 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 differ-
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 figure either the range or the sensing area is limited for conventional

SENSOors.
Sensor Type Long Short / Mid
Range Radar Range Radar
Application 76.81MHz 24.26 176.81 GHz
Adaptive Front Lighting (AFL), Traffic Sign X
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 x X X
(EBA), Lane Keep Support (LKS)
Pedestrian detection X X X
Blind Spot Detection (BSD), Rear Collision
Warning (RCW), Lane Change Assist (LCA)
Park Assist (PA)
Cameramonitor systems (CMS)

LRR Infrared Video SRR/MRR Lidar SRR Video
1 to 280m 0.210120m 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 different subsystems and sensors with different
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 effective 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 off-
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 defined 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 different 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 field tests and do not

utilize map fusion [10].

In the first 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 different versions of a particle filter based map matching and local-
ization algorithm, and we proved that we could enhance positioning and map-matching
quality significantly. We tested our proposed algorithms in the field with different 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 affect the quality of fusion due to unknown error range of the GNSS
receiver. We have attempted to define 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 define 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. Different thresholds depending on the reported error can be defined 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 different 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
filtering 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.



OBU: On Board Unit

Figure 1.2. Architecture Sensor Fusion for Localization.

1.1. Contributions

Main contributions of the thesis are as in the following:

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

hind the four different implementations is to make valid proof of the improvement



provided by map fusion. The first 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 differ 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 defined and is validated with real world road
tests. It is shown effective 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 effective 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 filter algorithm can be enhanced with the addition of relative
positioning measurements.

VANET based localization is a demanding task in a real field 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 differs 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.

e 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.

e The work covered in the thesis is disseminated through nine different publications.

e 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 filed 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 VANETSs are described. Finally, description of
digital maps used in our work is given. In Chapter 3 the proposed particle filter al-
gorithm for map matching and localization is described. Bayesian fusion framework
with particle filter implementation is described. Results of the field tests are included.
Chapter 4 makes the definition 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 field 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 fix 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 different 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 significant 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 different file
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, efficiency, 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 sufficient 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 traffic 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 find 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:

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

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

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

e Precise time and pulse per second

e 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 differential correction and
real time kinematic correction data. Satellite visibility and geometric configuration is
also a significant factor in GPS measurement accuracy, especially in areas with tree

foliage coverage or buildings that can occlude signals or create multipath reflections.

Generally speaking, in areas with an unobstructed view of the entire sky and an
acceptable orbital configuration 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 sufficient for providing navigation and routing instructions for a human

driver, but it is insufficient 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 Differential 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 differential 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 sufficient
accuracy level for some safety applications, and can sometimes resolve lane identity.
Locally computed differential corrections or commercial SBAS systems can achieve sub-

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

sufficient 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 kine-
matic correction systems can produce position accuracies of 1-2 cm. Measurements at
this precision are sufficient 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:

e L1 Frequency: 1575.42 MHz (19 c¢m) at 25.6 W

e L2 Frequency: 1227.60 MHz (24 cm)

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

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

e Navigation Message : 50 Hz data, 12 minute message time

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

manac, Precise ephemeris data (30 sec), Tonospheric 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. T'wo non-coincident points with known distances
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from the object define 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 offset 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 fix requires four satellites
at the minimum. Since the clock bias, the difference 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

Bz\/(Xi—x)2+(Yi—y)2+(Zl-—z)2+ct+vi (2.1)

where (X;,Y;,Z;) is the ECEF position of the satellite, (z,y,2) is the ECEF position of
the observer,c; is the clock bias (c is speed of light), v; is an unknown offset to due

errors and noise, ¢ = 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 (z, y, z) position coordinates and the clock bias ¢; 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 fi-

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

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

e Jonosphere Delays: 5.0 meters

e Troposphere Delays: 0.7 meters

e Receiver Noise and Numerical Computations: 0.7 meters

e Multipath and Diffraction: 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 different

accuracy measures are used in the industry:
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e CEP (Circular Error Probable): The radius of the circle that is expected to
contain z percent of the measurements (a typical percentage could be 50)
e 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 offering dual frequencies as standard, Galileo is
set to deliver real-time positioning accuracy down to the meter range. On 21 October
2011, the first 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 (IOV) 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 offers 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 differential
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 final 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 final 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-
fication 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 first generation). Reduction in
space industry funding led to degradation of the GLONASS constellation. In 2002 the
GLONASS constellation consisted of 7 satellites that were insufficient 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 definition
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 specific 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 five
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 offering services
to customers in the Asia-Pacific 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:

o 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 first fix (TTFF) and positioning. A standard
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GPS device needs around 30 seconds on average to fix 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 Querlay Service (EGNOS): EGNOS uses
ground stations to receive GPS data, calculate the corrections and broadcast the
fix 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 different 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.

Differential GPS (DGPS): DGPS is another kind of GNSS augmentation system
that use ground-based reference stations that enable the broadcast of differential
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 first fix (TTFF). A-GPS receiver can

fix the position in a warm start case under five 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:

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

provide precise time to the receiver.
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e 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 sufficient 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 fixes. Note that real time
information is from the GSM provider's A-GPS server. This is beneficial 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 offline method, the receiver uses Long Term Orbit (LTO) to
predict ephemeris whose quality degrades as time passes. The benefit of the offline
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 benefit of this scenario is the position

computation task is assigned to the server, so the receiver only receives the final fix, 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 influenced as well.

™
w

Cellular Network —= GPS Satellites

‘?_ ~—— Location Server

Figure 2.6. A-GPS Communication Schema.

2.3.2. EGNOS/EDAS

The EGNOS represents the Europe's first 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 offers three types of services [19]:

e 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, 20009.

o 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 flying aircraft or navigating ships through narrow channels. The EGNOS
Safety-of-life Service was certified for civil aviation in 2011.

e 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
Geostationary

%&!t&llila
EGNOS Signal In

Space

EGNOS messages

Service

Providers

User segment

Figure 2.7. EDAS High-Level Architecture.



Table 2.1. EGNOS Message Types, Contents,

Refresh and Validity Periods.

Message Data content Refresh Validity

Type Period(s) | Period(s)

Identifier

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

2 to b, 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 Ionospheric  grid  point | 300 1200
masks

26 Ionospheric delay correc- | 300 600
tions

12 SBAS Network Time/UTC | 300 86400
offset parameters

17 Almanac Data 300 none

26

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

different types of the data available from EDAS, which are [20]:
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e 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);

e 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 identifiers, 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 offline in the form of ASCII
files, for post-processing purposes. The EMS service is accessible free-of-charge, using

the FTP protocol.

2.4. Vehicular Ad Hoc Networks(VANETS)

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 defined 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.

.
5

S s
N -
. B
’ o
)
"
L L
I T
'
e

Lo
I'Edg I'.

- ) v
- T N
. ! ~
L4 D K e - ‘\.
- oo v
it . H
H ] P '
J R . :
s . L A \
7 g i . .
1 1 ' L | [P b
0 . . P O .
| | . N T Nt S H
a 5 S B ' .
. = 9 . [T [ IS o W
transmission range . N S P
J - - .
! M bl = —
] i
. R S .
\ '\\ 5 , L
. ‘ .
\ . ,

origin

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 VANETSs

Wireless inter-vehicle communication enables information dissemination between
vehicles, to improve safety, efficiency 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.

)
| Levaap [JRV_~
~ .
WiMAX/3G N N~
Base Stati p 7
ase ion \ - .' ~
-l',f""f

iy
. . . S
NN L.
\‘-.
RSU ’: e
I o v uh Inter-vehicle
' f..-—-/ <> communication
- ~ vehicle-to-roadside

o LL]

communication

inter-roadside
“4-"P ommunication

Figure 2.9. A Typical Inter-vehicle Communication Scenario.

From a communications perspective, VANETSs are organized by different 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

123].

US National Highway Traffic 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 benefits concerning safety. Seven of these eight applications
need position information dissemination with different 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, specifies 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 notification 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 defined 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 different database models for digital vector maps. In the following section, we
will define 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 efforts. 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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- Road-
Maneuvers FRC FOW Level Speed

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
traffic, 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

5t 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 defines 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 classifications
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 defined 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 traffic 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

traffic flows although it is not restricted by the traffic signs.
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Realily Datlabase

v ? shaded area

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 traffic 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.

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.

Reality Database

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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Reality 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
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Figure 2.18 [25] shows the information captured for detailed lane information. Note

that lane borders, center lines are digitized separately.

Lane Center Line for
non-driveable Lane

Lane Border
Lane Center Line

Figure 2.18. Lanes, Lane Borders, Lane Center Lines.

Along with the detailed lane information, detailed maps also carry detailed 3D
information. At the current stage 3D building information and building footprints are
available in most of the cities. Other than building information, 3D modeling of the
road is also available for limited coverage. This information is mostly generated from
lidar data and models the view that can be seen from vehicle front side windows. This
information can be fused with camera image to enhance the localization or can be very

useful for object recognition. Sample data can be seen at Figure 2.19 [25].
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Figure 2.19. 3D Lateral and Longitudinal View of the Roadway.

These features can be easily adapted to the map matching algorithm developed in
this thesis. Other than 3D building information rest of the data mentioned in this sec-
tion is only available for a very limited coverage. Production and update costs are much
higher than existing navigable maps. With highly detailed maps, data size becomes
much higher, and processing becomes more complex. Even though they can improve lo-
calization and object recognition by providing lane level information and front camera
view, they are not ready for close to market implementations and price/performance

is still questionable.



40

3. PARTICLE FILTER BASED VEHICLE
LOCALIZATION AND MAP MATCHING

For many years digital maps are used mainly for navigation in the automotive
sector. In recent years, digital maps are also made available to be integrated to achieve
certain functions for autonomous cars and ADAS. There are many attempts to fuse
digital map information with other sensors, in some application areas like sign recog-
nition and lane detection [1-4,26]. It is a common practice to fuse sensors with diverse
characteristics to enhance sensing of the outdoor environment. Most of the sensors
give information about the nearby environment surrounding the vehicle. Fusing digital
maps with other vehicular sensors can contribute to enhanced and longer range sensing

of the environment.

In the literature, Bayesian framework is the most frequent method for digital map
fusion. In the fusion process accuracy is taken into account as the reliability measure
of the digital map. Since a digital map is a static representation of a dynamic world,
there may always be differences from the field [27]. In most of the applications with
the digital map fusion, it is assumed that the vehicle is correctly matched to a road
segment on the digital map. For example, legal speed information is retrieved from the
digital map and fused with camera-based traffic sign recognition. But if the vehicle
matched to a wrong segment, the information obtained from the map would be totally
wrong and misleading. Thus the quality of the digital map is not the only source of
error that should be taken into account for digital map fusion. To overcome these
problems an enhanced map matching and localization algorithm, which can output a

reliability measure is needed.

As explained earlier there are many ADAS applications like collision detection,
traffic sign recognition and lane detection that can benefit from map fusion. To be
able to fuse the digital map, the vehicle should be matched to a map segment to

retrieve relevant information that can be incorporated into the ADAS application.



41

Our proposed algorithm can be used as the first stage before map fusion in an ADAS
application which utilizes digital map fusion. It can generate a correctness measure
for the map matching process which can be used as the reliability measure of the
digital map in the fusion process. This reliability measure will be utilized by the fusion

algorithm like any other conventional sensor.

3.1. Localization and Map Matching

In the ADAS and autonomous vehicles domain, digital maps are integral parts
of localization. Many of the recent attempts use digital maps as an additional sensor
for localization. Even though map matching is examined as a separate issue in some
domains for our target application, it is a better idea to handle map matching and

localization at one stage.

Basic map matching techniques are based on geometric analysis (making use
of the geometric information of the digital road network, techniques like point to
point, point to curve, curve to curve matching) and topological analysis (making use
of also the topological features of the roads like connectivity, continuity of the links,
road turn, road curvature, etc.). Some advanced map matching algorithms have also
been proposed employing more sophisticated techniques like Fuzzy logic, Kalman filter,

Dempster-Shafer theory and Bayesian inference [10,28,29].

There are many attempts in the literature for enhanced localization. In our
application, we are fusing digital maps, odometer, and GNSS receiver. The error
sources and characteristics of these sensors are different. Odometer reports distance
traveled directly from the wheels and can be retrieved without an extra cost in most
of the vehicles. In the literature, additional hardware like an inertial measurement
unit (IMU) [30,31] or a vision system [32] are also integrated to enhance positioning

accuracy and availability.

More recently particle filters are proposed for localization and map matching. For

example, particle filtering is proposed to fuse IMU and camera to get a better position-
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ing in GNSS blackouts [33]. Particle filters can generate more than one estimation with
their respective weight. This is very suitable to map matching problem domain, Since
there may be more than one street segment possible for a given GNSS measurement.
Since our target application is ADAS both localization and map matching is needed

and this can be accomplished with particle filter fusion.

In this chapter, we propose an algorithm which uses particle filter together with
attributes related to road segments, regions and network topology information in digital
maps [34]. Our algorithm is novel in many aspects. Our algorithm utilizes the digital
maps in an innovative way. We integrated topological features of the digital maps in
likelihood calculation in Particle Filtering algorithm. We have also tested our algorithm
in real-world conditions. Many of the algorithms proposed in the literature are not
tested in urban areas where GNSS signals reception blocked by high buildings. Some
of them depend on highly detailed lane level maps or expensive hardware. As we achieve
an acceptable map matching and localization performance, another contribution is the
use of inexpensive hardware like a simple GNSS receiver together with odometer which
is freely available in most of the vehicles. We proposed a complete system with widely
available technologies tested in different areas of the urban area. At the end of this
chapter, we have made a comparison of our algorithm with other algorithms in the

literature.

Two key information layers of the digital map are used to bias the particles
towards more probable areas. The first layer of the digital map is the land use. By
checking the land use information, particle location can be determined as, building,
green, road segment, parking area, or pavement. It is clear that most likely location
for a vehicle moving at a certain speed is a road segment. Type of road segment is also
considered. For example, high speeds are more probable in higher class road segments
like highways. That is why the probability of being in a particular location is calculated
in conjunction with the speed of the vehicle. The second important layer of the digital
map is the network topology. As explained in the previous chapter network topology is
used for finding possible routes on a digital map by use of attributes like road direction,

turn restrictions, nodes and edge connections. By use of network topology of the digital
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map reachability of each location for a given particle is calculated.

The proposed algorithm is tested with a real life implementation on a passen-
ger vehicle. Only GNSS receiver and odometer of the vehicle are used as sensors.
Hardware which can report odometer pulses and GNSS measurements synchronously
is used during the field tests. Four different types of particle filter based localization
and map matching algorithms are implemented to be able to compare the contribution
of different map features in the same environmental setup. To be able to prove the
improvement introduced by the map fusion a simple particle filtering localization algo-
rithm is also tested in the same routes along with the map fused algorithms. Since the
performance of the GNSS is highly dependent on the local conditions tests that are not
accomplished in the same routes and even in the same time of day may be misleading.

Our setup allows testing of all algorithms simultaneously.

The developed algorithm is useful both in urban and suburban roads and does
not require an extra sensor. Correct link identification is better than state-of-the-art
algorithms with compatible sensors. Algorithms link identification performance is even
close to the performance of algorithms which utilizes an IMU which is very expensive.
An example tutorial and comparison of some map matching and localization algorithms
can be found in [10]. At the end of this chapter, our algorithm is compared with the
documented algorithms in the tutorial. We also documented the test environment and

sensor setup of each algorithm to be able to present a valid comparison.

3.2. Sensor Fusion

A moving vehicle is considered for localization. The motion model linear in the

state dynamics and nonlinear in the measurements is given by,

Ty = Al’t_l + But_l + ft—l (31)

Zi—1 = h($t71)+€t71 (32)
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where the state-space consists of a two-dimensional vector z; = [z, y;]" at time index
t, A and B are assumed to be known linear motion system matrices, h(-) is a known
nonlinear dynamic measurement function, [35,36]. The odometer is the input, which is
angular wheel speed of the ego vehicle u; = w [rad/seconds|, and faults are denoted by
ft- Measurement vector is constituted by the GNSS receiver denoted by n;. Considering
the map as a sensor does not create a is real measurement. The probability of being
in a particular road class and connection to a new road segment are observed, and it
is denoted by m; (see Table 3.1 and algorithm in Figure 3.6). Overall, z; = [n; my]" is

the measurement vector, and e; denotes the error vector.

3.2.1. Bayesian Filter

Consider a system with state x; at a given time ¢. Initial system state can be
modeled by its probability distribution p(Xy), where X, is the state at time index
t = 0. Since the system is a Markov process of the first order probability distribution
at current time ¢, current state depends only on the previous state, which can be
denoted by p(X:|X; —1). The system can be monitored by sensor measurements 2z,
subject to noise. Probability distributions p(e;_1), p(f;—1) and p(Xy) are assumed to
be known but not supposed to be Gaussian [35]. Probability of receiving measurement
z; given the current state of system is given by p(Z; = 2z|X;). Computation of the
posterior density p(z;]Z;) is memoryless, and complete state history is not needed.

Under these assumptions, the posterior density is given as follows:

P(Zt|$t)p($t|zt—1)

p(xt‘Zt) B p(zt‘Zt71>

(3.3)

p(x¢|Z;—1) is the the prediction for the probability of the vehicle’s position x; subject
to the history of sensor measurements Z; ;. Prediction is calculated by integrating

motion model p(x;|z;_1) over posterior p(x;_1|Z;_1),

p($t|Zt—1) = /p(-rt‘xt—l)p<xt—1|Zt—1)dxt—1 (3-4)
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p(2¢|Z¢—1) is a normalizing constant denoted by k;. Inserting Eq.3.4 into Eq.3.3, the
update statement of the Bayes filter:

P(l’t’Zt) = kltp(zt‘l’t) /p($t‘xt1)p(xt1’Ztl)dxt1 (3-5)

Posterior probability is calculated by integrating the motion model and sensor data.

Minimum mean square estimate x; is calculated by using posterior probability,

[)Aft = /CCtp(CE't|Zt)dZI7t (36)

3.2.2. Particle Filter

Analytic calculation of the Bayes filter is not possible. A numerical approximation
to Bayes Filter can be implemented by use of Sequential Monte Carlo (SMC) methods
which are also known as the particle filter. The sampling importance resampling (SIR)
algorithm is one of the most widely used sequential Monte Carlo methods, which allow

the system state estimation to be computed on-line, such as tracking algorithms [35].

A SIR filter manages a fixed number of possible system state hypotheses z¢,
where superscript ¢ denotes the i** individual particle. These individual particles ap-
proximately generate the distribution of the system state, p(X;). The SIR algorithm

is computed at each discrete time step.

Posterior probability p(z;|Z;) is approximated by a weighted sample set of particle
filters. This method converts computationally intense integral calculation into the

straightforward summation procedures. Implementation stages described in Figure 3.1



Initialize the individual particles
for:=1to N do
T ™~ Pag
end for
fort=1to T do
for each measurement
Measurement update
Update particle’s weight by use of likelihood
for i =1to N do
wi = wi_yp(z|r})
end for
Normalize weights such that total of weights is equal to zero.
Calculate current state z;
Ty & Zf\;l wiz! is an approximation of Equation 3.6.
Resampling
if Neyr < N x Particlef then
Small portion (Particlef3) of particles are contributed to the estimation
Resampling is required
Delete particles with small weight
end if
Transition
According to the motion model, particles are updated.
Based on the updated speed information, denoted by v;_;
Calculate state transition in as an arbitrary movement on 2D plane
xy = 241 + Tsvi_1c0s()
Y = Y1 + Tsv_qsin(a)
T is the sampling interval
a denotes a uniformly distributed random angle in the interval of [0, 360°]

end for

Figure 3.1. Particle Filter Algorithm.
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The speed is always a positive value, and its minimum is limited to continue
minimally exciting updates in prediction and to continue predicting the probability of

the vehicle’s position.

Figure 3.2 illustrates the basic flowchart of the location estimation algorithm with

the particle filter.

Start, Set Number of
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particles at k=0
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Measurement
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update e

State transition Delete Particles with
model for each Small weight & NO!
particle Normalize

Update & Normalize Resampling
Particle Weights ?

Estimate Particle

Estimate Location Size

Figure 3.2. Flowchart of Particle Filter Algorithm for Location Estimation.
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3.2.3. Weight Update

For each particle, an initial weight is calculated based on the probability derived
by the GNSS location data. The probability is determined under the assumption that
the deviations of the GNSS are normally distributed, and the standard deviation is
changed within the confidence values. The weight of the i** particle for i = 1,..., N,

and the probabilities at the time instance ¢ is given as follows:
wiaP (nt, St mt|xi) =P (nt|x§) P (mt|x§) (3.7)

where n; and m; denotes the measurements of GNSS receiver’s position and map based
prior and posterior localization result, respectively. Weight update of the i'* particle

based on GNSS measurement is as follows:

2

. — T4 —[2])? /o
[w;]a;GNSS — ae 1/2([xd)gnss—|[ai]) /o2 (3.8)

i

_ . _[4i1)? /52
[wt]yGNSS = be A (lowss=[uil) /o] (3.9)

where a = 1/ (O'Iw/(27T)>, b =1/ (ay (27r)>, o; and o denotes the variance of

T

measurement error in both of the horizontal and lateral direction, respectively.

We use the Horizontal Dilution of Precision (HDOP) information provided with
the GNSS receiver’s position solution. To approximate roughly the GNSS signal quality,
we convert HDOP into the meter value such as 02 = o) = 10 x HDOP, [37]. When
pseudo-range residual measurements as raw source of information for assessing the
GNSS signal quality and the geometrical ranges between the satellites and the receiver
(or ephemeris data) is not provided, and only a position solution is available, this
practical approach does not violate the position solution improvement of the Particle
Filter since while assuming a larger variance due to a multiplicative factor of 10, weight

distribution of particles is made within a larger uncertainty interval.



49

The likelihood derived from the map information needs to be included in the
weight calculation. The likelihood function is introduced such that particles tend to
the locations whose mean is measured by the sensors or in a simple manner particles
tend to prefer the location closer to the measurement. For instance, the weights of the

particles in the error range of the GNSS position measurement are higher.

While augmenting the sensor measurements with the map based likelihood func-
tion, particles located on the likely and topologically possible road areas will be lever-
aged. The probabilities derived from the map are multiplied by particle weights. Two
different map-based probabilities are considered. The first probability depends on the
location of the particle and the speed of the vehicle. The second probability is based

on the previous location and the possibility of traveling to the measured location.

Figure 3.3. Zone Probabilities According to Vehicle Speed and Direction.

3.2.3.1. Weight Update with Zone Map. Use of zone maps achieves the basic inte-

gration of digital map features. Zones are small grids which store some important
attributes of the underlying digital map. The attributes in a zone define the hos-

pitability of a location for a given vehicle speed and direction. Hospitability term is
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used to define the probability of a moving object being in a particular area. Similar
idea for mobile target tracking domain by use of hospitability maps is suggested by
Kanchanavally et. Al [38]. In this work propagation of a mobile target is tried to be
estimated depending on the terrain. Hospitability maps capture the effects of such
terrains. A hospitability map concept also used in Bayesian framework and provides a
likelihood or weight for each point on the terrain's surface for the target to move and

maneuver at that location [39)].

For particle filter with zone map, first, the zone of a particle is found on the digital
map. If the particle speed is non-zero, the particle should be on a road segment. If
it is not on road segment, low probability is assigned to the individual particle. If
the particle is on a road segment, Table 3.1 is used according to the speed and FRC
(functional road class). See Figure 3.3 for a visual explanation. A similar idea is
implemented for walking objects without the speed information is used by Min Oh et

al. [40].

The weight of each particle is updated by matching its position with the road
segment, and its speed is used to determine whether being in the specific road class is
probable or not. For instance, if the particle’s speed is greater than a specified value,
the particle should be on a road segment not in other areas such as pavement, parking
lot. If it is not on road segment, low probability is assigned to the weight of this
particle. Reliability and accuracy of particle’s positioning are assured based on speed
and map-matched road class, for instance, high-speed driving can only occur with a
very low probability on a residential road. The probabilities are assigned as a function
of FRC and vehicle’s speed and given in Table 3.1. Definition of FRC codes has been
previously described in Table 2.2.



Table 3.1. Percentage of Zone Probabilities (%) Subject to Vehicle’s Speed.

Speed / FRC | 10 | 20 | 30 | 40 | 51 | 52 | 60 | 70 | 80
0 11 (11|11 (1111|1114 }14| 6
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150 3002072010110} 8 |1 |10
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Spatial queries are computationally intense operations. For the implementation
and testing of algorithms, a simpler way of accessing to underlying map layers is needed.
The zone map is a spatial index. It is implemented as a 2D grid. In each cell of the
grid, land use (road, building, green, etc.) is stored. If a road crosses the grid cell,
index to the road is also available. So that when a particle location is calculated a

simple pointer operation finds its respective grid cell.
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Grids can be multi level to make the access easier. In this work, we have used one
level grid and make the cell size as small as possible to not loose precision. Since the
tests are accomplished in Istanbul, Kadikoy sub-district, grid data were small enough
to be stored in-memory. If a larger area needed, multilevel indexing can be used to

optimize memory requirement for the grid data. A sample grid is shown in Figure 3.4

3.2.3.2. Weight Update with Map Topology. Road network is made of nodes and edges.

Edges are made of several vertices. Edges of the network can be bidirectional or unidi-
rectional, i.e., allowing traffic flow in two ways or in one way. When a particle is located
on a road segment, some locations on the new road segments can be possibly reachable
from this location based on the measured traveling distance provided by the odometer
at the next prediction instant. If the new road segment is reachable according to the
network topology from the previous network location, then the probability of being in

this location is assigned higher then other unreachable road segments.

A local search algorithm updates the weights: If the particle’s previous location
is matched with the road segment, reachable road segments are searched starting from
this point in the forward and backward direction. If the current road segment is uni-
directional, the unreachable destination in the backward direction is identified, and
weight of the particle located in this inaccessible road zone is assigned low. If the new
road segment is reachable from the previous network location, then the probability
of being in this new location is assigned a higher value with respect to the other un-
reachable road segments. Depending on the accuracy of the previous location, medium
weight is assigned for the next location estimation reachable for the given traveling dis-
tance of the particle calculated by the odometer input. If the new location is reachable

from the current road segment, a high probability is assigned (see Figure 3.5).
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Figure 3.5. Probability of Routes According to Map Topology.

The algorithm in Figure 3.6 presents updating of map weights based on the
prior and posterior localization result. This procedure is inspired by the creation of
hospitability map [39] to enforce the particle filter estimation towards more probable

areas.

Overall, a different weight is applied to each particle according to the particle
location on the map as follows:

[wil, = [wi],conss [wt}map [0t e (3.10)

i

Wi, = [wilyonss [0 map (93] e (3.11)
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for 1=1to N do
for each particle
Probability of being in a particular road class (Table 3.1)
if road_id != 0 then
particle is on the road
map_weight = map_weight X zone probability
else
map_weight = map_weight x SMALL_ ZONE_PROB
end if
Calculate reachability to the new road segments
Check if the destination is reachable for the given traveling distance
if reachable then
assign HIGH_PROB=0.999
else
LOW_PROB=0.001
end if
if old_road_id !'= 0 and road_id != 0 then
if there is any possible routing from old_road_id to road_id then
route_weight=HIGH_PROB
else
route_weight=LOW _PROB
end if
else
Either the previous particle’s location or its current location is not on a road
segment
route_weight= MID_PROB
end if

total_ map_weight= map_weight x route_weight

end for

Figure 3.6. Weight Calculation to Estimate Position of the Particles Subject to the
Context of the Digital Road Map Data.
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3.2.4. Mean Calculation and Map Matching

Following the weight calculation, the mean calculation is accomplished. First,
weights are normalized then location information is calculated by use of linear weights.
The road segment with the highest weight is the output of map matching. All the
information is stored in estimations array. Alternatively, after the location is calculated
the closest road segment can be selected. This stage can be combined with other
geometric map matching methods to improve the performance even further with a

performance tradeoff.

3.2.5. Resampling

When a small number of particles are effective in the estimation a resampling
is needed to preserve multi-hypothesis feature of the particle filter. Resampling im-
proves the estimation of future states by concentrating particles into domains of higher
posterior probability. However, it reduces the accuracy of the current estimate by in-
creasing the variance of the estimate after resampling. So, resampling must be applied
with caution. Resampling only occurs if estimated particle size (ESS) is lower than a
certain threshold.When then ESS smaller than this threshold means that only a small
portion of particles are active in the estimation. If this is the case, particles with
small weights are deleted. Surviving particles are copied according to their respective
weights. Resampling is run after mean calculation. Weights are normalized at the

mean calculation stage.
3.3. Tests
3.3.1. Test Routes
Three different routes were used during tests. Tests were carried out mostly in
urban areas. But the test routes differ in the types of roads included. Both small

roads, where sky view is limited, and highways, where urban canyons are less probable,

are included. Also, speed limits, network complexity, and road connections differ. Test
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Route 1 (see Figure 3.7) includes small streets and secondary roads with a limited line

of sight. The second route (see Figure 3.8) consists of highways and small streets. The

third route includes main roads without highways (see Figure 3.9).
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Figure 3.7. Test Route 1.
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Figure 3.8. Test Route 2.
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Figure 3.9. Test Route 3.

3.3.2. Comparison of the Implemented Algorithms

To be able to understand localization enhancement of the proposed algorithm four
different implementations accomplished. All the algorithms have been tested in three
test routes. The following list gives a brief description of implemented algorithms. As
stated before all the algorithms tested simultaneously assuring same satellite visibility

conditions.

e Standard particle filter localization and map matching: Particle filter with odome-
ter readings used in transition model.

e Particle filter based map matching with map based priors: Particle filter with use
of map location and vehicle speed in weight update stage.

e Particle filter with map topology and map location: Both zone maps and map
topology used in weight update stage

e Particle filter with map topology used in transition model: Instead of using a
random distance in transition, map routes in conjunction with odometer readings

used in transition model.
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As seen in the Figure 3.10, wrong edges can be selected by algorithm one especially in
the junctions. Green lines show the location calculated by the algorithm. Purple dots

indicate GNSS measurements. Green lines indicate the selected edge by the algorithm.

- - < -
. %
/TSRS %, 5
2 b % 1y 54 &
o 3 R\ O
& TR o
", o X | W
. ", 4 Uz,
05, o gy, s
® s ¥ Con s
3 e
P > se
2 L ] 7 B,
° o - st
&
- ° Sy ey
%o R &
b A o ) &
M®e;
i ‘u,. W
& % 5
. .
(3 H 8 °
\ 2 ®
o 5 °
Cs °
o L]
0o, 4
[ 1Y %, ®
$ e, ¢
%
> 2 ~
S
«

Figure 3.10. Map Matching Mistakes at Junctions - First Algorithm.

When GNSS measurements are not precise enough, our algorithm with map fusion
can take corrective action and produce a better localization according to the ground
truth. For example, GNSS measurements on less likely areas like building rooftops are

avoided. Figure 3.11 shows the corrective action by the second algorithm.
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One of the desired features of the particle filter is the capability to multiple
hypotheses. The behavior of the particles shown in Figure 3.12 illustrates how particle

filter can produce multiple hypotheses for edge selection. As it can be seen, there are

some number of particles on all possible edges.

When the digital map information is not used, particles are scattered depending
on the precision of the GNSS information.

When the error increases due to high
buildings, particles scatter to a larger area.

Figure 3.12 shows the distribution of
particles on a narrow road.
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Figure 3.12. Particle Behavior for the First Algorithm.

When the digital map information is utilized, particles are concentrated on the

possible edges. It can be seen in Figure 3.13, that the particles are focused on a single
edge when there is no other nearby possible edge.
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Figure 3.13. Third Algorithm Focuses Particles to a Possible Map Edge.

As seen in Figure 3.14, on junctions particles are distributed among the possible
edges. On junctions, more than one hypothesis is generated. As explained earlier
multi-hypothesis generation causes a corrective action on the edge selection process.
Even if a wrong edge is selected at a junction, it can be corrected quickly along the
route. Single hypothesis filters like Kalman Filter can insist on the wrong edge for
a longer time. Especially parallel roads can cause this kind of problem for a single

hypothesis algorithm [41].
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Figure 3.14. Third Algorithm Scatters Particles to Possible Edges.
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Even though the multi-hypothesis generation is a nice feature, it can also cause
wrong edge selections at the junctions. False edge selection cases are reduced when
map topology is utilized. Use of network topology avoids many cases that can happen
in complex intersections even if the GNSS precision is diluted. It can be seen from
Figure 3.15; routing features of the map database removes most of the edge detection

eIrors.
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Figure 3.15. Wrong Edge Selection on the Junctions are Avoided by the Third
Algorithm.

3.3.3. Test Results

Tests show that the third algorithm improves both location precision and map
matching performance. Column number three at the Table 3.2 indicates the number
of corrected locations by the algorithm. For example, when a GNSS location is on
a rooftop, the algorithm produces a position information closer to the ground truth.
Each route tested once. The test procedure is very time consuming because of the
ground truth determination problem. In the literature, most of the time a real-time
kinematic (RTK) GPS is used to determine the ground truth. RTK GPS requires the
base station to be placed in a location with a good reception. Such a setup may not

be possible in urban conditions. Also, practical usage of the RTK GPS receiver is
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limited when the test routes are long, and speed of the vehicle is high. To overcome
this problem we post processed the routes and manually created hundreds of waypoints
for each route from photogrammetric maps where the location accuracy is less than
30 cm in the 2D plane. Then we compared these previously known waypoints again
manually. Three test routes have 235,250, and 210 test waypoints respectively. For each
waypoint, a correct link is selected manually to test the link identification performance
of the algorithm. Correct link identification means the percentage of selecting correct
link according to the real vehicle location. Corrected locations indicate that location
accuracy is under five meter and closer to the ground truth than stand-alone GNSS

receiver measurement.

Table 3.2. Test Results.

Route | Algorithm | Corrected | Correct Corrected
Locations | Link Iden- | Locations
tification

1 1 129/235 94% 55%
1 2 205/235 95% 87%
1 3 210/235 96% 89%
1 4 160/235 94% 68%
2 1 142/250 92% 57%
2 2 212/250 96% 85%
2 3 222/250 97% 89%
2 4 160/250 93% 64%
3 1 110/210 94% 52%
3 2 184/210 95% 88%
3 3 190/210 97% 90%
3 4 122/210 94% 58%




Table 3.3. The Performance of Some Existing Map-matching Algorithms.

Authors Navigation | Test Route | Correct Horizontal
Sensors Link Iden- | Accuracy (m)
tification
(%)
Kim et al. [42] GPS Suburban | 7 10.6 (100%)
Kim and Kim | GPS/DR | Urban and | ? 15m (100%)
[43] suburban
White et al. [44] | GPS Suburban | 85.8 ?
Pyo et al. [45] GPS/DR | Urban and | 88.8 ?
suburban
Taylor et al. [46] | GPS + | Suburban | ? 11.6 (95%)
Height
Bouju et al. [47] | GPS Suburban | 91.7 ?
Yang et al. [48] | GPS Suburban | 96 ?
Quddus et al. | GPS/DR | Urban and | 83.6 18.1 (95%)
[49] Map scale | suburban
1:2500
Syed and Can- | GPS/DR | Urban and | 92.8 ?
non [50] suburban
Ochieng et al. | GPS/DR | Urban and | 98.1 9.1 (95%)
[51] Map scale | suburban
1:2500
Quddus et al. | GPS/DR | Urban and | 99.2 5.5 (95%)
[52] Map scale | suburban
1:2500
Peker et al. [34] | GPS Map | Urban 96.3 5 (or less) (90%)
scale

1:1000

63
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3.3.4. Comparison of Correct Link Identification Performance

There are many map matching algorithms presented in the literature, but not all
of them provide a metric for the success of the algorithm. The performance of a given
algorithm is also affected by the type of the test area and inclusion of extra sensors
like INS, IMU. Table 3.3 is taken from a survey paper [10]. In this survey along with
correct link identification rate and accuracy, details about the test environment and

type of sensors employed during tests are also documented.

Kim et al. [42] proposes a system which uses GPS, DR and map-matching. A
geometric matching is used to determine correct link. Than the vehicles location is
projected on the selected link. Extended Kalman Filter (EKF) is used to re-estimate
the vehicle position. GPS positions used as the input to the EKF. The biggest problem
with this method is if the initial map-matching is not correct filter will even increase
the location errors. DGPS with five meter accuracy is used to measure the ground

truth.

Kim and Kim [43] proposed a system which uses a GPS receiver, a gyroscope,
and a speed meter. They suggest a probability measure for the existence of a car in
a particular road by use of distance to the road section and similarity of the vehicle's
trajectory to the road segment. An adaptive fuzzy network is used to this refine this
measure. Even though the worst case horizontal accuracy is documented, correct link
selection performance is not mentioned. This work also uses geometric projection on

the road segment after selecting the correct link.

White et al. [44] implemented four different algorithms. The first algorithm just
selects the nearest edge. The second algorithm uses heading information. In the second
algorithm, edges with different headings are ignored. In the third algorithm, topological
matching is added on top of the second algorithm. The previous matching is assumed
to be correct to be able to check the topology. This algorithm is also further enhanced
by the use of matching car trajectory to the map curves. The ground truth in the tests

is generated by a manual operation like our work. Algorithm is tested in four different
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routes best performance was 85.8 percent but same algorithm achieved between 66
percent and 70 percent in other test routes. As is expected from the methodology

employed performance fluctuates depending on the route types that are used in tests.

Pyo et al. [45] proposed a map-matching algorithm using the Multiple Hypoth-
esis Technique (MHT). Pseudo-measurements are generated for all links within the
validation region as defined using the error ellipse derived from the navigation sensors
(GPS/DR). A topological analysis performed to assign probabilities to the hypothesis.
Method is similar to a particle filter with a small number of particles. This method
depends heavily on the previous location for the topological analysis. It can suffer
from the incorrect selection of the previous link. The average correct link selection

performance of the five different route tests is 88.8 percent.

Taylor et al. [46] implemented a system which tracks all possible edges for a given
vehicle. Then eliminates non-possible lines through a road reduction filter(RRF). The
system uses height data from the map to intervene position calculation of standard
GPS software. Ground truth for comparisons also handled by RTK GPS. The correct

link identification ratio is not documented.

Bouju et al. [47] implemented three different algorithms for map matching along
with a server based spatial data management system. The first algorithm is a simple
nearest distance algorithm. The second algorithm shifts the position collected from
GPS for a certain amount of distance. As we will describe on the next chapter de-
termination of this shift is a significant problem without a practical solution at the
moment. The third algorithm also adds the use of heading information. Algorithms
are similar to the ones proposed by White et al. and they produce slightly better
results. But this is due to usage of pre-known error bias. A pre-kwon error bias can

be calculated with the approach that we propose in the next chapter.

Yang et al. [48] proposed an algorithm based on Dempster-Shafer's method. The
GPS input to the algorithm filtered through a Kalman Filter. The algorithm uses a

simple point to curve matching. With 1075 test points in a closed test circuit, the
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algorithm reaches 96 percent correct link identification performance. The test area is
not an urban area which puts a shade on the documented performance. Even with
only GPS measurements 91 percent link identification documented in the paper which

is quite high and shows that test circuit has a good GPS reception.

Quddus et al. [49] uses topological aspects of the digital map database together
with speed and heading information. The system uses an empirical weight assignment
for possible edges. GPS receiver, odometer, and a gyroscope are used for measurements.
Tests are achieved both in urban and suburban areas. Even though system utilizes a

gyroscope as an additional sensor, correct link determination is at 88.6 percent.

Syed and Cannon [50] implemented a fuzzy logic map matching algorithm. The
proposed system utilizes GPS and gyro. The success of the algorithm highly depends
on the first link identification. Algorithm uses 30 seconds to make the first fix which
is not acceptable for ADAS applications.

Ochieng et al. [51] proposed an algorithm which constructs an elliptical error
region on junctions. When the vehicle travels through a single link, simple matching
methods are used. GPS, odometer, and a gyroscope are integrated into the system
to support DR. The system highly depends on the correctness of previous map match

results.

Quddus et al. [52] further improved above mentioned algorithm by adding the
speed of the vehicle, connectivity of the road network, quality of the position solution
(HDOP), the position of the fix relative to the candidate link. The system is not
tested in urban conditions due to problems in the ground truth. The system also uses

an additional gyroscope sensor.

Tests show that algorithm 3 improves both location correction and map matching
performance. As it may be seen from Table 3.2 correct link identification performance
of our best algorithm is between 96%-97% depending on the test route. Even though

the test environment changes in our test routes performance of our algorithm does not
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fluctuate. When compared with the Table 3.3 performance is higher than algorithms
which use only GPS. Algorithm by Yang et al. is close but it only covers suburban
roads where GPS reception and tall buildings is not a problem, and road network is not
complicated. The other two algorithms whose performance seems slightly better are
using additional sensors. As a result, our algorithm provides the improved performance

without the cost of these additional sensors.
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4. LOCAL INTEGRITY HEAT MAP

Expected reliability of a sensor determines its involvement to the estimation dur-
ing the fusion process. As a result error characteristics of a sensor should be modeled
for a successful fusion. In the implementation of fusion of digital maps described in
Chapter 3, GNSS is the main sensor, and its error characteristic is generated from
horizontal dilution of precision (HDOP). Low HDOP value translates to a better po-
sitional precision due to the wider angular separation between satellites. But HDOP
value does not translate to an expected error in meters. An empirical conversion from
HDOP to meters is used to make the implementation simpler, and a larger variance of
the error is assumed not to violate position solution improvement of the particle filter.
During the implementation, it was noted that understanding the error bound of the

GNSS receiver can improve the resulting position precision.

GNSS signals are affected by atmospheric conditions and urban regions. The
real determination of the error in meters depends on local conditions like blockage of
GNSS signals especially in urban areas with smaller streets and high buildings. Effect
of atmospheric conditions has been studied and modeled [53]. Problems caused by
atmospheric conditions can be handled by SBAS as explained in Chapter 2 section 2.3.
However, the most significant source of errors is due to multi-path and fading effects
caused by the urban buildings obscuring satellite visibility. The areas with low satellite
visibility are called urban canyons. GNSS signals scatter, get reflected or slow down
because of buildings and this leads to error buildup. There is no known solution to

this problem which can be practically implemented.

Classical integrity, like SBAS, targets to detect and correct errors due to satellites
or atmospheric conditions [54] but do not handle the local urban canyons problems
as it is mainly targeted for use in avionics. However, in vehicle localization, urban
canyons cause another major source of error, namely multi-path and fading in which
classical integrity has no particular counter-measure. Dealing with urban canyons

require local information about the environment. This creates a high demand for the
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local integrity techniques. Recent studies discuss local integrity [55]. Even though
technique proposed by Margaria et. al can solve the problem resources required for
a practical implementation is not seem feasible. The technique requires the collection
of pseudorange residuals from GNSS receivers through a mobile network for a sidereal
day. The amount of data to be collected for a small region is very high, and practical
implementation requires full coverage at least in urban areas. In this chapter, we
define a local integrity heat map that determines urban canyon areas and estimates
positioning error depending on the region and time of the measurement. Local integrity
heat map is implemented as a digital map attribute [56]. Digital map will also be fused
as an additional sensor to enhance localization and map matching. Tests accomplished
at different urban environments show that local integrity heat map has an important

potential for local error estimation and can be used as a local augmentation method.

4.1. Local Integrity

The concept of “Local integrity” of the received GNSS signal can be addressed
as the definition of an integrity concept capable of taking into account not only the
system but also the environment nearby the receiver. A typical GNSS receiver needs
external information (for example from EGNOS/EDAS) for improving the position-
ing accuracy and for providing integrity information. However the traditional SBAS
integrity concept shows several limitations in vehicular applications, especially in ur-
ban/suburban scenarios: basically, the classic integrity concept has been tailored to
aeronautical applications, with the GNSS antenna in open-sky conditions, then with a
limited impact of possible satellite visibility problems and multi-path errors. In open-
sky conditions, SBAS aims to detect and compensate possible errors due to satellite
faults (e.g. inaccuracies in ephemeris information or onboard clock malfunctioning) or
due to the propagation channel (e.g. changes in ionospheric delay). The evaluation of
local effects (like multipath and receiver noise) on the pseudo-range measurements (and
on the positioning) is required for the analytical models, which usually depend on the
satellite elevation only. Conversely, SBAS models typically do not deal with possible

time- and space-varying degradations, depending on the local environment and on the
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receiver features (e.g. multi-path mitigation capability): this is the main reason why
the classic SBAS integrity concept does not fit urban scenarios, where the degraded

positioning cannot be easily predicted by analytical models.

The concept of "local integrity” is mainly intended to try to overcome these
limitations. When the local conditions are taken into account, additional information

about the degradation of the received signals, due to local effects, can be exploited.

Notably, it would also be possible to combine observations taken at the same
place over multiple days due to the repeatability of the GNSS satellite/user geometry.
In fact, the geometrical conditions (relative position between a GNSS receiver and
each satellite) are known to be repeatable, and the periodicity depends on the GNSS

satellite orbits.

For example, GPS satellites have an orbital revolution period of 11 hours and
58 minutes. Every sidereal day (23 hours and 56 minutes) a GPS satellite passes over
the same place on the Earth. Thus it is seen by a receiver with the same azimuth and
elevation (leading to the same GDOP). For a particular position of an urban map, every
day the signal from a GPS satellite is expected to be received 4 minutes in advance
with respect to the previous day, with the same satellite/user geometry and then with
comparable degradations due to multi-path effect (e.g. see [57]). This concept can be
extended to GNSS signals other than GPS: for example, it has been verified that the

current repeat cycle of the Galileo satellite orbits is approximately ten days.

Conceptually with the use of digital map information and measurements during
all orbital revolution periods can produce error patterns for a specific location. Hy-
pothetically for every urban location on Earth, a survey for a full orbital revolution
period can give us all the required information about the local environment. But this
is not possible practically, considering the amount of field work required. That is why
we introduced local integrity heat maps to create the information for a given period
from the existing digital maps without field survey. By understanding local conditions

better and use of repeatable geometry we can create a database to estimate possible
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local errors introduced by the environment better.

Figure 4.1 shows an excellent example of the basic idea. In the figure, a selected
area in the map is processed for different times for line-of-sight(LOS) visibility of the
satellite constellation. Since the satellite locations are known, and the main obstacles
are buildings for ground location LOS visibility for a particular location can be cal-
culated. For example, at location A in the Figure 4.1 number of direct line of sight
satellites are six at four in the morning, whereas at seven number of LOS satellites are
four. LOS visibility will directly affect positional accuracy at location A. This illus-
tration shows that a prior knowledge about satellite visibility is possible which can be

used to define a local integrity measure.

07:00 UTC

<3 4 5 >6

Figure 4.1. Satellite Visibility Heat Maps.
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4.2. Related Work

In the literature, there are several countermeasures for solving problems caused
by the urban canyons. As explained in previous chapters different sensors are fused
to handle GNSS availability problems. The cooperative navigation that we have pro-
posed in this thesis can also handle some difficult cases like tunnel passages. With the
cooperative navigation, other cars with a better reception will continue share informa-
tion through mobile communication in the absence of GNSS signals. However, urban
canyon determination is not studied in detail. An urban canyon is an area which has
high buildings, tunnels, bridges and other obstacles that cause multi-path effect and
fading in GNSS signals. Information about the local environment is needed for urban
canyon determination. Urban canyon modeling was first investigated in climate and
meteorology literature. Sky View Factor (SVF) is defined to measure radiation emis-
sion and climate changes in urban canyons. This is analogous to GNSS signals. In [58]
authors described a model for urban canyons to measure radiation emission that is
based on the viewable portion of the sky. We tried to determine the portion of the sky
which is directly visible to the GNSS receiver's antenna. This indicates that line-of-
sight GNSS satellites are in fact correlated to the urban canyon factor. Currently, 3D
building information is widely available in commercial digital map databases in most
of the metropolitan cities. 3D building data is produced with aerial photogrammetry
and has a very high accuracy (under 30 cm). To determine urban canyon, Sky View
Factor (SVF) should be calculated. SVF measures the sky view possible from the
point of observation, and it is widely used in different forms and formulations in the
literature [59-61]. Even further, some methods require extra equipment like fish-eye

camera to detect urban canyon geometry [61].

4.3. Methodology

We focused our work on vehicle localization, but the method we defined can be
used for stationary positioning as well. To simplify the problem, we will focus on the
scenarios where the vehicle is moving and follow the road centerlines. Road centerlines

are created at the digital map production by drawing a line which passes through the
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middle of the road. We implemented the local integrity heat map as a map layer with
possible urban canyon regions. The position error and other necessary information for
urban-canyon detection are attributes in the heat map layer. We defined Open View

Factor (OVF) as the indicator of urban canyons.

The OVF should be calculated depending on the location of the observer. Since
we would like to have a pre-calculated OVF measure for a given location, we will reuse
the grid system we introduced in Chapter 3 for fast computation. As we described
earlier, the grid system is a representation of the digital map as an independent layer.
Heat map and distance errors are calculated according to the road centerline and stored

in the grid system.

In our method, local integrity heat map provides the location of possible urban
canyons at the grid level. It is based on a grid system that stores all the necessary
information to deduce possible positioning errors. Urban canyons are determined by
OVF computed for all the grids in the system. In Figure 4.2 urban canyon regions are

denoted with polygons on the map.
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Figure 4.2. Urban Regions with High Buildings.
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Following digital map attributes are used in the creation of local integrity heat

map:

e Building footprints and 3D information: Detailed information about buildings is
polygon layer in the digital map database. This layer is generally digitized from
aerial images. It covers building height and building footprint.

e Number of lanes. Available especially for highways and major roads.

e Road center lines

Figure 4.3 is the corresponding heat map for the Figure 4.2 computed by our
method, regions with a higher possibility of an urban canyon are closer to the color

red.

T

1
|

Figure 4.3. Sample Local Integrity Heatmap. Red colors show possible urban canyon

locations.

4.3.1. Grid System for Heat Map Calculation

The digital map is conceptually divided into 3 x 3m squares and denoted with red

squares as shown in Figure 4.4. We have selected grid size as 3 x 3m, since the obstacles
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around the observer are not tiny objects, they are buildings which have widths greater
than 3m. It would be a computational intense to compute smaller than 3 x 3m. Most
of the time the OVF values are the same for a couple of consecutive grids even with
the 3 x 3 grids. A smaller grid size may also be used, but it would increase processing
power and storage requirements without adding too much value. Grids can be larger

or multilevel depending on the implementation, memory and processing requirements.

Information about the road segment is stored in a grid cell. If a road intersects
a grid the corresponding id is stored in the grid attributes. A grid cell also contains
angles to its left and right buildings. Any other attributes for positioning error such as
the line of sight satellites and measured pseudo-range residuals and possible distance
errors (in meters) are stored in the grid cell. The distance error is defined to be the
distance from the measurement point to the closest point on the road centerline (i.e.

perpendicular distance).

Figure 4.4. Grid Display from Street Level with Lidar Data.
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4.3.2. Open View Factor

OVF is used to define possible urban canyon regions precisely. It is the main
indicator. As a matter of fact, as the urban canyon gets deeper, GNSS signal noise
increases. We derived Open View Factor (OVF), from SVF, to measure how deep and
narrow the urban canyon is from the point of measurement. Height to width ratio of
the surrounding buildings are used to measure the line of sight prevention from the

point of measurement. The line of sight prevention, v is calculated as in Equation 4.1.

h
~ = arctan (d—Z) (4.1)

where hy, is the height of the building b and d,, is the distance to the building b. - is
computed for the buildings both on the left (7;)and right side (v,.) of the midpoint of
the grid on the road centerline. Then we calculate the open angle for the both right

and left as in Equation 4.2 and 4.3

a=90—y (4.2)

Open View Factor (OVF) depicted in Figure 4.5 is defined as in the Equation 4.4.

OVF =a+8 (4.4)

Note that OVF values are based on straightforward calculations. For every grid
cell that is visited during a route (of n grids), OVF can be computed with running
time in the order of O(n). Since computation requirement is low when the vehicle
computer does not have a storage for the digital map OVF can be calculated online. In

this case, the digital map information may be retrieved dynamically through a mobile
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communication facility.

Left Building

Open View Factor (OVF)

OVF = a + B
Right Building
A

Grid

Figure 4.5. Open View Factor Calculation

4.4. Experiments

We carried out two real-world experiments. Firstly, a controlled field experiment
was conducted on different streets at Istanbul. In this field test, RTK GNSS device
that is capable of position fix under 10cm error and a laser scanner LIDAR is used to
validate the map database used in our implementation. The second experiment was

accomplished with the GNSS data collected from a vehicle tracking system.

4.4.1. Controlled Field Experiment

We ran several field tests to validate heat map and collected pseudo-range resid-

uals for Local Integrity. To accomplish the field test, we obtained an RTK GPS with

its stationary radio modem, LIDAR, and several GPS devices and attached them to
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our demo vehicle as shown in Figure 4.6. Field tests were done in Istanbul on specifi-
cally selected narrow streets with mid-rise buildings, which are indeed potential urban

canyons

Experimental vehicle, and On-board processing
street view in Kadikoy, Istanbul

Figure 4.6. Field Test Setup.

Determining ground truth and understanding different GPS receivers is a chal-
lenging process. Especially real-time kinematic GPS devices are very expensive and
hard to configure. When the environment has high buildings aligning the base station,
this is not a simple task and can lead to errors. RTK GPS devices are more suitable
for land survey operations of stationary objects. When moving objects like cars con-
sidered, a survey with an RTK GPS is not very practical and should be supported by

other sensors.

(a) (b) ()

Figure 4.7. Images of the Equipment Used in the Field Tests: (a) Ashtech RTK GPS
(b) Ublox GPS (c¢) SICK Lidar.
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Standard embedded GNSS receivers widely available on vehicle tracking boxes
do not provide extra information like pseudo-range residuals. This is why to get the
best test data we use more than one GNSS receiver and a LIDAR. Experiment setup
contains several positions from different GPS devices such as the one from Vehicle
Tracking black box, Ublox GPS [62] and Ashtech RTK GPS [63] shown in Figure 4.7.
Moreover, SICK LIDAR [64] makes laser scanning of the environment and measures
the actual heights of the buildings around and the distances to those buildings from
the point of the observer. Real data are used as validation data for the heat map
concept. Pseudo-range residuals collected in the field are used as the primary input to

local integrity.

Figure 4.8. Lidar Working Principle.

Ashtech real-time kinematic (RTK) GPS is used for precise positioning. The
building footprint data coming from 3D aerial photogrammetry can provide under 30
cm precision. Ublox GPS is used as a mass market GPS that can output pseudo-
residuals. SICK LIDAR is used to scan the environment to measure the height and
validate the Heat Map model. SICK LIDAR used in the experiment is a single layer
outdoor LIDAR which is used for vertical scanning although it is produced for horizon-
tal scanning. The range of the LIDAR used in this experiment is around 100 meters.
The range is enough for our test area with narrow streets. LIDAR working principle

is shown in Figure 4.8.
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Even though building footprints produced from high accurate aerial photos they
are a static representation of the real world. Buildings are digitized from rooftops.
In the real traffic, there are more obstacles like trees, high vehicles, balconies. These
objects are collected by LIDAR. There are also other objects which can cause noise
in LIDAR data collection. LIDAR point cloud shows how the digital map data can

deviate from the real world.

Figure 4.9. Buildings in 3D, Lidar Point Cloud and GPS Measurements

Grids on the narrow streets and positioning information from Ublox (red) and
Ashtech RTK GPS (blue) is shown in Figure 4.9. Note that there are shifts in Ublox

positions compared to grids. This is due to urban canyon and precision of the mass
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market receiver. Difference between RTK GPS and Ublox locations is an example on

how urban canyon affects the positioning.

Figure 4.10. LIDAR Scan

Figure 4.10 shows LIDAR scan results with grids drawn on the streets. Note that
fine details are present in the LIDAR scans due to high precision of the laser. The
challenge is to align the high precision laser scan image on the buildings on the digital
map because to align the building correctly positioning should be fine. The reference
position is Ublox receiver, therefore, there are shifts due to urban canyon effect of the
test field. As the position calculated by Ublox receiver shifts, the laser scan images

shifts accordingly.

4.4.2. Real-World Vehicle Tracking Data

This experiment is a real-life dataset collected from the registered vehicles for the
last one year on the streets mentioned above from Infomobil vehicle tracking system
[65]. The tracking database contains more than 70000 vehicles while most of them are
passenger cars and used for commercial purposes therefore the data density is high on

working hours. The advantage of such a tracking system is that any method devised
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from this data set can be applied to practical usage since data for all of the country

can be collected within days.
4.4.3. Experimental Results

Road centerline is validated with RTK GNSS footprints. Our first target for the
field test is to check if there is a real urban canyon at the spots determined by the heat
map. We checked around ten streets where the color is red from the heat map. The
position error was above 20 meters. Since we now the exact location of the buildings
from high precision digital maps it is easy to measure position shift within a controlled
environment. With the digital map information we can first check if the RTK has been
configured correctly by use of previously known locations from the map, then we can
use RTK for the ground truth. Without this setup, determining the ground truth in an
urban canyon environment is very problematic. Results of the controlled experiment

reveal that the digital map database is suitable to be used in OVF calculations.
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Figure 4.11. Field Test Results with Grid Information.
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In Figure 4.11 grids on the narrow streets and positioning information from Ublox
(red) and Ashtech RTK GPS (blue) is shown. The Figure shows the positions over
grids. Note that there are shifts in Ublox positions compared to the grids. This is due
to urban canyon and the precision of the mass market receiver. This figure explains

how urban canyon affects the positioning.
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Figure 4.12. Distance Error with Respect to Hours of Day.

Real-world vehicle tracking logs for the last 365 days is collected for the validated
roads from the first experiment. OVFs for these roads are calculated and stored in
grids. We know that visible satellites used in position fix change during the day. It is
because satellites revolve around the Earth twice a day, so the set of satellites observed
differs in a day. We examine the distance error with respect to hours of a day, and
the results are presented in Figure 4.12. Distance error decreases as time goes to noon
then increases again. A second-degree polynomial fitted according to the error distance
trend is shown as a dashed curve. It is due to the change in the satellite set used in

position fix. The same behavior is expected for all other days.

We examine the relation between OVFE and the distance error. The results are
presented in Figure 4.13. We observe that as the average OVF increases, the distance

error tends to decrease as it is expected. Average OVF value means the average of
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OVF values from the grids of the measurements during the hour. Since it is a street
and vehicles are passing through, they record position at different times at different
positions of the street. In the aggregated analysis, we average the OVF values as we
averaged the distance errors. Otherwise, OVF is a fixed value for the grid and depends
only on the building structure dataset.
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Figure 4.13. Distance Error vs. Average OVF.

We also observed that change in distance error during a 24 hour period due to
satellite set changes from side to side depends on the heading and the positions of
the satellites used in calculations. Therefore speed and direction of the vehicle in
the query are also important. In Figure 4.14, position shifts in different times of a
day is presented. Small green dots are the LOS satellites while small dark red points
denote non-line of sight satellites. Satellite set in position calculations is shown in
a polygon frame. The satellites are for the experiment with calculated positions are
shown in green. We observe that the position error shifts towards to the satellite set
in calculations. For the satellite set of red light red dots, the satellite set is mostly
on the other side of the road. Therefore we are further investigating the position shift

according to the satellite set as an on-going study.
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Figure 4.14. Position Shifts due to Satellite Set in Computations.
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5. VANET-ASSISTED COOPERATIVE VEHICLE
MUTUAL POSITIONING

5.1. Introduction

This chapter contributes to the enhancement of reliability and availability of
the position information by using sensors provided on a vehicle. We present set of
procedures to blend GNSS and V2V communication to improve the performance of the
stand-alone on-board GNSS receiver and to assure mutual positioning with a bounded
error. Particle filter algorithm is applied to enhance mutual positioning of vehicles,
and it fuses the information provided by the GNSS receiver, wireless measurements in
vehicular environments, odometer, and digital road map data including reachability
and zone probabilities. Measurement-based statistical model of relative distance as
a function of Time-of-Arrival is experimentally obtained. Positioning accuracy and
network performance is examined through realistic simulation studies with the different
number of vehicles included in mutual positioning procedure. The proposed mutual
positioning procedure is experimentally evaluated by a fleet of five IEEE 802.11p radio
modem equipped vehicles. Collaboration in a VANET improves the availability of
position measurement and its accuracy up to 40% in comparison to the stand-alone

GNSS receiver. We have disseminated our work in this chapter in [66,67].

Standard technology for a vehicle’s absolute position measurement is the GNSS/GPS
receiver. However, stand-alone receiver’s performance can be poor due to an obstructed
view of the entire sky or due to a poor orbital configuration of visible satellites. Var-
ious level 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 differential correction and real-time

kinematic correction data).
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5.2. Related Work

Recently, peer-to-peer (P2P) cooperative positioning and communication have
also been shown to improve the stand-alone GNSS receiver performance by sharing

information between collaborating users [68, 69].

Several limitations and technical challenges lie along the implementation of hy-
brid positioning techniques. For instance, low-level raw data are not provided on a
standard inexpensive or embedded GPS receiver, and mostly its recorded logs were
used [70] or clustering for mutual positioning may not be effective due to closely trav-
eling vehicular nodes and their redundant position information apart from management
complexity of clusters [71,72]. Furthermore, wireless ranging measurements have an
unrealistic standard deviation of 5 meters and fusion of range measurements is also
not adequately covered, [73,74]. In [75], GPS pseudorange corrections as the low-level
data are broadcasted by vehicular nodes in a close vicinity. Each GPS receiver fuses
received corrections to reach a better accuracy. As the number of collaborations in-
creases, the error is simulated to be exponentially decreased. However, this method is
applied to the artificially generated GPS data on a map whose segments are 20 cm in
length, and the position error is assumed to be 14.06 meter on an open sky, and the

V2V communication has a range of 100 meters restricting its usability.

Inexpensive sensors such as a GNSS receiver, odometer, a commercially avail-
able road map data used for navigation purposes and the off-shelf IEEE 802.11p mo-
dem are used toward modeling and implementation. Beyond the state-of-the-art, a
measurement-based statistical model of Time-Of-Arrival (TOA) is developed, and this
model is used in the simulation study, and then experimentally validated for a limited
number of vehicles on a real road test by using automotive grade embedded devices.
The particle filter algorithm and its weight update are based on all possible informa-
tion related to the absolute position, road infrastructure, vehicle motion and mutual
positioning in a Vehicular Ad Hoc Network (VANET) via fast data packet exchange
by using IEEE 802.11p physical layer. We implement particle filter by leveraging the
particle’s occupancy on the road segment and topology of the digital map. The digital



88

road map is used as a sensor to bias the particles towards a road segment. The Digital
map is used as a prior information about the vehicle location in conjunction with the
vehicle speed to enhance localization. Vehicle’s displacement is calculated by odometer

reading, and it is used in transition model along with the map topology.

5.3. Methodology

The cooperative approach that we utilized for vehicle positioning is shown in
Figure 5.1. VANET-assisted cooperative mutual positioning is considered to be a
sensor with different characteristics whereas GNSS position measurement is another
sensor. Particle Filter algorithm is tuned by adding additional functionalities such
as map matching and the routing probability of the Ego Vehicle at the intersections.
Multilateration range estimation is used to generate vehicle location with position
and time information provided by neighbor vehicles. The result of the multilateration
process is fused with GNSS and odometer with particle filter. The output of odometer
is considered to be the input to the motion model of each particle to estimate the Ego

vehicle’s position.

Position Estimation of the Ego Vehicle

r

od Particle Filter (multiple hypothesis) Road
ometer ey +—
& Digital Map
weight update subject to map matching
F' 3 *
> Multilateration- range estimation
_ posiion and time position and ime information
mformation.ofl:he Ego provided by the neighbor
Vehicle vehicles
position, ToA
~ . time -
GNSS Receiver » WAVE Transceiver

Figure 5.1. System Setup.
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This approach introduces several practical issues, such as the presence of suit-
able on-board equipment enriched with V2V technology and its underlying protocol
to exchange TOA packets with neighbors for exploiting mutual positioning techniques
with minimally exciting TOA packet collisions. In fact, cars are supposed to exchange
information about both position and distance. The GNSS receiver provides a UTC
time, as a certified time-reference (which would be particularly useful to timestamp
the information at TOA packet reply-request instance). Collaboration by exchange of
ranging data between vehicular nodes is done on the basis of reply-request. Small size
data packet is sent to each of the neighboring vehicular nodes with a timestamp on it.
The receiver vehicular node replies with an adding of another timestamp denoting the
internal delay of the node for processing at the physical layer. Each vehicular node
in the vicinity is communicated during 100 milliseconds see Figure 5.2 for the basic of

flow of the reply-request process.

Reque.st Insert the
Recention

—————————3 timestamp into
request packet
(Physical Layer)

W/

Create a reply
packet which
includes position
information and
the registered
timestamp

A4

Insert the
timestamp to the
Reply packet just

before packet
sending(channel
out)
(Physical Layer)

Figure 5.2. Measurement of TOA on the Basis of Reply-request Mode.
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Multilateration algorithm is used to estimate the ego vehicle location through
communicating with the neighbor vehicles in the radio transmission range and ex-
changing small size data packets, in which the GNSS position measurement of each
vehicle is transmitted with its timestamp. To measure ranging distance with respect
to the neighbor vehicles, TOA values of these exchanged packets are calculated. TOA
is calculated by counting the quartz oscillators cycles between the instances of send-
ing and receiving the data packet. Figure 5.3 shows the flowchart of the augmented
particle filter with TOA measurement integration. To determine the neighbor vehicles
location table is used. The ranging request is sent to neighboring vehicles with the
time stamp. If the reply is received within five milliseconds, time of flight is calculated
with the current time stamp. Distances are calculated and used in location calculation.
The result is sent to the particle filter for fusion. If not enough answers are received

localization is accomplished without multilateration.

START ToA
Next sampling period

End of period

1

Fusion of GPS
Check measurement
location P2—>] and its quality
table level with
Filter
Augmentation of
Send Broadcast Particle Filter with the
Request information coming
from VANET
Insert timestamp Tirher
to the packet Sat Calc.u]atc the
(Pyhsical Layer) Distance
Wait For Reply Reception Insert timestamp
(5 ms timeout) to the reply
(Pvhsical Laver)
Timeout

Figure 5.3. Flow Chart of Ranging Measurement.
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5.4. Wireless Measurement Modeling by Use of IEEE 802.11p

In this section, we first elaborate Time-Of-Arrival (TOA) measurement and de-
sign of protocol by using IEEE 802.11p physical layer properties. Then, the procedure
of multilateration is incorporated as a position estimate with TOA-based ranging error

statistics.

Throughout this chapter, the ego vehicle has an IEEE 802.11p wireless modem
and initiates the TOA protocol and ranging request. TOA measurement is designed
as a low-latency protocol that is supported by each vehicular node either for reply-
ing to the TOA measurement request or initiating a request to measure the time of
flight in collaboration with the set of randomly selected neighbor vehicular nodes in
VANET. The presence of the neighbor vehicular nodes must be detected by cooperative

awareness messages (CAM) a priori.

TOA measurement is characterized in a peer-to-peer manner, where the ego ve-
hicular node sends a TOA request and its neighbor replies after updating certain fields
in the TOA reply data packet. Since VANETSs are asynchronous networks and quartz
oscillator of OBUs may vary from each other due to drift, TOA is measured for the
round-trip time of data packet travel between the ego and neighbor vehicular node and

vice versa to avoid clock synchronization requirement.

To model time of flight, the reply packet is sent back to the sender. After TOA
data packet is sent to the output queue of the modem in order to be transmitted to the
wireless media, quartz oscillator cycle and clock time value are saved into the registers
at the instance of sending the TOA measurement data packet. Cycle and time are saved
one more time at the instance of receiving the same TOA packet that has been replied
back by the corresponding neighbor node. On the side of the corresponding neighbor
node, the same procedure of saving quartz oscillator cycle and clock time value are

repeated to measure the internal delay of the replying node before transmitting the

TOA data packet.
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Measurement-based statistical error model of relative distance as a function of
TOA is experimentally obtained. Since VANETSs are asynchronous networks and quartz
oscillator of On-Board Units (OBUs) may vary from each other due to drift [76], TOA
is measured for the round-trip time of data packet travel between the ego and neighbor

vehicular node and vice versa to avoid clock synchronization requirement.

The off-the-shelf IEEE 802.11p physical layer modem and carrier sense multi-
ple access/collision avoidance (CSMA/CA) media access control is used to access the
wireless media channel. 802.11p driver is compiled and a unicast communication of
this particular TOA data packet involving timestamps at receiving and sending in-
stant, source and destination media access control (MAC) addresses, packet ID, and
received signal strength indicator (RSSI) of the power level received by the antenna
of the source and destination vehicular node is achieved for requesting and replying.
Also, in the TOA reply packet, the neighbor node writes delay occurred between the
reception and sending timestamps of the TOA packet and changes the TOA protocol
header to the reply mode. Additional delay can be caused by internal processing time,
and it is written in the reserved field of the TOA packet, and it can be subtracted
from the overall round-trip time of TOA packet by the sending node after the receipt
of TOA reply packet.

Table 5.1. Round-trip time-of-flight Measurement-based Model.

Relative | Normal distribution Confidence
distance | parameters (ns) interval (ns)
mean | deviation mean deviation
0.1 946554 1041 (946417 946692] | [958 1062]
50 946619 1023 (946483 946754] | [984 1058]
70 946764 1028 (946627 946901] | [975 1052]
150 947145 1037 (947009 947280] | [965 1054]
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The stationary experiments were conducted in the university campus parking lot.
Two 802.11p modems were used. TOA measurement is initiated by the node at the
entrance of the parking lot, and the replying node is placed away while incrementing the
relative distance about 10 meters after each measurement of flight time. TOA requests
are made by the ego vehicular node at each 10 milliseconds for the time duration of 10
seconds. For each slot and its corresponding relative distance, the TOA measurements
were collected and analyzed. The measured TOA values for each distance are tested
by the function of Chi-square goodness-of-fit test in Matlab [77] and validated as a

normal distribution with a mean and variance.

Normal distribution and confidence interval parameters are given in Table 5.1.
The standard deviation is about 1000 nanoseconds (ns) for the round-trip of TOA

packet flight time, which gives a deviation about 150 meters in one way.

Density of distribution

20

9.44 9.46 9.48 95 9.42 9.44 9.46 9.48 95 9.52
Round trip Time-of-Arrival [nano seconds] x10° Round trip Time-of-Arrival [nano seconds] x10°

9.42

(a) 0.1 meters (b) 50 meters

NN W

nsity of distribution

Density of distribution

9.4 9.42 9.44 9.46 9.48 9.5 9.52 9.42 9.44 9.46 9.48 9.5 9.52
Round trip Time-of-Arrival [nano seconds] x10° Round trip Time-of-Arrival [nano seconds] x10°

(c) 70 meters (d) 150 meters

Figure 5.4. Round-trip Flight Time Versus Density for 4 Different Stationary
Modem’s Relative Distance (Ad=[0.1; 50; 70; 150] meters).
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The first measurement data are collected when the relative distance between two
OBU modem antennas are very nearly located on the top of the ego vehicle, i.e., about
0.1 meters and for some other selected position slots situated at 50, 70 and 150 meters
away from the stationary requesting node (i.e., ego vehicle) round-trip TOA versus
density is plotted in Figure 5.4. Measurements of round-trip flight time versus the
relative distance are plotted in Figure 5.5. The bias for round trip TOA measurements
is taken as the mean of normal distribution in Table 5.1. In Figure 5.5, measurements
are also compared with the ideal flight time computed by dividing the relative distance
to the speed of light in air, ¢ = 299705103m /s. The speed of light in the vacuum is
c = 299792458 m /s, in air particles, humidity affects the speed of light.
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To validate the bias value of measurements and to compute time delay caused
by 802.11p modems, physical layer properties are revisited. 802.11p is an amendment
to the 802.11a Wi-Fi standard. 802.11p contains a similar physical layer convergence
procedure (PLCP) to 802.11a/b/g. 802.11p does not require a request to send/ clear
to send (RTS/CTS) handshaking and support for packet fragmentation. 802.11p uses
orthogonal frequency-division multiplexing (OFDM) with 48 subcarriers and four pilot
carriers with a nominal bandwidth of 10 MHz and uses multiple modulation schemes

with OFDM to support bit rates from 3 Mbps to 27 Mbps [78].

The first task of the OFDM Physical Layer Convergence Protocol (PLCP) sub-
layer is to create a frame that can be easily demodulated at the receiver. This frame
is called the PLCP [13] protocol data unit (PPDU), a breakdown of which is shown in
Figure 5.6. The first task of the PLCP sublayer is to create a frame that can be easily

demodulated at the receiver.

I PLCP Header i

-t -
RATE |Reserved| LENGTH | Parity | Tail | SERVICE Tail -

4bits | 1bit |12bits | 1bit | 6bits| 16 bits PSDU 6 bits |09 Bits

— I
T~ [

. - Coded/OFDM Coded/OFDM |
~ ., (BPSK,r=172) | (RATE is indicated in SIGNAL) |
|- - >
|

PLCP Preamble SIGNAL DATA
12 Symbols  |One OFDM Symbol Variable Number of OFDM Symbols

Figure 5.6. PLCP Protocol Data Unit.

A PLCP preamble of fixed length (for 802.11p, this is 32 microseconds), which is
used for synchronization at the receiver. The PLCP header of 802.11p contains 4 bits
for the rate, 1 reserved bit, 12 bits for length, 1 bit for parity, 6 bits for the tail and 16
bits for service making overall 5 bytes of header. The overall packet size is the sum of

155 Byte TOA packet and 5 Byte PLCP header, whose total is 160 Byte data. During
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the experiment, the data rate of 3 Mbps is used, [79]. TOA reply-request time delay
is biased at 943333 nanoseconds following the time delay calculation which is given in
Table 5.2. This bias value represents the minimum value of the sum of time delays
at the physical layer and validated by the several measurements for different distance
values as plotted in Figure 5.4 (see, for instance, the minimum TOA i.e., time of flight
in the distributions). TOA is added to this bias value. This bias value is evaluated
by the experimentally measured round trip time initial delay value, (see for instance
minimum value of distributions plotted in Figure 5.5), and the experimental results are
supported by the calculation given in Table 5.2. Time-of-flight is added to this bias
value, which makes possible the calculation of the relative distance between the two

802.11p modems.

Table 5.2. Time Delay Calculation During the TOA Reply-request.

Item Delay Cause Delay (nano seconds)
I E[Total transmission delay of the TOA | 2 x %:853333
seconds

data packet]

I1 E[Preamble processing delay for the re- 2x 32000 =64000
questing node only]
III DCEF interframe space (DIFS) delay 16000
VI Short interframe space (SIFS) delay 10000
I+ ITI+1III+ VI | TOA reply-request (round-trip) time 943333
delay

5.5. Sensor Fusion

The same methodology used in Chapter 3 augmented with TOA measurements.
To fuse TOA based localization weight update of the particle filter is augmented.

Motion model is the same as Chapter 3 as follows,
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Xy = AXt—l + But_l + ft—l (51)

Zt—1 — h(xt_l)—ket_l (52)

This time the measurement vector is constituted by the physical sensors being a
GNSS receiver and a V2V radio modem used to measure TOA and to share position
information in VANET, denoted by n; and s;, respectively. Overall, z; = [n; s; my]” is

the measurement vector, and e; denotes the error vector.

5.5.1. Particle Filter with TOA

There is a minor change in the transition stage of the particle filter. The ego
vehicle’s velocity is multiplied by a factor of two to prevent the prediction bias, which
may be caused by high error values of TOA measurements. Updated state transition

given by equations 5.3 and 5.4.

ry = my1+ 2T5v qcos(a) (5.3)

v = Y1+ 2Tsvqsin(a) (5.4)

5.5.2. Weight Update with TOA

For each particle, the initial weight is calculated based on the probability derived
by the measurements of GNSS position and TOA-based mutual positioning result.
Probability is calculated under the assumption that the deviations of the GNSS and
TOA measurements are normally distributed and the standard deviation is changed

with respect to the confidence values. The weight of the i** particle for i = 1,..., N,
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and the probabilities at the time instance ¢ is given as follows:
wiaP (nt, S¢, mt|Xi) =P (nt|xff) P (st|xi) P (mt|xi) (5.5)

where n;, s; and m; denotes the measurements of GNSS receiver’s position, TOA-based

mutual position and map based prior and posterior localization result, respectively.

Weight update based on TOA measurement:
i 2

[wt]zTOA = CTOAefl/Q(MTOAf[th /7104 (5.6)
i 2

[wt}yTOA = CTOAeil/Z([yt]TOAf[yt]) /%04 (57)

where croa =1/ <0To A (27r)) and 0%, , denotes the variance. A normal distribution

in a variate is denoted by each particle coordinate with a mean ([z/]syss [Ytlonss)

related to GNSS position measurement and ([¢] o4 » [Wt)ro4) TOA measurement based

2

mutual positioning, and variance (%, 05), 0204, TEspectively.

5.6. Simulation and Experimental Study

The augmented particle filtering algorithm and its redefined weight update are
tested with simulations. Different characteristics of sensors, buildings with their di-
mensions on the 3D local urban map are included in simulations. Positioning accuracy
improvement and availability are studied considering a different number of aiding ve-
hicular nodes in both of the line-of-sight (LOS) and non-line-of-sight (NLOS) condition.
Realistic simulator of urban mobility (SUMO) [80] and V2V network simulator (ns-
3) [81] is coupled. Visualization is enhanced to illustrate the map attributes such as
possible signal occlusions due to buildings and necessary algorithms are developed with

C++ in the ns-3 simulator platform.

SUMO is used to generate the position of the vehicular nodes, and their speeds

are varied in a predefined interval of a given minimum and maximum speed value. 3D
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digital map of Kadikoy municipality of Istanbul is used for inner city area modeling.
The vehicular nodes are artificially generated at the main intersections with a fre-
quency of 1 vehicle per seconds. Network simulator (ns-3) is used to simulate vehicular
communication. In order to comply with the European Profile Standard ITS-5G [82],
the Wi-Fi implementation in ns-3 is adapted accordingly, IEEE 802.11p physical and
MAC layer is implemented. CAMs are broadcasted with a value of 19 dBm on the
10 Mhz channel at 5.9 GHz with a data rate of three Mbit/s. Signal quality is dete-
riorated with the use of Nakagami distribution model in radio propagation to model
the non-line-of-sight propagation in an urban area [83]. NLOS and Nakagami model
with the path loss exponent component of three is used, which allows a communication
range of 550 meters. The list of the simulation parameters is given in Table 5.3.

Table 5.3. List of Simulation Parameters.

Parameter Value
Vehicle Velocity Max 20 m/s
Vehicle Penetration Rate 1 veh/s
Path Loss Exponent 3
Propagation Loss Model | NLOS + Nakagami
Transmit Rate 3 Mbps
Transmit Power 19 dBm
Carrier Sensing Threshold -99 dBm
Transmit Range 550 m
Reference Distance 1 m
CAM Rate 10 Hz
CAM Size 88 Byte
Simulation Time 100 s
Number of Simulations 10
Simulated urban area size 1 km x 2 km

During the simulation and experimental study, the number of particles is 1000

and £SS = 0.25 is used. GNSS position error of each vehicle is subject to a nor-
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mal distribution with a variance of 10 meters, which indicates that reliable in-route
navigation suggestions can be made based on the GNSS signal quality. For the round-
trip of TOA measurement, the standard deviation is about 1000 nanoseconds (ns) and
causes positioning error about 300 meters (see, for instance, Table 5.1). Therefore, the

standard deviation of TOA measurement in one way is chosen 150 meters.

Global coordinates are converted to the local frame by use of local conversion
constant values specific to the test track in Istanbul near to 41N latitude and 29F
longitude. The presented Particle Filter position estimation is a Markov process of the
first order probability distribution at current time ¢, and it depends only on the pre-
vious state p(X¢|X;—1). Geodetic coordinate latitude and longitude are approximately
converted into the local frame by multiplying the difference in position between the two
consecutive time indices with a specific constant such as Ax = x; — x;_1 is multiplied
by 82.000 meters and Ay = 3, — y,—1 by 111.000 meters for applying sensors fusion.
Particular to test track, the conversion error to local frame in meters is bounded by
0.05% when compared to an accurate calculation that is done with the use of a spatial

software at a central server.

Multiple TOA measurements with respect to different vehicular nodes can en-
hance the accuracy and availability of position estimation. Mutual positioning is in-
corporated as a result of multilateration based on TOA measurements. Each node
adds in the TOA reply packet its GNSS position with a UTC timestamp. A screen-
shot of the simulation is given in Figure 5.7, mutual positioning is assured by applying
multilateration to the TOA-distance measurement and it is an estimation problem.
For simplicity, we assume we have one measurement to three neighbor nodes and the

ranging or TOA-distance measurement, r; for i = 1,2, 3:
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ry o= \/(x—x1)2+(y—y1)2+v1 (5.8)
o= )+ (- w) e (5.9)
re = e —w) 4 (y— )+ (5.10)

where the i" collaborative neighbor vehicle position (z;, ;) is in the TOA protocol
reply packet, v(i) denotes the unknown measurement noise and (x,y) is the unknown
coordinate to be estimated. Estimation problem is fit into Batch Least Squares [84]
(BLS) problem by linearizing Equations 5.8, 5.9, 5.10 about their approximated known

initial coordinates, i.e., (Z, )

o, — i
a—r - (z — 2() (5.12)
ry = HkX + Uk (513)

where x = [z y]” is the position of the ego vehicle and needs to be estimated in terms

of positioning with respect to k neighbor vehicles vy = [r; 7o r5...73]7

A screenshot of mutual positioning update around the ego vehicular node is plot-
ted in Figure 5.7. Neighbor vehicular nodes collaborate by replying the TOA request
of the ego vehicular node, and they are presented by gray balls denoting their GNSS
position measurements subject to a measurement variance of 10 meters. The yellow
ball denotes the ego node’s GNSS measurement subject to a variance of 10 meters as
well. TOA measurement based multilateration or mutual positioning result is displayed

with a blue ball whose position is subject to the estimation error. Particles are spread
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around the ego vehicle, their colors are varied dependent on their weights, for instance,
if the particle’s weight is high, i.e., particle is on the road, its color is red, and if the
particle is outside of the road, it has a reduced weight and it is colored in blue. The

average of particle’s weights determines the particle filter result.

) Cu]]ah;rative vehicle
Multilateration result
GNSS measurement

Figure 5.7. Hlustration of Mutual Positioning and Map Matching.

Reliability of positioning is expected to be dependent on the number of collaborat-
ing vehicular nodes and their distribution on the road. Closely positioned collaborating
vehicular nodes will cause redundant TOA measurements. In VANET, each vehicular
node broadcasts its presence via CAM messages on a periodical basis. CAM frequency
is 10 Hz and each CAM message includes GNSS position, speed, UTC time and road
ID of the vehicular node, [82]. In our method, received CAM messages are stored in
the table of the ego vehicular node with a lifetime of one second. To assure proba-
bilistic selection, a randomly generated number is used to select a neighbor vehicular
node. This randomly selected line and its corresponding neighbor vehicular node is a
candidate to exchange TOA packets. If the line does not exist or previously selected,

a new number is randomly generated.
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At each sampling period, i.e., at each second, the ego vehicular node selects
randomly the given number of the vehicular node (i.e., 3,5,7 or 9 vehicular nodes in
our study) whose CAM messages have been received and written to the table. Then,
TOA request is sent to the first vehicular node in an unicast scheme with a timeout
of 6 ms. If 6 ms is expired, TOA request is renewed with a new packet ID and the
previous request is omitted. To have a rich set of measurements and compute the mean
value, 10 TOA requests are sent to the same vehicular node in a row with a timeout
of 6 ms. At the end of sending 10 TOA requests, the request packet is not generated
for the duration of 20 ms in order to clear the channel. Then, the same procedure
of unicasting 10 TOA request packets to the second randomly selected vehicular node
with a timeout of 6 ms is repeated, and this loop continues until reaching the given

number of vehicular nodes.

60 T T T T T

* GNSS
ToA
* Filter

lateral error [m]

_80 | | | | | | |
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horizontal error [m]

Figure 5.8. Scatter plot of GNSS positioning error, TOA based positioning error, and

the results of fusion by particle filer.

The simulation scenarios are tested to validate the effectiveness of the particle
filter algorithm. In Figure 5.8, the error responses of GNSS position measurement

and TOA-based mutual position are plotted versus particle filter positioning error in



104

both of the longitudinal and lateral direction for the whole simulation scenario of 100

seconds.

The time responses of measurement errors versus Particle Filter position error

are plotted in Figure 5.9.

Positioning error is calculated as follows:

de = \/(fl?true - 3?)2 + (ytme — Z))Q (514)

where d, is the positioning error and xy.ye, Ysirue denotes the correct position measure-

ment in the longitudinal and lateral axis, #,7 denotes its estimation.
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Figure 5.9. The error responses of GNSS and TOA measurements in comparison to

the Particle filter error result.

The following metrics are used for comparison purposes: Circular Error Proba-

bility (CEP) refers to the radius of a circle in which 50% of the values occur, Distance
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Root Mean Squared (DRMS) is related to 2D accuracy, and R95 is defined as the radius
of circle centered at the true position, containing the position estimate with probability

of 95%, [85].

Table 5.4. Comparison of positioning error for different number of nodes.

3 nodes CEP | DRMS | R95 | 2DRMS
GNSS 3.89 4.67 9.35 8.09
TOA Mutual | 34.35 | 41.80 | 83.59 | 71.45
Particle Filter | 3.83 4.64 9.28 7.97
5 nodes GNSS 3.85 4.62 9.23 8.00
TOA Mutual | 23.12 | 27.76 | 55.52 | 48.08
Particle Filter | 3.30 | 4.01 8.02 6.88
7 nodes GNSS 3.70 4.44 8.88 7.69
TOA Mutual | 19.03 | 23.47 | 46.94 | 39.59
Particle Filter | 2.76 | 3.34 6.67 5.74
9 nodes GNSS 3.76 4.51 9.02 7.81
TOA Mutual | 15.86 | 19.30 | 38.61 | 32.89
Particle Filter | 2.28 | 2.75 5.51 4.65

When the number of vehicular nodes contributing to TOA-based mutual posi-
tioning is increased, both CEP and DRMS decrease. Table 5.4 gives results of GNSS
positioning, and mutual positioning error calculated subject to a different number of
collaborating vehicular nodes. In each distinct scenario, the output of the particle filter
algorithm using both of GNSS receiver’s position measurement model and the result
of TOA-based mutual positioning result is compared. By following the results in Table
5.4, lane-level accuracy less than 3.50 meters can be achieved when the number of
collaborating vehicular nodes is more than 5. For instance, when 5, 7 and 9 vehicular
nodes are chosen for mutual positioning, the particle filter generates positioning errors
of 3.30, 2.76 and 2.28 meters, respectively. The second scenario is repeated without
using GNSS position measurement. GNSS outage is enforced for the whole duration

of simulation scenario, and particle filter relies on TOA measurement based mutual
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positioning and odometer readings. During GNSS outage, the particle filter generates

bounded positioning error less than 10 meters for the case of five collaborating vehicular

nodes, the error is reduced when the number of nodes is increased.

Table 5.5. Comparison of positioning error during GNSS outage.

3 nodes CEP | DRMS | R95 | 2DRMS
TOA Mutual | 34.50 | 42.06 | 84.12 71.76
Particle Filter | 13.04 | 15.65 | 31.30 | 27.12
5 nodes | TOA Mutual | 22.50 | 27.16 | 54.32 | 46.81
Particle Filter | 9.68 | 11.72 | 23.44 | 20.13
7 nodes | TOA Mutual | 19.12 | 23.60 | 47.21 | 39.78
Particle Filter | 9.21 | 11.28 | 22.56 19.16
9 nodes | TOA Mutual | 16.72 | 20.14 | 40.28 | 34.78
Particle Filter | 7.41 9.13 | 18.26 | 15.42

VANET performance plays an important role in transmitting the reply-request

TOA packets. Lossless and fast data exchange are necessary to obtain a comprehensive

set of the TOA measurements. Unicast communication scheme is preferred to avoid

severe packet collision. The other option is the broadcast scheme, in which the vehicular

node sends TOA requests to the vehicular nodes located in its radio transmission range,

and these neighbor nodes reply to these TOA requests upon their receipts, that can

cause instantaneous reply packet collision. The ns-3 simulator generates all possible

causes of transmission failure: TOA packet can be dropped due to a possible collision,

low signal energy level or due to high noise ratio. Other TOA reply delivery failure is

caused by timeout expiration and being discarded. TOA reply-request delivery success

is evaluated versus the overall number of the generated packets and it is higher than

80% in Table 5.6.



Table 5.6. Performance of TOA Packet Delivery in VANET.

Collision | RSSI | SNR | Timeout | Total | Success
3 nodes 3.87 2.36 | 5.54 5.77 17.54 | 82.46
5 nodes 3.88 243 | 5.63 6.31 18.25 | 81.75
7 nodes 3.99 293 | 5.74 6.34 19.00 81
9 nodes 4 2.53 | 5.35 6.55 18.42 | 81.58
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All collaborating vehicular nodes must share one common communication medium
(e.g. control channel G5A-CC of 10 MHz bandwidth) with each other, and the number
of vehicular nodes replying to the TOA protocol request in a unicast scheme needs to be
increased for a better positioning accuracy. This is the fundamental issue in vehicular
communications and similar to the so-called scalability problem [86,87]. The Channel
Busy Time (CBT) is a typical metric for measuring the current congestion on the chan-
nel, [88]. It measures the amount of time, for which the channel was sensed to be busy,
and calculates the ratio with respect to a certain time interval. The channel conges-
tion is measured by the CBT metric, which provides the ratio, for which the channel
is detected as busy with respect to a certain amount of time. For evaluation, 10 CBT
measuring stations are placed at the center of intersections in the simulated city area.
The CBT ratio measurements are conducted by disseminating CAM messages with 10
Hz frequency and varying the different number of vehicular nodes collaborating with
TOA measurement requests. When TOA protocol is not initiated, i.e., any vehicular
node makes TOA measurements, CBT ratio is around 31.48%. This ratio without TOA
traffic can be justified by calculating the CAM data traffic rate. For example, CAM
data size is 88 Byte, 10 Hz dissemination frequency, the average number of vehicular
nodes listened by CBT measuring stations is around 130 and data rate of 3 Mbps:
E(CBTratio) = (88 x 8 x 10 x 130) /3 x 105 = 0.3. When the collaborative vehicular
nodes are 9, CBT ratio is 39.28%, which states that TOA measurement traffic occupies

less than 8% of the channel, results are given in Table 5.7.
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Table 5.7. CBT ratio versus the TOA protocol collaborating nodes.

nodes 0 node | 3 nodes | 5 nodes | 7 nodes | 9 nodes

CBT ratio | 31.48% | 33.97% | 36.90% | 37.94% | 39.28%

In our tests, the number of vehicular nodes does not exceed 9. The main reason
lies in the TOA protocol implementation: when the number of collaborating vehicular
nodes is chosen higher than 9, the overall TOA measurement process takes more than
half seconds to complete reply-request iterations including 20 ms vacation. Although
TOA measurement load does not degrade network performance, the positioning error

can be increased due to outdated position information of the vehicular nodes that are

chosen for mutual positioning.

Figure 5.10. Road Test with Five Collaborating Vehicles.

5.7. Road Test

TOA protocol is implemented, and the IEEE 802.11p driver is compiled in the
automotive grade mini-PCs. A road experiment was conducted with 5 vehicular nodes.
A screenshot is plotted in Figure 5.10. Since only four neighbor vehicles are available
for replying to TOA requests, among these four vehicular nodes, 3 of them are selected

randomly at each sampling period, i.e., at each second. The highway road had open sky
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and open view of satellites. uBlox EVK-6 [62] is used as the mass production GNSS
receiver and it has an excellent filtering capability for the automotive applications.
It eliminates bias value from the GNSS absolute position measurement, and average
bias value of GNSS measurement for this experiment was 5.67 meters. The GNSS
measurement error versus particle filter result is compared in Table 5.8. GNSS (a)
gives the error subject to bias value, and GNSS (b) is the error metrics without a bias
value of 5.67 meters. Since GNSS measurement error with respect to the center of the
road map is accurate, particle filter does not improve the stand-alone GNSS receiver
performance. But by following the simulation results, a high penetration rate of V2V
modem equipped vehicular nodes may help to improve accuracy along the increased
number of collaborative vehicular nodes. stand-alone mutual positioning accuracy is
also tested on the same road track. The ego vehicular node is positioning itself with
respect to its neighbor vehicular nodes during GNSS outage. Mutual positioning in
collaboration with three vehicular nodes assures bounded positioning error, which is
consistent with the simulation study results (compare, for instance, road test results
in Table 5.9, and simulation results for three nodes in Table 5.5). The packet delivery
success ratio during the experiment was reached at 80%, which was calculated by
taking the ratio of logged and successfully received TOA packet IDs and periodical
CAM messages.

Table 5.8. Road experiment results: GNSS (a) is with a bias value of 5.67 meters,

GNSS (b) is when bias is removed.
3 nodes CEP | DRMS | R95 | 2DRMS

GNSS (a) | 7.38 | 832 | 1098 | 9.23
GNSS (b) | 1.71 | 2.65 | 531 | 3.56
TOA Mutual | 34.00 | 52.72 | 105.45 | 70.73
Particle Filter | 5.18 | 6.32 | 12.64 | 10.78
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Table 5.9. Road experiment results during GNSS Outage.

3 nodes CEP | DRMS | R95 | 2DRMS
TOA Mutual | 35.73 | 55.39 | 110.79 | 74.32
Particle Filter | 11.67 | 18.10 36.20 24.28

The experimental setup includes: an L1 GNSS antenna and a 6 GHz ITS antenna
mounted on the top of the vehicles. In detail, the current setup includes (see Figure

5.11):

e Five units of mass-market GNSS receivers (uBlox EVK-6T), capable of outputting
the absolute position in the standard NMEA protocol, and an .1 GNSS antenna,

e Five units of Alix D2 embedded miniPCs (500 MHz AMD Geode LX800 CPU,
256 MB DDR DRAM, Compact Flash socket for storage, 3 Ethernet channels,
DB9 serial port, dual USB port, 142.4x152.4 mm board size), suitable to be
connected via miniPCI slot to a micro-router modem with AR8514 chipset and
802.11p driver, and 6 GHz ITS antennas,

e Five units of mobile antennas designed for dedicated short range communication

(DSRC) 5.9 GHz, with 5 dBi gain, a 66 mm base with a magnetic mount.
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The performance of the GNSS receiver is enhanced by closing the loop between
the onboard integrated GNSS receiver and the V2V radio modem. V2V based relative
position measurements along the digital road map improve the performance of the
stand-alone GNSS receiver, which may be subject to a bad orbital configuration of

visible satellites and causes poor or unavailable absolute position information.
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Figure 5.12. Test Route.

Error modeling and a road scenario with five cars have experimented. Figure 5.12
shows the testing route for our implementation. When the number of collaborative ve-
hicular nodes is increased, the accuracy of the position estimation is improved without
causing congestion to the channel and making the bandwidth available for other ve-
hicular network safety messages. Simulation results and road test results illustrate the

feasibility of the presented procedure.
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6. CONCLUSION

In this thesis, we targeted a better and high integrity localization needed by ADAS
and autonomous driving. We investigated available localization technologies, ADAS
applications, and state-of-the-art in digital maps. We have seen that localization is a
major component for autonomous vehicles and ADAS applications. We furthermore
concluded that V2V communication provides more reliable information compared to
sensory data local to the vehicle and this is important for safety critical applications.
Another fact is that there is a penetration problem for VANETSs at the current stage,
but it is becoming a mandate soon with regulative actions. As a result, most of the
modern vehicles will be equipped with a GNSS receiver, digital map and a communi-
cation modem in the near future. We take note that these relatively new technologies
are yet to be exploited and take place in the literature. We also made a detailed survey

of applications of these sensors in other areas and various fusion strategies.

As a result of the literature survey, state-of-art is determined, and a generic
framework for better localization is decided to be very innovative, and real life imple-
mentation of such a system is possible. For creating a basic framework incorporating
sensor fusion for better positioning we used a Bayesian fusion framework. With this
framework, we fused conventional sensors like GNSS and odometer together with novel
usage of digital maps and inter-vehicle communications. Digital maps classically are
more for infotainment and VANETSs are mostly for safety applications. Cross-domain
usage of these sensors, introduced in this work brings additional advantage without
an extra cost to the existing infrastructure of an intelligent vehicle. They also bring
more long range sensing to the vehicle. When compared with traditional sensors like
camera, lidar, radar they are not affected by the ambient conditions such as low light,
fog, direct sunlight. Also, communication and maps are the only sensors which can

bring information about nonvisible objects behind the buildings.

While establishing the Bayesian framework we had difficulty in modeling the error

characteristic of the GNSS receiver. This is a known problem in the literature but with-
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out an applicable solution. Most of the solutions provided are far from practical usage.
We tried to solve this issue by using the 3D information available in digital maps. We
also introduced novel local integrity methodology and urban canyon detection measure

by local integrity heat maps.

The implementation of the Bayesian fusion framework targeted vehicle localiza-
tion firstly covered map subsystem, particle filter, and integration for visualization of
the results. The mapping subsystem included map compilation, routing, and location-
based queries. Real life tests were accomplished in representative areas of the city to
understand the behavior of the algorithm where GNSS quality is varying. There are
many map matching methods, but most of the time the performance of the algorithms
for correct link selection and position accuracy is not reported. We have compared our
algorithm with a previous survey [10]. To make an equal comparison we have analyzed
the underlying hardware structure, type of area where the algorithm tested, details
of the map if used. Our algorithm performs much better with the same hardware
platform without using highly detailed maps. Position accuracy of our algorithm and
correct link selection performance does not degrade more than 3% in urban areas where
satellite visibility is limited. We have reached correct link identification performance

of 97%.

HDOP parameter is used to understand the accuracy of the position information
provided by the GNSS receiver. There is no direct mapping of the HDOP to the GNSS
error in meters. In the particle filter implementation, empirical values used for HDOP
to meter conversion which may degrade the performance of the fusion process, since
the involvement of a specific sensor is defined by its error characteristics. To be able
to understand error characteristic of the GNSS receiver conditions which affect the
GNSS performance is explored. As explained earlier, this leads to the local integrity.
Local integrity is discussed both for the local conditions which degrade signal quality
and also in the security domain for spoofing. We have focused on a more common
problem of urban canyons in this context. We have proposed local integrity heat map

as a suitable solution with practical implementation possibility.
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The heat map can be computed and stored as an attribute of the digital map
because it does not require extra hardware and has a running time of O(n). When
compared to other integrity models, being as a cost effective and ready to deploy
mechanism, local integrity heat map becomes a feasible solution. According to the test
results of the local integrity heat map relation between average distance errors, average
OVF and hour of the day are revealed. As a result, local integrity heat maps can help
on detection of urban canyons and can produce an augmentation depending on local

conditions.

In the third phase of our research, we have focused on the integration of localiza-
tion with the help of VANETSs. Our Bayesian framework proved to be an easy way of
integrating more than one sensor with different characteristics. However, the real chal-
lenge was how to implement relative distance as a function of TOA in such a network
without affecting network performance too much and with a bounded error so that the
resulting information improves overall positioning quality and reliability. Even though
VANET extends vehicles sensor range, distances between vehicular nodes are not high,
and a small difference in timing can cause a significant error on the calculated distance.
Since we are trying to understand inter-vehicle distance from the signal propagation,
the time consumed by data processing in the V2V modem should be known. We have
successfully modeled and eliminated most of the error caused by modems. In real
life tests, we have reached 35.73 meter error for CEP with just TOA measurements
(without GNSS). It is further reduced to 11.67 with the particle filter implementation.
In general, we observed 40% accuracy improvement compared to standalone GNSS
receiver. This also proves the power of our Bayesian fusion framework with digital

maps.

Possible hardware architectures for implementation ADAS algorithms are dis-
cussed in the literature. Even though we have done our implementation targeting
embedded platforms, particle filter fusion is still computationally intense. Increasing
the number of particles improves the solution quality but linearly degrades the per-
formance. Considering this kind of problems hardware platforms made available for

computationally intense algorithms [89]. To overcome possible performance issues in
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the real world implementation some of the algorithms are implemented in such highly

parallel platforms. [90,91]

The framework is expandable for the inclusion of other sensors and vehicle sub-
systems in the future. For example, an inertial sensor would improve the performance.
Speed information from the controller area network (CAN bus) of the vehicle can also
be integrated into the system. A generic enhanced GNSS platform with the developed

framework is possible.

Even though highly detailed maps are not a reality yet, it is possible to work
on their integration to the current proposed system. Lane level map matching is a
must for the autonomous cars. Highly detailed maps can be integrated into the system
for lane-level matching. Currently, most of the work on lane detection is based on a
camera. On camera based systems without a clear lane marking, it is not possible to
make lane detection. With the fusion of highly detailed maps, it is possible to continue

lane following without clear lane markings.

In the future, digital map fusion may be used for indoor mobile phone localization.
It is proven that use of the digital map as a priori information may enhance localization
quality. In places like shopping malls, the same concept that we used in the outdoor

environment can be utilized.

We have introduced local integrity heat map in this thesis. It has a huge potential
for a worldwide augmentation service. To be able to implement such a global service
GNSS data collected from the public may be used. Best potential to collect such data is
mobile phones. Normally, raw GNSS data are not available in phones but very recently
it is announced that GNSS pseudo-ranges will be available to developers. As a future
work, it is possible to use this data to generate higher coverage local integrity heat

map and further tune the idea for local augmentation [92].

We have used VANETS for localization and we tested the algorithm with a limited

number of vehicles. To better understand the localization improvement and communi-
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cation issues with a larger number of vehicles will be needed. This is a tough task for
a planned test. There are V2V pilots in many places in the world with thousands of

vehicles [93]. Our methodology can be further developed in such an environment.
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