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PREFACE

This book can be used a5 a reference for engineers, managers, or professionals who
wizh ro familiarize themselves with or hecome professionally mvolved in vehicle
location and navigation systems, or who have worked in a specific area of vehicle
locarion and navigation and wish to better understand the entire field, The book
can also be used as o exrbook for undergraduates or beginning graduate students
in the ficld of intelligent tranaportation svstems (IT5, formeely IVHE) and eelared
disciplines,

This is the first book to provide a detailed description of both the principles
and pracrices of modern vehicle location and navigation systems in a single source,
It combines information scartered among many different engineering fields into a
singie volume, a comprehensive introduction to the highly interdisciplinary field of
[TA. It is hased on several vears of hands-on experience, and focuses on imporeant
aspects of each individual system moadule: its principles, implementation, integration,
and combinatorial complexity. It permits a broad auwdience to learn abowt this
fast-growing field without any prior knowledge. The concepts and algorithms are
applicable to a broad range of location and navigation systems and form the founda-
tion needed to understand, design, and implement advanced IT5. Tobelp profession-
als with different backgrounds, the book actemipts vo limit the amount of marhemarics
msed, and includes many newly developed technologies, practical examples, summary
tabdes, and recent refer=nces. Even J:II:HIE'!LEiII.E'ErK should be able o understand mach
oof the mareral,
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The book is divided into rwo parts: Pam 1, Basic Modules (building blocks,
Chapters 2 throogh 8], and Pare I, Systems {inregeared modules, Chaprers 9 through
11). Chapeer 1 iz a general introduction o the wehicle location and navigation
freld, with & historical background and introduction to modern vehicle location and
navigation systems. Chapters 2 through 8 describe the basic building modules from
which systems are construcred. Chaprer 2 discusses the digival map database generally
nsedd in wehicle bocation and navigation systems, as well as relevant reference coordi-
nate systems and standards, Chapeer 3 studies the posiioning sensors and fusion
methods veed to locate the vehicle, Chapter 4 describes the map-maeching algorithms
employed for enhancing the positioning module and systems, Chaprer 5 discosses
various route-planning algonthms for finding the roure that resuls in @ minimem
travel cost, Chapter & explains how o guide the vehicle along a given planned route
thar was derived on the basis of cither the static travel cost or the dynamic travel
cost. Chaprer 7 discusses varsous human factors guidelines and rechnologies used
for the homan- machine interface, which nteracts with the location and navigation
computer and devices. Chapter § examines the different wireless communicanons
technologics available for supporting vehicle communications,

Chapters ¥ through 11 are devoted oo systems, Chaprer # discusses how o
inregrate the modueles discossed m Pars | to construcr a variety of realistic autonamons
vehicke location and navigation systerns capable of operating without the support
of a ceneralized remore computing and communications facility, Chapter 10 explains
how a wireless communications module might be mtegrated with the vehicle and
infrastructure toenhance in-vehicle systems using a centralized host compuarer. Chap-
rer 11 uses an actual dynamic roure guidance based sysiem as a case study o shed
SOame 1|Ehr 00 SYSem architecrure and implem:nts,ti_nn iggnes, The book conchades
with Chapter 12, which describes past lessons learned and future divections projected,

Many wseful summary tables and recent references are given, and many new
technologies are introduced and practcal questions discussed, BEven though some
technologies may not be discussed in derail here, the author has atempred o give
.:-l,:mp'rel:u:n:.'.i':'u lisl'.ing_s of available rechnobogies wherevers Fu&ﬁil:!t,:il:l. order to present
X E:-r{:.a-d wiew of the field. When ﬂPEﬂit‘.'l.b]E, focent feforepces are cated B digeor
readars to the Latest information on and trends in the relevame technologies. Many
newly developed technologies and pracucal questions are discussed in the book,
including new technologies such as fuzzy-logic-based map-marching algotithms, the
I feld-emiteer display (FED), 4 newly invented software rechnology for map display

that simulates a three-dimensional view, aloog with pracrical questions such as why
the ourpur of a GPS receiver might not masch a certain digital map and why a certain
navigation system might not work as expected righe after an augomati car wash,
and so forth, In addition, questions are provided ar the end of each chaprer wo
stimulate readess to thmbk about the mateeial leaened o thar chaprer and oo poader
these iteresting problems themselves,
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Because of recent widespread and rapid development of the Internet's World
Wide Web (WWW| rechnology, the book also lists many addresses of 1TS-related
home pages in is references. The advantage of these “soft™ pages is that you can
read these references instantaneously if you have access to the Internes and a W
browser. Foarever, unlike " haed™ pl_’i]’:[l_‘l:l papeTs and hn-:bl::,thl;':,.- rmay be unreachable
dus to computer or network problems. In addition, the URL addresses liseed may
ke changed at any tme by their owners, making them inaccessible from the histed
addresses,

True o the broad and rapidly expanding nacure of vehicle location and naviga-
tion syerems, it is difficult 1o cover the entive field in great detail. To limir the scope
and conserve space, more emphasis has been given to che vehicle side of the svsiem,
The author intended the materials selecred in the book to represent the most funda-
mental and significant aspects of recent developments. However, relevant concepts
and references may have been omimed. The author would appreciate your comments
and seeks pour advice f.:-rimprnvcmq:nﬁ tor the book, He vnll also matntain o WA
page for online receipe of suggestions and on-line posting of any errom not detected
and corrected before the book went to print. The URL address of this page s
httpdbirch, dlut,edu.cn/~yzhao,
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CHAPTER 1

rY

INTRODUCTION

Road wansportadion systems heve undergone considerable increases in complexiry
and congestion, In particular, surface vehicle ownership and the use of vehicles are
Em-v.ring at rates mach h:,;hr.r than the rate at which soads and other infrastracnures
are being expanded. One recent study found that, m the major urban areas of the
Unired Stazes alone, the total cost of traffic congestion exceeds $47.5 billion per
year [1]. Traffic congestion wastes more than 14,35 billion livers {3.79 billion gallons)
of fuel and 2.7 billion howrs of work tme per year. These numbers have continued
1o increaze by 5% to 10% per year through the 1990s. Transportation authorities
are increasingly wening to existing and new technologies to prescrve mobilicy,
mmpeove road safety, and minimize congestion, pollution, and environmental impact.
The roads and vehicles of omorrow will soc major changes brought about by
the integration of computers, informaton, and communications techrologies. This
exciting new field is now known under the name intelligent transportation systems
(ITS) formerdy known as intelligent vehicle highway systems (IVHSH),

The goal of IT3 is w apply advenced rechnologies to make transportation
pperate more s F-:hl,r ancl rf'l"i:ienﬂ}.', with l=ss COngestion, p.:hl]nﬁnn, angd Environmens
| tal mnpact. The theory and practice of ITS are currently among the most inrensely
| studied and promising areas in ransportation, computer, informartion, communica-
tion, and systems science and engineering, and one that will cermainly play a primary
rabe in our future lives, 1 ITS lives up w its hopes, it will eventually affect virtually

17
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everyone in the world. In working toward thas goal, ITS can take many different
forms. In this book, we concentrate only on a specific portion of [T5: land-baged {
vehicle locanon and navigation systems. However, the principles, concepis, and
algonithms introduced in the book are applicakble to a wide range of locaton and
mavigation systems, and form the foundabon necessacy to undesstand, design, and
imphement advanced TT5.

1.1 BRIEF HISTORY

Research on and development of vehicle locanion and navigation systems have a

long history in our civilization, even though systems have only recentdy staseed to
reach the world markee, The earliest vehicle navigation sysrem dates back thouwsands

of years 1o the time when a south-pointing carriage was ficss invented m ancient
China, around 2600 B.C. according 1o legend. The iovention of this carriage has

been written about since the San Guo (Three Kingdoms) period (220-180), During

the Song Dynasty (960-1279), becanse of the invention of movable-type printing,
detailed descripions of this carriage were recorded and have been peesented. Recon-
etructions were buile in the San Guo period, 1027 and 1107, This carriage had a
two-whesled cart on which 2 human figure was mounted, This figurs was kept |
concinwally pointed toward the south; no martter which way the cart was moving,
through the action of a gear train, The basic mechanism of this carrage is similar gl
to that of the modern differential odometer. The late Professor Zhendoo Wang of !
Beijing Mormal University reconstrscted this carriage from descriptions in a Yuan
Dynasey book [2], 2% shown in Fig_un- 1.1, Fear Englech Iiterature gnd the working
mechanism, refer to [3].

Almost in parallel wich the invention of the south-pointing carriage, another
interesting invention was the li-recording (distance-measuzing) drum carriage, Like
the south-pointing carriage, it had a set of gears, As the carriage moved, the grars
wirned o drive the arms of o wooden human figures. Thess figeres sar on the
carriage, one facing the drum and the other facing a gong. Durning the journey, one
figure would strike the drum once every i, and another figure woald strike the gong
once every 10 L. A i 15 almose half of a kilometer. The fundamental mechamism of
this carciage m similar o thee ef the modern odomeger, From descrptions in the
book mentoned above [2], Profecsor Wang reproduced this carriage, as shown in
Fagrure 1.2,

As discussed in [3,4] and references thermin, basic locagon and navigation
technologies such as the odometer, differential odomersr, and magnetic compass
were vented abour 2000 years ago. For the past century, these and other pechnolo-
gies have been gradually incorporated imte modern ausomobiles. To leam morce
about the world's roads, bridges, and the vehicles chat traverse them, refer to [5],
In the United States, the list auromoive road map was published in 1893, and road
signs were nstalled and roadways numbered early m this century, Mechamical route

18
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Fagare 1.1 Sooarh:poineing carriage. (Coormesy of the Museom of Chiness History, Beijirg ]

pubdance devices, incroduced around 1910, incorporated poute map information in
various forms such as sequental instructions printed on a twrntable, punched in a
rotating disk, or printed on a moving tape [6]. Each of these devices was driven by
an odometer shaft in synchronization with the distance traveled along a route, Many
mechanical vehicle roure guidance devices patented from 1910 w 1320 provided
explicit real-time route instroctions automatically.

As roads became better marked and road maps became more sccurate, interest
in route guidance devices waned. Only a few developments occucred from the 19205
tor the 1960 Dhering World War 11, an electronic vehicle navigation system was
developed in the United Sares for jeeps and ocher milicary wehicles [7]. This system
had a magnetic compass whose needle position was read by a photocell. A servomech-
anism was driven by the compass output o rotate a mechanical shaft corresponding
to the wehicle heading, This shaft was coupled to 2 mechanical compurer thar derived
travel distance from an odometer and converred it into x and ¥ components. Also
driven by the compass shaft, these location components wers used 1o automatically
plot the vehicle rajectory on a map of appropriate scale.

In the kate 19605, an Electronic Route Guidance System (ERGS) was proposed
by the 105, Bureau of Public Roads {now the Federal Highway Administrarion] [8].

19
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Figury 1.2 Li-recording drum carriage. | Coartesy of the Musewm of Chinese History, Beging. |

The ERGS was a navigarion system with wireless ronee guidance capability to control
and distribute the traffic flow. & nerwork of shor-range beacons (proximity beacons)
was used for twoeway communications. An in-vehicle console with thumbwheel
switches would permit the driver to enter a destination eode, When approaching
key intersections, the code would be transmirted from an on-vehicle ranaceiver vo
the beacon over a communication loop antenna embedded in the road surface of
each approaching lane at the intersection and connected to a roadside controller via
a ceaxial cable, This controller was also connected 1o a centralized host for accessing
traffic daea. Afrer receiving the destination code, the controller decoded it and
planned a best route, The route guidance instructions were sent 1o the vehicle over
the beacon before the wehicle left the vicinity of the loop antenna. These guidance
instructions were then displayed on the vehicle's head-up display (HUD). Due to
limited funding, this project was never fully implemented although successful rests
were conducted. Despite never having been implemented, this project inroduced
the concepr of cencralized dynamic navigarion |roure guidance]. Similar projeces
were later developed and tested in Japan and Germany during the 1970, Mote that
much of the location and navigation terminology used in this section will be explained
briefly in the following section and comprehensively in the following chaprers. ’

20
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In the early 19705, an autonomous navigation system was introduced in the
1.5, [9]. This system used a dead-reckoned positioning module assisted by a map-
marching algorichm o locare the wehicle. A second version of the system could
display roure guidance instructions on a plasma display panel (PDP) once the vehicle's
location along the roure was confirmed. Similar systems were also developed by
other groups in the United Seares and rhe United Kingdom. During the past 20 years,
many key components and technologies for vehicle location and navigation have
begun to matare,

During the past decade, vehicle location and navigation systems and ather
ITSrelated systems have been rapidly gaining momentum worldwide. For deeailed
mformation on the projects and systems mentioned below, refer to [£,10-113], the
pumserous ITS-related World Wide Web [(WWW sites mentioned below, various
ITS magazines and journals, as well as the procesdings of conferences organized
bv [EEE, the European Road Transport Telemartics Implemencation Coordination
Organization (ERTICO], Vehicle, Road and Traffic Intelligence Society, Japan
(VERTIS), and the Intelligent Transpoerarion Society of America (ITS America).

In Japan, the ITS movement began in 1973 with the CACS project. The CACS
project was similar in concept to the ERGS project, In the 19805, an autonomons
navigation system incorporating a color display monitor with 2 CD-ROM as cthe
digiral map storage device appeared on the marker, Since then, a variery of navigation
products have evolved, which mclede many new features such as map matching,
use of a global positioning gystem (GPS) receiver, and voice guidance. More than
1.2 million vehicle :l.:!.l.'igu.timl ks |:'|.;l1.':: Teen 5::-||:j o CerisImners. ITS ﬁu‘id tesks
range from RACS and AMTICS in che 1980 to ATIS, VICS, and UTMS today,
EACS was developed by the Public Rescarch Instivute of the Ministry of Constroction
and 15 private companies. AMTICS was initiated by the Tralffic Management Tech-
nology Association in collaboration wath privare companies under the supervision
of the MNatonzl Police Apency (NPA). Later in 1991, REACS was combined wich
AMTICS to become the VICS program, with the support of an addinonal government
agency, the Ministry of Posts and Telecommunications. VICS has been conducting
fests and bepan deployvment of echnology in Apal 1596 for puiding vehicles o
individual destinations, given real-time traffic information, wsing infrared beacons,
microwave beacons, or FM broadeast subcarriers as transmission media (dynamic
navigation). ATIS is being promoted by the Mewropolitan Police Department, and
uies cellular racio for vehicles and telephone lines for personal compurers in feet
management centers, UTMS, initiated by NPA, plans to enbance existing waffic
concrol systems by including traffic data collection and traffic informarion as well
as traffic signal control and dynamic navigation.

In Evrope, the ITS movement started in the late 19705 with the ALl project.
The systemn was similar 1o the approach proposed in the ERGS project and testad in
the CACS project. Autonomous navigation systems developed in the 1980s included
CARIN and EVA. CARIN used dead reckoning with map matching and a color

21
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monier fig map dj&l]-]',l:.-'. It wars the first :Lul.'igu[fﬂn system to use a CO-ROM for
map storage. EVA was demonstrated in 1983, In addition to dead reckoning, map
matching, and mrn-by-turn route guidance, it provided guidance o the driver in
the form of both visual displays and synthesized voice outpur. ITS Held tests {pro-
grams) known as PROMETHELS and DRIVE have been operating since the mid
19805, The former program was initiated by the automative industry and has concen-
trated primarily on developments within the wehicle and its immediate environment.
The latter program was iminated by the Evropean Community and has been con-
cerned mainly with infrastructure requirements, The owo programs have been work-
ing mogether very closely and have many formal and informal links. Recenidly,
PROMETHEUS has evolved into PROMOTE, and DEIVE has become a program
uq1r.ir.':r the name Tu]:m:tir_s J"'.pp]'n:n.t'u;m.'l for Tr.anspu:rl and Enviroqment,

In the United Statres, afrer the navigation systems proposed and developed in
the lare 19605 and early 1970s, an auronomous navigation system called MNaviganor
wias introduced commercially i the mid-1980s, [t vsed a digital map dacabase, dead
reckoning with map marching, and a map display with icons showing current location
and destination. Another auronomous navigation syscem named Guidesear, which
incorporated a GPS receiver, appeared on the marcket in 1994, Many ITS field tests
were conducted in the early 19905, such as Pathfinder, TravTek, and ADVANCE.
More projects are undergoing operational rests (see Table 10.1 in [10]) and even
more are under construction. Most of these projeces have been jointdy proposed and
developed by the public and private secrors, The purpose of these programs is o
perform an initial ascessment of the feasbiliey and urility of in-vehicle navigation,
dynamic navigation, teavel informartion, and varions communication media, as well
as other ITS concepts.

1.2 MODERMN VEHICLE LOCATION AND MAVIGATION

Agseen From the historical developments discussed carlier, human beings have never
scopped pursuing the dream of grear mobilicy, Thousands of years of civilization
have led to the modern vehicle location and navigation systems of roday. There are,
and always will be, a ranpe of svsrems from the very low end to the very high end.
The low end might be very simple systems that deweer the locarion of a wehicle or
maobile devics with human intervention, whereas the high end might be complex
gystemns that navigate the vehicle auromarically through the road network, agsisred
by real-time traffic information provided over a wireless communications nerwork.

This book uses a modular approach to cover a broad range of systems. As we
will learn in laver chapters, a modern locaton and navigation system often consists
of some or all of the modules shown in Figure 1.3, In other woeds, sophisticared
location and navigation systems require miegration of numeross functions and
technologies. Therefore, we first focus on importanr aspecs of each individual
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module, the principles underlying i, and the implemenration of theses principles.
We then examine how systems can be constructed from these modules, discuss the
integration of these modules, and congider the additional complesity thar arises
when thess modules are combined.

The modules depicted in Figure 1.3 can take different forms, Some of the
modules were briefly described in the preceding section. These modules can be
implemented by different hardware and software components, We now summarize
the function of each individual module,

A digital map database contains digitized map information with a predefined
format, which can be processed by a computer for map-related functions such as
wentifying and giving locations, road classifications, craffic repulations, and travel
information, Because a map 15 used to represent the geometry of the Earth's surface,
wie must understand the relevant reference coordinate systems used by different map
databases in order o develop map-related functions propezly. To case the pain
of dealing with different digital maps, standards have been developed o guide
development and applications. A positioning module fuses different sensor outpurs
of uses radio signals for automatic derermination of the position of the vehicle or
a mobile device to identfy the road raveled and esch intersection approached. A
typical stand-akone techmigque is dead reckoning, and & rvpical radio-signal-based
technique uses GPS receivers. A variety of fusion methods have been developed for
inteprated sensors. Map matching is a method of marching the position {or trajectory|
measured or received by a positioning module to a position associated with & location
{or route} on & map provided by the map database module. This technigue can
improve the accuracy of the positioning module, provided the map darabase is of
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reasonable procision. A rypical precision requirement for urban areas is within 15m
of “ground ruth.”

Route planning is the process of helping vehicle drivers plan a route prior to
or during their journey, based on a given map provided by the map database module,
if available, along with real-time traffic information received via a wirekess communi-
carions network. A commonly used rechnique is to find 3 minimum-rravel-cost route
based on criteria swch as ome, distance, and complexity. Rowsie gidence s the
process of guiding the driver along the route generated by the route-planning module.
It requires the help of an accurate positioning and map database in arder to determine
current vehicle position and generate proper real-time guidance instructions, often
turn by turm. A humane-machine imeerface allows wsers to interact wich the location
and navigation computer and devices, Map displaying, route planning, roure guid-
ance, and other activites are directed to the machine and fed back to the vser via
this module, A wireless communications module further improves the pecformance
and increases the functionality of the system. Through one or more of various
communicarions networks (for which more than 12 different technologies are avail-
able), a wehicle and ifs oocupanis oF MrANSPOFCATION MANAZCMEN SYSIEMS Can receive
updated traffic information or traffic reports, which make the in-vehicle system or
whele road nerwork operare more efficiently and safely. OF the several communica-
tions technologics discussed in this book, CDPD has been selected by the 115, Joint
ITS Aschitecture team as the preferred method for providing alfic and route-
guidance information o motorists, Furthermore, a centralized facilicy will even be
able to tocare and mavigate vehicles through its rowd network, Al of these modules
are discuszed in individual detail in Paer I, Chapeers 2 throogh B

We will then learn howr to integeate the above modules to construct waorking
locapion and navigation systems in Part I, Chapters 9 through 11, Many practical
gysterns are discusted to help readers understand chese chapeers. As in Pare [, &
sysiem can take different forms, each of which may include a variery of different
modules. Firse, autonomous location and navigation systems, such as vehicle locaton
[or pracking) systems and navigation systems with no remote host or centralized
compuring facilities, are discussed. One of the main characreristics of this type of
svatern i3 that all locanon and navigation capabilities are placed solely on the vehicle,
Second, centealized locarion and navigation systems are examined. Thess syatems
utilize communications nerwaorks, hose facilities, and ather infrastoucture to perform
multivehicle location and navigation. For any specific system, chree design issues
mugt be consdersd: Fh-EE'.Il'I-I'."l'I[ of location and ﬁs'.rlt.-;::ifm &1 p;bi]itie:s {an a hast in
a fixed infrastructure or on ezch individual wehicle), location accuracy and wpdate
frequency, and selection of wireless communications techaologies, Third, a working
dypamic route-gnidance system is examined in dewil, Unlike & swadic system, a
dynamic system uses databases updated by real-ome traffic mformation o goide
the wehicle. This study will butld on the knowledge and technigues learned in che
previons chaprers and demonstrate how they are applied in the real world. We will
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also discuss several system architecrure, desipn, and implemenradon issaes, Finally,
in Chapter 12, we discuss lessons learned from past experience and predicr funure
directions for vehicle locarion and pavigation sysiems.

As stared, many modern systems consist of some or all of the modoles n
Figure 1.3, For instance, an autonomous in-vehicle navigation system may exclude
only the wireless communications module, It may interact with a map darabase o
plan @ minimum-travel-cost route based on a given destination specified by the
driver. Knowing the route, it may work with the positioning module and the map-
matching module 1o guide the driver ro follow a particular route 1o the destinagion.
The guiddnce instruchions may consst of voice, audible tones, andlor display texs
and graphics. Integration with a wireless communications nerwork and a cengralized
host, which takes over some of the bxcagon or navigation functions, produces a
centralized navigation systern.

8o thar readers might betrer understand the various modales and synems,
aome current or planned products or systems are mentioned, Such information was
g:l.l:hr.rﬂd vid extensive literaturce s.ean.'irli.".ﬁ, chirect |1-1111|.1e intu:l"l.'i.ﬂws.l 5k p-TmE:'E'.'Id.i:'l:g,i
by manufacturers. This information is believed correct at the ome of publication.
Heowever, it may be changed or updated anytime during any phase of product or
system development. In addition, to concentrate on the main theme of the book,
we emphasize the modules wsed in the vehecle and systems employved in the vehicle,
Application to other system architecrures should nor pose too much of 3 challenge
once the reader has mastered the fundamental principles discussed here.

Diespite our modular approach, readers must keep in mind that a top-down
approach is generally used in product development. A top-down approach typecally
includes idencifying system requirements, derermining functions and system archioec:
tures, specifving appropriate modules, selecting hardware components and software
tools, and designing, implememing, integrating, and testing the system, To facilitare
our study, we will incroduce the various individual locaton and cavigadon modules
first, but this does not mean we can ignore issues of system architecture and integra-
cion. For any location and navigation system o Be successful, it must be based on
a good architecture. This system architecture must provide a stable basis on which
the system can further evolve, through adding or upgrading individual modules in
response 0 chapging requirements and operating environments over the normal
lifeoime of the syswem. Sophisticated systems, in particular, are expected to have
complex systemn integration. Withous proper processes and management, system
integrarion can be delayved considerably, even when the individuzl modules function
prosperty.

Because of explosive technological advances, modern vehicle locadon and navi-
gation systems have improved greatly during the last decade, A vanery of communica-
tion tools has been used o educate the public and o promorte further technical
advances. L:rr:l:r, d:nz::rq'. of Inbernes W PaAgEs |1;|1.ﬂ= :mcrﬂ,:.d 2y} ::hn.rc '.n'l:n:-rma I:i.1:||.1.
in this exciting new field. Interested readers can browse sites worldwide for instant
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research and development project status, the latest news, transportation stalmstics,
real-time road raffic conditons, and muoch more. A few sample sines are listed ar
the end of this chapter [14=26].

Marker spudies have predicted great potential for vehicls location and naviga-
pon equipment and sysrems, One stedy estimares thar by che year 2000 the world
market for vehicle navigation unite integrated with GPS receivers will be 3 billion
(Fig. 1.4}, Similar scedics have been conducted in their respective regions by the
Japan GPS Cownal, Mikko Research Center, Elsevier Advanced Technology, Allied

~ Business Intelligence, Frost & Suollivan, WevTech, SR, the University of Michigan,
and many other organizations. One Japaness forecast predicts a rotal sales of
3 million units [27]; one European forccast csamates a rotal sales of 2.5 million
unirs [238]; and one American forecast projects a toral sales of 22,5 million unirs
[2%] for in-vehicle navigation systems in the year 2005 alone. Assuming thar the
unit coet will be S500 by that time, this l=ads to 3 toral sales volume of $1.5 billion,
£1.25 billion, and $11.25 billion, respectively, in each of these regions.

Vehicle location and navigation systems have already gained great user scoep-
tance worldwide, In Japan, sales of vehicle navigation systems to consumers reached
530,000 units in 1995, up 73.2% from 1994, as reported by the Japan Electronic
Industries Association, The ERTICO study, based on field rests in Europe, has
confirmed high levels of user acceprance for in-vehicle roure guidance and RDS-
TMC (Radio Dara System-Traffic Message Channel) systems [30]. Consumers are

|
Millisns |
£32,000 |
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£2.000

B1.500

£1.000

5500

50

19948 1997 1948 19949 2000

Figare 1.4 Worldwide markes projecrions of GPS-hased in-vebicle navigamon sysrems. (Somrcer 15 GRS
Insdustry Council]
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willing to pay $950 o 51900 for the route-guidance unit 2nd $133 for the RDS-
TMC equipment. [n the Unired Stares, consumers are also willing to use vehicle
location and navigation systems, as indicated by a recent study conducred in five
main American metropalitan aress with 10 focus groups in Ocsober 1995 [31]. The
| FTOUpS Were composed of cellular phone subscribers over age 25 from households
1 with annual incomes of more than 330,000, This study found that, 85 shown in
Figure 1.5, interest was strongest in the so-called “mayday systems,” which allow
vehicle occupants to put themselves in Instant wircless connection with a service
ceniter for emergency amenmion or assistance, while auromatically reporring the vehicle
location {see detailed discussions and the recently debured produces in Section 1004),

All these marker studies indicate thar the vehicle location and navigation feld
has a promising fumere and should be economically rewarding. With this historical
background and basic informarion on wehicle Jocation and navigation systems in
mind, we now pr{u.'e-ud. w0 g deranlad de::ripl:lnrt af thags SYSEEmME with the aim of

BO%

FBE

G0

50%

A0 -

| 30%

20

1%

0%
Marydany Stoden Mawvigation Roadside Modhile
Wakicla & Traffic  Assistance Yedlow

Racowvery Asgistance Pages

Figure 1,5 Amerkan consumer amecest in locaion-based mohile serviges,
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13 VEHICLE LOCATTON AND NAVIGATION SYSTEMS

providing the reader with a better understanding of the underlying principles and
practices,
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BASIC MODULES

Fart 1 is devoted to a discussion of subsyseems of wehicle location and navigation
systemis, As mentioned in Chapter 1, to make our study easier, we will treat these
subsystems ag separate modules, Afrer studying these basic modules, we discuss how
o integrace these modules into complete working systems in Part 15 In other words,
the intricacics of systems engincering will be dealr wich later in the book,

In this part, we look at digital map databases in Chapter 2, positioning subsys-
temns in Chaprer 3, and map-matching algorithms in Chaprer 4, We then dscuss
roure-planning algorithms in Chapter 5, route-puidance merhods in Chapter 8,
human-machine interfaces in Chapter 7, and various existing communicarions tech-
nln'h:rﬁ,'u.-: i I:['l.apr:'r i,
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CHAPTER 2

L]

DiGITAL MAP DATABASE
MODULE

2.1 INTRODUCTION

A digital map database i an indispensable module for any vehicle location and
pavigation system that involves map-related funcrions. Wirhouwr a map, it is very
difficule for @ traveler to explore an unfamiliar area and make correct decisions
concerning the roure. With a map as a medivm, complex information can be commu-
nicated very easily.

A digital map dambase can provide many important functions for a vehicle
lscation and navigation sysrem. In short, it can help the system with the following
tasis:

Dagplay a map;
Locare an address or destination using a street address or nearby intersection;
Calculate a travel route;

Guide the driver along a precaloulared roune;

. Match the sensor-detected vehicke trajectory with the known road nerwork 1o

determine mose accurately the actual position of the vehicle;

&, Provide travel information such as travel guides, landmarks, hotel and restau-
rant information.

T O O
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In general, there are two methods by which a computer can presenc 3 map to
a mwaveler. One is to digitize a paper map {or photographs) using a scanner so it can
be stored in and retrieved from computer memory a5 2 digitized image or a easter-
encoded structure {raster encoding). The other is to convert a paper map inro a data
seructure of a vector-encoded structure so that it can be stored in and retrieved from
computer memoey casily, and presented in different wavs 1o the user based on the
functions er features required {vecoor encoding), Raster-encoded [(scanned) maps
can be easily produced and provide all the informaton contained in the original
sources. They look exactly like the paper maps from which they are derived. On
the other hand, vector-encoded maps require less storage and have faster access
times. They are more flexible, easier o manipulare, and intinsically relational in
nafure, since the data structure creates an implicic relationship between all of the
witrious ersp elernents, In the first (raster-encoded ) method, values of each parameser
of interest are provided for each cell {pixel) in 4 matrix over space. This tvpe of
map requires a larpe amount of storage and s difficult 1o use in many vehicle location
and navigarion applications thar make use of mathematical models or calculations.
Therefore, in this chapeer we discuss only the second method, vector-encoded maps.
Alrhough we do not discuss the first method in degail, readers should be aware thar
this rype of map still has applications despite irs restrictions, For instance, it can be
used for display purposes, for example, in vehicle location (eracking) svsrems where
vehicle location or other information is superimposed on 2 map.

1.1 BASIC REPRESENTATIONS

Vector encoding 15 the represeptation of road neswork festures using Cartesian
geometry. A fearure i denoted as an eéxisting or planned irem m the real world,
Feapures are modeled by associating each feature with one or mose primitives: points,
lines, arcas. A point is represented by rwo numbers with respect 1o a reference
coordinate system. A ling 15 represented by two connected pomts, An area is repre-
sented by a closed series of lines, The enceding is done in soch & way thar processing
of the informanion may be automated osing computers.

The purposc of the digical map database module 15 o define & network
{Figure 2.1} of roads and associated arributes based on digital camographic informa-
tion, and then to compile it into a file or set of files that can be readily accessed by
other modules in the location and navigaton syarem. Digital cartographic informa-
tHon is Erﬂgr.:phu: infaormation thar has been encoded in dideal form, In other wosds,
it i dara digitized from existing maps or aerial photographs based on the primitives
discussed carlier {and varnatons on thess priminves). The atiributes mighs include
types of roads, street names, address ranges, expected driving speeds, connectedness,
signs and signals, turn restrictions, points of interest, e,

The digitived road network typically represents the road dara using line scp-
ments whose endpoints [nodes ) and shapes are defined 1o rerms of latirede, longicede,
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=
1 & 3
et

Fignee 2.1 A typécal road neswark.

and sometimes relatve altitode. T'o understand the digital map database better, we
need ro define nodes, segments, and shape poino:

* A rode is 2 croas point o an endpoint of a sireetiroad and s used o represent
an mtersection o A dead-end of a road. It is commonly represented in map
databases by a lanmde and a longitude,

* A segment i a piece of roadway berween rwo nodes and is used 1o represent
freagments of roadways snd other Features. A node can be the endpoint of a
segment, but not the endpoint of a shape sepment (see the definibione of shape
point and shape segment next},

= Shatee pui'n.";: are ordered collections of P’lJEI:It‘i- wiich e the curved l'.lurl:il.m
of a given segment (excluding the end poinis) wo a series of consecutive straight-
line pieces (called shape segments) in such a way as to meke the calculated
segment dietance cloge to the actoal length,

samples of segrments, nodes, and shape points are shown i Figure 2.2, From
these definitions, we now know thae a road can typleally be represented by a sequence
of straight lines (vectors if travel directions are considered| selected to approximare
the real curvamure of the road.

A computer program, usually referred o as a database compiler, takes an
input file containing raw digital cartographic information provided by a vendar and
produces a file or a set of output files in a4 compact format suitable for rapid access
by the location and navigation system {see Section 2.6 for a high-level description
of this process). In addition to integrating and formacting segments and nodes over

33
PORTO IMVALIDITY 00002212



20 VERICLE LOCATION AND NAYIGATION SYSTEMS
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Figure 2,2 Sepmicnss, nodoi, and shape painks m o map,

a preseleceed area, the compilation process can alse invelve attributes such as road
names, road segment lengths, segment direction and speeds, address ranges for roads,
and various other relevant additional data for use by the target navigation system.
The final ourpor dara files must be in a formar suirable for access by the run-rime
systern on the targer computer, the dedicared computer which manages all the
activities of the location and navigation system

A digital map database & g very important component of any location and
navigation system. Onece the position (coordinares) of a vehicle has been determined,
the map provides all location-related Features, The on-board digital map database
can be used a3 a reference o visealize and locate vehicles. Map-matching algorithms
can uwie the geometry and topology of road nerworks to help determine vehicle
location (as discussed in Chapter 4). Thereforee, digiral map darabases are maore than |
aids for pictortal representanion of location, they themselves can be 3 means of
providing wehicle location,

1.3 REFERENCE COORDINATE SYSTEMS

A digral map represents the geometry of the Earth’s surface along with the acmibutes I
{such as the coordinares) of various geographical frameres, & review of the terminol-

ogy and coordinate systems used should be helpful, and will assist in explaining
various map references wsed by difterent organizations, We will aleo explain why
we cannot blindly mix maps with different references, how o transform becween
the various coordinare systems, and where to find good sources for further research.
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e e

First, we define some of the rerms. The geoid 18 the surface along which the
pravity potential is constant at all points and for which the gravity wector is normal
o all points, that coincides with mean sea level extended through the contnenss
{Figure 2,3). A meridiaen is a great circle on the susface of the Earth passing through
the poles at the same longitude as the north-south reference line for the coordinate
syarem. An gzimath 15 a horizontal angle measured through 360 degrees, from the
north and reckoned clockwise from the meridian, An elflipeodd iz a smoorh closed
surface whose plape sections are ellipses or circles. & rotational ellipsoid is the shape
formed when an ellipse 15 rotated around one of its axes. The geometric parameters
for an ellipsotd are as follows:

= Bomi-major axis 3

= SEmi-mings axis: .F.';,

+ Flamening: F=la-bila

» Eccentricity: e = (a* - b e,

The Earth is an oblate rotational ellipsoid that is slightly famened ac the poles.
There are many mathematical descriptions and coordinate syvstems for the Earth,
To map a kocal ﬁEfnﬂr.'lp]:i\:nl A :nl!l;.'u:'HrE-|'|.' ontoe i ""-“F'-: many re:.Ei-;:-r'l.;ﬂ; autl'u_'lrifies
will adopt a special regional coordinare sysem, The geodetic coordinates (latinudes,
longinades, and heights, described shordy] of these sysrems depend on the shape,
sige, and orientation of the reference ellipsoid. These parameters (along with others)
serve as a reference or basis for the calcolation of other quantires and, therefore,
are calied the damum of the coordinate system. It is desirable to have the rocztional
ellipeoid and the proid match as closely as possible within the area under consider-
ation, This explains why there are 5o many datums available. Some important ones
are listed in Table 2.1, The full name of the datums given in Table 2,1 are listed

el

v WGS B4 stands for World Geoderic System 1984,
« MAD B3 stands for Morth American Datum 1983,

Ellipa:oid Gaoid

Figure 1.1 Geoidi and elligeaid.
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Table 2.1
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GRS B0 stands for Geodetic Reference Svstem 1980,
= WS 71 stands for World Geodetic System 1972,
ELr 50 stands for European Datom 1850,

NAD 27 stands for North American Damm 1927,

Note that the origin of the damum is a point fixed by definition and mot necessarily
the same as the origin of the coordinare system involved.

We will discuss rwo coordinate systems and one map projection: che geocentric
coordinate system, the geodetic coordinate system, and the Universal Transverse
Mercator (UTM) conformal map projection. Undersranding these systems is
important for incorporating map databases in this module as well as other modules
to be discussed in other chaprers. For instance, different map database vendors may
supply databases defined by different refecence ellipsosds or datims, The digital map
database generally uses one seference ellipsoid as its conrdinare reference while the
positioning data received from a Global Positioning System [(GPS, Section 3.4.2)
réceiver uses another reference ellipsoid (WG5S B4} as i coordinate reference, With-
oui proper conversions between these different coordinate systems, how can one
expect the syseem to work as planned? Thercfore, we must learn these different
coordinate systems and know how to comvert between them,

A grocentric coordinate sysiem is a coordinate system with its origin ar a
specific paint defined as the “center of the Earth," such as the center of mass (CM)
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(Figure 2.4). It uses a polar (spherical) coordinate system in which the coordinates
of a point are defined by the geocentric atnade o, the longinede 4, and the distance
r from the origin. In other woreds, it designates a point by means of the angles
between 2 line running from the center of the Earth to the point, the plane of the
celestial equator and the plane of a selected initial geodetic meridian, The celestial
£QUALDT % an imaginary great circle on the sky, lying directly above the Earth's
equator, s plane is perpendicular to the Earth's axis of rotation and contains the
Earth’s Ch, Because the geocentric coordinace system does not agree with the mature,
it has not been used in any vehicle location and naviganon system._ Some literarone
may use the term peocentric system to describe a reference coordinate system for
either a digital map or a GPS receiver, which actually means a geodetic coordinate
system with the orgin of the reference ellipsodid at the gescenter.

A prodetic coordinate system is a coordinate system comsisting of an ellipsoid,
the equatorial plane of the ellipsoid, and 1 meridional plane through the polar axis
of the elbipsoid (Figure 2.5}, The coordinates of 4 point in this system are green by
the perpendicular distance of the point from the ellipsoid {the ellipsoidal heighe B,
by the angle berween thar perpendicular (the normal} and the equarorial plane {the
geodetic latinede ), and by the dihedral angle berween the meridional plane and a
piane perpendicular to the equatorial plane and contaming the normal {the geodetic
Iﬂl‘lE_ITIJl:LE Al This system dﬁ]ﬂl‘larﬂx a point wath respect to the reference ﬁl]ipﬁrn:id.
and with respect to the planes of the geodetic equaror and a selecred geodetic
meridian, The geodetic eguator 15 an cllipse on the reference ellipsoid midway

Giresnwich it

Meridian “"'-.___ A Point on tha
Surtpon af the Earh

EquEtay ————

Twpare 2.4 (eocenonc ooardingte sysem.
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Flgure 1.5 Cienderic and Carmegian cosrdinare spsrems.

berween its poles of rotation. This equator is the line on which geodetic latitude is
0 degrees, and from which geodetic latitudes are reckoned, north and south, to 20
degrees, at either pole, If the minor axis of the reference ellipsoid is parallel o the
sofational axis of the Earth, the geodetic equator will cotncide with the Earth's
EOUATDE,

Three-dimensional (3D} Carresian coordinares (X, Y2} are sometimes used.
One such coordinate system is shown in Figure 2.5, The dotted lines indicare the
coordinates of a selected point on the Earth’s surface, The main advantage of the
Cartestan coordinate system is that it 15 complerely defined by the origin, ©M in |
this case, and the three axes. It is much simpler than the other coordinate systems.
Hovarever, it is not very convenent for location and navigation. For instancs, except
at the Morth Pole, moving northeast a certain distance will mot result in an identical
increaze in the Z value, Tharefore, rhis ype of coordinare system ig rarely osed in
surface vehicle location and navigation. The geodetic coordinate system referenced
to the WS 84 geocentric ellipsoid (Table 2.1} is commenly known as a conventional
terrestrial or Earth-centered-Farch-fixed (F.EF.F:I cosordinate Sysiem, A Cartesinn
coordinate system centered at CM can also be comsidered an ECEF cocedimare
system. Any point in a geodetic ellipsoidal coordinare system can be translared o
a point in Cartesian coordinates provided the ongin is the same. Befer mo Appendix
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A for the exact transformacion berween 3D Cartesian coordinates and ellipscidal
|:.;mrdLr.|al.'n.

The following equation describes the relationship berween geocentric latinede
¢ and geoderic latitude dy (Figure 2.6),

tang, = (1 - ¢ ltangy

From Figures 2.4 and 2.5, we sce that the geocentric lopgitude and geodenic longitude
are identical,

Many geodetic coordinare systemns are not geocentric, that is, their origing do
nod coincide with the center of the Earth, This is because offses may improve the
match between the surface of the ellipsoid and the geoid in the relevant region.
Laritudes and longitudes referenced oo differens ellipsoids are different coordinace
systems amd cannor be mixed. If mixed, this may lead to a displacement of up o
1,500m for a point on the Earth’s surface depending on the datum, reference ellipsoid,
and the map projection used. This explains why the output of 2 GPS receiver may
not necessarily match a certain map,

Geodetic coordinates are commonly wsed in modesn locadon and navigation
systems. There are three problems with geodetic coordinate systems fas discossed
in [1}} First, chere are a wide varety of different geodetic systems {Table 2,13, When
switching berwesn different systems or integrating portions of a vehicle location and
navigation system thar use different coordinate systern, care must be taken to
ensure that a proper transformation is done. Second, geodetic coordinares are incon-
venient for 3D air and space navigation, becawse the third dimension {keight above
the reference ellipsoid] provided by this coordinate system is different from the heighe

i

]

CM ]

Figure L6 Geocpnine and grodenic latides from che cross section of the Eamh.
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M VEHICLE LOCATION AND NARIGA TION SYSTEMS

above the geoid and ather heights relative o different reference ellipsoids, Third, the
latirede and lopgitude cannor be used straiphtforwardly in a location and navigation
sysiem hased on grodetic conrdinates. Althovgh exact or approximare mathematical
formulas can be wsed ro caleulare the distance and azimuth, they are not as straightfor-
ward as plane migonometry in 21 Cartesian coordinates, These considerations bed
to the development of the thied method described below, in which the distance and
azimuth between two points of known coordinates can be computed easily by plane
trigomomeiry.

To ransform geodetic latitudes and longitudes into a planar Cartesian coordi-
nate gystem, projection egquations are used. One valuable projection is the UTM
projection. It isoften used for map projections invalving large countries or continents
because a line of constant azimuth is represented by a steaight line in chis projection.

When intcgraving a GPS receiver with 3 dead-reckoned positioning modole
{Secrion 3.2} or with a map-marching (Chaprer 4) module, one often needs to convere
the WS B4 coordinate systern wied in the GPS receiver to a UTM coordimate sysrem,
so that all relevant observations can be aligned to the surface of the Barth.

*=filé A}
¥ = falé, A}

where x and y are the northing and easting 1o the UTM projection, respectively,
and ¢ and A are the lattude and longitode jn the geodetie coordinare system,
respestively,

The UTM projecrion is coupled with & cerrain darum thar references 2 geodenc
coordinste system. We can transform peodenc coordinares refecenced o WGS 84
directly to coordinares m a UTM mapping plane referenced to any ellipsoid. (The
2D grarsformation equations can be found in Appendix B.) Alrernarively, a simple
square roal equation can be used to calculare the distance between two points in
any eoordinare system with latitudes and longitude a5 their axes, sance the traved area
for a particular vehicle location and navigation syseem s often reladvely flar, even
though the Earth's surface is curved. The ereors of caloulation are negligible only if
the region is not too big, as is oypically the case for meost merropolitan areas. Howewver,
any such computation must be scaled properdy, thar is, we must multiply by che
appropriare number of meters per degree along each axis, We now discuss the basic
principles of the UTM projecrion.

Representation of the 3D spherical Earth on a 2D mapping plane requires a
transfoemation or peojecton. Either the angles are preserved (conformal projection,
wher= any .;ngle i the map s exactly the same as an the Earth), or the aress ace
preserved (eguivalent projection, where the ratio berween any area on the map and
the corresponding arca on the Earth 15 constant], There 1% no projection that can
preserve both,
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The Mercaror prajection & a conformal map projection based on a cylindrical
projection. In this projection, the equator isa straight line true to scale, the merudians
are straight lines of equal length, and the parallels are straight lines of unequal
length, The cylinder ks eangent to the Eaeth along the equaroe. Turning the cylinder
90 degrees, we have the wansverse Mercator projection (Figure 2.7), where the
central merndian is a straighe line cooe o scale, and meridians 90 degrees from the
central meridian and the equator are also straight lines, Other meridians and parallels
are complex curves. Imagine thar by wrapping a cylinder around a globe, the cylinder
is tanpeat along a meridian, or secant along lines parallel to chis meridian, The
meridian and parallel lines are concepoually placed on the cylinder, When the cylinder
iscut along a line pecpendicular oo this meridian, uneolbed, and laid Mat, the projecton
iz pbrained. The ellipsoid (or Earth) is particioned inco zones of equal longitude
where the central mendian s in the center of each zons.

The UTM projection is .;,sp-wﬂiu trangverse Mercator propection. First, the
elligsoid s pactitioned inee 80-degree zones, cach of which is 6 degrees, wide in
longitude, Second, a scabe factor of 0.9994 (& in Appendix B} is applied to the 2D
conrdinates in order to avord large distortions in the oucer areas of each zone, As
noted earlier, UTM coordinates in the north and east directions are referred oo as
the “northing” and “easting™ directions (Figare 2.7). Each zone is divided inro
smaller squares wheré the coordinates are given in meters refecred o the bottom
[ lefr boundary of each individual square, In other words, the UTM coordinares are
based on a system of zones of longitude, each with its own central mendian. Although
the UTM coordinate system makes the life of vehicle locarion and navigation engi-
neers ensier, navigation across UTM zones 15 difficult. For more information on
Earth coordinate systems and map projections, refer 1o [1=3].

The UTM projection was adopted by the US. Army Map Service in 1947 for
their use in worldwide mapping. Many of the paper maps used in the United Staves

| Cyinder Cantral Morthing
| '\‘ Mesidian l / E-degrea Zones
' N
|
1
E j - Easting

| J

5

Equates Earth Projectad UTM Coordinates

Fagure 3.7 UMM projecoion

j - i
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2 VEHICLE LOCATION AND NAVIGATION SYSTEMS

for local surveving and other mapping operations are also based on ransverse
Mercator projections, For projection methods used by individual staces in che Unived
Srares, the reader may refer o [4],

There are no widely accepted standards available for digital maps. Tt ic very
common for a map database vendor and its customers to agres on a software interface
standard. In this way, the mterface provides flexibily m the storage and retrieval
of data. In the following sections, some of the emerging map database standards
are discussed. Two proprictary digital maps are presented as examples of how
software meerface approaches are used. An introduection to the map compilacion
process is presented in the last section.

24 STANDARDS

Recently, the International Oeganizaton for Srandardization (ISOVTC 204 has
approved a new task on an application propgram interface (API) for digieal map
databases, in addivion to the existing task to create a map database physical storage
format (PSF). Some believe thar this will lead to an open global standard in digital
map databases. One difficulr work lving ahead is o make sure thae dhe industry
will acraally use these standards once they are developed. The AP task group held
its first meeting in December 1996, It plans to create a standard method for navigation
sofpware eo link with different data formzaes meed i}:.r different di;g;iui map databaze
vendoss. The PSF rask group aims to standardize the location of data on the storage
medium so the system knows where to look for it. In short, the purpose of these
activities 15 to provide a standard mechanism for navigation software to interace
with map databases stored on different media as mentioned in Section 2.6.1, These
standardization scrivides will cerrainly boost the marker for wehicle location and
navigation systems.

2.4.1 Geographic Daa Files

The fest version of the draft Geographic Darta Files {GDF), which is a product of
the EUREKA project DEMETER undertaken by Philips and Bosch in Europe, was
released in October 1288, This standard was designed to specify the data content,
the means by which data representation and strocrure of data supplied for vehicle
navigation systems. The second version of the GDF {GDF 2.0) was developed under
work package 3532 of the European Digital Road Map (EDREM) Task Force, The
GDF 2.0 Working Group consisted of representatives of EDRM Task Force partners
Daimber Benz {prime contractor], Bosch, Philips, Renault, Tele Adas and Intergraph,
and MVA Syitemnatica, 3 participant in the PANDORA project. The partners in the
PANDMOIEA project are Philipe, Boach, the Ordnance Survey, and the Auromobile
Association, GDF 2.0 differs from GDF 1.0 both m its treatment of the architecrure ’
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of certain dara structures and in its use of rerminology. It is aleo a far more extensive
specification. It defines ssandards for describing, classifying, and encoding features
of the road environment, which will supporr a broad family of application areas.

GDF 2.0 includes the following content: The Feature Catalogue provides a
clear definition of “real-world objecss™ such as roads, buildings, administrative arcas,
and setrlements thar are the concern of the broad area of applicadon for the road
epvironment. The Amribure Catalogue defines the characteristics of each feature.
Dedicared artributes of particular fearures are cross referenced. The Relarionship
Catalogue describes relagions berween features that can be used to convey informa-
rion in 2 realistic manner, The Featore Representation Scheme specifies how real-
world objects should be represented in terms of GDF logical structares, The Daga
Content Specification makes clear which data are required for different applications.
The Global Data Catalopue classifics geodetic reguirements and other information
related to the geometric and geographic charactenistics of the data, Finally, the
iformation needed to supply GDF 2.0 dara as physical data records is provided in
the Media Record Specification.

GDF 2.0 has theee major parts: First, the specificanion of data content (3DC)
part lists the information required for nawgation sysrems. Second, the specification
of dam acquisition (SDA) pan describes a ses of features, attributes, and relatioaships
for representation of the nenspatial aspects of information. Third, the exchange
format (EF] part defines the records and ficlds,

One mmportant aspect of this standard i the data model in which featores,
artribures, and relationships are formally defined, along with the concept of a layer.
Layers are groupings of franeres that are strongly related such as roads and ferries,
administrative arcas, scttlements, buildings, bridges and tunnels, railroads, and
waterways. For r:.'ﬂ.'l.mplr.'., roads consist of fearures such as road eh’.mlﬂl!x, IFberse-
tions, and the road itself. In tum, each feature has arributes. For instance, the road
element has arributes of wraffic direction, name, class, speed limic, impedance value,
e, Relationships represent driving-related informacion and are 3 function of several
features such as posted sign nformation and prohibited wens, The geometry and
topology of the road nerwork and related geographic fearures are deseribed in terms
of geodetic coordinates, relative location 1o neighboring fearures, and shape where
appropriate.

After che release of GDF 2.0, GDF 2.1 wag peleased in Ocrober 1992, GDF
2.1 was released in November 1994, GDF 3.0 was submicted to Comicé Européen
de Mormalisation {CEM) or the European Commitiee for Standacdization TC 274
for official approval as ENV in October 1995 [5]. The main changes contained in
these new versions involve introduction of the concept of & sepmented andbute and
the conceps of ome domain, of new information items, and the mcorperation of
review comments. The revisions and reflnements will conplnee 1o meet inrernational
requirements, There are also several nadonal standards for map transfer, which are
maoving towaed compatibility with the internatianal version of GDF. Some anticipare
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that the IS0 version of GDF will form the foundation for a single inrernarinnal
family of rransfer standards for TS map dara [A].

GDF is an interchange darabase standard, Users must develop their own compil- |
ers to transkate it inte mepigable databases. A navigable darabase is 2 database thae
provides informatron which can be used to navigate a vehecle through & road network.
For inatance, m order to provide turn-by-turn route guidance, the database must
Contakn some important atteibutes such as ome-way steeets and tora restrictions.,
Most digital map database seppliers can provide GDF maps for their Earopean
customers, Major companies currently involved in the production of map databases
are Eeak, Inc., Intergraph Corporation, Mavigation Technologies Corporation,
Tele Atlas Intemational BY, e

241 Digital Road Map Association |

The Japan Digital Road Map Association (DEM or JDRMA) was established by
the Public Works Fesearch Institute of the Japanese Ministry of Construction in
1988 [7,8]. Their producr is borh a digital map standard and a map darabage, The |
association supplies digital road map databases to member compantss on magnetic

tapes. DRM started digital map darabase production using 1/50,000 scale topograph- |
wal maps and i now in the process of refining the darabase using 1725000 scale

ropograghical maps, which offer more dezailed and precise featores, The popographi-

cal maps are ssued by the Geological Research Institute and the Ministry of Constroc-

tion. In addition, they have also used other urhan planning maps and information

provided by road adminiserators, They use custom sources, bt project all the data

onto 3 reference ellipzoid based on the Tokvo datom. Thiz datum iz defined by che

location and azimuth on the 1841 Beseel spheroid, with the origin of the datem at

the center of the transit circle of the old Tokye Observatory (Table 2.1).

Three design principles are used by DRM. Firsy, the location and configuration
of features on the map are measured on owo topographic maps (1:25,000 and
1:50,000) and filed according to g standacd regional grid and mesh code sysrem
Becond, separate links are established for the road nerwork indécacng road configora-
tion, interchanges, and ramps and lanes, wich route searching and map matching
being integral pars of the svstem. Third, the digital map consists of two layers of
road netwarks, with the basic road nerwork (main roads) used for the bes rouse
computations and the foll read network for detailed operations such as map matching
and zoom-imn E,r:l.p]'ii.r.' d:lupl'.l ¥E,

The two layess of the road network are defined as follows. The basic road
network consists of che national highways, prefectual highways, and roads 5.5m or
wider (pwo lanes or more), The full road seework consisis of all roads covered by
the basic road nerwork plus all roads 3m or wider {one lane and mere), Location
i% expressed using a mesh code number {with zach mesh covering an area of
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Epp:m;llmrei}' 10x 10 km) and normalized coordinates (Xz 0-10,000, ¥ (-10,000)
within each mesh. The road network is defined in terms of a combination of nodes
and links {smmilar to the ssgments defined earlier). The basic road nerwork uses four-
digit node numbers, while the full road nerwork uses five-digit node numbers. Bach
link number is a combination of the numbers for the nodes ar each end. In chis way,
all roads can ke identified by mesh and link numbers. The location and shape of
gach link is expressed by a series of coordinate values for the interpolating poinis.
The database is organized as a series of files

DRM has already covered all of Japan and version 3.0 of the map has recently
been released. DRM provides the map wo their isers on magnetic rapes and its data
structure i€ open to public. However, the file format, which is the key to reading
the magnetic tapes properly, is only open to DRM agers. The DRM does not provide

; | any database interface to users who need to design and implement their own interface

| § tor access the map daabase, Furthermore, DRM does not contain informarion such
@& tuEn restrictions of one-way streets for roure planning and guidance, Users need
to further expand the database or include smaller scale information (1:10,000) for
wehicle navigation.

2.4.3 Spatial Data Transfer Standard

The Sparial Dars Transfer Standard (SDTS) was begun by the U5, Mational Commui-
tee for Digital Cartographic Data Standards in 19382, It is designed for transher of
a wide varicty of data structures that are used in the spatal sciences. These sciences
imclude carography, geography, geology, geographic information systems {G15], and
many other relared sciences. In 1985, the Standards Working Group of the Federal
interagency Coordinaning Committes on Digital Cartography also began work on
spatial data exchange stondards, During 1987, the resulis of these parallel efforts
1 were merged by the Thgital Cartographic Data Standards Task Force into the pro-
pased Digital Cartographic Data Standards, published as a special tssue 1n 1938 [9],

a0TS is an open and general standard for the exchange of spatial dara [10].
It is also a Federal Informanion Processing Standard (FIPS|. Effective February 1994,
L5, federal agencies are required to provide data to other federal agencies and the
genetal public in SDTS format, 5DTS consists of three primaty pans;

* The first part is the SDTS logical superstructure, which describes the organiza-
mod and soruciure of the SDTS wansfer mechanism.

* The secomd part prescribes definitions for spatial femmures and attrihotes.

* The third part describes the implementation of the IS0 9211 daes transfer
standacd (i.e., encoding method),

SOTS intends to prenvide a solubon to the problem of sansferring sparial (i.e.,
geographic and camographic) data from che conceptual level to the details of physical
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file encoding. Transfes of spanal data involves modeling spatial data concepes, data
structures, and the logical and physical structure of the Bles. To be useful, the data
to be transferred must also be meaningful in terms of data congenr and data qualicy.
SDTS addresses alf of these aspects for both vector and raster data structures,
The ITS America (Intelligent Transportation Sociery of America) Map Drarabase
and Information Systems Subcommiteer is working on a vector profile for SDFTS,
which would be a standard for the Morth American highway database. This projecris
h:i.nE worked onon n:nj1|.nL"ti-::-n with the Federal H[tha':.' Adminstration -|FHW."‘| 8

2.4.4 Truth-in-Labeling Standard

A labeling standard, the Truth-in-Labeling Standard, has been completed afrer several
vears of work by the Map Darabase Standards Commireee of the Society of Automo-
tive Engineers (SAE] [11), The purpose of this standard 15 to define consmstent
terminelogy, metrics, and tests for describing and comparing the content and quality
of navigable map databases for vehicle location and navigation. The standard will
allow users to determine whether a given map darabase meers the needs of an
application. However, it does not specify minimum performance standards or physi-
cal database format as the other standards do.

The truth-in-fabeling standard containg debinitions and detaled descriptions
of map database awributes, as well as meerics and weses for cach map darabase object
{Le., physical representation of a concept such as “node™ or “segment™ in a digital
map database) defined. Wote that this sandard wses “link™ in place of Ysegment.”
The objects defined include the following:

MNodes and junctions;

Location and existence of atrached links;
Road names;

Addras ranges;

Boad classificatrons:

Restricted manewvers,

The present focus of thiz siandard 15 on m-vehicle nn\'iEnr:nn u.pp|:i|.'r-||:i|:m= iuch
as address location, route derermination, roure guidance, vehicle positoning, and
display. Later versions of the standards during the nexr 3 to § years will also be
applicable 1o other ITS map-related applications. In addition, SAE plans to establish |
a pesting mnstituse to test dacabase labels using this standard. Darabase vendaors will  § -
specify the conrent, Currency, BCCUPacy, coverage, cic., of their darabases in the
format specified by the scandard. The instivuee will verify their claims, Based on the
verification resulis, users will be able to guickly and accorarely select the database
best sutted for their applecations, As a result, users can detenmine the usability of 4
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particular database for theic applicatrons in advance, rather than finding owr later,
after the shipment of the database product. In short, the standard allows users with
different needs o selecr the most appropeiae darabase for their applications.
Despite these standards activivies, most locaton and navigation prodoces for
antomobiles in the United States are based on proprietary digital map databases
provided by private companies. The next section covers this topic in detail.

2.5 PROPRIETARY DIGITAL MAPF DATABASES

2.5.1 Exak

The ExakMap darabases developed by Erak, Inc., use many sources, and project
gverything onte a two-dimensional representation of the Earh's reforence
ellipsoud [12]. The sources used include aenal photography, LLS, Geographical Survey
(USGE) maps, local government maps, the TL5, census bureau's TIGER™2 database,
cadastral maps, tax assessor information, cross reference direcrories, Z1Psd files,
field dara caprure information, customer files, and map repors.

o The USGS produces Quad Sheets, which are accurate 7.5 by 7.5-min contour
maps of the Thiited Stares. Many these maps are 20 1o 30 vears old and lack
highway mformation.

v TIGER is a standard for vector-encoded dam in which fearures are represented
using Carvesian geometry. Fearures are modeled using combinations of primi-
tives such as points, lines, and arcas. TIGER maps wers developed by the
Census Burean for taking Census data, They are more complete than USGS
maps but they lack accuracy, geometry, and highway data,

+ Cadastral maps are maps showing the boundaries of subdivisions of land,
usally with bearings and lengths, and the areas of individual traces, for parposes
of deseribing and recording ownership.

In Morth America, the refesence ellipsnid iz based on the Mosth American
Datum of 1927 (MAD 27) defined by the location and azimuth on the Clarke
Ep"u’.‘lc-jli -:'rf 1355, wi1|'| -:'&-riEEn At J'l.-‘il:ad.lk's ]1.1.n1;|'|.l Km’:.ﬁas. I:J:.g_rl:.r, NH[:I :';? 15 @
geodetic coordinate sysrem. MNAD 27 is 2 horzonal conerol datem specifving the
coordmate system in which coordinates of points on the Earth can be calculated
using a set of constancs.

As mentioned before, Etak provides interface formars fior users to acoess their
map darabases. The MapBase format ix an ASCIT format compatible with the major
IS formats, The MapAccess format is based on Etak O-track, a proprietary method
that relics hl:&'i'“:.' o Lhe ll.‘agtu'r]-::-::',}- af the ahp, in Fl.:rt:l.'u.|£| Ty the carrer I.'\-::-F-::-'lnngg.' ol
the map, rather than peometric coordinares {see Table 2.2). Tr is caid that faster map
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Table 2.2
Sample Dratn Scrucrares for Dignal Map Dasabases

Dara
Firwitare Privoipls [Prage Conmuenf
B-irees Partion data i a hierarchical Text Caenentional indixcmg
Imder rrev im which cach node Inife e
occugess i Block of memory. |
Carriec-block-mreses. Partition deta inso carcier blocks, Sparial Used by Ezak |
ench one is the smallest topolog- milexing, |
cal chosed st 1
k-d-greim Fartrtem dara ru:uru'llul:r ks a .';'Fl'hﬂl P':IFLIL: i GIE B dsf i
binasy search wes whers odd and indesxing ficuht o wpdare com-
even levels have different keys o pared with guid-frees
determing Brask®ang direebns
Ch-grees Parugicn dota recursively into Spazial Foe JIF dacs
ocranes, with possible duplica indexing
ticns for fearares crossing ocans
Beonsdaries
Guad-trevs Partition dacs recursively into Sparal Wery popular in GI% for
gaadrants, with possibie duplica imdexing 20 dara
ticms So¢ feanares cressing quad
boundaries. 1
B-tree= Partition date renarsively info 5]1:Ii.1| More flexibde than
nested reciangeler areas, which indexing quad-trees or k-d- ;
may overkap, rees |

data recrieval can be achipved wsing this method [12]. It is available only by um':l‘lgi
Maphecess development rools {C language libraries) to retrieve and display maps |
and geocode addresses, Geocoding is the method of applying a latitude and longinude |
coordinate to an address, Other formats are also available for users with different |
applications and-mmrerface requirements, {

FrakMap premium maps are offered in standard and enhanced versions, The |
snhanced maps will ﬂcnmalt:r cover 50% of the LIS, p-l‘.ll:'l-.lal:lﬁmi. These maps
include address, #ip code, road classificarion, graphic features, polincal and statestical
geography, major landmarks, one-way street encoding for selecred orban areas, dara
overlay atrributes, and compliance with National Map Accuracy Srandards, In other |
words, these enhanced maps are navigable, They prowide road metworks covering
more than 43 million meropolitan people. By 1998, Frak plans to have a map
database covering major metropolitan areas with a rotal population of 130 million
people. In addition, s sandard maps will fill the rural gaps o provide 100%
national coverage. These maps include only address and zip code information and
ArE Thl;rl;fure nak dia viﬁahh:'.

Etak oversens COVETIEE inclades J;|.'|'.|:|.n._, H-::lnE H.-unﬁa, and Europe, some with
complete coverage and some without. Etak has entered inte a data-sharing agreemeant

1
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with Tele Atlas BY, a new joint venture formed by Robers Bosch GmbH and Tele
Atlas International BV, Erak is focusing its efforts on mapping Great Britain and
the United States, and Tele Atlas BV 15 continuing to map continental Burope,
including Switzerland and Aosiria.

2.5.2 Mavigation Technologies

The databases developed by Mavigational Technologies Cosporation {NavTech) also
wse many sources, and project everything onoo a two-dimensional representation of
the Earth's reference ellipsoid. The basie database concepts by MavTech contained
. in MavTech’s early intertace standards include database content, data arganization,

dara relationships, and data access methodology [13] Their sowrces include topo-
: graphical base maps, acrial photography, and local ground research {ficld data), as
i well as informadon from a varety of addivional sources, Each darabase area is
: continuowsly apdared and supported by a local fisld staff and a global customer
support organizarion. Information in the darabase includes road network geometry,
roddway classification, roadway characteristics such as directionality, turn and rime-
[ of-day restrictions, cartographic and geopolitical boundaries, and poings of interest,
landmarks, and services. WavTech databases come with a written warranty of at
least 7% accuracy and completeness based on “ground sruth.,™ Trs guaranteed
precisions are within 15m of ground rruth in detailed ciry areas and 100m in areas
coversd by intertown maps.

In Morth America, the reference ellipsoid mentioned earhier 15 based on the
Morth American Datum of 1983 (MAD 83) as defined in the Geodetic Reference
System 1980, with its origin at the center of the Earth. From Section 2.3, we know
that MAD} B3 is a peodetic coordinare system based on a geocentric reference eflipsoid.
I The NavTech darabases contam mformatton on the road nerwork and environ-
[ ment including roads, intersecticns, and poanes of interest [13], The data are logically
{ organized so that cerain information can be accessed and manipulated, and physi-
cally organed in such a way as to provide macnmum fexibility. The daca relation-
ships include a wariety of relationships between data entries in the same layer and
zone, which means that road names can be superimposed on the correct roadway
segment, The data access methodology involves a transparent user mterface, which
resides berween the application and the database itself, thereby allowing users to
make high-level logical requests withour having to know the structure of the dasabase,

The carly NavTech proprictary map-dama interchange inrerface standard, the
Standard Interchange File (5IF), consists of a set of record types, in which each
record (vpe containg a portion of the database for navigation and digital cartography.
Depending on the custorn request, either all record oypes or only a subset of the
record types can be created. Record types can be divided into two groups: interchange
file (data descriprion directory) records and link records (link information).

| S
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Interchange file records contain information about the dara format and meaning of
cach field, Link records conrain detailed information about cach link. A NavTech
link i3 a specific ssgment or subsegment in the road network or an area/polygor
that is a physical feature or administrative boundary. The inrerchange file is primaril
link oriented and all information about each link is grouped, MavTech requires us:ﬂ
applicarions 1o connect the endpoims of intersecting links, |

In the United States, MavTech has navigable digital databases available fod
fuefiEraus n‘l.:lj-:_‘:ll‘ 1|:'|-.':rrr|p|'“||i1nr_| Areas, MavTech has r;l:l-.mpl.-l-.rrd .rl-.:tm[r.d :il'}.' rrwara‘gg
for a rotal area contaming more than 100 million people and intertown map databases
for less populaced areas. These intertown map databases include all roads that arg
contained on American Aucomobile Association (AAM]) state maps, By the year 2000,
MavTech ]'.ll.ln_'.' to have a map dntabase :n:-'.-'crinﬂ an area with & eotnl p-|:|[.|:|:|s|!'i|::-11 aof
more than 210 million people.

In Europe, MavTech Europe (formerly European Geographic Technologics
{EGT) has complered a database for more than B0 cities in Germany, the greare
Paris area, Lyon, and Marseille in France, Torino and Milano in Italy, and Coventr
in the United Kingdom. Addinonal aries throughoue France, Traly, the United King-
dom, and (rermany have alsa been completed. In additon, intertown map dacabases
now include all roads connecting municipalities and sertdements larger than
250 kem®, i

L6 DIGITAL MAP COMPILATION

As mennoned, a digital map database can be encoded from existing nondigital maps
or aerigl photographs. The coordinates of nodes are wsually encoded using special
computers that can record the coordinates of any given point. The conversion or
digitizing ts done fer a point by placing the crosshair of an instrument over the point
and pressing a burton. In some cases, paper maps are scanned and then converted
to vector form by software. Once the basic road geometry has been encoded and
the road topology has been checked, the database is further expanded by entering
atirihutes such 2 road types, road mames, !E:I'EEI'J limits, lengehs, ouen resteictions,
and other details as discussed earlier. Gradually, all chese data form an intricats
dara mesh, a virtusl reality of the road network, Althoogh the whole process has
been automated to varying degrees, it sull requires tedions human invelvement and
intervention. For instance, ane gquad shest for San Antonio, Califormia, took a week
o input into a vendor’s dacabase, Althoogh a secrion of the darabase can be as
accurate as the sources, field engineers may sill need to actually drive vehicles on
the road to verify and vpdate the map for final completion. The final produoct
tvpically takes the form of raw cartographic data files. The accuracy of these dara
files iz very imporrant o systems replying on map-related functions, Significant
errors (greater than 15m in city areas) may lead to poor overall system performance

Besides providing raw cartographic daca files in one of the interchange formats,
all the map database vendors alse compile their dagabases in some internal frmart.
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Users can use their map retrieval and drawing libraries oo easily access the darabases.
Ar chis writing, mone of the database vendors provides comparibie and independent
formats for customers. Most locarion and navigation product companies compile
their own navigable databases (files) based on the raw interchange cartographic
database files provided by vendors as shown in Figure 2.8, Besides the vendaor
database files, addiional files collected from other sources can also be used as inputs
for the map compiler, One example §s discussed in Section &4,

6.1 Data Structores

Many different data strocmires and im|1|e:'|'|t-1:|r:|:!|m1|.:-; craald be vsed o store I!h*r|'i3rrn|
rap datahase [14-16]. Table 2.2 lists several popular dara serectures, some of which
were summarized in [12]. It & not uncommon for a simple map database to use a
combination of these and other data structures. The database can be srored either
in the main memory of the locaton and navigation computer or In a secondary
storage area such as a hard disk, a CD-ROM, or a3 PCMCIA memaory card (or PC
1 card). Typically, around 10 ro 100 MB are required to store an uncompressed
metropolitan area map; the size of the map is 2 function of the data stroctures
selected, the complexity of the amribures, the geographic area covered, the road
topology, and other factors, Compression techniques can be used to reduce the size
[ of the map, with the side effect that decompression will be required for apphcations
| o access the map database; this often requires addisional design considerarions and
[ the development of proper mechanisms for dealing with real-ime applications.
| Drepending on the system implementation, the user may design a database manager
that will provide services o a set of applcarions requiring access to the database.

| The data strucruees shown in Table 2.2 rypically contain, at a minimom, node
records and segment records. As an example, the following list contains thres possible
l records and their arributes:

« Mode (pord) record: node I, lagtede, longitude, connecrivity, cic;

v Segrnent (ling) record: segment ID, left node, nght node, length, speed limit,
directionality, addrzss range, road name, city name, state name, zip code, shape
points, road ovpe (classification), deivahility, encs

* Area {polygon) record: area 1D, arca name, city range, iy fams, SLALC NAme,
zip code, et

1
]

User Databasa Flag

| Vardor Database

Figure 2.8 Datzbase compilagon.
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2.6.2 Compiler Structure

The database compiler has a soructure identical to that of & conventional langnage
translator, A the top level it consists of two parts: a Iront end and a back end, The
purpase of the front end is o read the vendor data in the interchange formar, analyze
ir, and curpur the resuls of this analysis az a ser of intermediace files. The analysis
process includes determining the connectivity of the road neowork, finding unigue
Narmes of nhiﬂul_‘ﬁ |ii-:¢ Streers, :irit'r.., 1::_'.\||:|r|'rrjri.I J'min 11 nf 'in‘rr:n-:st, ] {=H T':h: purpose
of the back end is o take the intermediate files and encode them efficienty as
mavigable darabases (database files) for srorage and rerrieval by an applicadon or
another module, The encoding process includss the creation of B-tree indexes for
retricval of names of sireets and cities, the creation of blocks of data containing
spatially correlated objects (parcels of land), and the creation of indexes for access
1o these objects [quad crees, eic.).

If handled properly, the compiler serucrure and its compilanon process should
have no effect on map quality. As mendoned eaclier, mixed reference coordinate
systems in g map-based systern can lead ta systemic errors a8 large as 1,500m for
gvery point on the map, On the other hand, errors in the dara files themuelves will
nat have such consistency and often occur randomly in several different atmbutes.
Far instance, one node on a storeet might be off 20m of “ground truch,” one local
street might be missing, a one-way streer might be marked as two-way, a particular
rond might be classified incorrectly, and so on. Sech errors frequentdy oocur before
compilation of the database and will adversely affece performance of a location and
navigation sVsem.

2.6.3 Hierarchical Maps

To efficiently solve the complex problem of wehicle location and navigation, the
system should at first ignore low-leve! details and concenrrate on the esential features
of the problem, filling in the details later. This idea easily leads to generalization,
that is, mulople hierarchical layers of abstraction, each focused on a different level
of detail. Thes technigue has proven to be very effective in redwcing the complesicy
of laege problems {see Section 3.5 for detailed analysis).

As an example, a hierarchical map databage and compiler developed by
Motorola are briefly discussed, A key feature of this darabase is that the sepments
stored in the ligher layver ace equivalent eo 2 combination of several sepments stored in
the layer immediately below. Nodce that this storage method leads to a considerable
reduction in the number of nodes required to represent the exace same coad network
ina higher layer. As we will learn from the running time analysis of route-planning
algorithms in Chapter 5, this reformarring of the road dara 1o creare combined road
segmenes for the higher [aver results in improvemene of the roote planning ronning
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pme because there will be fewer nodes thar correspond 1o segments i the higher
layer. The number of nodes to be visited during the planning process is a major
factor that affects the running time for che algoricthms, An altermnative method is ro
consrroct 2 database in which the lower J:-I.:f'EI.'.'dEF;I:IIEI:'IL'd are repeoduced almost exacily
in the higher layer. Unlike the previous method, no combinarion of the low-layer
segments is required. Because this method simply removes certain local roads when
moving up to the higher layer, the remaining road segment dara will be reproduced
exactly from the lower laver to the higher laver, This will require more memory,
but redoces the compilation time and makes the databage design less complicated,
However, mute planning is relatively tme consuming using this type of darabase,
becawse there 15 no substandal reduction in the number of nodes visited during the
decisimemaking process,

The Motorola hierarchical map darabase is a collection of layers. The full set
conssts of all four lavers, laver 0 {the bottom layer), layer 1, laver 2, and laver 3,

« La :.n:r'ﬂ mchades all the roads in the network and refated :rLaviEa,l."mn ntormation.,
« Layer 1 includes collector roads, arterials, and highways.

Layer 2 includes arterials and highways.

v Layer 3 includes highways only.

Caolleckar roads are :-;:m:-ma:im‘ r-::ql{.ls, whit:h may |{:.1.|:| o .:|:|'|.-Eriq|.£. A.I'rlmmgh
a four-laver map is used, the databaze compiler can support up o eight lavers. A
graphical representacion of a four-layer sample map s illestrated m Figure 2.9. I
is possible ro consider maps that are composed of & single laver, such as Laver 2
only, or mulriple layers such as lavers 1 and 2. Such maps would cover large areas
and conrain fewer segments, thus requiring less siorage space than fully populared
maps. These maps are direcr analogs of the councry and stare maps thae we use
when traveling from cty o cigy.

As discussed before, the database compiler, with its frone-end and back-end
structure, compiles the raw cartographic dara into navigable hierarchical dara files
that include map parcel files and index files. These fles can then be stored on CIx
ROM as shown in Figure 2,10, for access by other modules via the n.p:a-ﬁl:rj-:rn
imterface (APT)L A parcel iz analogows o a portion of a map area, which is a collection
of geographical objects (such as sepments) falling within a rectilinear region defined
by minimum and maximum latitodes and longitudes. The map index data help to
locare multple maps stored on the CD-ROM isuch 35 maps for different sranes).
The map parcel data contain detailed information on the map for each area, Index
data are used o locate the parcel which stores vector-encoded map repzesentations.
Asimilar CD-BOM srorage method has been used by Philips [17] and others [18,19].

Another feature of cthe Motorola hierarchical darabase 15 the addition of 2
dynamic database (see Figure 2. 10]. The dynamic data are used to store dynamically
updared information for each lak received from a raffic information cencer. In this
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oz

Eigure 2.9 Hicrarckical map database,

rerminology, link refers to a segment with turning delay information, A mening
delay is the normal time required for a vehicle to finish a tum associated with a
particular segment, Mote that this definition of a link is different from the one used
in our discussion of the DEM and MavTech databases. Depending on the number
of turns ahead, a specific segment may need more than one link wo distinguish the
delays for different rurns, The database moedule and is spplication medules ean
incorpocate these real-time updates for each sepment and use the men delays for
specific applications, Applications for the dynamic database are discussed in Further
detail in Secoon 6.4,

One of the key benefits for developing a hierarchical map database is to support
hierarchical route-planning algorithing in an environment where a slow secondary
database storage device such as a2 CD-ROM i being wsed, All modules work at
layer 3, except for the route-planning module, The database has degailed data at
layer O and minimal data at other lavers, In this way, For route planning, the system
can ferch data that cover a larger area during a single secondary-memory read for
the higher layer than for the boom layer. Section 5.5 will coneain an addirional
dizcussion of the berefits of hierarchical map databases for roure planning. Another
application of hierarchical storage is in map display, Depending on the scale of the
map requested by the user, the map display application will select the appropriate
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map laver fecded to draw the map. This will reduce the amount of data read
from ehe CDRROM and reduce the Frn'!-c‘:ﬁgi,ng tirme re-;il.rirurj po lilrer umawranted
information.

In summary, digital map database design should take into account the following
four considerations: content, organization, relationships, and access methodology,
In other words, a vehicle location and navigarion syseem needs a map database char
can support map matching, route planning, rowte guidance, map display, and the
display of associated points of interest. To compile a vendor darabase inte a custo-
miged darabase (data files), database compiler designers muost consider the specific
application domains invelved, For vehicle navigadon systems, a navigable darabase
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should at a mintmum provide accurate map-related location information, the artri-
butes required to calculate a best route and o goide the vehicle, as well as road-
relared facilities and information. The dembase moast be EASY 00 ACCEES. Faor an on-
board navigable database, the run-time access speed muse be carefully addressed.
Before turning oo the next chapeer, let us consider how street addresses can be
correlated with digital map coordinates (geosoding) assuming thar the map does not
contain the coordinanes of every possible address. Given the map database concepis
we learned in this chapter, how can we derive the coordinares for a known address?
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] CHAPTER 3

LA

| POSITIONING MODULE

3.1 INTRODUCTION

1 The positioning module is a vital compaonent of any vehicle locarion and navigarion
system. To cither help users cbtain vehicle location or provide users with proper
maneuver instructions, the vehicle locaton must be determined precisely, Therefore,
accurate and reliable vehicle positioning is an essentinl prerequisite fror any pood
vehicle bocarion and navipation system.

Positicning involves determination of the coordinates of a vehicle on the surface
of the Earth. Location invelves the placement of the vehicle relative to landmarks or
other terrain feamires such as roads. These rasks are accomplished by the positioning
module in conjunction with other modules. In this chapter, we introduce the basic
positioning technologies and sensors and then study sensor fusion technologies for
F integraring the sensor inputs used o estimare position and locarion,

Theee positioning technologies are most commonly used: stand-alone, satellite
based, and sereestrial radio based, Dead reckoning is a typical stand-alone technology,
A commoen satellite-based rechnology involves equipping a vehicle with a global
posicioning system (GPS) receiver, Dead reckoning and GPS rechnologies have been
used widely in vehicles. Therefore, we will concentrate on these two commaonly
used and easily accessed technologies in this chapter and leave the terrestrial radic
technology to & [ater secmon (Section 9.1) following our discussion of radio

e —
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CommUunications in E:haprcr 8. Although some of chese radio rechnologies, like GI'S,
do not require users 1o construct central host facilities or complicated communica-
tions systems and infraseroctures, this arrangement will quickly direct readers™ arren-
tions to the more popular technologies ficst, Readers may refer to Table 1001 for a
performance comparison of the main positioning rechnologies discussed in the book.

As we will fearn shortly, no single sensor 15 adeguate to peovide position amd
location information o the accuracy often requirsd by a locanon and navigation
system. The commaon solution [J‘rnquuntl:,r the only way of Ql'lta:injng the n:q_uin:;d
levels of reliabilicy and accuracy) is to fuse informacion from a number of different
sensors, each with differene capabilities and independent failure modes. Therefore,
A E‘r-q,:-:.'i:tjﬂl!ling rmcedale t:,fplc:l”:r' |r.||;|;"£m¢n:} |‘|||_.||I!i];||-¢ SEnSars, whreh wmwﬁxnl‘: F4;||:'
one another to mest overall sysem requirements, This in oo requires thar we study
a variety of sensors (Figure 3.1), fusion methods, and algorithms. Because a GPS
receiver functrons like an absoluee sensor, for convenience of study we discoss it
together with the compass, Bear i mind that this s a sarellite-based technology and
is baged on an operating principle quice different from that of other sensors (as we
will bearn shartly).

The positioning modsls i the most fundamencal of the variows modules needed
for wehide location and navigation. As seen from Figure 3.1, it is based on a variety
of different positioning seisors, Because of the kev rodes piu}‘-&d by these sEnsors,
wie will discuss commonly vsed low-cost sensors in depth. Readers who are not
interested in the detsils can skip che in-depth discussions bue seill should be able to
grasg e Buags: Lonbeps i this ;.':'luplL'r- We do ot F-l-:.'ll’.‘:l.d Lo cover all P'ﬂh.'iibl!‘
sensors in this chapeer. With the rapid advances of rechnology, it is difficult 1o cover
even a particular type of sensor completely in a limiced space since a vamety of
implementation methods can be used o manufacture a sensor based on the same
theoretical principle. A similar difficulty also occurs with sensor integration and
fusion rechnodogies. However, the emphasis placed on sensors in current wee and
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(Syroscope Fuzion LiDimpsEssE
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the fundamental fuston rechnologies available should be sufficient for anyone mtzr-
eatel inovehrcle location and navigaoon o have a basic understanding of this particu-
lar ared, For available linear and angular auromogive sensor technologies, see the
pwi tables summarized in Appendix C. Reviews of the larest auromorive sensor
development and avtomotive sensor technologies can be found in [1-4]. A detailed
discusgion of sensor technaologies, sensor principles, and sénsor mterface circurts can
be found in [5,6]. In-depth coverage of sensor inpegration and fusion can be
found in [7].

1.2 DEADL RECKOMING

A very primitive positioning technique i dead reckonming. For vehicles traveling in
a two-dimensional planar space, it i possible to calculate the vehicle position ar
any instance provided char staming location and all previous displacements are
knoem. Dead reckoning incrementally miegrates the distance rraveled and direction
of travel relative to a known [ocacion, In short, it is a technique that determines the
vehicle location (or coordinares) relative to a reference paint.

The sensors discussed in the following sections can be veed po measure the
direction of the vehicle # and the distance traveled d. After che sensor data have
been sampled and fntegrared and sensor fusion has been performed, the vehicle
position (X, ¥} and onentation (&, ar time &, can be calcplated from the equation

iea ]

XTa= X0+ E I:JI.-'IIU-!I!:"g
i=l}
-1

Yo =¥ot E. asing;
Fell

w=]
= 2,0
ixzi}

where (X, ¥n) % the inirial vehicle position ar time 55, d; &5 the distance traveled o
the magnitede of the displacement between time £,_; and time ¢, & is the direction
(heading) of the displacement vector, and &y is the angular velocity for the same
time period. A drawing outlining this method is shown in Figore 3.2

[ When the sampling period is conscant {and shoer relagive 1o the time scale for
[ changes in vebicle velocity), the above squation can be written as

=
Xy ®mTh & z vy Toos( f) + oyT)
i=i
=1
Yo =g+ 2,0y Teinidh + o T f
=i
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where 1 is the velocity measored over the sampling period T. During cach sampling
period, vy and oy are estentially constane. Mathematically speaking, this method
hasically amounts ro a continuous inregranion of successive displacement vectors.

As seen from the preceding equations, the current caleolated vehicle position
during each sampling period (cycle) depends on the previous cakoulation cycle, It
is difficult to eliminate errors associated with the previows ovcle or the current
measurement (dwe 1o sensor inaccuracy and the assumption that the heading remains
constans over the sampling period). If not compensared or nor propedy compensated,
these errors will generally accumulate as the vehicle continues to mavel, and the
calculared position of the vehicke will become less and less accurate, We will discuss
algorithms (Chaprer 4}, short-range beacon nerworks [Section §.3.7), and other
technologies (Section 9.2) for climinating these cumulative errors,

Position sensors can be designed to detect various components {distance, direc-
tian, of angular velocity) of the position of vehicular mechanical systems,. They are
either directly coupled ro a shaft or linkage, or indirectly coupled to these or other
vehicle parrs in the case of 2 noncontact or proximiny sensor. Many facrors affect
the choice of 4 sensor for a particular situation in the wehicle design, such as frequency
of vibrations, temperarure range, or the presence of dict and grease. For a designer
of a location and navigation system, position sensors and their output signals are
often already given. The task is to make them function as an integral part of the
positioning module. Therefore, a basic undersranding of commeon sensor technologics
I'.'I:I:ﬂ:lﬂ:lE‘ﬂ MECCESary,

3.3 RELATIVE SENSORS
A refative sensor 5 2 device that can measure the change in distance, position, or
keading based on a predetermined or previeus measurement, Without knowing an

initial position (or previous reference) or heading, this sensor cannor be used 1o
derermine absolote position or heading with respect to the Barth,
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3.3.1 Tramsmission Pickups

Transruission pickup sensors are used to measure the angular position of che transmis-

sion shaft, Different technologies, such as vartable reluctance, the Hall effect, magne-

toresistance, and optically based rechnologies, are used to convert the mechanical
| mocon inco electronic signals. Although some rransmission pickup sensors may have
\ analog ourpat, it s nor difficult to design an inrerface o convert the signal to pulses
1 indicating fractional revolution, Knowing the number of pulss counts per revolution
and & proper conversion scale facoor, one can convert the ourpur of the sensor inoo
diszance traveled. To avord mechanical wear and coreesponding changes in accuracy
of the measurement, it is desirable to measure the angular position of the shaft with
a noncontast sensor, Because there is always an air gap between the sensor and the
component being monitored, 3 noncontace sensor is not subject o friction wear.
Magnetic fields and optical methods are the two most common methods used for
1 poncontact coupling to a rotating shafe, In this section, we discuss only the magnetic
: field method.

There are two common places in the vehicle where the signal from the rransmis-

sion pickup sensor can be oblained. One is from a connector behind the speedomerer,
i The other & from a connector on the transmission housing. In general, 2 two-wire
' connecror indicates a variable-reluctance position sensor and a chree-wire connecrion
i indicares a Hall-cffect position sensor,
F These variable-reluctance and Hall-e ffect sensors are not limited to transmission
| pickups. They can be used to devect the position and speed of rotating twothed or
notched wheels in crankshaft-, camshaft-, and wheel-moniroring applications. Some
of these applicarions are discussed in the next sscrion,

Variatle- Retuctance Position Semsar

The principle of the variable-reluctance sensor is thar the rotal electromagnetic force
(emf} induced in a closed circuit is equal to the time rate of decrease in the total
meagretic ey linking the circnit, The total magnetic flux {number of lines of magnetic
force) is inversely propurtional ta otal relectance. Any change in the reluctance of
the magnetic circuit will cause a chanpe in the magnetic Jux. If the changing Mux
lines pass through a coil, the change in flux will induce an emf on the coil. The
outpur emf is measured as a voltage proporticnal to the rare of change of the
reluctance for the path as shown in the following equation:

Ec_dfll
Ti -

where Sd¥de is the rare of change in the magnetic flux in webers per second, and 2
is the emf in voles. As a resulr, the ourpar voltage poes 1o 2ero as the rate of change 3
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approaches zero, Therefore, variable-reluctance sensors cannol be used ar speeds
near zero, Additional desail on magnetic field measurements and magnetic Hux is
provided in Section 34,1,

The variable-reluctance POSIION SEN300 CONSIAEE aof a permanent mignet with
a coil of wire wound around it (Figure 3.3). A ferrous wheel or ironsree] disk
mounted on the rozating shaft has reeth or tabs thar pass berween che pole picces
of this magnet, The voltage output from the sensor i typically a sine wave. When
a tooth on the ferrous wheel begins to pass between the magnet pole pleces, the coil
voltage starts mcreasing from zero, reaches a masximum, and falls to zero apain
when the tooth is exactdy berween the pole picces. At this point the rate of change
in the magnetic flux 1% =ero [even I;I'|.-|1|.:|3|1 thi magnetic flus 1% at s maximuem valoe),
Therefore, the induced voltage across the sensing coil pocs o zero. As the woth
continues its movement, the voltage oatput from the coil once again increasss from
zer, reaches a maximom, and falls to zero again as che tooth passes out of the gap
between the pole pieces, and thus finishes a complere sine cycle.

Degpire their simple, rugged construction and fow cost, varizble-reluctance
sensors do have drawbacks [2,8]. First, it is difficult o output a constant voltage
envelope. As the speed of the ferrous wheel changes, the veltage level and frequency  §
change as well. Second, the signal-to-nodse ratio can be seriously degraded by vibra-
tions or resonance. Third, the outpur of the sensor is sensitive to the gap berween
the sensor and che disk. In other words, the outpur is inversely proportional o che
gap size. Proper alignment and a rigid sensor mounting are requiced, Fourth, there
15 no sensor output when the disk rorason speed is below a certain theeshold. This
means that oo output i§ aviileble ar very low specds, Fifth, the range of this senzor
tends to flacten ar high speeds. The extent of this effect varizs based on the sensor
design. Finally, eleceromagnenc interference or radio-frequency interference can

aida Fram View of
Wiaw Fermus Whaal

P ———————

i

©

Figmre 3.3 Variahfe-reluctmnce posirion semsor.
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introduce false signals if the sensor is not properly shielded or packaged, since the
coil in the reluctance sencor has a rather high impedance. Signal processing circuitry
can be added to the sensor package to obtain a bigh signal level and to mimimize
the interference,

Hall-Effect Pasition Sensor

The Hall effect is the effect by which a volrage is generated in a conductor moving
in a magnetic field. It is based on the interacrion berween moving electric carriers
i a conductor and an external magnetic field, As a conductor s moved through a
magnetic feld, the current (which congise of moving elecrric charges) generared in
the conducror will experience a foece in 2 direction perpendicular to both the direction
of moton and the magnetic field. A voltage due to the movement of these charges
can be detected, Hall-effect devices can be manufactured in silicon or semiconductos
matertals.

A Hall-effect position sensor with a ferrows wheel or ironfsteel disks is shown
in Figure 3.4. The Hall-effect device i assembled into 2 probe with a biasing magmet
and a circuit board. Figures 3.4 does not show the configuration inside the probe.
The Hall-effecr device actually bies ar the end of the probe, close o the wheel, o
that it always lies between the magnet and the wheel, When an external current 15
passed through this device, a voltage develops across the device perpendicular to
the direction of current flosw and to the direction of magnetic Aux. As the ferrous
wheel rocates, the reluctance of e magnetic field changes as the reeth or tabs pass
the probe.

Front View ol
Fameus Whesl

V/on
N @

Figire 3.4 Hall-elfect posinon sensor.
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Unlike the vanable-reluctance sensor, the Hall-effecr sensor is a zero-speed
sensor. Mo marer whar the velociy, once the Hall-effect device lines up with the
strongest magnetic field, chere will be 2 maximuom waveform ouepot. Therefore, the
voltage outpor {squars wave) from this sensor is independent of the speed of the
rofating shafr,

Sensors char woilize Hall-effecr rechnolopy also have some limitations, The
response degrades as the apper and lower limits of operating remperature are
approached. They canmot be used in severe temperatures, lower than =40°C {~40°F})
or higher than 65.6°C (150°F). The presence of other close, strong magnetic fields
can cavse errors. As in the case of the reluctancs sensor, Hall-effect senzors rEguire
careful alignment and mounting because of sensicivicy to the gap size bepween sensor
and disk, Unlike the passive reluctance sensor, the Hall-effect sensor is an active
scnsor which requires an external elecieical mpuae, In addition, wnlike the variable
refucrance sensoe, the ourput volrage of the Hall-effect sensor remains constant as
the disk rotamon frequency s vaned. This sensor can easily be combined with a
signal processing circwit to cutput a high-level volrage. In general, it is more desirable
to use a Hall-elfecr sensor than a variable-reluctance sensor for transmisgion pickup
sensors or other position sensors wsed in vehicle locadon and pavigation syseems.
Further discussion of these and odher sutomaotive sensors can be found m [2.4].

3.3.2 Wheel Sensors
Whew! Sonzors for Anii-Lock Braking Systoms

A rvpical anri-lock braking system [ A B%) consists of wheel speed sensors, an elecoronic
contrel wnit, a brake pressure modulator, winng, relavs, hydraulic tubing, and
CORmellors |||.'|i: ‘rhr 'h'hl:_:-|E SYSredn l:-:_:-E;-EI!]ml_'. Mr_lsl AHE: SYspemms 4.:|_|:r'.rE".||:|:|-' 10 g
offer four-wheel conteol, The basic components used for the wheel speed meeasuring
systems include a sensing clement, a ferrous wheel (exciter wheel, rarges whesl, tone
wheel, or iromfsreel diskl, and the mechanical hardweare required to mowns the abowve
elements with the appropriate spacings to ensofe correct operation,

The variable-reluctance sensor 15 stll the most popalar for ABS because of
its low cost and eclacive reliabilicy, As discussed caclicr, this sensor is not reliable
at low speeds, especially below (045 to 1,34 mfs (1 to 3 mileshr); chis makes accurage
vehicle positioning very difficuls when using these sensors for inpur 1o a positioning
muxdnle. Hall-effect position sensors can also be used as ABS speed sensors, We have
learned that bath sensors are electromapnetic pulze pickups using toothed wheels
{excirer rings) micEnred -r.|||:{u,':r|}' on the ot T COmponents of the drive train, shafi,
or wheel hubs. They provide a digiral signal whose frequency & proportional o the
eofational vebocity of che wheel, Furthermore, any technology with a sensing element
that converts mechanical metion inte an electrical signal can also be used as a wheel
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sensor. Table 3.1 compares several different wheel sengor technologies {most of the
iterms in this rable are from [9]). From this tablé we notice that only the varable-
rebctance sensor s fundamentally incapable of messuring st zero speed (another
exception i that a Hall-effect sensor cannot Tumction as a sero-specd semsor i s
feedback circuit has a capacitor).

Differential Odometer

Differential odomerry 15 a technique to provide borh distance traveled and heading
change informarion by megraring the ourpurs from two odometers, one esch for a
pair of front or rear wheels. An odomerer is a relative sensor thar measures distance
eeaveled with respect to an imitial posinon. A wheel cdometer typically measures
the nuiber of potation counts I:puhht'i:l ﬂl:hErll!‘E«'j h}' 2 n:ll!.:fill.ﬁ wheel, A?Ernﬁi:ﬁﬁ the
left and right wheel rotation counts and multiplying by a proper scale factor enables
the distance traveled by the wehicle o be determined. The difference berween the
i counts for the left and right wheels muldplied by the same scale factor and divided
i by the axle lengrh can be used o obrain the change in the heading of the vehicle,
] Boch the distance traveled and the heading change can be used in calculating the
vehicle position,

One example of a differential odometer is shown in Figure 3.5, A ferrous wheel
of ironfsceel disk {toothed peac) is antached 1o cach of the nondriven whesls of the
vehicle (because acceleration and deceleration have less effect an the outpur of sensors
on nondriven wheels), A Hall-sffect sensor is located close to the wothed gear, This
sensod outpurs a palse for each vooth that passes across its sensing np. Two counters,
£ (n.9 ]+ fnr I!"I.-E JE'I:'I: whesl and one E-:*:r thie 'ri.p;l'll.‘ whu:’]., [ a W p] thesl: F“I‘S.E.'I-. T['us ]::ﬁ: ar
right tooth count can be translated to the distance each wheel has traveled by
multiplying the count by the scale factor {which i3 a prederermined walue for che
| distance per count).

Tahle 3.1
Wheel Sperdd Sensar Comparison

Sencor Frequency Rauge Magne Berpring Whien! SignalModee

Edily carremr (=500 kHz Hin Mo High

Hall effect -1 MH- s Vs Moderage

Mapnetic ransistor =500 kMz Wy Ve Moderarehigh

WEagnennr el istive 0-5 MHz Tes Vi Mleulerare -
Crical 0=10 MHr Mo Ho Very hish

Bead gwnech D=0 Ha ¥ Yes High

Wariabde relucsans & 1-100 kHz Tes g Lew

‘Wiegand uffecr =20 ki e Yoz High !
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Hall-Effecl Sensors

,-l"/f :

Farrous Wik

r?.l.l'-t 1.5 Differential andsnener,

After reserting the counters and driving the vehicle along 3 known straight
distance [J while recording the counrer numbers, the left and right scale factors can
be calewlated from

.2
I.'{:L
RS
_':_-.E

K
Kg

where O and Cp are the number of counts for the left wheel and right wheel,
respectively. Knowing the scale factor for each wheel and the previous measurement
at £ = 1, we can easily derive the distance traveled up to dme # as follows:

Ky + KgCp
* ]

dig) = e =1)

When the vehicle heading is changed, the owter wheel travels farther than the inner
wheel by [K; O = KpCgl. Knowing the distance L berween the left and righe wheels
jaxle lengrh), rhe vehicle heading can be obrained from this equation:

o] e Y
ey < ot - 1) JLCL = KeCl
Mote that as long as the ranio Kp/Kp = 1, we know thart the vehicle is traveling on
a straight-line segrment road (provided K and Kg are accurate], On the other hand,
if -ve know that the wehicle is traveling on a siraight-line segment based on a
given digital map, we can use this informarion o calibrate these two scale facrors
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dynamically. Moreover, rthe ourputs fraom other sensors (such as GPFS, see
Gection 3.4.2) can be used to calibrase the scale factor. For instance, when the velicle
rraviels abave 2 certain speed and the reacked sarellite geometry used for the position
fixx 15 good, the velocity and heading informarion received from the GPS sensor is
very good. The travel distance extracied from the velocity can then be used to
calibrate the scale facror. Mow we can see the benefit of using maultiple positioning
gersors i @ location and naviganon system.

Depending on the technology wsed, an odometer or differennal odometer often
has an operacdonal error similar to that expertenced by variable-reluctance and Hall-
effect sensors in general, In addinion, the differential odometer is subject to systematic
and nonsysremaric errars such s unequal wheel diamerer, misalipnment of wheels,
the finite sampling rate and count resolution, rmunnimg over objects on road, shps or
5}:in.'|.'5.1n1.'n|1."||.'|g_ ane or more wheels, etc, A :I'me- ckid oecnrs of the vehicle pecelerates
or decelerares too rapidly or rravels on 2 snowylicy/wet road. These eerors may lead
to incorrect caloulated distance and heading data, Furthermore, in sharp turns, the
contact point between cach wheel and the road can change, so thas the actual distance
L berween the keir and nght wheels will be diiferene from the one used in the
preceding equarion to derive the heading. The rire pressure in each wheel may
change over time, as may the wheel diameger due to the tire conditions or change
in temperature, Therefors, the scale factors used o calculate posinon may change
after imitial calibratnion. These actors conttibute to the error sources of the differential
ocdometer, which lead o accumalative errors discussed i Section 3.2,

3.3.3 Gyroscopes

Eate-sensing gyroscopes measure angular rate, and rare-integraing gyroscopes mea-
sure aetitucle. At the present time, most location and navigation systems use gyro-
BOOPRE [0 Measure the nnﬁuiar rate.

Gyroscopes include mechanical, optical, pneumaric, and vibradion devices. A
comparison of these gyroscope types is presented in Table 3.2, (The gas-rawe gyro-
scope is classified as a preumaric gyroscope for lack of a bemter word.) As the
explasive development of design and manufacturing rechnologies continwes, the

Tahle 3.2
Lryrnscnpe Cnenparison

Typw o Ferformanse Cost

Melchanical Very pood Expensive
Optical Very good Minderars
Moo miaawe Gl Minderare
Vibration Crood Cheap - f
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characteristics of each rvpe of gyroscope in Table 3.2 will improve over the vears,
and orher new rechnologies may matire 1o the point where they can be wied to
further expand this table.

The vibration gyroscope is currently the device of choice for many vehicle
location and navigation svstems, [hscussions of other techniques can be found
in [5,10,11]. There are four different rypes of vibradon pyroscope based on the
bar {or beam} shape: tuning fork, rectangle, triangle, and cylinder as shown in
Frgure 3.6, A smail clectronic circuir is commonty used to control the vibration,
SONMVEFE MBLSUFRMMENIE [5G AN .'-II'IEI;IIIEF 1.'|.-|-.’h':i|::|.' outpat, and ?Tml'jqfe an ingerface o
the user,

A vibration gyroscope measures the Corinis acceleration—a pheromenon dis-
covered by G. G. de Coriolis. An object moving perpendicular 10 & rotating frame
will cause an observer on the rocating frame 1w see an apparent aceeleration of the
object, The Coriolis acceleration is generated by the angular rotation of a vibrating
bar or fork, A change in the disection arcund one axis of 4 deiving elément (trans-
ducer}) induces a vibration m a detection clement (mansdwcer] on another axs,
Vibrating piezoclectric ceramics are often used as transducers ina vibsation gyroscope
and are attached o che bars shown in Figure 3.6,

In general, the apparent Coriclis acceleration & 15 given by

4 = Jawsing

where wis the angular velocity of the rotating axes relative ro a fixced ser of axes,
¢ is the velocity of the bar, and ¢ iz the angle berween the vectors w and . The

<y -
L o

[
\
/4

ri

Figare 3.6 Vibeackon gyroscopes,
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acccleratron is at cight angles to both w and ¢ Assuming the bar has mtass m and
sin o = 1, we denive the Conolis force as

F = 2oy

Maotice that the Coriolis force is proporional to e in the preceding equation. Thes
Corielis force 15 detected and converted to a voltage by the detector element and a
simple circwit, Since the mass of the bar and the vibrational velodty ¢ of the bar
excited hy the driving elament (and the associated ozcillator cirenir] are horh Lnoam
gquantities, the angular velocity o may casily be derived and provided o the user as
the output of the gyroscope, This angular velocity must be sampled and integrated
1o produce the change in the vehicle direction #:

ﬁ'-Jm-ﬂi'

Gyroscope performance is measured by a variety of facrors, Scale factor and drife
{bias and offser) are major parameters used o characterize pyroscope accuracy. The
scale factor describes the capability of the gyroscope to accuracely sense angular
velocity at different angular rates, This value is used to convert the voltage output
from the gyroscope into an angular rare or direction. System imper fections can cause
emall variations in the scale facror. These variations appear as a factor at the output
of the gyroscope, Gyroscope drift charasterizes the abibity of the gyroscope to refer-
ence all rate measurements to the nominal zeco point. It appears as an additve term
on the gyroscope output, 50 any actual drift away from a given or predetermined
valuwe will cause the angular errors o accumuolare, The gyroscope drift model varics
considerably berween different sensor designs. For mstance, the following error
mndel, with adjustable paramerers Cy, Ci, and T, has been suggested for a triangle
bar vibration gyroscope [12] (¢ is the time since initalizarion):

it} = Cyll — &7} 4 s

Recommended methods for reducing the gyroscope errors caused by semperature
or ather factors include using an analog-to-digital {A/D) converer and filters and
measuring the offset voltage ar zero angular velocity, just before the outpur of the
sample-and-hold circuit [13,14].

In addition oo the methods mentioned, wsers can also baild compensatory
madels to dynamically calibrate a gyroscope. For imstance, one method of calibrating
the scale facror involves using other sensors to sense the """H-""'I” rate angl ||:|-::-d|f:,.'
the scale factor. Another spproach mvolves recalibraring the scale factor whenever
a known turn maneuver ocours based on the digital map or other sensors, One method
ol calibrating the diift invelves calibrating the predetermined or manufacoarer-given
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value whenever the wehicle is stadonary. Ancther method is fo correct the valwe
whenever the vehiche is not wming, as determined by other sensors or the map-
matching algosithm [Chapter 43,

1.4 ABSOLUTE SEMSORS

Absolute heading and position sensors are very important in selving location and
navigation problems. A relative sensor alone cannot provide an absolute direction
or posicion with respect o a reference coordinace syscem. In conerast, an ahsolure
SETESGE Cam FI[G"I-';-di," :n!:vnrmrl.l;mn 4] rFu:. FWIE:IEI:I. -e}F rh: \'rhl:-l:L: w'.ll:]1 rf-.s;.hEn;r i |;|_'|i:
Farth. The most commonly used rechnologies for providing absolute position infor-
mation are the magnetic compass and GPS.

A4.1 Magnene Compasses

A magnetic compass measures the Earth's magnetic field. When vsed in a posittoning
s¥SEem, & compass measures the ortentation of an object (such as a vehicke) to which
the commpass is aitached. The orientaiion s meazured with respect to magneric north.
Magneric field sensors are ales known as magnerometers, The intensity of a magnetic
i ficld can be measured by the magnetic flux density B, The units of measurement
: are the tesla (T, the gawss (G, and the gamma {7, where 1 tesla = 10 Eauss = 10
| Eamma,
The Earth's magnetic field has an average strength of 0.5 G. It can be represeneed
by a dipole thar fluctuates in both time and space. The best-fit dipole location s
approximately 440 ki off center and is inclined approximarely 11 degrees mo the
: Farth®s corarional axis [5]. The difference between true north and magnetic north
: i known as declimation. This difference varies with both time and geographical
[ location. To coreect the difference, declination tables are provided on maps or charrs
[ for any given locale, For & vehicle location and naviganon system, this does not
| cause @ problem as long as all directions osed in the system are referred o the same
i (magnetic o geographic) nosth,
| Because of partabality, high vibravon durabilicy, and quick response, the elec-
' trofic compasses have many advantages over conventional compasses, Among the
electronic compasses, the fluxgare compass is the most popular one. The sensitivicy
range of this sensor is from 107" G to 100 G and the maximum frequency is about
100 kHz [15]. The rerm fluxpate is chrained from the ganng action imposed by an
ac-drven excirziion coil that nduces 8 time-varving prermeahility in the sensor core,
Permeahility is the property of a magnetizable substance thar determines the degree
ter which it modifies the magnetic flux of the magneric field in the region occupiad
by the magnenzable substance. This propesty in the magneric beld is anzlopous to
conducrivity in an electrical circuit. The absolute permeability 4 of a2 given matenal f
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ts & measure of how well it serves as a path for magnetic flux. A magnenc field force
H applicd to a high-permeability marerial induces 8 magnetic fux densicy

BeuH

where the magnetc fux density B is analogows to the current density in an elecirical
circuit, & magnetizasion curve can be plotted from the preceding equation, where
the permeability g s the slope (Figure 3.7}

High-permea hility matenials have swo imreresting properties: hysmeresis and
saturation, Hysteresis refers to the fact that the magnetic fux through the material
lags behind the change in the magneric field. Due o hysteresis, w depends both on
the current value of H, and the history of previoos values for M, as well as the sign
of dIHid, This causes the curve to follow a different path as B increases and decreases
tor form a hysterscis loop (Figyre 3.7), Materials eaturate (in other words, further
increases in magneric lus become impossiklel ar high magnetec flux densities. If a
mnaterial such as a core is forced inpe saturation by some additional mapnetizing
force, the flux lines of the external field will be relatively unaffecred by the presence
of this saturated core. The Maxgate compass uses the phenomenon of cote saturaton
toy direcrly measuee the arrength of 2 surrounding static mapnetic field,

The permeable core is driven in and our of saruration by a signal applied o
a drive coil [drive winding] on the same core. As the core is driven into and our of
saturation, the magnetic Flus lines from che external magnetic field being measured
are also drawn into and out of the core, These varying fux lines induce positive

B
(a {b)

Fgure 3,7 Magnesization |byszeresis] curves for highe-permeshilny monerials: (6] o6 samisation and
b} out of satorancm,
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ard negative clectrical current spikes in a sense coil (sense winding). Whenever the
flux lines are forced out of the core, positive spikes are generated, and vice versa.
The amplitude of these spikes is directly proportional fo the intensity of the fux
vecoar, The flux vecror, whase direction is determined by the polarity of the pulse,
runs parallel o the axis of the sense conl. The greater the difference between the
saturated and unsaturated states, the more sensitive the compass will be,

Two 5u||r;i.1:||5 coils al riﬁitl ﬂl:'l._l:,';JL'H o ench otler have been dnvulﬁp&d B0 g sure
all 360 degrees of the Earth's magnetic ficld. These owo orthogoaal pickup coils can
be configured in a symmetrcal fashion arcund a common core. & toroidal drive
winding is used o excite the permeable core into and out of sawraton. More
complere flux linkage throughout the core can be achieved using a ring peometry,
which in turn requires a smaller drive exciration power and reduces inserference in
the sense coilis). For these reasons, as well as ease of manufacture, the many low
eost fluxgare compasses uee roroidal ring-core eonfigueation. A skerch of suech a
compass is shown in Figure 3.8,

The integrated do output voltages ¥V, and ¥, from the orthogonal coils vary
as sine and cowne functions of & The mstantanecus vitlug of #can be easily derived
by performing two successive AD conversions on these voltages, and raking the
arctangent of the quortient:

v
f= arn::suT!

x
where 15 the angle of the sensor unit relative to the Farth's magnetic fiebd.

¥, ‘ Earth's Magnetic
Fleld Wacior

a8
i -
'rl.l:

W

Sense Winding 1

Figure 3.8 Flaxgaic compass, )
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When the compass is installed in g vehicle it measures the orientaton of the
vehicle relative o the magnetic ficld, Any vehicle pargally made of iwon-based
materials generates its own magnetic ficld, and compasses cannot distinguish between
the Earth's magnetic field and other magnec fields present. In short, compasses
measare the vector sum of all magnetic felds present (Figuee 3.9 shows the situaton
if we ignore the effects of any magnesic fields ather than the rwo larger vectors.
Therafore, the ﬂqual‘ir_‘.n st Eiu:!n cannot be -!_!i.n-l:l'l':.' mied e derive the dreecrion of
the wehicle, The Earth’s mapnetic fizld vecror may be extracted from the compass
measurerment 't::,r 5=l.|.|_'|1:'3.|."li:;_-,:|; l:.hE '.I:'I..'-IEI:LHI:'.-I:' :I".E:||:‘| Vellor |;,:-FI!|.'|-F: vehicle Feom the :t:mp:m:
mEasubtmenL.

Petermining the magnetic fisld vecror of the vehicle simpie. As the wehicle
moves and changes its orientation relative o the Earth’s magnedie field vector, the
vehicke"s own magnetc field vector moves with the vehicle, That means that regardless
of vehicle orentation, the compass will "see™ the sum of the vehicle vector [(which
remains constant) and a changing Earth wector, If the vehicle is moved through a
complete 360 degrees closed loop, the compass curpur will trace a ciecle, The coordi-
nates of the center of the arcke will describe the vehicle magnenic feld vector.

Several methods are available for finding the center of the circle, The simplest
one 15 1o drive the vehicle along a closed-loop path and record the maximuom and
minimum values measured by the x and v ooils. Figure 3.10 shows the values
penerated from an actual mrial, The two compass coils might not have ideneical gain,
g0 the individual gains should be calcolated nsing the following equations:

g ‘h‘l: ' -:':rmrl
L} :|

Esrh's
Magnedic
Fiald WYaclsr

Wector Sum

Yehicle
Hag-‘ml o
Fiald Yaciar

ﬁ;urr. 3.9 Measurement of yeckr suis
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#  Sarmgle Foint

v o g i s

Fijgure 310 Comstracting 4 magnetization circle to depermine the megnetic fiedd vectar of the vebicle,

The coordinares of the cenrer of the circle are midway between the maximum and
minimum points and can be derived from the following equations:

Cr = Ky + Xiin
lI:--'h;r = F‘r}' + r!-I‘mn

The direcoion of the sehicle may be computed using:

" KV, =G
= arv;:ang'w‘ r C,:I

This method is sensitive to magnetic anomalies or noise, For example, if a truck is
positoned along the calibration path such that the magneic field of the truck affects
the maximum of minlmom valoes, the calenlated coordinates determined for the
center of the circle will conrain these errers. Therefore, calibrarion should be pec-
formed in a magnetically quiet area.

In general, a fluxgate compass is very sensitive o magnetic anomalies.
Figure 3.11 shows direction change data collected in a very noisy magnetic environ-
ment for a vehicle maveling in a soraight line. For comparison, we also show the
direction change data collected simolraneowsly vsing & differential odometer. The
driver has rried to follow a straight line. Howeser, it is very difficalr ro control the
steering wheel to force the wheels 1o follow a perfectly straighe line, This facr iz
refiected in the data collected by the odometer. For the compass dara, these direction /
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o —

Change
in Direction
[l reses ]

15 ==

10

Distance

Figure 3.11 Effect of noisy magostic enviconment on diredtion measanemicnts,

errors resull in positioning ercors, Therefore, minimization of measurement errors
i crucial for any location and navigation system using a fluxgate compass,

Fluxgate compass measurements generally contain two rypes of errors: short-
term magnetic anomalies and long-term magnetic anomalies. Deviations caused by
pearhy power lines, big trucks, steel structures (such as freeway underpasses and
rennels), reinforced concrere buildings, and bridges are ovpical examples of short-
term magnetc anomalics. Long-term magnetic anomalies result from inaccuracies
in calibration, electrical/magnetic moise, or magnetizasion of the vehicke body,

Filters such asz the low pass filter o umpleniunmry Fulter dizcosted in
Section 1.5 and other valid methods can be used 1o devect and eliminare short-rerm
magnetic anomalies, These methods include checking the heading change reported
by the compass against the physical operating envelope of the vehicle and comparing
the measured vector magnitede against the expected range of the Earth’s magnetic
field, When the external field is strong, it produces a measurement vector that falls
far from the curve defined by the drcle (Figure 3,100 TF we use anly samples that
fall close to the magnetization circle curve to determine the heading, this source
of erroes will be eliminared, Relative sensors can also be used o detect Blunders
(znomalies), When a digital map is available, road segment direction is also a very
good reference for detection and correction of compass blunders, Relative sensor
dara and segment direction are not likely to chanpge dramarically. These blunders
are ot diffieult to detect using if-then rules with proper direction change thresholds
relative 1o the abnormal compass changes associated with a blunder [16],
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e

Erross in calibration are determmistic, and can be eliminaged I:.l:.' il!l.l.'l_l-:l.l..ll:.‘irlg_
coreection offsers. It is important to realize that calibravion ereors can change over
time. For example, when the vehicle 15 run through a car wash, the auromatic car
witsh brushes can cause the magnenc field cf the wehicle 1o change for few days so
that the cenrer of the circle is shified [Figure 3.12), which will in rurn severely affect
the performance of the positioning module. In addition oo large moving or stationary
steel objects, electronie devices in the vehicle may also cause errors, For instance,
when a rear window defroster s in operation, the large current generated may affect
a compass mounted nearby, Therefore, care must be taken when deciding where
the compass should be installed in che vehicle,

Errors due to certain long-term magnesic anomalies, such as the magnerizagion
of the vehicle body, are difficult o derect. A heading reference thar does not use
magnetic cffects (e.g., GPS) can be used to detect and remove such errors. Electrical
or magnetic noise can be averaged over distance and tme, and the white nowe
vitrianoe cin be estimared a friort o estimated in real time wien an exiernal heading
change reference is available (eg., differenrial odomerer]. As discussed before, the
acvual magnetic field direction measured by a compass is determined by the combined
mngntti: field From the Earih and the vebucle tiself. IF the vehicle = nat muﬁnzti:.'.cd.l
the mormalized coil voltages Form a circle with che center ar ehe origin. IF it i
miagnetized, the center of the magnetzacion circle will drop away from e origin
(Figure 3101 A shift curve o 10% of the circle radivs will cause a maximum
heading error of 6 degrees, The heading ercor due o the shift in the center of the
eieche 15 @ function of the actual center and the true heading.

Two methods can be used 1o correct for the errar due 1o a shilt i the center
of the magnerizaton ciecle. One method is o cononuously search for new maximom

i =+ M Cenlar
— [y Waclor

ll:'-l Ot Cartear
— i HO Veolor

Figare $.12 Shift of the wehick magrere held oeneer, |
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- —

and minimum poines V;and ¥, to reconstruce the circle center dynamically, Another
methed s 1o introducs a correction table, The correction table conraing the corvection
information for any heading. For instance, in Figure 3.13 the compass has an error
of =4 degrees at 100 degrees, thus the wable will contain a +4-degree correctaon in
the cell for a 100-degree heading, Adding the correction (o the compass mepsurement
will eliminate the error. Independent sources of heading information (ie., GFS or a
digital map} can be used for determining the correction and generating the table,
These heading sources are often more aceuraie than the compass bur are not available
on & eontinuous basis,

When the vehicle iz rraveling over 2 hilly road, the compass plane will not be
parallel to the plane of the Earth’s surface. The compass measures only the projection
of the vecror components. This type of ermor can be derecred and removed via a
check on the magnitude of the magnetic Held,

3.4.2 Clihal Fﬁxiiiﬁning Sysh:m

The GFS 15 a satellite-based radio navigation system, It provides a practical and
affordable means of détermining positton, velocity, and ime arcund the globe, GPS
wias designed and paid for by the LS. Deparmment of Defense (D00, Civilian access
is goaranteed through an apgreement berween the DOD and the Depasmment of
Transportation (DOT),

G5 consists of three mam pares the space segment (satellives), the user segment
freceivers), and the contral segment (management and controll, From the kication

Cirecton
Error
{degreas)

Diraclion

[degress)

Fignre 5.13% Ermors due ro the shift of e vebicle magnenie field cenpee.
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and navigation point of view, only the first two segments are of interest, For more §
derailed descriptions of all the segments, as well as various theoretical and pracrical 8§}
aspects of GPS, readers may consult [17-19].

The observation of at least four satellives simuleaneous]y will permit determina- ]
tion of the 3D coordinates of the receiver (Figure 3.14) and the time offser berween ]
the receiver and GPS time. The 3D coordinares can be computed in an ECEF Cartesian &
coordinate frame or in a gendetic conrdinate system such as WG5S B4, Using transfor-
mation equations, positions can be compured in other geodenic frames or mapping
planes {see Section 2.3).

The GPS constellation tonsists of 24 satellives arranped in six orbital planes
with 4 sapellices per orbital plane as shown in Figure 3,15, It is designed o provide
worldwide COVETIRE 14 hours per day. The characteristics of GIS are surmmarized
in Table 3.3 [some iterme in Table 3.3 are from [20]). The design life span of cach
GPS sarellite is 7.5 years. The on-board time and Frequency standards are the most
likely functions to fail, $o each satellite carrics four atomic clocks on board.

In Table 3.3, 5F5 stands for Standard Positioning Service, PP3 stands for Precise {
Positioning Secvice, and 2dRMS stands for oao times the root mean square distance |
error (twice the standard deviation). The term 100m 2dRMS means that 95% of
the time the horzoneal positions will be within a ¢ircle of a 100m radive. Both the
CIA code and P code are pseudorandom noise (PRN) ranging codes. PRI is a
sequence .of digital 1% and (Fs thar appear to be randomly distributed like noise,
bur which can be exacidy reproduced, The navigation message broadeast includes
satellite orbital position daza and sasellice health statas.

Figure 3,14 FOFF Carrssian coardinae syscem foe GFS. i
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Figure 315 Saeellite cormellason {spasn wegment)

Table 5.3
G5 Characiomstios

Thans Charaaterisnic

Sanlline 14 satellites brosdeas signals avtonomoasly
Cirkats Sex plases, af .'i.?-:E;[l;q ims lmnation, each arbital Fl:n: imghedes foar
satelliees ar 20,351 ke alrirode, with a 12-he period
Crrrier Freguencies L1y 157542 MHx
L2: 1227 60 MHx
[hghal signals LAt code {coarse acquisitien endded; 1023 M
P eode |precise code); 1023 MHz
th‘:ﬁa.lil:m MERELEE; & I:-I'Ij
Pessitioin sccormey SP%: 100m honzonm] {2ARME) and 1408 veenical 195%)
FI's: 21m horizonial {2dBRS) amdd 2%m werncal {95%)
Welodry acouracy 5% 0,32 mis obseved
PPS: 0,2 mal
lme acguracy P 340 ns [R5%]
FPS 200 nm (95%)

The 5P is based an the /A code and is subject to selective availa hiliry {SA,
5A& & an accuracy degradation scheme to reduce the accuracy available to eivilian .
users to @ level within the national security requirements of the United States, It is
achieved by a combination of orbital pasameter degradation and savellice clock
parameter dithering, This results in an intentional error im the navigation message
regarding the locatdon {cphemeris) of the sarellites and the intentional error in the
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timing spurce (carrier frequency| char creares an uncertainry i the Doppler velocity
measerements, For civilian users, only 5P5 is available, therefore, 54 deprades che
performance of crilian GPS receivers, A s::lmplr: way fo detect whether 5A s on or
off is ro record stationary GFS position and vebocity dara over a peried of cime. If
SA 15 off, the 2D position error trace will fall within a circle with a 25m radius
(versus 100 m), and the peak velociry error will be about 0.25 mfs (versus 1 mf5)
The satellites also broadcase a parameter know as user rage accuracy [URA) as
part of the navigation messapge, which can be vsed as an indication of the statss of
SA. Recenely, the 1.5, governmenr has decided o condidonally phase out 54 placed
on the civilian users {without charging fees) starting in che year 2000, subject o
yearly review by the president. This is cerainly good news for GPS civilian users.
Differential GPS (DGPS) rechniques can improve GPS performance signifi-
cantdy. The technigue involves two GPS receivers, One is & master receiver ac a
reforence station with Enawn ﬂ:un-e:.n.-dll conrdinates and the ather is 3 recerver at g
remote location whose coordinares are to be derermined (Figure 3.16), The calaulated
position solution for the master receiver can be compared 1o the known coordinarss
to generate 4 differential correction for each satellite, In one such commonly vsed
rechmigque, the cocrecton information ¢an then be rransmitted o the remote receiver
for calculating the correcred local positian. This effecrively reduces the position ervor

Relarance
Station

GI’.‘!HEﬂlL‘-I’?“

Diata Link

Hamole
Locatian

Figure .16 Diffzrenrisl GPS.
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for commercial systems to under 15m even when 5A is in effect. DGPS rechnology
| assumes that the range errors for the remote recerver are the same as for the master
recerver, It 18 =13y to see that this assumption may not be true all the ame, espocially
when the two receivers are far apart. An accuracy level of Sm can commonly be
achieved for receiver separations of up to 50 km when low-noise receiverss are used.

Typical DGPS chacacteristics are listed in Table 3.4, Comparison with
Table 3.3 indicares thar DGPS is much better than 5P5 and even (surprismglhy) berter
: than PP5. A more detailed description of DGPS technigues follows the presentation
of the basic positioning concepts,

We now brieily discuss the measurement principles used by the GFS recciver.
Ag shown in Figure 3.15, a constellation of satellites is maintained in Earth orhit,
Radie receivers at or near the surface of the planet are used to decode the transmirted
satellite signals. These receivers then calculate position, velocity, and rime fremm the
signals, This is a one-way broadcast system, so receivers do not need o transmic
any signals back to the satellives. Since it is a passive system, 'GI'S can support an
unlimived number of users, much like a television broadcase system,

Position measurement is based om the principle of fime of arrival (TOA) ranging,
The time interval taken for a signal transmitted from an emirter {in our case satelfite)
at a known location to réach a receiver 15 multiphied by the speed of the signal to
obtain the emitter-to-receiver range (distance). Multiple signals received by a receiver
from mulople emitrers at known locations are wed to determine its locanion. Because
of clock offser berween satellive and receiver, propagadion delays, and other errors,
it is impossible to measure the actoal range, 5o a pseadorange 15 measured, The
clock offzer i the constant difference in the time reading berween the sarellite clock
and recepver clock. To determine the position of the receiver, the receiver needs to
know the pseudoranges to the satellites being tracked and the positions of those
satellites. Pseudoranges are obtained by multiplying che apparent signal propagation
mme by the speed of light, The signal propagation dme is determined by measuning
the time offser required to march the received satellite code to an internally generared
replica of the code, This is known as “correlation,” As in all surveying situarions,

the number of independent observanions required depends on how many unknowns
need to be solved.

Tahle 5.4
[HEPS Characierisoics

Lrevn Rezl-Tone Characterngc
Eeceiver separatian =¥ km

Doara link wpdace rare o RS

Mogsttean aconracy 15m (2-5m for low-moise cecesvars)
Velocioy accuracy a1

Time ascuracy 1060
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In the 213 case, at least twao satellites are required to derive the receiver position,
If the positions of the satellives are known and the pscudorange from the receiver
1o each sarellite can be measured, the receiver pasition 15 constrained o be one of
two potnis of infersecton between circles having radii equal oo the peeudoranges
(Frgure 3.17).

The unknown receiver position (x, ¥) can be calculaved wang the following
n.]u.a!.il.mt. Mote thar thess tq-uu.l:iurl.'.: wse i 20 Cartesin coordinate sysbesn for the
reference coordinare frame,

p1=Nlx - + (y-nP
Pa=lr = x5l + (y =y

where (x5, ¥1} and (%3, ¥2) are the known coordinates of the satellites, and py and
7 are the measured pseudoranges, Afver solving these two simultancous cquations,
a rough inirial estimare (or a third satellire) can be used o determine which of the
rwn sodutions should be used.
For the 31} case, three sapellites ars required (Figure 3.18), MNow instead of
circles, the psendoranges vield spheres of position, Clearly, 2 unique réceiver position
|y ¥ il |_|{ rhl.,: ri:u,:ri'rl;l cain e |.|£L|.':r|:r|ir|-eh:|3 1:]!' .:u,lll.-'jllﬁ the Eﬂ-l]llwillﬁ |:i._||,.|:-|!:i|;|-||:'.-: !

Pr=siz=z2 +ly -yt sz - 5)?

pr=flr = xf + ly = yalt + = 5

1= iz — 230 # (v — i+ iz - n)

Figure 117 Two-pseadomngs inssrsection
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Fiparz 3.18 Three-pseudorange intersecton

where (xy, ¥, 1), (x3, ¥2, 220 and {x3, v1, 23] are the known positons of the sarellives,
and Py, p; and py are the measured pseadoranges.

The receiver clock used to measure the sipnal propagation times is not synchro-
fized o GPS tirme. Instead, the clock offset bebareen receiver time and GPS time
: must be determined. This parameter can be calculated by adding a fourth sarellize.
{ By design, all of che satellite clocks are synchronized vsing very precise atomic clocks,
| If the receiver clock could be precisely synchronized with the satellite clocks, dme
mezsurement would be simple, However, it s economically impractical for receivers
| b use atomic clocks, so instead, Inexpensive crvstal cscillators are wted. These clocks

mcroduce a tinee offzer (clock bias] berwesn the receiver and the GPS clocks so we
| irast consider their effects in the compuzation. The receiver clock bias is the Gme

offecr of the receiver, and it i3 the same for each satellive. Thus Both the eceiver
I position and clock offser can be derived from the following equanions:

PR, o ) [y — 3 )E & (g — )2+ eldr —dTy)

P2 = x— %202 # (¥ — Yot + £ — z2)2 + cidt — dT3)

P3= X = 3 + (¥ = p3 ) + [z ~ 23 + cide = dT3)

pa=lx =zl + (y = vl + [zt + clde - dTy)
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where (X1, ¥ Z1h %20 ¥z, 220 U=, va, 23h and {xyg, Y4 248 are the known sacellite
POSITIONS, ', P, 5, and pg are measured pseudoranges, ¢ is the speed of light, dT,
dTy, dTs, dTy are the known sacellive clock bias terms from GPS dme, and df is
the unknown receiver clock offset from GPS dme. The satellive clock bias terms are
calculated by the receiver from the broadeast navigarion message, In the peeceding
equations, several ereor terms have been left out for simplicicy. For instance, the
range ereors due o ionospheric delay and tropospheric delay can both be estimared
using amospheric models, However, receiver noise, multipath propagation error,
satellite orbit errors, and SA effects remam. The square-root term represents the
geometric range berween the receiver and satellite, and all other rerms conrribute
to the measurement being a pseudorange.

The preceding equatons can be solved by standard techniques such as the
Newton-Raphson method. Tf more than four satellites are used for a soluion, a
lease squares algorithm (Appendix DY or a multiple-sate Kalman filter algorichm
(Appendix E) can be used. The algorthm used and how it is used have a large
impact on the acenracy of position determinanion and the smoothness of the receiver
trajectory,

Let us wse four satellites as an example o explain briefly how to solve thess
cquations and o derive measurements of the satcllite geometsy with respect 1o the
receiver, After linearization, the above equations can be wiritnen in a vecoor-mateix
form as

Y=AX

whers ¥ s che known vector of measarements and X 15 the unknown vecror, Linear
algebra can be used to sobve for the unknown vector X. A by-product of the compura-
tion is the cofactor matrix

P=iATAY?

where Tstands for the matrix transpose operation and -1 stands for matrix inversion,
For a 3D GPS solution, the cofactor matrix is a 4 » 4 marrix where three components
are contributed by the receiver position (x, ¥, ) and one component by the receiver
clock, The matrix can be written as

.
o ey s Fo 8
1
N R S
ow o o

i iy Tz '5"3

T use a GPS receiver's outpot properly, users must understand various poten-
ttal GPS errors such as the uncertamty in satelbite positions and the effects of
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propagation conditions. In addition, the geomerrical posittion of the receiver wath
respect 1o the sarellites being tracked plays a considerable rofe in GPS receiver
measurement eerots, Varioos dilotion of precision (DOP) measures are wsed m
characterize the geometric contribution to the receiver error, The caleulation of these
DOPs is based on the square root of the sum of the variances of the errors in the
estimated position along the three coordinate axes, and of the esimared time as
shown below, We usuaily consider the GPS geomerry good if the GDOP (geomerrical
DOP) is less than 3 or PDOP {position DOP) 5 less than 12,

GDOP & o ¢+ o2 4 o 4 &F

+ @y + oy oy

PDNOP = -q',_,_f 1 ,.,.f; A ,.,,-:'5

Velocity measurements are based on the Doppler froquency shife principle. The
Doppler shift in the frequency of each satellite is a direct measure of the relagve
velocity of the receiver and the satellice along the line between them. Each sarellite
has a very high velocity relative to a stationary receiver, both because of the orhital
miion of the satellite and becawse of the morion of the receiver associated with the
Earth's rotation, The velocity solution can be calculated by differentiating the four-
dimensional navigation solution {preudorange equations) introduced carlier with
FCSpheC To [ime,

To have a general idea of the composition of a GPS receiver, Figare 3.19
depicts a block disgram of a Motorola Oncore GFS receiver, where ASIC stands
for application specific integrated arcut and EEPROM stands for electromically
erasahle pmgrmmahl: RE}M. Liee [11] toe more imfoctation a|'rn1|1; thie :n;:i\r:r
design and some practical receiver examples,

Readers who are interssted in evaluation and selection of GPS receivers for
specific applications showld consult [22] and [23]. For location and navigation
applications, GPS receiver performance under heavy foliage and in urban canyon
arens i particularly important. Overhead foliage may cavse significant atrenuation
of satellire signals, and high-rise buildings in wrban canyons may block and reflect
sarellite signals. Therefore, a recetver with a position filier, fast reacquisition time,
and parallel chaone! tracking (versus mulaplexing channel} capabilities is much berter
than one without fuch Features [multiplexing is the practice of rapidly sequencing any
or all of the available channels among the visible satellites). For performance test
reports under these circumstances, see [24,25) Another feamuce that enhances GPS
receiver perlormance is receiver antonomoes infegrity monmormg (RAIM). It pro-
vides detection, solation, and removal of faukty saselline signals. Finally, research
indicates that an cight-channel low-cost receiver Fﬂ'l:}'k".ld.&l: an exeellant halance of
cost and performance nesded to track sarellite signals eeliably,

Ag mearioned carleer in this :bEL'Licln, when dmrminin.g the receprer pu:itiun.,
several erroes are aseociared with the psevdorange measurement. Table 3.5
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summarizes the typical etfects of these errors on che position owrpur by che receiver,
From the mHE., we see that thers are other sources of errar 10 addition oo 84, The
first six erpors in Table 3.5 are vicwally zero for tvpical DiGPS (receiver separation
fess than 50 km) because they are highly correlaed.

Orther techmigques can also be osed when designing the receiver algorithm oo
reduce e errors further. For civilian receivers, two methods can be used 1o caloulare

receiver position at first lock-on o savelliees. One = based on the code phase
11,023 MHz, wavelengrh = 293,000 m). The other iz based on the carner phass
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[1575.42 MHz, wavelength = 0,19 m). Both the code and the carrier phases are
transmicted by the satellite as shown in Table 3.3 The receiver generates its own
code or carrier to correlate with the one received from the satellite in order to decode
the navigation message, Both methods have associared range ambiguities because
the receiver needs ro decide the number of cycles rransmitted from the satzllite in
order for the receiver to initally bock on. For the code phase mracking, the ambiguity
is easily resolbved.

Sophisticated algorithms are required o resolve the carrier phage tracking
ambiguity, A combination of these rwo observations, as is done in carrier-aided
code rracking (carrier-smoothed code) produces better resules. For instance, oypical
Motorols Oncore DNGPS can reduce both the multipath and receiver noise errors
down to 1 to 2m. One study shows that by postprocessing the raw Oncore output
data, DMGPS accuracy can be made as good a5 2 cm [246], The postprocessing uses
cirrier phase differential processing and ambigeity resclution technigees,

GPS recedvers can be used for time synchronization and frequency stabilization.
Recall that the gatellives have very expensive on-board atomic clocks with picosecond
ACCULACY [10'] | compared with the aanosecond accuracy [‘.lI.T!b aof low-cost GPS
receivers, Furthermore, the clock ome-keeping ability of the sarcllites is better than
other rechnologies because all satellite clocks are time synchronized by the control
segment to GPS tme. The ame difference beeween any two GPS receivers is oypically
within &0 ns. Therefore, it is very economical to vse low-cost GPS receivers to
synchronize fimee to either GPS tme or universal time coordinated (UTTC) time.
Examples of such applications are to synchronize time berween adjacent cellular
telephone cells to smooth the fransition of a caller from one cell to another, and
synchronize dme among three radio-frequency reference sites m locare a mobile user
(Sections 2.2.2 and 10.2). Because GPS receivers can gencrate stcady pulses (one
pulse per second or 1 Hzj, these pulsss can be used for comparison with oscillaror
frequencies, Using a correction circuit, the frequency of the oscillator can be stabilized
very precisely.

GPS peceivers have many different applications, In geodetsc surveying, a refer-
ence station receiver with few mobile receivers ar selected surveying locations can
colbect raw data in the ficld, and the resulting data can be used o caleulace the
distances between the receiver locations in the office. This is called a statec posipro-
cessing swrvey. A reference station receiver with one mobile receiver can collect data
while the mobile recedver is moved o différent surveying locations in the field, and
the distances are caleulared in the office. This is known as a sémf-kimematic or rapid
sfafic servey. A reference station receiver or 4 mobile receiver can broadcast its raw
measurerments to the other receiver, so that carmier phase differential processing can
be done in real Gme. This method is called a real-time kinematic (RTE) swrvey.

D:PS has different implementations, For instance, if both the satellite posidons
and the receiver posidions are known, the range correction vector can be derived by
subtracting the known range vector from the measured range vector, The correction
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vector can then be transmitted from che reference station to the mobile receiver, The
data transmission races for the corrections are determined by the races of variation
i thie arrore. For oueonamous vehecle locotion and nauiﬁin:m,nne-m}r COMTIMAN B -
tion of correctinns iz sufficient. For vehicle traclking, two-way communication may
be required if the system needs both the wser in the vehicle and a central dispatcher
tor have corrected posicions, WHF [very high frequency) radic, ewo-way radio, FM
subcarrier radio, pager signals, cellular elephone, or satellite-based communications,
e, can be wsed for thes communicanons link, We discuss BF commumication in
more detail in Chapter B,

Oine cost-effective gechnigue for vehicle tracking is inverse DHGPS, In this sitoa-
tion, the vehicle does not have the correcred positions; only the reference station
does. This rechnique requires the vehicle wo teansmir satellite numbers and ephemers
datza for the satellites it is tracking to the reference station along wich the vehicle
position. The software in the reference station uses these dara and orher data collected
by the reference station using the same satellites to compute a position fis. 1t then
derives the correction vectar for that vehicle and applies it. If the system needs to
track many vehicles, the reference station needs 3 very powerful processor or proces-
sors becawse of the computationally intensive nature ol the ragk,

Wide-area DGPS (WADGPS) is another cost-cffective method of bringing dif-
ferential technigues to many vsers, Recall char DGPS needs oo have a receiver separa-
tion of less than 30 km oo provide very good accoracy. In other words, the main
disadvantage of DGPS is the high correlation between the reference-station=to-user
distance and the positoning accuracy achieved. To cover a wide area, a substanmal
increase o the number of reference stations 15 required. In contrast, WADGPS
regquires very few reference stations. Por example, 10 sparsely locamsd reference
stations may be enough o cover the contnental Unized Srates, Using ehe GPS receiver
data collected by these 10 srarions, a national map can be calculated for the entire
country. Whenever any local user needs the service, this natonal map can be used
1o derive corrections for 3 virtwal reference seation in that particular area, Since this
virtual reference staton s nearly equivalent to a real reference station in the same
arca, simmilar position accuracy can be achieved. Rescarch has alse been very active
in applying similar techniques to determine the exact sarellite orhits, IF real-time
computation can be achieved, this precise orbits method should be able o improve
thie pcsjl;;in;:na_l BCCUTACY BVET MHOTe, 'I:“l:rt':nti}', EITl',,'.lL'iﬁ.ﬂ arbits and olacks are available
for postmission use only,

In addition to the Global Pesinoning System developed by the United Staves,
other satelline systerns have been developed thar coonld be used for location and
navigation, such as GLONASS, which was developed by the former USSR, WAVSAT
haz been developed by the Furopean Space Agency (ESA), LOCSTAR is being pro-
maoted by the French space organization (CINES), and STARFIX has been developed
by John E. Chance and Associates of Louisiana for the Gulf of Mexico and continental
United States. More informasion about these systems can be found in [21,27] and
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ehe references cited therein, We discuss orher sarellite communication rechnologies
in Section 8.3.8; most of the sarellite sysrems in operation or in planning also offer
position determination as a feature. In general, the positional accuracy provided by
these [ﬂrhn:ﬂngim 15 warse than that =f GPS,

3.5 SENS0OR FUSION

From the preceding discussion, it is clear that no single sensor can provide completely
accusare vehicle posidon information. Therefore, multisensor integracion is required
in order to provide the on-vehicle system wicth complemenrary, sometimes redundant
informatkon for its location and naviganon task. Many fusion sechnologies have
been developed o fuse the complementary information from different spurces inco
one fepeesentation formar, The informarion to be combined may come from multiple
sensors during a single period of time or from a single sensor over an exrended
period of time. Integrared moldsensor systems have the porential to provide high
leveds of accuracy and fault tolerance.

Multisensor integration and fusion provide a system with addinonal benefis.
These may include robust operational performance, exrended spatial coverage,
extended remporal coverape, an increased degree of confidence, improved derecrion
performance, enhanced spatial resolution, improved reliability of system operarion,
increased dimensionalicy, full urilizaton of resovrces, and reduced ambiguicy. How-
ever, we must keep in mind thar although there are many advantages in sensor
fusion, most fusion methods make cermain assumptions, eicher explicitly or implicicly.
It the assumed sensor model does not adequately deseribe the data from the real
sensor, a perfect sensor modeling and estimation theory may not produce the expected
resule

351 Simple Filgers

Because ol errar pru,':i'l.‘lﬁ,.'l!:iulh many L‘I':E'fenr.rlf BT f||1r;|ﬁnr| m{ﬁ'rl:ld.‘ﬁ. A e 1,|'\,'|-.|.|. Dﬁu
such method is the digital filrer, A low-pass Alrer can be used ro reduce the disturbing
effeces of other magneric fields on the compass. A high-pass filter can be used to
eliminate errocs dus to odometer doift, The output of these two filters can then
be integrated eo obtain the output from the posivoning maodule, From the basic
deterministic methods of linear system analysis, 2 low-pass [iloer can be writeen in
the form of a transfer function:

Glsh =

I 4+ 15

where s the time constane of the low-pass filter. If a hardware fileer is used,
cowild be the p:rl.rdl.l.cl: ol a resistance and a i:a.[u.l:itam.'z. F!q,-' :,ul'nmmhns_ s with '.I.."s,
we can derive the cransfer function for the high-pass filrer:
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Both Glters can be implemented 10 either hardware or software, One such implemen-
tarion is discussed in [28].

If the sensor outputs come from two independent noisy measurements of the
same signal, a complementary Glter can be used to reduce the nodse without distorting
the signal [29,20]. The fileer is shown in Figure 3.20, where 2(t) &= the measured
signal, m1(¢) and maie) are the notses on each signal, wit) is the output of the comple-
mentary filter, and Gis) is the transfer function, which represents the dynamic
characteristics of the underlying sensor system. This technique is very effective when
the specoral content of the noise is mainly ar low and high frequencies, respecrively.

The purposc of this filter is to perform noise cancefladon and to obtain an
ourput ¥[¢} a8 close as possible o the onginal signal o(2). Similarly, from the hasic
dererministic methods of linear svstem analysis and the Block diagram in Figure 3,20,
it is not difficalt to see that the Laplace transform of the filter owtput is

¥ish = Xish + Nylsh[1 = Gis)] + NadshGis)

Clearly, the signal term X{s) is not affected by Gls), Therefore, we can selecr a Gis)
that amenuares both noise components.

3.5.2 Kalman Filters

Kalman filrering uses the statistical characrerissics of a measurement model o recur-
sively estimare fuscd data. These data are optimal in & stagstical sense. If a sysoem
can be described vwsang a inear model and both the system and sensor errors can be
modeled using Gaussian white noise, the Kalman flter will provide etatistically
optimal estimates for the fused data. The filter can be used without storing any
hiseorical dara because of its recursive nature, It can also be used to blend locaton
determined by the positioning and the map-matching modules (Chaprer 4) 1o yield
a best estimate for the podioon,

X+, () il | = (75}

)+ 0y (1) ————m={  Gs)

Figore 320 Coamplementary fleer. I
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A Kalman filter can be gsed wo fuse measurements from multiple sensors and
provide both an estimate of the current state of a system and a prediction of the
furnre srate of the system, Two approaches can be taken: a centralized (standard)
Kalman filver or a decentralized Kalman filrer. A centralized filter takes all the sensor
input and ourpurs a complete solution while a decentralized filter uses local filiers
for each sensor and a master filter to Fuse all the sensoes (Figure 3.21), When applicd
to multisensor systems andior systems with embedded local filters, research resules
show that o centralized [ilier may resule in hesvy compatation loads, poor faul
wlerance, and an mability to correctly process prefiltered data in a cascaded filver
seructure, During the last several vears, many decentralized Kalman filters have besn
introduced m an effort to improve fault tolerance (sce [31) and its references).

Many good specialized rextbooks have been published chat discuss the under-
Iying principles and mmplementaton of Kalman fAlters [29,32,33], The recursion
eguations for discrete Kalman filters are given in Appendix E. As mentioned earclier,
the fusion method generally makes certain assumptions. This is certainly the case
for a Kalman filter, It assumes that all measurement errors not modeled are wncorre-
lared and thar the variations in these ereoes are uncorrelated (white noise), Therefore,
if these assumprions are not valid, a theoretically perfect bilter algorichm might lead
ter miacoeptable results. Since the discrete Kalman filter 8 recursive, round-off error
may lead to problems as the number of stéps mereases, Sometimes there may be one
or more unobservable state variables, All of these situations may cawse the system
i diverge.

Many other Kalman Fiters can be used for sensor fusion, In some applications,
a linear Kelman flter can be wsed, provided the nominal trajectory can be linearized
in the state space of the system [i.c., the systerm model is approsimately linear) and
this trajectory does not depend on the resuls of the measurement. An exrended
Kalman filver can be wsed if the estimated trajectory can be lincarized under the
assumption thar chis trajectory can be cstimated feom the measurements [12], If the
estimated rrajectory of the extended Kalman fleer is worse than the normal one,
this could lead 1o further error in the trajectory, which causes further errors in the
estimates, and &0 on, leading to the eventual divergence of the filter. Therefore,
caution must be used, especially in the siruation wheee the initial uncertainty and
measarement errors are both large, An adaptive Kalman fileer can be wsed if all the
paramerers of the fileer are not known isitially o if the filoer PATAMELELS :h.]ng-r.
over fime. When numerical seability such as round-off error 15 of special concern
for possible divergence of the Bleer, a U-D) covariance factorization filter can be used
[34]. U is an gpper triangular matrix (ones along the major dizgonal, nongrivial
elements in the upper tnangular part, and zeros in the lower miangular part) and
[his a dia.g-una! matrix, In practice, many systems have no divergence problems,
because they are completely observable and there i adequate process noise feeding
into all system states.

91
PORTO IMVALIDITY 0O0Q02270



T8 VERICLE LODATION AND NAVIGATION SYSTEMS

Sensar i Glotial
___F Filei

]

Cansor 3

Senzorn

Asference
Sensar

Local |  Local
Sansor ? 8 i Filker 1

| Lacal

Sengor 2

|
- | Fliter 2

Filter n

Liazal -
Sanszorn -

Figure 3,21 {a] Centralizod and (b deceniralizs Ealman filers.

3.5.3 Ovher Fogpon Methods

Many other techiniques have been devised that can be used for sensor fusion [7,35]. |
Althoogh the names of some of these methods may not be fBamiliar, we introduce
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them here for interested readers o explore further. Many rechnigques nor mentioned
here are often used for pixel processing and image recognition and could be very
useful For enhancing drivers” vision or even allowing automatic driving, Some tech-
nigues have already been proposed and wsed in practice.

Fuzzy logic can be used to represent uncertainty in the inference (or fusion)
process 1o make a erisp decision, A distributed blackboard architecrure can be used
o ease the communicarion between various sensors in the fusion process. Weighted
gveraging can be emploved to average redundant information. Statistical decision
theory can be used to model sensor noise as probability dissriburions for removal
of outliers. Bayesian estimation (Bavesian inference) can be applied to combine sensor
information based on the reles of probability cheary, Dempster-Shafer evidential
reasoning can be psed to extend the Bayesian estimation. Production rules can be
used to symbolically represent the relation between sensory mformation and an
attribute that can be mferred from the informanion as part of an expert system,
etc. A neural network can be trained for fusing sensors withour knowing their
characteristics. Newral nerworks consist of many layered nodes (neurons) thar are
intercopnected. A neural neowork s 2 dynamic system and muse be trained o
rearcange layvers and interconnections in order to model the real-world application.
One mmiportant feature of nenral nevworks 15 that they simulage a dymamic system
without 2 mathematical model of how the outpots depend on the mputs, MNewral
networks learn from numerical (and sometimes even linguistic) sample data.

Alchowgh various sensor integration and fusion technologies are available, we
mnst keep in mind that any techniique uwsed m o3 vehicle location and navigation
system must be efficient enough for real-time derivation of the correct position,
Otherwase, the techmigque is not suitable for actual implementation in an embedded
real-time aysrem,

In general, conventional vehicle posinoning rechnigoees such as dead reckoning
tend to accumulate errors; absolute posinoning systems such as GPS are free from
ercor accumulation, However, as discussed, the accuracy and availabilicy of GPS
are affected by SA and the wehicle environment, Comsequently, the saw vehicle
position derived from sensor measurements as described earlier will nor be error
free. In Chapter 4, we discuss how to use the map-matching moduole 1o enhance the
wehicle positioning system.

Before turning ro the next chapter, can you lisy the main error sources for each
sensor discussed and the compensation methods learned that can eliminate or reduce
these errard? Are there Ay other nppmn.-:l".es that can COmpense tor the errors yiu
lsted?

Heferences

1] K. Jom, “Sensor Techonlogy Revew,” Aspomorssy Engiagerimg, Yol 103, Mo, 9, Sep. 1995,
pp. 3549,
i2] R, Jurgim {Ed.), Awtomobaw Elrctromics Hamdbook, Mew York: MoGrow- B3, 1995,

93
PORTO INVALIDITY 0O0Q02272



40 VEHICLE LOMCATION AND NAVIGATION SYSTEMS

s —— — -

[3] €O, Nweghoso {Ed), Astoonsiioe Senscry Spatems, Losdenew York: Chapman & Hall, 1953
[4]1 'W. B, Bibbens, Underianding Awomarie Elecrronics, $th ed,, Carmel, TN: SAMS, 1392,
151 . Braden, AP Hamdfood of Modem Semecrd: Phvalcs, Dasipr, and Applicarions, Mew Yock:
freerican Inssicure of Physacs, 1993,
18] L. Bsne {Ed), Sempar Teabnology sad Do, Moowond, MA: Artccl House, 1994,
[71 B. C. Loo and M. (G, Kay {Eds.), Mulhzenzor Pnfegration and Fovion for .'nfn'-'.i.pnf Morchimes aed
Kyrtemz, Morwood, M[: Ablex Puablisemg Coep., 1595,
1&] D A. Fomter, " Developments in "Wheel Speed Sensing,"' A8S Traction Comtrol, SAE Paper BRO32S,
Sowiory of Auromotve Engineers, Aog. 1983, pp. 81-E7,
[%] K. F. Weils, "Mon-Conracting Sensors An Updace,™ Automone Ergpineering, Yol 98, Mo, 11,
blow, 1958,
[10] 5 Oho, H. Kajioks, and T, Ssayama, “Oprical Fiber Gyroscope for Aumomotlye Naviganon,™
IEEE Trans, Velicalar Trchral,, Aug. 1993, pp. £98-M04,
[11] ™. Yumoes, “Ciboard Eguaipsseet,’” in Advamced Teckrolopy for RBoad Trarspart: [VHE ard ATT,
Ban Catling [Ed ), Marwosd, MA; Areech House, 1984, pp, 338-542, |
r1]| E. Barshan and H, F. Durrane-Whyse, "Inertal Favigation .';.}'-:Iml fir Mabils Robai™ ILEE
Trams. Robotics Asfomation, Yol 11, Mo 3, Jene 1295, pp, 33383,
[13] J. Bhpazeki, K. Higashimae, T. Kuirbara, and 5. Ishino, "' Vibmatory Gyroscope and Yarioes Applica-
cians,” Mirate Beciromucr North Ansarvica, 1995,
[14] T, Qilcawa, Y. Anki, and Y. Sozuki, “Deselopment of Vibrarional Fare Seosor and Mavigacion
System,” SAE Paper Moo §70E1S, Socieny of Auromotive Engineers, 1987,
[15] L. E Lenz, “A Review of Magnes Sensors,™ Proc TEEE, Vol 78, Mo, &, Juse 1990, pp. 371=985.
[16] Y. Zhany, L. G Seymious, wnd B M, Koskarn, T [ Hgn:lin:_ Lermor Blimcler Detectuan l_llln,&_
Relative Heading Sermar and Roxd Sepment,” Trcbmical Develapmemts, Matorala, Viel, 19,
Maw, 1996, pp. [M=-107.
[17] B. Hofmann-Wellenhot, H. Lichreoegger, and [ Colling, Giobel Positioming Spstenr Theory amt
Practiceg, ded ed., Berdin: Speinger-Verlag, 1974,
[18] A. Leick, GPF Satellite Survewing, Mew York: John Wiley & Sors, 1995,
[19] B, % Parkimsan, _I- J'.5||||:h:r _I:.., P, Aselsad wnd P I'_-ag.- [Edsh Cilealial Ph‘ilil‘l.'“'.l."l& SJ'.‘CI':'.I.H. Tll'dl.'!'}'
ad .qppﬁ;.ﬂr.-‘-_m;.. "?-';_l;llﬂn:jl,:-n. [ Amersean Inscinse of Asromauckes and Assrosaoncs, 1998,
[20} DaliThaT, I724 Fesdergl Rodiondmgatioon Plan, Speenglld, YA: Masoaal Technical Infosmarsan
Service, Raporr Mo, DOT-WVNTSC-RAPA-95-1/DOD-46 505, May 1995,
[11] B. Fooisell, Rasiommeagation Syztimn, Mew York: Frentice Hall, 1521
[22] J. F. Miclellan aad J. T. Bactie, “Testing and Analysiss of OFEM GPS Sercor Bosrds far AVL
Agpplicaions,”™ Froc. TEEE Position Lecation amd Mavipation Seepodiom, Apr. 1984, pp. 513-519.
[23] ¥. Zhoo, "Eveluaion of GPS Reccivers for Auromotive Applications,™ Proc. Secomd Werld Compras
o lrezellipenr Transport Systemes, Mov, 1595, pp. 568-572.
[24] G. Lachapelle and ]. Henmiksen, “(GPS Under Cover The Effect of Faliage on ¥ebricalar Mevigazion,™
GFE World, Bac, 1995, pp. 246-35.
[25] Miokoroly, MNamgeiion Pealismanes Tl Raprorr, Positlen and Mavigarioa Syseems Buginec, Jan.
13494
[16] . Tabsh, H. Marrell, asd D Cosandier, “High Freciston Beal-Time Posiionig, Using, Low Cost
OFM Sensors,” Froc, PON GPEBS, Scp. 1995, ppe 1433-1241
[27] E. Kaplen [Fd), Understanding GI3: Privcipler aned Applicarion, Morwood, Mz Arech House,
199,
(28] M. 1. G Thoone "CARIN, A Car Infarmation and Mavigation Syspem,” Firdlipe Taeck, Rew, Vol
A3, Moo L1711, Dec. I9E7, pp. 317-334.
[2%] R. . Brown amd F. ¥, 2 Huang, desreduciios ro Randos Sigrl Asalyss eed Appled Kaboan
Fifrering, Mew Yook Wikey, 1592,

94
PORTO IMWVALIDITY 00002273



Pourbaning Module &1

|_1|,‘|| W.-W. Kao, " [ntegrabion of GF%and Dead- Reckoming Mavigaton Sysems,” Proc. [IEEE-IEE Vairicle
Pamgationr & Taformation Systems Conferemce (YIS 91, Socicty of Aussimptive Engimeses, Okt
1991, pp 635-p41,

|_1]| H. & Carlson, “Federared Kalman Fileer Simalarsan Besules, '.ﬂ'ﬁ‘:uﬂu’.‘l.m:j. fu:leHfi'l:'lFI"i.d“aJnurr.,
Val, 41, Mo 3, Fall 1994, pp. 257-311.

[3X] M Crelb [Edo)y Apptied Optivaal Estimarion, Cambrides, WA MIT Pregs, 1974,

[33] P 5 Maybed, Sicbaseic Model:, Exfmation amd Gomired, Mew Tock: Acodemic Press, 1973,

I]-i-: E- _|. .'{l’ﬁLl'n-i?','l . B. Hares, and B, V., Wong, A Kalosan Filess o |||'.'|:.p:.;||;i|'|F Creaned Reskoming,
:‘-11;:- M-‘illﬂ'lil;g,.. and GPFS I'I.'II;:;-!"H:I;IIE..I Prae JEEE Bagidiom, |Locdiing snd h:ﬂl'lllll!:r.'i'lll Syrmiusiturn
PLANS], TEEE, pp. 3945, 19EH.

[35] W Waltz nd ], Liinas, Mwlfireerar Dafe Fecor, Morwood, MA: Arrech Foass, 1990,

95
PORTO INVALIDITY 00002274



CHAPTER 4

YW

MAP-MATCHING MODULE

4.1 INTRODLICTIOMN

The map-matching module plays an important role in vehicle location and aavigation
syetema. [t emplovs a digital map to make the posiricning systern more reliable and
accurate.

To provide drivers with proper maneuvering instructions or to correctly display
the vehicle on a map in an error-free fashion, the vehicle location must be precisely
known. Therefore, an accurate vehicle Jocation is considered a prerequisite for good
syetem performance. In Chaprer 3, we discussed how a vehicle location and naviga-
ton system can rely on sensors to determine s postion, One such techniqee s
called dead reckoring. Dead reckoning can teack the posttion of a vehicle relative
iy another position, such as an orgin. Typically, vehicle heading and distance tra-
versed are nsed o determine incremental changes {Section 3.2} in the position of
the vehiwde eelatrve to the l'.lfi.Ei.TL As di'i-l.".umci im Sucr.il:ms 3-1, .]-.H-, am:] 3.-1, 1:|'|=sr:
sensory systems have errors associated with their operaton. These errors (especially
cumulative errors) detract from the accuracy of the dead-reckoning process. Even
with very good sensor calibration and sensor fusion technologies, inaccuracies are
ofven inevirable. As a result of these inaccuracies, the actoal vehicle position will
not ageee with the dead-reckoned wehicle positon. These inaccuracwes are Likely
to increass or comtinue to accumulate with addivional distance traversed, thereby

K3
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encreaging the desd-reckoning error, The result 18 more uncertaingy in the true
position of the vehicle,

To deal with this uncerrainey, map-matching systems have been developed 1o
match the dead-reckoned position (or trajectory) with a position associated with a
lncation (or roate) on a map. When the dead-reckoning behavior indicates that
vehicle is in & certain position on the map (e.g., on a particalar road segment], the
vahirla pm:il‘.il:'ln may be adjuseed to some absolute Fn:rs:irlrm on the map. Thig will
probably eliminate the cumulative ervor uneil the aest map-marching step. By doing
this process in cach successive cycle of the system, a more accurate position can be
deterimined for the system. Figure 4.1 shows a comparison for owo consecutive
system cycles. To convey the idea, we make the accumuplared dead-reckoning errors
mors visible. n practice, the errors should be smaller for a well-calibrated dead-
reckoning system. Although dead reckoning i often used in this chaptes far the
convenience of the discussion o describe the position sensing and map-matching
processes, we should keep in mind thar other posiconing rechniques, such as sacellie-
based positioning and terrestrial-radio-based positioning, can also be used in place
of dead reckoning. Becanse a map and a matching process are involved, these
algorichme are called map-matching algorithms.

A good map-matching algonthm can signibicantly enhance the accuracy of
location on a road network, The reason is sraightiorward, Unlike naviganion in ai
and sea ransportation, road ransporcation vehicles are essennally constrained o a
finite network of coads, with only emporary excorsions nto parking bots, driveways,
or other off-road conditions. This makes it possible 1o wse computer algorithms o
correlate the erajectoey of the vehicle with che digital road information discussed in
Chapter 2.

A map-marching algorichm can coreelare the vehicle position based on wanious
sensors o the road network by comparing the vehscle trajectory with the roupes

Dead-Reckoned Vehicke Position

Wahlcla
Traval
Diraciion

Snappod Back by Melching

Initial Cysla Fallowing Cycle

Figure 4.1 Comparsnes of te map-muching snd dead-redeonimg eechniques.
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present in the digital map database module. Of course, this implies that the system
assumes the wehicle to be on a road. In this module, the travel path of the vehicle
is constantly compared with the available rowpes, which consist of a series of con-
nected roads in the road nerwork. Through a pattern recognition and matching
process, the most likely bocarion of the wehicle with respect to the map is derermined.
Because the digital map database contains the coordinares of the roads, the map-
matched positions can be used o reset the raw vehicle positions and limit the
magnitude of the position errors.

As mentioned, map matching 15 the process by which the vehicle trajectosy
[p-m'h] s correlated writh a ﬂiigiml reapd map, therehy locating the vehicle relative oo
this map. This is a software-based technology and makes extensive use of the digital
map seored in the system. Clearly, the digital map used for this module must be
refatively accurate; otherwise, the system will generate an incorrect position output,
which in turn will severely degrade systern performance. Tt is generally considered
tor be acceptable if the digital map s accurzee to within 15m of “ground cruth.”

4.2 COMVENTIOMAL MAPF MATCHIMG

The basic idea of conventional map matching is vo compare the vehicle's mrajectory
against known roads close to the previous matched position. The road whose shaps
mast closely resembles the current erajectory and previously mached road is selected
as the one on which the vehicle is apparently raveling,

The early conventional map-matching algorithm was invented in the 1970s
independently by pao ULS. groups and one TLE. group [1]. As dme passed, this semi-
deterministic method has evolved into a probabilistic method,

4.2.1 Semi-Dererministic Algorithms

The semi-deterministic method requires that an mitial vehicle location {initial coordi-
nates] and a direction of travel be provided, Conditional rests are interittently
applied to determine whether the vehicle i craveling on the known road necwork
by comparing the dead-reckoned turns 1w the ms implied by the road segmem
vectars computed from the map coordinates. Exact correspondence is not possible
due to errors in dead-reckoning sensors and in the map coordinates. The moduls
must have a threshold to help limit potential maches, Otherwise, it would be difficuls
to locate any marching road segment. For this technique oo work, the vehicle is
generally assumed to be om a road. The accumulared errors in the dead-reckoning
diszance sensors are corrected whenever the system detects a turn, B the reajectory
of the vehicle drifts from the road between orns, the accumulated error of the
heading is also correcred. This method iz based on the presumprion thae ehe vehicle
i following a predetermined road. There is considersble uncertainty when the wehicle
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travely off-rond because there i no longer any way for the sensor errors to be
-a‘.'l:l:l'l'l'."l:ted. Eor I'J'!ni_'i: regsan, :la:lt&:nlmr:u}- an]:-mn.tdui.nﬁ-hﬂdud [H‘:lsiﬁuninﬁ s}lsl;::rna
tend not to use this method.

4.2.2 Probabilistic Algorichms

The probabilistic method requires that the dead-reckoning sensor errors be sratisti-
cally propagated into the position determinacion, Elliptical or rectangular confidence
regiong defined based on these erroes and error models are ssed o outline the
boundary within which the true vehicls position may lie. This confidence region is
superimpostd on the road network, IF the region contains only one intersection or
read, a match is made and the coordinates are sent o be integrated or Further
processed as a vehicle position. If more chan one intersection or road is in the region,
connectivicy checks are made to determine the mose probable location of the vehicle,
The main enhancement of this method over the semi-deterministic method is thar
iE elosey mos n;'n:lui.r'ﬂ the astu rr.||'||!:i|'.'|-ll thar the vehicls 12 .:-I]W:':."! on 3 raad. If the vahicle
appears 1o be off the known road network, this method repeatedly compares the
sensor-detected coordinares with those road sepments surrpunding the off-road area
and rries oo identify the road segment oo which the vehicle appears to have returned.
Figure 4.2 conrains a flowcharr for a cypical conventional map-matching algorithm,

Even though the fowchars for this diagram looks simple, many approaches
may be uged for the aemual computzton, Within each SHep, different algorithme can
bbe vsed. Az discussed in Section 3.5, different sensor fusion methods can be used
for the first step (or logic box) in Figure 4.2,

As for the second step, many methods are available for caleulating the error
region associated with 2 particular positioning syscem. One way is to derive an error
ellipse. From estimation theory, we know that many imput and ourpur signals can
be modeled as stochasoc processes, Variables associared with the rrue and measured
vialues can be modeled as random variables. Variance-covariance information is
propagated chroogh appropriace algorithms o derive the variances and covariances
a5 functions of the origingl random varnbles or as functions of parameters estmated
from the original obgervanioas. These varances and covanances are often used o
define ecror ellipses. To learn mors about stochastie processes and estimation theory,
readers are encouraged o consult [2-4]. The following simplified discussion should
give vou 4 basic dea of how this sratistical theory ks used in practice.

Suppose that the vafance-covanance matnx of the syvstem being modeled 15
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where o and ery are the standard deviations of the sensor measurement errors, r.--:1

and e are the variances, and e, and &, are the covariances. The error ellipse can

be derrved as

- 1
o= onfi(v+ G NI D)

.y 3 i
b= ﬂ'ﬂ\jﬁ{lﬂi oy - "'.Iliui 2 ﬂ'_.f]: +4.-r;._,.)

o | L
& = = — Sarctan| ——2—
b ug)

where a 15 the lenpth of the semi-mapor axis of the ellipse, b is the lengrh of the
semi-minor axis of the ellipse, & is the orientation of the semi-major axis of the
ellipse relacive o Nooth (Figure 4.3) and &g i the 2 POSterion varkane al unit
weighe, also known as the expansion factor, Assuming thar the distribution of
measurement errors is a standard normat distribucion, the standard ellipse (ap = 1)
corresponds to a 39% confidence region. The dimensions of the ellipse can be scaled
to represent various confidence levels. In the 2D case, an expansion factor éay of
2,15 can be used o obtain the 95% confidence level, and 3.03 can be used o obtain
a #9% confidence level,

A

Morth

Vehicla Wahicke [Hrection
Location

~ P .

Figiere 4.3 Error ellipse.
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If the data received from a GPS receiver alone are wsed o define the map-
matching error ellipse, we can obrain the variances and covariances direcely from
the outpurs of the GPS receivers. For mstance, if an Oncore GPS receiver 15 used,
we can substituse A7} for o2, A3 for o3, and Al for oy, and oy, where 477 is
the cofactor matrix P discussed in Secrion 3.4. These paramerers are available by
invoking the Position/Status/Daca Extension Message command [5]. Consulting other
PS5 recever manuals may allow the user to idensify similar output vadables, possibly
under ditferent mames.

For multisensor-based map-manching syerems, different sraristical methods
have also been developed to define the ervor repion, such as contours of equal
probabilicy {CEP) [81, and vehicle location probabilicy area (WLPA) [T, We discuss
the CEP algorithm in further detail later in this chaprer. If a Kalman filcer {Appendix
E} is used for sensor inegration and fusion, the rask of defining the ermor region
becomes easier, Because the variance-covariance information 15 available as a by-
produce of the filter computations, this information ¢an readily be used to derive
the error region (ellipse) as poved before.

Mote that it is very common g multply the derived erroe region by anexpansion
foonfudence) factor. There may be other uncertainties in additon to the sensor errors,
Map databases could have errors due to errors in the original sowrces, measurement
errors, processing mistakes, and o on. The imitial reference vehicle position might
have been slightly different from the actoal position. The vehicle could be anywhere
within the width of a particular segment or lane. All of these factors contribute to
the uncertainty, so expansion of the error region is often appropriate.

To implement the third step in Figore 4.2, it is common to ficst modify the error
regioa, Since ellipses are inconwenient for locating candidare segments, a rectangle is
generally wsed, To ensure that the srror region is large enoogh to include all potential
candidate sepments, an expansion factor can once again be used to further enlarge
the ellipse to a higher confidence level before the ellipse is clipped to a recrangular
region. The Cyrus-Beck clipping algorithm can be wsed 1o locate the segments in
the region [8]. This algorithm uses the dot produces of the inner normals of the
recrangular boundaries and vecrors from a point on the candidate segment to a point
on cach boundary o derermine whether the segrment liss inside of outside of the
clipping region.

As for the fourth step in Figure 4.2, we can sort the segments found in the
previous step. The segment that most closely marches the given sensor data should
he at the top of thig list. Appropristeness of the segment heading is 2 very important
criterion. Because of the many uncertainties imvolved with the sensor and segment
heading, 4 threshold is used to allow the alporithm to consider the candidare whose
headings are close ro the sensor-detected heading, We also need to check if the
sepment i5 connected with the old scgment thar the vehicle was most bikely sraveling
on in the previous computation cycle. Segments far away from the old segment
should have lower priorioy on the List. If the vehicle was following a predetermined
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route during route guidance (Chapeer 6, the segments along this roure should be
strong candidates for macching considerations. All this checking will Lkely identify
the best marching segment, If an off-rosd situation {such as a parking lot) is detected,
moee computations are required in order to include candidare segments within a
gradually growing region of the vehicle vicmiry, It uses similar marching criteria to
degermine when and where the vehicle returns o the road nerwork.

Finadly, this best matching segment 15 presented to the system abong with a
mast probable matching point on the segment. If there are po good candidates
available, if the sensor-determined position commcides with the current wehicle paosi-
tion, or if there is an ambiguity, nothing will be reported, provided the algorichm
15 deggned to do so. The vehicle must then rely on the sensor data alone to determine
its position.

T save on computation time, a receangular mial-and-error region racher than
an error ellipse may be defined. The drawback of this merhod is thar the error region
will never be associated with the positioning errors. A stamstically defined error
repion <an be expanded and shrenk ar each cycle of the alporithm while the rrial-
and-ceror region would sray ar che same size all che time. As an example, we will
see below how a probabilistic algorithm, which follows the basic procedures in [6]
closely, warks,

This probabitistic alporithm interrupts the main system program approximately
once per second o provide the current wehicle position for display. During each
cycle, it first updates che old dead-reckoned or map-matched position to the currer
dead-reckoned position, on the basis of sensor-measured dara, as discussed in
Section 3.2, Az in the second step of Figure 4.2, the updare accuracy is estimated
in terms of the CEP, which defines an error region. This eegion encloses an ares
with a certain probability of conmining the actual position of the vehicle,

The basic idea is to use a 3D probability density function (PDF) to define a
set of equal-probability contours (Frigure 4.4}, Each coneour is generated by an XY
horizontal plane slicing through the PDF at some level and encloses an area with 2
percentage of the probability densiry, such as 50%, 0%, and so on. The peak of
the PDF is directly above the current dead-reckoned position. By projecting thess
contours onto the XY plane, we obtao a setof ellipses, sach with an equal probabilicy
of incdluding the actual position of the vehicle, For instance, the 90% CEP encloses
an area thar has a 0.9 probability of including the acreal position of the vehicle, In
actual implementation, onc of the cllipses 15 selecred as the error cegion and &
approximated by a rectangle, Reference [6] contains a set of equations wsed o define
the four corners of the rectangle based on the error models of the foegate magneric
compass and the differenal edomerer, The area of the CEP is normally proportion-
arely larger than the area determined by the marching poine (discussed shartly) from
the last cvcle to reflecr the accumulated ercor and the resubting reduecrion in the
accuracy of the current dead-reckoned position,
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Figure 4.4 Positson saror reginos defined by a probability denusy fancring {FIDF).

Onee the error region has been defined, the algonthm performs the remainder
af the steps shown in Figure 4.2, except for the last updare step, to find the best
matching road sepment. This segment is the most likely candidare in the vicinity of
the vehicle to conzain a point more likely than the most recent dead-reckoned positon
of the vehicle to be the corrent wehicle. position, A more detailed descripnion for
each of these steps (berwreen the second and the base steps in Fipure 4.2] has been
provided in Figure 4.5,

The algorithm extracts candidare road segments (segments 1n the error region)
by cxamining all segments in the neighborhood of the vehicle in sequence, The
segments are ferched from the digital map darabase. Each segment 18 first tesced to
determine if its directton is parallel to the vehicle heading within a specified threshold.
If it passes the direction test, this segment is then examined to determine if it interceprs
the CEP (error region}), which probably conrains the vehicle. After passing these
initial vests, the segment is added 1o the segment list, Otherwise, the algorithm returns
i the top and ferches another segment for the same rest provided dhe current segment
is not the last one in the neighborhood,

The algorichm tests cach segment added o the list for i connectivicy and
closeness. The conmectivity test checks if the segment connects to the segment
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previously (last cycle) determined to contain the vehicle position. [n other words,
the algorichm checks if each segment on the lise is connected with a previously
marched segpment. The closeness test checks each segment on the list to see if it is
very close o any p.ruwl_ﬂ:ll_-:l}' mmichied sEgment on which the vehsele was aL'I.u.'.:ll:.l
'[ravcljn[.;. 15 other m:-rﬂs;, th: :Jgt:r.'l:hm c!‘bﬂ.:]u: tr see if thers % an .:|.m|:|'q'.__'1.:il::r' betansan
any pair of sepments on the list. Any sepment chat fails these rwo tests is cemoved
from the segment list. Mo more than owo segments on the list are permitted to
survive the connectivity and closeness tests.

From che surviving segment list, the alposithm salecs the maost probable sep-
meent, IF there 15 only one surviver, the task is simple. This segment is the mose
probable segment, [f thers are two segments on the lisc, more tests must be performed.,
These include a test 1o see which segment connects to the previously marched segment
propecly and which one is choser to the current dead-reckoned position. The most
probable segment is selected as the winner, If these owo segments hawve almost
identical characteristics or are too close togecher, neither segment is selecred as a
marching segments, and the current dead-reckoned position s not updated,

The single most probable candidate must pass the fimal corcelation rests 1o be
eligible a3 a matching segment. If the vehicle is not ruming, the algorithm performs
4 simple (eajectory match, Otherwise, a correlation function is calcolated, For trajec-
rory marching, a short history of piecewise traveled distances and headings caleulared
from sengor sutputs are kept in memory temporarily, These vehicle trajectory data
are used b compare agaimst the vehicle roure data of piecewise segment lengths and
headings from the same period, If a maich exists, the sole survivor is the segment
to which the currenr dead-reckoned position can be updared and is saved as the
matching segment, For correlation function computacion, the algorithm calculares
the function between the vehicle rrajectory and certain segments (including the most
probahle sepment and the segments connected to it). If the results pass certain
threshalds, the most probable (correlation) point on the segment derived during the
calenlation is saved for larer use in updating the current dead-reckoned position.
Obvicusly, the segment thar contains this matching point becomes the marching
segmient. [F this most probable candidate fails che comrelacion rests, the current
dead-reckoned position is por updared, indicated as a nghtward pointing armow n
Figure 4.5.

Last, the algorithm updares the vehicle position, which is similar to the [ast
step in Figure 4.1, If the vehicle s turning, the vehicle position is updared 1o the
matching point determined during the correlation funcrion calculation, Otherwise,
itis updated to a mos: probable constant-course position along the matching segment,
Cinice the current position has been updated to the map-matched position, the area
of the CEF will be proportionally reduced 1o reflect the resulting meréase in the
aceuracy of the vehicle position. Again, see [§] for the equations used to derive the
new cormers of this rectangular error region. Finally, the sensors ace recalibrated, Tf
the vehicle has just fnished a turn, the distance sensor is recalibrared. 1f the vehicle
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15 not turning, the heading sensor is recalibrared. The meening condition of the vehicke
can be easify derermined either using the heading sensors or during the map-matching
process, The apdate steps in this algorithm are shown in Figure 4.6.

We know thar the probabilistic method makes no assumprion thar the vehicle
iz always on the road network, It handles off road conditions much berer than che
semi-cdeterministic method. However, unlike traveling on 2 known road networl,
map-marching adjustments cannot prevent the aceumulation of dead-reckoning
errors whils the vehicle is off-road. There may be considerable uncertainty in vehicke
position, which could lead to incorrect conclugons when matching against ghe
surrounding road segments. The further the vehicle travels off-road, the greater the
uncertainey in the estimated position. Many possible approaches have been proposed
tor elimimage this problem. For mstance, an absolote sensor can be used as a sanity-

checking sensor to bound the absolute accuracy of the systemn as briefly mentioned
in Section 4.4,

4.3 FUZEY-LOGIC-BASED MAP MATCHIMNG

As dizcusied in preceding sections, the vehicle trajectory generated by 3 positioning
module alone i often distorted or different from the actual route due to sensor and
processing errors 35 well as imperfections of the database reselting From digitization.

'

Update
Deed-Reckoned Position
fo Map-Matchad Posflion

1

Updata
Errar Region Based on
Map-Matched Poslion

'

Ao-Calibrate

Sansods

Figure 4,6 Final detailed upcdate wivps of the prabakilsbe algarithm.
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This often causes some difficulty i the map-matching process, If a map-matching-
based vehicle is traveling in a ity downtoen area, there may be many road patterns
matching the trajectory reported by the posidoning sensors ar any given moment.
It may be difficult to distinguish precisely on which particular street the vehicle is
rraveling. Rather, the system may conclude that the vehicle is “more likely™ 1o be
on certain sereers, and “kess lkely' o be on some certain other steeers. The location
of the vehicle can be determined only when sufficient additional trajectory informa-
tion & provided to compare agamst the digital map database, This ambiguity needs
to be resolved if an accurate location and navigation system is desired, Therefore,
techniques for dealing with qualitarive terms such as likeliness are required in the
ritap-marching process.

l"l.I-E:-:f E-I;IE,N; has been demanstrated as an effective way fo deal wiath tasks that
involve qualitative terms, linguistic vagueness, and human intervention. By making
vse of fuzzy sers (Appendix Fl, linguistic terms with vague conceps can be defined
marhematically. Expert knowledge and experience is represented by a set of rules,
Furthermore, inferences can be drawn theough an approximate reasoning process,
which simulates human réasoning capabilities. Becavse map marching is a qualicarive
decision-making process involving a degree of ambiguity, this segpests thar the
development of fuzzy-logic-based map-matching algorithms may be uschul, Fuzey
logic can also be used in other modules or subsystems in addivon to the map-
matching module. Readers can refer 1o [9] for these potential application areas.

.31 Furzy-Logic-Based Algorichms

In this section, we discuss how o apply fuzey logic in a navigation system by
conseructing & simple mule ser for a map-macching module. Background for readers
wha are not familiar with the concept of fuzzy logic can be found in Appendix F.
Az disensted in that n.l'lpem[i:-l:, a ey II:IHiI: Inferenrs Proces comsises of thres maim
parts: the fuzzifier, the inference engine, and the defuzzifier, a3 shown in Figure 4.7,

Chur discussion of this fuzzy-logic-based algorithm follows [10,11] closely, Thas
method is based on the approximare reasoning in fuzzy logic. Tt uses fuzzy logic o
assign oruth values from zero 1o one for cach of the sensor signals and road segments
and then make decisions based on the assigned truth values.

Figure 4.8 shows a flowchars for this fuzzy-logic-based map-matching algo-
rithm. To save space, "mad” has been vsed for “road segment™ in this Bow chare,
The rules are numbered 1o correspond with the logic boxes in the flow chant. Some
of them consist of more than one sub-rules,

As Figure 4.8 indicares, this algorithm wses eight roles. Some of the fuzzy
membership functions tssociated with each rule are given nexe. In the followang
discussion of the rules, we assume that the root mean square error of the past five
headings is used as the heading error o derermine if the heading has become steady.,
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Membarship Functions
Fuzzy Logic Operalions
Fuzzy RAules |
Ermput gll.gm

Inpul Gradas recdes Crufpt
F_!—I-- Fuzziller |—p- I'ETE:E ———— Dieluzzifier i-—-
Crisp Fuzzy o Fuzzy Cirisp
Value Ced St Walug

Frgare .7 Fusiy bogic sysberm sbrucmne,

Baile I: [F Aleading s small
THEM resemblance of the route = high

where “Ahcading™ is defined as the difference beoween the direcrion of the road
sepment and the heading of the vehicle, The membership functions “small,” “large,”
and “high™ for “Ahepding™ and “resemblance” are defined in Figure 4.9,

Erle 2: IF Aheading is almost 180° AMD heading error 15 zero
THEN possibility of W-turn is high

where, as described in Appendix F, AND ks 2 min (minimal) operator, Membership
funcriong af “almose 180" for "ﬂ.hE:ldl:l:lE" and “rero™ for "r'LlE'.I.dII‘]E_ Errnr” e
defined in Figure 4,10, The membership function for *“possibiliny of U-tuen™ being
“high" 15 defined the same as “resemblance™ in Figure 4.9,

Rede 3.1: IF Adistance is large

THEM necessity to retrieve successive segments is high
Rufe 3.2; IF Aheading is large and heacing ecror is zero

THEMN necessity to refrigve sucopssive segments is high

where “Adisrance™ is defined as the difference berween the segment lengrh and the
distance the vehiele has traveled an thar pacicular segment. The membership function
of “large™ for “Adistance’ is defined in Figure 4,11, The membership funcrions of

“large” for “Abeading™ and “high" for “necessity™ {same a5 “resemblance™) are
defined in Figure 4.9,

Eule 4: IF the heading errors and the root mwan square erroos for the vehicle
speed are small
THEMN the motien is steady

Rule 5; IF the truch value of the previous candidace road partern is high

AND
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[F the truth walue of the corrent candidate road parrern iz high p
THEM the trath valuz of the correspondence is high
Redde £.1: IF the difference between the distance traveled aloag the curfent candi-

dare road and the leogth of the candidate road i small
AND
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IF the difference berween the vehicle heading and direction of the succes-
sive road 15 small
THEM the truth value for the successive road is high
Rede 6.2: IF the truch value of che candidate road is high
AMD
IF the rrsth value for the successive road is high
THEM the combined truth value of the moving vehicle on the sucoessive
road 15 high
Rule 6.3: IF no road pattern similar to the path of travel can be found within a
given distance
THEN the vehicle is off-road
Rule 7; [F there i more than one road pattern within a given distance similar
to the current vehick motion
THEN the wehicle i+ on-road
Fule 8.1: IF Aheading is small AND Adistance is small
THEN resemblance of this segment i& high
Fule 8.2: IF resemblance of this segment i3 high AND resemblance of history
path is high
THEN resemblance of the whale path is high

where the AND operator in Rule 8 reflects the different degree of resemblance
between successive segments and the vehicle trajectory. The membership functions
of “small™ for “Aheading” and “Adistance” are defined in Figures 4.9 and 4.11,
respectively.

Through this matching process, a candidaee road segment may be removed
due to its resemblance being too low, for example, zero. On the other hand, a new
candidate segment may be generated of the wehicle is either on ar close o another
sepment. Becanse the resemblance ks constantly being evaluared, the matching possi-
i bality for each candidate sepment will decrease since contnuows evaluation causes
the truth valwe of the old candidare sepment o decrease as the vehicle keeps moving.
|| o way tocontinge the process is to reset the degree of resemblance ro one whenever
there s only one candidare.

’ The preceding set of rules is primitive. Implementation of a robust fuzzy-

logic-based map-matching module requires the wse of additional conditions, such
as drivabiliny of successive road segments, or the addition of special rules for GPS,
if a GPS recesver 15 weed, Hn::-wzw:r., thes i-_'q:n.mp|: demonstrates very well b Fu?.?::,.'
logic can be successfully used in a map-matching algorithm, With these peimitive
riles as a foundation, one can easily develop & good map-macching module. Many
fuzzy-logic development wols are available. New rule sets can be developed and
testedd wsing chese tools. Users can either use the tool o generare the embedded
computer banguage code directly for integration with the system, or design thesr
own fuzzy miference engine to be embedded in the system [12].

T e
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The basic principbes of the conventional and fuzzy-logic-based map-marching
algorithms are the same, Both algorichms ooy (o idenify the road segment on which
the vehicle is traveling and precisely determine the position of the vehicle on this
segrment oo updare the dead-reckoned position. The main difference is thar one
approach derermines this marching segment by probabilistic reasoning and the other
does it via a fuzzy-logic inference process. More specifically, the conventional algo-
rithm defines the sensor error models refative to the candidae segments in probabilis-
tic terms. The fuzzy-logic-based algorithm, on the ocher hand, wses membership
functions &t describe the sensor error models in relation to the candidace segments.
The matching processes for both algorthms are essenmally the same. A possibility
is associared with each candidate segrment. These possbalities meorease or decrease
according o similariey. Candidares with low possibilities are discarded and the one
with the highest possibility is presented vo the sysrem. However, different methods
can be used o evaluate the possibility. This leads to the interesting conclusion that
other inference methods besides the owo methods discessed here can also be used
in map-matching algorchms.

4.4 OTHER MAP-MATCHING ALGORITHMS

Map marching is basically a pattern recognition process. Therefore, many pattern
recognition methods could be used, One such candidare method is based on a neural
nerwaork. Az menticned in Section 3.5, neoral nerworks congist of many Lyered
nodes (nevrons) that are interconnected. A nevral network: is 3 dynamic system and
must be trained to rearrange the layers and interconnections to madel the real-world
application, Besides different pattern recognitton methods, centralized, deceneralized,
or hybrid spproaches can beused to work with positioning sensors, In the centralized
approach, the integrated and fused multisensor data are matched with the map, In
the decentralized approach, each individual sensor or group of sensors is matched
with the map separately, In che hvbnd approach, the centralized and distributed
methods are applied sequentially to obtain a bemer matching result. Although there
are many variagions on this I."El:hniqul:, the underl}'ing Frin-:i].'lk ik the same: A dig:lml
map iz used o flrer out vehicle zensor errors and to determing the besr position.
As examples of these vanations, we show some typical map-matching methods used
with GPS receivers in Figure 4,12,

Becanse of the popuolarity of GPS receivers, many applications have been devel-
oped on the basis of this sarellite-based radio navigation rechnodogy. There is no
question that 3 map-matching process can also help improve the accuracy of the
receiver output as shown in Figare 4.120e), especialty, when selective availability
{SA) is on {see Section 3.4.2), [
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Figure 4.12 Varlatiors of map-marching alposhtens used with GF%: (3) &8 @ seniky-checking sensar,
{b} & cne of incegrated sensoes, and |c] as che only semsar.

4.5 MAFP-AIDED SEMNSOR CALIBRATION

Map data elements {acribuetes) can be used o calibrate both distance sensors and
angular sensors. These may be done during a trip as briefly discussed for cemain
sensoes in Chapter 3, For instance, sensor blundears (short-term anomalies]) can be
derected and correcged using the map-matching results [13], The lengrh of a road
Larrment can he :gmpqr:d agni.nsl: the distance measurad by the distance sensor, The
direction of 1 road sepment can be compared against the direction measured by the
direction sensor, When the vehicle travels on this scgment, any errors above a certain
threshold will be detected and the corresponding corrections and calibration can be
perfoomed,

Assume that the map dagabase is accurare and the fact thar the vehicle is
rraveling on & specific road segment can be confirmed by a map-matching-based
positioning module. The system can record the sarting and ending points of the
segment, If the segment is fong enough, a comparison can be done to monitor the
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performance of the distance sensor and the direction sensor. For instance, the length
of the scgment should be pearly equal ro the distance traveled by the vehicle on the
segment and the direction of the sgment should be closely equal ro the heading of
the wehicle a5 ir travels along that segment. Ocherwise, cicher a sensor anomaly
(blunder) has occurred or the scale factor of the sensor needs to be recalibrated,
Becall thar many sensors could be affected by the environment so that recalibragon
th‘;“;tbnlﬂ necesEary. U,:.'inﬁ & map, this can i r].-::lm,-. -,']]rna.[nn:aﬂ}' dllri.n_lﬂ: t|1= i-;,:lurnwl,r, 1

A digital map database can help a dead-reckoning-based positoning module !
present very good position information to the location and navigation system. When |
developing a map-matching-based positicning system, we must keep in mind chat
this system relies heavily on the map. Therefore, the accuracy of the vehicle position
derermined by the syseem should be similar o thac of the map database iself. If the |
map is of low gqualicy, the system may not meet expected design specifications or |
1SET PECUiraments.

As mentioned, a dead-reckoning system has a tendency to accumulate sensor
crrors, 50 thae the system may evenrually fail to locate its posinon, A map database |
may be unable to provide accurate imformation due to unmapped roads, eff-road
eravel, human erroes during the mapping and conversion process, ete. Integration
of dead-reckoning and map-matching systems may improve the performance of the
positioning modole. However, it srill may fail due o the facr chat the errors are
accumulative andfor the presence of error i the maps, User intervention may be
required to recover. Since the GPS satellite deployment is now complere, it is very
common to find location and navigatdon systems thar incegrare GPS with dead
reckoning and map matching 1o boost the self-recovery ability, and 1o provide
system reliability, Besides, as a source of independen: position, direction, and velocity
information for the vehicle, GPS can help to calibrare the dead-reckoning sensors
and detect sensor blunders dymamically. On the other hand, GPS receivers can
occasionally generate suspicious position and velocity information or even no solu-
tion at all because of satellite signal blockage and multipath reflection. Dead-reckon-
ing sensors and the map can detect GPS blunders and fill voids by erraric satellite
signals. As we shall see in Secrion 1002, similar map-matching technigues can also
be wsed to assiet terrestrial-radio-based positioning or other systems. By complement-
ing each other, these systems provide much better performance than systems that
do not use these mm:-:hin]q I:r:-:.'l:ni{',uts ':Ta.l'.'llt 10.1).

In conclusion, let us copsider an interesting question, During the segment
matching process, how can you determine which is the best marching candidare
when a road forks into almost pacallel roads with very small differences in road
direction? .
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ROUTE-PLANNING MODULE

51 INTRODUCTION

i 2

Route planning is a process that helps vehicle drivers plan a route prios to or during
a journey. It s widely recopnized as a fundamental issue in the field of vehicle
navigation. Route planning can be further classified into either multivehicle (system-
wide] rouee |'||.:|n:|i||3., wrhieh pl.il'l$ multidesmnanon routes for all vehicles pa a
particular road nerwork, or single-vehicle roure planning, which plans a single roure
for a single vehicle according to the current locarion and a given destination,

In the computer literature, people often refer to finding a route from point A
wo point B as a shortest pate problem, Many algorithms have been developed w0
solve single-origin shorrest path and all-pairs shorrest path problems [1]; these algo-
rithms treat situations that are guite analogous to single-vehicle route planning and
mualtivehicle roeete Er|.:|.n11:ing,rcs|_:rﬂ:w¢]]:. I thas chap’rﬂ' we discuss maily J]Eurl.l:f'lrm
for solving the single-vehicle roure planning problem. Multivehicle roure planning
15 more complex than single-vehicle roore planning. Hawever, the backgroond on
solving the single-vehscle route-planning problem will facilitate the study of the
multivehicle route-planning case. Readers interested in multivehicle route planning
will find & bricf discussion in Section 5.6 as well as in relevant readings on dynamic
programming, operations research, data stroctures, and algorichms [1-3).

In thus chapter, we foliow the convention used in Chapter 2. We define a node
o be a road intersection or a dead-end point on a road, and a sepment to be a piece

1ns
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of roadway berween two nodes. Note thar segments are often catled edges, arcs, or
links, and nodes are often called verfices or points in the compurer lirerature on
directed graphs.

A variety of route optimization critéria (planning criteria) may be used in route
planning. The quality of a route depends on many factors such as distance, travel
rime, travel speed, number of s and waffic lights, and dynamic traffic infor-
matioan, We refer to all these factors as the frovel cost, Some drivers may prefer the
shortest distance. Orthers may prefer the shortest travel time, etc, Therefore, the
evaluation function chosen to minimize this cost depends on the sysrem design and
user preference. These route selection criteria can be cither fixed by a design or
iTnFIlE!T'II:-TII:l;‘!;! vig @ wElectable user interface. To muindmize the reavel distaonce |road
sepment lengrh), distance can be stored in a digital map darabase, so thar che route-
planning algorithm can use the database when performing minimization. IF travel
time 15 being minimized, the road segment length and speed limit can be stored for
use in calculating the travel time for each road segment. As noted in Section 2.6,
segment lengrh and speed limit are often defined as arributes of the road segment
in the digital map darabase, In summary, determinarion of the best route involves
using a digieal map to select 3 route that minimizes vanables such as time and
distance,

Before introducing route-planning algorithms, we shall familiarize ourselves
with some commonly vsed technical rerms from computer science. To analyze the
performance of varous algorithms, we need o know the key factors that affece
performance, and the common terminclogy used to discuss them, The moming tise
[ewEcution time) of 3 program :Iepen.:l:: on Ehe inpoe to the Program, the guality of
eode generated by the compiler used, the narure and speed of the machine inseruc-
tions, and the time complexity of the algenthm, The ronning time of & program s
defined as a function of the input. For many programs, the running time is a function
of some particular input. Often, this computation time depends not on the exact
input but oaly on the “size™ of the input. We vsually define this time complexity
to be the worst-case running time, Because the running time of a program depends
on the compiler ueed to compile the program and the machine wsed to execote i,
we cannof express the time in standard units such as seconds. Instead, all we can
say is that the running time of a certain algortho s proportionsl w the size of the
input, et The constant of propomionaliny is left unspecified since 1t depends very
heavily on the comgpiler, the machine, and other facrors.

Big O matation is commonly wsed to describe algorithm running times. For
instance, let the gize of the input e the algorithm be ». We thus vse U1} to mean
compuiing time s approximately ndependent of the size of the input, or bousded
by a constant. The term O{a} means that the runnmg tirue is directly pru:-pq:-rtmual
to 1, and is called lsear time, The term Oln®) refers to giadratic time; Oin'} is
called cwbic rime; O1c") is called exponential time, where ¢ is @ constant and
Of(log ») and O(w log m} are called logarithmic time. Thus, programs can be evaluared
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by comparing their running time functions {neglecting constants of propertionality).
In the preceding notarion, for instapce, & program with running time Cim) is betver
than one with running time ({x”} even though they are both polynomial-time
alporithms. If you are not interested in the timing analysiz, you should be able
skip the sentences and paragraphs discussing this subject and still understand the
algonthms,

The timing analysis s often referred 1o as the time commplexity. Similarly, the
analysis of memory esed 1o perform the scarch is called the space complexity. The
completeness of an alponthm refers to the ahility of an algomrhm o gearantes
obraining a solution if one exses. IF the algorithm is capable of wentifying the best
of several different solutions, ic is referred 1o as being optimal, In this chapeer, we
focus on the time complexity to give readers a basic idea of how to compare various
planning (or search} algosithms, We now discuss several popular algorithms, The
interested reader may refer to the subject under search in [4] ro see how some of
ithe algorichms discussed here can be implemented in artificial imrellipence and other

computer languages.

5.2 SHORTEST PATH

We firse study a popular shortest path algorithm, and then learn how to modify it
to solve the route-planning problem.

5.1 Dijkstra's Shortest Path Alzorithm

One of the main representatives of the shorvest parh algorithm is Dijksera’s alporithm
{5,6). This algonithm uses a greedy rechnique aften employed in optimization prob-
bems. Greedy algorithms make locally optimal chokces at cach step in the hope that
these chodces will produece 2 globally optimal solution. Given s weighted and directed
graph, similar ro Figure 5.1, Dijkstra®s algorithm maincains a set of podes {eg.,
srnall circles with node numbers in them) whose minimum costs (e.g., labeled wesghrs
between modes) relative to the origin node are already known. Initially, this set
contains only the origin node, with all other nodes being “remaining nodes,” At
each step, we add o the sot one remaining node whose cost relative o the origin
node is 23 simall as possible. Agﬁuminﬂ: all EEITEnES have NEN-TEEATNIYE COSTS, We Can
always find a shortest path route from the origin node 1o the remaining node thar
pasees only theough nodes in the ser. Call such a route “special.™ At each step in
the algoothim, we use an array to record the keogth of the shortest route o each
pode. Once the st inclades all nodes, all routes are “'spegial,” so this array will hold
the shortest distance from the origin o each node. This algorithm bears some
similarity 1o the breadth-first search algorithm, which is roughly amalopous o
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]".iﬁults.l Direcrad Ellllll. with gy,

level-by-bewel traversal of an crdered toee [1,7], It is casy to convert a road network
to a directed graph similar to Figure 5.1,

Omne necessary condition for wsing this algorithm is that the cost must be non-
negative for each directed segment, which is always true in vehicle navigation. A
directed sepment means that each road segment has a travel direction associared
with it, Provided this non-negative cost condition s satished, Dijkarra’s algorithm
will find optimal solutions from the origin node to every other node. In our example,
this means that chis algorithm will find minimum-cost rouces from node 1 o nodes
2, 3, and 4, respectively.

Lt ar stand for the wotal nomber of nodes and 5 for the tofal number of segments
in the road network. The running time for the entire Dijkstra algosithm s
O + 5] = O(n*). The equality results from the fact thar we can always find
CONSEANtS y, €3, and 3, which sacisfy ﬂ‘lﬂz + L35 S fjﬂz, and constants are abways
gnored in Big O nedation, Therefore, the running ome of Dijkstra’s algosthm s
quad ristic.

Lzt b stand for the branching factor, which is the average number of segments
starting ar each node, If the road network is sparse, that is, & is much less than
p (b < ), it is practical to organize the nodes into a priority quede with a binary
heap [1]. The resubting algorithm 15 called & meodified Dijksira alporithm. For vehicle
navigation problems, it is easy to satisfy & %€ & because the number of intersections
in the problem domain is vsually much larger than the average number of strects
enfering each intecsecrion. The ol :u-rm.'ing ame  of this algocithm =
O[w + zilog #)or D4z bog ) if all nodes are reachable from the ongin node, Another
modificabion & to implement the prionty gueve with 2 Fibonacei heap. As a result,
the tofal renning time spent in this version of Dijkstra®s algorithm is
e log m o+ 5| = CYm log w). In other words, using better data structures reduces
the quadratic running time of the Dijkstra algorithm o bogarichmic tine, Further
reduction of the running tme has also been reported by using other data structures
such as a radix heap [8].
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5.2.1 Modified Shortest Path Algporithm

E For single-vehicle navigation, it is not necessary to find the oprimal route from the
otigin node 1o every other node in the road network. Diflstra’s algorithm can be
modified to terminate when it has found the optimal route 1o the destination node,
Listed later is a double linked-list implementation of the modified shortest path
algorithm (or uniform-cost search [3]). Bach node in the list has 2 back pointer that
I points to its predecessor (parent] node and one or more next pointers that poiat to
| its successor (children) nodes or a nail, Althoogh this algorithm s not very popular
i For route planning, it i still beneficial e discuss i, so that the reader can compare
it with other algodithms and become familiar with the associated terminology. We
will see thar the other algorichms discussed im this chaprer are hasically further
improvements of this algorithm. Mote that i general there are 2 variety of implemen:
[ tations for each algorithm, When srudying these algosithms, ey 1o understand the
algorithm itself and how it can be used to solbve the route-planning problem rather
than any particular implementation technique.

As mentioned in Chapter 2, the road network s represented by & digital map
database. A roure-planning algorichm peeds o operare by searching through this
directed road network, in which each node represents an intersection o1 a dead-end
point of a road. Assume that in the algorithm we comvert che node in the map
database into 3 node data serecture containing av least x and y coordinates, current
planning status, and some road attributes, an indication of its promise 23 an interme-
diate routing point, a parent link thar poios back ro the "best node™ from which
it came, and a next link thae points to the next node in one of owo linkad lists,
OFEN and CLOSED:

OPEMN: 3 list of the nodes thar have been generated but not vet expanded.
CLOSED: a hist of the nodes that have been expanded.

The term generate means o create 2 data strecture corresponding to a particular
nede, and the term expand means 1o generate all successors (children} of 2 node.
This data structure should mnclade all information required for planning as discussed
briefiy in the last paragraph. Figure 5.2 shows an example of generared and expanded
nisdes on the respecive lists, where b and ¢ are successors of 4. A Black dot indicares
the head of each list, An electrical ground signal indscates che end of the List. in che
actual implementation, a pointer to null is used, To simplify the fgore, the nodes
have been represented using small circles, and the data srucrore and pocnter arrows
associated with each node have been tgnored. The letrers in sach circle indicate the
name of the list, OFEMN or CLOSED.

An evaluation function (cost funcrion) s used o esomate the ment of cach
node generated. This funcoon enables the algorithm 1o search the more promising
routes first. The evaluation function is defined for node » as gln), where gin) 5 a
mieasure of the actnal cost of petting from the origin node to the cwrrent node s, It

i I T T T TR T e T T T
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i5 up to the system designer or user to determine the travel cost used for the evaluation
fupetrom as discussed o Section 5.1,

Modified Shortest Path Algorithm

1. Let the imitizl OPEN list contam ondy the omgm node with zero cost (g valoe)
and rhe CLOSED list be empay. Let the costs of all other nodes be infiniry.

2. If chere are no nodes on the OFEN list, report failure. Ocherwise, selece the
node on the OPEM list with the lowest cost (g value) and call it BEST, Bemove

it From the OPEN list and place it on the CLOSED fist, See if BEST is a

destinanion node, If so, go to step 3, Onherwase, generate the successors of BEST

hased on its connecring segment arributes contained in the map database. For
each such successor mode », perform the following steps:

2a. Compute the coge of x: gln] = cost of BEST + cost from BEST o #.

2b. If s mwarches: a node already in OPEN, check o se¢ if node # has a lowrer
cost (g value). If 5o, replace dhe marching node’s cost with the cost of
node m, and ser the matching node's back pointer to BEST,

2o, I o marches a node already in CLOSED, check to see if node # has a
lower cost (g value). If so, replace the marching node's cost with the cost
of node r, st the matching sode’s back pointer to BEST, and move the
matching node w OPEN,

2d. U mis not already in either OPFEM or CLOSED, set node »'s back poinrer
o BEST and place node » in OPEM, Repeat step 2.

3. From BEST, mraverse the back pointer up to the origin node and repor the

solution route, Z

This algorithm will find & “best™ route from a given orgin to o given desting-
pion, The same techniques used in Dijksra’s algorichm can be used o reduce the
running time of the modified shortest path algorithm. Another interesting fact is
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that if all segmenes have equal cost, the algorithm becomes a breadth-first search.
In ouir discussion, we have ipnored the case where an ongin or a3 destination may
ot coincide with any node on the map. Every node is associated with 2 latitude
and a longitude as discussed in Chapter 2, The user intecface and positioning system
can help detesrmine the latitude and longitude of the crgim and destinagon, We can
then find the closest node in the map database o either the origin or destination
without much difficulty,

In this algorithm, we check each successor node o see whether it is on either
the OPEN oe CLOSED list already in order o avoid having o node appear mose
rthan once, It is possible that more than one roure may reach a destination passing
through a same particular node or ingereaction, The fact of a node encountered more
than once dueing the search, iz, a recent successor node 15 zlready on the OPFEN
ot the CLOSED lists, reflects in reality that multiple routes exist vig this node. One
of these rouees should have a minimal cost, This check guarantees thae che optimal
route is always kept in memary,

Anather technique often wsed in coure planning is 1o inchode forbidden stares
[or drivability flags) in the data structure for each node [10]. Tn general, any road
nepwnck will coneain a fair aumber of dead-end roads, biocked roads, or one-way
roads. We cannor use themn as waversable roads for roure planning. The same is
true for traversing a one-way road in the weong direction. A simple way of dealing
with this problem is o dynamically mcorporate this information into torbidden
staves for the corresponding node data siructures, Forbidden nodes cannot be used
in construction of the search tree, so the system antomancally avoids farhedden
roads. Ome alternative is 0o avoid generanng a successor to a valid node for the
OPEM list if the node is conneceed o a forkidden sepment. We can further expand
this idea o enhance the roure-planning funcoon. For instance, 2 wser may want to
avoid expressways for a particular toip. IF the system 15 designed mnosuch a way that
the wser can make this choice before execuring the planning algorithm (one of the
planning cricerial, the system can then mark all expressways as forbidden 1o sanisfy
the user's request.

There iz one differ=nce beromen the usage ref the ghortest pnth :-l]|._l;n:r|.|:|1:1.'| and
msage of the modifed version descobed abave in vehicle navigation applications,
The shortest path algonichm s often wsed to find the solution for a given graph, or
IO [MECOMPULE fintes aoff-line for STOrRge in MEmory |ses Section 5.6 far t_'.xs,rn,_'_:-lr.s k
while the modified version and other algorithms are used when real-tme navigation
15 requirsd, When a navigation system is up and rumning, the weer expects the best
route to be presented almost instantaneowsly. Althoogh we can view a large, desailed
road network as a graph from the vehicle-navigation point of view, it is impractical
{given carrent rechnology) to load the entire road network info main memaory bor
route planming. The common practice is o foad, on demand, the parual necwork
likely to be used during the plasning process o memosy. We do oot have the
entire graph to work with, especially during real-time computation. We can imagine,
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then, that we are searching a tree with the origin node as the roor and the rest of
the penerated nodes as leaves or descendants (see the example tree shown later in
Figure 5.5). Therefore, a different measurement function is needed to evaluate the
running tme of the algorithm.

Let o stand for the search depeh of the shorrest solution route from the origin
node o 2 destination node, The search deph is the number of Jevels in a tree 2
search muse traverse in order 1o find a solution, For instance, if we trear the root
as level 0 all successors {leaves, children) of the roor are ar level 1 of thes tree. In
this m:::a:.m, the running time of the modified shortest path algorithm becomes
Q6. On completion of the planning process, the roral number of nodes on the
tree in main memory should be approximately equal mo 55,

The modified shortest path algonithm takes more time and space to execute
than a heuristic search algorithm. In the next section, we introduce 3 heunistic search
algorithm. A simple example is discussed, and the final search oree, final OPEN list,
ardd final CLOSED list are shown so thar porential veers can become more familiar
with this popular algorithm,

5.3 HEURISTIC SEARCH

A heuristic search i3 an informed scarch stravegy, which means that the search has
information concerning the number of sreps or che cosr from the initial state and
current stare £ the destination stare. Examples of informed search methods include
the best-first search, the memory bounded search, and igerative improvement algo-
rithms such as the hill-climbing search and simulated annealing [11].

5.3.1 A* Algorithm

The most popular bouristic search vsed in roure planning is the A% algosichm [12],
which iz 3 best-first search method. The A* algorichm has besn wsed in fields other
than vehicle route planming, such a5 robotics [13] and other areas where minimum-
cost solutions are required,

The reason that we must do a scarch i3 that we do not know exacily which
way o g0, The situation would be much berter if we knew in advance, Therefore,
hearistic information is introduced to improve the efficiency of the search procese
A heuristic i3 a rule of thuomb, a rechnique for improving the efficiency of a search
process by possibly sacrificing claims of -::'u't'rph:l:::u&ﬂ [14]. Heuristic informaion
can help to determine which is the “most promising™ node, which successors o
generate, and which irrelevant search branches to prune. The purpose of using a
heuristic is o provide an estimate of how far 2 node is from the destination node
i that the system can determine how likely thar particular node is 1o be on the best
golurion royte, Heurierics are good to the extent that they point in the right direction,
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, but they may temporarily or occasionally lead us to search an inappropriate node,
| such as a dead-end streer, for a parocular mip. Despite this eemporary problem, the
process will still lead 1w the destination node if such a roure exists. Using good
hewrisocs may enable us to obtain good solodon routes in less time osing less memory
gpace.

The A% algorithrn 15 an extremely weeful techmgue for implementing 8 best-
firzr search of a road networek. If ghe evaluation funcrion seleceed sarisfies a ceetain
property, explained below, the A* algorithm is guaranteed o find an optimal route,
if one exists, while searching less space than Dijkstra’s algorithm or the modified
shortest path algorithm [15,16]. To understand this savings, we use a circle i
represent roughly the abstract space expanded in the modified shortest path algonithm
{or Dijkstra's algorithm}, and an egg-shaped area to represent roughly the abstract
space expanded in the A* algorithm. Thus, the space examined in the two algorithms
can be represented as shown in Figure 5.3,

A good way of using heunstic information is fo ¢alculare a heuristic function
that evaluates every node generated to determine irs goodiness or badness. In this
way, having the heuristic function suppest which route 1o traverse first when miore
than one route is available will make the scarch as efficient as possible. In the A*
algorithm, this heusistic evaluation function enables the algorithm wo search the mose
| promising nodes first, The evaluation function M{x) for node o is defined as:

Fin) = gln) + ¥in)

where glm) is 2 measure of the actual cost of gerting from the origin node o the
current node v, and &) is an estimaror for the minimum cost o ger from the
current mode o to the destination nade, Note that the primes in this equation represent

Madified Shortest-Fath

Destinetion

=

Fignne 5.3 Spaces examined m the modified shores palh and A® algomibims,
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This 15 called the admissibility property, As we see from our sample evaluation
function, overestimation of Bin) can easily be avoided because the funcion #{n)
underestimares the cost for any node #. Therefore, provided the heuristc functon
is carefully selected, the admissibifity property is readily achieved, The A% algorithm
can generally be shown to be oprimal, because ir generares the fewest nodes in the
process of finding the solution to a problem. Since all route costs and cost estmates
are positive because of the shortest-route cost criterion and the admissibility property,
the algerithm will find an up‘tirn.:|| route for the vehicle, provided thar one exises

AT Alprratie

1. Let the inicial OFEM list contain only the origin node with zero cost (g valae)
amd the CLOSED list be empry. Let the costs of all other nodes be mfinity.
2. Ii there are no nodes on the OPEN list, report failure, Otherwise, select the

I'Il.':ndt on the 'DF'EH List wirh the lowest cost { ™ value) and call i BEST. Remove

it from the OPEN list and place it on the CLOSED list. See if BEST is 2

destimation node. If so, goto step 3. Otherwise, generate the successors of BEST

based on its connecting segment ateribares conrained in the map database. For
each such successar node », peeform the following steps:

23, Compure the cost of = gla) = cost of BEST + cost from BEST o .

2. If 7 roatches a node aleeady in OPEM, check to soo of node # has a bower
cost g vakue). If so, replace the marching node's cost with the cost of
node x, and set the matching node’s back poinger to BEST,

2c. If w matches a node already in CLOSED, check oo see if node 7 has a
lower eost (g value). IF so, replace the matching node's cost with the cost
of node &, set the matching node’s back pointer to BEST, and move the
matching node to OPEN.

2d. If » is noe already in either OFPEN ar CLOSED, ser node n's back pﬁint-rr
o BEST, place node & in OPEMN, and compure the heurlssic waEuaum[

] function (cost) for node m fin) = gla) + Kinl H.tpt-a'[ step 2. I
i 3. From BEST, rraverse the back pointer up to the origin node and report the
solution route,

For completencss, we have described the entire algorithm, On carefully examin-
ing the A® algorithm, we see that the only difference between this algorithm and
the modified shortest path algorithm i thar the evaluarion function has been a
heuristic one. To highlight the difference, we have marked it with 2 verrical bar in
step 24, The modified shortest path algorithm e acmally a special case of the A®
algarithim with Bia) = 0L

To understand the algorithm betrer, ler us soe how the A* algorithm builds a
smr-:h tree fl:ll' EJ'!E ﬂ'l't'l.ple l'-l:ulli fereeark shown ia F:iHl,:][E' £ .4., whl::n: :-ar;h ||_'||'cr.5m;rj|;|p.
ig represented by an English begter.
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SEEE Lo LTS SRR

p g r/ 5

Figure 5.4 A simple road nerwaork,

For this trip, assume thar the origin is ar s and the destination is ar g. On
completion of the roure-planming process, the final search tree will appear as shown
in Figure 5.5. Az before, we use g small cirels to represent each node, while ignoring
the data strucrure and pointer arrows associated with the nodes. We use 3 straight
line to represent both the upward pointers (back pointer) pointing from a node o
its predecessor when apphicable and the downward poingers (nexe poinger) pointing
down o the sucoessors for @ pode, The leters i the circles bmply that a node on
the search tree is either in an OPEN list or in 2 CLOSED fist, Aldhough each node
on the mes could appear more than once as a sucressor, it can oocur andy once on
| any one of the Lises, since the checking steps in 2b and 2e eliminare the redundant
| ndes. This multiple appearance of nodes in the tree 15 not difficelt to understand,

Figure 5.5 Finzl search wree for e &% algortum,
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since there mighe be different routes to the destination, which pass through the same
intersection. Note thar this did mor oocur i oor stmple example. What does ocour
is that the alporithm never checks the final successor § and places it on the tree
because it has aleeady found the destination node g, On traversing the series of back
pointers, the best route turns out to be m-r-j-p.

The final OPEM and CLOSED lists for this example are shown in Figure 5.6.
As before, a black dot indicares the head of the list and an electrical ground signal
indscatis the end of the list. In the actual implementacon the end of the list i3
indecated by a poinrer to oull. The OPEN list 12 arranged in such o way that che
minimum-cost sode & always at the tog of the lisc

As before, let b stand for the branching factor, which is the average number
of segments starting at each node. Let o stand for the search depth of the shorest
solution route from the origin node o the destinaton pode; A® alporithm has
i running time O[], An initial glance suggests that the renning time in Big O nogation
is the same as that for the modified shortest path algorithm, Tn reality, the heuristic
informanon used in the A* algorithm will in general reduce the ime complexity,
becavse the value of & for the A* algorithm should be smaller than thas for che
modified shorress path algorithm. Afrer all, this is the main reason that we are using
rhe heuristic approach. Ac in the modified Dijksrea aloorichmn, the cunning rime of
the A* alporithm can be further reduced by using berrer data seructures.

Because of the imcreasing popularity of research and development in the Leld
of vehicle navigation, a large number of experimental studies are available for various
route-planning algorithms [17=-19]. There is no doubs that these acrivities will con-
tinue because rouwte planning is one of the key components of a vehicles navigation
S¥SLEIM.

g (g
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Fipure 5.6 Final OPEN and CLOSED R for the A° algnehim.
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54 BIDIRECTIONAL SEARCH

Our understanding of the shorrest path and heuristic search algorithms will now
enable us 1o generalize these two algorithms o obrain two bidirectional search
algorithms. In our discussion of the previouws algonthms, we always assumed thar
the algorithm searched for the minimum-cost route from & given ongin node o a
destination node. This is called o forward sparch. A backiard seaveh from the
destination node to the origin node shoold acrually vield the same results, as long
as the cost For each segment 15 the same, This leads to the idea of a bidirectional
search,

The idea of a bidirectional search algorichm was first proposed in [20], formal-
ized in [21], and further analyzed and expanded in [15,22]. The basic procedurs for
a hidirectional search is po |:r|1|:'r:|p1:tr: rh: l'r'li.l'liml.ll'rl-l:l:h'ﬁ‘ roqteE from t]w 11ri3;i'n I"Il.'lil:
o the destination node (forward search) ar the same time as the minimum-cost
route from the destination node to the orgin node (backward search). If the search
algorithm is runming on a smgle processor, the algorithm must swirch quickly between
the forward and backward searches. A bidirectional search ;lumlthah may reluce
the search space by ar lease 50%, so that the running time of this algorithm may be
much shorter than that of a unidirectional search, The general relationship between
the search space examined by the modified shortest path algorichm and that examined
by the bidirectional search algorithm is shown in Figure 5.7.

Successful implementation of the bidirectional search algorithm requires two
additional conditions (assuming o simgle processor = wused): first, 3 critenon for
seapping the search, and second, a critaricn for alternating beeween the forward and
backward searches. For instance, we can define a stopping criterion stating that the
first mode must be reached from both search directions and define a static alternation

Maodilind Shorlast-Hatn

acdownard
Destinglion

Figure 5.7 Spaces examined by rbe modified shorvest path and bedirecionmal seasch algorishms,
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critenion requiring 10 fterations in each direction. If these criteria are constructed
properly, the bidirectional search will nsually examine fewer nodes and compute a
solutton in less time than the anidirectional search.

Bidivectional Searck Algorithm

1.

path

O

Ler the initial forward OPENG list conrain only the origin node with 2eeo cost
(g value) and the forward CLOSED; list be empiy, Let che costs of all other
nisdes be infinity.

. Ler the initial backward OPEMy, list contain only the destination node with

zero cost {p value) and the backward CLOSEDy, list be empty. Let the costs

of all the other nodes be infinity,

Aleermate the forward and backward search direcoions based on a statie or

dynamic cricecion. If there are no nodes on the OPEN list for the selected

direction, try the opposite-direction list. If both OPEN lists are empty, report
failire, Oherwase, select the node on the OPEMN Dst with the lowest cose

[ value} and call it BEST. Bemove this node from the OPEM list and place

it on the CLOSED list. Sec if BEST s a node that sanisfics 4 stopping criterion,

If =2, g to step 4. Otherwise, generate the successors of BEST based on s

connecting segment attributes contained in the map database. For each such

successor node », perform the following steps:

3a. Compute the cost of m pin) = cost of BEST + cost from BEST to .

b, I x masches a node already in OPEM, check to see if node # has a lower
coat (g value), If so, replace the marching node's cost with the cost of
node n, and set che matching node's back poineer to BEST,

Yc. IF v matches a node already in CLOSED, check to see if node n has a
lower cosd [g value). If so, replace the marching node's cost with the cost
of node #, set the manching node’s back poiner to BEST, and move the
matching node (o OPEM,

Id. IF w ig oot :.'|n:-.id.1l,r i e:ithz:' OPEN ar Lﬂl.ﬂSEI}, Rt node HE back p-c:-i.nl:ur
to BEST and place node » in OPEN. Repear step 3.

From BEST, traverse the forward back pointer up to the origin node, the

backward pointer up o the destination node, hink these lisss rogether and

repore the solubon rourte.

Becall that the running time for the unidirecdonal scarch {modified shorrest
algorithm) is ©(b%), The bidirectional search has TUANIng Chme O =
b From this calculation, we see that a bidirectional search will explore fewer

nodes than a pnidirecrional search, as shown in Figure 5.7, This leads o a fast

computation time for the bidirectional search, verified experimencally in [15].
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L.

i

Figure 5.8 Spaces examined by umidirscrional and bidirectional heursstic search algorizhans,

Similarky, a bidirectional hewristic search can also be used. In Figure 5.8 the
abstract spaces explored by the unidirectionsl and bidirsctional heuristic search
algorithms are shown,

If we scarch in both directions, we have the bidirectional heuristic scarch
algorithm fisted below., As in Section 5.1, the difference s highlighted by a vertical
bar in step 34,

Bidirectional Heuristic Search Alporiting

Let the initial forward OPEN; list contain only the origin node with zero cost

lg vatue) and the forward CLOSED; list be empty. Let the costs of all ocher

nodes be mbnigy.

Let the initial backward OPENy list conain only the destination node wirh

zero cost (g value) and the backward CLOSEDy, lise be empry, Let the coss

of all the other nodes be infinicy.

Alteenate the forward and backward search directions based on a static or

dynamic criterion. If there are no nodes on the OPEM list for the selecred

direction, try the opposite-direction list, If both OPEM lists are empty, report

failare. Crtherwiss, select the node on the OPEMN list with the lowest cost

{f" ':-'a||b=] ;m.d i.'.ﬂ]l il; H-EST, Rtmr,n'r.' this m:'ldc !'rl:m'l the OPFEN ].'iil! :.'ﬂ'ld pian.-

it on ghe CLOSED list. See if BEST is 2 pode thac sadsfics a stopping criterion,

If 50, g0 to step 4. Otherwise, generate the successors of BEST based on its

connecling segrment artmbures contained in the map database. For zach such

successor node x, perform the following steps:

3a. Compute the cose of s gin} = cost of BEST + cost from BEST o a,

3b. If » matches a node already in OPEM, check to see if node # has a lower
eost (g value), If so, replace the marching node's cost with the cost of
node #; and set the marching node’s back pointer to BEST,

3c. If w matches a node aleeady in CLOSED, check to see if node 5 has a
lowrer cost (g valuel, If so, replace the marching node's cost with the cost

Unidirectional
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of node #, sot the matching node’s hack pointer to BEST, and maowe the
matching node to OPER.
3d. Ifm is not already in either OFEN or CLOSED, set node #'s back pointer
to BEST, place node n in OPEM, and compute the heunstic evaluation
function (cost) for node m: Mm} = gin) + b(n). Repeat seep 3.
4, From BEST, eraverse the forward back pointer up wo the origin node, che
backward pointer up to the destination node, link these lists together and
| repart the solotion route,

Ideally, the bidiesctional search should meer ar the middle [Fipures 5.7 and
5.8). As discussed i [1 5], if there are several different paths from the ongn o che
destinarion, the search may mot mee in the maddle, as shown in Figure 5.9 The
owo searches may each find nearly complete paths befors intersection occurs, or one
may tind 3 complete path and the other almost a complete path befors they mtersect,
In other words, there may be duplication of effore. In the worest case, such as an
improper termination criterion for a heuristic evaluaton funcrion thar considers
catly the estimated travel cost, a bidirectional heuriste search could double the work
of a unidirectional heuristic search. Therefore, the choices of rermination criterion
gnd hewrstic evaluation function are very important for a proper implementation
of a hidirectional hepristic search,

As discussed in the section on the heuristic search, the A* algorithm is capable
of finding an optimal route if the admissibiliey property is satisficd. A bidirectional
heuristic search must explore almost tarice as many nodes as a unidirectional heuristic
search to determine the oprimal roure, The reason is that a bidirectional search must
, compare all the connecoed roates during the search to ensure the route is oprimal.
In real life, human beings seldom need to search for an optimal solution dunng their
daily activities. & pear-optimal soletion is often a satisfactory solution for many
problems, If an optimal solutton is nor required, the bidirectional search is a very
good candidate for route planning, In other words, the optimality conseraing should
be relaxed when using a bidirectional search algorithm. By relaxing the optimality

Backward

Figure $.9 Spaces swamined by Bedleectional houristic search algocichics with (ah a poor trerminaion
sraterion and (k] a poor heoriszic evaloanon funomon,
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constraint, the bidirectional search will find 2 near-optimal route long before the
optimal solation is reported.

There are several different varmations of the Sdirectional search algorithm thart
can be used m speed op the search process. In the algonthms discussed earlier, the
travel cost from the origin or destination 15 used to determine which routes [nodes) I
need to be further expanded, One method involves instead the use of the number
l.'|-f foedes i'xp..:m]rd tor make such desistong. This method rt&uil;r; i :h:lu-:.'l::'nﬁ TORILES
geneeated from the origin with abour the same number of nodes as the routes
penerated from the destination. Another method involves using a weighting factor
for each road segment during the search, such that a higher weighting factor is used
for scgments close to the straight line between origin and destination than for
segments further away from chis line, The algorithm thereby forces the search process
o sedect a rowte that is close po the straight line connecting the two stacting oodes.
Yer another variation is to wse road type or class oo reduce the amount of unnecsssary
searching. This operates on the agsumption that every road needs to be examined
in the areas near the origin and destination, bue bevond these aceas only major roads
need be considered in the search. Clearly, its operation reduces the total number of
nodes examined. This leads natorally o our next topic of discussion,

5.5 HIERARCHICAL SEARCH

There is a mawiral hierarchy of roads, with expressways at the top and side steeers
at the bowwom. This leads to the idea of 3 more efficient, hicrarchical search algorithm
for a given read network. The basic idea 1s to first perform a search in an abstraction
space rather than in the entire original problem space. An absiraction space is a
simplified representation of the problem space in which unimportane details are
trnored, The search then Glls in the details from the original space baged on the
reqults obtained in the search on the abstraction epace. Choosing a simplified repee-
sentation of this type leads to 3 significant increass in problem-solving ability and
efficiency.

Human beings are well aware of the value of abstracoon, For instance, when
solving a very complex problem, we often Arse ignore the low-level details and
concentrate on the essential fearures of the problem. We then fill in the derails, This
tdes 15 easily generalized to moltuple hierarchical lavers of abstraction such that each
layer contains a different level of detail, Because the computer was developed to
help human beings, it is very natueal for the problem of abseraction 1w kave been
addressed in the Aeld of computer science, especially ardficial incelligence, .

The main reason that abstraciion redoces the complexiey of problems is chat
the zoral complexity becomes the sum of the complexities of the individual searches,
rather than the product of the complexites [23], This meshod bas been verified
experimentally o be very effective in réducing the search space for complex
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| problems [24]. The problem of absrraction was analyzed in detail and formalized
i1 [25]. To make atn.alj-'gi-i of the heerarchical search rasicr, first assume that the
running rime for a given search algorithm is 6%}, For a single layer of ah'-:r'-mn‘.'l:.
the hler.un.hu:._l search can reduce a search algoeithm with running rime U'I:-E:' |
Q6. Eot muoltiple lavers of absrraction, the oprimom :nguan:tmn hieracchy for
a problem space with B states (in our case nodes) will have lnb* layers of abstraction.
[hee size rario for successive lavers of absteactian is .-3 This rype of optimum absrac-
tion hicrarchy can reduce the search cme from Oy o Ofd log &), In other words,
it has been found [235] that the opomum hicearchy has a logarithmic Tll.llﬂ'll:ll.-r of
layers with a constane size ratio, and thar this hierarchy redeces the ssarch from
being exponential in the number of states in the problem space o being linear.
Certain search algorithms have a performanse problem in thac the number of nodes

to be expanded in the road nerwork often grows exponendially. From this analysis,
1 we see that multiple layers of absoraction can reduce exponential complexine o
linear complexity. It is therefore clear thac a hierarchical search can potentially
reduce the time complexity of a search algorithm.

To implement a hierarchical search and o amplify the route-planning msk,
the map database needs to be constructed hierarchically as discussed im Chapter 2
Dhers have also propoesed and implemented hierarchical map databases to ail rowte
phanning [16,26,27], The higher a hierarchical database layer, the less detailed che
abstracred representation. Becawse 2 higher layer abstraction space conrains fewer
nosles and segments than its wndeclyving search spaces, a s=arch in an abstract space
aften vields an incomplers eclurion (bt with reduced search time]. The nodes in
the abstract space can be either regions in the original space or a subset of the
original nodes, Clearly, during the search we need o swinch berween different lavers
10 take advantage of the hierarchy. .ﬂ.midins cverhead :Fl:lring Layer x'.\-'ilr.hlrlE: and
1 determining when 1o swirch eo a different layer play important roles in the algorithm

cfficiency.

In pracoee, it 15 very difficuls oo constract a database or to design an algorichm
that will samsfy the condidons of aptimuem abstrmacton hrierarchy as discussed, For
i vehicle navigation, it is narueal o use road ranks o define a hicearchy for poute
planning. Despite the difficulty of achieving the theoretically optimum hierarchy,
the bidirectional heuristic-based hicrarchical search is still the most popular algorithm
for route planning in a very large map darabage.

. 5.5 OTHER ALGORITHMS

Route planning can alse be performed wsing a divide and conguer method [28,29].
The basic idea is o divide the road nerwork into regions (blocks] and precompute
optimal regional routes for each region and then find and assemble thess regional
routes into a complete route from ardgin to destination. In addition o prrcnmputa.rim
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and prestorage of regional roures in the first stage, the algorithm must be coupled
with the ability to determine enery and exit nodes for each roore in each region and
sequentially connecr chem into a final roure solution in the second stage. Because
all opeimal poutes within a region must be preseored in memory, Dijkstra’s algorithm
(unmodified) is generally wsed for precaleulagion. A different algorithm may be used
for the second stage. Depending on how the road nerwork is divided into regions
and how the informarion available in the precomputed regional routes is used,
various techniques can be used to provide the final soletion to the vehicle user,
This merthod can also be viewed as an approach 1o reconstruct the road network
hicrarchically {vwo layers in the preceding discussion) and then precompute all origin
and destination pairs in the nerwork, A similar idea can be extended to multivehicle
route planaing in hierarchically structured mulslayered databases [307,

The real-time heuristic search algorithm peoposed in [31] can be modified for
route planning in certain sitwations [16], which can be classified as an anyime
alporithm. Unlike the A®* algorithm, which finds the optimal route, this algorethm
finds a satisfactory ronte, For a real-time embedded in-vehicle navigation system
and @ very large map database, time constraints usually place a limit on the number
of nodes that can be searched. For sxample, 3 sequential computer may nesd to
switch to a more cotical task before the entire search is completed. This tact can be
represented by a search borizow, In a real-time hevristic search algorithm the search
horizon i5 a scarch depth determined by the time available for searching the road
nerwork (or a directed graph oree during the search), This limited search horizon
canses the reab-time heuristic search to make a decision based on local oprimality.
The depth of the search forward from the current node {state] is determined by the
computer resources available, that is, information provided via a recent update from
the dynamic map database (containing updated dynamic traffic information}, CFU
time, or the time available for planning. If a more powerful CPU becomes available,
the search depeh can easily be increased, that is, the search horizon can be adjusted
according to the available hardware and software. By contrast, neither the heuartstic
search algorichm nor the search algorithms discussed in this chapter place any restric-
tions on the search Borieon o limit the vse of either CPU or memory. This could
lead o problems involving excessive searches. For instance, a search procsss may
fail to report 3 solution rowte due to reseurce liniesions, even though ar least one
solubon roure does exist,

Algorithms developed for the rraveling-zalesman problem can be used to plan
a wrip with multiple stops [32], This study has been generalized as the wehicle routing
problem [33], Althowgh there are a number of extensions, the basic problem involves
a vehicle o be stopped at varous intermediate destinations before reaching a final
destinarion duning a journey or a list of customers o be served by a vehicle or a
fleet of vehicles from a single warchouse. For some service problems, each customer
may place a demand for a certain quantity of goods. There are limits on vehicle
capacity, on the maximum distance that any particular vehicle can travel, etc. In
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short, the objective of the algonthm is to find a set of moutes that minimizes the
total travel cost. The vehicle routing problem is known as NP-complete, that is,
it is unlikely rhat any polynomial-time algorichm exises for solving the problem.
Historically, the focus has been on methods of generating a feasible soluton which
can then be improved using a local search. Genetic algorithms, tabu searches, and
robust alporithms have recently become popular. Some of these algorithms hawve
been expanded o cover maltivehicle routing problems. For information on current
trends, benchmark problems, and more references on the vehicle routing problem,
see [34,35].

In recent vears, interest in dynamic on-line algorithms for shorrest path prob
lems has grown, The main application domains for these algorithms involve dynarmi-
cally mainmining maximom flow in & neowork, bipariee marching in graphs,
incremental compurations for dara flow analysis, and interacrive systems design,
More infermation about these algorithms can be found in [36] and the references
contained therein. These algorithms can be modified for use in vehicle route planning.
The main goal of these algorithms is 1o design efficient data soructures cthat offer
Fast solutions and can operate in dynamic environments where, for example, the
input daea change. All of the other search algorithms discussed in detail here are
only capable of dealing with static input data. Given the capability of these dynamic
algorichms, it should not be very difficalt ro adapt them for dynamic vehicle naviga-
tion under conditions where the road conditions (travel costs of road segments) are
dynamicaily updared on the vehicle by either a rraffic information center or a traffic
MAnNAEEMEnt center

We have now reached the end of this chaprer. Before reading the next chapeer,
consider the following interesting questions. Assume that a bidirectional search
algorithm is used in dynamic route planning. Suddenly, the travel cost of a pwo-way
road is updated in one direction only while the roure is being planned. Can this type
of search still find a nearly optimam solution in reasonable time and space for any
road network? On the other hand, can a dynamic algosithm do a better job planning
the route in this sitwation?
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CHAPTER ¢

L

ROUTE GUIDANCE MODULE

&1 INTRODUCTION

FRoute guidance is the process of guiding the dever along the soute generated by che
route planning module, Guidance can be given either before the trip or in real time
while en route, The pretrip guidance could be presented to a driver as a printout,
Siach a prinmout would be similar vo travel tips provided by a cravel agency, bur with
detailed murn-by-turn driving instructions, or just like the output generated at a kiosk
near the car cental counter, These instructions might include e, strest names,
teavel dista nces, and la ndm:rrks. iin 1|'|¢ -ol:her ha nn.‘l.I en=rouke '5_1|.i-.-].1 rce worald ru-:luirt
providing tuen-by-turs driving instroctions to a driver in real time. Ie is much more
useful, but reqoires a navigable map darabase, an accurare positioning module,
and demanding real-time software and computation power, In this chaprer, we
concentrate on real-time rowre gridance.

The reute guidance module wses the curputs of both the rowie-planning module
and the positioning subsystem o guide the vehicle on the road. In additon 1o &
map darabase module, the positioning subsystem coold consise of the positioning
modile alone or i positoning module and a map-marching module. Once a partcular
route has been generated by the route-planning module and the position of the
velucks has been determined |'|;|-' the pasitioning subsystem, the rouare ;_ulidu rice maagdle
neede o coordinate with these subsystems o present proper guidance to the driver.
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The presentation is aided by the human-machine interface module to be discussed
in the mext chaprer. A simplified funcrional diagram of the interaction berween the
roate guidance modube and the other madiules is shown in Figure .1, AH modules
except for the human-machine inrerface module have already been discossed in
previows chapters, Note thar in some systems the maneuver generarion task is an
integral part of the route-planning module. We discuss it here pomarily for purposes
of exposition.

As the vehicle moves, real-time route guidance requires thar the location of
the vehicle as a funcrion of time continually be compared to the best route generated
by che route-planning module. The real-time route guidance system continuously
updates its knowledge of the vehicke™s current position and direction of travel as
well as the road on which the vehiche is traveling. As a turn or a maneuver approaches,
the route guidance system alerts the driver with visual signals, audible signals, or
driving instractions.

el GUIDANCE WHILE EM ROUTE

As indicated in Figure 6.1, route guidance consises of owo tasks, a maneuver genera-
picdn task and a route-following rask. Note thar there are many different designs and
implementations for the roore guidance module other than the one sketched in
Figure &.1. For inscznce, the maneuver generation task could be an integral part of
the route-planning module, Both the maneuver generation task and rowte-following

rask mighe deal with the dara generared by the roure-planning module directly. To ﬂ

Rowe
Planininsg Manauver
“-“"'*-.. Haneration
Human-Machine
Interfaca nibe (uidance
Fodbowl
DigtalMap | L 2
Chabaksass
T
Pasitioning - I'.'Iat::T‘uFI'np

Figure 5.1 Simeplified disgram showing che inceracicn beoween the rouce gusdance modude and che oiher
madubes,
]
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convey the basic ideas, however, we use this simplified functional diagram 1w describe
the principles and practical issues involved in this module. Many of the approaches
described in this section are applicable o the other sitwations discussed later m this
chapter.

621 Maneuver Generation

As mentioned, the mansuver generation task can be cither a by-product of the route-
planning modube or an individual task within the route guidance module, The main
function of this sk is w0 generate a maneuver list that can be followed by the
route-followang task. The typical output route generated by a nonhierarchical route-
planning module is a simple list of road segments that does not provide enough
puidanee informarion. The maneuver generation rask can then avpment each road
segment in the liss with appropriate maneuver and tum oype information that can
later be interpreted by the human-machine interface in the form of specific visible
and aundible instractions supplied with assistance from the route-following rask.
Figure 5.2 lists some samples of these types, Different combinations of manewver
and turn types may correspond to different vispal and gudible presentations o the
driver,

If & hierarchical roure plan module is being used, it may be necessary to break
the ourpur segments into the lowest layer segmemts before augmenting them as
discussed earkier, depending on how high-layer segments are consceacted. Recall that
i Section 26 we discusied the fact that in some hierarchical map databases the

Maneuwar Typa Turm Typa
0 dagraes

Enter

Exit

Baar Augranied
LI Turn # Dafa
Roundabout Vihicla Sitruchura
Mama Change Direciion for

Mo Manauwvar Segrrrni

-
"
-

180 degrees

l'q;u.rt 6.2 Maseuver amd pain g uzazd lar aggmumtacion of the segEmEnT data srucrare.
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segments at higher layers are equivalent to a combination of scveral scgments stored
in the layer immediately below, To save memory, the segmenes in the higher layers
only contain informarion relevant to route planning. For posicioning and guidance,
it is better 10 use the segments in the lowest layer, which contains detailed guidance
information on each segment. Also, almost all vehicles use segments ar both high
and low levels during any given trip, which means thar it is much more efficient 1o
guide the wehicle using the lowess laver where all relevane daca are stored. In fact,
the data access and storage methods used during planning and guidance are eritical
to achieving maximum performance, particalarly in a system based on a hierarchical
map darahase,

Careful considesation showld be given to memory space and data access mecha-
nizms in order to guaranies efficient implementation of the rours guidance module,
The higher layer data may be in a form suirable only for planning to minimize the
memory usage of the route-planning module. As we saw in Section 5.5, route planning
will benefit considerably from the use of a hierarchical dara representarion for che
map. One side effect is chat extra time may be required to process the resulting route
in the roure guidance modele. OFf course, there will always be a trade-off. For s
system designed to ceavel on a large road nerwork, it is usually (based on current
technologies) worth the trouble to do a littde more work in guidance, compared with
the time saved in planning, Furthermore, currently available real-time computing
rechnology allows multiple rasks o be execured simulraneously, Once just enough
mansuvers to enable inital route following have been computed, the remainder of
the work can be performed in h:.-l.'l:l:g;'l:runrl. After all, the on-board n:vi&:um: Systerm
is a real-time embedded computer application. Tt is much eagier in terms of keeping
the map-matching-based posivioning simple w report the curvent wehicle position
based on the basic layer (lowest oncl. In other words, a route planned on the basis
o certain hierarchical darabases may not be sufficiently detailed for guidance. A
mancuver list based on the basic segments wich sufficient derail for guidance should
be generated, In a hisrarchical implementanon, the maneover generation task might
include breaking all higher layer segments an a route into basic road segments while
adding maneuver and tuen type informacon o the manewver list. L

If a slow secondary of remore storage device 15 used for the hierarchical map
darabase, efficient use of memory space requires that we keep at least the informarcion
required for roate planning i mam memory o thae only the infosmation on the |'I
rebevaneroad segments nesds to be retrieved, In other words, the information required
for positioning, maneuver generation, and route following should be kept separare
from chat needed for route planning in order to maximize planning efficiency when
the database is stored on a slow device. Afrer route planning has been complered,
we need o maintain detailed informartion in main memery onky for those roure
sepments oo the maneaver List and in the immedizre viciniry of the current vehicle
location. The memory required For ronte storagpe should appear similar oo the body
of a snake thar has recently swaliowed an egg, with the body around the egg |
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representing route storage space for the map area in the immediate vicinity of the
vehicle, and the rest of the body representing the route storage space boe areas that
are nod near the current location of the vehicle, Similar wchniques have been wsed
in mobile robot guidance [1], To save memory space, we can also discard any dara
psed by the route-planning module thae are not necessary for route guidance.

Good data strectures should be used for efficiency of data access [2,3]. These
data structures should be able to help the system avoid exhaustive searches, on-
demand calculations, and repeared accesses of the same dara. For instance, a hash
| 3 table can be used for quick and frequent loak-up of the current location of the
vehicle. Ideally, once one segment on the roure is found, identifying the upcoming
| segment should be as vmple a5 accesting 3 structure beld o following a poinrer.
e poseible dara structure of this type is 2 double Binked list of maneavers with s
{ back pointer to the last manewver just sccessed and a next pointer to the next
FAMELVET, Fnl;rug;]‘! cilculated eravel cost resules can be stored to limit on-demand
computation during eoute guidance, If there is insufficient main memory available
10 share with other navigarion tasks, a cache may be necded 10 manage data access
and avoid repeated reqguests for the same dara from secondary memory, A cache is
a collection of dara blocks thar are logically pare of secondary memaory, bur which
are kept in the main memory for performance reasons. In other words, a cache
Pn;-\rid:x - | I'hi.E}hEpﬂ:d buﬂ:-:r i ;rn.::in MEmory e it as a t-:mpnr:.q,r xh:rraE,L- Area
for the secondary memory. In summary, we should store as linle guidance daa as
possible in main memory while seill providing fast access and a good balance between
time and space tradenffs,

#.2.2 Route Following

DOin-road puidance is not difficulr, provided the cusrent posidon of the vehicle can
be determined precisely, Once the positidn is known, proper signals and instructions
can be prepared for or presented to the driver after comparison of the position
against the planned roure. This planned route consises of 2 squence of road segments
that leads to a destination generated under planning conditions determinesd either
by the system design or by driver-selected planning eriteria. Ar any point during the
trip, the vehicle should be traveling on a sepment contained in the planned rowte
The route-following task closely monitors the position of the vehicle on this sepment
o determine when to take proper guidance action. These actions ate presented 1o
the driver through the human-machine interface, In short, the main function of the
route guidance module should be to decde when and how to guide the driver,
Dnce the route-following task has identified the driver’s next maneuver, ot
musd nave a way o conviey this information to the deiver. The mose popular method
in current navigation systems is to provide one or & series of voice announcements
o warn the driver of the approaching manewver so that he or she can take appropriate
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actign {see Figure &,3), Chher methods could involve displaving the maneuver instruc-
tions on @ screen either manwally or avtomartically, providing simple audio tones,
efc, The announcement can be made through a speaker using either a prerecorded
huemean voice or 2 synthesized woice a3 descussed in Sechon 7.3,

One smudy recommends using certain message rypes, contents, and fimings
when & senes of thres messages 1= issuwed for each maneuver [4). These cheee messapges
are culled “cuﬂ}'," “r.!n.'Emn:,':' and "h[:pnt_:luq.hinﬁ.“ The “ea r]]-'h meLsARE WRCTS the
driver of an upcoming maneuver {this message should always be given). The “pre-
pare" message informs the driver to move to the appropriate lane and begin searching
for the streer, landmark, or exit (this message may be omitted if there i 0o tme
announce it). The “approaching™ message instruces the driver to perform the maneu-
ver {this message is 2 final reminder and should always be given), The content and
timing of each message are listed in Table 6.1 [4]. To facilitate study and compare
with other approaches, we have rounded off the distances in meters and provided
approximate equivalents in miles,

Anather study proposes the following tming for mansuver messages [5-7]:
+ For nonexpressways (or urban areas), 300m before next mansuver and 700m

if lane changes are necessary;
+ For expressways (or rural areas), 500m before entrances and 2,000m before

junctions and exits

I Drive & mies o Main Sirast

Right turn hal a mile ahaad; baar nght

"rSn._”w

Turn gt &t ihe tramic light emo Main ETIEI&11

Figure 6.3 Mascuver annousdement daring the josmey,

144

PORTO IMVALIDITY 00002323



Rederd Crradames Modide 135

Tabibe &.1
Comzom and Timimg for Manpaver Messoges

CREY TP == o ST SR

Meisage Contems Caty Tivmng Higriaary Tireing
Farly “In” feliszance) “as™ (location) faction| % sec afier jusn 1§ sec aler turn
Prepass [distance} flocanion] {ectical 1 500 300y
L {0,932 mifas) (1,865 melen)
|disrasece] Tandmark] (locatand (acion| Befare tuirn Betoon pibm
mpproaching  “Approsching” focation] achon) 1.5dim Sm
1 10,055 miles) 311 mudes)
“Apprasching” |Eandmark) (leceran] Befoce turn Before rurm
|acmon)

If two maneuvers are too close to one another, messages for boch intersections
will be piven before the firse intersection [8]. If the next maneuver follows the tum
by a large distance, an “sarly™ message will be given afrer the tuen to warn the
driver. If the driver presses the Verbal Guidance switch and a message conraining
rurning information for the next manewver is announced, Mote that the owo proposals
i discussed here consider only two specds, that is, city roads and highway roads, This
I| may not be sufficient for a broader range of road types,

Many of these message announcement {maneuser) iming peoposals are baged
on experience gained from actual rovte puidance syscems. From these proposals, we
can iee that chese maneuver tirings depend on the road type and distance to or
afeer the maneuver, This implies that the road pype, intersection type, teavel speed
and distance, and number of lanes are imporant facioes 1w be considered when
i designing the maneuver tming of a roure puidance module. Ocher reasoning tech-
miques {such as a furzy-logic-has=d approach [9]) may alen be used o combane =il
relevant factors snd determine the best timing. Furthermore, the exact aming of
advance messages such as the “early’ and “prepare’ messages is not critical, bt
the timing of turn messages such as the "approaching”™ message is. If the manenver
instructions are stored im0 o8 show ﬂ.n;n:m-da.nr MEmory dcv:«;c, i pr::.-i'm-;hjng I.'r_n:l'miq ue
o cache may be required to make them availuble a3: an anticipated maneaver
i approaches, Whichever approach 15 used, the main purpese of this subsyitem 15 o
l avold announcing upeoming mansuvers gither oo early oF foo late, In this way, the
driver ¢can bencfit from the instrections to incecase safety and achiev: maximum
pecformance,

63 GUIDANCE WHILE OFF-ROUTE [
|
|

Dirivers may occasionally deive off the planned rovee for various reagons. They may
make g wrong mucn at an instreced infersection, may be unable to change o the
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e

correct lang for an intersection, may temporarily ger off the route, etc. A mechanizsm
tor get them back on route muost exise once the system has determined that the vehicle
is no longer on the route (or not traveling on any road segment within a predetermined
vicnity},

Different methods can be used to sobve this problem. A simple solution is
alert the driver thar the vehicle is off its route once this scenario is confirmed. A
direcoional arrow then displays che direction roward the original destination on the
screen. The driver should use these rough directions o get back o the orginal road
ar find a way to resch the destinabion. Another solution is o notify the driver thar
the vehicle has gone off-route and that it needs to replan a new route to the original
destinarion. Replanning 4 shoer route from the current off-route location to the
orgmal routs is another opion, The next on-rouce segment following che segment
where the vehicle went off-route coubd be used as an intermediate déstination in
this citeumstance. One could also replan a route using the onginal destination, The
rricky part of this solution is how ro determine a new origin for the route-planning
system. If the wehicle is stopped after the off-roure occorred, the current location of
the vehicle can be used as the orgin, Otherwise, we must select an origin thar is
ahead of the current rravel direction of the vehicle, One good candidare is the node
thar will be reached in a travel rime egual to the maximum amount of time assumed
necessary to replan the new roure,

All of the methods discussed assume thag the vehicle s off the planned rouee
but still on read. How do we guide an off-road vehicle? Clearly, an off-road vehicle
is off the planned route roo. Omne strategy is 1o notify the driver that the vehicle is
off the road and dhat it needs 1o be deiven back oo the nearest road. The sysiem
keeps monitoring to see whether the vehicle has returned o the road network. Once
it detsermines that the vehicle is on the road again, the preceding methods can be
used 1o guide the wehicle agam. We can also ry 1o direct the driver back o the
nearest road by pointng in that direction on the screen or determining and displaying
the nearest road segment to which the driver should return, There are many other
approaches in addition o those mentioned here thar can also be used as off-road
recovery mechanisms.

g4 GUIDANMCE WITH DYNAMIC INFORMATION

In the previous discussion, we implicitly assumed that the route guidance module
was based on a static route-planning module, A systemn based on stanic route plannmg
uses the static rravel cost of each road sepment to caleulare the minimum-cosr coute
and to guide the vehicle along this roure, As mentioned in Chapter §, this cost may
imwolve distance, travel mime, minmum sumber of turns, cee, This Stanc cost may
be a value derived from a prestored map darabase thar is independent of the ome
of day or a statistical value that has been predetermined for this particular segment
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during a certain time period. The stagic cost is an oversimplified assumption. In the
real-world environment, the acmual eost is 2 dynamic valoe that depends on raffic
conditions at & specific time. Therefore, 4 svatern based on dynamic eoute planning
is prefecable from the poine of improved route guidance, Ideally, the route used for
guidance would be calculared on the basis of the real-time cost of each parscular
road segment, To be more specific, this dynamic rravel cost should be based on the
link cost, which is the segment cost phas the rurning cost received during the trip
from the eraffic control center of traffic management center. Remember thar the
cost of left turns, right turns, turns at stop signs, and turns at taffic lights all depend
on the specific road.

Similar to the route-planning module, dynamic route guidance (or dynamic
pavigation) can be classified inio either multivehicle (system-wide} dynamic route
guidance, which guides all vehicles on the road network while minimizing the rotal
eravel cost of all the vehicles, or single-vehicle dynamic route guidance, which guides
one vehicle while minimizing the travel cost of this pamicular wehicle, We discuss
only the single-vehicle dynamic roure guidance case i this section.

Assume that the system in the vehicle s capable of receiving, filtering, and
storig information received from a controd center or information center (such a5 a
traffic information center). The ronte guidance module must take appropriare actions
in response to incoming congeston reports for the planned route,

In dynamic route guidance systems, we must face three important issues wich
regard ro the system comfiguration; First, we need to determine whether the dynamic
{and some of the static) information should be processed by the central sysrem (host
end) or the on-vehicle system {mobile end i second, we need to determine the dynamic
informanon update frequency; and, third, we need to determine the communication
medium to be used in ensuring smooth information flow berween the infrastructure
and vehicle, The communication medivm is discussed in Chaprer 8. In this section,
we limit ourselves to a configuration in which the static ravel information = stored
on board and the dynamic information is provided peeiodically by a reafbic conerol
center or traffic management center. We assume that the information update rate
occurs frequently enough wo reflece the traffic conditions on the road and route
planming 15 done in the vehicke, In this way, the guidance activities are the sole
responsibility of the mobile vehicle bur not the centralized host. In Chaprer 10, chis
15 classified as a distributed navigation approach. "We now discuss one dynamic roure
guidance algorithm that could be used for this configuration (Fipure 6.4}, Mot that
some algorithms discussed in Section 5.6 can also be used. Similar approaches can
be used for other configurations.

The main idea of this algorichm is to rely on the dynamic travel cost as
f much as possible for route guidance, To achieve this goal, the on-board navigation
computer must be able to accept the dynamic cost data and consequently change
the static database into a dymamic one. A simple method involves mainraining a

=
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fixed sratic database on board, During the rowte guidance process, this database can
be dvnamically updated to reflect the new cost information,

Assume that the travel dme 15 used as the rowte-planning cost. As we learned
in Chapter 2, the length and speed limit of 3 road segment are attribures vsed n
the static map database. These attmibutes can be easily converted into travel time
for poute-planning purposes as discussed in Chaprer 5, With the rravel time as the
cost, the static route-planning system can then generate a minimum-travel-time roote
for the driver. This route it derived under the assumption thar an average driver
ssually drives near the speed limit on every road segment. We know now that a
‘betrer way of providing the rravel cost information is to use a static dagabase char
more sccurately reflects actual weavel conditions because vehicles do not abarays
ravel at the allowed speed limat.

One example of this type involves integranng a historgal profide with the
database, This profile s 41ri.gi||.a.1]:|r obtamed in an of-line process, Recall than each
link represents a toad segment plus information on neming delays. This process e
a detailed representation of a traffic flow model (supported by the road neowork
and other data) to estimate link travel omes and flows for ongin-destinaton trip
tables at each tme of day [10]. The 24-hour day is divided into different periods
s0 that the wravel time for each link can be estimared appropriately. The model also
incorporates traffic delay functions {which include mwrming movements and signal
control parzmeters). When incorporated with the real implementanon, these link
travel times are validated and updated vsing acrual data received from vehicles acting
as rraffic probes or from other traffic sensors and anecdotal information. Probe
vehicles are wehicles that report back real-time traffic data for the roads on which
they are traveling, Thes historical profile can be used as one of the inputs to the
database compiler described in Section 2.6, After compilation, the link travel ome
stored in the profile becomes an attribure for the navigable database. When used in
conjuncrion with a roure guidance algodithm, it s hoped the system will present a
realistic roure, The historical profiles can be further improved ar periodic intervals
after system deplovment on the basis of new traffic data, provided this feature has
been incleded in the system. Despite this improvement over using the speed limit os
the travel cost, the route recommended by the system will be sxill based on sratic
cosrs prestored in a database, Only when a dynamic cost is used does the rowre
puidance system become truly dynamic,

The algorithm described in Figure 6.2 first uses the static costs o plan a route.
While the driver is following the planned route, the on-board system continually
maonitors the incoming message broadcast by a wraffic conteol center or teaffic man-
agement center. For simplicity, assume that the message comtams ravel link cost
data for the area in which the wehicle is raveling. When the system receives a
message, @ hler is used o determine whether the message contains imformation for
links in the vicinity of the vehicle. If the messapge contains such data, the affected
links in the static database are wpdated vsing the new link cost information. The
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updared data can be placed in main memory (as shown in Figore 2.10 in
Chapter 2) for fast storage and rerrieval. This is not only convenient for matngenance
of the dynamic database, but also beneficial for efficient route planning and puidance,
If one or several of the affected links happen to fall on the portion of the preplanmed
route that the vehicle has not yer traversed, the route-planning module is automati-
cally criggered to caloulare {in the background) an alternative roure based on these
dynamec costs, If this aleermative rouee is beteer than che current route, the driver is
noified that g shorter ronste has been identified. A criterton for 2 route l:le_-.ing beter
than the cufrent eoufe (such as sawving of at least 20% in rravel time relative to
the current rowte] can be predefined. The driver can then accept or reject this
recommendation. [F the driver accepts this alternative route, the system will discard
the current route and guide the driver along the new one.

Some of the implementation details for this dynamic roure guidance alporithm
have been ommitted here. These include, but are not limited to, defining the incoming
message frequency, defining what is meant by “in the vicinity of the wehicle,” and
defining the chreshold for determining whether the travel time saved is worth alerting
the driver about. The representation vsed for the road network and the dynamic
maodel to be wsed are other areas that need to be addressed during implementation,
Field validation and updating will be much eagier if the pepresentation of the road
network and dynamic model ace relatively accurare. Many representations and med-
els have been proposed for estimating or predicong link travel times, These have
been designed both for the nermal simuation and abnormal siceations involving
incidents or congeston. Yarous representations and models for the road netwark
are described in [10=13], S¢¢ Chapeer 11 for 2 working example of a dynamic roure
Eu:danl:z systemm,

From common sense, dynamic route guidance should be able to direct drivers
to less congested roads. Can you imagine what would happen if vehicles all equipped
with the same dynamic guidance unit travel on a highly congested road network?
If all these vehicles receive the same raffic informacion, they could be dispatched
to the same, previously uncongested road, This road may very quickly become
congested and make the traffic even worse. This phenomenon is known as the Braess
paradox [14]. Clearly, this is the one sitsation that a traffic manapement system or
a dynamic roure goidance system must avoid, When this happens, it is not a good
idea o direcr afl the vehicles oo a single bess—congested road.

The Braess par:fm i5 caused by providing the same raffie information o all
vehicles within a particular road nerwork, Since dynamic route guidance has not
besn implemented oa o widespread basis, most studies on this phenomenon are
based on computer simulations. Some stravegics have been proposed for dealing
with this problem [14,15].

One strategy involves adding dissortion factors to the link cost dara, By doing
this, we hope that differene link cost data will be wsed by different vehicles in the
area, From the last chaprer, we know that when che costs sre different, the roune-
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plarning algorichm will generally generare different routes, Clearly, guided by differ-
ent routes the chance of congesting a single road & greatly reduced, However, if the
link costs are distorted, we also know that the planning algorithm will not be able
to find the oprimal route in the absence of congesaen. Ont 1ssue stll remains
szlection of distortion factors for maximum officiency of the road nerwork, Anosher
srrategy involves brosdoasting forecast ink-cost dam to the vehicles in the road
network, Each vehicle reports its planned roure 1o the eaffic center. Based on the
reported information, the center updates che forecast link-cost data and broadoasts
it periodically, However, this requirss cach vehicle o have its own route planner.
It also requices that the vehicle ar infrasrructure be able :npn:n.-z'dr: enough commaini-
cation bandwidth o cend the information back to the center. Ocher straregios can
also be used. More research as well as pracncal experience is nesded in order o
obtain enough data for further cvaluation of these different strategies,

Before leaving this chapter, ler us consider 1two questions. What is the bess
method for determining the new origin when replanning the roure of 2 moving
vehicle thiar has beft the previously planmed roure? Besides the mesage annosncement
prming method introduced in this .."h.urlh:r, are there any ather En-l:h’J methnocds for
determining the besr fime to annowncs 3 maneever instroction? A design engineess,
We L:rrainE:.' do not want to surprise our drivers with any enexpected apnouncements,
do we?

References

[1] ¥. Fhan, T V. Eawishankar, amd 5. L. Bebferr, “Loping with Limiced On-Board Memaory and
Coiwniailcation Bandwidsh i Molsle-Rabot Spatems,”™ TEEE Thams, Syt Moo Cybemmaticd, Val,
24, Mo, 1, ppo SE=TL, Jan 1984,

i2] & W. Ahoy ] E. Hoporof, and [ D0 Ullman, Dane Sregteres and Adgoeitheess, Reading, A
Addmoo-Wesley, 1783,

[3] T. H. Coreum, ©. E. Letswraon, and B, L. Rivest, Infrodiection fo ﬁf;m"-‘.rh-u:, Cambridge, MA:
BT Presse Mew Yoek: MoGravwe-Hill, 1990,

[4] P. Gareen, W, Levison, Gl Faslhe, and C. Ssrafin, #refimdaery Humaan Factors Destpn Grideling:

for Drrivar Inforssztion Spcrems, Ano Arbor, ML The University of Michigan, Trasspostacion

Reseanch Instituce, Tedhnical Repont o, UMTRI-53-11. Also pablished in McLean, VA LL5, Dear,

of Transportanmn, Federal Highway Admipmstration, Reporr Mo, FHOWA-RD-94-087, Dec, 1995,

K. Boamuara, K. Merusaks, and 5. Sugiura, “Tuman Facios Cossiderations for Aamomodive Mavigs-

tiai Systems,”™ Proc. Trieswdel Congrtis of the Infermanonal Erponoeucs Arocntion; Vol 4, Aug.

1984, pp. 1RI-14A5.

[6] H. Kishi and 5. Sagivm, “Human Fecoors Considerstians for Woce Roure Guidance,” SAE Paper
Mo PA0F 5T, Soctaty of Automotive Enpincers, 1993,

7l E L F‘:rikihlﬁr gad K. 1 Fresch, “]apas ik ehe Dirvees”s Sear," 4P5 Woarld, Oee, 1995, pp. 5360,

[8] T. Ien, & Azuma, ard K. Samiya, "Development of the Mew MNaovigeion Sysresn-—Woice Roues
Guidance,” SA& Pager Moo YI0554, Sociery of Aisnmotive Enplneers 993,

[9] Y. Zhao, A, M. Kirson, ard L. G Seymour, Py Logghe Applicarions in Vehicle Cooreal and
Mavigarion,'" Abs, Third Weeld Congress om Infelligent Transport Sestems, Papes #1225 [Tull paper
in CO-ROM], Oor. 1908, po 204

[

151

PORTO INVALIDITY QODO2330



142 VEHICLE LOCATION AND NAVIGATTION SYSTEMS

[10] v B Basecs, & Tarkd, 5. Herka, and ¥, Zhang, “Estisnatan of Link Travel Times wirh a Large-
Scale Merwork Plow hlodel for 2 Dynamic Raure Gusdaence Swsiem,”™ Proc, IWHE America 1924
Anmual Meeiing, Apr. 13984, pp §7=45,

[i1] . E Gitmore and M, Ake, "Mewral Merwork Models for Traffic Control and Conpraion Predicrion,”
IVHY Jomrmal, Wal, 2, Mo, 3, 1995, pp. 231-252,

[12] B. Ran, H: K. La, 5 Welssenberger, and B, Hongale, “Predicring Dynamic Travel Temes ander
Incidesns in Transporrasion MNerwacke" Prog. TVHES Aserdica 1994 Amenal Mesting, Ape. 1994,
pp. A¥=43.

[15] %. Seshi, M. Bhandari, F. 5, Koppelman, and §. L. Schofer, “Amemial Incidens Deection Using Fived
Netector and Proke Yeiclk Diata,™ Tr.mcpmri-;lrr Res, 17 Wal, 3, Mo !r Apr, 195, i 0112

|14 L. B, Hibeie and M, W, Vas Leede, “Madeling Disenbated Real-Time Hoote Coidance Strateges
woa Traflie Metwesk ghar Exhibas the Braess Paredes,” Proe [EEE-JEE Viebroke Nﬂlll,g:.ll'l:l:ll'l aatid
Iaformation Syster Conference (VNIE %1), Saciety of Anromotive Fagineers, (O 1991,
pp 5T=507.

[15] ™. Towors and 5 Takaba, “Reuve Guidano: Serapegy Unider Fligh Penemation Cooditon,™ Fros
TEEE Vebicle Mavipatiow asd inforestion Syiteme Comference (VMIE 04 Ang Sep. 1984,
p- J03-30E.

—

152
PORTO INVALIDITY 00002331



CHAPTER 7

L

HUMAN-MACHINE INTERFACE
MODULE

71 INTRODUDCTION

The human-machine inferface is 3 module that provides the user with the means to
interact with the location and navigation computer and devices. This subject is often
ereated under ergonomics or human factors engineering in the lirerature. Researchers
in the field of ergonomics conduct rescarch and apply information abowt human
behavior, abilines, limitecions, and other characteristics to the design of rools,
machines, systems, wsks, jobs, and environments [1]. The obpectives are to incheass
productivity and safety, to maximize performance, and to ensure comfortable and
effective buman use, The reader may become familiar with variows human factors
problems and how to deal with them in general reference |2, Informanion on antomo-
ove human facrors enginesring can be found in [3] and references contained thersin,
In additicon ro human factors for vehicle location and navigation spstems, this chapter
alen addresses the basic principles of popular interface rechnologies.

To develop a successfiol human-machine interface, a certain procedore must
be followed that may include identification of requirements, determination of func-
tions to be suppomed, specification of interface typels), selection of controls and
dhisplays, and, Anally, designing and implementing these mrerfaces. We will concen-
trate on the varous control devices and display technologies often used in wehicls
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location and navigation systems, These control devices and display technologies
form an integral part of the human-machine interface module,

The primary design principles for a good human-machine interface module
are as follows [4];

1. The interface design should be consistent.

1. Controls and displays should function the way people expect them to function.

3. Conteols and r.‘|.i$p|n:|ru should be ::r'.rn.ngnd in text-based order: from left oo
right, and from top o bomom.

4. The interface should minimize the need for the wser o remember.

3, Qperarions that occur most often or have the greatest impact on driving safety
should be the easiest to perform,

&, Controls, displays, and informadon elements chat are used 1ogether should be
adpacent to one another.

n shorr, a good design is often based on good engineering judgment and
accepted human facvors pracrice, It should stand the test of tme and experience.

F‘:.vr.r:," interface needs oie or more congrol devices, Tabkle 7.1 lxts varous
contegl devices along with evaluation scores and recommended usage (5], mostly
from [§-8]). The evaluation scores are based on the following criteria:

# [sability under vibramon condinons;

& Usahility from mulnple locations;

s Space reqivired;

+ Operability over desired temperapore range;
* Any built-in dsplay properties;

* Llsability in noise;

= Susceptibility o dict, grease, e

o Hands-free use.

Whenever the control has one of the properties listed, ot receives 3 score of 1.
Oieherwise, it receives a score of 0, The highest score should be 8. The vibrasion
conditions described above mean those nommally encounrered inside an automuobile
eraveling at highway speeds on a reasonably maintained conerete or asphal roadway.
The anticipated temperature range is approsmately -34.4% to 454.4%C (=307
ro 4+ 130°F).

Fn;lm Tnb]: '."'.'I:I We B rha: I;|1¢:r-: 1 ﬂI'E'.II: '-'.ﬂﬁut:,' uf :liH-EI.‘-:nt mmpufﬁ and
display contrel devices from which to choose. Although several devices have very
simnilar scoves, thess scores result from different combinations of the criteria [5].
The key is 10 understand the advanrages and disadvantages of each device and know
when it shoukl be psed o achieve maximum performance while meeting proper
gafery guidelines. [For discussions of safety and driver performance under various
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Tahle 7.1
Vartous Control Methods

N T T LT L1k Lk e = . e

arumu! Seare " Racomumended Ulpaps

Foot b bateon L For use caly when both hards occupeed
Tsnrmeerls jopstick A Foe applications cequirmng seturn bo cember after dach entry
lsniomic joystick 3 For comeraliisg varoos display Funcrions

6

Ker-operared switch For prevention af unrurthorized mechine aperation and sappore
of onfaff funoions

ey bomrd 4 For wve when velicle is compleely sopped (score for sealed
Lt:r|m|'d'|:

Enod {continwsus) 5 For use when low losce or preclse adustment of 8 congimunis
viriable is recarded

Leyeul awitch & Far display of qualicative imformation orather types of informa-
vt when gpade 1 Himeted

Light pen 2 Use when weisicle b complerely siapped and only for acsceiical
putE

Path hissbem Sark Suppert simple swischking berween two conditions

Rockes owitch ] Asan shernative ta toggde switches whes two discrese positions
are requmed

Rotary selecior [ For discrere funcoions whea theee ar mone detenred pasivions

swibch ace required

Slidi wwibch & Far twe or mare discrete positions

Teggle wwitch & Far gwe dyscrote pasitiops where spece limitations are severe

Trousch screen 5 Far low praining when tengets ame lange, discreee, with e or
o [0 inp

Yore iooignitiva & %hen the wser’s haeds ar eyes are busy

human-machine intecfaces, see Section 7.2.3, [#-11], and the other references liseed
at the end of this chapter,)

In the following sections, we first consider the commonly used interfaces based
on visual displays. We then discuss several potentially vsaful voice-based inverface,

72 VISUAL-DISPLAY-BASED INTERFACES

A visual display is an ebectronic device that converts electrical signals into a visual
image in real time for direct interpretation by a human observer. It serves as the
visual interface between human and machine. The display itself is rypically an electro-
optical device of some kind. It presenes information within & fraction of a second
from the time it was received, and continuously holds the informarion on the owrpat
device until new information is received. The image is created by making visible
CONErASE PATerns,
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7.2.1 Display Technologies

For engineers, it is a challenging task to design or select a visual display for vehicle
uie because of the severe environment associated with such effects as varying lighs
condidons, varving temperature, frequent vibration, and constant dirt and grease.
In additton o these environmental consiraints, we expect the display to be hghoweight
and have low power consumption. Because of the anigue safery requirements, atten-
tion pequirements, body muoldplexing requirements, and visual enwironment in a
vehicle, many human factors must also be considered.

Rescarch suggests that the following functions can be supported wsing visual
digplays {modified from [12]]:

A wide range of guantitative and gualitarive information can be displayed.
* Complex information can easily be extracted from the display.

The display can emulare conventional displays such as paper maps.
In-vehicle or heads-up displays become possible.

However, it is distracting if too much information is displayed or the information
displaved is too complex, While driving, minimal information should be presented.
This leads to the imporrant subject of how to design the graphical user interface
(G}, Before discossimg o, we frst take a look At che design E:Lljdefin-eu foor the
display inrerface used for GUL

Many important factors need to be considered when selecting and using display
technologics, such as display color, contrast, luminanee, format, content, size, label-
ings orkentation, and placement. As discussed o [3] and the refercnces contained
therein, there should be no more than six symbol colors, Commonly accepeed color
conventions should ke observed. Pure blue or pure red and pare bloe displayed
simultaneously on 8 dark background ghould be avoided, The pser should be able
ey adjust the luminance level. The minimum monochrome contrast ratio [higher!
lower) should be 1.5 for accepeable legibality and 2.5 for comfortable reading. The
displa}- should be pnsi[iupcd prnp:ﬂ}' ared the area :iurn‘:lu:LdinE; the dI-EFI.ﬂ].' Aerein
sheuld be matte black e avoid glare. The display luminance should range anyafers
From 70 cdim® o 150 cdfm®, measured after any optical effecrs. It should be adjust-
able over a range of at lease 30:1 (highestlowest), preferably 100:1, The total number
of operating howrs unel the display luminance is roduced to 50% of its original
maximum uminance should be at least 5000 hr. The wsibilicy envelope for the
display should be no more than 230 degrees vo 40 degrees laterally from the design
eve reference point and no moe than 30 degrees above or 5 degrees below the
design eye reference point, Interested readers may refer to [4,5] and the references
contained therein for furcher discussion of ather poidelines to help in the selection
and evaluation of various rechnologies.
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Based on the visual display characteristics and design gnidelines just discussed,
it becomes obvious tha: designing a safe and efficient GUI is another challenge for
engineers. A variery of designs are possible, depending on the user specifications
and the display devices used. These designs all have a very similar goal, that s, 10
amplify a variety of complicated functions so thar the user will not be inamidared
and can actually easily obtain useful information while driving. The interested reader
is urged to refer to Chaprer 11 and [4,13,14] for examples of actual and proposed
user interfaces, as well as [TS-related magazines, conferences, and exhibitions o
learn and see more about varions different interfaces. A performance evaluation of
different designs for touch screen keyboards can be found in [15], and the basic
touch screen technologies are addressed in the nestt section, A more general discussion
on GUT design can be found in [16].

Several different rechnologies are available for display devices, Table 7.2 lists
varwons display devices, along with evaluation scores and recommended vsage (mostly
from [5]). The evaluation score & based on the following criteria;

« Salicmee in low ambient illuminacion;

+ Salicoge in high ambient illumination;

» Salience in high ambient noiss;

* Attention RECHNE propertics;

# Visibility from multiple locations;

= Ligahiliey of Ees dre busr;

¢ Ability wo display graphics;

» Ability to display same object in multiple colors; [

« Space required;

» Operability over desired temperatre range; ‘
!

# Flexibility of tormatting.

Whenever the disgplay has ooe of the properties listed, it receives a score of 1.
Oiherwise, it receives a score of 0. The highest score should be 11, The anticipated
termperature range is the same as in Table 7.1, that i, from approximarely -34.4°
w0 +54.4°C (=307 o +130°F).

Early in-vehicle d:isp.*n:.r:.r_'re-ulu generally used cathode-ray tabe (CRT) displays.
The inner screen of & CRT is coated with phosphors thae emit lighe when struck by
one of more beams of high-energy elecorons, The electron beams are emitred from
a cathode at the rear of the tube. On a raster-scanned CRT display, the electron
beam sweeps across the entire display on each refresh cycle and illuminates the
Proper points as it comes to them. On a vector-scanned CRT display, the elecrron
beam strikes onlv the points nesded to be illuminared on the display. The color of |
the image is controlled by the selection of phosphors and eleactron guns. |

An electroluminescent display (ELD] produces light from a polverysealline |
phosphor on application of an electric field, The phosphors are sandwiched inside

e T
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Tabde 7.2
Wanius DEplay Methods

Duspiay Scare RBecommended Usape
Analopireechanical & For qualirarive and quanritacive walue or qualescive
wahss anly
CRT 7 For text azd graphics applicaticns
Counterimechanical & For prossnzing lagge ranges of quantitative daca
ELTY, matem dckdressed 6 Fue text assl Eraphucs ip;liu:imh
HuIE 7 T presne 0 image evetlald an a view of 30 surshie
scend &and o deceease visual rransitions froen
“feead-down” displays o the ousside, forwand
sEne
Indicato lights 5 Vo isdicare syscem, equspment, asdfos congpol omdi-
Can
LEDY, indicacor 1 Faor simple indicatiors
LEDy, chiaracmer hased 5 Far rext applicatines |
LELY, matrix addnessed 5 Far text and graphics appicabions |
LCDs 4-fi Far teat anly or sext and praphics applicaticns, U
Hedltive, chasacter based 5 rransfecrive LODs when slsihiling dn sonlighe, low
Beflective, marrey addressed 5 power consurmption, and visibility of display from
Transflective, characrer hased [ muktiple vicwer posrtions ape pwice iEportant than
Tramsflecrive, marrix addressed [ having a malbcodar, high resolution display. Use
Transsaissive, charscter based 4 rranamissive 10D when digpliy beighaness, dis-
Teareaaiisive, it addressed & play pesolocicn, and muldcoloe display are more
imparter than having wiedhility in sunkghr, low
power consumption, and wisihility of display from
muAtiple widwer posyhons.
POF, characrer based E| For cext applisations
FDP, matrix addressnd & For g and graphic sppleca o
WD, characrer hased & Far rext applicarions
WL, miacrix addressed E Far rext mnd graphicd applicatsans

I T e e

a grid of wires. Most ELDs are monochromaric, with a typical color being yellow
on a black background. ELDs are often used as marwrix-addressed vexe and graphics
displays and as backlights for liquid orystal displays (LCDs), The main advantages
oof ELD% are ruggedness and ability o be viewed from any angle. The main disadvan-
tages are higher production cost and limited multiple color capabilicy.

A heads-up display (HUD} consists of an image source, projection oprics, and
a combiner., The image is penerated in the image source and projected through
collimation oprics onto the combiner. It is viewed as an image overlaid on the
forward wisual scene, The forward windshield of the wehicle & often used for the
HUD combimer. A vacuum floorescent display (VDN or a vector-scanned CRT s
generally used as the image source.

A light-eminting diode (LED) produces light via injecton of electrons into a
solid-seate sermiconductor. An LED consists of a single p-# junction, which iz a {
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semiconductor device. An LED emits light when the junction is forward biased so
that minooity carcier injcotion and clectron-bole secombination occur. Different
semiconductor materials emic differens colors afrer electron injection.

A plasma display panel (PDP) uses the physical properties of a gas discharge.
A cathode glow is prodoced when electrical corrent passes through small pockees
of gas. Plasma displays can generally be divided into rwo major families, direct-
cureent and alternating-current plasma displays. The color is typically orange on a
black background,

A vacuum fluorescent display (VFD) produces light using rapidly moving clec-
trons and phosphors in 8 vacuom wnder the conmrol of a mesh grid, The VFDs
are ovpically bluc-green on a black background, Different colors are produced by
combining different phosphors and wsing a wide range of filters.

An LCD is essentially a “light valve." The principle of the LCD is different
fromt all of rhe other display devices discussed thus far, The LCD does not prodoce
light bat modifies it. When an electric field iz applied, the alignment of the liquid
crvaral molecules in the display i altered. This alignment controls the polarization
of light passing through the Liguid crystal matenal by cither blocking the lighe or
allowing the light to pass though. LCDs can be clasified into one af thres Ly pes:
reflective [ambient light), transmissive (backlit), or transflective (integration of trans-
missive and reflective). Both monochrome and color LCDs are available, Different
addressing techniques have been developed, such as fast scanning, rwo-frequency
addressing, hysteresis multiplex  addressing, thermal addressing, and matrix
addressang, The most popular addressing methods are passive matnx addressing and
active matrix addressing, The first method uses 3 grid of wires {switches), whereas
the second uses one o tree transistors per pixel,

The low power consumption and compact nature of LCDs are major advan-
tages. LCDs typically have power consumption of 2 to 3% (nmuch less than a CRT]L
Lower droving voltage contributes to lew power consumption in LCD products and
o cost reduction of doving imtegrated circuits (1Cs),

Thers are two types of color LEDs: Thin-film eransistor (TFT) active matrix
(AM) LCDs, and super-twisted nemaric (STH) LCDs. At the same time, new beeak-
throughs are under way in development of glassless LCDs and low-temperature
palysilicon TFT devices. A new method of liguid crystal patterning {which uses
poiarized wleravioler light for patterning [171) has been touted as very successful in
increasing the viewing angles, Future LCD panels will see much improvements ower
the ones used in vehicles today. These improvements include but are not limited o
the following [18]:

* Increasing the viewing angle by orientation control over the orfentations of rhe
tiguid cryseals: One such method involves using a multiple-domain technology
to divide each pixel into pwo pars o double the viewing angle to 40 degrees;
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* Reducing the amount of reflection from the screen surface by vsing a black
matrix and anciglare polarized paneks;

* Reducing power consumpoon by developing better ighe-transmissive color
filters, a wider aperture ratio, and highly efficient backlighting systems while
improving brightness;

= Maintaining a lighoweighe, low profile by introducing highly reliable, high-
density connections, a thinner backlight system, and lighoweighe materials;

« Development of a shock-proof structure by using new materials and production

PIisOEs50E,

We now turn to flat panel displays. Flat panel displays are flat and lighe, and
do mot require 2 grear deal of power. The ideal flar panel display is expected o be
thin, have bow volume, have an even surface, have high resolution, have high contrast,
be readable in sunlighr, display color, have low power consempeion, and be solid
state and lighoweight. One example of this rype of flar panel display & the field- ]
emitter display [FED). Research and development on this technology have been very |
strong recently because LCDs, the wechnology with the largest market share, soll
produce an inferior image and have restricted viewing angles compared to CRTs. |
The basic principle of the FED is similar 1o that of the CRT. In a CRT, there
iz ome hor cathode thar sprays electrons againse the inside of the screen surface. In
contrast, FEDs have millions of cold microrips that can be fired to murn pisels {picture
E]:;m.-:nl:s-l on and 1,:|Ff [ku Fi.gurt: '.:".1r wh:rv: ITID sidrnds Enr jnn,‘litr.rl tin px;idi::l, T!u;:
FED has row and codumn conductors separated by an insulator Layer. One conductive
laver is the gate {extraction grid] and che other is the cathode (emitter). Each pixel
is defined by an arca where two conductive layers cross, Each pixel may have several
fup to several hundred) microtips, Unlike active-matrix LCDs, which fake one to
theee transisrors o activate cach pixel, the FED reguires no transistors. A simple

fﬁ,ﬂf{:ﬁ‘" — Glass
 evirearysrns DR Pyocorar P e Phasphers

Ggns
Insulstor
Cathode

.r-""-""ﬁ‘.::"f" .ﬂ‘f.ﬁ/f’gf — Glass
R

Microtips

Fignare 7.1 Simnplified cross-secreanal view of FED layers. f
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wire grid powered by an electric voltage drives the firing of the microtips. Therefore,
FEDs require less power than LCDs for an equivalent brightness. They look sharp
from any angle, 2nd are about 2.54 mm (one-tenth of an inch) thick, or about half
the thickness of an LCD, FEDs have better or equivalent brightmess, contrast, and
resoluticn compared o both STH and AM LCDs. Furthermore, FEDs are 56%
chinner, 65% lighver, have a 35% larger viewing area, and consume three o five
tirnes less power [19].

[nterested readers will fnd a detailed discussion of the major visual display
technclogies (and flar panel displays) discussed in this section and the latest develop-
ments in [20-22] as well as che relevant display technology publications,

7.2.2 Touch Screens

Fecent vears have seen 3 steady increase in the amount of electronic equipment on
vehicles, and the number of switches on the vehicle dashboard has made wehicles
mors complicated to operate, Redycing the number of input and cutput devices has
therefore become an important design issue. One solution is m use a pouch screen
(panel), as a multifunction transparent switch to help simplify the inpat and outpuot
devices used in the vehicle,

Az summarized in [121], vsing wouch screens as conrrol devices enables imple-
mencation of the following functonal Fearures:

The ability to control a large number of functions from a small area;
A potential reduction in the proliferation of conventional controls;
Uniquely suited to provision pointing input in vehicles;

Marural for menu selection;

# Best suited to occasional, low-resolution pednting.

L) L2 - -

To facilitate the usage of touch swreens, general guidelines for the use of toouch
screens are provided in [5] and the relevant references therein. The mouch-sensitive
areas of the display should be indicated to the user, These areas should be at Feast
1.9 em sguare and ar least 032 com apart. A touch soreen should have sulffscient
Iuminance transmission so thar the dlgftag.r i clearly readable in i mrended enwviron-
ment and mests the 70 to 140 cd'm® luminance requirement, measored after any
optical effects. Feedback should be provided to indicare touch scresn actuation, A
force-actisated touch screen should restrict the operatiog force o a value berween
.25 and 1.5 N. Only one pouch command ar a tme should be accepted within
approximately 1) ms, even though some technologies are capable of accepring
maore than one touch at the same time.

Touch screens are control devices, These screens are unsque in thar chey can
be overlaid on any fat CRT, LCD, ELD, or PDP panel. They are operared by the
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rouch of a finger oe srylus, The currently available rechnologies include resistive,
capacitve, mirared, and acoussic wave, Since the resistive technology has the biggest
market share, we discuss it m forther detail in ordes o deseribe how it works and
we also explain other implementation issues involved, Besistive touch screens are
different from tradinional devices because they are transparent, resistive, membrane
switches. These screens are manufacrured from thin, transparent, electrically conduc-
rive pq:-l'g.le-.l:t&r filmes, Fesistive tonch soreens are avatlable in flat or corved i.:l'_!-l'lfLElir.:l
vicns with either analog (continuoushy resiztive) or marrix formats,

A matrix-format screen i divided into a grid of individual switches [or cells,
see Figure 7.2). Touching an individual cell activares the corresponding swirch.
Matrix touch panels are relatively inexpensive, have relatively longer lives, and
have lower cost eleceronic circuitey. However, the resolution is discrere rarher than
CONnNEONS,

The analog-formag sceeen is not divided into a grid, but has a2 conpineous
resolution (Figure 7.3), The location on the screen that weas rouched 15 measured in
bath the X and ¥ directions. The resolution is determined by the decoding hardware
and software. Analog rouch panels have high resolution, provide quick response,
and can be trggered by either nonconductive or conductive probes.

Paint Touched
= - = EE
' E - - - - -
_ L || || = L
L] _| - | i b=
Bus Bar

Figuee 7.2 Meprix-formes rouch panel.
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i Hug Bar Paln Towchad
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A, A, Y
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Figare 7.3 Anadop-format rouch panel.

Even !]I.l.'l-l.lgh I!l.'!-lJl:I!'I! pnrb&!ﬁ. sl vEry Thir'l, the:r'a;msiarufmall:r-ﬂifh rerat ?3.:,re_1r5,
Figure 7.4 shows a simplified cross section through a touch panel on top af an LCD
tin this diagram, ITO stands for indium tn oxide and PET stands for polyester). In
our example, the two opposing transparent resistive (or conductive) lavers consist
of PET with sputtered [TO and glass with sputtered ITO separated by an insulating

o T e T o T e H.-t:-.:jlf"_..“_a':inu
— PET
Tauch Panel s Pl 5 (o]
| {1,856 mm) Air
. ...L-’_-fL:.‘[: T ——— T
;-“"E"H — Glass
e

AT AT | e

oA B T 7 T Coor Filbas

T o ——— Palarizer

LG i R
[ = e e e Liguid Crystal
W W L ., T ITO & Meral
r-"""'f-""{'f — Gilass
fartadatadattomiisbiiiniis]| == Polasizer

| EEA b — o

Figure 7.4 Semplified crosssecrional view of the byers o 4 touch-2reen panel and LCD.
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layer (in Figure 7.4 this layer consists of air), The top substrate, in our case PET,
should be Hexible enough to allow actuation of the swnatch, The bottom substrate,
in our case glass, can be either dgid or fexible. Note that for simplicity Figure 7.4
does not show the conductive bus bars.

Analog resistive touch panels operate by applying a voltage gradient across
wie conductive Tayer and measuring the voltage at the point of contact with the
opposing conductive layer. Acmation with a finger or stylus on the tosch panel
brings the two opposing lavers into elecencal contact. Position information on the
point of contact can be obiained by measuring the voltage levels. The conductive
effects of these two resisive lavers when acrivated are indicared by resistors in
Figure 7.3. Even though the resistors on each axis appear on cthe same figure, they
de not function simultancously, For each decoding cycle, there are two scans, one
along =ach axis, During each scan, only one layer i conductive and has a voleage
gradient across it, The other laver acts as a high-impedance probe (sensor), Together
these two layers act like a potentiometer with a sfiding wiper. One layer is denoted
as X and the other is denoted as ¥, The resisrance primarily originares in che ITO
sputtered surface and the silver-ink bus bars connected o the decoding cirouitry,
The rafie of the a.'ﬁﬂ:l"dinnt-:i i% El-:rl:rPr.'lrl'.iﬂ-u‘l.u.l to the rdekg of :rcn'i!:tm:er. :il.‘l. E.ii;l'l
direction:

Ryi X1
Ry X2

s ]
Ry~ V2

The ourput voltage for the X position may be calculated wsing

where ¥ is the volrage and B is the resisrance. Similacly, the owtput voltage for the
Y position may be calculared from

Vi or it

Ryy + Ry2

Since each vouch panel may have slightly differens characeristics, such as a differenc 2
ratio of resistance, calibration 15 ofren necessary for accurate determination of the
paint touched. The touch panel can be calibraced first measuring the ourpur voltages
for knowen locations. Comparing these measurements 1o the expected values enables
conversion factors to be derermined. Because the actual owtput response and the
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expected response are proportional to one another, the conversion factors simply
amount to 3 scale factor and an offser for each axis. Measurements of two points
on each axis are required to determine the two conversion factors for cach axis.
Biote that the calibrarion eliminaies the major nonlinear effect due to the his-bar
resistance and can handle minor nonlinear perturbations such as that due 1o unevenly
sputcered ITO. One calibration equation of this type is shown here:

Pﬂ 'Pﬂ _f.l__Pﬂ
Pl:l.ﬂ B 1".!' -t vj (113 1.IA i u,ri"l{lﬁﬂl

where [ 15 the position in either X or ¥, Ve 18 the voltage due to the driver and
the bus-bar resistance, The terms A and B represent the two measured poings,
respectively. The calibration is also a function of the alignment between the touch
puanel and the display. If this alignment is not a constant, a dynamic calibration may
be required. Moreover, when touch screens are being mounted on top of display
screens, the distance between the touch panel and the surface of the display should
be minimized in oeder o reduce parallax error.

Ar any boundary where there 1s a medium layer change, a certain amount of
light is reflected. This causes glare on the screen. If the light is normal to the surface
of the touch screen, the reflection can be calculated by

R-(250)
r:r| + r:r}_

where my 15 the index of cefraction of one ||1:|nE|.‘ and m3 15 the ndex of cefracrion of
the adjacent layer. From the preceding equation, we see that the most serious reflec-
mion occurs between layers having a lange difference in the index of refracton and
that more lavers give rise to addidonal reflections. For the example shown in
Figure 7.4, the mdexes of refraction for FET, ITO, air, TTO, and glass are 1.67, 2.0,
1.0, 2.0, and 1.51, respectively. Knowing the thickness and index of refraction for
each layer, the amouns of light reflection and the transmittance of different touch-
panel configurations can be calculared.

As the previous equanion indicates, the extra resistive film added on top of the
flat display panel for the resistive touch panel reduces the brightoess or contrast and
pcreases the amoant of |51'.|.nu- Oine alternative o avos] this pm!:]:m {9 L0 s AN
infrared rouch rechnigue, which has negligible effects on contrasi. This technology
5 based on an infrared sensor amray with scanned horizontal and vertical beams.
These beams cross the surface of the display pancl when they are curred on, Whenever
both horizongal and vertical beams are blocked by a finger or stylus, a touch point
i5 identified. The drawbacks of this technique are thar it requires more computational
porwer, costs more, hag lower resolution (like the matmix format in Fagure 7,20 and
I5 MOFE SENSitive 1o the envirorment.
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T.2.3 Addrional Design Considerarions

In addition to selecting a proper display device, one importane factor thar should
be considered is that drivers often have difficolty reading detailed maps while driving.
When a vehicle & in motion, it is preferable ro display a limited amount of informabon
such as a urn arrow, the shape of the next intersection, and the distance to the next
incersection. When the vehicle is not in motion, a detailed map overlard with the
suggested route should provide a better overall picture of the surrounding area, For
safety considerations, use of this map should be discouraged while the vehicle is in
matton, In addition o variations on each display formar [4,23), it is inceresting oo
examine the two display formats, turn arfow versus roule map, from the human
factors perspective, One study has found thar the rowte map makes drivess glance
more often at the display screen than the turn arcow [9]. When assisted with voice
guidance, the tomal number of glances s much smaller in both formats. In short, a
mrn arrow display with voice guidance should be used whenever possible.

As a design note, an interlocking mechanism, a dimmer mechanism, and 2
rotational mechanism (for displays that do not have a full viewing angle) should be
included as control beatures for any visual-display-based interface, When the vehick
is moving, the intedocking mechanism should be able o avtomatically freess mast
of the control functions for safery considerations. This is particubarly imporcant for
touch=screen controlled displays, Inreraction wich the map display while driving
should be discouraged. A dimmer mechanism can allow the driver 10 congrol the
screen brighroess. Otherwise, it might be very difficult for 2 deiver to see outside
clearly when switching from a very bright screen to a dark road ar nighe. As an
additional incentive to incorporate a dimmer, a U5 Maronal Highway Traffic
Safety Administration regulation (NHTSA 55.3.5) requires this mechanism for any
illumination source forward of a specified vertical rransverse plane in the driver™s
comparmment unless the light is more than barely discernible. The rorational mecha-
nism for a rirn:ired-vi.ewins n.rlgjc di:::pl.a:.r i5 heneficial rmrml}' for the drver buae also
far any possengers who may wish to see the display screen. Some unpredictable lighe
sources may make the screen very difficult oo see from a particular angle, The abilicy
to rovate the display can reduce these potential problems, Ocherwise, a larger viewing
angle display must be used,

The most impartant design consideranons for an in-vehicle display are safety
and ease of uwse. Eve plance frequency and duration of eve fixations on the display
device are directly related to these two important design comsiderations. One study
has found that the firse-time wser spent 20.4% of driving time locking ar a poorly
designed and complex roure guidance device [24]. This reduced rhe glance time spent
monitoring the road from 91% o 72.4%. Thus, this factor (which does not only
apply oo visual devices) must be kepr in mind when designing the in-vehicle user
interface. Because of che lack of adequate baseline dara, it is sell premature to
establish pudelines or to provide » widely acceprted ser of nombers for glance
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[ frequency and durarion. One study based on limited research has suggested the
glance limirs given in Table 7.3 [25] as a means of stimulating further discussions,
Refer to this study and its eferences for further information on other human Factor
considerations, the methods used, and the data collected during field and laboratory
research. More rescarch i needed in this area.

Other design considerations for driver interfaces inclode when, where, and
how the wser should be informed of an upcoming turn (Section 6.2.2), what minimum
vext size should be used, how the graphical represencarion of the interssction shonkd
| be designed, and so on. For instance, the most commonky used method of desermining

the character height is to specify that the visual angle subtended by a characrer [its
height divided by the viewing distance) be greater than or equal vo 0.007 radians,
The turn-by-turn display should be simple and consistent while providing landmarks
such as traffic lights and stop signs,

Before leaving the section devoted o visual-display-based interfaces, we want
po briefly discuss a new sofrware technolopy that has been developed recently [26]
for displaying maps. It provides a simulated 3D wiew on the in-vehicle display
moniror equivalent to that seen 1,000m from the rear of the car and at a heaght of
360m, The driver seems to “look down™ at an anple of approximately 16 degrees,
in the direction of eravel {Figure 7.5),

In 21} display systems, it is often necessary for drivers to change the scale of
sheir map displays manually, that i5, to “zoom in" and “zoom out, For example,
pooming out is commonly required in order to view the entire rooce in a lazrge road
network. And zeoming in is often necessary when approaching an imtersection.,
Becavge the 30 dinpl:;].' ran showar a map with 3 I‘nrrgruun,d S00m wide and a
backpround 7,000m wide |Figure 7_5(b)], it is easy to display the entire plinned
route on the screen without zooming fearures,

This 3D display was developed by converting 3 map database into a hypotheti
cal image on which the vehicle position and planned route have been supenimposed,
It is designed 1o permit the section of the map closest to the current vehicle position
ter be shown in enlarged format. The scale of the display is continually updared as
the trip progresses to show addinional areas of the map, The 3D view is generated
by turning the 2} map into a certain degres 3o the top edge of the original 2D map
becomes a farground (back wadth, Figure 7.5) and the bottom edge of the original

=

| Table 7.3
Cilapee Limats for ¥iszal Drsgplay Dhivices

Acerpabiliny Mausmier af Glances Clmce Dirativs fzec)
B wwrpeched 20 L5
Diesiredplanined 18, 1.1
Worst casc 4.0 il
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Figure 7.5 Comparssan of (a) 3 200 magp (feonr and back sadtfa: 500 m) and (b} a 30 map (Frons widths
S00m; back wedch: 70000 (Courtesy of MassanXanavi.)

20 map becomes o foreground (front width), Another technology thae generares a
rree 3D display is discussed in [27]. Besides the 2D digical map dacabase, it requires
an additional database ro derive altitude dara.

7.3 VOICE-BASED INTERFACES

Speech is a natural inrerface that can be used to provide hands-free control of location
and navigation systems, It is particularly important for the vehicle driver to aperate
the sreering wheel racher than the navigation device during the orip. Becanse people
typically speak three imes faster than they can type, the access time for any computer
devige can be reduced, and accese devices suck ag touch sereens, push buttons, and
kevboards can be eliminared using speech.

Table 7.4 lists rwo voice input and outpur methods, along with their evaluation
scores and recommended wsage [5]. The evaluation criteria used to grade these
methods are idenmical oo those used in Sechon 7.2, Upon comparing Tables 7.2 and
7.4, we see that voice input and output generally score higher than wisual display
technalogy for vehicle use.
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Figure 7.5 [conhnued)

Tuble 7.4
Yaner hplu! aml I:lu.lpuq Mleihgds

| Wape Searr Rrcommended Usige

E Speech g Where the ueer’s tyes dre busy ar enebdity (s reguared

| Andivory B When informarine ip shom, simple, and transitory, eequising en
i

immediare or nime-bazed recpoose, visual display iz restricted, re.

Voice processing methods can be classified as follows [28]:

* Speech coding: Obraining compact digital representations of acoustic speech
signals for efficient cransmission or storage;

¢ Spagker verifreation: Venfying the claimed identty of a speaker for access to
restricted areat of functions;

» Sneech recogmition: Recognizing an acowstic speech signal to identify the linguis-
tic message intended;

« Speech synthesis; Generating an acoustic speech signal from ASCIH text o

convey @ message from & machine to 2 homan,
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All four technologies can be used in vehicle location and navigation systems.
A derailed review of these technologies can be found in the references listed
in [28,29]. Specch coding can be used to convert human voice analog signals into
coded digital signals [307, When used for storage, speech encoding will maintain a
desired level of voice guality while keeping the bit rate a5 low as possible. When
used for transmission, search coding will conserve bandwidch or bit rare while
maintaining adequate voice quality, Human voice signals can be recorded and stored
in memory and then transmitied to a loudspeaker on demand for voice output used
to guide the driver, Speaker verification can be used to add a security feature to the
vehicle such as verifying the identity of persons attempting ro access the vehicle. It
works by determining whether an unknown speech sample was spoken by the
individual whose identity was claimed. The process of speaker verification is similar
o thar of speech recognition. Speech recognition can be used as an input control
device. Speech synthesis can be used as an outpur device, These rwo larter technologics
are discusmed in more detail in che next section,

7.5.1 Speech Recognition

Perfecdy relisble speech recognition is difficult for a number of reasons. Firse, speech
differs from person to person. Second, background noise often affects the voice
signal, Theed, people commonly make errors, slightly mispronounce words, insert
extraneous words, or run wornds together when ralking Fase

Ag summarized in [12], the following funcrions can be achieved when spesch
recognition i used for device controls:

* Hands-free control while driving;
¢ The availability of speaker-deépendent and spealcer-independent devices,

Howewer, untl confidence in speech recognition outcomes can be reliably
demonstrated, it §s better not to use it for critical inputs,

Speech recognition systems are often classified into theee different oypes [28].
Systems of the frst type are known as “isclaced-word systems.” In these systems,
the wser s expected o speak a singhle word oc phrase from a specified vocabuolary.
The speech patterns used by these systems involve solated words or phrases, Systems
of the second type are known as “connected-word systems.™ In these systems, the
wser 15 expected o speak a fluent sequence of words and phrases, and the system
matches each sequence o a steing of words, The speech panerns used by these
systems involve distines words or phrases. Systems of the third type are known as
“coptinuous-spesch systems,”” In these systems the user B expected to speak fuently,
and the system recognizes the speech based on word lexicon and an associated word
grammar. The speech patterns of these sysemes are subword wnits from which words
and Fhram are cregped LSME & lescicon of word pmnuncjsrimﬁ.
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Commercial speech recognition systems can also be classified as speaker
dependent or speaker independent, Speech recognition systems can further be classi-
Fed on the basis of discrete words versus contmmuows words, read text versos sponta
THECHES a'..];'.u,'-l_-v;,:|'|.l '.rmihuiar_v sim-., et. The low-end '5p¢:|'|r.-ur-d.i‘:[.em:h=ﬁl Tﬂchﬁﬁlnﬁ:,r 1%
usually based on a template or acoustical representation of speech, User-trained
“voice prints,” or remplates are stored in the syseem and then compared agamst the
commands spoken by the user, Template-based speaker-dependent recognivion i
used for relatively small- o0 medivm-sized vocabularies, occasionally up to a few
hundred words, Another techmigque that wes speaker-dependent recognition svatems
inverdves matching subword wnits, such as phonemes, syllables, etc. This echnigque
is often used for medium or large vocabulary sizes [in the chousands of words).
Speaker-independent systems are supposed to work for any speaker, without training.
The ideal goal is to develop a-high-end continuous speaker-independent system with
g lirge vocabulary, mo required training, and hgh accuracy. In these systems, the
subword pnits used in such systems are trained using a large number of speach
samples that fairky represent the gender, accent, and dialect characteristics of the
speaker, This large number of speech samples should provide a fair representation
of the acoustic, phonetic, and linguistic vanance within a recognition task or across
several tasks, Despite recent advances, the best high-end system today is stall impraced-
cal for embedded wehicle applications.

It is wery common for vendors’ prodects to use a statistical modeling technigque
based on hidden Markov meodels (HMMs) o march the features (parameters)
extracted from human vowce, HMMs are sophisticated scanistical models. In the
second-generarion rechnology, HMMs are used to maodel subweord onits (phonermes),
as opposed to words, HMMs can improve speech recognition peeformance in several
wiays, An HMM-based small-vocabulary system can tolerate wide variations in che
analog speech signal and so can perform speaker-independent recognidon, work
reliably in high-noise environments, and recognize contineous speech. Alrernatively,
the added power of HMM rechnology can be used o distinguish a larger noamber
of suhde differences betwern words, so thar the recognizer can support a larger
vocabulary.

Everything from small-vocabulary command and control using isolated words
and small-vocabulary continuows speech through large-vocabulary dictation can be
based on the same core HMM technology, In older products, spectral remplates are
used in place of HMM. Historically, the remplare-hased method has nor fared a5
well [29].

Many different algorithms and implementations exist for processing veice
signals. The basic principle i o march the incoming rransformed speech input
agninst a stored representation. (This is often called the decoding process [29].)
Acoustic models are generally used to captiure the phonetic or word-level properties
of speech while stadstically based language models ars often used to capture the
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syntactic and semantic regulasities of language. The approximate diageam of
Frgura 7.6 provides a simple visual explanation of hew 3 compater recognizes speech.

Current research has onderlinegd the iﬂ:lp-c'&-rtn.nrt of robust and accurate Font
cnds, detailed acoustic modeling, and stanstical language modefing. Marural language
processing techniques have also been studied for speech interface and interpretadon
of spontaneous speech. Combinations of neural nerworks for signal classification
and HMMs tor speech modeling have been demonstrated successhully.

Recent products for recognition of contnuous speech typically have maximuom
wocabularies of around 2,000 words, with a perplexity of 30, Perplexty 15 a measures
of sentence complexity correspending to the average number of words in the vocabu-
Lary that could follow any given word under the recopnizess syneax roles. A rypical
Wall Street Jowrmal article has perplexities of around 200 to 300, Thaos, chere i
very clearly a lasge gap between user expectations and reality for current speach
recognition pmf]utts.

Some researchers believe thar the maosr imporrans challenge is the inregration
of speech recopninon and narural langiage processing rechnolbogy to achieve speech
understanding, They have attempied to build a probabilistic parser that operares
top-down, wsing a stack-based conerol stravegy thar favors the most likely analyses. Ir

Spaech

#

Amplifier, Filter
& AD Gonwerter

v

Feziura Extreciar
(Signal Encoding)

'

Acoustic Models | Recognizer
(Hi M5 or Others) [ Decocing)

Language Modeals
[(Crammer, Syntax)

Fapare 7.6 Simple MHock diagram Eor speech recogmiban
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is designed so that its grammar rules and associated probabilities can be auromarically
trained from a ser of parable senrences, The framework is organized such that the
prediction probabilities for next-word candidates are explicie. This approach is
different from the way probahilities are handled in other probabilistic natural lan-
guage frameworks, where probabilities are typically associared with rule predictions.

For practical systems, large vocabulary systems must be made robust against
interfering noise. Two rypes of methods are being sowdied, Firse, the corrupted speech
i wavelorm may be preprocessed so thar the resulting parameters are very similar to
those of clean speech. Techniques in this category include spectral subtraction,
spectral mapping, and inherendy robust parametenization. In the first caregory, some
schemes have also anternpted to estimate the clean speech signal using information
ahout the speech. Their representatives are HMMs and minimum mean square ercor
estimators. The second proup of methods attempes o adjust the pattern-matching
stage to compensate for the interfering nodse. Methods wang this approach include
! noise masking, state-based filtering, cepstral mean compensaton, HMM decomposi-
[ rion, and parallel model combination.
| Many other technigues (such as fozzy logic and arrificial newral nerworks) are
being investigated by researchers around the world. Only ome will tell if these
techniques can be sucossful in the real-world environment.
| Even when the host CPU has enough horsepower to run the entire speech
recognition algorthm, a digital signal processor (DSP) has distinct cost advantages,
especially in continuons-speech systems. Low-cost DSPs replace the expensive analog
hardware formerly required 1o perform high-quality speech filtering and digitization.
High-end DEPs can also replace the conventional CPUS.

The trend of DSP development is that the peeformance of D3P chips doubles
about every 3 vears, while the costs decrease at approximarely the same rape, All
commercial speech recognition algonthms can run on general-purpose platforms,
but sometimes it pays to optimize the hardware for the task at hand, particularly
in cost-sensitive, high-volume consumes applications. Therefore, there has been a
tremd to port speech recognition rechnology to specialized DSPs for products such
ae personal digital assistant (PDA) and ather hand-held ar maohbils pl.:|l.-|"4_'|rn'|u.

Because there are so many speech recognition products available, one might
consider integrating these products intn various vehicle location and navmgation
gystems. Ceenerally, most of the hardware cost s in the memory and m the apdio
front end. The cost of the software varies over a very wide range. High-volume
| applications can bring per-unit licensing costs down to a very competitive poice {less
| than $100, perhaps even less than $10). The best way to keep the cost down is to
| minimize the need for modifications to the vendors” original desipns.

A few peneral guidelines for design of spoken input are available (see [4] and
the references contained therein), The input should be casy to learn and remember,
and should be conerolled by brief commands, It shoold present explicit feadback i
[ describing whether the system is ready to accepr speech or nor. Acknowledgment
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should be given for each user command in understandable phrases; the feedback
should be context sensitive, and distinguish berween dara and commands. Driver
speach inputs should be acouvstically distinguishable, Command names should be
chosen eo as oo be semantically discerminable. The speech recognition devices shoald
be able to accepr a variety of pronunciations.

Development of advanced speech recognition techoology reguires expertise in
signal processing, system theory, statistics, pattém recognition, and computer science,
Imeile on & sobid undcrsl:lndi:rl_g af zi]:m:r:h wepEnce and |il|||5|:|i.$|ir_'s. Thiz = nrpmsl'l].'
challenging for vehicle-baszed applications. As a rule of thumb, a speech recognition
product is ready o be vsed in an application once the word error race has been
reduced below aboat 5% m s itended environment. Unfortunasely, this is snll not
reliable enough for any eritical conweol input oo vehicle during an emesgency
situation.

7.3.1 Speech Synthesis

Specch synthesis is a compurer-aided rechaology output understandable homan lan-
guage. As summarized in [12], the following functions can be achieved using speech
GuLpus:

» Wide range of possible ourput informaton;
v Low visual demand;

* Low training o skill demand;

* Best for shorr, simple messages,

However, the speech output is poor for visual or spatial information. Complex
infermation cannot be extracted as casily as in a visual display. If speech synthesis
is overgsed, the driver could be discraceed.

Speech synthesis aysrems can conwert ext messages o specch based on a
linguistic anabysis of the texr and an acousoc analysis of the speech sounds within
the context of the desired sentences (Figure 7.7). These sounds can be phonemes,
syllables, words, ewc. Intorations, woed pronunciations, exceptions, and rules for
generating contextual changes in the sounds are used in the linguistic and acoustic
anabysis. Finalky, the specch ourput can be obtasined by generating appropriate word
durations as well ag glabal and local pirch contours for the prominence of woeds
and ideas within the rexe. Hopefully, the cumput will be inrelligible and reasonably
fatural,

Two synthesiz techniques (as shown in Figure 7.7) are commonly wsed [29].
Formant synihesis uses a mathemancal medel of the waveform generated by the
human speech prodoction apparatus, Concatenation synthests splices prerecorded
sepments of speech. The first eechnigue uses sound symbols 1o define a sequence of
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Imonaticn 2 Linguistic ArCoustc - Fronunciation
Rules Analysis Analysis Aulas

Parametar - Forman Concatenalion] g | Sagmeni

Database Eynthesis Synihesis Invariory

Spesch Oulput

Figare 7.7 Simple Mock dagram for speech synthess,

acoustic targets. 1t interpolates the acoustic signal between these targets 1o mimic
the dynamics of the human voice. The second technique obtaing the same effect by
using a sequence of prerecorded elements corresponding to che sound symbols in
comtext. It smooths the junctures between these elements. Because concatenation
gynithesis i based on real human voices, it ¢an produce & more natural voice, although
more storage space is required [unless CPMU-inpensive speech coding is pecformed).

Progress in synthesizers appears o have reached an asymprote because sucoes-
wive small improvemenits are now difficolr to achieve [29]. Although speech synthesis
is currently a stable technology with ervor rates as low as 3.25% for individual word
perception on 4 standardized tesy, the available synthesizers aull do notsound nareeal.
Because formant synthesis seems to have reached a plareau, any dramanc mprove-
ments iy the futore are e:q:p-a-l;:-:d o du'p-end on concatenative synthesizers,

A few general puidelines concerning aunditory outpat are available {see [4] and
references contained therein), Monspeech auditory sounds should be vsed only for
providing alerts or warnings. Other messages should be spoken. Synthesized speech
is galy recommended for situations that require substantial fexibility in generating
the spoken micssages. When the messapes are relatively limired and known ahead
of nme, a recorded human voice 15 preferred, Instructions should always be limired
to four chunks (three or less in most cases). For 3 maneuver instruction, it is
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hetrer b p.rm-:i:lr. “Hr'f, 'pn:pn:rg," and "I.]"Il]:!rl'ﬁlﬂ:l:hh messages in sequence (see
Section 6.2). Each decision should be accompanied by a separare instrucoon when
time permits. Sometimes, an auditory output may be required o remind the deiver
thar the system is still operadonal, When the street name chanpes or a new city is
entered, proper instroctions should be announced. A function o activate and descii-
vare auditory output and to adjust the ouepur volume should be provided,

Both synthesized and prerecorded (digitized or coded) voice output have been
shown to be very useful in vehide guidance, As mentioned earbier, studies of voice
guidance systems have found reductions in the duration and frequency of glancing
ar the display relarive o nonvoice guidance systems [2,31]. This can cerrainly help
improve safety,

As we have learned, speech synthesis has become a stable technology, There
are many examples describing che use of this rechnology [32,33]. Speech recognition
technology has even recently become available in vehicle naviganon produces. One
example of this is 3 speaker-independent voice-activated navigation systern called
_-’;urlin::-wav [34'. It F\EI,ZHE'JiIEE imnht:d |E1.1:Er$, n|,.|'rl'||]'.ru:r5|:r a.n|:| t]'in:r_ -:]l:m:n wm’d.-: :m‘l
has a synthesized voice output. This system vses HMM technology and claims wo
be sufficiently robust for use in this importang, bur difficult, application environ-
ment==the automobile. Road noise and the impracticality of using a headset micro-
pitone while driving make automotive speech recognition a particular challenge.
This fact is reflected in AudioNav, One main disadvanrage of Audioldav s the
inconpvenience of voice input, It requires the user to spell our the destination and
requires the wier to know his or her present vehicle locaron.

Suppose that future speech processing technologies are natural and robust
enough for vehicle applicarions. Will drivers prefer voice devices over visual displays? 1
If both visual and voice devices are integrated in a vehicle focation and navigation |
system, what 15 the 1:||:|1'im m combanation af visnal and voree inrerfaces o maximize
the safery and performance for both the system and the human? Will 2 route guidance
system ever be berter than a human ravel guide who is famibiar with the area [35)2
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CHAPTER &

LA

WIRELESS COMMUNICATIONS
MODULE

£.1 INTRODLICTION

Reliable communication is a vital component for further improvement of perfor-

mance and increased funcrionality in vehicle location and mavigation systems. It

provides a very valuable opporoumity o present relevant informarion (and invaluable

safery feameres) ro the vehicle and its occupants as well as to obtain data for transpor-

manon management gystems. Many guality services can be provided to drivers using
| communications technology. For example, the drivers and in-wehicle navigatian

systems can receive ppdated traffic information to help them manecuver through
eraffic, the traffic control centers can obtain current traffic reports from wehicles for
wraffic management and travel tme predictions, and waffic control centers could
even bocate and help the vehicle navigate in the road network.

Communicatons technologies are poised for major expansian in two key arcas:
wireless data communications and high-speed wircline [wire-based) communications
supported by the Internet and ancillary networks. Ulomaeely i will be the marriage
of these rwo key echnologies thar will bring about a revolution resulting in & new
information sockty.

Wireless dara applications play o crivical role in making the vision of mobile
computing a reality, Today's competitive and fast-paced business climate demands
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toals that allow people to communicate at their own convenience and discretion.
Wireless applications continue o be refined and will become commonplace in the
mear future, Dara systems could develop into one of the fastest growing sectors of
the wirelage i:ll!ustr}'-

High-speed wireline infraspructunes seeh as the Internet are a key clement to
providing a backbone for data delivery. This infrastrocrure has approximately dou-
bled in size cach year since 1988, A key factor oo this dramasic growth has been the
Intermet’s widespread connecrivity and universal access, which ofren makes it quicker
and easier for people to route their traffic through a local access peint than to ralk
directiy po each other. A national backbone with countless local accesy pomes gives
the mobile communicy easy access to vast amounts of information and services not
available on most private networks, This access has propelled the capahilities of
wireless computing o the global arens.

The emplasis in this chapter falle more on wireless communications, and most
of the technologies to be discussed are based on radio-frequency (KF) communica-
gons. Wireling communications are discussed spontanecusly in connection with
the wireless rechnologies when appropriate, To concentrate on our main topic of
describing the existing commuonications technologies, we will nor discuss how o use
the radio signal for pesiooning here, Flowever, we should keep in fund that many
of the technologies discussed can be used for positioning of vehicles or mobile
dE'u:EEa‘.', which is addressed in Section 9.2 A lal‘gu.- nimber of diverss :ﬁ:hn&]nsius
are avadable and space is limited, so it would be difficult to address all of these
technologics in & single chapter, We therefore discuss only the major rechnologies
currently used for vehicle location and navigation applicattons and direct readers
to the references [isted ar the end of this chapeer for further reading on other
technologies. Section 8.2 discesses the basic artribures of communication subsystems.
Section 8.3 provides an overview of éach rechnology ro guickly bring che reader up
to date, bet alse contains important desails, many wsehul summary tables, and
comprehensive references oo encourage further research,

8.2 COMMUNICATIONS SUBSYSTEM ATTRIBUTES

Vehicle communications require a scamless, wireless infrastrucrore for voice and
data thae can reliably and efficiently deliver real-time traffic and other information
berween a fived infrasmructore (base stations or repeaters) and mabile vehicles {mokbile
radios} or mobile devices (portable radios) or berween the mobile wehicles themselwes,
Depending on whethes the link is simplex (informarion is transmiteed in one direction
or both directions by alternanng between mansmitting and receiving on the same
freguency), half-duplex {information is transmirred in both direcrions by alternating
between transmicting and receiving but on different frequencies], duplex finformatian
is transmimed in both direccons simultaneously using different frequencies), a
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marching transmitter andlor receiver must be used both in the mobile vehicles and
in the infrasmmucture. In this book, when referring o two-way communication, we
will mean =ither dILPIEHﬂThﬂH-dLI.rIlEI dcpe-nd.ing o the contexr. Mohile commpmicn-
tions can be both one-to-many and one-to-one. Broadcasting i 4 one-way, one-1o-
many communication, in which a single message can be received by all mabile
receivers within range. For one-to-one communication, & eommumications channels
{frequency) is reserved solely for use by two parties for the duraion of the communi-
cation. A dispatch system provides rwo-way communications channels for a desig-
nated group for fleet) of wsers. As @5 apparent, different applications have diverse
communication regquirements. Purthermore, certain key attributes are required for
successful deployment, All of rthese requirernents and atrribures apply equally to the
intellipent transportarion system (IT3%), which is an emerging mobile computing
technology. For weal widespread ITS deployment, these atcributes should includs
excellent coverage, high capacity, low cost, full connectivity, #xcellent security, and
public access. We now briefly discuss the key attributes that can be used to assist
in the selection of proper technologies for vehicle applications.

8.1 Coverage

Coverage refers to the geographic arca where wireless voice and data transmissions
can be sent and received reliably. Specific site or station coverage may depend on a
number of factors ar both the fixed and mobile ends. Transmimer power, antenna
characteristics, channel characieristics, receiver quality, interference, communica-
tions protocols, and geographic topography are penerally the factors thas affece site
coverage the mose. ;

Boosting transmitter power is one method thar can be used to increase coverage,
but the benefits are limited since most base statons/repeaters trpically have a trans-
mitter power of 75 o 100%W, On the mobile or portable end, it is desirable o obrain
the required coverage with a minimum amount of cransmirter powrer, This is because
the transmitter power of portanles is wsually limited v 3 o 5W. To overcoms the
limiited transmitter power of portable radics, wwer-top recciver amplifiers are often
added to the base stations/repeaters for better signal reception. In any case, doubling
the ifiput power esalts inoonly & 40% increase in field strengrh. Proper selection of
amtenna characteristies can be more effective in Increasing coverage, AL the base
starion end, increasing the antenna height is vsuslly g very good selotion, Howsver,
antenna towers are expensive and their heights are often restricted by local
regalations.

Gain and height are two of the mest important characteristics of an antenna.
Antenna gain is a measure of how well the anpenna concentrates its radiated POWET
in a given direction. It provides a measure of the anvenna’s efficicncy. The gain of
an anrenna is measured as the ratio berween the highest radiation intensity (in any
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direction} from the antenna and the radiation intensity from a reference antenma
isuch as @ dipole antenna) or a theoretical ominidirecoonal antenna driven by the
same total power, thar iz, an isotropic sonrce thar radiares energy in all directions,
Antenna gain is measured in decibels (dBs) relative o an isorropic antenna, thar is,
dEi, and may vary widely depending on the application and design of the antenna,
Gain numbers can range from 0 o 50 dB (for example, 0 to 17 dB for anwennas
thar are omnidirectional in the horizontal plane)

The second main characteriseic of an antenna is its heighr. This explains why
most transmarrers are located ac the tops of tall boldings or hills fo ger maximuom
coverage. [F no badldings are available, a toweer is somenmes constnscred along with
a protecied enclosure o howse the basc stagion equipment. Optimom height is
derermined by che required coverage, ramge, antenna characteristics, local regula-
tions, the trade-off berween extra height and greater signal amenuation {loss), and
cost. To keep signal losses in the transmission lmes 1o @ minimum, the base station
equipment is generally kept as close as possible to the antenna,

Table 8.1 summarizes the propertics of anteanas in cach frequency band,
assuming that the noise densicy is higher in urban areas and ineerference is present
from another antenna in the same area, This table gives us a broad picmire of the
relatinnship berween frequency and coverage, Note that even though a high-gain
anrenna design can be more easily consteucted ar higher frequencies, oo much
directivity may not be acceptable for the applicatton, and path loss & inversely
proporional o the wavelength squared,

As Table 8.1 implies, channe! characteristics such as path loss, fading, and
penctration loss can seriously impact coverage, Parh loss is the amenvation of the
signal &s it propagates from the transmitting anrenna to the receiving antenna. In
pracoice, the path loss i more severe than the mverse square law would predics from
free-space calculations. The path losg for mobile systems generally falls off as distance
is cubed (or even Faster). However, it is important to nobe that these fjgures must

often be empirically derived,

Tabde 8.1

Frequency Bamd Characieristics
CBrmacrerianics 21-50 Mz PEB=TTd My  450-Fi2 MH:  §0a-2a0 MMz
Argrrana siee Lang Sltiar Shewier Shorees
Ancenna gain Laow gain Low-high gain  Low-high gain ~ Low-high gain
Urkan range Per Cronesd Excellent Excellent
Suburbam range Goed Ewcallenr Goad Fair
Rural ranpge Excellent Caoosd Fair Podar
Urban baikieng “fill-s™ Pear Fair Grvod Excellenr
Paliage patch loss Lo Lavw Medium High
Intrrferme Kairrr Bl i Melintinl Abioar fis
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As the sigmal rravels along irs transmission path, it passes through air and other
environmental material. Oxygen and water vapor in the air may absoch energy, and
the r.:-su]_ting artenuation d.ep:ndf. l.'I'Iﬂi.I.'II:I' on the fur.'[ua'lq.', which means that the
attenuation due Bo rain increases with frequency and amount of precipitation, Fre-
quencies below 1 GHz are essennally unathected by atmospheric moisture, while
frequencies above 10 GHz are severely affected (or even become unusable) for long
transmission paths, Finally as Table 8.1 indicares, the 8306- 1o 960-MHz band has
high foliage arenwation, but good urban fill-in coverage (betacen buildings), The
- [4%8- to 174-MiHz band has low foliage attenuation, but poor arban fill-in coverage.

Fading is a phenomenon that leads to varations in signal level, A distinetion
is made berween shore-term and long-term fading. For the short-term fading, signals
vary over short distances due to multipath propagation, This type of fadimg generally
becomes more severe os the frequency increases, Long-term fading is 2 eandom
process caused by shadowing. For radio frequencies of 450 wo %60 MHz ar higher,
shadowing becomes the most important eovironmensal attenuation effect where
buildings or other ground terrain may create radio shadows thar can result in receivesd
signal strength differences as great as 20 dB. These fading effects are most severe in
1 dense merropolitan arcas, On the other hand, high frequencies bounce off buildings,
providing good fill-in coverage {as mentioned above), although the abilicy of the
signals to penetrare through buildings is a function of frequency band and signal
; strength,

Receiver sensitivity is an important measure of receiver quality, and has been
defined in vartous ways depending on the type of signal modulation. Modolamon
‘ is a rechnigque for ransmicting informanen by varying the amplitnde, frequency, or

E

Ir phase of 3 carcier wave or signal. Sensitivity iz 2 measure of the smallest signal thar
can be successfully received. A peceiver with high sensitivity is desieable, since a
| fower field strength is required for the receiver to respond correctly at the fringe of
the coverage ared. For the analog signals used by FM ({frequency modulation) recery-
crs, the oldest srandarcd for sensidvity measurement standard vses the 20-dB guicting
method. In this method, the sensitvioy is measured by determining the unmodulared [
E input signal level that results in the noise output of the recemver being redoced 20
dB below the noise output level with ne input signal. Another widely accepted
! measare of the sensitivity uses the 12-dB SINAD method [SINAD refers to the ratio
of (sigral + noase « distorton) to (nodse + distortion) expressed in decibels], Digital
communication systems apecify the sensidvity in rerms of the signal level required
| ro antain 3 kit error rate (BER ) not excesding 1%, or in many situations, the maximum
‘ BER allowwed Fod J:‘:d!-l‘:]:lt:l.h-]& SyRBeEn -:'Elperal'il:m. EiE;.n.p] ﬂ:n:ns;ﬂ] E,:n-e.-:ra”].' T E,i\rcn irl
microvolts; however, in some sitwations it will be specified in decibels relative o

one milliwate {dBm).
Feameres such as error detection and correction, data interleaving and coding,
and the reery contral employed by the communications protoce] may direedy affect
coverage, A trade-off is usually necessary berwesn throughput and coverage in this
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case. Frror detection and correction work by adding informarion o the message
{somecimes referred to as pedundancy when multiple copies of certain data are
eeanemitted), This method can be uvsed o detect, and perhaps correct, errors in
transmission. The more redundancy added to the message, the more reliably the
recetver can detect and corcect emmors, but with a corresponding reduction in the
effective message rate, In practice, the number of addinional check digits required
to achieve error correction is much larger than thar needed for just error detection,
Convolurional encoding mav be used in the forward error correction process to
produce an output bit stream representing the origingl message such that the number
of bits between adjacent bits from the oniginal message 15 larger than the aumber
of hits affecred by a single burst error. For example, if an error burst of up o seven
bits in fength does accur, ir will affect only a single bit m each codeword rather
than a strng of bits in one or two codewords, IF an error & detected bur cannor be
corrected, then an aurematic repeat request {ARQ)) can be transminted back to the |
sending unit to retry the wansmission. Another alternative is the selective ARQ
(SARQ), which requests retransmission of only the cormupted piece of information
rather chan the entire digital eransmission, Thus, error detection and correction can
result i 3 lower end-to-end BER for the message 3= a whole.

Geometry and topography must be caken into account when determining site
coversge because hills, buildings, and other geographic features may absorb, refrace,
or reflect signals, Many coverage prediction models contain detailed geographic
data, including the lovations of buildings and terrain feamres o be used in coverage
calculations.

The overall network coverage depends on the concentration and distribution
of network equipment such a8 bage stattons. For example, cellular services rypically
position their base stations to emphasize wide geographical coverage. Ar the other
extreme, infrared and microwave cquipment generally requires line of sight between
transmitter and receiver. Some packet data network operators concentrace their base
stations in urhan areas to emphasize in-building coverage. Such mobile technologies
rypically only serve metropolitan areas where system operators have the best opportu-
nity for recovering their investment. On the other hand, the requirement for wide-
area coverage is important if seamless nanonwide operation of IT5 is to be provided.

5.2.2 Capacity

Capacity vanes in rerms of message size and effective throughpur. For example,
paging services generally have limited message size. The effective throughpat depends
On  CTAnNsSmIssIon 5pﬂ:|,‘| and number of concurrent frinsmissions’oonnections.
Although capacity s directly relzred ro ransmission speed, the transmission speed
figures cited by wircless providers can be misleading. Protocol overhead associared
with error correction and eeliable message delivery can account for throughput cates
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that are as much as 50% lower than the maximum over-the-air transmission rate,
Also, some mobile echnologies employ store-and-forward delivery o compensate
for their limited radio bandwidth or service capaciey. With such serworks, mesiages
can be delaved anywhere from a few seconds to hours but may have substannally
lower operating costs, In general, communicarions technologbes with higher capaciny
and throughpur will kave higher operating costs.

8.1.3 Cost

Equipment and operating costs vary widely according to device capabilities, transmis-
SioT rakes, device size, and power requirements. Paging technology is generally the
least expensive {and least capable) technology to implement, whereas satellive and
microwave rechnologics are the most expensive to deploy. To provide universal
gecess to TS as a national network, subscriber costs must be kept toa mimimum.

B.2.4 Connectivity

Connectivity may be supported by simplex, duplex, andfor half-duplex communica-
tions to provide broadease, disparch (group), and individual communications within
the network. Simplex connectivity can be used for simple daca collection purposes
| where sensor data 15 delivered to a processing center. Two-way communicarions are
| usually required for interactive sessions. A mobile or portable radio user may converse
| with the communications center, an individual radio user, a group of vehicles, or
i the whole network to commumicate and exchange information. The sitoation 18
| similar for the operator in 2 commumCations center,

B.3 EXISTING COMMUNICATIONS TECHNOLOGIES

Vehicle communications networks need to support many different applications
within a wide set of user services including raffic management, emergency manage-
{ mene, public rransportation operations, commercial vehicle operations, electronic
payment, and advanced wehicle control. Each application has specific needs char
[ may best be satisfied by a particular communications rechnology. Becaose no single
communications technology can satisfy all of these requirements, a hybrid implemen-
tation of technologies i likely 1o be required for a regional or starewide communica-
tions network, Table 8.2 provides a high=level view of existing wireless technologics
| {after [1]). This matrix is irended as an inital guide for vse ar the beginning of the

selection proces. The wser shopld p-urfr_'-rm A MireE :r|'|||:|-r-:r1,:|5h rvabugtion of ﬂw_plmnrd‘
. application and available technology prior 1o acrual implemenestion of the gvstem.
Many good references are available to 2id the wser wath this analysis (see [1,2] and
the references contained therein).
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Both analog and digital systems are available for mobile radios {the digial
systems are essentially related o voice digitization and o digital transmission}, The
major advantapges of the digital sysrems over the analog systems are increpsed spec-
trum efficiency, more consisrent audio qualiey throvghout more of the coverage area,
inherent privacy from analog scanners, and greater dara rate capabiliry,

We pow take a brief look at some of the transmission and switching methods
used for wansmission of information, Theee major channel acosss methods exise
FDMA (frequency-division mulriple access), TDMA (time-division mulople access),
and CDMA (code-division muliple secesg) [3]. FDMA and TDMA can be imple-
mented on cither narrowband channels {e.g., 12,5 kHz) or wideband channels (e.g.,
2530 kHz), whereas CDMA is rescricted to the wideband architecrure. Two principal
switching technigues are available: circuit switching and packet swirching. Circuir
switching requires a complete end-to-end connection over both the wireless and
wired sepments before any voice or dita can be sent. Packer switching divides the
information into packers and transfers packets of data berween merwork nodes
aver different connections until the packers reach their final destination and are
reconstructed for the user. The main difference berween these two methods i that
circuit switching reserves the requiced bandwidth in advance, whereas packet swirch-
ing acquires and releases it on an as-needed basis. Two other switching technigques
are store-and-forward {in which the information is first stored amd then forwanded,
one lop ac a time! and hvbrd (variants 2and mived forms of circuit swirchiong and
packet switching) rransmission.

In general, mobile services can be classified into conventional {noptrupked)
mbile svstems and trunked mobile systems, Each conventional maobile system has
one channel available for each specific group of vsers. In other words, users are
grouped so each grovp of users is assigned 1o a different channel. This svstem is less
efficient than rrunking because dsers can anly commumicate if theic channel = free,
regardless of whether the other channels are free. Since each group of users shares
a common radio frequency, the users end up competing for air time. The runked
mabale SYSTEm allows all available channels v be shared among a large groap of
wsers, 5o that no one s wailing as long as free channiels are available. For instance,
a typical trunked land mobile radio svsremt can bave up to 28 channels, one of which
i% A dedicated control channel thar aucomatically assigns the open channels to users,
When a user wanrs to transmit, both the transmisting radio and the receiving radios
are auromatcally assigned to one of the 28 available radio channels. This system is
berer ae conserving spectrum, since no individual radio user will have o wait o
transmit if a trunked radio channel is available. Depending on how the available
spectrum 15 used, these sysrems can also be classified as narrowhand or wideband,
In the narrowhand architecture, the total frequency band is split into several nar-
rowband channels. In the wadeband architecture, most (or all) of the specrrom is
avu.i]ablt o each ;l:ld EVErY USeT.
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Land mobile radio can be roughly divided into two separate classes of service:
public and private, Paging, cellular welephony, and personal communications services
(PCSs) fall under the classification of public land mobdle radio, although some small
paging networks may be private, We discuss each of these public service systems in
turm in the next three sections. When cellular telephony 1= discussed, we also sumima-
rize the popular cordless telephony systems developed in Eorope and Japan for
-:l.ul'lj.'lﬂ.rj:iﬂl‘l.. \.'-:-'.; then furn 9 a lliﬁl.'l.L"ﬁ:il:lEl: uf Flri'.'.uh,: lanJ :|'|1-;_:l|'ri|-u rnﬂil,l El'sl:-ums.
Although some recent systems tend to support both private and public services, we
discuss them together because many of them are evolved from early private systems.
After discussing radio dara networks, short-range beacons, and satellites communica:
tion technologies, we conclude this chaprer with issues related 1o integration of
communications subsyseems, Informartion on dhe remainder of the technologies listed
in Tahle 8.2 can be found in [4-7]. To save space, some system names, modulation
methods, and open protocols contained in some tables are not spelled our, interesrad
readers may contact the manufacourers for the full names of the systems or consule
[2.8,9] for che full names of the rechnical reems listed.

8.3.1 Paging
Paging 15 the simplest mobile eadio system, A basic paging system s shown in

Figure 8.1, where PETH stands for the public swinched relephone neraork and BS
grands for base station. It includes an input source, the extsting wireline telephone

]

Encoder

P

- T
T il :

Fages Pager

Figwre B.1 Pagimg nerwark.
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netwock (PSTM), the paging encoder equipment (Encoder), the base station [BS)
controlled by the transmicter control equipment, and the remote pager. Inpur can
be entered from a phone, a computer with a8 modem, a desktop page-enory device,
or throagh an operator who enters the message. Onoe the message i entered, it is
sent vig PSTN to the encoxder. The encoder chacks the validity of the pager number
and looks in the subseriber database for the papger address. [t then converts the
address and message into the paging signaling protocol (a special code), This encoded
paging signal is then sent through the control system to the transmitters located at
ewch hase station, The base station broadcases the signal on the specified frequency
for ils covesage area to boep the pager.

Paging was originally developed as a one-way communicarions service {from
a base station to mobile or fixed receivers| that provides signaling or informarion
rransfer by tone, tone-voice, numeric or alphanumeric message display, ete. Recent
advances in technology have led to the introduction of two-way paging. This makes
paging technology even more attractive as & medium for vehicle communications,

R:din p:igmp, |'|:lﬁ 111.:1‘!:[ attractive F|==I1:|r:|5r 1.-.'|'|i|:|1 EHPIIFI.i ns wh}' th!ii: 'il'l.‘h-:n:sl!
in the technology has grown by leaps and bounds during the last decade. Paging
systems are fairly robust and most can reach customers locared deep inside buildings.,
The rechnalogy is widely available, and pagers are becoming even more versarle
and portable as paging systems continue to take advantage of digital signaling
echnology, Competition among seevice providers is also creating a host of options
for consurmers, ranging from basic one-only models (which beep or vibrace when
someon 15 necded) o al phanumeric devices that can display short messages of other
advanced models, For instance, tone-and-voice models will notily the user of a cll
and then relay a volce message ar the customer’s convenicnce.

One interesting paging method i to superimpos: paging signals on AMTFM
radio or TV signals. This signal multiplexing vechnology is generally referred to as
brogdeast subcarrier. We discuss it in further detadl in Secrion E.3.6. As far as
apphications of paging in vehicle location and navigation are concerned, for example,
2 pransportation authority could establish its own paging network in outhning arcas
by contracring with FM radio szations 1o wse FM subcactier signals to transmit short
traffic messages along with the programming broadcast. FM radio lisseners would
never hear these pages unless they tuned o that specific subcarter frequency with
a proper radio receiver. Using such an approach, the authority could establish a
rural network withowt having o construct its own cosdy radio towers and transmit-
rers Such @ paging system could serve as an adjunct w other commercial services
and would comes into use whenever mobile workers traveled bevond the range of
the privarely run serworks,

In spiee of recent advances, paging is still primarily 3 one-way communications
network. Ins strengths lie more in ransmission of short data messages, Paging 15
restricted by two main shortcomings, First, it is primarily an urban service, although
some paging networks reach further into the suburbs than do cellular systems, Second
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{and most critically), paging has traditionally been a one-way service. Users can
receive brief messages, but they cannor acknowledge them enless chey have a cellular
phome or are mear 3 wired telephone. Despite these drawbacks, paging s a highly
affordable and widespread communicarions rechnology,

A multitwde of paging companies and paging eguipment is currently available
on the markee. For instance, Teletrac [nc, provides a paging service that operates in
[!Ic: So0-MH: b.'a:'led fyu] pl'l:ln'idl!' Ewii-way i:aﬁinﬁ anid t\u|:-'ucah‘:lr !'tplum- Sk}-Tr_'Fs
two-way paging service allows uscrs o receive messages and respoad with an
acknowledgment via a buston. This service takes advantage of wireless text messaging
and adds the capability to send replies. Socket Wirsless Messaging Service, or SWAS,
is 2 spite of services administered by Socker's National Disparch Center and designed
to turn an alphanumeric pager into a wireless link to the user's favorite communica-
tions resources; telephone, voice mail, fax, e-mail, modem, and paging system.
Interested readers shoold consule the various trade MAgarines fesr anirel eses services
based on radio pagmg rechnology and associated PCMCIA paging cards thar are
currently available, More informarion abour various available paging equipment,
devices, and protocels, can be found in [140,11],

2.3.2 Cellular

Cellular networks are full-doplex circuit-switched communication systems whose
main components are of a set of mobile stanons (M3, mobile or portable cellular
phones), a base staton (BS), a mebile switching cenver (IMSC), and the publiz switched
telephone network (PSTH) (Figure 8.2 The cellular system can provide both voice I
and dara services over either analog or digital nerworks, although the main design |
ohjective of the analog network is.to carry voice, BEach coverage area in the netwaork
1% divided it calls thae gre ugually 1.5 ro 30 km (0093 to 18RS miles) 1 dia meter,
The coll sites (BS) locared ar'the center of cach el consise of a transmireer, receiver,
control computer, and an antenna, The base station computer controls the frequen-
cies, direces calls o open channels, and alerts the awirching station when a call
weakens. For simpliciry, Figure 8.2 shows oaly two BSs associated with two cells.
The switching station (MSC) connects the cellular phone to the local carnier and
manages calls through frequency reuse, roaming, and hand-offs, Adjacent cells use
different frl:qur:p:l'ns to avoud m‘n:l'ial‘l-\: and cell site hand-offs occur automatically
as cach mobile sration moves from cell to cell, A relephone carrier and its local office
connects the call to the person being called and provides billing for the service,
The revolutionary concept behind cellular systems is the freguency reupse
method proposed by Bell Telephone Laboratories, A certain frequency wsed by a
channel in one area can be rewsed in anocher ares. Fach area consists of a cell. Cells
using the same carrier frequency are located sufficiently far apare from one another
such thar inrerference can be within tolerance fimaits. As a result, each region inmally
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Figare 8.2 Ceflular neraark,

gerved by a single base station before introduction of cellular systems can be divided
into weveral cells. Each of these cells will have it own base station and its own set
of channels. Theretore, more services can be provided wirhin the same frequency
ramnge.

Several different cellular radio systems are vsed in differens areas around the
waorld, The characteristics of these systems are summarized in Table 8.3 {where some
items have been quoted from [12]). Many books are available thar discuss the
principles and applications of these systems so we do not discuss them fercther in
this gection. Mose information on these systems and the underiying principles may
ke found in [9,13-16]. Mote that analog cellular svarems use FDMA for channel
access, while digical cellular svseems use either TDMA or CDMA and can soill provids
‘.'In'lilh':[.: services using FDMA if designed o do so. Digital cellular systems promise
similar advantages over analog cellular systems mentioned in the beginning of
Section 8.3, In Table 8.3, m-b is the broadcast rate from mobdle statiom o base
station, b-m is the broadecast rate from base station o mobile station, 15D stands
for Integrared Service Dugital Metwork, and CEPT swands for the Commitee of
Europesn Posts and Telegraphs,

Warious techniques and ideas for using cellular systems o provide broadcast
data for vehicle communications exist even though cellular systems were origmally
designed for one-to-one communications. On analog voice nerworks, off-the-shelf
modems must ke uged (o modielage circuit daga over cellular links ag briefly discossed
in Seceions 8.4 and 10,12, These services are good for mobile wsers who nesd to
rransmit of receive large amounts of data in a single sesston wirhowt woerying about
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Table B.3

Charscterissns of Cellufar Radie Svoems

192

Dare of Chamnel Freguency Huweher of
MName i Shacing (M=) Chamnels Charaoterintics
AT 19 25 kHa ETD=H8F h-m Al FEBA A imcaeased
125540 m-b 1060 chapmels
MMT-450 1761 25 kHa 453-457.5 m-b ] FOAA; low chaneel
FAA-LE7.5 bemi capacity; goid Fadia
COVETRES] suiruhble fo
rural areag
AMIPE 1283 30 k= E25-%45 m-b §i2 FOA Ay city-based)
ETO-H50 b higher capachy chas
T, b smnaller cells
C-450 IPES 201 430545574 m-b J120M44 DA
kHz 461.53-465,74 b-m
TACS I2ES IS kM FOL-9T) m-b 1000 FOMA; 50% grearer
|;|||.1l: F35-240F b-m et cApACTy shais AMPS, hia
ETACS §72-380 mi=h A1l smaller calls
#17-833 b-m
TMT-BH 1554 12,5 kEHz 390915 m-h 1529 FMA; designaied for
L5 _UE b criwes; Cabers to i fid -
teeld partables
HAMPS 1552 10 kHz 315-845 m-b 2412 FDbifh; oo 100-Leps
F7-ES b-m digital channel; 14-
characier mahile
rerminaced mesiapes
(s 1552 200 kHz §20-715 m-b 175 with  FDMATDMA; diginal:
135260 b-rm B [SDM sapakding CEFT
timesd e stdndand
per
channe!
[E+000
TokA 1935 M1 kHz A2504F B32 with  TDRA; diginal; 15-34
(=AM F70-590 b-m 3 users standard
T
channel
13405y
FraC 1995 50 kHax A24E-A49 bemn 1500 T A, dighal; foe
5 kHz HMO=-355 m-h wnhs lapan only
1554 mierleawve  [429-7453 n-b usETE per
14771501 -m charmel
EEHE]
ChMA 15585 1228 EHz  325-845 m-b 19=20 CDbdA; digmalg [5-85
370-E290 b-m [could szandand
iy
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the extra call setup ime and cz2ll disconnect time. In addition, a network overlaying
the existing analog cellular network has been developed o address packer data
a_pph:s;tinns. We discngs this network (CDPDY in |:u1n1p:|risr‘|-n with other radio dawa
perworks in Section 8.3.5. See Section 104 for applications of the analog AMFPS
neework (Table 8.3) in vehicle communicanons,

For comparison with cellular technology, Table 8.4 lists various eordless tech-
nologies that have been inrroduced in Europe and Japan. These systems are consid-
ered po be second-generation rechnology, mainly on the basis of the fact that they
use digital signals and the fact chat there are nomeroos base stations oatside the
home that can operate with @ large number of indivadual handsets. By conrrast, fipst-
generation cordless wechnology is based on analog signals and only operates within
residences beeween unigue base station amd handsee pairs, This first-generation
technology kas found eommon use m the United States. Becawse of the relarively
loow cost and mobility, the new cordless relephony syetems have become an ineegral
part of personal communications serveces, as discussed in the Following sectiorn.

§.3.3 Personal Commumications Services

Personal communigations services (PCS) have been defined by the UL5, Pederal
Communications Commission (FOC) to cover a broad range of radio communica-
tions services that free individuals from the constraints of the wircline PSTN and
enable them to communicate when they are nway from thedr home or office relephone
[17]. Some litcravwre refers to this rechnolopy using the reem “personal communica-
tions network™ [PCM| The PCS concept was developed out of the recognition that
both cellular and cordless telephones have severe himitations, Therefore, PCS 35
supposed to combine the advantages of each system along with other added fearares
to meet the commumnications requirements of people on the maove, PCS has been
[ proposed a5 & multizsoviFonment, multioperator, and muoliservice type system
{Figure 8.3). Many people classify wireless systems based on analog technology as

| Tahle 5.4
Characteristics of Cordless Telephooy Sysrems

| [iagr u_|r Charar! Frequemcy MNaonber -El,lr
[ ame Operation . Spaciag fAMHzgl e Charastaviaiicd
| T 1
CT2 1%E9 100 kHz Erd—BER b L1 FIINATDOM A ;
Be4=BEB ham digizal
DECT 1293 1728 1880180 b 10 with 12 wsers  TDMA; digital
kM= TAB0= 19 ks per chaneel [120)
| FHF 1995 3040 kHzx 1895-1%07 m-b 77 with 4 wsers TDMA; digiral

1HD5- 1907 b per chanrwl [ 3UE]
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Figere 8.3 Proposed FCS anchitecmare.

Irtalligant Matwark

=

PCS the next major step in the evoluton of communication systems, as third
peneration [ 18]

Although there is no exact definition or well-defined system architecrure for
PCS, the basic concept is fo support highly competitive wireless communications
services withowt any restrictions o providers” capabilities and imagisations. PCS
frequencies have been divided ingo two main groups by the FCC: wideband {broad-
hand) frequencics and marrowband frequencies, The widehand PCS frequencies lie
in the 1.8- to 2.2-GHz band; these frequencies are intended for high-throughput
voice and data applications, Mobile devices (or bandsets) might be able ro roam
freely among homes, offices, and roads, even access the Internet, wing devices
evolved from cellular phones. Marrowhand PCS frequencies have been allocarsd o
the #iik-MHz band; these frl:qur.nru:s are intended For shorr and burst woeee and
data applications. These mobile devices might be small, using devices evolved from
two-way pagers, and other personal compuring or communications devices. Bodh
wideband and narrowband PCS should be able 1o support vehicle locaton and
i v igation,

Lome balieve thar BCS can be |;|11:||.1E;hr of ag 3 family or continunm of warseless
communication services at lower power amd with more (and smaller] cell sites than
cellular systems. Instead of wsing large transmitter towers, PCS 18 envisioned as
employing transmisterfreceivers small enough to be mounted inconspicususly on the
sides of buildings and on top of ielephone poles. This resules in much smaller
tranemigeion cells [often called microeallz). The minimem PCS cell size i3 expected
to be approximately 0.8 to 2.5 km (0,497 to 1554 miles) in radivs. Consequently,
PCS will require a larger number of cells for the same coverage area. This results
in dramatically lower power requirements (bur probably worse imterference between |
adjacent cell sites than occurs for cellular services), Because PCS devices will use |
lower power, the phones should be smaller, lighter, and able to run longer on a }

|
first generation, systems based on digital rechnolopy as second generation, and :]
|
|
1
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single charge, perhaps even for weeks at a time. PCS 15 expected to be able o i
accommodare many more callers than cellular networks, As & result, promowers of i
this technology expect the rates for air time o be cheaper, In contrasy, others think
thar there are other alternative architectures and implementaions available, Some
services witl have more features and will presumably be more costly.

A wade vasiety of alternate versions of PCS have been proposed. Although the
firse 1.5, PCS has been in commercial operation since Movember 1993, several other
progosed systems are either still in test trials or in the process of being implemented. I
Many digiral service specfications (incuding different voice-coding technigues and |
agnal compression schemes to maximize spectrum usage) are being considered by i |
rival PCS. Around dhe world, PCS has been allowed frequencies between approxi- |
? mately 500 and 3000 Mz, Proposed PCS services have included both Lcensed and
unlscensed frr.-:qu-tnl::.r altermatives [192], The licensed services prﬂpf:'had for use nclude | fi
. sophisticared pocket relephones, cellular phones ar 2 GHex, and wireless fixed and | ;

short-distance [nks connecting the phones to microcells. Unlicensed services pro-
posed bor wse include cordless business and home telephone svstems, wireless local-

{ arca networks for computers, and wireless porable informarion devices. In shart,
! PCS has the potential to improve mobile communications technologies existing
Lo} today.

8534 Privare Land Mobile Radio Systems

o T

As mentioned earlier, paging, cellular relephony, and PC3s are generally regarded J
as public fand mohile radio services. In conrrase, private land mobile radio services [
can be divided mainly into the categories of conventional, trunked, and specialized i
maobile radio [SMR), Although most SMR operations technically would fall under
public services, the decision simply follows the private sector classificarion in the
FOC frequency regulations (FCC: 47 CFR, Part 20, In the conventional radio system,
wsers must share a common RF channel and compere for air me by monitoring
the system for an open channel as described at the beginning of Section 8.3, Trunked
radios are controlled by microprocessors, which act as automatic switchboards.
Trunked radio sysoem shares repearer(s), antennas, and channels. SMR sysrems were
introduced wo the United States in 1974 by the FOC 1o provide private land mobile
services on & commercial basis, A SMR system can be either conventional or trunked,
although most SMR systems are now tronked, These three ty pes of systems can take
different forms, such as individually owned, shared, woice only, dara only, and
integrated woice and daes.

Although classified roughly under the title of this section, some recent sysrems
intend to gegve both the private and public sectors, such a5 the IDEM system, which
} is discussed later, and the European and Japanese svsvems listed later in Table 2.6,
| Because of these recent developments, the differences between private and public

e —— R -

— o —
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e e =

land mobile radio systems are becoming smaller, which has led to a blurring of the
distinctions between these two categonies. Unlike ccllular technology, it s difficult
tex find public references discussing certain recent systerns such as iDEN, Therefore,
wie cover this system in this section. General and in-depeh descriptions of variows
land mobile radio systems can be found in J20,21].

Traditionally, private land mobale radio actavity has been i the areas shown
irt Tabde 8.5 [after [1]), There are many different eypes of vehicle applications, One
example of privare daa systems for wehicle location applications is the Motorola
Privare DataTAC system, which has been used in the United States and has a gross
data rare of %6192 Khps. Anaother example s the system umsed for the dynamic
route guidance system discugsed in Chapter 11, Most radio equipment currently in
service wses analog voice and wouold require modems o modulate, transmit, and
receive position and traffic data over the aie, A3 new systems are implemented, many
are moving o digital rechnology.

Many land mobile radio systems combine voice and data via 3 trunked radio
systern. Several such trunked redio systems are shown in Table 8.6, The last four
are mainly used in Encope (MPT-1327 and TETRA) and Japan [MOCA and DMCA]
The remainder of the syseems are available in American and other markets,

Trunked radios have different implementations. & private tranked system can
consist of & sngle gite or a large moltple-site system. Each site has mulnple repeacers
that can receive, amplify, and retransmir radio signals. One repeater at each sire is
a contrel channel, which ransmits 2 continuous stream of dara (digital codes).
Mobile and portable radios communicate with the site over the control channel go
requesstan available channel, In a trunking system, each radio s assigned an individoal
unit IDY and is alse programoed by the system administrator with one or more
groups thar are nser selectable. These groups, vsually referred to as talkgromps, are

Tabde 8.5
Traditional Privare Land Mabile Fadso Service Caregories
[ FradrepparrPatnon Peelilre Naifiety Specar! Erargasrsy Pedfieizrial
Ausn emergoacy Fire Bzach parrals hasiness
Ylaoror earrier Fiormat canservaticn Cammuticanans starsdby Foeeswr produces
facilivies
Ranzazd Highmm]l mmsl=fiance Driasmter selief Mapafacnrers
Echoal huses Local government El:-rmu:ln-'_repair of public  Moton phture
cienmanicarions feclices
Taxiceh Police Handicapped Pecroloum
State and Federal Mednea] s reies Relay peess
EONSTRMCNT
Eesoms services Special mdustrial
Vte rinsa s T¢|¢_|'|]'||:I'|! [T
rEmance

Ulkiligy Bukinees
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Talde 8.6
Representative Trunked Volce sl Dara Radio Spsarems
Dhris gl Cirorr Charme |
Lty Syaler Pratacal  Madailation Aecpie  Daga Rate Voiee Spnaep
Eritsson EDACE ETH Binary FSE.  FDkA 9.6 Ebps  Analogd 28 ki
digiral
| Arqei=]
E. F. LTR LTR Fik FLamiA .5 Kbps  Analog L3 KMz
Jahasan
E F Mulki-Ber Malti- F5K FIMA 36 Kbps  Amalog 25 klz
Jahnsan Mz
Mowrala  IDEN LAM MCpabt TodA ft Khps  Diigial 25 kHz
Open APCCr CAL I OPsE.C FDMA TEKhps Triginal 12.5 kHe
Project 15
Motorola  ASTRO CAL TP,  QESKC FLEbAA %6 Kb Digeal 15 kHx
FLM 12.5 kb
Moeorela  Smarcone MDLC 5K FiradA 1.8/3 Analog ATt
SmariMet 1 MDC- K rpra ki
A R0 4.5 Khps
RO 864
LAP, . e S
Oy MPT-1327  MFT- FFsK FDAEA 1.2 Kbps  Analog 1258
1327 ke
Cipeny TETRA TETRA =/ THMA 36 Khps Tl 25 LHz
DOPSK
Chpea WA, pECA BMSK FDdA 1.2 Kops  Analeg 125725
Kz
Oz (LS L. RCR PBE-CAM TomA &4 Kbps  Digital 25 kHz
Stamdard- T

iz

groups of radios thar will rranemit and receive each other’s communications, When
& radio is set to a particular talkgroup, that radio will only be able to ransmit and
receive information from ether radios in the same talkgroup, With talkgroups, each
radio vser will only hear the communications desired. One typical method for
segmenting users into groups on a trunking system is according o funcrional
responsibilities,

Requesss for telephone interconnects are also handled through the control
channel in similar fashion, A repearer is linked to a phone line and connected 1o
the PSTI, This enables a radio system user 1o communicate with persons not an
the radio system via standard telephone. Depending on the radio system, the conver-
sation will either be in full duplex or hali-duplex. Full duplex operares like a orpical
phone call, whereas hali-duplex implies that the radio can only transmir or receive
bur not both simultaneously,

Some syvstems use a different spproach. Instead of using a separate contral
channel to communicate with the site, they utilize slower and low-speed data on
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the vaice channels. Although the frumking operation s similar, some features such
&g "lm::.-' gueening and callback" are not available m 2 system d-:si.gn of thar type.

As mentioned eaclicr, SME systems were inteoduced in ehe Unired Seates in
the early 19705, although significant amounts of cquipment and systems did nog
begin o appeac umtil the carly 1980s, Trunked SMR sives can be linked, and also
include data w provide 3 patoerwide voice and data communications nerwork, In
the carly 19905, new radio systems (enhanced SMR or ESMR) weee developed to
compets with and exceed the services offered by cellular radio carners, Licznses of
many independent private SME service providers were purchaged and used together
e provide more capacity and services on a single large nerwork that integrates voice
dispatch, wireless phone, text messaging (paging), and data ransmission capabilities
imter e handser wath cellular-like COVEFARE, Unlke cellular systems, these ESMR
operatoss kave apreed 1o a single standard—the one set by the iIDEM system discussed
next.

Inteprated Dispatck Enhanced Network

The mtegrated Dispatch Enhanced Metwork (iDEN) is a digital communications
system thar combines the capabilitics of a standard disparch system with thae of a
cellular-like imterconnect syseem, (DEN was developed by Motorola and is now in
use in Argenting, Canada, Iarael, Japan, the United States, and several other countries.
iDEM aes an advanced preprietary modulation technology consisting of a speech
compression schemne enabling six or three communication paths to be carried over a
single 23-kHz BF channel. This technology is a radical change in the basic modulation
techniques and hardware platforms that have dominated mobile radio for the past
A years,

& key limiring factor for expansion of wirckess communicarions prodwects is
global spectrum avalability, By allowing @ix communication paths over 3 single
channel, the iIDEM system leads ro a sixfold increzse in efficiency. Furthermore,
1IDEN provides numerous other benefirs including regronal neeworkmg, full-duples
telephune interconnect, and mtegraged secvice. iIDEMN gives SMME operatoss the abilicy
to integrate wireless phone, texe messaging, two-way radio, and data transmission
into oae nepwork using a single subscriber unit, referred to as a mobdle station (M5,
either mobile or portable), (IDEN eliminates the need to carry a phone, 2 pager, a
pwo-way radio, and a modem o sgay notouch,

The digital technology used in IDEN provides addinienal benelits beyond inge-
graton of varows services, including the following: more consistent voice audio
gualicy throughout more of the coverage area, fewer droppesd calls, improved security,
amd bemer sysoem access.

Several other addinonal features of IDEN are listed below:
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=« Smaller hand-held poreables;

= Full-duplex service {hike cellular);

= Messaging services similar to digital paging that will allow rapid response;

* Superior data seevices to avoid lengrhy verbal message exchanges and prowvide
office mobilicy;

+ Reduction of busy waiting time due to more efficient use of the RF spectrum;

¢ Advanced mobile telephone services:

» Advanced disparch services (group communication wirh fransparent nee-
workingl;

# Flexible nerwork scaling.

This technology allows fleets of users equipped with MS units to communicate
with one another or the PSTH, The BF system consists of strapegically located
enhanced base transceiver systems (EBTSs), which arve linked 1o base site conrrolbers
[BSCs} rhar direct the paths to either a dispatch application processor (DAP) for
dispatch-type call processing or to a mobile switching center (MSC, or Northemn
Telecom Switch| for elephone interconnection (Figure 8.4). The BSC manages the
RF channal, and the MSC maintaing control over which users can enter the netwaork,
what their operating privileges should be, and where they are presendy located
[ within the system. Information previowsly entered into the home location register
| [HLR) database &5 used by the MSC for this maintenance, The EBTS sire consiss

of one or more hase radios (BRs), an BF distriburion syscem, 2 BR frequency reference,

a site synchromzation receiver and antenna, a local-area network interface, and BR
| antennas, The EETS provides the radio communications link between the land
nerwork and M5 units, The BRs perform the commubications with the M§ units,
sending both control informanon and compressed speech over a muldplexed radio
channel, The EBTS can be configpured to support multiple RF freguencies in an
omnridirectional or sectored configuration,
| In Figure 8.4, VLR srands for the visitor location register, which containg and
is updated with current information such as most recent location, and the fearure
| provisioning table. AUC stands for the suthentication cenger, which holds the authen-
|

ticarion keys for all M5 psers. MP5 stands for the mero ]:IE.J,:!C{'T switch, which & 2
| collection of components providing wide-area communications services. These ser-
[ vices include distribution of incoming packers and dynamic rephication of voice
| packers for transport to the respective BSC and corresponding EBTS, The swinch

provides connectivity between iIDEN sites during a dispatch call.
| The gross radio-channel bit rate for an iDEM system s approximacely 64 Kbps.

Most earlier systems urilized FSK {frequency shift key) modulation. ln conrrast,

the iDEN system uses M16-QAM [quadrature amplitude modulation). This linear
l_i modulation provides a highly desirable combination of modulation efficiency, chan-
| | nel sensitivity, acceptable carrier-to-mtecference catio teade-offs, and low adjacent
1 [ channel interference.
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Figare B4 Major chmencs of an iDEN sysceme

The iDEN equipment uses frequencies of 806-82 185 1-866 MHz, with a carrier
spacing of 25 kEHz. The separanon beoween transmitiimgroceiving pairs is 45 MHe
The ability to accormmodate 12.5-kHz offsete i also induded. iDEN equipment may
algo be configured to operate in higher frequency ranges, such as 1453-1485/1501-
1513 MHz with 48-MHz transmicting/receiving pair separation.

The compression algosthm used for digitally encoding/decoding speech s
known as Vector Sum Excited Linear Prediceing {VSELP), VSELP is & member of 5
dlnss of speech coders called Code Excited Linear Predictive Coding (CELP) and
Stochastic Coding (5C) or Vector Excired Speech Coding (VESC). It is the vocoder
wied i IDER,

The iDEN implementation divides the RF carnier into discrete time slots of
15 me {including overhead for transmitter tuen-on, training and synchronization, and
propegation delay), Auxiliary data embedded within each slot provide for associared
signaling in addition to the normal digitized woice and data traffic. A set of slots on
one group of RF carriers i3 devoted to trunking conrrol. Inbound control-channel

pecesy 15 ohtained via a reservation protocol. TDMA is the channel access iechnology
used by che iIDEMN system,

200

PORTO IMNVALIDITY 00002379

S ———




Wirefess Commanrcaions Module 191

tDEM allows an MS user o roam frecly to any connected system and maintain
full telephone inrerconnectiviey | including circuic-switched data) and short messages,
provided such services have been contracted for with the originaring service provider.
{ iDEN circuit-switched dara are designed m be compatible with the following
applications:

. Laprop and palmiop computers;

. Fax and image processing;

. Fule rransfer and orher “q.lial-up“ applications;

. Oine-to-one connections beoween an in-vehicle user device and the PSTH.

Lt B

iDVEM circuit-gwitched data are compatible with the Radio Link Protocol (R1LP)
and full-duplex packer stream. In addition, M5% users have the ability to receive shore
alphanumeric mesages on their MS displays, A short message is generated by the
Shore Message Service-Service Center (SMS-5C). High-speed packet dara service is
being planned. Furthermore, iDEN provides system control with an authentication
mechanism, which may be invoked prior to any chargeable service initiadion, Cleardy,
iDEM ran be uesd for pl.a:i:ng variong vehicle communicagion ::p]:ll'.ilt.:ﬁc_:-nt o A
ainghe bill since it is provided by a single nationwide service,

8.3.5 Radio Data Networks

The aperational principle of radio data networks (RDMs) 15 simolar to thag of cellular
necworks excepe thar RDMs are dedicated to data and are noe cirenie switched.
RIMMs consist of land-based radio base stations and efficiens switching networks for
packet data, Cellular-like freguency rease and overlapping cells allow vsers 1o roam
segmbessly, The network communication protocols ercher conform to the [50 Orpen
Systems Intercomnection {051 Reference Model [shown later in Figure 8.10) or the
Internet protocols, which enable efficient mterconnection and data ransmission
among all components of the network,

! The growth of RDNs has been limited by the availability of unassigned radio
I spectrum. Although other widespread neswaorks are in the planning phases, only
| two mapyw KDMNs are currendy operating in che United States: ARDIS and RAM

Mobile Data, These networks have been allocated frequencics in the 300- and

g00-MHz bands and provide wireless packer daca services to @ large number of
| subscribers. Recently, several COPD neoworks have been deployed and exrended ro
| selected cities where circuit-switched data services are used to send the packets o
the COPD networlke, Table 8.7 provides an overview of these and other networks.
The Ricocher RDMN shown in Table 8.7 was developed by Metricom, Ine., and uses
the unlicensed 902- ro 9I8-MHz band. Ir claims to be Faster than the ARDIS and
REaM Mobile Data networks. Further information on this and anether proposed
network can be found in [1,22].
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ARDIS

One of the first RDMz to be establiched in the United Seares, ARDIS grew out of 2
private wircless data nerwork that Motorola had built to support IBM's nationwide
staff of field technicians. In 1990 the network made its services publicly available
to business firms needing 1o stay in rouch with mobile workers. ARDIS now has
| more than 60,000 end-users in 400 metropolitan areas and 10,700 cities and towns
across the United Srares. This merwork 15 typically used to support two-way data
transfers of less than 10K in size. The maximum packet size is 240 byres (mot
including the 16-bit address field). Remote users can access the network via hand-
held or laptop computers with radio modems that communicare with the base
stattons. Each base station is connected to one of 32 radio network controflers
nmnagﬁl by rwo ARDIS hosts. These hosts, as acress |.'l|;_a-:i:|1:ar.T are linked o che
customers” mainframe computers via leaged telephone lines using asynchronous,
[ A LU6.2, or 225 dedicared circuits.

[ ,i The ARDIS network archivecture is cellular-like with ovedapping cells, The
|

|

base station provides line-of-sight coverage up 1o a radius of 16,09 1o 24,14 km (10
to 15 miles). ARDIS can support portable communications from inside buildings
and on the strect because of the overlapping coverage, designed power levels, and
[ error-correction coding in the transmission format. ARDIS has between one and
1 three duplex pairs in each of its service areas. Each duplex channel has rwo 25-kHz
channels spaced 45 MHz apart, ARDIS suppornts data transmisston rates of up to
4.8 Kbps usimg its equipment [(MDOC-4800} and 19.2 Kbps on upgraded equipment
(RD-LAP), For a maximuom vser data rate of abour 8 Khps.

Both hosr routing and peer-to-peer messaging options are available. Host rout-
ing 15 used when a wireless device sends messages to and receives messages from a
fixed host connected to the ARDIS network. This method of routing is suitable for
: applications thar require central congral Functionality oc imrupernhﬂjq- with other
nepworks and fixed systems and i wsually accomplished using a dedicaved privace
line operating under the X.25 FTT protocol, Peer-to-pesr routing supports exchangs
of messages berween individual wireless devices, Thess messages are routed o the
destination wireless devices by the ARDIS nerwork.

BAM Mobile Data

The RAM Mobile Dama network is hased on the Maobitex system developed by
Ericezon in Sweden. KAM operares the Mobitex network throughouwr the Unived
Stares, covering more than 7,70 m unil:ip.l litres, ||u.:|1:|:|.'|i||g.=i:|?nrbs and major trans-
portation corridors. More than 40,000 subscribers cugrenty use BAM s service For
applications including Reld erarnspostation, beld service, Held sales, Anance, wtilities,
telemetry, point-of-sale transactions, public safety, and messaging.
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f The RAM network = hizrarchical in structure, with the network control cenrer,
which manages the entire network, forming the top laver, MNatonal switches, which
toute traffic between service regions, form the nexr layer {immediately below rhe
netwark control center), The next two layers are occupied by regional switches and
local switches, each of which handles rraffic within 2 given service area. The base
stations, which communicate with the mobile and portable data devices, arc at the
botrom. The host computers are connected 2t the local switch laver waing standards
such as X.25, TCPIP, SNA LU6.2, and SMNA 3270, with spreds of up o 64 Khps.
RAM provides an interconnected trunked radio network thar is configured like 2
cellular phone system, excepr that hand-offs are managed by the mobile terminal
irself racher than the nerwork.

The RAM nerwork has 10 o 30 twosway radio channels with a2 bandwidech
of 12,5 kHz in each metropalican service area. s hiecarchical architecture enables
RAM to roure messages via the shortest available pach for increased speed and
refiabilicy. Data are sent between devices in the field and the base stations over the
air atr § Kbps in half-duplex mode wich a maximum file size of 20K and 2 user data
rate of 4 Khps, The maximum packet size &5 512 bytes (not encleding the 24-bit
address field).

Cellelar Diigital Packet Data

Cellular digital packer dara (CDPIY is a fast, efficient, digital data ransmission
system that overlays existing analog cellular nerworks, The system opercates at i

| 15,2 Kbps per channel and internetworks with existing dara nerworks based on 150
2473 (CLMNP) or the Internet Prosocol. COPD provides maximum connectivity by
using idie cimes berween cellular vdice calls or by transmitting in 3 dedicared-channel
envigoment,

Some people believe that CDPD should be gaining prominence over other land-
mobile-radic dara rechnology becawse of the following, CDPD s designed 1o be
reliable and secure, CDPDYS dara cransmission technobogy s elficient, using the

] bandwidth oot wtilized by voice. CDPD urilizes much of the osllular infrasorscture
currently in place for the voice network, allowing for quick implementation and
reduced nerwork costs, CDPDYs open network design approach permits techmological
evolution amd service extensions. Recently, the 15, Joint Archirecrure Team for
national [T5 selected COPTY as the preferred network for providing raffic and rowte
guidance information o motorsts [23]

CDPD operates on a nemwork that consists of the basc components shown in
Figure 8.5, Mabile End Syvirems {M-E5g) are portable subseniber devices that permir
the wser 0o gain access to the network by sending and recetving CDPD radeo signals.
Mobile data base stations (MDBSs} are locared within each cell site and ace as a
dara relay berween the M-ES and the MD-IS (see remainder of paragraph). The N
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Figure 8.5 CDPD nevwork.

MDES commuonicates with the M5 via a 54-Kbps data link, The Mobile Daga
Intermediate System (MD-I3) pecborms roating functeons based on ats kaowledge of
which M-ESs are in its service area. The Intermediare System ([IS) acts as a rowter,
which completes the connection berween the MD-I5s5 and the Fixed-End Sysrems
{F-E5x) by making complex routing decisions and supporting data links as they
change over nme. The F-ES 15 equivalent to the traditional data application or
inrernal network support and service application. lis location is geographically fixed.
A F-ES is equivalent to a host, server, or pareway that can connect to public data
networks, corporate customer netwaorks, or the Internet.

The primary new technological components introduced by the CDPD nevwark
nvolve the use of existing cellular channels for air data link services and mobality
management. The use of existing cellular channels for air daga link services required
mtroduction of the CDPD Airlink Iocecface. This specificacion defines all procedures
and protocols necessary m allow efficeent wse of cellular channels for dat
1 COMImInICAtions.

Mohiliry J:Lunng&-henr.-anrlxﬁe.t Fhe TEgUIrEment l'_l:'m.l:l:lr ORI NS ST En -
nications to mobile dara subsceibers, The CDPD Sysrem Specificarion defines proce-
dures and protocols necessary to ensure correct and efficient defivery of
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connectionless dara packers berween end systems, Connectionless netwark service
enables the COPD network o provide simple, reliable cell-transter mechanisms,
End-to-end connectons are mainained by the mobile system and the application
service provider.

With more than 18,000 AMPS cell sites existing in Morch America, CDPD has
berer potential aationwide subscriber coverage than competing packet-data wide-
area networks, provided special CDPD equipment is available, It also has a high
active user capacity. However, COPD has some weaknesses, There s additional
infrastructure cost o run voice and data side by side. Viice iz given priority over
data and may cause blocking of data services, The idle channel quality and foreign

' carrier detect Features will cause CDPD to interfere with voice systems. To date,
CDPD has not been widely deploved—ir has seen much less chan ARDIS in che
United States, Only time will tell if COPFD can overtake ARDIS and RAM. Refer
ter [24] dor more informaton on CDPD.

In conclugion, both ARDIS and RAM were developed for applications invalving
short wircless messages. Carrendly, Ricochet has himited mohility suppont so most
of its applications use wireline modems. Ricochet may not be suitable for mission-
critical applicarions because it uses unlicensed bands and must yield o licensed osers
whenever there is interference. At present, it has less coverape than cicher ARIDS
or RAM. Finally, CDPD has the potential to provide the [argest coverage. The
recently developed Circuit-Switched CDPD Specification enhances the coverage by |
allowing mobile devices in areas of no COPD coverage to dial in and access a CDPD
MID-15, COPD g5 suitable for applications requiring wireless short messages, burst [
messages, of lengthy sessions thag can afford spordic communications, I

B.3.6 Broadcast Subcarriers

Broadcast subcarriers can provide voice or dara communications from a broadeast
starion or infrastruciure oo vehicles without requiring a specially allocated frequency
spectrom, Multiplexed subcarrier technology was first introduced in the 19305 when
FM was invented by Armscrong [25]. The very name suheareier implies char ic is
not the main signal carrier generared by a broadeast station. nstead, it i a radio
signal (voice or data) broadcast along with the main signal on a sideband frequency
assigned 1o o specific station becavse the main signal does pof occupy the entire
allocared spectrum. Although this rechnology was developed concurrenly with FM,
subcarrier signals can also be broadcast with amplitude modulation {AM) and relevi-
siom signals, In early days, any such signal transmission required a Subsidiary Com-
municitions Authorization (SCA), Even though the SCA was phased out in 1933, .
people still refer 1o these signals as SCAs, Tradivionally, subcarriers have been vsed
for o variety of subscription services: background music, weather forecasts, sports
events, stock quotations, foreign-language soundtracks, special nme signals, or other |
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e, -

information relevanr to business, professional, educational, or religious interests,
eto. Special receivers are required to listen to these signals. Recently, subcammers
have become very popular for broadeasting traffic informarion.

There are twir broadcasting rechnologies, In monophonic broadcasting, only
ane andio signal s mansmined. Only one speaker is required to reproduce this
wype of signal. In stereophonic broadcasting, two audio signals are combined and
transmitted over a single channel. A stereophonic receiver can separate the two
signals to reproduce the original signals via separate speakers. A monophonic receiver
may also receive and reproduce the stereophonic signals, but the spacial diseribation
effect will be bost.

As mentioned earlier, since all broadesst stations (AM, FM, and TV) have the
ability w0 transmit subcarriers, they provide an effective solution for broadcasting
traffic information, Subcarriers can transmit both audio and digital information sde
by side on the same channel in such a way thar listeners with convenrional receivers
cannot hear the dirigal transmissions on the data sobearrier. Special recervers are
required to access the data part of the channel, Table 8.8 shows some of the technical
performance parameters of vanous subcarrier options {from the FOC: 47 CFR
73.319, [26,27]). AM subcarrier broadcasting is rarely used becanse of the relagively
slow speed {10 to 125 bps), bur higher data rates (up to a few hundred bits per
second) are possible [18], Mote that in Burope and Asia (regions 1 and 3) the
frequency allncated For esch AM channel is anly £% kHz around the mwin cartier
| ingtead of #10 kHz (20 kHz toral) for the United Staces {rogion 2).

As an example, FM radio stations can support a standard background music
subcarrier audio (SCA signal) in addition to an analog audio channel with a frequency
i response from 50 Hz wo § kHe Since there is room for two such channels on a

Table .8
Techmical Pn‘.-rfmnu,:u:n;‘: {'lulm.'ltl ii.l'l.'b -u-f .\.i-I.IIH,'.\:I.'rH'rb

Srntiom Type Subcarmer Danderdit Infechon My Chanrel Loss

A M ermie U e

manophenic

AM 0-12.5 Hz {25 Hx) 5%, =31 dix, 0 dB

srereaphenic (20 kiHe" +2BE"

i e kHx 1.5 kHz 2 dH

manoghonic [E0=0% EHz|

Ebd 46 kHz 15 kHz i dB

gerenphomic {53499 kHz}

™ 104 k= 50 ki 0 dB

monophiyc 1 1hr=120 kHz|

T 7} kHz 25 k= o dB
I: merengphonic |4 F=120 kHx)

*Teal bamlwidhh cecapied by the transmitied composite signal.

207

PORTO INVALICITY 00002386



173 VEHICLE LOCATION AND NAYIGATION SYSTEMS

steteophondc FMW carrier—one centered at 67 kHz and the other at 92 kHz, two
data chanoels can be supported, Each channel can support up o 4.8 Kbps of
dara throughpur without any impact on the staron®s andio quality. Several systems
attempt to cakoe advantage of this data capacity, such as the Secondary Audio Program
[3AF) and PROfessional channel (PRO), the Vertical Blanking Interval {VEI) system,
DARC (which was developed by MHK), H5DS {which was developed by Seikol,
STIC {which was developed by MITRE], aind the EDSBEDS standards (which are
discussed below), These systems are all listed in Table 8.9,

Radio Data System

The radio data syseem (RG] was first defined by the European Broadeasting Union
{EEL} and various Evropean broadcasters, notably Swedish Telecom Radio {STR)
and the BEC. Development of this system has heens Racilizated Interpational Radin
Consultative Committes (CCIR) Recommendation 643, Car radios that implement
RDS first became available in 1987, and CENELEC |European Electrotechnical
Standards Organization) is developing & standard for RDS receivers, The main
PUrpOse of RIS is o facilitate automaied tuning by using data labels to identify
the data segments being broadeast 1o RDS peceivers. RDS wses an inaudible data-
modutated subcarrier, added o the stereo multiplex sigmal from conwenrional FM
broadeast erangmimers. One of the first data-modulared subcarrier systems of this
type was the MBS [mobile search] paging service, which was developed in Sweden
by 5TR. MES provided the ininial basis for the system that became the EBU's RIS,
and thers are many similarities in the basic data mansport system. From abour 1976,
development work on RDS was coordinated by a group of technical experts working
under the auspices of the EBU. The specification was unanimously approved by all
EBU members in 1983 and was published as EBU Technical Document 3244 in
1384, The following high-level requirements were established:

1. RIS signals must be downwardly compatible; they should not cavse interfer-
ence (o reception of main program avdio signals on existing receivers or

Talsde 8,9
Broadeast Swhearricr Systems

.E'!.ﬂmu ! Siafus Inideriace rross Dara Rate L-'mrﬂa.rn: Kate

DARLC Cipesaricnal Propresrasy 1% Khps B Kbps

HsDS Urperaticnal Propaietary 1% Khps 7.5 Ebps
RDSRBDS Cxperational Dpim 11587 l:|!l|'.i-| =3 ]-:I.'lrn

SAP & PRO Ciperational Open 0.3-9.5 Kbps 0.3-9.4 Kbga
LA 3 ';_:unarpl' Propanciasy 14.2 I.l!-tﬂ R .:]'I"H.

VEL T Ciperaricmal Open 1.2=1%.2 Kbps  Sysem dependent
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interfere with the operation of receivers which use the ART {Autofahrer Ruond- |||
fu'rlh; Infl:rrrnal:irm:l sr:i't:m I:aﬁi_it in thqing ;|r|.-|;| B,Iert the driw:r af imminent
broadcasnng).

2. The data signals should be capable of being reliably received over a coverage
arca at lease as grear as thar of the main program signal. |

3. The ueable data rate provided by the channel should suppor the basic require- | |
ments of station and program identification, and provide sufficient scope for
future development. ]

4. The message format should be flexible to allow the message content o be
tailored to meet the needs of individual broadcasters at any given time.

5. The system shopld be capable of being reliably received on low-cost receivers.

Under the EBU RIS specification, a broadcaster can choose a subcarrier kevel
such thar the deviarion relative to the subcarner frequency is beoween 1 and 7.5 ks,
with a 2-kHz deviation recommended for most circumstances. A §7-kHz subcarrier is
generally chosen (Figure 8.6) because it 15 a harmonic of the 19-kHz pilot tone. This
subcarrier 15 suppressed and amplitude modulated by the shaped and biphase-coded
data siggnal,

The RD5 signal is transmirted as a biphasecoded signal with a data rare of
1187.5 bps. Along with the specified 100% cosine roll-off filtering, this provides
an overall bandwidth of approximarely 4.8 kHz for the dars signal. The signal
consisrs of 16 possible data groups as listed in Table 8.10. Like moast serial data
transmission syseems, RDS partitions each dagz group into blocks: four blocks for [

Sigraal Lavel I

# Filet Tone |

honanhonic |

Signal !
Stereophonic

L+R Y Signal |

L-A

ROS i

Sgnal| -gop- "SCA" i

H Signal Signal Frequency .!

| - —— 3

o 151923 3B BY 57 &7 a2 (kHz) il

Figure B6 Spectrum ab a FM sereophanic eulripbes sigral with BDES and SC Az,

e
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ol A

Table B4 I
[ RIS Diata Growps

Chmp-':'-?.-p-u Furmctlomn !'.I'.:fr.',:a.rr.:-.u

Bxze tunimg and ewigching
I"':._g_ﬁ-*.—- i |||||-|1|:|1'r
Radio rext
Locarion and navigasion
Clock time and data
Trq.ui[‘.ul_'l.'nr dats -.-|'|.-||||||.-|:g.
8 Tt :Ii'lplll"—1lll'l[l.l
Badso paging
Traltfic message chaane! (TAC)
F.|||.‘Ig|"'l'|l_r Wartmg
Program rype name !
i | Undedined
} X Undifimed
E3 Limsilishred
14 Other ehanced metwsarke
PS5 Fast runing and switching

= G BE W h b B e O

L=}

the longest {104:hit} grovp, Each Block has a 1&-bi data word and g 10-bit

checkword formed with a cyclic code shortened by burss eeror correction. The 10-

i bit checkwords are modified by various offset words to form a self-synchromzing

: code, On the frame receiving side, the decoder uses this self-synchronizing code to

i ifentify the beginning and end of the received data [29]. In other words, the check-

waords in the burst-error-correcting code are used to indicare correct block synchromni-

zation and address the conrenes’of each block, This code enables the decoder ro

reliably acquire synchronization within @ one block period, The decoder obrains

[ both block and stream synchronization using the different offser words contained

in each of the four blocks that make wp each group, The group crpe is embedded

1 int the first 4 Brs of the second Mock in each group. The fifth bir indicares the BDS
verson number, either & (vatoe 0) or B [value 1).

A mioure of either fixed or variable RI¥ groups may be transmitted [in any
order), The group format can be carmed over from ene minute to the next in osder
tor meet different requirements ar various times of day. The purpose of this mixwre
of fixed and variable formar is to provide capid access to muning dat while recaining
rhe flexibility ro allocare capacity o various applications to mees the different needs
of individual broadcasters ar any given time. If the required capacity is available,
pew proup ypes can be placed into che transmined data stream wichout affecting
the operation of existing RDS receivers.

Although traffic informarion is very popular with European drivers, there is
evidence that too many messages dereact from sarisfaction and make it very difficult \
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for broadeasters o handle. This service has been transmitted silently on FM onder

group type 8A (see Table 8. 10—note that A & the version number), although it is

pot yer widely used. Other information, including cmergency, weather, and radin

| programming information, can be displayed in textual format, In an effort wo stan-
dardize the service provided by the raffic message charnel (TMCI, European coun-

tries have atempred to define the RDS-TMC service more completely and guide it

| implementation. More informacion abour this coordinated effort can be found
in {301,

Radria Brogdeasy Dhata Systers

[ The Radic Broadcast Data System {BBDS) 15 an outgrowth of RDE, and was devel-
[ oped by the Nadonal Radio Systems Commitiee of the United States under the
| sponsorship of the Elecrronics Indusiey Association and the National Association
| of Broadcasters. During developmiene of the standard, an atrempe was made o keep
the RBDS standard compatible with RDS, However, 8 number of modifications had

ea be made becanse of the different seructure of the broadeasting industry in the
| i Unieed States. RBDS turns out to cover both AM and FM broadeasting [while the
Eugopean version only covers FM broadeasing). Although BBDS is a modificanion
of RIS, it fully includes BID5. Therefore, the operational principles and data groups
described in the last section are all valid under RBDS a5 well.

There are few only differences berween REDS and RDS [31]. REDS includes
an up-ti-::-n for mnlrip'lr}ging RIS wirh the giigﬁﬂ:.r mindified MBS deurel-n!'h::d by Cue
Paging. Iv aleo includes an option to uge an in-receiver databage permirting aome
sort of RDS functionality for AM and FM stations thar do not implemene RIS,
BB has an option oo add a ver ro be defined AM daca system, A few new concepts
have been added, such as group ype 3A being reserved for differential GPS (DGPS,
Section 3.4.2), channels 0 and 1 of group type 5 being reserved for the in-receiver
darabase system updaces, and channck 2 being reserved as an SCA switch. The DGPS
pacudorange correction data are sent by the reference stattons wsing the RTCM
SC-104 {Kadio Technical Commission for Maritimme Services Special Commirtee 104)
industry-wide standard

A% we see from thas section, RDSREDS Tﬁhnulnﬁr can pTl:.H.I:il:lf iraffic, emer-
pency, and wearther broadeast featureg (i addition to sews and enpertainmant) at
the touch of 3 button, provided the user uses an EDS/BEDS receiver {radio). This
explains why this broadcast subcarrier technoloy has become very popular in Europe
and why it i now available for dynamic navigation systems in Japan {VICS,
Secction 1003.2). The RDS and RBDS standards can be found in [32] and [33],

respectively. More information sbowr other broadcast systems using various subcars
ricr technalogies can be found in [23,27,34],

e —— e e
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B.3.7 Short-Range Beacons

Short-range beacons are a way of supporting vehicle-to-roadside communications,
Beacons provide short-range communications and can cransfer dara ac high speeds
vsing & limited specerum, Depending on the design, beacons can be used for one-
way perindical broadeasting, two-way broadeasting and receiving, or two-way paine-
to-point communications. Besides vehicle location and navigation, beacons can alio
be used in many other applications such as electronic {auromaric} toll collection,
auromatic vehicke identification, commercial vehicle aperations {CVO), mraffic man-
agement, and vehicle-to-wehicle communications. Several recent examples mvolving
the application of this rechnology to vehidle locaton and navigation can be found
in Section 10.3.

Either moeroweave or infrared beacons can be wsed. In Fu:rl;_rrrt: and J:lrlan,
microwave beacons operate in the 2.5- and 5. B-GHz bande [35-3E8], snd infrared ,
beacons operate ar wavelengths of 850 and 950 nm. CEPT has assigned space in |
the 83-GHe band for development of vehicle-to-vehicke communications. In the
Unired Stages, although the 9135-MHz band 15 more popular i produects, the FHWA
is preparing a petition o the FCC for allocating 5.8-GHz band for T3 applications.
Table §.11 provides a comparison of three beacon technologies avaitable in the
United States {after [23]),

There are theee types of vehicle-to-roadside beacons: (1) location beacons, |
{2} information beacons, and (3) individual communications beacons [39]. Locaton |
beacons transmit signals identifing their location, map coordinates, road segment
heading, and beacon number, Information beacons oransmic beth location signals
and relay currene road and eraffic informarion received via cable, Individual commu-
nication beacons are used for two=way communications with vehicles. These beacons i
can be used o collect realfic dary and guide the vehicle, |

As ir pagses 3 communication beacon, an appropriately equipped vehicle can
trarsmit measured travel tmes and waiting times experienced at traffic lights via
the beacon to a centralized host. Meanwhile, it can receive refevant location and
guidance information back from the beacon, For example (see Figure 8.7}, each

Table .11
Shart-Range Bewgon Characesiines

Hmuﬁnn‘:im L Rangs Dirte Hate Trausnmt Block Size
Hughes Aove BF &ilm (DD &) 550 Ehbps T bits
Ambech Passiwe HF 23-30m 300 ar &0 Khps 128 bk

(7 5= F
SiEmens Infrared &0-8m 125 Kbps 156 byies (downlink)

{197-2al it 128 bpves (updink) -
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|
Beacon Head
Controlier '
-
Figure 8.7 Beacon commanication.

tifrared beacon site in the EURO-SCOUT svstem [(deseribed in Section 10.3.1)
consists of a beacon controller and up o 16 beacon heads that can be installed on
| coand Facilities such as sign posts, traffic lights, and poles [37]. Depending on the
apgplicagions, beacon controllers and heads could be mstalled ar every intersection,
at every fowrch traffic light, esc.

Figurs 8.8 shows the relacionship berween che number of infrared beacon heads
[ required, the mansmission data rate, and the vehicle ravel speed, These resulis are
based on :ransmf_ﬁéml data rates of S Kbps (downlink} and 125 Kbps |uplink)
with a BER of 107, One intercsting observation is thag the increase in the size of
| the region covered is propomional to the square root of », where - is the number
. of beacon heads,

Beacon systemns typically wse dedicared shorr-range communicasion (DSRC)
protocols. The main organizations working on DSRC standards are the European
Commitmee for Standardization (CEN) incorporating with the IS0 [40] and the
American Sociery for Testing and Marerials (ASTM) (41]. Similar to the digical map
database standard, there iz oill no aniversally agreed upon DSRC standard available,
Although international compatibility among beacos svitemns remains limited, many
agree that the new standards must suppore multiple applications, be open to further
evolution, be developed within a short time frame, ensure privacy and security, and
be independent of such communications media as microwave and infrared.

One asynchronous protoeol proposed in Furope and one synchronous protocod
used in North America may be used as examples. The asynchronous protocol is

e S, PV, T

rr—— T
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Numibar ol Beacon Hegds

A

220 Em'h 180 kmh 150 kmh
A =
7 -
"7 120 km/h
5
100 kmeh
B e o e e e
A o 80 kmvh
b
50 wimh
| d— e 2]
132 kbyles |64 bytes
|on highway 1 wrban areas
J T T T J T = [zla Haloe
13 20 3 40 53 EO {Kbpe)

Fezore B8 Required beacon heads onder vasious transmission data ranes and imavel spesds,

based on a half-duplex TDMA approach [42]. Each beacon periodically broadcasts
a flexible sequence of messages on the downlink and uplink. The downlink conraing
the Reacon Service Table (BST) and other dara, and the wplink contains public and
private windows [messages) being ransmitesd to the vehicle, Under the asynchronous
prq:-tuan, whiEn A '.'l."l1i.-:.:|u enfErs the r_'|;|-1.'=:rr:|5-E wone ol a |.'|n|!'.=n':n|:l|:|7 ik i able o receive
the BAT, which containg a list of services offered, along with operational paramerers.
The vehicle communicates with the beacon by accessing a public window which
always follows the BST, Once the vehicle I has been transmited o the bescon
using the public window, a set of private windows s eeserved for further dara
exchange for this vehicle, If a beacon or vehicle transmission fails, the beacon wall
recransmit the downlink window and offer an uplink window once che failed window
has expired. If no transmission occurs during one of the steps in the sequence, the
keacon assumes that the vehicular unit has experienced rechnical difficultics or has

lefr the coverage zone, The beacon then reverts o its inicial stae, ready to transmit
the BST again.
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{ The synchronous protocol (developed by Hughes) s a fixed-frame sructure
based on TDMA (Table 8.11). It consists of a reader control message (equivalent
o the BST messagel, activation slots {equivalent to the public windows), and slot
data messages (equivalent 1o the privare windows), Denailed information can be
found in the draft standard developed by the ASTM ro describe a similar
protocol [41].

One relatively ald techaique is also uzed o provide vehicle-to-roadside commau-
nicatione: the loop detector {or proximity beacon). A loop detector is 2 magnetic
inductive sersor embedded in the road surface po detect eeaffic volumes and occupan-
cies or o communicate with the vehicle [43]. Loops are cypically deploved in a
rectangular or circular {for the newer loops) configuration, with one loop per lane,
The etectronics associated with the loop are generally installed in a control cabinet,
together with other intersection control equipment. A recent advanee in trafiic-flow
monitoring enhances the cutpur accuracy of a standard loop detecror for counting
passing vehicles to only one error in 10,000 [44],

Comparad with cellular systems and R DSREDS, beacon communications offer
high transmission rates, effective position calibration, locaton-orfented traffic infor-
marion, and the ability fo accurately detecr and measure the parameters of vehicles
on a specific road or in a specific lane, The disadvantages are that the communication
zoqes are very limited, communication is discontinpous, and system installagon and
maintenance costs are high.

B.3.B Satelhies

Sarellite commumcations systems consist of a space segment and 4 ground segment.
The space segment consists of the sarellite and control station where all the operations
associated with monitoring the vital functions of the satellite are performed [45,46].
i The ground scgment conststs of all Earth srations that wse the operaconal sarclire.
As shown in Figure 8,9, these Earth stations may either transmit or receive,
Sareflires can be classified into two broad rypes: geosynchronous (geostationary
or GEO) satellites and low-Earth-ochit { LEO) sarellites. GEO sarellites orbir approxi-
maely 41,326 km (22,300 nauecal miles) above the equated, In synchromzation with
the Earth's eotatkon, rthese sarellites remain over approximarcly de same locitbons on
the Earth’s surface {near the equator). Because they are far above the eardh, relanvely
large antennas are required, GEO sarellites have dominated the field as the rechnology
of choice for many years. Recently LED satellites have been showing popularity,
although most of these systemns are still in development, LEO satellites orbit much
lower in the sky, cypically about 500 o 1500 km {310 1o 932 mikes) above the
ground [with some systems around 10,000 km (6200 miles} above the ground].
Unlike GEO satellives, LECQ sarellites are not resricted 1o equararial orbics. Some
| of them have circular orbits while others have elliptical orbits, There are litdde LEO
[ satellives thar operate ar VHF frequencies {or slighedy higher) and carry only dara
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communications, and big LEQ sarellives thar operare above 1 GHz and carry bath
vodce and dara communicatons (VHF: becween 30 and 300 MHz), Each category
of satetlice has its own advantages and disadvantages

Drespite chese differences, all sacellites and sarellite operations have cerrain
fearures in common. All communications satellites have Tr::l:ni]:ll:lncius. The transpon-
ders poinred voward Earth are used to receive signals from Barth stations, They then
relay these signals to distant receiving stations oa the ground. The former cype of
rransmission is called an wplink and che larer 13 called 1 dowmlink [Figure 85.8).
Some of the early satellites had anly ane lr.::u]'lnnn;irr on board, bur it 15 now commaon
for modern satellites to carry 2 fow dozen ransponders.

When satellites receive t;ld:n.-:inlh!:'.i Frowim Eruund- aged antenms, T|'|¢1_.' LRONOE
simply relay those same signals re a mansponder pointing at the ground-based
recerving station. Otherwise, this would imply thar the two transponders were using
the same carrier frequency, which would lead o intedference berween the uplink
and downlink, To avedd the interference problem, the satellite translanes the received
frequency to a different frequency. It then amplifies the signal for ceansmission oo
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the ground, since the signal was weakened dunng uplink. Although this technique
reduces interference berween uplink and downlink, additional frequency allocations
are required,

Technology has also been developed co control dhe shape and size of the region
on the Earth's surface to which the satellite broadeasts, This area of signal reception
| is known as the foospring, which is a circular or shaped beam from space o the
reception points on Earth, Saellite downlinks often have broad foorprings for casy
reception. To avoid offending certain regions or countries with unwanted signals,

a technology for obtaming smaller, better controlled and condensed footprints has
| been developed. This has enabled the reuse of limired frequencies among satellires
for cellular-type neterocks.

Te prevent mutual intecference, satellite slots have been established every
| 2 degrees along the equaronial arbital plane, which means dhat only 180 slows are
i available in geosynchronows archit; few of these slos are sill unoccupied. As the

nmber of satetlires in orbar has increased, so has the number of transponders ahoazd
each sarellite, More frequency bands have been required in order to suppost this
epace-based rechnology. The most common bands for sarellite reansmissions are
VHE, L-band (1-GHz band], C-band {the 3-, 4-, 5-, and &-GHz bandz), and
Ku-band {the 11-, 12-, and T4-GHz bands), Table 8,12 lists several existing sacellite
| systems that offer voice, data, andfor position services,

Due to the growing need for mobile communications, new sarellite systems
will comtnue to be deployved, Three big LED systems and three little LEO systems
| have recently been npprm"ed by the FCC i the Unired Stares. One hig LEC systam
| has also been approved For itz frequencies by the World Radio Communications
{WERC)] Conference. As mentioned in the bepinning of this section, the orbit of
some systems {Ohdyssey and OCI) are higher. They are somerimes called medium-
Easth-orbit {MEQ) sarellites or intermediate aircular orbit (100 sarellites In Europe.
One litdle LEO system, Orbcomm, is already in operation (Table 8.12). The remainder
of the planned eystems are briesfly described in Table 8,13, Readers must bear in mind
that the imformanion collzcred here 15 believed correce as of this writing, Howevee, it
may be changed or updated anytime during the system development phase.

|I Satellite technology has not been widely accepied for many surface vehicle
commumnications (except the heavy trucking mdustry) although it has been available
l since :hl'.‘ I:'-:I:'E}n" 1970e. T|'!|= FLdifE Pedaons are TH:I; t]'i: rn|:|-|'.li|c t-crmin:.h 140 I.:|I'EE ;n-d
h equipment and service costs are high. To attract more vsers, the size and weight of
R

miobile terminals must be further reduced, and affordable equipment and services
must be available while still providing efficient transmission,

B4 COMMUMNICATIONS SUBSYSTEM INTEGRATION

Once the appropriate communications rechnology has been selecred based on the
attribures discugeed in Section 8.2 and other factors, the squipment must be integrared
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with applicarions at both ends of the wireless nerwork {mobile end and host end).
For the most pare, each interface is unigue o the communications rechnology selecred
and will likely be proprietary to the equipment manufacrueer. In some cases, however,
the equipment interface follows an indusory srandard and off-the-shelf interfaces
may be available, The current trend in equipment interfaces is moving toward che
Internet suite of protocols on both the mobile and hose ends. This greatly simplifies
the msk of interfacing new communications equipment at all levels. In addition, an
open architecture may be very belpful, especially in corms of allowing wsers” “'plug
and play"” wsage of many different communicarions devices,

Actual implementation of the network interface protocols may depend on the
type of host compuring equipment, hardware interface, and operating system or
application being wsed. For example, the host compures may be a mainframe ¢om-
puter, 3 UNDX workseation, or a personal compurer [PC) thar mighe be ingerfaced
to the wireless norwork via dial-up lines, dedicated phone lines, or other wireline
infrastruciure. Similar implemenrarion choices must be made an the mobhile side,
Most implementations on both host and mobile ends conceproally follow the 150
051 Reference Model as shown in Figure 8.10, except that some layers in the O8I
reference model may be added, replaced, or combined in the sctual implementacion.

Each layer m the model provides a specified sct of services to the layer immesdiamely 1
above and uses the services provided by the layer immediately below it to transport
the message units [47]. The function of each layer is defined as a protocol describing a

Host Wiohile

Elzer Usar
Applicalians Appboations

Applicadion Layer = =1 Application Laas I
ﬂg?.::r:g;ﬂ Presantation Laysf |e——— i  Prosentalion Laysr
Session Layes ~ant - Sassian Leyer
Transpart Layar - [ Transped Laver
T Peetwory Layer -l—--:lr B Ir-—-- Matwark Layar
Dz;;?jgm Link Layar | =8 —= 1 i | Link Layer
_i_ I-:"hg.rslc.aj Layer -I—-lI-jl :--l—.l-- F-w.-;i;mayﬂr B

(j Communicalions Media h

Figare 810 150 041 Refegence Maodel,
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the get af rules and conventions used by that particular layer to communicace wicth
the other lavers.

On the system level, the quality of netwerk service must be considered. For
dara services i particular, the considerations include acceptable error and loss level,
average and maximum delay, and average and minimum throughput. For vehicle
communications based on existing communications networks, more artention must
be given to the transport layer, since the protocol wsed there can be chosen to
optimize wse of the underlying network-dependent layers. For integration, it is recom-
mended that a standard set of protocols be wsed in each of the required layers,
although customization will still generally be necessary. For instance, use of the
popular TCPIP (Transmission Confrod ProtocolfInternst Protocol) will make the
transport layver much easier to interface wath others,

For RF communications, generally speaking, the higher the transmission rare,
the higher the BER. Because mobile radios are constantly moving, the operational
covironment is much more severe than for radios used in a stationary environment.
Error detection and correction become an important issue when ensuring reliabilicy
of data services, Furthermore, many vehicle locarion and navigation sysiems
(Chapter 10} are now starting to use existing cellular networks as their communica-
tions support. Mew protocols and standards have become available for ceflular daga
modems, Many different types of madems are now available on the market. However,
their performance and case of use vary. In additon, modem selection is affected by
transmission data size and other factors. Therefore, a thorough study should be
comducted before committing 1o one chodee.

One possible inregration method i 10 use the stream nesworking interface
standard on either the bose or mobile side (when UNDX-decivative operating systems
such as pS0%5+ or VETX are used). This standard offers a solution to protocol
proliferation problems. Streams were ariginally developed for UNEX-based aetwark
applications. They provide scandards for protocel development, interfaces berween
protocol layers, and interfaces between networks and applications. Sereams define
a standard set of services for developers to implement prococol stacks that are
independent of operating system kernel, This independence ensores portabilicy scroes
different operaring environments, Off-the-shelf protocols can be easily inegraed
into applica tions contuning steeam-compatible protocal interfaces, Applications can
be wrirten so thar they are independent of the underlying protncols and physical
communication networks, Because of the popularity of streams, a great deal of off-
the-shelf networking protocel software and device-driver sofrware s available for
streams. Many existing communication protocols are compatible with sereams, which
pives users access to a wide variety of networking software, Stream packages for
embedded applications in a real-time environment have also been developed. They
are much more compact and flexible than the ooginal UNTX version,

The ransport layer interface (TLI) is a widely used inverface for applications
in a stream environment, It can be applied to connection-orientad protocols such
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s ATM (asynchronous transfer mode) as well as X.25 and connectionless nerwork
Frnfvl;l:uh:.ml:l:‘l as Ethernet and token J'il'lE,. TLlcan d':.mrlmii;.ﬁ][:fi;.l:un:tml T l'l:mnﬁgurt
stream device drivers, bualffers, and nmers, It can handle network data in packets or
frames.

Rimilar straregies are available for the DOS and MS-Windows environments,
Interfaces for both the mobile and best compurer can be written ar the DO device
driver level, po support 3 number of dilferent nevwork seandards including the open
data-link meerface (O], packet-driver, and network device interface specification
(NDIS), as well as the Victual device Diover (WxD) and dynamically linked library
{DLL) interfaces. Although most interfaces are evolving toward the M3-Windows
VD driver standard, MNDES drivers are porczble across environmens. One escample
5 that Microsofi Windows NT provides TCPMP host ingecfacing via its buile-in
network components: In thes context, sertal line ineermet protocol {SLIP} and poing-
to-point prowcol (PPP) intecfaces required by CDPD devices are simple to integrare,
Oicher wireless mterface requirements can sko he simplified for the applicarion once
the undeclving communicanons software has been written to work within the NDIS
framework. This rask requires a good understanding of the underdying network
| archirecture,

To conclude this chapter, consider all of the communications technologies
discussed in this chaprer. Some echnolbogies are restricted (o one-to-one commundca-
trons and some ace restricted to one-to-many (broadeast) commumcations, Can you
derermine one by one which of these technologies are restricted, which rechnologies
can be efficiently configured for one-to-one communication, and which can be
conftgured for one-to-many communication? Ferthermore, which technologies are
suitable for one-way communication and which are suitable for pwo-way communica-
tions? Simibar questions can be raised for many of the other system artributes dis-
cussed in this chapeer, such as coverage, capacity, and cost. Understanding the matn
communicariens capability of each technology should enable us o select the proper
network for any pamicular applications.
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PART II

FEY

SYSTEMS

Part I is devored o a discussion of wehicle location and navigation systems. We
shall kearn how to use the modules stedied in Pare [ to construct working systems.
Vehicle lecation and navigation systems can be broadly careporized into rwo classes:
autonomous and centralized. Whenever locadon and navigation functions are per-
formed in the vehicle (mobile end) with no remote host or centralized computing
facilities [host end ) involved, we will refer po the system as sfonomons, Otherwise,
wi will eall ip gesrralized. This classification s used for the convenience of our study.
Different criteria may result in a different classification of systems discussed in this
pare.

Good system architecture s very important for successful location and naviga-
e syseems. Users’ requests and developers” improvements generally lead ro system
expansion. A good architecture must provide a stable basis for the future evolution
of the syatem, In other words, the sysiem must be stable and predicrable, bug seill
flexible enough o meet changing demands and operational environments over a
reasonable fraction of the expected system lifetime. On the other hand, unrestricted
enhancement of a finished system {even when supported by a well-defimed archiec-
ture oo begin with) may affect svstem stabality. Experience indicates thar whenever
1 &ystemn is expanded by a factor of two or more, completely new problems will be
encouniered [1]. Ohwce the architecture has Been defined, it s often VETY EXpEnsive
and difficult po champge it laer.
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m———

Several of the earlier chaprers in this book are devoted to a discussion of the
individual subaystems and rechnologecal building blocks for mrelligent vehicke system
architectures. We should abways remember that when building a complicated inte-
graced sysem, many of the archivectural bwilding blocks will have cheir own design
specifications or objectives. These objectives may not always be consistent. We must
harmonize these conflicting goals in order for the sysrem integration phase to proceed
successfully, Furthermors, integradon of different modules is not simply 2 mamer
of data communication, Many other issues must be considersd in additon to the
basic system architecrure. We will begin looking at these isswes with a discussion of
antonomoas location and navigation syscems in Chaprer 9, a discussion of centralized
location and navigaton systems in Il'.'h.:ptr.:r 14, and a casze stud:.r of an npcmnn-'n,:ll

dynamic navigarion systeen in Chaprer 11. d
Refercmce 1
[1] Jesty. I FL, and ], Gepen, “B's Archirecrure Jsm, Bur Mo a5 We Kpow I, Trafife Tachmoiogy I

intermatiomsl, [imeffuly 1996, pp. 26-300
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CHAPTER 9

TYw

|
AUTONOMOUS LOCATION AND ¢
NAVIGATION i

|
|
| 2.1 INTRODUCTION
|
|

I Auronomous location and navigation systems can be designed o various levels of
i complexity, System complexity is generally determined by archirecrural and design
i | trade-offs, These trade-offs tnvalve various architectural constramis such as system-
| level requirements for accuracy of location, the unit cost of the system, the complexity
| of the navigation funcuons to be supported, whether a wireless communicarions
receiver 1% required to support the location function, and other considerations specific
I: ta the applicaton.
] Depending on che wser requiremens, an aumsnomous system could be designed
k i bt as simple as a hand-held device or as complicated as a sophisticated in-
§ wehicle navigation system. For example, let us consider the trade-offs associated with
i developing a low-cost, hand-held, autonomous location device used by recreacional
# hikers or CAMIPErs. W mAY ARSI that markes-driven requirermnents wll ]'.!'l.m:r: 8
i constraint on the cost of materials and production foe such a hand-held unie. A simple
inplementation might be to incorporate a single inexpensive location determinacon
technology, such as GPS, withour additional subsystems to correct or remove certain
postion ecrors (e, DEPS), Thus we have maded lower unit costs for an order of
magnitude reduction in position accuracy (most likely 100 versus 15 m) although
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some of the inaccuracy is intentionally imposed under sefective availabiliey (54
Secrion 3.4.2), Additionally, given our cost constrains, we decide char a map display
is algn too expensive, Ag a resalt, the display unit 1o be weed will provide a simple,
text-only, black-and-whire LED readour of the latude and longitude of the device,
Based on the display selection, we have made another significant wrade-off. We have
reduced system functionalicy by not including & map display in che unit, Mote that
the method of navegation used in this example is assumed ta be “manual,” Customers
may need to plot the displayed latmde and longinade on a paper map {(carried witk
them) to further confirm their location. A system of this minimal complexity may
be suita ble for recreational purposes such as hiking, cyeling, or other low-technology
eransportation. ther, more sophisticated implemengations require more architec-
rural complexiy.

A more complicated sysvem implementaton might wee mulople integrated
_['l:‘,“&il!]l’m d:rurminatiﬂn t-uchr|¢|ﬁ_t|;in=5, An En-v:-]nin:_:|e |_'|=|1.-|E.a|:i|:_‘:-r:| sysren J:liE_Fﬂ Lise de;;d
reckoning combined with GPS, a sophisticated map-matching capability, and a CD- |
BOM, hard drive, or memory card-based map dzrabase. The user inrerface may f
have a heads-up display (HUDY or a touch screen consrolled color monitor capable
of displaying both texr and map graphics in confunction with speech recognition
and speech synthesis capahilities. It might also include roure planning and mm-by-
turn guidance for tip navigation. Some navigarion components could be integrared
with existing entertainment equipment alreddy available in the vehicle,

[n the remainder of this chaprer, we consider both simple and complex imple-
mentatiens for autonomous locanon and navigarion systems. We begin by discussing
location determination methods for relanvely simple locatton systems followed by
a discussion of the methods wsad in more complicated navigation systems, Although
high-precision locaton systems can be very complicared (in design and implementa-
cion), we use “simple™ ro indicare char such systemis have fewer modules (a5 defined
in this baak| than Iluviﬂﬁ!jr_m sy Ebefrs,

9.2 VEHICLE LOCATION

In this section, we discuss rhe locanon technoelogies vsed in mohile applications, A
simple location aschitecture consists of two main modales (building blocks): a locator
modube and a wser interface module as shown in Figure 9.3, As the figures indicates,
various rechnologies are available, Depending on user reguirements, we can sebect
o from cach module or mix differenc echnologies 1o constenet a working on-
board location systern.

Even though the architecture of this sumple location system ssems brivial, the
locarion system is an essential and fundamental component of any advanced locanon
and navigation system. We must pav special arrention 1o the detailed design and
implementaton issues imvelved as discussed in Chapter 3. Without a solid locanon
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component, any complicated system built on cop of it 1s doomed to have unsansfac:
rory performance. In the nexe three sections, we discuss three classes of location
technologics thar can be emploved by a postioning moedule, For a rough comparison
of these technelogies, refer wo Table 10.1.

9.2.1 Stand-Alone Technologics

The first rype of locanon technology, stand-alone technology, s differentiated from
the second and chird in that it does not require a communicarions receiver to decer-
mins vehicle locarion, Recall from Section 3.2 that dead-reckoned posinoning, a
stapd-alone technalogy, wilizes fusion of sensor data o determine the location of
the vehicle. This technology depends on the system deriving an initial vehicle position,
recclving a position, o retrieving & position {either entered by the oser or seored ar
e time the vehicle last stopped). It then orilizes dissance and directional information
provided by on-board sensoss to calcofate relative coordinates in two-dimensional
planar space. Belarive distance measurements are usually derived from the vehicle
odometer, and directional information & generally provided by a magnetic compass,
differential odometer, or gyroscope,

Accuracy may be an issue with systems of this type, due 10 errors introduced
by noise at the sensor, or inaccurate determination of the inicial vehicls position.
Errors tend to accumulate over time, degrading the long-term podition accuracy.
Owverall, systems requiring a moderate to high degree of location accuracy should
not utilize dead-reckoning rechonology as the sole source for [ocation devermination.
The advantage of this type of system &5 thar it does not require @ communications
receiver for position measurement, This tends to ceduce the overall cost of implemen-
ratdon, This reduced cost must, of coorse, be weighed against reduced sccuracy.
Orrer the long term, systeme requiring more than a minimal fevel of locapon accoracy
may eventually end up combining thiz wchnology with ocher locarion rechnalagies.

. i il o S, S S
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As discuseed i Chaprer 4, map-matching algorichms can be used 1o resolve
the inaccuracies caused by the depd-reckoning method. Vardows fusion technologies
mentioned in Sectton 3.5 are also useful in compensatiog for the inaccuracy of dead
reckoning, There are some alternatives that reguire external assistance. For example,
short-range beacons could be nstalled on roadside signs or pobes w ransmir the
known posicions of these heacons wo passing wehicles (Section 8.3.7), These data can
then be used o calibrate the on-board positioning system. We will briefly discuss
position determination and other apphcations of these beacons in Sections 10.2.1,
10.3.1, and Chaprer 11. You may have already noticed that short-range beacons
alone can be used for positoning. The limitation is thar short-range beacons cannoc
locate vehicles eraveling in between beacons. IF more beacons are mstalled, this will
increase the cost of the syseem. GPS, LORAN-C, and other technolopies can also
be used to improve the performance of stand-alone systems. However, once external
assistance i5 being provided, the location techoology becomes hybod rather than
stand-alone. These communications-receiver-based technologics are discussed insub-
SEQUCAT SECTIONS.

Another stand-alone location technology that does ot requine 3 communica-
tsones recavirer far location detemmination tovelves I!!u: use ofa computer T T aVetesr.
The basic principle of this rechnology is ro store images obtained along the roads
before the actual mip and then o match these prerecorded images with 3 series
of images captured by cameras during the trip to identify the location of the
viehicle [2], A similar idea {and some varations on this idea) have also been used in
other ficlds such as robotics [3]. One recent development has involved the imtegragion
of compurer vision technalogy and dead rechkoning [4]. This system combines the
dead-reckoning module with a nearal nerwork rrained to identify roadway landmarlks
encoded in a CD-BOM imape database, which is correlated with a digital map
database. Locarion determination is performed in real time, assisted by data compres-
sion and high-speed video caprure rechniques, The system is claimed to be accurare
within approximately Sm: A block diagram of this eysrem is shown in Figure 3.2,

As a stand-alone technology, this computer-vision-based method has bath
advantages and disadvantages. On the minos side, the image for the area to be
traversed must have been recorded and stored 10 dacabase form, which means that
this technodogy cannot be psed in areas sor contained in the database. On dhe plus
side, the systern does not require use of a communications receiver for location
determination. In addition, the pacern recognition and resultant derermination of
location s absolute in namore and offsets the detrimental effects of the position
errors and sensor erroes associated with dead reckoning alone. Although the method
discussed wses natural landmarks For positening, the principle can also be used with
artificial landmarks, In other words, specially designed objects or markers could be
placed along the road for the sole purpose of position determination, provided the
extra installation and maintenance cost is not a concern, This would make the on-
board systerm much simpler. This and other stand-alone rechnologies might, in a
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hybrid implementation, compensare well for a common deficiency often found in
racdio-based location technologies, Many radio location systems are subject 1o infer-
ference {multipath reflection/fading) from large objects such as buildings and hills.
By contrast, computer-vision-based technology depends on these same large objects
and may provide critical location data precisely where radio location systems lose
i accuracy, Besides automaric vehicle Incation, compurer vision has besn used in
other vehicle applications such as automaric driving, automatic vehicle idemification,
collision avoidance, and automanc mcident detection, These systems are beyond the
seope of this book.

9.2.2 Terrestrial Radio Technologies

Before introducing actual location systems based on terrestrial radio signals, we first
address the rechniques commonly used for tervestrial radio-based location determina-
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tion. Mote that the methods discussed below can be used either ar the mobile end
or the hose end locared on a fixed infraserocoaee, The mobile equipment could be g
stand-alone hand-held device. Although most of our discussions are vehicle centered,
they van easily be generalized o hand-held devices. Based on the dassification
described in the beginning of Parr 11, if these methods determine the vehicle location
ar the mobile end, the corresponding system is called an autonomous system. IF they
determine the vehicle location by a host compurer on the infrastrocrure end, it s
called a centralized system. |

Three commeonly used measurement technigues for terrestrial positoning are

time cfarrival (TOA), angle of arrival (AQA), and time difference of arrival (TDOA).
All of these approaches use the concepr that the BF signal propagares ar a consgang
welocity and thae che signal path is predicrable. The fiest wechnique, TOA, measurcs
the propagation time of signals broadcast from multiple ransmimers ar known
locations to determing the location of the mobdle device or vehicle, This is the same
technique used in GPS positioning. The difference is that for verrestrial positioning
the emicters are not in space, but on the Earth's surface, rypically making che form
of base stations or towers. A detailed discussion of the TOA principle may be found
in Sccnion 3.4.2,

The ACA technigque uses RE mangulation o calculate the vehicle positian. In
infrastructure-based implementations, the sigmal s transmited from a vehicle
equipped with an RF rransmirter. In this appeoach, a phased array of two or more
antennas iz used ar a single cell site ro receive the propagatng wave. The following
cguaticn is often used for the two-antenna areay at any one site vo caloulate the
angle of incidence for a rwo-antenna arcay locaeed ar a single site, a3 shown in
Figure 2.3.

e ks Nl "
oz

. A
iF = arcsin -

where & is the estimared angle of incidence of the propagaring wave (assumed planar)
at the antenna array, ¢ is the speed of light Jassoming tha the radio-wave velociry
is approximarely equal ro the speed of light), Ar is the difference berween the times
of arrival signal ar each antenna, and d is the distance berween the antennas used o
receive that signal, Mote the assumption that the radio-waye velocity is approximately
equal o the speed of light, which may not be valid in cerrain applications.

An interesting special case solurion can be made by the obssevarion that a
single phase wave striking two closely spaced anbennas at any one site will show a
difference in electrical phase of the two received signals. Given that J = 0,54 {where
A % a radio signal wavelengeh), the estimared incidence angle {arriving azimuth
angiz] hecomes
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where ¢y and ¢y are arriving electrical phase angles for anrennas 1 and 2, respectively,

The phased arrays of the antennas are used at two or more cell sires capable
of receiving the propagated signal from the wehicle. The location of the vehicle is
determined by the intersection of the two angles of incidence oy and o as shown
in Figure 9.3,

We have shovam an infrastructure-based approach in which each cite hag rwe
antennas. A chres-antenna array is actually better becanse 3 two-antenna array will
have difficulty calculating the anple of incidence when it is dose tw a right angle.
Theoretically, thess antennas could instead be on the mobile side to receive the
propagating radio waves from transmitters at the base stations. For economic rea-
005, ankenna arrays are seldom vsed on the mobile end.

There are both advantages and disadvantages to using the AOA for the determi-
nation of vehicle positton. O the positive side, there i3 no need to maimcain tme
synchronization berween cell sives {or base stations] to perform vehicle positioning.
Omly two sites are reguired ro determine the location of a vehicle, Because it does not
ust a multisite time-synchronized system (as TEMNDA does), che overall performance of
MO a5 a location rechnology should be less affected by RF channel bandwideh,
This is an impaortant feature to keep in mind when deafing with various RF rechnobo-
gies fsuch as 30-kHz AMPS and 10-kHz MAMPS ar che low end ro 1.25-MH:
CDMA at the upper end (Table 8.3)] in a single system.
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The major drawback m ADA s s suscepobility 1o signal blockage and
mualtipath reflection, This resules o fuicly high ernor margins for the estimatesd vehicle
positians., This is especially troe in urban areas, where errors on the order of hundreds
of meters can occur, Because of signal scattering, it is conceivable thar position |
calcultations based on AOA could result in 3 position estimarte thar places the vehicle
in the opposire direction from ite actual divection relative to the receiviag base sites |
{as indicared by the gquestion mark in Figure 9.3, These ambiguous solutions can 7
be eliminared vsing additonal technologies such as the RF profile method discussed
in Section 10.2.1. Another problem with AOA & rhar each site or mobile device
{depending on infrastructure-based or mobile-based solution) nesds o have at least
rwo antenmas (which adds addinonal cost 1o the system), However, this may not ke
a problem for some established sires chat have a phased array of antennas alrescdy.

The third rype of a terrestrial-radio-based [ocarion rechnique is TDHOA. The

TDOA rechnigue urilizes BF trilateration to caloulare the vehicle position. BF trilater-

ation differs from mangulation in that 5 calculates the distance between the vehicle {
gnd a fixed set of reference sites thar are time synchronized, The calculated distance

fromn the wehicle can be determined by either of teo methods, ineasering the ransit H
girme for a radio signal {group of pulses) berween che vehicle and reference sites, or

the toral phase change in the radio signal berween the vehicle and reference sites. 1
The method using pulse modalation for che radio signal is less affected by multipath |
propagacion than the method using phase modulatton, which means that pulse
modulfation is more accurate, Do the other hand, pulse modulation requices a higher
handwidth than phase modufation. The radio signal could also be transnicted fiest
feam the sire 1o the vehicle wich the vehicle then responding back o che sire. In this
case, the caloulared distance must be divided by two. Figure 9.4 lusorates the hasic
principle of thes lacanon technology,

We now discuss how TDOA rechnology determines a locarion, If we have

a nme-synchronized signal [either gencrated by the mowving vehicle or by mme-
synchronized fixed RF rransmirters) at sives 1, 2, and 3 as shown in Figure 9.4, we
can derermine the signal transmission path lengths oy, oy, and dy. The differences
between these path lengths can be meassured by the time {or phase) differences of
the signals berween the rransmitters and the vehicle, The estimated location derived
from the time or phase difference pairs will be ag the intersection of two hyperbolas
as shown in Fgore 9.4, Assuming that ehe fime difference s used o derive the
distance and a receiver in the vehicle 15 used to receive the signals transmimed from
thres sites, these hyperbolie curves may be caloulared as follows (osing the curve by
ax an examplel: The mobile receiver detects the pair of rransmissions from sives 1
anl;l .1. .-'|'.1|_'| di:l;:nninn:'n- 1'|1: 'FI[FI-I'.'TE:I'H,:I.' i an’ivﬂ] :im-:'§ '_‘H::- Tl!ui!- pimie di[}crcnc-: felul
be translated into a path length difference as follows:

|'.|I| - ::ll:ll: - L'.lfl.f'!l
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As i the discussion of A4, we assume thart the radio-wave velocity is approximarely
| equal to the speed of light [which may nat be troe incermain applications), Substinaring
the unknowsn coordinates of the vehicle and the kaown coordinates of sires [ and
| 2 (as shown in Figure 9.4} into the previous equation, we obrain
|' ¥ 3

e

=]

E] |5‘1:
]

o
ot

where @ = 0.5cA1ys and b= 0.504D° - AA5: W2, This is a hyperbalic function with
I the two sites as foci of the hyperbola. (The reader may recall thac a hyperbola is a
'i I| collection of points with a constant difference between the distances ro each focus)

Similarly, we can derive another hyperbola ba. The intersection of these two hyperbao-
faz is the vehicle location. | :

Use of the TDOA technigue for real-ome locaion caleulations requires fewer

anhenns and i:i |-_',$ hl.p;.-l,:];rtl |:||_¢_-. T 5;-|E|:|4| b]-;l-tl-;aﬁ;r, §IF il |I!:ip;|t|"| rr,:[l&-tl!:il;r:l’!l than I.l.'iil:lg I
ADA. The main disadvantape of TDOA is the requirement for mainrenance of a |
synchronized ome source between all base sites, It may be difficult to implement
and maintain the multisite synehronieed Eme keeping accuracy required 1o measure
the propaganon of an RF signal, MNote thar this may not present a problem to the
COdiA-based nerwork at all since s sites have aleeady been svnchronized. Radio
waves have 3 speed of approximately 300 m/us (984 feet/ns), so that a l-us jone
mullionth of a second) vme erroe in & single ste could place a vehicle 300m away
from its acrual location. Most location sysrems require a position accuracy of less
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than 300m. One technigue to solve chis ome-synchronization problem is to use GPS
receivers a3 discussed in Secrion 3.4.2,

Another problem with TDROA is thar channel bandwidch may impacr the
performance of this rechnology. The time difference measurement in TDOA may
F;-t-:a”:ﬂ'ﬂﬂ ['l-_l."rhi.-. L= g gl rh:nm,-.| ];\nndwh!th SIMCE high-r&:-;nluti-:’!-n Fibrae FeEs nrE T
requires a narrow pulse (or equivalent), and the narrower the pulse the greater the
bandwidth required, By conrrast, nareow channel bandwidth is not a problem for
the AQA technology, This makes TEHOA less accorate in narrowband analog systems
than in wideband systems. To improve overall accuracy of locaton, some implemen-
tations have areempred o use a hybnd of the pwo techaolpgies [TOAAQA, ADAS
T, eic ).

Bany terrestrial radio systems can be wsed o decerming locatron based on the
trilateration t-&::ﬁrll:l-lng‘l.r. As we learned, this Il::,:hniu:}ur reliog o detection of a cadin
gignal from theee or moee fixed reference points. Some of the berer known radio
navigation systems are DECCA, Omega, and LOBAMN-C, but they are much less
popular than GPS for vehicle applications. Unlike LORAMN-C, the first two systems
use phase differences ro determine locations,

The DECCA navigation system operates in the 30- to 300-kHz band [5]. It
uses a series of three or four transmitters. These transmitters send out low-frequency
phase-locked symals that allow a position to be determined brom a locadon of the 1
recerver in the r\esl.1|l:i:n5 h}"p-:rbn]ip ia‘rt'u:l:. Thi,:. ]'.!nsiri-nn cadh b-e I!ruml.:uﬂ ihm a
latitude-longinude coordinare or grid reference, The navigation system is mainky used
in Europe and run by individeal host governments,

Chmega 15 a global navigation system osed primarily by maritime and aeronau-
cal usars [6]. It operates ar very low frequency (10,2 mo 13.6 kHz) and was developed
initially for use by the 1S, MNavy submarine secvice. Control of the sysrem has since
been operationally extended ro include a multgovernment parmership. This system
has been used with differential techniques For vehicle location purposes in the Tnited
Kingsom.

LOBAM-C is the ™C" configuration of the Long Range Mavigation (LORAN)|
system operated by the ULS, Coast Guerd. The “A™ configuration of this syswem was
initally oged for experimenes prior o 1942, The LORAN-C system utilizes three
or more land-based transmiting stations whose signals can be used by a recesver o
perform hypecbolic position determination. The rransmimers use frequencies between
20 and 110 kHz By 1979, LORAMN-C transmitter “triads” had been constrocted
to cover zil Morth American coastal arcas, Northern Europe, the Medirerranean,
arnd the AsianTacific coast [7]. Today, LORAN-C provides services to most of the
northern hemisphere [6]. For land-based applications, LORAN-C position errors ;
may be as large as S00m. Differential LORAN-C hag been developed in an efforr
to improve position accaracy. Meanwhile, other improvements have been made in
LORAN-C during the last bew years [B]. The ditferent characteristics and complemen-
cary narire of LORAN-C and GPS suggest chat it might be usetul to inregrare them /

i-= ETEEW
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tor vehicle navigation [9]. Further information on DECCA, Omega, and LORAN-

C and their applications can be found in [&,10]. :
O the whiole, these tereesorial-radio-based systems are very efficient for mari- |

rime and airborne applications. This rs partly due to the absence of large obstructions

it these environumenrs, On kand, however, urilization of these systems resuls in !

reduced accuracy becavse of environmental and man-made obstacles such as moun-

tains and large buildings. These types of obstacles cause signal arenuarion and

multipach reflection effects, which can himit the effectiveness of a land-based receiver

for location determination. Far instance, the location errors of LORAN-C and

Omega may run as high as 500 and 2,000m, respecrively. The ability of a receiving |

system alone to compensate for these signal distortions 15 very limited, On the other

hand, terrestrial-radio-based systems allow voice and data communicagions o be !

merged into one system. Unlike sarellive-based systems, some of these systems work

inside buildimgs (as discussed below). r
Another interesting form of rerrestrial-radio-based location rechnology has |

been developed by Pinterea [11,12]. This system uses signals from commercial FM

radio stations in conjunction with & reference station to calculate the location, This

rechnigue uses the pilot tones of FM stations [which are generally in the 19-kHz

range) to calculate the location (see Figare B.6 for the pilot tone signal). The location |
is determined via triangulation: The mobile receiver converrs the phase measurements ’
to the range measurements based on the signals received from ac least three radio '
stations, This technodogy requires installation of a reference starion (observer) ar a .’-.
koown location in cach metropolitan ares; this station plays a role similar to that

of the reference station in DGPS, The reference station caleulates phase and frequency 'ri

drift corrections for each FM radio station, these corrections are transmitted to the
mobile receiver over an FM subcarrier or other broadeast mediom to synchronize
the transmissions and stabilize the frequencies. This technology has che advanrage
of wide coverage due oo the high concentration of Fi stations in many coaniries,
FM stations can often cover wp to 20,711 km® (8,000 sguare miles). Addinonally, )
since FM broadeasts usilize frequencies (87 to 108 MHz) thar are lower than GFS |
or celiular networks, the signal is less affected by obstacles such as buildings or hills, o
Because the FM signals can penetrate into buildings, this rechnofogy can be embedded '
with many portable device often used indoors, The system has a claimed accuracy
of 10 to 20m, |
Moas rerreatrial-radio-based systems generally have a minimom error of an
least 150m. The worst systems may have errors of up oo 2,000m. As we mentioned
carlier, the performance of these systems often dereriorares when approaching urban !
canyvon areas. More studies or hybrid methods (various combinations of the three ] .
approaches discussed or with other approaches) are needed o further improve these i
technofogies, For instance, one method o redoce the positioning error would be o _'
implement filtering vechniques in the mobile device, which uses the relationship ¥
between carrier Doppler phase measurements and range estimate changes, Interested
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readers can fnd information on vanous other radio location technologies and systems
in [13,14]. Many of these technologies have very promising potental for use in
vehicle Iocation applicarions.

2.2.3 Sarcllice Technologics

Dve to the lacge investment in infrastructuee, the number of sarcllite-based radio
location systems 15 still limited. In this section we briefly discuss two such already
used gysrerns. The first system is the global positioning system (GPS). The second
system 15 the Eutellracs operated by Eutelsar. These systems utilize line-oF-sight
signal reception and the TOA concepr to calowlare the position of the receiver,
Information abour other similar systems such as GLONASS and STARFIX can be
found in [10,15,16]. Some of them as well a5 many GEO and LEO systems have
been menrioned in Sections 3.4.2 and 8,3.8,

As we saw in Section 3.4.2, GP5 is an all-weather, radio-based, satellite naviga-
tion system, It allows wsers to determing three-dimensional position, three-dimen-
sional velocity, and time. The sysrem consists of three segmicnts, The space segment
consists of a constellation of 24 satellices. The user segment consists of all the GPS
receivers and support equipment. The ground sepment is composed of the master
controd center and many widely separated monitoning stadons, Ground control
tracks the satellites, determines the orbitg, and periodically sends correctional infor-
mation and other data to the sarellites for perransmission po che user sepment.

Aovery simple locaton system can employ the GPS receiver alone as the positon
sensor, As discussed in Secton 34,2, the accuracy of GPS receivers is degraded
under selecrive availabilicy (5A), and muoch better accuracy can be obtained by
utilizing differential correction techniques dar an addirional cost). Another approach
ks rouse @ dwal GPSGLONASS receiver, which rakes advantage of 48 sarellites in
space {instead of only 24 for a receiver based oo GPS satellites alone} and should
provide position fxes most of the fme, even in urban canyons. Mote chat GLOMNASS
is not affecred by SA. Detailed discussions of the underdying principles and methods
for integration with other techniques can be found in Chapters 3 and 4. Mote thar
as of this writing, the U5, poverament has decided 1o conditionally phase our 5A
in 4 to 10 years, subject to annual review b:,r the 1.5, pr:sldcnt. This will, of course,
improve GPS accuracy for civilian users 1o a significant extent. However, note thar
54 may b reinstared at any tome (national emergency, war, ¢oc.) and this risk should
be comsidered in che overall system design.

In contrast to GPS, in which the wsers only receive dara [onidirectional cransmas-
sion], the European satellite location service, Butel Tracs, allows for two-way commi-
nicarione. The system uses an on-board teeminal to Facilirare this bidirectional
capahility, Vehiches communicate with two satellites, ome vsed for mager commui-
cations and the other for ranging calculanions. The sawcllites used are in geostationary
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orbit 36,000 km above the Farth’s surface. The reported accuracy of this system is
on the order of several hundred meters [17].

9.2.4 Interface Technologiss

The displays used in simple location systems can vary in capabilicy, Design ssues
to consider are prirnarily cost, applicanion, and operating environment., Simple ex-
based LED or LCD displavs (as discussed i Chaper 7) are a low-cost means for
providing low-bandwidth information to the vehicle operator. Thess types of displays
are suitable for display of positioning information, tratfic mfcrmation, and limited
route guidance information.

Other display sobsystems that may be incorporated into a simple locanon
application include a graphical map display showing the vehicle's position as a dot
om the mep. This type of display may or may not allow the vser 1o enter informaron
through a touch screen or other input device. More complicated systems require
additional capabilities for user mpuc (see Chapeer 7 for addinonal detatls on ths
subject).

9.3 VEHICLE NAVIGATION

WVehicke navigation systems can consist of several integrared system bullding blocks
a3 shown in Fipures 6.1 and 9.5, The five shaded blocks in Fipure 9.5 represent
devices thar can be implemenred either as stand-alone components for navigarion
or as multifunction components that share some duties with entertainment-orented
equipment or other non-navigation eguipment, The antennas used by the system
can be implemented cither separately or inteprared into a smart device.

In general, systems created from complicated navigation building blocks tend
o stern from requirements that specify features such s greater position accuracy,
sophisticated human-machine interfaces, powerhul guidance abilines, or inregrared
radio location receivers, As a result, these complicated navigation systems tend eo
be more expensive than their smple location counterparts,

9.3.1 Coping With Complex Requircments

in this section, we discuss the system issues associated with the implemenmadon of
a complicated navigarion system. A rypical navigation sysrem muy congigt of & few
o all of the modales depicred in Figure 6.1. Many commercial in-vehicle navigation
syseems are alrexdy available on the world marker, These sysrems are genesally
implemented wsing the modules discussed in Part L Interested readers may find

literature on them at TTS-relared wade shows and conferences, from mapazines, o
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Figre 8.5 Complicared im-vehicle navigarson sysrem.

from [18=20]. Because we have already described the basic building modules in
detail and will use a complex in-vehicle navigation system constructed from these
madihes as 1 case study in Section 11.3, we do not repear thar discussion here, bur
instead rake a look at complicated navigational systems from a shghey different
angle,

A thorough understanding of user requirements is a must for selecting and
integrating proper tavigation modulzs. The more complex the system requirements,
the maore complicated the resuling integrared system. For instance, there is a wide
varicty of choices, even for something as simple a5 g visual display unit, mnging
Fraem a simple black-and-white LED dizplaying only a few characters to a fancy active-
matrix color LCD displaying text and graphics, Our discussion will be ilhastrated by
walking through the systemn desipn issues thar result from the funetional requirements
associated with a hypothetical product.

We consider the design of a rental vehicle wiilizing an awronomous navigation .
system. [n this design, we assume that the system incorporares a radio location
receiver, Because this is an auronomous syseem, we furcher assume thart the vehicle
does not have any integrated wireless commuomications capability that can be
addressed from a centralized facility. Withour this communicarions link, it is obvions
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that all vehicle navigation functions must be performed by the system on board the |
vehicle, i

Funcronal requirements vary from application mo applicarion,. Some systems i
might require high position accoracy, whereas others will sacrifice accuracy for und L
cost, Increased sophistication in one subsystem can make up for deficiencies in other
subsystems. For example, as we gaw in Chapter 4, a conventronal or furzy logic
map-matching algonthm can be used to overcome accumulative position ereoes by [
derermining reazonable best fiv locations on a map. |

We begin this study by reviewing the following List of high-level functional
requirements for the rencal vehicle sxample:

1. The system shall have the capability 1o determine ite current position within
20m of acrual location over 90% of its travel nme.

2, The system shall have the capability to manslate s current positéon to a map

conrdinare, and subsequently o a best B road segment locatioon,

The system shall have the capability go display its current position on a map

that can be viewed by the wehicle operator.

4, The system shall have the capability to acoept a trip destination request and
plin a best route to thar destination.

5. The system shall have the capability to output audible and visual inscructions
corresponding to the directional maneuvers required to complers the planned
FOule.

6. The system shall have the capability ro determine when it is “off-roure,” thar
is, off the planned road segment.

7. The system shall have the capability e coreect “off-route™ conditions by
generatings a new route starting ar-the cuerent erroneous position.

ol

If e loak back o a1 14 5i.rr|.'|:||: hand-held n,:lu;iE;ltir_u'l_ device mentoned i the
beginning of this chapter, we can see that it is not capable of sacislving any of these
high-level system requirements. At this point we should analyze our requirements
and consider their implementation, along with some of the resulting architecrural
and design isswes. Ler us begin with che first high-level requirement.

The systent skall baie the capability 1o determine its curvent position
within 20m of actual location over 90% of its travel Hime,

We acmally have two constraints on our system architecture as a result of this
requirement. The first coastrain: implics a position solution within 20m of actual
vehicle position. This constraing exists so that the system can differentiate between
closely spaced road segments. An example of two closely spaced rmoad segments
might be an expressway and cocresponding frontage road. The 20m resolutson s
reguired in order to minimize road-marching errors for closely spaced parallel road
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segments, The second constraint exrends oor firse requirement by stipulating thar
we muost be within this 20m limir during 0% of our aperating rime.

If we assume that a GPS receiver can operate at bess than a 20m error {in the
absence of SA) it may be possible vo meer this 30% reguirement. We would have
tor assume, however, thar the sarellite signals were not blocked for any more than
10% of our rravel ime. This is feasible if we are operating in 2 suburban or rural
region without hilly or mountainous werrain, On the other hand, if we spend much
of our travel time in an wrban environment, it is very likcely ehat we will noe rmeet
thiz requirement. Tall buildings, overpasses, and runnels will block che GPS signal
for significant pertods of the travel time, which may in fact amount to more than
10% of operating fime. This coastraint implies thar an additional positioning sobsys-
tem will have to be included ro offser the deficiencies of GPS in orban environments,
Because this additional subsystem should not be susceptible to the same weaknesses
as the GPS subsystem, subsystems vsing similar radio location sechnologies will not
be very wieful. This means that a dead-reckoning subsystem is the mose likely chaoice
ro augment GF5 (assuming that a feasthle mechanism s available or can be designed
for the pertodic correction of the dead-reckoning sensors by GPSL

Having rwo subsystems for positioning will of course increase the complexiey
of the system. Depending on the sensor fusion method used, some implementations
weill “:":| Wire arh[:ralihn (EN] |..||:|.1'.'rI!|Ii.|H,: whi:‘:h ]'.!usi_l_iuninﬁ_ il|];|q,|1; lal-;t:s p:ﬁ.::dt:nn;;: wh:n
the GPS subsystem and dead-reckoning subsystem do not agree. Map-matching
methods can also be incorporated o the arbitration scheme to further improve
the location accuracy since the mext requiremens already mplies a requirement for
a map darabase. Derailed discussions of sensor fusion and map marching algorithms
can be found in Chapters 3 and 4.

|
|
The system shall have the capability to tranglate its current position fo
a map coordingte, and sebseguently to @ best it road ssgwment location,
|
I

Because we do not have a wireless communicanions link ro a central facilicy, thes
requirement implies thar the map darabase will need to be stored on an in-vehicle
meass storape device, The database srorage requirements for & reasonably sized metro-
politan area (Section 2.6.1) suggest that we may need on the order of 10 o 200
MB of data storage {uncompressed), which includes additional reom for possible
future expansod of sistem coverage, Possble choices for storage devices mighe
inchude CO-ROM drives, magnetic hard drives, or perhaps a PCMCIA memory
card, Each of these storage technologies has advantages and disadvantages. The firse
tw have the advantage of larpe storage capacity, The current capaciries for these
devices are well above probahle storage requirements. Both devices share the signifi-
cant disadvantage of utilizing moving parts. This disadvantage is due to the extreme
operational environment intrinsic to vehicular applications, From exereme tempera-
ture ranges o frequent mechanical shocks, the environment is far from ideal for
any storage device that utilizes moving rmechanical pares, soch as CD-ROM drives f
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or hard disk drives, FCMCIA memory cards do not have this problem because there
are no fast moving mechanical parts, However, the reduced storage capacity of the
PCMCIA card relative to the other technologies is 2 disadvantage unless a technique
can be developed For rapid comprestion and decompresdon. Because of the capid
advance of various mass storage devices, the drawhacks discussed here may not be
a problem in few vears, but it is soll a challenge faced by today’s desipn engineers.
In addition to these problems, expensive storage and peripheral devices may very
well increase the wtal system cost, and slow access devices may significantly affect
the pecformance of the various embedded real-time software algorithms,

Assuming that we have selected a storage device, we can now have the system
wranslate the repoered position provided by fusion of the readours from the sensors
sefected im the first requirement to the format vsed by the map database. This map
database must be navigable, that ix, provide information that can be used o plan
d Bouge and E,LI.-Id-E the wehicls. In .ld.dEtEnn, the maLp should have a p-;,nsiﬁl:‘m aLCuracy
of ar least 15m, so that it can be used 1o improve the inaccurare positions provided
by the positioning sensors. The angmented GPS positioning subsystem may return
vehicle coordinares (latitude and longitude). If che map database selected does not
nse WS 84 as its ellipsoid reference as GPS does, we may need to transform the
GPS-derived coordinares to the coordinares used by the map darabase or vice versa,
Otheranse, displacements of up o 100m may occur, (Recall thar Section 2.3 contains
detailed discnssions of map ceference coordinate systems and iransformations
between various cpordinate systems.) If the vehicle is raveling along a road, the
system should be able po use a map-matching algorithm 1o determine the best-fic
road segment, [f there is no exact march, the algorithm showld be able ro find the
nearest road seprment and snap the vebicle onto it. Otherwace, it could smply oge
the sensor measurement to determine a position. Additional information on map-
matching algorithms can be found in Chapter 4.

Regardless of the storage device seleceed, this system faces another significant
drawback. The database used by this system is static in nature, We need to consider
the problem that the database has not been dynamically updared o account for
comstruction, road closures, new road development, and other modifications chart
might affect the database. This is particularly a problem for drivers of rental vehicles,
The driver may be unfamiliar with some local roads, and is eelving on the fact thar
the planmned coute will not be interrupted or delaved by road closure or construction
derours. With a wircless communications capabilicy, this problem can be addressed
by imcorporating dynamic teaffic informaton. Withour 3 wireless communications
capahiliry (as in our case), updates of road networks would have to be accomplished
via 4 less dynamic mechanism, such as periodic map database releases, Even via this
mechanism, there is no way for the newly released databases to have current road
gccident and emcrgency informarion. Unless we increase the project budget and add
additional compaonents to the system (as we will do in Chapter 100, we must warn
the user of the deficiencies in the syseem. Of course, cven the best dynamically
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updared darabase might conrain some errors, so error recovery is always an e
in any design, If possible, we should make the system design as moduolar a3 possible
to facilitate future expansion in later versions of the product.

The systern shall bave the capalility to display fts cvrvent position ona
map that can fe vicwed by the vebicle operator,

Given this requirement, we can assume that the navigation system will need wo
include a graphical display, as described in Chapter 7. Again, we need to consider
a significant st of human factors issves, Specifically, should the display be backlie?
Haw will the display be affected by glare i davlighe? Will i be bright encugh to
read in the direct sunfight? Where will the display be locared® Will i Block the
driver's vision or cause the dever to divert amention from the road for significant
periods of time? Will the display bBlock either the dover’s or front seat passenger’s
airbag safery device? All of these issues must be resolved before installation of a
graphical display device.

As we have srudied already, many display devices are available. They are based
on different rechnologies and each has its own advantages and disadvantages. Because
of the severe operational environment in the vehicle, impressive display units often
have high price tags, A tough decision must be made in the trade-off among display
quality, user convenience, and the price of the unit becanse this device may be one
of the most expensive components in the whole navigation system.

The system shall have the capability to accept a rip destination request,
and frlat g fest rowte fo thar destination,

This pequirement is acroally a multilevel requirement. The firse point we need o
consider is the issue of the method used by the operaror to input the desonanion, ks
this request done v:[hﬁ”:,-'? If noe, can we uwse simulated kevboard entry via a set of
switches or a rouch screen to enter the street address, business mame, or road
intersection as a destination ? If we allow users to enter addresses as their destinations,
wr nead to miake sure that che system can correlare street addresses with digital map
coordintes if the dasabase does not contain the coordinates of every possible address,
Thiz requires that the map database have atrributes of street names and addrese
ranges for each road segrment. One method involves matching the desired address
along the road using linear mterpelation based on the address range for the road
segment. The deficiency of this method is thar address numbers are not always evenly
distribured along a road segment, so very accurate address matching is not feasible.
Chace we bave sertled on a means for inputting the destination informartion,
we need to evaluate the second level in this requirement, This second stage implies
that a sophisticated route-planning capability musz be implemented. What options
do we present the user in rerms of how the route should be planned? Seme considera-
ticas mtight be given 1o offering the user a choice among several planning (or route
sebection ) oriteria as followars: P
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e e e — e e e rEro i aii: o

» Fastest trip (tme};
+ Shorrest distance (distancel;
¢ Maximize or minimize expresseay use (complexity),

[rfferent planning criterta may require different astmbores from the digital
map darabage and evaluation functions defined in the algorithm, We also need o
decide whether to allow users to select theae criteria themselves or oo stick with one
criterion in the design withour giving any flewhility to users. Mote that since the
systern does noe have dynamic traffic information, the fastest time choice listed by
the system may not be accurate. A derailed discussion of various route planning
algorithms can be found inm Chaprer 5.

The system shall have the capability to cutput audible and visual ingtrue-
Hans correspronding to the directional manesvers reguived to complete
the planwed rowte.

Like che issues involved in determining bow to input the requested destination, we
need po consider how the maneuvers associated with a planned route will be presanred
to the user, as described in Chapters & and 7. One issue thar iz encountered is
whether we ingorporate an andio subsystem to present instructions o the dover
ke “rurn left ar nexy traffic lighe,” or “extt ar ramp 236 east,” etc. If so, does the
audio subsystem have a volame control so it may be heard over traffic or simultaneous
radio entertainment? Visually, how do we tell the vehicle driver to mke 2 “hard™
versus a Ushght” tamn? Such intersections m.'iEht, for E:-r.amp[-u, conzist of hoth 45-
and 135-degree right ruene, or of a complicated roundabout.

An additional consideration concerns whether the manewver is displayed on a
separate visual direction sereen (turm arcow) or as part of a road segment highlighted
on a map {route mapl. Should the display stick with one consistent format, or use
display screens thar are sensitive to route guidance context? "We may also wanr o
use audible cues such as tones o indicate when to perform the maneuver, etz All
of these considerations will affect the appearance of the device and the acceptance
of different user groups, because the display unir will impose the fisst and probably
the most important Mpression on any user.

The systam shall bave the capability to determine swhen it s "off-route,”
trat is, off the planned road segment,

Druring the route guidance process, we need to determine whether we are acrually
off-route, or just experiencing an error condition associated with the positioning
subsystem. If the position report supplied by the navigathon sysrem does not indicaze
that the vehicle is on a road scgment, a heurtstic algorithm may be needed o
determine whether the position measurement of the vehicle is in error, or the vehicle
has left the road purposely to stop ar an off-road location, such as a parking lot,
driveway, etc., or whether there mighr be a database error, We expect the system
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to automatically detect the problem and perform appropriate action {such as warning
or replanning), as suggested in Section 8.3, We may also need to decide whether a
mankal infervention or reseiting mechansm 5 required o help the system recover
from abnormal situamons,

Given the stagic nature of our database, constrection detours will probahly be
interpreted by rhe system as an off-route comdition, A vser-confignrable mechanism
may be seeded to allow theze aff-roure conditions o be ignored so that the system
does not continuously warn the dover or ory to replan a new route when the vehicle
15 on & detour due to fead closungs or construction,

Finakly, we evaluare the last requirement of the example system.

; The syatem shall bave the capability fo correct "off-routa” conditions by
! EEMEraiing O mens route BRI gi Hre current srronecus position,

Asumuing we have encountéred a valid off-route condibon, the system should recover
and replan a pew route based on the current position of the vehicle. How should
the system wam the driver? Is the replan done in a timely fashion, or does it
require an excessve amount of ome? What manewvering directions, if any, shouald
be presened while replanining operation occors?

We also mewd to decide how and in what formar che syseem should present che 1
resules of a successful replanning operation to the user. In the case study presented
in Chapter 11, the system wses the criterion that the new route muest be ar least 2 B
min shorter than the onginal route. Any route that does not satiafy this critesion
will nor be presented oo dhe vser, Ocher criteria have been used, such as 30% shorrer
than the estimated trip dme for the orignal roure [21]. We may wane o conduct
several experiments on our own in order to identify the best criterion for this
particular projecr.

As can be seen, this example rouched on a fairy large number of design isues.
Even though we have not mentioned them, many other issues and low-level trade-
olfs must also be considered whesy designing a syseem of this rype. These wade-ofls
can be inferred from the informaton contained in the previows chaprers, Once we
have identified the functions of the system and the proper hardware companents o
guppart them, we must take another look ar the entire design o make sure that ic
firs the price range of the expected marker and the proposed schedule. Several more
iterarions are geneeally required fo finally sertle on a design that all design team
members can agree o, The design team should inclode key engineers, marketing
personnel, and management personnel. Remember, it is generally worth it to spend
mere time on system specifications and requirements rather than less.

e

9.3.2 Dual-Use Mavigation and Entertainment Components

Vehicle electronics evolved eapidly during the past decade, to the point where they I
have mow been integraced into the vehicle architecrure as integral pars of a
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e .

sophisticated netwark. It is narural char many navigation components can be shared
with entermainment equipment.

The shaded blocks in Figure 2.5 can support either navigation or entertaimment
or both, An integrared transceiver might be designed for use with AMTM radio,
PS5, cellular, and paging signals [22]. To reduce cluttered and inconvenien: control
devices, voice-activared controls, reconfigurable steering wheel controls, and reconfi-
gurable feedback displays can be developed. We know thar CD-ROM devices, hard
disks, or memory carde can be used for external memosy. For instance, a CD-ROM
plaver could be used for stomng the digital map database and naviganon software
as well as for playing music. In addition to ssoving as a memoary device tor the
navigation system, 2 memary card reader could alen serve other mabile office devices.
The display monitor could be used for navigational maps or for commercial TV
stationg. Sirmilacly, che speaker could be used to lsten o turn-by-furmn maneuver
instructions, erdinary AMFM broadeasting, or a hands-free cellular phone.

Many available products have combined both navigation and entertainment
in & common platform. For instance, the Telepath 100 radio can direct users to a
prederermined destination while still supporting all the functions of a normal
radio [23]. Ino this system, the vehicle location is deseemined using GPS in combination
with dead-reckoned positioning and an area map encoded on a PCMCIA memory
card. The route is di.'rpla}'n:i to the driver u:\-in.E; dirsctional arroeas, AudiolMav gses
the audic CI player 1o store navigation data and play music [24]. Many Japancse f
in-vehicle display units can be used for boch digieal maps and commercial TV [20]. 5

Belore closing rhis chapter, consider the following question. Becall from Chap- it
ter 6, 3 Braess paradoo effect could ocour if numerous vehicles equipped with identical 'Z
navigarion unite receiving the same dynamic ceaffic updates were opesating on a {
particular road network, What would happen if the zsage of autonomous navigation-
equipped vehicles is overwhelming in a popular tourise area? Would the effect he
any different if these vehicles all had identical navigation systems or i they had
different navigation systems?

= e sl
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CHAPTER 10

LA

CENTRALIZED LOCATION AND
NAVIGATION

10.1 INTRODUCTION

| A ceneralized locanon and navigation system utibizes some combination, or subsget, |
i of the building blocks discossed in Part 1. These building blocks can be integrated into {
1 both an infrascructure and the wehicle capable of performing dynamic multivehicle |
| locanon and navigation processing. In this chapter, we attemp wo discuss the issues {
related to variows configurations of these systems. From a system-architecoure stand- f
point, three high-level funcrional blocks are required o perform centralized location
1. mnd navigation, 4% showm in FIEI.,I_I‘E 10,1, i
The boge consists of ane of more Beilites wath the capabiliey to determine the |
locarion of or to provide guidancefadvizory informarion o one or more mohife i
| vehicles or devices, For a simplified, smplex (one-way mobile to host) location- R
! determination capabiliry, this companent might include a location funcrion, 2 hueman-
machine module, and an interface o a wireless communication module. In a more
mmpl:x arrangement, the host may ]'.||_'4:|'r|-:i: F|,:|||-|;||.|.F||_¢;|-|; [ Ewe-way between mobale
and hest) navigational support, complere with teaffic data fusion to provide dynamic
route guidance based on real-ome traffic information. The communications nerwork
provides the conduir berween the host and the mobile unit. This component has the
capabality 1o provide eicher active or passive suppor to the location funcrion, As
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Figure 101 ArchEecrural blocks for o cenrralized locarion azd navigerhan spsrem.

described in Chaprer 8, numerous communications netwaork configurarions support-
i.r.||_.,' VAL l']'!.l:'l:ll.lghput levels can be Ehl:re:lrpn.r.‘lted intr,l thj: ur-l;h:il:a:rurn! Ciam pn;,m:nt,
The mobile unit may also function at various levels of location and pavigation
sophistication. In 2 simple configuration, the signal radiating from the antenna used
by a mobile cellular phone can be vsed 1o derermine the location of the mobile wnir
via triangulation data inmerpresed by a central facility using moltiple antennas {as
discussed in Section 9,12}, The operaton of this location determination system
may e tr.:rt'.'r.lﬂ refl bo the mohle ]\n’nrl:é'r ireer. T ehis s:imp]i: case, rﬁr Flri'rm:r_g.'
resporsibility for determination of mobile unit location rests with the host, In a more
complex scenario, the mobile onic will take advantage of one or more positioning
capabalities, such as a GPS receiver combined wiath dead reckoning and map matching.
The pasition derived from the combinaton of these positoning capabilities 15 trams-
mirted throvgh the communications nerarork back o the hest, The host may then
communicate back traffic or dynamic roate guidance information direcred spectfi-
cally to the mobile i,

The applications supported by centralized Jocation and navigation systems are
several fold, Ome imporcant application thar can be supported by these systems is
& wireless enhanced 911 (E211} location capability. Wireless E211 5 a system with
the abiliry 10 locare a caller who uses a wircless phone 1o request emergency assistance
{Secrion 10.4). Ideally, this application would provide the same functionality as land-
line-based implementations. Widespread implementation of chis capability would
probably rely on a locarion technology thar is primarily supported by centralized host
facilitics and communications infrastructure. The extent of network infrastructure
maodifications needed o support this capahility, weighed againse the acouracy of the
location determinznion, becomes an important design trade-off i erms of cost and
duration of customer base roll-owr. A nonexhaustive list of addieional nppliq:athng
for centralized location and navigation technology is provided:

* Emergency private wircless E911;

= Emergency vehicle dispatch and tracking:
+ Police;

* Fireg

v Ambuiance,
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¢ Public transportation:
s Bus fleet.
Private fleet management:
= Trucking [freaghs and asset acking);
| = Taxi services;
» Trains.
| o Secure delivery flees:
» Armored vehicles and couriers,
Private vehicle services
* Emergency and roadside assistance;
# Travel information [route guidance, traffic, weather, gas, food, lodging, etc.
* Theft recovery,

The variety of potenrial applications given in the preceding hst for centralized
location and navigation systems indicates the need for a diverse set of business and
engineering solutions. These solutions tend to have varying economic and infrastroc-
ture constraines specific w each particular application, Theee main system design
issues are associated with these constraimis:

* Placement of the location and navigarion capahilities;
v Accoracy of locations and frequency of location updates;
» Selection of wirtles communicatons t-u-l:hnr_nlm-a::—.:.

ES——

The primary isswe we need to consider is thar of where the place will be for
residing the location and navigation capabilities. For example, consider a mobale
cellular system manufacturer intending o implemizn: a wireless 911 fearure in
cooperation with a service provider, This feature s desipned to peovide the mohile
caller's location to the dispatcher (or operafor) at an emergency center. The manufac:
turer may consider a redesign and retrofit the mobile handsets o incorporace the
intelligence required for the location determination. The redesign oould, for example,
involve adding a GPS receiver to the handsers. The cooperating service provider
must then consider the time and cost associated with a recall of the existing customer
base, On the other hand, the systems manufacturer may decide to retrofit its base
cell sites to incorporate TOA, ADA andfor TINOA [ocation technologies as discussed
in Section 9.2.2. This places the intelligence of the location determination at the
base cell sites, instead of in the handsets. A design using this cell-site eetrofic approach
may require the addition of “smart” antennas in addition to some level of effort
and cost associated with reprogramming che sites, The same considerations held for
navigation, that is, do we design a system with a ceneralized or disteibuted navigation

ability? In the distributed-approach case, the navigation capabilicy must be resided /
on the mobile unit.

Ay e P T T
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o

Ag far as location accuracy is concerned, we saw in the previoos chapters that
a wide variety of different location wechnologies are available. Esch has its own
accuracy range, and we must selecr among them based on the system requirements
and applications. Table 10,1 lists tvpical performances for these technologies. This
table arremprs to give readers a rough idea of the potential of each technology. In
actual usage, the pecformance may depend on a variety of other facrors, In fact,
many af these technobogies will improve over time, and therefore their characeristics
will change oo, The location I!'Echnnhlg}' gelected and i:rnplrm-:nted MysE ::ari;.;f:;
eystem requirements (as dizcussed in Section 9.3.1). Simuilacly, for applications
depending on remote locaton updates, the wircless da updae rate needs o be
carefully chosen in order to achieve the required system specifications. As we saw
in Chaprer 8, the specific wireless communications techaology selected {and s
ateributes) has o significant impact on the cost, reliability, and accuracy of the overall
EYEDET.

I the following secrions, we discuss the design and implementation issues
associated with centralized location and navigation syvstems, For convenience of
discussion, we first study location rechnologies and then discuss how navigation
technologies can be added o the system. In each category, the centrabized approach
[placing inrelligence on the host) leads the discussion before the distribured approach
|placing ineelligence on cthe mobile unit). Despite this distinetion, readers should
keep in mind the fact that some techoologies and systems may not fit into this neat
clagsification. Hybrid approaches on variations of these approaches do exist, All of
these approaches and syseems contribure 1o the centralized location and navigarion
technologies we have today

10.2 AUTOMATIC VEHICLE LOCATION

An gursnatic vehicle location (AVL) system tracks the positions of a feet of vehicles
in a particular arca and reports the information to a host via a communications

Tahde 1020

Performance Comparisoa of Various Posizicaing Technealopies
?;'r-bnn-.'r_u._"_r - - - ) J‘-r."." by
Diead reckoming {DR] Poor |poor looger rerm, but good short tecm)
Terteanal madio Fine (] 5020 Hhm, will Hnprave]
GPS Fabr { 10=300m with 5S4 and without blockage) .
DR+ map matcising (b Farr [Z0-50m wathaut ksl
[ 5PS Grond | 1=24m wichowr blockage|
PS5 4 DR+ M Botter {1 5-50m comtinuous]

[#GPS « DR+ 558 B 101 % conmnuoas)
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infrastructure, This host can take different forms, such as a dispatch center, a traffic
information center, or a transportation management center, All of the technologies
| introduwced in Section 7.2 may be used for AVL, The only addition to the technologics
discussed there is that vehicles used in AVL systems must have a wirzless communica-
tioms component (modulel to connact with the centralized host Fzoility to which
periodically reports i position. An appropriare infrastructure moss also exist o
suppart the wireless communications nesds of the system.

Determinacion of the location of each vehicle tvpreally involves a2 BF transmis-
ston initiated by the mobile vehicle, In one type of system, the sole purpose of this |
communicaians system may be to cransmic the actuzl location of the vehicle, In this
case, the mobile unit plays an active role in lecation determination. For example,
the transmission may contain g “position report’” data packes, which includes the
vehicle's laticude and longirede derived using a GPS receiver installed in the vehicle.
Cinthe other hand, the mobile unit may play a passive role in locaton determination. |
Ins this type of system, the actual information on the vehicle position may be derived | -
as a by-product of a wireless E911 or a device in the vehicle that can be addressed
by an infrastructure, We explore this passive approach to the locarion derermination
in lh: fl;:-l]l.‘a-wl.ng HEA'_'I:III.I:I., unn;] l;]"il_'!l.'l. l.'\l_'II:L.'IEIdEr uriti.qll'lull |_|-f :|h-|: mubi]: |,:|||i¢ A% gEn ﬂi;l_'i.'lu'\ll,'.
participant in location determination in a subsequent section.,

10.2.1 Centralized Approach

A centralized bocarion system is a system thar uses a host computing facility and
communications mfrastructure to remotely locate or rrack a fleet of vehicles within
a specific area. In short, the system uses a fixed host facility and infrastructure
deteemine the vehicle locadon. The host may take the form of an urban traffic
information center or possibly an emergency vehicle disparch center. Such a system
generally includes the boilding blocks shown in Figure 10.2. Depending on the :
g design, a simple AVL syspem may not néed a sophisticated map-matching module }
at all. In addition, at feast 2 imple communicatons component and 2 simple human-
machine interface are required at the mobile end, Mote that although our discassions
are centered around vehicles, the fleer of vehicles in this system coald be a group of
hand-held mobile devices.

The host in a centralized locatzon system will generally provide the capability
o maniior and pﬂ-ﬁgibfj-' dis-]m.l:-l‘:!'l. all rm.ml-n-um af a sp-aciﬁ-: ﬂ_cﬂ nf \-'-:E:il;]l:s., F.ar_'h |;|;F
the vehicles in the fleet will have the capability o periodically stgnal the bost via
an BF mransmission. As a member vehicle of the specified fleer mowes within the
ared monitored and controlled by the host, it periodically ransmirs or receives a
wireless communications signal, which is then processed by the communications
network and subsequently delivered 1o the host facility.

This centralized locarion capability often requises using the communications
network as an active component of the location determination process. For example,
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since we lave a large installed base of vehicles equipped with cellular handsers, and
a mandatory requirement to implement location capability in 3 wireless E9171 system
iSection 10.4), we should want to avoid retrofitting or replacing all handsers. Inspead,
we would look For a solution based on performing the location function at each cell
site. Cureently, three main rechnigues are used for performing infrastructure-based
location determination (a5 we saw in Section 9.2.2), Recall thar the TOA, AQA,
ancor TDOA wechaobogies can be implemented on cither the host system or the
mobile anit. In a centralized location systemn, sl] location capabilities are accom
plished in the host infrastructure,

Assuming thar we have calculated the position of the vehicle within a cellular
site, the next step is to allow the host o process the vehicle position daca and ourpur
the location of the vehicle om a map. For a simple AVL system, it is straighrforward
to place a dot representing the vehicle position on a map provided the map has been
gendencally referenced. Bither rasrer-encoded or vector-encoded maps can be used
(Chapter 2}, The user must live with the fact that the dot or icon may not be precisely
on the road, For more accurate ||.'|-1'_'Itir|.-‘|;.I a .rl'l..i.P-rﬂ:'l;b:]'liﬂE module can be used in
conjunction with a vector-encoded digital map database. To fully exploit the map
darzbase already resident in the host, the svstem can wse the known map information
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to filter our the errors assoctated with the calculated position. The system then
translates the calculated vehicle position to map coordinates within the bounds of
the meomitored aren. This pranslapion is achieved via coordinate information availahle
from the map database system.

iven a sophisocated map database system, the daca for the reported vehicle
position can then be associared with a locagion on a map display, However, as we
discussed, the raw position daca still need o be granslated into poinis on the map
for viewing, This function could be provided by & modified map-matching module
jinstead of the in-vehicle map-matching module described in Chapter 4) or other
enhanced modules, When defining this mapped location, the errors refated ro uncer-
tainty in the vehicle position need to be evaluated, and the best available esrimare
for the location of the wehicle should be derived using a statistical algonthm,

The host will generally utiftee an extensive network of high-capacity compuning
systems. Given this capability, additional dispatching and traffic management capa-
bilities may be incorporated into the host. Besides road segments, shape points,
connectivity, road name aliases, street address mapping, and hierarchical level infor-
mation, the host database can meorporate various other components as follows:

. * Vehicle-spedific informarion;

+ Vehicle year-make-model;

' ¢+ Vehicle identification number {VIN}

v Vehicle regisrration—owner informarion;

* Vehicle routs plans (e.g., fieets for public transpartation and delivery services);
* Last reported location (position and direction);

¢« Last position report time

o Location-specific mformation;

+ Business names and addresses (possibly including phone numbers and hours of
i OpErafon);

¢ Residential names and addresses;

* Poings of imeresr |POTs),

These and other addicional artribures could be used by che host 1o communicare
with the mobile unit either verbally (using operators) or automatically (using data
. channels). Typical services might include providing route guidance instroctions and
' service information to any vehicle in the monitored fleer. This assumes thar the
mobile and communications components of the system are capable of handling these
data services.
A larpe-scale centralized hoss has the capahility o store or maineain vehicle
position and direction informadon for an endire feer of vehicles in order 1o assist
in performing the function of plomng vehicles on a display scresn. For example, if i
a series of position reports shows a vehicle to be operating at high speed on an 'I’t‘ j
interstave highway, and the latest position reported for the vehicle places it on a

—
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; frontage road, the host responsible for macking the vehicle should be able o validate
whether any nff-:r.l.mpﬂ Ecx l:i'u,-. Fr\ﬁnusp rodd were encountered between th: |;-|a;
repoeted position of the vehicle and iz current repocted positon. If oo off-ramps
were available, or if the speed limit of the frontage road was significantly Jower
than thar of the interstate highway, the system could assume, with refatively high
confidence, thar the vehicle's aorsal position was still on the inrerscate highway and
a position reportng errer had occurred. These functions require 2 navigable digical
map datahaze with enough road-related atteibutes, as defined in Chapeer 2,

Oeher "sanity checks™ can also be incorporated into 2 host to account for
system-wide architecrural weaknesses. A good example of this would be a host using
AOA technology for wehicle positioning. Hecall that BF sygnal blockage andfor
I'I'-]IJ]I:-IPIH'I :dﬂpﬂ:mﬂ may [l!a.:l:' a vehiele 1n l'J'J-: trppmil:: dimc-ﬁa::ln EI'I'.'I‘:I'['I the al:'l:u:!l.
vehicle position {Figure 9.3). If this scattering problem is localized 1o 2 small geo-
graphic area, the map-matching or map darabase moduls on the host coukd use RE
profile informarion toaccount for and correct this signal pach anomaly, The complex-
ity and accuracy of the module and its abilicy oo crapslare 3 vehicle's position m a
map location is dependent on the resources of the host, the size of the vehicle fleet,
1'|'_||: Eﬂl_‘lE‘l‘ﬂ.Fl‘l:ii: ATe@ 1:|.1'|.'|:'n:-d, |1r.|d the quﬂ!l.t:r |:|-f the map 1=elf.

As discussed, each wehicle position repost is passed 1o the map database, map-
matching, or human-machine interface module (depending on the system design);
the map database mformation is then vsed o translate the position inte & map
coordinare. Once this translation has been accomplished, an icon representing the
vehicle and ity corrent locamon can be output o a host map-display scadon. The
digplay of all vehicle pogition informanon iz controlled by an augmented human-
machine inteeface {instead of the n-wehicle human-machine interface module as
before). This display can take many forms, For example, vehicles and locations may
be displaved as a tabular lise of sereer addresses or as an icon on a road map, A
road map may display wehicle information in a form similar to chat used by air-
traffic-control stations to display airceaft {which combines text with a spatial repre-
sentation of the aircrafe position), The human-machine interface can also ke on a
wide variety of formarts, as discussed in Chaprer 7,

The display function of a centralized location system differs from thar of an
in-vehicle map display. In-vehicle displavs are generally only concerned with the
lacatioon oof a sinEI-u vehicle on a map. The haost digplay funcrion 18 concerned wizh
digplaying imformarion on an entire fleer of vehicles, possibly simultaneowsly, This
function may use various magnification of “zoom" levels o display local and
detailed, or wider and less detailed, geographic arcas, This allows multiple vehicles
tor be tracked, but it may be necessary o sacrifice the details of individual neighbor- .
hood roads in order o wrack a large number of vehicles in the arca being covered.

This zoom capabdlity shoald be configurable under host operanor conerol, and also
automared if nocessary in case wehicles move out of the edge of the coverape area,
The host should also have the abilicy to rack, in degail, the route of a single vekicle
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| of interest, This ability is especially important when covering specific emergency
| vehicles (such as ambulances) responding to an incident.

In addition to TOA, ADA, and TDOA, other technologics can also be used
for remote location determination by the hose, For instance, short-range beacons o
magneric field loop derector sensors (Section 8.3.7) installed zlong fixed bus routes
and controlled by a host facility may be sufficient to update locanion information
for a public transportation management center, Some liverature refers ro this echnol-
opy (and beacon rechnologies) as signposts and systems constroceed from these
rechnologes for avtomaric vehicle location as prosimity AVL systems. Inserested
readers can find in-depth discussions and analysis of some proximity technologies
in [1]. Another available rechnology is the TIDGET system [2,3]. Unlike tradirional
GPS-based location systems, the in-vehicle TIDGET receiver does not compute lari-
tude and longitude from the satellite signals, Instead, the on-board receiver passes
the raw sazelline measurements through the communicarions network ro a host for
processing. The host then caleulares che locarion of the mohile, assisted by a map
and a reference GPS receiver. Becavnse no location calculatons are performed on the
mobile unir, the in-vehicle squipment cost & reduced. For a survey of available AVL
| technologies and applications, refer to [4] and the other references mentioned in
Section 9,22,

Up to this point we have primarily been concerned with vehicle location from
the perspective of the host, The configurations discussed have assumed the intelli-
gence of the location derermination woueld reside in the host and commumications
network. This approach makes sense when we wish to avoid large-scale or high-
cost retrofitfinstallation of equipment on an existing fleet of vehicles, Mext, we will
| look ar vehicle location systems where the intelbigence of the location determinarion
| function resides on the vehicle itself. .

10.2.2 Dhstributed Approach

A digtributed location system is a system that can rack the position of & feer of
vehicles within @ particular area based on devices at the mobile end thar report the
| information to a host at a central facility. In short, in this sverem, the individoal
| vehicle or mobade device derermines its own location, As before, the central host can
take different forms but without the location determination capability. All of the
locaton rechnologies mrroduced in Section 9.2 are applicable to this syarem.
The two most important modules for an AVL svstem are posinionimg and
communications. As we now know, many different techonologies are available for
usz in these modules, The positioning module could be as simple as a GPS receiver
alowe or as complex as & mudtiplessensor {including DGPS), map-matching-based 1
subsyseem [5). The communications module could be as simple as 2 one-way data- !
only link from the mobile anit to che host or as complex a2 3 rwo-way data and

—
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volce connection. Furthermors, there are various communications media available
for wireless connection of an AVL system (as discussed in Chapter B simple paging
nerworks, cellular nerworks, land-mobile radio networks, shos-range beacon net-
works, and sarellite networks, The list of different combinations of technologies can
grr on and on. Figure 10.3 shows one representative class of geaeric AVL sysrems,
where the human-machine interface could be uzed for a variety of purposes. One
simple example is ro display information for the drver, The simplest system could
consist of only a posittoning maodule for the mobile chient, Mote that the host server
might have the exact modules shown in Figure 10.2 or just 2 map darabase with a
human-machine interface.

The aystem architecture for this generic AVL aystem iz somewhar simdlar o
thar described in the previous section, but with the postion determination capabilicy
hosted on the mobile onir. Tt is assumed that the host can wse the previowsly described
companents in addition to providing a server that responds wich location information ]
whenever a client vehicle provides position data, ¥

Hn:-w WE U5E & very :u'mp|¢ ;’ﬂ"l. 5}lﬂum A5 an exa m]:!]-:'. a3 see funay sl.l.-:'.‘E‘l. a system :
might work. In this system, the only location determination component is an oa- -
board GPS receiver, To reduce the overall system cost, none of the map database |
and map-marching modules is supporeed in the vehicle, In ehis architecture, the

Hiosl
Sanser |

Wirslass
Cammunlcations
'fM{H:lIB -‘\l
Cliant Cigital Map Human-Machire
Lradab-aee " Intarfaca
Map s
Matching ~—— Posilioning .

' J

Figure 10.F A generic diszribured AV syeten,
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cncbile wrilizes 2 simple 40-characrer LCD o display information and disparch
messages. Additionally, the mobile unit will query its position from the GPS receiver
every 5 min and repore this position o the host while receiving messages from the
host. After obeaining the location report, the host will display this location informa-
pion an its monigor, provided the vehicle in gquestion 1s monitored. We assume that
this svstem supports a maximum of 100 package delivery vehicles in a single fleet
over an BF communications infrastructure.

First, consider the GPS-based positioning. Recall from Section 3.4.2 that the
pocuracy of the GPS receiver s affected by SA, 5o that uncorrected GPS measurements
are not suitable for applications that require highly accurate position, velocity, and
altitude information. However, in our case study we can assume that the package
delivery vehicke is followang a known route, and the position feporr it provides to
the host only needs to be within a block or pwo, After receiving the reporved position
from the maobile GPFS anit, the known rouge |'|[|.1: tha p-.:::rir.inn informatisan willflm-'l.'ide
enoagh information for the host to obtain a rough estimate of the location (in this
application, a rough estimare may be all that 15 required},

Umce the vehicle being tracked has position data available from the GPS
receiver, the position is reported eo the host, This mechanism is provided by the
mobile-based client, This client can be implemented as a software library capable
of supporting multiple communications protocols and hardware archirecoures. The
basic logic for this client is to initialize i communications channels and then enrer
g polling foop thar perindically reads the communications channels, Mote that we
assume that there are two commenications devices on board, One is 3 cransceiver
for communicating with the host via the wircless communications module and the
other 15 2 GPS receiver that provides position information for the on-board position-
ing module. f

The channel inirializarion algorichm opens the inbound and outhound commu-
nications channels for the wamsceiver separately, implying read-only and write-
anly capabilities. A thied separate initialization procedure is performed on the GPS
receiver. The channel to the GPS receiver is read-and-write capable. This allows
inirialization commands o be sent o the GPS receiver, and responses and pogition
dara o be received from the receiver. It s typical for the innalizanon algonthm to
have an auromatic ecror recovery compaonent in an embedded mobile systeim. This
component may wse staged recovery logic in an attempt to kesp the systermn operating
after & faillure has ocenrred.,

Mext, we look ar the mobile polling algosithm. Onee the communications
initizlization has succeeded, che system will enter a conbineons polling loop, A
simplified algorithm for this polling activiey might look like the following algorithm.

Merbrd e P-:;ll',lr:g A fgn;-r,ll.l}m

1, Get the Current_Time,
2. Set the Mexr GIS_Position_Ouery_Tirme = Coerrent_Time + § minutes,
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3. Uneil system rerminarion, do che following:

1a. Get the Current Time.

b, IF the Current_Time = MNext GPS Positbon_Ceeey_Time, read the
GPA_Poesivion and  ser the  Next GPS_Positicn Query_Time =
Current_Time + 5 minutes.

* Format the GPS_Position_Message and send it to the host via the RF
oarthound channel,

3c. Check the BF inbound channed for an inbound message and its rvpe,

o If the Inbound_ Message_Type is an Information_Message, formas it
on the LCTY_Display.,

o If the Inbound_Message Type is a Disparch_Mescage, sound 2 tone
and formart it on the LCD_Dvsplay.

3d. Go to step Ja,

In this polling afgorithm, we assume chat the mobile system has the capabiliry
o provide the current time obtained from an on-board sowurce. We could, if necessary,
dertve it from the GPS receiver itself. However, if we derive the current time from
the GPS receiver, our algorithe would have o change so thar the GPS receiver is
pelled each time through the loop po obtain the current tirme, Begardless of how we
obtain the currens cime, we would only report position daga vo the host every 5 min,
in order 1o reduce the amount of waffic berween the mohile unit and the host, This
update rate could be set ro some ocher fixed interval based on che applicanon. Ar
each of the reporting steps in step 3b, the alporithm creates a position message
for the hosr in an agreed-on formar, and sends it ro the host via the outhound
communicatons channel. At a minimum, this message will contain che vehicle identi-
fication, the laticode, and the longitude of the vehicle. The merval fimer For control-
ling of the polling and reporting period is reset whenever the mobile unit receives
a position report feom the GPS receiver.

Ancther simplifving assumption made by this algorithm is thar che GPS position
report can be derived from a single reading every 5 min. To provide a reasonable
position report, the GPS receiver musr track ar Jeast three sarellites to obrain a rwo-
dimensional {latitede and longitude) fix, In an arban envirenment with call building
blockage, this condidon may notr be met at all times, Several seconds may elapse
before the receiver is able to compute o position fix, The receiver may simply output
the last known position if it hag been on continuously. |

Mext, the algorithm checks o see if chere is an inbound message from the hose, |
This inbound message may be cither an information message, a dispatch message,
or some other type of mesage. For instance, informanon messages might contain
information like “On Main 5t.—35 min behind schedule™ or something of char nature,

A dispatch message may be preceded by a tone to differentiate the message from an
ordinary information message, The algorithm is also simplificd in dhar there is no
provision for the driver ro acknowledge the receipr of 8 messages, or prevent a new f

260
PORTO IMVALIDITY 00002430



Centraliged Location eud Mapigation 151

—— e i R T ™

message from overwnting a potentially unread message. These issues would have
to be addressed during system design,

In thes case study we assumed that 3 wireless commuoniatons module was
f available to suppor messaging berween the mobile unit and the host, The communi-
catrons requirernent for this small flect of delivery vehicles, reporting ac §-min inter-
vals and receiving information and dispatch messages, implies a fairdy light=-cury
infrastrucrure. For example, the worst-case inbound message rate would be;

100 vehicles = 12 messages per vehocle per hour ® 30 characters per message
» 1 messagel} sec

= 10 charactersisec

< 104 bps.

The cutbound message rate would be different from the inbound rate, depending
on the structure of the information or dispatch messages.

The type of communications infrastructure to be wsed depends on several
additional factors, Some of these factors are coverage, equipment cost, installation
cost, maintenance cost, and vsage cost. Based on the size of the delivery fleet in the
current case study, it is likely that all commumications would be run by subscnption
| .‘]1.n:-|,:|5]1. :.:m'ruhum'l.".ll:il:rri: SEFVice FIDIJ'I."il'.!E'I'. Oin the I.:I-ll'b:':l' |'|.l:|'|.d, i d.ﬂ]i;.‘:l;r.'d nn:l:ururk
' i5 typically vsed for controlling a much larger flects of vehicles or public emergency
fleets.

Cme appeoach o supporting the commumications mfrastrecture invol ves using
cellular modems. These modems provide dara messaging ower the cellular necaock.
This tends to be a higher cost method of message delivery in thar today’s cellular
networks are orented toward voice delivery. For analog cirant-swatched data trans-
fer, each inbound and outbound message would require a call to be established, a
short message delivered, and, finally, the call disconnecred. We could consider leaving
the cellular connection up continuously, bur this would be expensive and carrier
boss doe to changing RF conditions (fading) would be likely to occur in chis mobile
environment. In addirion, cellular dara madem selections depend on variouns Factors,
such as circutt-switched daca transfer or packet-switched dara transfer, and transms-
gion data rates and promcols. Refer to Section B4 for a brief discussion, as well
a5 [A] and the references contained therein for more information on modem selecrion
in calledar-hased AVL a?]:lfic.ati-uns..

U!]’!l’.‘f SO ucAtioRs sernces such ax rhmz pl:l::l'rin:h:d. hg,r srl.rl.-:ml Fri'l.'qi.'t r]atn
tadic systems or specialized mobile radio (SME] operators, tend vo be oriented
toward data delivery, The subscriber equipment costs tend to be significant, but
pricing can be set up to be directly relared to message throughput, which is low in
thiscase study. Anextended rwo-way pging system may be a reasonable communica- [l
tions solution for this type of application. Messaging rates, subscriber costs, and {
message delivery costs are a good fit with the communications requirements. In
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addition, the communications bandwideh limiration for the host, in chis case, may be
a function of the number of vehicles in a fleet artempting to transmit simuitaneously o
tihe host, We could reduce the communicarions cost and probably rhe commumica.
tions bandwidch by reporting the mobile locarion back o the host only when neces-
sary, Uine strategy is to wse the communications channel based on the distance
tr.='|.'|:|eq| rﬂl:]mr than I:hi: e :inTJ:r'.r.:'L This will e|im§nqte w.a.;h:d i::rmmunjmtiung
expenses in sirnations such as the vehicle is standing seill and continues reporting
its position back to the hose.

Another alternative for the communications infrastructure may involve a hybod
combination of rechnolagies. We may be abie o use FM subcdrrier broadeast for
messaging from the host ro che vehicles, and provide vehicle o hose data through
g one-way paging mechanism using packer switching.

The host (server) side of the commumications capability would be implermented
in a similar fashion to the mobile jclien) side. The lowere [evels of the communications
syezem would most likely quewe incoming message reports, which would be processsd
in a firse-in first-out manner, Each received message would be eveluated for vehicle |
identification and position [latitude and lengitude]. The received message dats mighs !
have the following formar: ;

NN | R OO | YY Y YT Y Y Y<CR>

vwhere

BB vehicle idencifier number (VIN)

MMM NNKNY  ASCT-numeric representation of the laprude
YYYYYYyY ASCH-numeric representation of the longitode
“CR= message delimiter

This message would be time-stamped by the host and passed 1o the human-machine
interface, map database, or map-matching module, which could then use a databass
to correlare the vehicle 1D number with a known vehicle rouge, Thes roure informa-
tion, combined with the reporved position and delivery fime, could be used 1o asaist
in accurately detcrmining the vehicle’s locatron along the route. If the latitude and
longitude peported are not on the route, the moduls can then devermimne cthe closest
route location and map the vehicle ro that lacatian. The tme-stamp of the received
miessage can alzo be wsed as a cue by corvelating the wehicle to 4 known delivery
schedule and destination. An outbound message indicating the delivery status of the
vehicle can then be sent to the vehicle in responses o the reported position message,
This cutbounsd message might have the following formar:

NMN | T | M{40]<CR>

whers
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]
NMNN wehicle identifier number (VM) A
T message rype linformarion or dispatch)
M[40] ASCH free form 40 character maximum fext message ,u
<CR=> message deliminer Iﬁ'
Thiz meseape would be sent to the mobile unit and displaved an a 40-character I. I
LCD. An example message might be as follows: 001 |17 | “On Main S5t.—3 min ||-I
behind schedule.” The vehicle driver would only see the text message "On Main i
St.—35 min behind schedule™ on the LCD display. Dispatch messages to the vehicles {
would take the same message format. It is assumed that we are using an FM subcarrier i{!f
or packet datz service that supports broadesst messages to our vehicle Beet. We II
coubd send a message 1o a sngle vehicle by using its identifier, an “I" for an informa- i
nonal message or a "D for o dispatch message such as “Special Pickup at 365 :'i
Commercial Ave,”™ A special vehicle identifier such as 000 or 399 could be used to i
indicare that the message is a broadcast message to be received by all Aeer vehicles. h‘: ]
The host'disparcher sration might include a map with the wehicle locations :.*J
¥ displayed, as discussed in the last section, As discussed in Chapter 2, a preprocessing i
; step may be necessary o ranslate the vehicle position data formar into the format g
3 used by the map database, For example, we may need o take WG5S 54 position '1':r:
il informadon and translate it go UTM if the map database wses UTM encoding, This i
Ef translagion may or may not be necessary, depending on the system components wsed. il
|_' The map database itself can be much maore exrensive if it resides on the host racher ll!l
g than the vehicle. In addition, the buman-machine interface might provide an editing i
E window for the dispatcher to enter vehicle IDs and messages in order to provide S
£ informative mesaages 1o one of more vehicles in the fleet. i
B In summary, we have outlined a case study where the intelligence of the location Sr
B determination is embedded in the mobile wnit, which implies a higher cost per mobals I ;i
i unit. We can, of course, increase system accuracy (ar added cost) by including '.'.I
) addironal modules in both the mobibe mnit and host, For example, in the case studied ,F' i
] here, adding maore on-board sensors or map-related functions would allow the vehicle ,!'
o report its position back o the host even when a GPS blockage pecurs; this is a i
very valuable feature for mission-critical applicasions such as police wehicles [5]. i
o Furthermore, with various modificadions, an AVL systemn could provide location- i
dependent services, such as mayday, roadside assistance, stolen vehicle recovery, r,‘-

and even route puidance. In the last section, we discuss some applications of thess
traveler-oriented services.

e

10.3 DYNAMIC NAVIGATION

S

5

A dynamic navigation system oses real-time traffic informeation to asast users frave-
ing on road networks. In the literature, this technique is aleo known as dynamic _
roure guidance. The on-board hardware generaily includes some or all of the i '

T e

-
=
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composents shown in Figure 9.5 with the escceprion that a transceiver i subsestuted
for cthe receiver. As discussed in Section &4, i is much better 0o use dynamic
travel costs than static travel cosos for rowts computacion, since the dynamic cost
informution reflects the sciual situanon on the roads. These real-time traffic dars
{ add one more dimension for the system o sobve the route guidance problem, that I

i L E TR T

i5, time. [noatatic navigation systems, the cost of each link {or road segment) is Fixed.
In dynamic navigation systems, the link cost varies with time as road and traffic
conditions change, We shall fiest discuss systems in which the route guidance ingelli-
gence resides on the ceneralized host Facilicy,

10,31 Centrahzed Approach

Centralized dypnamic navigation systems rely on a muliivehicle {sysiem-wide) route-
planning module ro guide vehicles on the road based on real-rime reaffic informarion.
In other words, optimizing each individual rowre for all the vehicles in a particular
road network is solely the responsibility of the host

Centralized dynamic navigation systems have a central road map database,
which can be updated in real dme by vehicles on the road acting a8 probes reporting
back traffic informarion. This database can also be updated using other technigues
and methods of analysis. These means include loop detectors, video images, ultrasonic
devices, anecdlatl information such as police reports and mohile phone user FEPOTTS,
ete. The system includes a cencralized multivehicle route-planning module. As we
saw in Section £.4, the main difference between static route planning and dynamic
route planning s that the former vses o static database for planning and the latter
uses a dynamic database integrated with updared resl-time walfic informagn, The
central map database is updared periodically based on the current traffic conditions,
The mulovehicle routesplanming module calculates optimal or near-optimal roores
for every possible (or selecred) ongin-and-destnation {01} pair or designated-zone
pair in the road network. There are eseentially two methods: on-demand caleulation
and periodic calculation. The former is calculated for each driver on request based
on the O-D palr subrmirted by the driver, The latter i5 caloulated p-q:r.iq:-ﬂn;nﬂ'y for all
[of salacted] O-I pairs of For designated zone pairs. Detailed discussions of various
mulnvehicle roure planning algorithms can be found in the references listed in
Chapter 5. Mote that mulovehicle routs planning was briefly introduced in
Sectiony 5.1, and a few algosithing were discussed in Section 5.6, Atrer planning,
these optimal or near-optimal route dara are then rransmitted to all vehicles or o
designated vehicles at periodic intervals 1o diveet them o their respective destinations.
0 the mobile side, a destination must be selected by the driver using an in-vehicle
navigation device, This information can be used for planning, or {in the case where
broadcast roure data are being received) it can be used by che on-board system to
Filear fug Emr].:lnce datn wrralevant ro ite destination.
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Figere 10.4 demonsteates generic centralized dynamic navigation, Mote that
the two-way arrow between the two modules in the mobile unit implics that some hf
implementations may need hwman assistence or itervention oo initalize or resec

the vehicle position. Based on the technologics presented in the previoons chapters, 4
we know that many variations of this simplified peneric architecture are poccible. h'i,
We can 2dd or subteact modules on either the host side or the mobile side o tailor A
the svstem in order to meet the user requirements and cost objectives, Because the i
mmnint efmphasis of this book is on the vehicle side of the system, we shall no present ’ ';I
a detailed discussion of ihe centralized approach, but refer interested readers o the it
references cired in this section for further informarion. I]I
L
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The porton of the centralized dynamic mvigation system involving transmis-
sion of navigational informarion can be implemented using the technologies discussad
in Chaprer 8. One implementation, EURO-SCOUT, uses a short-range infrared
beacon network as the commuonications mediom [7]. All IMAGENVENINE NSNS
and relevant puidance icons displayed on the vehicle are derived wsing data received
from roadside infrared beacons, which are connecred via cables to a host in a central
faciity. If a wehicle equipped with a dead-reckoning positionemg module deviares
from the planned roure, the on-board system swirches to autonomous guidance
made, and the sywem displays a directional arrow pointing toward the destination.
Upon encountering the next beacon along the road, the vehicle receives new gurdance
infarmarion and once again retorns oo its nosmal centrally assiseed guidance mode,

In Japan, the comcept of centralized dynamic navigation was first investigaged
in the 19705 [8,9]. This system was tested in the Comprehensive Automobile Trafhic
Contred System (CACS) project. Unlike recent projects in Japan [10], loop derectors
{amienna) ar the entrances of intersections were wsed, A moere recent field vest, the
Universal Traffic Management Syetem (UTMS), vtilizes a newly developed short-
range Beacon netwaork as its vehicle-to-roadside communications mediom [11,12].

In the following section, we discuss an approach opposite ro the centralized
one, that 15, an approach in which roure guidance intelligence s distributed among
all vehucles equipped with navigation units. Unlike the distributed approach, the
centralived approach can easily avoid the Braess paradox effect (Section 6.4], The
pverall efficiency and road vrilizaton shoold be higher for a road merwork managed
by a centralized host. The tofal cose of constructing a centralized system wich simple
in-vehicle units is lower than a distributed systern with sophisticated in-vehicle units
operaging under limited cenmralized control. On the other hand, the dispribuied
approach does not reguire a very powerful and robest host computer, reduces the
hm'rr wireless communications load, and allowrs drivers the freedom o selece cheir
owen routes if the on-board system provides a choice of criteria for rouee selecrion.
It also places more of the overall system cost on individual beneficiarices.

1032 Dastriboted Approach

A diseribuded dynamic navigabon system rehies on inevehicle modules for route
guidance based on real-time wraffic information received from a communications
nerwork. In other words, route guidance is solely the responsibility of each individual
vehuele.

Az o centralized dynamic navigaoon systems, vehicles equipped with distrib-
uted dynamic npvigation units receve dynamic information from a host. These
s¥stems can also operate as maffic reporting entinies (probes) to provide craffic
information eo the host. Mote thae other sensors or anecdotal information could be
used with or withour vehicle probes o provide real-time traffic data. The mmavel
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tirmes required to traverse road segments [or links) are recorded by vehicles or other
devices. These trave] times are then reported ro the host via an RF or infrared wireless
communications infraspruceure (of some other means of communicatron),. The pur-
pose of these reports is to provide real-time treaffic information for each link traversed.
Given a large enough sample, the curcent road conditions (travel times) can be
statistically determined; these current road conditions can then be broadcast 1o in-
yehicle units so that they can determine proper guidance acrivites,

Oine possible method of displaying the read conditions for operatons is to use
a host-based map display. It can use the rraffic congestion informartion reporoed by
probe vehicles vo show rraffic conditions in color-coded format. A route in green
may mdicare free-flowing traffic, whereas a route in yellow might be somewhart
congested. Yellow coding could {for example} be used 1o indicate defay times grearer
than one standard deviation in the normal wravel time. Red could be used to indicate
heawnly congested, Blocked, or travel dmes tao or more standard deviations above
the normal travel ame, Vehicle travel speeds can also be used for the same purpose.
Figure 10.5 represents the recorded speeds for cars traveling along a link with a
speed limit of 55 mph {miles per howur| during a 12-hr period of a day, The horizonzal
axis represcnts speed, and the vertical axis represents the number of cars ac chat
gpeed. This refatively small dara sample can be used oo illustrate chis idea {in actoal

Number of Cars
500

500

46 48 50 52 54 56 58 60 62 64 66 6B
Vehicle Spead (milashour)

Fagure 1L5 Wehicle specd distribution for a 55-mmph sp-m] mono on Awmgast 24, 1991,
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|-m]1|£men'[:riq'|n, a [-l:mg_r.l: pi,-:rﬁ;u:l af chservatinns 15 affen rl:q|,11rr|:| ta ohtam a sulffi-
cicnely large set of statistically meaningful dam). The mean and standard deviation
for these data are 56.56 and 4.38 mph, respectively, Using an approximare valese
of 5 mph for the standard deviation, this link would be color coded green if the
current sample of vehicles was wraveling ar average speeds grearer than 52 mph, A
vellow color code would be used if the current sample of vehicles was eraveling at
average speeds from 47 to 52 mph. Average values below 47 mph would be color
coded as red. Similar techniques could also be used in mobile map displays or ocher
centralized location and navigation systems.

The average rravel cimes for vehickes may deviate significandy from the normal |
travel times for a given ame peried and road segment, The mavel times recorded
for the 100 black of one major street for the period Saturday 7:00 AM~5:00 AM.,
may show no congestion ar all. By contrast, the same rime period on Monday
may show traffic congestion. Given this comgestion information, properly equipped
vehicles may be diverred o 5 sustable route around the congestion, Traffic manage-
it -e:-f I:['l.ix I:jrpe ré:ull.".s i hiﬁ;"u:r 1.:|I!F|izﬂi.-r.||:| mt tJ'..l,-: r.l'iti:re road netwark 'ﬁrh'rh:
reducing overall network rravel times. This helps reduce the need for new and existing
roadway construction by smoothing our the peaks during periods of increased traffic
COMgESHOn,

The wireless communicarions infrastrpcrure for ordinary vehicles has less serin-
gent throughput requirements. Messages can be quewsd, and quening delays on the
order of seconds are not as catastrophic as they would be in the case of response
times For missbon-ceitical emergency vehicles. This implies a less complex and lower
cost message delivery mechanism, On the other hand, a reliable, high-speed message
delivery mechanism is a2 must for any system providing emergency services, This
principle applies to all the systems we have discossed.

The basic system architecture for a distrbuted m-vehcle dynamie I:ul.'jg:lrh‘:ln
system is very similar o that shown in Figure 6.1, plus the rwo-way communications
support and the dynamic route puidance components discussed in Section 6.4, [n
other wards, its architecture is stmilar to Figore 1.3, The host modules are similar
e the diagram shown in Figure 10,4, although dhe mulbvehicle route-planning
module can be omitted depending on the design. Because in the next chaper we
will stedy a working distributed dynamic navigation system in detail, ferther discus-
sioms of the system organizadion are left o the following chapeer.

Many operational feld tests of distribueed dynamic navigation are currently
under way. The System of Cellular Kadio for Travel Efficiency and Safery (SOCRA-
TES) propects in Europe plan to wse the GSM cellular neowork as & communications
medium o rest the dynamic navigadon concept | 13]. The bagic one-ro-one cellular
finks are modified ro allow the cell to broadoast to a5 many SOCRATES vehicles
ag are in the cell ar one dme. One of che SOCEATES projects, TANGO, uses
the Mobitex packet data network [which 5 equivalent o the BAM nerwork,
Scction 3.3.5) o communicate between the host and the mobile unic [14,15]. The ! !
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|
Vehicle Informarion Communicarions System (VICS) peoject in Japan uses infrared l
beacons, microwave beacons, or FM broadeast subcarriers for the communications IE
channels between mobile unit and host [16]; this system has evobved into an opera- RE
rional system (since April 1996), and in-vehicle units are now being sold ro mooriss. Iy
All of these tests have seccessflly rafsed public awarenese and mterest in vehicle H
navigation for more efficient, safer, and better rransportation systems, | i
Addittonal applications, such as requeses for roadside assistance, accident “li
reporting, and even on-line ordering of rickets for entertainment events as the vehicle .
approaches the event location, may also be implemented as part of a dymamic
navigational system. Many of these applications could be supported using the archi- {
tectures described in this chapter, 'ﬂ.if
104 APPLICATIONS: MAYDAY .H
'
The automatic or semiauiomatic mavday (location-dependent emergency call ) system :[:':
can instandy connect vehicle occupants with a service cenrer for arention or assis- ’_-,r
tance, in addition to auromatically reporting the vehicle location, Many people view | |
this as a necessary servioe. In particular, as noted in Chapter 1, most travelers in i
the Unired Scapes rate such a system as their top priority when adding new equipment il
i their vehicles. it

In a relared vein, we mentioned ES11 ar the beginning of this chaprer, The
advancage of E911 over basic (or wireline) 911 is thar the public safery official
knows the caller’s address and phone nomber. The US. FCC has recently made

s
"-'

E911 a mandatory requirement for wireless communications services such as cellular f
telephone, wideband (broadband) PCS, and geographic area SMR {Chapter 8}, This “_
addirional requirement and wpcoming service is called wireless ES11. The FOC Hr
requires that within 18 months of the date the rubes become effective (October 1, Wl
199R}, public safety answening-point (PSAP) attendants of wirekess commuoncations !
networks must be able o know a 911 caller's phone number for return calls and 1;_:';

the location of the base station or cell site receiving the 911 call, so that calls can
be rowted o an appropriate PRAP; within § years, PSAD attendants must be able to
locate the caller within & radius of 125m in 67% of all cases (61 FR 40348-40352),
Thess rules could facilitate the development of many vehicle location and navigation
applications that use communications infrastructures similar to those used for wire-
less E911, As we discuss later, current mavday systems integrate GPS receivers with
2 communication device to automatic report vehicle location, Onee the terrestral-
rachio-based posiconing technologies improve under the FOU requirement, the GPS
recemver would yield to them in many location-related applications. It will certainly
have a great impact on furure mayday sysoems.

The services provided by a mayday sysrem could be expanded to include many
of the following mems:

== S S
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= Emergency services with location;

* HEoadside assistance with locarion;

= Route assistance or guidance;

= Remote door unlocking;

* Thelt detection, notification of theft and stolen-vehicle macking;
= Airbag deplovment notification;

* Travel information (traffic, wearher, food, gas, lodging, ete.);

¢ Hands-free and voice-activated mobile phone or pager.

As with chie svsrems discussed above, mayday syvstems can take many different
forms. For a fleet of service vehicles, 3 mayday system could be similar to the systems
discussed in the last two sections. For a privare vehicls, a mayday system is usually
simpler in system architecture but more human osiented. In this section, we concen
trate on this type of system.

One key featare of the mayday system is its human-centered design combined
with a cost-effective locanion capability. An individual mayday system does not need
ro communicate with the host on a repular basis (as most AVL sysrems dol, so
there is no need for & high communications bandwidth. For increased security and
reliakility, the systemn should be activared either by the user or by an emergency
event devecred by one of the safery sensors. Only at this moment & the communica-
wions channel established. It then keeps the wser in voice contact with a human
operaror over the communications channel. The system typically needs to have two-
way voice and dara communicarons because the vehicle location Information is
automarically transmitred to rhe host once the communications channel iz ssrab-
fished. As we see in Figure 10,6, the system architecture is much simpler.

Because the mayday system includes s service centér operared 24 hours a day
and 7 days a week, the hoso facilicy may be simplified 1o a map database with
human-machine and wircless communications incerfaces. The in-vehicle system may
be composed of a microconteoller to control & GPS recepver and a wireless communi-
canions device such 28 a cellular transceiver. As an expandable plarform, this sysem
could be augmented o inchsde many other services as described ar the beginning of
this section, This may require some af the other modules discussed i Pan 1, as well
as safery senpors such as an airbag deplovment sensor and a crash ssnsor,

Figure 10,7 shows the on-board equipment of the mavdav svsrem, RESCL
(Remote Emergency Satellise Cellular Unit), which is available as an origmal equip-
ment mantfacturer (OEM) product for the 1996 Lincoln Conrtinental. The op box
in the figure 1s & cellular phone transceiver. The bottom besx conrains 2 microcon-
erclles, a GPS receiver, a modem, and various conteol circuits. Model year 1997
Cadillacs have just begun o offer a similar system called OnStar in late 1998,

The RESCU system uses a GPS receiver for positioning and an analog cellular
phomne {AMPS network, Table 8.3) for communications. It can be activated by either
of two bumons in the overhead consobe. The tow-mrock burton inidates a roadside
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assistance call and the ambulance button initiates an emergency call. Once either
butcon 15 pressed, a warning light Iecated in the overhead console begins to flash.
Status mestages are then shown on the mulbfunction display of the ipstrument
cluster. The cellular phone in the vehicle automatically places a call to che service
ceneer. Immediavely after the communicatons channel 5 established, the sysem
sends che vehicle identification number and locaton informarion 1o the host via the
voice channel of the cellular phone using a ncdem. An operator at the center verifies
dezails of the siruation via the celinlar phone voiee channel and confirms the vehicle
location using a map provided by a map darabase module if possible, If required,
the operator may mameain direcr voice contact with the driver via a three-way call
natil help arrives and will norify designared family contacts in case of an emergency.
If roadsidie assistance 15 requested, the center provides an estimated time of areival
and will call back to confirm that the problem has besn resalved,
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Figure 10.7 In-vehicle hardware componenes of the RESCL mayday system.

Besides the OEM products offered as options on luxury vehicles, other afrer-
market mayday syseems either have been available for some time or will be available,
The most notable is Avrolink, which also uses cellular for its communicarions
medium and should be on the market very soon. As proposed, in addition to emer-
gency and roadsade assistance, one ingerestang feamre of the system is that the
vehicle body compurer and engine controller are also connected to the host via the
communications link. This makes it possible for the host m open door locks and
turn off the enpine remotely. To reqguest eravel informanion, drivers misst use a phone.
For instance, when the dnver calls for navigation assistance, turn-by-turn navigation
instructions are generated by the host and sent to the driver over the communications
network. These instructions will be displayed in texe form on the screen of the
humian-machine intérface modole. Oeher altecnarive methods For displaying ingesue-
tions, such as instructions produced By a control device or voice anRouncements,
are also possible. These proposed features make AutoLink mexpensive, while sill
providing basic navigational assistance when needed, in addinen to the mayday
service. The navigation assistance, route guidance, and other mavel informarien
feamres have also been suggested by others to implement over the cellular relephone
neowork [17], One appealing poine of providing these navigation services over these
and other types of communicasons links is that costomers pay for the services only
when they need them, and there is no need to updare individual map databases as
required In aubonROMoUs NAVIEAHon SYsiems.
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S e

In addirion ro these commercial produces, there are also several ongoing opera-
tional field tears of mayday systems. Interested readers can obtain derailed mforma-
rion on these systems from ITS-related conferences or appropriate Infernet WS W
home pages [18].

Before studying = practical dynamic navigation syseem in the next chapter, let
us think about one gquestion. Suppose thar you are responsible for designing a next-
generation location or navigarion systemn. Would you prefer placing the intelligence
on the mobile unit or on the host? In other words, do vou prefer the centralized
approach or the distributed approach?

e
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| CHAPTER 11

A CASE STuDY: ADVANCE

11.1 INTRODUCTION

ADVAMNCE is an operational cest for the Advanced Driver and Vehicle Advisory |
Navigaton ConcEpt project. It was a test of the dynamic route guidance concept J
| in the northwestern suburbs of Chicago, Nlinois, To be more specific, the projece I
used a distributed approach, that is, the intelligence of the dynamic navigation system 1]
| was placed on the maobile unit. The ADVAMNCE project 15 a public and private sector |
{ partnership. The main participants in ADVANCE include the Federal Highway ;
Adminisrration {FHWA), the llinots Department of Transportacion {IDMTY, |
Maotorola, and the Hlinois Univérsities Transportation Research Consortium (Morth- I
| westersy University and the University of Hlinois at Chicage), In this chapger, we
. learn how various ideas, hardware, and software (or modules) can be combined 1o [
form a successful working system through a case study of this project, | 5]
The ADVANCE project was launched in July 1991, A major objective was o !
determine if mororists supplied with real-time guidance could avoid maffic congestion
and improve trip quality. The field test was completed in December 1995 with a
targered deployment (4ee the next paragraph). The peoject is expected o be completed
by the end of 1996, At that time, all documents concerning this project will become
available ro the public.
Using a combination of technologges including differennal GPS (DGPS), dead
reckoning and map-matching-based positioning, BF wireless communications,

T
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|
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dynamic route guidance, CD-ROM map storage, data fusion, and others, the
ADWANCE project provided drivers with continuously updared navigation direc
ti{:-m! arid :r'ml::uL'rivl,‘:-l:m. .&rrhm:g,h rh: I,:I-I'iEi.‘l.il pnlit:l:.r di::P_l-;_'.rn'u:nT wWas o [1.31.":: |,;|5|:|:|:
a6 many as 5,000 privace and test vehicles in a much longer time frame, the recently
i complersd targeted deployment phase had the following features:

o Guicdanee systems were mstalled :n 80 vehieles,
+ Testing was conducted using rhese exigting project test vehicles.

The “familiar driver™ tests using volunceer deivers were conducted for 2 wecks
per dnver,

; Many aspects of the ADVANCE sysrem wers tested i a controlled environment,
The time frame for resting and evaluation was reduced.

As indicated by the project office, the project gained several benefits under
targered deployment {1]. One of the largsst was a financial savings of more rhan
£27 million due ro the reduced rest scale and rime frame. Addidonally, the change
in H'1'|]'!|‘|Ftl5i!-i |'|n|_1'rr gup]'.-rlrl't‘u'! s l'r.:ns.':-::lrm.;lrinn af Thr Trn'l:l"r..— 1nFquma|"_in:m If.rn ter
intg a regional center distributing travel fime information for the Gary-Chicago-
Mibwankee corridor, Both of these could be accomplished while seill resting many
of the concepts wichin the orignal scope of the study. Anocher imporrant benefic
of the tirpeted deployment was a quicker turmaround on reports back to the industry,
becavse the overall time frame had been reduced. On che other hand, cargered
deplovment will have an adverse mmpact on the statistical significance of some of
the data collected and evaluations conducted. We address these ssues in the last
section of the chapter,

The entice ADVANCE rest arca covered more than 776.66 km® {300 square
mules), including portions of the: Ciy of Chicagoe and more than 40 commuonitics
northwest of Chicapo {Figure 11.1). The project inclueded the high-growrh areas |
adjzcent to O'Hare Intemnational Airporr, many offices and retail complexes, road .
development corridors, and major sporis and entertainment compleses, The popula-
tien in the area is more than 750,000,

The main components of the ADVANCE system were the traffic information
center (host| and in-vehicdle navigation systemn (enohile unit) wireesly connected by
a BF communications network. In the following chree sections, we dizcuss each of

these components in detail. The chapter concludes with a final section describing
the initial evaluation reselts of the project.

11.2 TRAFFIC INFORMATION CENTER

The ADWAMNCE system consisted of four subsystems: the mobile npvigarion assistane
[MMAY, BF communicarions network (COMY, mraffic information center {110, and
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Fagare 11.1 ADVARCE test area, :

traffic-related functons (TRF) [2]. These subsystems are shown in Frgure 11.2, 1y
Because the TRF i closely associated with the TIC, we discuss thern togesher in this i
section. The MMA and COM are discussed in Sections 11.3 and 11.4, respecovely. Vi

The TRF was physically focared in the central compurer facilities of che TIC and |
provided transportation-related data and analysis functions using varions softeare i
processes. A process or task s an absteaction of a running program, In other words,
the TRF was 2 softarare packape that generared both state and dynamic (real-time)
traffic information. The static traffic information was developed off-line and was
stored in the form of off-hine historical profiles, These statc Fr\-;:l!_||E'.: were later used
by the MMNA database compiler ro generate route-planning attributes as discussed
in Secoion 6.4, The dynamic raffic informartion was broadcast to the vehicles on-
lime in the test area periodically during each predetermined cycle.

To generate the iniral sraric profiles, a large and derailed wraffic {equilibrium)
flow miod el was developed [3]. The inputs o this model were the ADYANCE neowork
representation and orgm-and-destination (O-T0 flow matrices. The smanc profiles
prouced by this model were eszentially the estimares of inigal link ravel tmes,
whese each link represents A segment with farning delay information,

The ADVANCE nerwork representation was an integeated darabase for the
test area. This database combined elements derived from three seds of dat. These
data were the MavTech database (Section 2.5.2), the north-northwess nereenck of
the Chicago Areax Transportation Study (the tra nsportation planning agency for the
Chrcago area), and traffic signal turning data collecred in the field by the statf of
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Figure 1.2 ADVAMNCE ehepsrems.

the Urhan Transportanon Center associgted with the University of Mlinows at Chicago.,
Based on these data, all arverial and collecror streets were identified, mapped, and
coded with respect to strest and highway segrment attribuges, All together, the network
representation for the ese arex consisted of 7,253 directional links, Theee links
intersected m 1,580 inrersections, OF thete mnrersections, 899 had signal lights. Note,
howevee, that the map database in the vehicles was sipnificantdy larger than the test
area. Sigrals along artevial and collecior streets were represented wang the ok delay
functions o be discussed shortly, The tese area was defined veing 274 boundary
Iinks. To represent turning movements, each Ink included the relevant turming
movement. For example, before adding turming movements, one segment was suffi-
Clent tor pepresent 4 rodd segmene approaching a four-way intersection. Onee a
furning movement 15 added, it most be divided ineo a left ink, a ssraighe-through
lisske, and & righet link. As 3 resulr, the total number of links in che network increased
by a factor of approximately 2.5

The O-I fAow matrices were tables describing the fow (in onits of vehicles
per hour) from each possible ongin to esch possible destination, The origins and
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destinations were defined in terms of small zones, These zones were about 0L65 o
10,36 km® (25 o 4.0 square miles] in size. Al zones were mskde che west arca.
These tables were obtained from the Chicago Area Transportation Soedy performed
in 1990, They were part of the input to the traffic fow (nererork) model described
mext,

A traffic flow model was developed in order to obtain initial estimates of link
travel omes (incloding turning movements) for varions tme perods during a 24-hr
weekday, The five time periods for a normal weekday are listed in Table 11.1. These
cstimates [static profiles) were used as initial values for the dynamic rours guidance
system., The model was a generalized version of the mmaditional maffic assignment
madel [4],

Two new features were added to this generalized model, First, a delay funcoon
wits defined for each murning movement link based on the Australian method [5]
The srarndard moded dl:pl.'lll:h only on the flow along the pacticular link in queston, L' ¥
By conerase, these delay funcrions determined the apgropriate wraffic signal conmol i
parametess for each intersection in relavion o the link flows in the solution, The i

e e e T T Ry e Y

link delay in this model becomes a function of the flows on conflicting links ag the
intersection. At intersecrions without signal lighes, the delavs are functions of che
conflicang flows, In other words, this function incorporates many factors such as
number of lanes, left rurn pockers, number of phases in the wraffic signal, and speed
limirs. It provides csrimares of the average delay per vehicle as a funcrion of the link
flow to capacity ratio, Second, the model was solved for the 5 weekday time periods
listed in Table 11.1. These five solutions were not correlated, After initial beld testing
and data collection, these profiles were updated regulary off-line during deployment

with actual travel times collected using probe vehicles and other walfic dara, Probe L
vehicles are vehicles thar report real-time fraffic data for the roads on which they 11']"
are traveling. The swatic-profile updares were based on weighted averages of probe P

data, derector data, and ocher informaton discussed later.

We now describe the process used to produce the dynamic eraffic informarion
{which was different from the processes described earlier for generating the sraric
profiles) [£]. This process analyzed all incoming data and made incident reports and

Tabde 11.1

Tirne Period for MNormal Werkdays
Feriod _Tlrru:
Morning peak A M. 9 AN
Midday * M. wd PM
Afreenoan peak 4 0. o & PO,
Evening, &MM_m 12 AM.
Migks

11 AL to 6 AN,

= 5! i
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predicions abour funere teavel times. The outpur of these reports was broadeast o
vehicles within ramge of the RF signal of the COM subsystem (module), Vehicles
putside the pest area approaching or crosging the test area were able o receive
dynamic link vpdates and plan dynamic routes using state informanon from oueside
the vest area and dymamic information inside the resy area. The dynamic traffic daca
were developed vsing three tasks of the process: incident detection, data fusion, and
travel time prediction (Figure 11,3}, These theee asks were execured once per
S-min interval

The incident detection task provided reparts for nonrecurrent congestion. This
tazk consisted of three algorithms, The probe algorithm compared the reported cravel
time tor historical mavel tme and used the ratio of the two travel Gmes to determine
if an incident had occurred. The loop detecror algorithm also compared the current
traffic volumes and occupancics ro historical data to determine if an incident had
accurred. {As discussed in Secqon 8.3, 7, loop detectors are magnetic indoctive sensors
embedded underneach che road pavement to detect the traffic volumes and occupan:
cies.| For detailed discussion of the incident detection based on data provided by
loop detecrors and probe vehicles, refer to [7]. The raw loop detector data received
could be viewed by the operator in a log file window, These data were received
From twe sources, One was from the Ilinois Department of Transpomation Traffic
Systems Center ar 1-min imervals. The other was from the Dundee Road closed-
lop signal system ar S-min intervals, The anecdotal informartion algorichm parsed
dara received from other facilities. These data included policefice reports obtained
from Morthwese Ceneral Dl,ﬂ;;h:h; weather datx Fruvir]!d by Surface Syscems, Ino;
lane closure dita provided by the linoiz Seare Tall Highway Aurhoricy and 1DOT;
and vser reports from *999, which is a cellular-phone-based motorist call-an systém.
By fusing these data and combining them with the probe and loop detector repors,
the fusion rask described nest decides whether an incident report needs 1o be issued.
Incidents could alse be entered manually into the system.

The dara fusion msk pecformed three funcrions in addition to generating imeci-
dent reports, First, it screened the input data to see if they were consisrent and
reasonable. For instance, if the probe data were good, they were compared agaimst
the loop detector data to see if these loop detector dara showed similar results,
Second, it converted the loop detector dara into travel fimes by estimating the travel
time from the valume and occopancy dara. Finally, it escimared the current cravel
time (fused travel time). If the loop detector wag not reliable or malfuncrioned, the
current travel time was the average of the probe travel tmes. When both sets of
dara were available, the following equation was used o estimate the travel time for
each road segment:
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where the subscripes P and o indicate the probe and devector data, cespecnvely; &
ntpn:sént: the Fusion :Jiu.itmu'nt factar to contral the contribution 11!' =ach I'riﬁ:e |:|-.f
data; & represents the standard deviation in the corresponding teavel timeg; i'"."P is the
sum of weights for reasonable probe reports; £p is the mean rravel fime reported by
the probe; ey represents the weighr assigned ro the loop-detector travel rime; and
£4 05 the travel time converted from the loop-detector data.

The eavel tume p-cmdi.-:.‘[:il:ﬂl sk weed all of the Oulputs g:‘:uu-l[a] 1uing the
preceding algorithms te compute travel times for the next four 5-min intervals (these
alporichims were executed every 5 min) for 20 min. If an incident occwrred, the acneal
or expected duration of the incident was uwed as the predicted rravel time, (therwise,
the travel times were predicted on the basis of fusion data. Three steps were used.
First, the data were aggregated inro a single value for the interval. Second, the dara
wers stangdacdized u-.-qu the rmean and sandaed deviacion of the eravel time for thae
link. Finally, the travel times were comparted based o the standardized data, link
parameters, and other time-related parameters. The final results were in a form
ready for conversion to link travel time update messages.

The TIC provided all of the cencralized computing resources for ADVANCE.
For readers who have not had the opportunicy 1o see a real navigarion system and
the associated hardware, we will list the sizes of some of the equipment used in this
system {Figure 11,4), The hardware composents of the TIC were housed in a
178 x 48.4- x 7a.2-crm (70- x 19- % 30-in.) standard rack cabinet [6]. The ceniral
computer was a SunSPARC 670MP (multiple processors) saever with four 70-MHz
super-SPARC processors, It had several dual-wide versa module Eurocard (VME)
biss slots for expansion. This sepver had 128 ME of dynamic BAM, 13.6 GB of
ROM, a 5.0-G8 off-line storage wape drive, and one CI-ROM dove, The seever bad
twir 16-port symchronoes interface cards that were used for external communications,
Additonal equipment housed in the cabinet included a modem rack with 16 slots
containing 14.400-bawd modems, Other stand-alone modems were also used to
accommodar: modem incompatibilities for leased telephone lines. The main operator
consoles were SunSPARC X-Terminals incerfaced with the server via 10-BaseT
Etherner. The ac power was supplied through an uninterraprible power system whose
internal batteries could provide a 2-hr supply in case of a power outage.

All of the software modules in the TIC inreracted with the TIC darabase
and each other using the mferprocess comrtimcaiion protoenl. The inperprocess
communication protocol is a well-smmoctured non-interrupr-driven communications
protocol for software processes [E]. In addition to the TEF processes already dis-
cussed, the other software processes or modules supported the wser interface and
system communecanons, Like the vehicle databases discusped in Flru'l.'En-:l.L': n’.‘l'l:lp‘t-ﬂl.“:ll
the TIC darabase abo contained both static and dynamic data. In addition to the
digital map database derived from the MavTech database, it contmined statc profiles,
loop detector reports, prohe reports, efc.
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The TIC user interface allowed the opecator to interac: with and control other
modules, It could starc or sop the enrire system, tuen various TIC subsvstems
an or off, monitor the current state of the road nerwork, maineain weer account
information, and bé used to input anecdoral informarion such as police reports and
mokile phone user reports, The display window for monitoring the road nevwork
could be used 1o show the map in different ways via pull-down menus, vertical and
horieontal scroll bars, and a mouse. It could be used to sclect one or mose road
segmenes and retcieve information such as street names, ity names, #ip codes,
addresses, ravel-tme profiles, probe reports. loop detector dara, and reaffic incidents,

All communications-related tacks were handled by inbound and oatheundd
mesage processes. The inbound process managed the receprion and storage of

I LY S L s mn
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reports from probe vehicles, Each probe report message was validated on the basis
of a unique identifier code, The cutbound message transmission via the COM module
was handled by the outbound process, a scheduler within the communication modube.
Each outhound link wpdate message contained a link identfier {ID} and link updare
mformacion {updated mravel time predicrions). All che ourbound messages were kept
in a list in the scheduler which decided when ro broadcase rheze messages. As
conbgured for the targeted deployvment, the scheduler allowed for a 4-sec gap between
cuthound messages to ensure that the COM subsystem did not become overloaded.
GPS correction messages [containing DGPS correction data |Section 3.4.2)] were
broadeast at 16-sec imtervals, Updares of link cravel dimes were rransmiteed as fre-
qul‘.-:ril:t:.r a% the volurme of 1:||;|rl:|:h:$ pcnniu-

11.3 MOBILE NAVIGATION ASSISTANT

The MNA subsystem determined the position of the vehicle using dead-reckoning
sensors and DGPS, with assistance from a map-marching algonthm. This module
performed route planning based on current traffic information received via the COM
subaystem and also provided route guidance instroction to the driver in the forms
of both visual display and weice ourpur. Meanwhile, as mentioned, MNA also
provided real-time travel ome reports for transmission o the TIC, The high-level
architecture of this module & identical to that in Fgrure 1.3, To help visnalize the
locations of the various systemn hardware compenents, Fipure 11.5 shows the

AF Anfsfing
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|
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Bgare 11,5 In-vehicle equipmant for ADWAMNCE
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in-vehicle equipment used by the MINA. The connecting cables and wires have been 'ﬁ?
omitted for clarity, Figure 11.6 shows the actual in-vehicle MMNA display umir, I

1131 Hardwire Lk

The MNA hardware configuration is shown in Figure 11,7, The speaker and display
unit wirh their conoroller were installed adjacent to the driver as shown in Figure
11.5, A PFCMCIA memory card was provided in the display bead. The mavigation
compater, sengor controller, RF modem, GPS receiver, and CD-ROM drive were
all mounred in the trunk. The computer booted automatically whenever the ignition
was turned on (as one might expect, shut down was performed when the ignition
was turned off). A push burton under the vehicle dashboard could be used to reboor
the computer on demand.

The navigation computer was designed to meet the specifications of the automeo.-
tive emvironment, normally —407 to +85°C (407 to «185°F). In the ADVANCE
implementanon, the allowable operating cemperature range was =30° to +70°C
(—22% tir +1 58°F) and allowable storage temperature range was —40° 1o +85°C (—40*
e +185°F), Most parts wsed for the computer can operaie up o +105°C (221°F)
to allow fermperamures to rise inside the enclosure. The operatimg homidity lmits
were 8% to B0% and storage humidicy limirs were 8% ro 85%, As far as vibration
was concerned, the computer could withstand a total 10-min duration of sweeping
from 15 to &0 Hz in 5 min then back to 15 Hz. As far as shock limits were concerned,
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Figpars 11,7 In-wyiicle MBA hardware conliguration.

the computer could be dropped from a height of 75 cm in a packing carton oneo a
conceete Hoor o strike one commer, three edges, or six faces withour damage. The
operating voltage was from 10.5 o 16V, with a nominal volage of 14.4V and
carrent of 3A. During starmup, it could withstand a voltage of 24% for 2 min.

The much paned (touch screen} was based on infrared technology, As we
gaw in Section 722, this technique has negligible effects on contrast, Evaluations
indicated rhar infrared rouch panels had lower glare and betrer brightoess than
resistive touch panels in daylight. A backlic color LCD was used as the display unir,
The LLD wied active-matrix addressing, The size of the screen was 15 cm (5.7 in.)
on the diagonal. The size of the display unit was 17.8 % 127 5 6.4 cm (T x 5= 2.5
in.}. The allerable temperature range was similar to that of the navigaticn compurer.,
The power supply was 121V at 1A maximum,

e majority of user data entry to the navigation system was performed via
the touch panel, Besides the soft (vouch) keys on the screen, there were three hard
keys on the right side of the monioe thar were wsed for addivonal contrals, The
MAIN key was used o display the main screen choices a5 showm in Figure 11.5.
When the car icon on the screen was pressed, the previously stored destination was
displayed, If none were stored or the driver wanted to plan 3 new wrip, two choices
for method of destinarion entey would be displayed: by address or by intersection.
A kevboard-like touch screen was displayed for entering stare names, city names,

286

PORTO IMVALIDITY 00002485



e

. T

A Corr Stwdye ADVANCE 277

L - Bl B Py e, Tl A L S,

|

e

e &
e 8

B

e T T T L S R D M ey

Figure 11.8 Diviver inserface.

street names, and addresses. If the map icon was pressed, the road nerwork sur-
rounding the vehicle would be displayed as shown in the roure map display later.
The "MORE™ key was wsed o display 2n addivional menu, which could be used to
enter personal information and show system status information such as the current
lozation. The ADJ key was used to mute or adjust the speaker volume and screen
brightness. The current travel direction of the vehicle was displayed wsing lemers
(e, M, E, ME, NW, etc.) in the lower right comer of cach sereen. The direction
was also indicated by a wiangle when the system was in map-display mode.

Dwring the toip, the screen could be in cither one of taro modes to show the
user the current trip status. One display made used the turn arrow format shown
in Figure 11.%. The other mode used the route map formar shown in Figure 11.10,
which basically consisted of a simplified route map on which the planned route was
not highlighted. Recall thas we discussed the advantages and disadvantages of these
formats in Sectton 7,23, Becawse most of the much functions wrere avtomatically
locked out for safety reasons when the wehicle was in motion, no planning of new
routes to unstored destinations could be made until the vehicle was stopped. This
user lockout was used to prevent the user from inteeacting with the interface while
driving.

Bath display formats showed the name of the poad thar the vehicle was currentdy
on at the bortom of the sereen and the name of the next cross road at the top of
the screen. In the tum-arrow format, there was a countdown bar on the left-hand
side of the screen with a decreasing mileage number and a shrinking red rectangle.
The user could review the summary information for the trip or a list of series of
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upcoming maneuvers at any time by touching the righe-hand side of the touch panel,
The urm arrow was displayed in yellow and superimposed on the intersecnion (which
was displayed in gray). In the rourc-map formar, a map was displayed to show the
area in the immediate vicnity of the vehicls, A red I:rismg]e with a white boundary
indicated the current locarion of the vehicle and also the direction of the vehicle as
determined by the map-matching-based positioning system., A filled green circle idot)
indicatesd the location reported by the GPS receiver, I the circle bad an orange
boundary, this indicared thar the DGPS correction was in effecr. A yellow dot was
nsed to wearn the user thar the GPS signal was being received from less than chres
satellites, with a corresponding reduction in position accuracy, The user could chooss
also o oo i or out on the owgp.

The display monitor could be rorared. Becavse of the limited viewing angle of
the LCD and the need o svoid direct sunlight, this feature was required in order
tor provide the user with the freedom o rotate the monitor o 1 comfortable viewing
anple.

The MMNA wsed a BAM-based PCMOCIA memory card to store traffic data.
These data were similar to the data reported back via the COM subsystem. The
minor difference was thar occasionally a probe report mighe not be able o reach
the TIC. For instance, since [eturms rarely occurred and racely affected the eravel
time, this information was not sent to the TIC via che wireless network but kept by
the memory card, The information seored in the memory card could be accessed by
the TIC later using a card reader o validawe and supplement the data received by
the TIC via the COM., A 2-ME {formatted to 1.44-MB) stade RAM memory card
with a memory backup battery was used for this project, It hiad an operating tempera-
tre range of =307 (o +70°C (=227 to +1558°F), the same a5 the navigaton compurter.,

The CIROM drve was shock-mpunted on rop of the navigation computer
as shown in Figure 11.11, The user could change disks by opening the drive cover.
The drive had an operating temperantre range feom —30% 1o +60°C [-22° 1o +140°F),
During the feld tests, the upper fange became a problem. On some days when the
trank temperaturs reached 7000 (158°F), drive performance was erratic singe the
operating emperature limit bad been exeeeded. The power supply was 12V, The
CD:-EOM had a tocal capacity of 600 MB and its drive had an approximare transfer
rate of 150 Kbps. The drive was connected o the navigation computer via a SCSI
PO L5

The positioning sensors were wired to the naviganon computer in the trunk. ;
A fluxgate magneric compass was used 1o measure the absolure direction of the f

velucle, Ir was either mstalled in back berereen the herdliner and the ouside roof
oof the vehicle (Figure 11.5) or on the windshield behind the rearview mirros. [Mote
that the compass should be installed o3 locanon that will minimize abnormal
magnetic sffects on the measurement.) The power supply voltage range for the
compass was 10 to 15V de, with a typical voltage of 12V, The maximum povwer
supply current was 130 mA. The range of operating tempeeatures for the compass

289
PORTO INVALIDITY 00002488



LB0 WERICLE LOCATION AND MAVIGATION SYSTEMS

Figere 11,11 Mavigaton competer and CO-ROM deive.

290
PORTO IMVALIDITY 00002480



| A Case Bondy: ADVANCE 281
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was slightly begter than thae for the navigation computer. A vibration gyroscope .“

with a triangle bar was used to measure the relative direction of the vehicle. It was i
installed in the side wall of the trunk. The gyroscope must be installed perpendicular gL

| ter the vehicles direction of moton with the base gleed to 8 spot with minimom 1
[ vibration, The gyroscope had a power supply voltage of 8 o 13,5V dc and a By
[ maximum power supply current was 15 mA. The gyroscope had an operaning remper- fit|
' atore range of =207 to + 7070 (=47 to + 1 58°F). Distance was measured using transimis- F
gion pickup sengor. Fither a vasiable-reluctance sensor or a Hall-effect sensor was L

sinc-wave output, whereas a Flall-effect sensor will produce square waves of constant
| amplitode, A detailed discossion of the |::-'|'r|.-.'r'.l.l,'in|.; pﬁnf_“iplr.: and characteristics of
! these sensors can be found in Section 3.3,

The GPS receiver and the BF modem were both mounted in the trunk. Their
operating temperature ranges were similar to those of the navigation computer and
both operaved from 2 o 16W de power supplies. They were both connecred o the
_ naviganon computer using R5232 cables. As we saw in Secrion 3.4.2, the GPS il
| receiver funchions as an absolure sensor to report vehicle position, direcoon, and {

speed o the navigation system, The RF modem was used to receive the link rravel
| time updares and DOGPS correction messages from the TIC and to transmit the carrent L
lirik rravel times back to the TIC, This device had a single ciocurt board winch I|
inchuded both o tero-weay data radio and a modem with a 3% transmicter, To avodd [
intesference, the GPS antenna and the RF anrenna were separated by ar leasc 0.914m : I {

used, depending on the vehicle model. A variable-reluctance sensor will produoce a \

(3 ft).

11.3.2 Software jjl_

Because of the real-time and embedded nature of the MNA sofoware, 8 mukteasking { i
real-rime operating svstem was msed. To berer service the application laver, an |’
|

operating system services (085) laver was constructed on top of the kernel !
{Frgure 11,32}, The kernel was the central piece of the operating system that infer-
acted with the computer hardware. The purpose of this 055 [ayver was to isolare ‘rif
the applications from the host kernel dependencies and provide increased portability i |
wn ather platforms. The man functions of this laver included the following: !]""
|

* Svsrem initialization and synchronization; 4
* Svstem shutdown;
| * Memory and time management;
| « Mavigation device dover management;
* [nrerprocess communication via messaging;
* Mutwal exclusion via semaphores;
= [neerprocess synchronizanon via events; and
# Error handling.
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Figure 11.12 Main MNA software proiesses.

The main sequence of execution in this laver was as follows: Create the asks,
set up the memory buffers and disk caches, creare the messapge quenes, sysem
semaphores and evenes, start the tasks, loop and monitor system evenes, and coordi-
nate system shurdown when cequirsd.

The ADNVAMNCE im-vehicle navigation system consisted of gll seven basic build-
ing modules we learned abour in Parr 1. The sofrware muse support che full foncoional-
ity of these modules, Figure 11,12 shows the main MINA processes, To save space,
TWo-WAY Interprocess communications berween processes are indicared using lines
with arrows at both ends, A process may consist of more than ooe rask. To avoid
cluttering the diagram, a wide doubleended arrow i3 used 1o indicate thar all the
processes in the application layer imeeract with the laver below, thar is, the 085
process. Once the driver has sarted the vehicle, the navigation computer began
inicialization and jumped to the execution sequence described in the end of the last .
parcagraph. Once all tasks had srarted running, the system was ready to accept oser
input and requests,

Both the structured and object-oriented methodologies were used in the soft-
ware analysis and design. Because of the variety of rasks involved, this approach !
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provided flexibilicy to each mdividual software engineer or team for their own
development efforms.

Messape passing was the main primitive used for interprocess communication
among tasks, with message queuss as the communicanons mediom for passing the
messages. I'wo other inbcrprocess communication primitives were also used to sup-
port muneal exclusion and synchronizaton, Motual exclusion is a way o ensure if
one task is using 3 shared variable or file, the other task will be prevented from
doing the same thing [B]. The map data cache is one example of an object that
different tasks may want to have read and wirite access to at the same time. The
ather owo primitives used 1o support muteal exclusion and synchronizacon were
semaphores and events, Semaphores and events are special variables (or system calls)
reserved to report the status of shared variables or files to tasks that need to access
them.

We now briefly discuss each process in the application laver, The database
process responded o all read and write inguiries from other processes. A hierarchical
digital map database was constructed for the MMA, The main reason for using this
hierarchical database was to speed up route plannimg. Because the map data were
stored on CD-ROM {(which 15 a device with relatively slow retrieval speed), a cache
was implemented in main memory o store frequencly sccessed data, A database
manager was responsible for controlling access to this cache, Different data retrieval
mguiries may nesd o scoess parcels of data in different layers, Only the rours planner
was required to have access to parcels in higher layers, All the other modules accessed
the lowest layver parcels. As we saw in Part [, this speeds up the tme-consuming
route-planning process. As defined in Section 2.6.3, a parcel is analogows to a portion
of the map area, and is 4 collection of geographical objects [such as segments) chat
fall within a rectilinear region defined by mimimum and maximom lacredes and
longitades. The dynamic database task recerved link wpdates from the TIC and
updated the relevant link data stored in main memory (Figure 2,104

The positioning process incloded sensor polling, and varous infegradon casks,
as well as a map-matching rask, It polled the sensors and fused the resulting data,
which were then matched against road segments on the map wang a probabiistic
method. Once the matching process was complete, the current position and direction
ol the wehide were output to the :Pp]ie:a.rirm process and weed as inpurs tor the
route-following rask and also forwarded to the human-machine process for display
on the screen,

The traffic dara process was wsed to log the cureent link-related travel data.
Cme copy of the log was stored on the memory card. Another copy was sent via BF
modety and the COM subsystem to the TIC as a probe-vehicle report. These data
(fosed with nther data) weee veed to penerate predicted teavel times far the TIC to
broadcast to all test wehicles in the tese area. The other dara vsed for Fusion here
inchaded leop detector data and anecdosal information.
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The human-machine interface process was an event-driven process. All other
rasks were required to commumnicate wich it ¥ia messages. This process first converted
the quened message to an event and then processed the event. No blocking was
allowed while processing the event. After message conversion, an event gueue wis
used for prioritization. The design and implementation of this process iz very
important, because it is the one that most sffects wsers” impressions of the system,
:Fig;urc ]],ﬁI F"igm;n:.s 11.8 Thrm.q.;h I'[,||'.I, and Fig“r-e 11.13 show x:mp-:'..cx |,1f the
graphical user interfaces implemented within this process. A detailed discussion of
the human-machine interface module can be found in Chapeer 7 and the references
contained therein.

The application process integacied wirth other processes and provided many
valuable services to the system:

* Planning routes under the shortest time criterion;

= Generating maneuvers for planned roures;

= Supporting maneuver previewing for planned roures;

= Supporring ravel distance display; I

# Caddimg the vehicle along a planned roote; I

» Supporting on-demand off-route recovery; [

* [ling dynamic information received feom the TIC mo replan roates;

» Forwarding current vehicle location and motion status to the human-machine
interface,

Figare 11.13 Typical display during dynamic navigarion.
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All of these services were provided by different tasks, The two most important
tasks were roure planning and guidance, The planning task was based on a bidirec-
nional hierarchical heuristic search algorithm. The evaluarion (cost) function of the
algorithm was bused on the travel nme, During route planning, an updae message
was displayed on the screen ro indscare whar percentage of the planning had been
complered. Once the route was planned, the route segments were chen passed o the
rovte guidance module, First, each higher laver segmens was broken into segments
at the lowest level, and maneuvering information such as turn types and maneuver
tvpes was added (Figure 6.2}, The resulr was a2 manewuver list that the roure-following
task could follow using the position information provided by the positioning process,
This modube also periodically sent messages to the human-machine interface module
to idendfy the next ser of instructions ro be fetched from CO-ROM o main memory,
This allowed the human-machine interface to provide tarn<by-turn prerecorded
human vorce InsErudeEons tn gu'.l:lr the driver, One imprlrh:lnr frgtwre of this Process
was thar a betrer route could be planned whenever the route-planning module
discovered thar a link cost on the planned route had been updared. The route-
planning module replanned the route based on the newly updated link travel ome,
Alrer completion, it would compare the new route against the enginal route to see
if the new route was bewer. If che new roote had ar least a 2-min dme savings
compared o the original one, it would pop up a window on the display unit and
pnlock the sereen to ask if the vser wanted to take this new route, Bath the visual
display and vwoice were activated to remingd the wer. Figure 11.13 shows a rypical
dialog box. If che user accepted the new roure, the original roure was deleted and
all route puidance activities weee transfecred 1o che new route.

Une interesting challenge thar the projece faced was how w make the road
segments used by the MNA compatible wich the links ueed for avel ome updares
by the TIC. The MMNA stacic database vepresented the road nerwiork using nodes
and sepments (recall chat these terms can be found in Chapter 2). In contrasz, the
TIC used links o represent the dynamic travel ome information associated with the
coreesponding segment {recall from Chapter & thata link s a segment plus a turning
movementh The link cost is the reavel cost of the corresponding segment plus a
wening cost, If we used geographical coordinates (latitude and longitude) vo match
links with segments, the message would be much longer, and RF capaciry would be
wasted, A simple way to selve this problem is to assign a unique identificr {ID} w
sach link and associated segmens, One naming algorithm first assigned ssquential
D3z ro il nodes in the st area following a predetermined assignment partern [9]
recall that a segmens is a piece of roadway berwcen tano nodes), Afrer the node
sesignment, the segment could be represensed by a wnigque pair of [Ds identifying
the end nodes aof the segment. The algorithm then assigned unique 1Ds to each link
te match paies of segment 1D, These vgue 105 were used o identify links in
communications messages, After these messages were received, the MMNA then used
these link 1Ds to locate the relevant segments for updating the dynamic database.
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Meanwhile, the MMA transmitted probe report messages o the TIC. These probe
mesaages included link descripeicns and link costs converted from the corresponding
segment 1Ds and ravel times.

The reader may have already noticed thae the combinational effecrs of rhe
processes discussed form a well-srructured dynamic navigation system functionally
equivalent ro that shown in Figure 1.3 of the introductory chaprer. As mentioned
in Section 10L3.2, the varous funcoions implemented in the application layer are a
vivid result of integrating the basic modules {building blocks) we studied in Pare 1,
Once the individual location and navigation modules have been completed, i will
be much easier ro ose these modules or vanations on these modoles o implement
a completely new, stand-alone system.

114 COMMUNICATIONS NETWORK

Since the commumications network PCOM subsysiem) was a significant component

of the ADWANCE project, design requirements were established early in the develop-
ment thar:

Restricted communications development fo s mingnanmy

* Covered the defined test ares;

Provided communications for a fleer of 5,000 vehicles (later reduced o 80
vehicles for targeted deployvment);

* Provided twoeway communications;

+ Provided for staged growth;

Provided messaging that was not critical o public safety;

Provided real-time communications;

* Supported poine-to-point inbound and broadeast outhound communications.

Based on these requirements and the available wchnologies, the full system
was constructed using a phased development methodology.

The Motorola Data Communication (MDC 48000 system was selected for the
COM subsystern used during ehe targered deplovment phase of the project. This is
a private land mobile radio system using a central disparch approach. It consisted
of an infrasorucoure at a central locacion thas provided two-way communicanions :
for participating vehicles. Each of the probe vehscles could initate or respond 1o
the central station. The system configuracion is shown in Frgure 11,14, where P-A
gtands for preamplifier and M stands for modem. The COM subsystem and TIC

could be physically locared ar the same site or at two separate sies, 25 was the case
for the ADVANCE system.

The COM site was housed in g 59 44m (195 ft) high leased Belity in the
south central portion of the test area. This zite was chosen because BF coverage
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Figure 11.14 RF COM infrassnacrure

predection studies indicared it provided the best coverage to the ADVANCE test area,
The site consisted of an M5F $000 300-MHz base starion, a General Communicarions
Controller {GOCH and a preamplifier transmicing on 853.0625 MHz into 12-dB
gain for ourbound messages and receiving on 08,0625 MHz trapsmirted ar 3%W
ity 3-dB pgain for inbound messages, The GOC = a processor that encodes and
decodes various communicarions protocols. The base station and GOC were houssd
ina 122 % 55.88- x 58 42-cm {48- = 22- % 23-in.) cabinet and the preamplifier was
housed in a 45.72- x 7.62- x 20,32-cm (18- x 3- » B-in.) cabinet, The base staton
can support three channels. For this field deployment, only one channe! was used
for both rransmitting and receiving. Tt was connected {wia the preamplifier) fo the
antennas with 56.4m (I125-ft} runs of 4.13cm (1-5%-in.} diameter Helizx, The
ancennas (DBES10E-XT) were ommidirectional and had 10-dB gain, Through modem
connections, data could be transmitred dver a leased relephone line to the NCP
(nerwork control processor) at the TIC. The NP can route messages for up o 16
base stations. Therefore, the NCF could support 2 maximum of 45 channels, Further
evaluateon concluded that the test area had good data communicasions coverage [10],
The actual coverage was 99% [which was higher than the 90% design requirement).

Far efthewnt uhilization of resources, the one-on-one transactional messaging
was eliminared for the outbound channels, while a one-to-many hroadcast approach
was used by the base station. By broadcasting rhe ourhound messages, message
acknowledgments and individual addressing were eliminated from the commumnica:
tions protocel. [dentical messapes were broadeast on the outbound channels, while
individual inbound messages were transmitted on the inbound channel from each
probe wehicle to the base station. A one-to-one cransactional messaging protocol
was still used for these transsussions. Probe vehicles were divided miro groups locked
onte a given pair of inbound and outhound channels, Mo roaming was allowed
among mbound channels, in order o facilitare staged growth of the system. All
messages were encoded in binary form, with a maximum of 240 bytes for each
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outhound message and a maximum of 50 bytes for each inbound message. This [
shorter, 50-byte message length increased the possibility for cach probe message wo |
reach the COM subsystem. Two inbound-message throwding methods were designed
in order to prevent runaway lengths and to ensure that communications could be |
mainrzined under severe overload condinons. To further limic the commuonications
raffic, travel time information for residenpial streets was not sent over the air, The |
maximum sumber of retransmissions for inbound messages to the TIC was limined
to four. Because the base station had a power of 100% and mobile mransceiver power
had a power of 3W, every received signal was amplified 10 dB before being processed
ini the base station.

The COM subsystem was connected to a2 modem in the TIC server maodem
rack over a leased telephone line wia an NCP as shown in Figure 11.14, The leased
line had a transmission rate of 2600 bps. As we mentioned earlier, the COM subsys-
tem handled both the inbound and ouwthound daa Bow. The travel time predictions
and other pertinent dara generseed by the TRF were sent to the probe vehicles via
the COM subsystem, In return, the COM subsystem recerved cursent travel tmes
from each of the probe vehicles. The implementatson of the communications interface
protocol conceptually followed the ISO O8I Reference Model shawn in Figure 8.10,

With the broadcast archirecture, binary message encoding, inbound message
throtthing, and reduced number of link-update messages, 20 MDC 4800 KF channels
weonaled be re-qu:il'Ed for o fese of 5,000 vehieles, This wat nos feasible under the
architecture discussed previousy. An alternarive 19.2-EKbps protocol (RD-LAP; see
Table B.6) was investigated to replace the MDCA4800 protecol; this would have
required no changes in the TIC and MMA, This alvernative would have reduced the
number of RF channels from 20 to 3. Because there were no RID-LAF modems
available tr accommaodate the ADVANCE project schedule, other technologies were
evaluated such as ARDIS (Section 8.3.5) and broadeast subcarriers (Section 8.3.6],
Eventually, a COM design that could support up to 5,000 vehicles in the area {for ’
later phases in the project) was completed, The new system was based on the iIDEM
B4-Kbps communication system (Section 8,3.4), The most important feature of the
iDEN option compared to the BD-LAP was the higher datga rate, 0 that oaly
twiy BF channels were required for the 5000 probe vehicles. Due to the @rgered
deployment, this version of the COM was never deploved into the field, although
aperational test results mdicated that chis swstem worked extremely well.

A great deal of vseful experience was obtained during implementation of the
COM subsystemn. For instance, most commercially available one-way or two-way
RF commumnication systems are opiimized for a high number of individual transac-
tions. By contrast, in the COM architecture, cutbound messages were broadcast
contrmuously whereas inbound rransactions occurred only cccasionally. Ths unigue
architecture required modifications of available off-the-shelf equipment. Further-
maore, commercial equipment s often designed for cerrain radio bands, Unforoo-
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nately, these bands are satwrared in most metropolitan arcas. Therefore, careful
evaluarion must be made before selecting a snitable BF transmiszion produoect.

ADVANCE was successful in achieving the major field-test objectives estab-
lished in the early 1990s, During the course of project development, many challenges
were encountered [11], Howewver, many uscful lessons were learned. Some lage
requirements added to support operational field testing significantly affecred system
design, and resulted in the sysiem discussed in this chapter. One example was the
decision to record detailed rraffic data for postevaluation, The earlier design had to
be changed or modified along the way i order 0 incorporate new hardware and
software for this addirional fearure. Despite incremental changes for tailoring the
system o satisfy many different expectations proposed by all interested parties, the
major goals were achieved, and deployment and evaluation provided many valuable
el

115 INTTTAL EWVALUATION RESULTS

As of this writing, final evaluations of the ADVANCE project are still under way.
We first discuss some of the indtial findings and then direcr readers o references for
the upcoming final results at the end of this section. Before taming our atentions
to these findings, we first consider the major evaluation objecoves of this project,
which will help explain the origin of these and other findings, The evaluation inchuded
the innovative fearures of the system, in particular che concept of vehicles as craffic
probes. It emphasized the following:

* Evahaton of TIC for meeting the present and fumore needs of the partners
involved in rhe project; )

= Assessment of TRF and probe vehicles versus loop detectors for collecting real-
e eraffic datay

= Depermination of whether in-vebacle coute Eull.l.;m.'l:. can be benefical in a'.nl_'lll;]mE
wrban congestion for Familiar drivers;

= Examinacicon of the effectiveness of dynamic route guidance in reducing travel
rimes;

o Summarizing of the achievements and lessons learned;

+ Review of institutional arrangements for future efforts,

Becanse the warpeted deployment invalved fewer probe velieles than aogimally
planned, rhe feld ress were conducted in 3 more controlled environment, This
enabled the partcipating parties to evaloate well-defined characteristics of the system
more accurately, On the other hand, this approach might also hinder the ability to
test the robusrness of the syseem o handle uncontrolled random and emergency
sitmations a3 well as much larger fleer dynamics, In addivion, the dara collecred by
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the provhe vehicless were nor sufficient to model the matfic fiow over the enrire road
network in the test area,

Before deawing any condugions from the initinl fndings discussed here, we
would like to remind the reader chat all of these results were based on one particular
system sested dn one particular test area under certam restrictions. For instance, the
system did not provide any traffic information for locsl streets. The road nerwork
in the rest aren is generally a regular rectilinear arrerial grid, which makes it difficol
to provide far more efficient alternative roures, Test drivers were familiar with the
road network and voluntaridy parteipated in the evaluation. During the evaluation,
it was discovered thar the system was effecoive in repoerting traffic emergencies and
directing drivers wo aleernative roads. This was particulardy Iu:l!pl'ul for highway
travelers, Incremental improvements were made in the dynamic database, nerwork
meadel, and historical peofiles (trave] ame files) during the deployment period,

The srudy found thar reasonably accirate travel cime predictions for the upcom-
ing 15 min on a link can be provided by at least theee probe wehicles that have just
traversed that link over the preceding 15-min period, Because the loop detectors were
placed tooperare a “cosed-loop™ signal system, information from these detectors was
of marginal value in eraffic congestion measurement. Probe reports peovided more
accurate estimares of travel Bime, Thess insights were based on more than 50,000
probe reports, of which 9%.4% were reliable.

Mearly 100 engin-and-destination runs were conducted to compare the perfor-
mance of scatic and dynamic navigation. Test vehicles were divided inmo two grougs
traveling on the same route; One without real-time traffic data and the odher with
real-time traffic dara. Only occasionally were larpe time savings found, On the other
hand, the aumber of st runs available on any partienlar route wag generally oo
small to obtain statistical venficasion of significance.

The evalustion texm found po strong evidence from the available test runs
that real-time waffic darta could make a significant impact in reduction of users'
travel fime and improvement of pecformance on artesial roads. The reason may be
that familiar drivers are often able to avoid traffic congestion or trouble spots by
driving on alternative roads, frequently on residential sireets, or by relying on radio
traffic repores. In contrast, commuanity standards may be infringed by excegsive
rouning o residential streess; chis was reflecred in the ADVANCE route planner,
Anorher possible reason 15 thar traffic flows on areriale are mainly determined by
turn sigmal timing. The larency of real-time maffic data arriving at the vehicle is nor
so large as o affect dynamic roure guidance. The turning movement information
inchided for guidance did nor seem i lead to any noticeable deceease in rravel rine
or have any significant impact on the system as a whole, There was no significant
difference in time sn'ri:ll,g'.'i frovm |ru:|::||-_|'.|r|ra.|:inE the r]-&[:].'x for left tarns, s!‘r:liﬁ;:ht-
through turns, and right turns. The system was effective at saving the raveler’s ome
on highways, perhaps because there are only a few entry and exic ramps on these
long roads. Simitarly, the unimpeded natere of highway maffic allowed the collected
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data ro represent the highway nerwork more accurarely than the network of arterial
roads,

The ADVAMNCE operational field rest focused on drivers who were familiar
with the road network and communicies in the test area. The nitial findings from
the survey responses to the dynamic rowe guidance systems led the evaluarion team
o conclede thar they bad different needs and desires than unfamiliar drivers, such
as visitors, who may be more concerned with obtaining accurare directions than
s:n.'inH travel time [12]. Familiar drivers EXPECt A more in'ru“is,n:;nt n.;'l.'i,ﬁatitm COMmputer
that can incocporate their knowledge or learn from their expecience, rather than
simply being mld where to go by a prederermined algorichm. This finding was
ebtaned from a small flest driven by familiar drivers with very little real-time traffic
data available to support the dynamic route guidance, because the eniire vest ficld
had ar most 80 equipped vehicles in additon o the loop derectors and aneedotal
information, The 2-week test period was relatively shore, Al ADVANCE rest dovvers
were volunteer members of households [13]. Most households bad incomes of more
than $50,000 per vear and had two or more motor wehicles, The mean age of the
drivers was 44 yvears, and 62% of them were males, This sample is biased compared
o o random sample of the popolation.

A focus group smudy of 32 ADVARNCE est drivers found thar drivers wese
more ineerested in dynamically wpdared waffic information than a rowte planner
that uses static information. Database ecrors and the fixed criteria for rouee selection
and planning meane thar the quality of planned routes was not sufficiendy high,
Parvicipants wanted more contral over the planning process and the flexibility to
chaose planming criteria, Some preferred o be presented with more than one roure,
Participants supggested that a route planner probably should learn from the daily
routes taken by the driver. Real-time teaffic dars could be used ro evaluate these
rowtes so that faster alternatives could be generated if necessary, Participants believed
that drivers would be willing vo pay for furere real-time roure puidance systems and
corvices, Some wers wil]:ng ter pay fromm £750 to $1,0080 for an in-velacle unie m
addition to from 32 ro £30 per month for “single-area” coverage of real-time reaffic
data.

One handred and ten drivers returned the follow-up survey after the field tess
In the survey, they rated che importance and performance of 13 system features.
Diestination accuracy, route quality, system relinbility, rovte-planning performance,
and tracking accuracy received the highesr scores for importance of features
(Figure 11,15}, OF these, roure qualicy and route-planning performance were rared
the fearwres with lowest performance. Responses to the willingness-to-pay-for-future-
roure-guidance-systems question were in the range of $500 to 32,000, with mean
price of 3980, All these findings sugpest that a more intelligent roure planner may
be required in order for in-vehicle guidance systems mo actrace familiar drivers to
the marleet. It has been speculared thar U.S. car rental companies may be the Largest
buyers of static navigation systems ac this poing because mose rental car drivers are
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Figure 11.15 Familiar drivers” marings of ADVANCE gaidancs [catises Soeree: ADVANCE praicit. )

unfamiliar with the area in which they are doving and their prionty s o follow
well-presented routes o reach their destinanions,

Cuestions remain with respecr to the cost of the two-way communicarions
equipment and aietime. This question must be answered before massive deplovment
of rthis rvpe of svstem can occur. Periodically reporting teaffic dars back ro the TIC
takes significant airome, i the vehicls owner were responsible for the entire payment,
few would be willing to purchase this communications equipment,

The limited evaluation results seem o suggest that dynamic route guidance
will enjoy only mized success withoot instane real-time reafiic daga up-dﬂn:;. It is
very likely thar a successful syatem wall have ro be able o detect and respond
large and unexpected delays on the nerwork and provide more intelligent assistance
to drivers, Because small savings i travel time may not be enough to coovince
famibiar drivers o follow the guidance suggestions and o purchase the unir, more
studics and research must be done ro ensure thar such systerns can meer the expecta- .
vons of the peneral public, especially familiar drivers. |

Interested readers can obtain more information about this project from the
ADVAMCE Internet W page [14], which poines ro all available rechnical docu-
mente, working papers, and reports, A series of white papers should be available
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there by the time this book iz published so that readers can study final evaloation
resulrs.

Lzt us consider one question to conclude this chaprer, The ADVAMNCE system
was designed in the carly 15905, With the location and navigation modules vou
learned and the new technologies available right now, could you design a dynamic
navigation system that achieves the same functionalities as ADVANCE, but with
much more efficient p:rfnnn:nr_w: and crst-effectye components? More 5'|.rl'r_[:||:.r, can
you impeove any one of the subsystems or components described in this chapeer?
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CONCLUSIONS

As we have seen, development of a location and navigation system is not a simple
task. However, with the broad background and technologies studied so far, we
should be able to make this sk moch easier. In other words, we need 1o propeely
identify system requirements, determine the system archirecture, identify the func-
taons to be supported, specify the corresponding modules, and select suitable hard-
! ware components and software tools o design and mmplement thee modules
t creatively based on the primciples kearned in this book, Furthermore, we need to test
and integrare these modules into a fexible, expandable, and compatible system, We
have learned thar a varicty of modules can be implemented (Pare [ and different
systems can be constructed on the basis of these modoles (Pare 10). In particular,
etudying Part [T has provided us a betrer appreciation of the intricacies of systems
i engineering. As we mentioned at the beginning of this book and will discuss in a2

| larer section here, without proper system-level design, systems may have deficiencies
that ¢rn be difficult to correct even if the modules are individually functional. We
conclude this book with a discugsion of lessons learned from past experience and
posssible future directions for vehicle location and navigation systems.,

S

12,1 PAST LESSONS

The discussion in this section focuses more on engineeng-rélated than on other
igsues such as funding, marketing, policy, legal, and private-public partnerships,

S S e
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which have also ansen in the past. Interested readers can find discussions of those
types of issues in the proceedings of conferences organized by Euwropean Road
Transpost Telematics ||:n|:-|r1‘.|'|4:nt.11'ir:ln Coordination ﬁlr#:mi:.r.:ltiun (ERTTCO, Intel-
Ii.ﬂ;enl Tl‘.:]rl.';p-l.'u'l:ﬁ:_m Society (IT5) of America, and VERTIS {Vehlwle, Road and
Trathe Intelligence Seciery, Japan],

Croosd market forecasts are required for development of any location and naviga-
tion product, Different mackers may have different culoural backgrounds, environ-
mierital issues, and differen: L¥pes of |:|rjh'i.1‘.||:|; i(remntal, ml‘rlrnlll‘i:ll.t[, .-|.‘|14_1F:n|:li|;||5.| 2h:.).
Cosmparad with the [apanesa in-wehicle navigaion macket, the European and U5,
markets are soill in the early stages of development, As stared in Chapeer 1, according
e jap.:n Elestromic Industries Associatron, sales of vehicle ll.avit;ﬂti-:_'.n EYSLEMS 1D
LOMSIMers ir_ jip:m :Eﬂch:.-d .';_:I'I:l,l:lm'.' unil.‘ﬁ i 1!';5'.';, up :"3_2% tear 19944, Ml‘an::
than 30 companies are competing in a marker thar has seen prices of some wnits
drop from UL5. 58000 cight vears ago o around 31900 today, In Japan, addresses
are based on land sectors or on the order of construction, rather than location on
a streer. Onoly major streets are named, and most small sereets have no names,
Therefore, map drawing and reading are essential skills for survival in Japan, Direc-
tions are often given wsing major landmarks on maps rather than serest names,
traffic lights, and stop signs. With this cultural background, i 15 not difficult o
understand why the map-display-based navigavion system has been very well |
embraced om the Jqpﬁnnse markes, The mechod of mn.llEatinn m .I-"'-F'-‘-'-" i5 t0 SUpErim-
pose a route on the map and guide the driver to an area close to the destination, |
Om the other hand, in the United States and in Eurcpean countries, every stoeet has
a name and every bullding or house has an address, with the special case that many |
major European cities have quite 2 few traffic circles, The navigation usually relies
on turn-by-turn instructions o guide che driver 1o a specific address. Furchermore,
in the United States, prople are more concerned about their personal safety and the
safety of their vehicles and less worried abour finding a location (because of their
addressing system is relacively casyl. These cultural and environmental differences
imply quite different armredes towand navigation prodocts,

[n1 the Umited Scates or Europe, a vehicle navigation system often provides turm-
by-turn guidance. It s impoetant for such o system to bave a large main memory,
a fase darzbage access storage dewice, and a powerful CPU, Even with a fast, large
memary and a high-performance CPLU, beerer data strucmores and algorithmes are still |
requered o incredse the speed of the system, O the other hand, powerful guph[cg |
processing is essential for the rapid map-scrolling and scale-change features found !
in Japanese navigation sysoems. Although the distincrion may not be very clear, map-
display-oriented navigation systems often need more graphics processing power while
turn-by-turn-orientad navigation systems require rapid route caleulation and real-
time guidance response. Without any question, a product would be successful on
the 115, and European markers if it could be developed to mainrain a low selling '
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price and comfortable profiv while providing both sees of fearures. However, this is
easier said than done. Prodocts should proba bly first target a specific market segment,

A stable and accurate map ditabase ks required to develop a quality navigarion
syaper, This database can help improve syvstem accuracy and reduce subseguent
modification of the naviganon software, Many features of the display and traveler
information (human-machine interface}, positioning, map-matching, route-planning,
and route puidance modules rely on database atcributes, including road type, manen-
¥Er IFpE, (UMM ype, sirect speed, strect name, ot Any database changes could resule
in & sigmificant ceemineering effort o rebuild the navigation system.

Project managers or lead engineers must be walling to take a concrete step-by-
step approach starting from the basics, to have good interpersonal gkills and a broad
background, to kearm new technologies, and to have faith and sock with the progect
in oarder for it o be soccessful, Any work on g new m:ll'l-:a._'!.'s-.ttﬂ:ll, prOSOLY e, Of product
should stare with ehe basics. In other words, it 15 better po make v a3 simple as
posstble but make sure it works correctly and is expandable from the very begmning,
Any new features or enhancements can then be casily added to a working system.
As discussed in the beginning of Part 11, a good system architecture is essential 1o
providing a stable basis for any expandable and flexible system. For a complex
product that involves both hardware and software, there must be an experienced
syseems engineer (architecs) or 3 team of systems engineers to coordinats design and
development. Otherwise, costly testing and integration as well as temporary panches
could mean more trouble later while trving oo push a produce our the door for a
delivery deadline, Hovwever, even a good system architesture is normally only suitable
for a limitedd range of system sizes, A compleiely new kind of problem showld be
expecied every fme the syitem is enlarged by a factor of rwo. Software engineers
chould be involved from the beginning of the design phase to avoid the necessity of
tadoring code to already finished hardware, It 15 always worthwhile to spend more
time on the system specifications. Fmally, the managers and engineers involved in
any locarion and navigation project must keep faith in the project, which is equally
important to learning new wechnologies. A firm belief in the project, persistent efforr,
and full support from upper-level management, especially during difficalt times, are
critical for any swccess,

A thorough understanding of software project management and the develop-
ment life cycle is pamiculardy imporant because there are so many critical programs
embedded in the location and navigation syscem. Sofrware project management is
also an engineering discipline in frs own righs, with prediceable patterns. Many
experts believe thar 2 software organization or development team should use the
eapability matarity model (CMM) developed by the Software Engineering Inssitute
[SEI) to measure the marurity of the organization [1]. 5El is a federally fundsd
research and development cencer thar is affiliated with Carnegie Mellon Uneversity
in the United States. The higher the SEI matrity level a software organieation has,
the berrer a sofrware product it can produce. Even using the ChiM, many of the
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2% VEHICLE LOCATION AND MAVIGATION SYSTEMSE

system-level issues involved in a complicated embedded multitasking system require
experienced and dedicated engineers,

Comfiguration management should be adopred ar the very beginning of the
project. Configuration management is a process to maintain the integrity of products
as these produces evolve through the development and production cycles [2]. Ir
identifies, controls, and provides the status of defined hardware, software, and
firmware end items. Software confipuration management is especially useful for
mission-critical software development projects involving teams of developers.
Through documenting and racking sofrware during irs life cycle, software configura-
tion management ensures thar all chanpges are recorded and that the currens seare of
the software is known and is reproducible [3], In addition, all project-related doco-
mens should be placed under configuration management. After all, rthis s 2 vital
component of product quality management and a key to maintaining competitiveness
in today’s global marketplace.

When selecting software methodologies, both managers and enginésrs must
understand the pros and cons of the various methodologies available, In particular,
correct assessment of available methodologies is very important for any real-time
embedded application. Structured design and object-oriented design are the two
most popular methodologies. Both of them can be used in embedded systems, How-
ever, when a particular languape is emploved for implementation, we must know
the copgequence of applyving it on a dedicated hardware carget. This i especially
important for an organization where most of the programmers are familiar with a
structured language and have just begun the transition to an abject-oriented language.
For instance, C is a general-purpose programming language that is relarively compact
and efficient. On the other hand, Ca+ 15 a “better™ C, which supports betrer dara
absrraction and object-oriented programming. However, Ce4 is a far more complex
language than C, run-time supports are larger, and run-time coses are often hidden.
Ces compaler dingnostics may be difficuft to understand and run-time bugs may be
subtle. Improper implementations of virtual functions 1n T4+ may imcrease object
size and slow down funcrion calls. Constructors and destructors in C++ (analogous
to malles and free in Cf may add overhead to object creation and destruction, and
make interrupts and exceprion handling more complicated, Chasses in Cés may have
hidden fields that make them difficult to map invo existing data strucoures, Temporary
objects in C++ may take unexpected time and space during execution, There could
be memory leak problems if no special attention is paid to the memory usage of
cach programmer or ream. Given experienced and properly rrained engineers, all
these problems may be avoidable,

There is also a wide variery of emerging rechnologies. Recent references are
available from which a reader can learn these technologies and proven theories
and leam how to mose efficiently implement real-time embedded software. Fate-
monotonic scheduling theory is a useful tool that allows system developers to meet
the requirements of real-time systems by managing system concurrence and timing
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constraints an the rasking and message-passing level (4], It ensures thar all tasks meer
their deadlines as long as the sysvem utilization of all wsks lies below a certain
bound and appropriare schedulmg algorithms are used. System designers can use
this theory to predict whether task deadlines will be met, long before the expensive
implementation phase of 3 project begins,

Specificarion and Description Language (5DL) has been srandardized by the
International Telecommunication Union (ITU, formeely CCITT) for specifying che
hehavior of real-time communicarions systems [5]. The behavior descriprions are
based on communicanng extended state machines that are represented by processes.
Anexiended szate machine consists of a number of states and a pumber of ransitions
comnecting the starss, One of the stares is designaced rhe intial state. Communicacion
15 rEi:-racn!'e-d ‘I'Erg,r sl'_p,nr:h and can tale T!F.pr_'E i:I-EI:'I.'JlI‘."EI'L the processies thumg]v:s o
between the processes and the environment containing the system model, Aspects k‘
of communication between processes are closely related to the descrniption of system I1#1
structure, Probably bess known in the TTS field, $DL s widely used in the relecommu- | |]
nications field. SDL is not just for describing refecommunications services. It is a fh
peneral-purpose descriprion language for communications systems that have complex I
eveni-driven, real-time, and inreractive applications involving many concurrent activ- (Il
ities, Hecall that a communicanions module is a vital component to improve perfor- [\
wance and increased functienality of vehicle location and navigation systems s ||
discussed in Chapeer 8. SDL could be a very uscful development wool for large and phiL
complex ITS commumcations. It

=

I

e T i

——

Well-structured object-orienred software archirectures have numerous pamerns, I!F‘--
These patrerns describe simple and elegant solutions to specific problems in sofrware l# 1
design. Diesign patrerns capture rewsable designs that have developed and evolved 5,-
over thme, T\'.renr:.l-‘[hTEE very wsefiil rl&l..ig,n patterns summartied from decades of Fr- _|-|
object-oriented software experience can be found in [6]. For evervday programming, :!J iil
sety-one shor “heurstics” (rules) are presented in [7], They act as guidelines thar |i”|
can easily be memonzed and vsed in object-oriented design. As mentioned, the object- :II ;

griented methodology can be used for embedded real-ume system development, buag [ERS
care must be maken when wsing the Co++ programming language because many
programmers gre migrating from the more familiar C language. Embedded software
is tightly connected oo its physical enwvironment through various human inrerventions,
SETEOCE, and actuasors, It muast respond Bo many events within specified time limits,
Interesred readers will find additional informanion on objeceoriented methodology
and real-time systems in [8], which discusses a variery of detailed design issues and
implementarion aspects specific to embedded real-time sysrems when using the Cos
programming language,

111 FUTURE DIRECTIONS

Some studies suggest that a few standard mterfaces should be the top priooty for
future development of vehicle location and navigation systems. These interfaces
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might include an application-layer protocol and 3 message set for traveler information
gervices, 3 message standard for mayday systems, and an m-vehicle multiplex bus
for [TS devices. A standard [T5 data bus interface would allow the vehicle ownes
to add devices and the manufacturers and dealers to provide new features ar much
lower cost. Due to the typical design cycles of modern auromobiles, i is difficult o
install any recently developed clectronic device in current-year models. Consumers
must take what the vehicle manufacturess offer, or pay mose larer for an afres-
market retrofit. A standardized bus would allow eagy sysem integeation, so that
existing vehicle devices could soill be wsed. It would also allow plug and play wich
standard modulegfconnectore on the hardware gide and standard application pro-
grameming interfaces on the software side. It would transform the wehicle into a
platform for third-parey hardware and sofrware products. It would be much easier
tor retrofir devices and systems or add new sofoware features and applicadions. Remote
access would be improved, too. It could permic remote disgnosis, npgrades, services,
and fearure additions. One such concept of an in-vehicle data bus is shown in
Figure 12.1 [9].

New Elactranica Exlzting Vehicia Systems
Mayday Call
Canlsallar GCiateway —‘
Contrallar
Mavigalion B In-Cash
Gompdter Uisplay
Callular B | Chaor
Fhong Locks
GPS ) Staring
Racaivar Buttons
Pager .——l Bansas
[ ———
Caher T Ciinar

ITE Data Bus Existing OEM Bus

Fgure 12,1 Fugure in-wchicle [TS darg bus conoepr
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Some believe that future wehicles should have more functions to enhance the
gafery of the driver and vehicle. According 1o this view, many safety and convenience
technologies should be deployed along with the automated highway system
[AHS) [10-12]. These rechnologies include intelligent cruize control {space mainte-
nance, spesd control), collision avoidance, vision enhancement, and lane holding
(Figure 11,2}, Vehicle-to-wehicle communications would further strengthen the sup-
port of placconing and the basic roadway infrastructure, Vehicular travel on AHS
would be antomatically controlled withourt intervencion from drivers or AHS opera-
voss, This would provide lanes with higher than normal capacity, in which the space
or “headway” between vehicles would be reduced. The vehicles would revert o
manual control as they exited the AHS In addinion, clectronie (auromatic] toll
colfection plazas and scales might be available along the highway o speed vehicles
past ll booths and weigh stations.

Oeher studies predict thae hand-held portable systems will be the navigation
systems of the fumuee. Assisted by various infrasieuctures, these systems would offer
many of the same functions as m-vehicle systems [13]. A few carly versions of
poctable systems have already reached the market, with limited functionality, Some
use personal digital assistants (PDAs), notebook, or palmrop compurers. Orhers use
conventional paging services to provide wraffic data, Different approaches exist. For
inszance, some available systems integrate a portable compurer with a GPS receiver
mourted on a PCMCLA card in conjunction with digital map and software packages.
Some use static databases po provide travel information. In short, more advanced
hand-held location and navigation systems will enter the consumer marker.

Future awtomaric vehicle location (AVL] systems will also see many new
changes. As wireless communicanions technologies rapidly advance, various new

Vechie-to-Vahicle _.-_\_‘.'_-"

Gommunicaions

Call=ion '
Avoidanca

Figues 12.2 Future comcrpt wehice,
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wireless networks may become integraced with AVL systems. In-wehicle terminals
ey cost less, bue stll provide many new features. In addition o knowing where
they were, law enforcement personnel would be able to access che Interner, WW
pages, or other darabases in their wehicles po pull crime files and other informarion
up on the screen in seconds, Many in-vehicle devices could be integrated into a
single multifunction device or hand-held device. These new systems may lead to
more efficient management of public transit, emergency fleet, hazardous marerial
monitoring, access tracking, and many other public and privare systems.

People around the world have similar visions for the futore. In Europe, many
anticipate the widespread use of the mobile GSM digital cellular phone both for
communication and localization, the wse of wircless personal travel assistanes for
intermodal reavel, broadeasting of real-time traffic messages via FM radio (RDS-
TMC), the development of incelligent cruise control, and 2 more powerful hurman-
machine interface to display or digest the available information for navigation unies.
In Japan, people predict moce integrated and mirnacarized location and navigation
EWETIRENS with a |.'|E1I:-E|.‘ human-machine ir||'-|,-::'|:i|-;,:l,-:.I 1'||1:||,.'11 fmpa'l;ww;] vuim 'in]:r|_1|; -|_'||:"l|'|l;i:i’
increased development and integration of data communicarions techniques to provide
dynamic travel information, and more houschold media lor wehicular vse [14].
Dlavigation syvstems will become more and more mfegrated with existing entertains
MECAL BQUEipMmenL,

In the United States, mavday systems will conrinue their successful momeneun,
although autonomous vehicle navigation systems may eventually catch up as the
unir price decreases. Fental cars will initially have the most widespread Installed
base. As che ITS infrastructure becomes more widely available, centralized navigaton
systems may gradually dominace the furure marker because of the benefits of knowing
the real-time raffic information, Many autonomous systems might be ready for
integration with centralized svsrems if good systern architecture i used in conpunction
with newly developed IT5S standards. Ae locarion and navigation sysrems evolve,
some in-vehick: systems may become more powerful, with additional features such
as multimedia, e-mail, fax, and Ioternet sucfing capability, Other systems, such as
varions mobike (hand-held) devices might become less wehicle dependent. For
instance, GPS/cellular, GPEICDPD, GPATDA, and various other rechnologies (terres-
rrial radio-based) might soon become available on a muech larger scale for hamd-
held devices. !ria.n]r of these future mobile devices may ke maonvated |:|].' the FCOC's
mandarory wircless E911 roling (Section 10.4), They could be casily carried or
plugged into the vehicle and might become either an independent or an integral pact
of the msvehicle location and navigation wnit while driving, These mobile devices
might provide complementary data and exchanges data with the in-vehicle navigation
systems, homefoffice information systems, or public compurter information terminals
at major transpore hube or other information centers. All of these exeiting develop-
ments will not be restricted w0 one particular region. In coday’s global economic
environment, they will penetrare rapidly 1o different regions and eventually the entire
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world. As a resulr, there will be various systems with different services and upgrade
capabilities from the very low end to the very high end for everyone 1o choose from.

Look to the future, The field of wehicle location and navigation is very promis-
ing. MNew and advanced rechnologies should be able to make transporiation operate
more safely and efficiendy.
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APPENDIX A

rTrYw

TRANSFORMATION BETWEEN i
CARTESIAN AND ]
ELLIPSOIDAL COORDINATES i

—— 2

f i
L il
l||.'| :
i ;E'
3 Ll
I | We first define the parameters of an ellipsoid as follows: ':'I
! [
) Semi-major axis: a -'I_':'|I
| )
' Semi-minos axis: b EI]‘!'
| _ i
! | Flatrening: _a- __l.!k__.
b= gl
Eccentricity: N g [!llli
F = , OF = 4] = (] _||I'|3 H;f
i‘nfﬂ
Assume that an ellipsoid of revolution is placed at the origin of a Caresian conrdinare ':'“'i!
i srstem and denote the Cartesian coordinases of 3 paint in space by X, ¥, & and the ! -:i
i ellipsaidal conrdinates of the same point by &, A, 5. The relationships between the 1'-‘5'
I Cartegian coordinates and the ellipsoidal coordinates will then be given by [1,2] :J'!-:
.1||!' |
308 s
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X = (N + bloosgond
Y = (N + Bicosdsind

3
Z= ['!i: N s .ﬁ::lsin-c,!-

a

where N s the radius of curvature at the prime vertical which can be obtained by

. a a
."lul — o OF =
bl o i
Nalcosl g + blunlg Y1 - elsinle

The inverse rransformations are derived as follows [3];

2+ Y
¢ = arcran > irfr'lz
i i"_]‘iq'rl + }1‘1'

N
A= lar..:[an]:+

.. T
b= m.p,n{t + I = lj.JIIE " TEI{-I _ 2 I) . Illl 1 _lll [ |}
2iv g | 2t - gt

L]
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Trawsfarmation Betywen Careidam amd Elitoidal Coordiaares HIT

Maote that when +/x2 5 :;3 =0

b= aignizlz — b

= ﬁig:l(ri--;
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APPENDIX B

rew

TRANSFORMATION BETWEEN
UTM AND ELLIPSOIDAL
COORDINATES

In the Universal Transverse Mercator (LITM) projection, based on the same ellipsoi.
dal parameters defined in Appendix A, the transformation equations for transforming
an {‘|'|'5|.'=5I3I-il'-‘|-‘l| [Raklinls {5 A} toa pnin: x| on phe UTH r.!|:|m are [given I}:.-' the
following series expansions [1,2]:

[ 4 2 % -
v = kSid« km‘[f:mz.m T ?i*v:ﬂﬁae.b!ﬁ —t* 4 9y e dn A - Ag)t

¥ : -
+ sopeostd(61 — 3B + ¢+ 27007 - 3306 i(A - g

F By A ; .
TG Ty M138F — 311714° & 543¢° = M4 = .l.,:,:l‘:I * . }

X = EN[EEI&J.I{A— Agil 4 éNi;-I:IEE':‘l\'.rlI I': + :-IrL:l-:,.{ = ,3|,|J]‘3|

] y 1 1
Tos 5 = 188 + % 4 1497 — 582 — g

i .
f —cos” @61 — 479:1 & 179 A=A
3040 ; ! b Wiz
105
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10 VEHICLE LOCATION AMND MAVICATION SYSTEMS
where
Are IEﬁEth of meridian: 5{ o
1
Radius of curvature in prime vertical: M= g
Bj1 4 '.';|‘1'
Auxilizry guantity: 1',!1 = a’:::ml¢
Second numerical eccentricity: e o
il T
=
Auxiliary quanticy: {= tandg
Longitude of the central meridian: Ag
LT scale factor: &= 09994

Because the pair of coordinates { ¥, x} corresponds to (g ), ¥ &5 given first followed
by x. The arc length of the meridian 5{d¥) is the ellipsoidal distance from the equator
to the point to be rransformed and & given by the series expansion

Sied) = b+ Bsinded + psinded + Ssinfigh + eanld+ . ]
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As an example, the parameters of the WG5S 84 reference ellipsoid [Table 2.1) are
ligted here:

& = 6367449, 1458m

Bw—2.51882792 x 107

y= 264354 = 1070

B m—345 %107

e=§x 107"

m = 167922 x 107

The mwverse UTM projection is the rransformation of & point 4, x in the plane o a

point ¢, A on the ellipsoid. The mansformation equations are given by the following
LErIES EXPANSIONS:

2

Ey x

d
i, . F i 4.f X
o245 + 365+ 6o = 6thof — 3nf — 0t |(—)
34" Fr "'l"F J'I"’ﬁ ¥ F’?r k‘h".f
§
b 1 4 Ly 2 2 IJ
~ =61 + 90t} + 458] + 107 1625 mr = 458407
T i f "f ol " [““f

|

[ 3 X
* Tiazgl1385 + 3633ef + 4005¢ + :?y(k—mj] "

A:Jpaﬁiﬁ) El:nm,r” v 28« -ﬁ( \q]

llﬂ-: e » 286 + 24e} & G + RiF o) i,u,

1
- Sioieglt! * 66247 + 13204} o ?m:}ij(

where the terms with the subscript / must be compured based on the footpoint
ladimde ¢y The scries expansion of the footpoint latitude is given by

r;i_-,r:- . 1' .&uni— ¥ 1.-:5111-4—— ¥ ﬁsm-ﬁ— ' qlnEE— + ., .,
o
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where
E’:d;b{.l I-:F:I -5—1‘1-}:"4- ..l:| |
= 3 37 3. 269 ¢
Haghoggy Lapa S I
_ 21 a1 5%
}':F;Hi—iﬁq+
- 151 ; #7 ¢
b=5g" ~Tm" * !
_ 1097 4
E= Th + |

Mote thar the coefiicient & is identical 1o e in the previous cranslormation. As an
example, the paramerees for the W3S B4 reference ellipsoid are lised:

= $3ET44 P 1458 m !

ir

A= 251882658 = 107 '
F = 1.70095 x 10°%

&= 745 x 107

Fa 17 x107H

Note that for location and navigation epplications, the higher order rerms indicared
by ellipses can be ignored. Seming the UTM scale factor equal to one leads o the
transformation equartions for the cransverse Mercator projection,
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APPENDIX C

| rYY

POSITIONING SENSOR
TECHNOLOGIES

To become familiar with the sensor technologizs used o derermine position, we
have summarized the families and underlying principles of various types of linear
| and angular vehicular position sensors in Tables C.1 and C.2, respectively. Some

| sensors listed can be used for velocity measurement. Note thar the boundaries of
some sensor families are vague because they may have hybrd elemenss prodoced
by mechanical, electrical, or orher rechniologies. The tables atrempt 1o Mustrare the
variesy of technologies available. Because of rapid progress in sensor technologies,
it is very difficult to cover them all in rwo eables. Many rechaologies can be used
for either linear sensors or angular sensors. Certain technologies may not be suitable
for vehicle positioning applications ar the moment.
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Underhping Princide

ﬁ:‘l‘lﬂ:‘ £m d.l1l1 ofl
Activared when aligned with magnenic
flux

Table C.]
Lisvear Posicloa Sensoes
F:ml'ﬂ'_i SEypnar
Mechamcal Microswiech
Red swirch
Flecrramecharmenl I'J-:I}' crrrenl

Electro-npeica

Sodid grare

Meauph

1
4

Flall affecr
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APPENDIX D

F¥EY¥

LEAST SQUARES ALGORITHM

Civen the following equation:
T = AX
where ¥ 5 the known o % 1 vector of measurements, X is the s x 1 vector of

unknowns, and A i the @ s design mamis.
If i == M, the SYEIEmM has more m:p:aﬁnns than unknowms. The method of least

squares can be used to obtain an optimal estimare for X using the redundant set of
MmeEsIrements,
Ler us define the # % 1 vecror of residuals as follows:
F= .lq:"!. 1|'I

We now need to find the valee for X that minimizes the sum squaces of the residuals,
that 15,

FIX) = (AX = Y = (AX - 1T [AX - Y)

where T indicates the rranspose operation. Differentiating the preceding equation
and setting the result to zere, we obtain

17
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dfiX) . "
WEM .-d.x—_.lq.TI!D
Provided A7A is nansingular, we solve for X and obtain

X=(atartaly -

Thig is the least squares solurion, where -:ATAJ"' iz the cofactor macrix we studied

in Section 3,3, If w = »r and A is nonsingular, the least squares solution reduces fo {
the following unigque solution:

X=A"Y

Maote that the observations can be weighted based on the accuracy of each observa-

tion. The preceding salutions describe the equal-weight case. For more information,
refer to [1,2].
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APPENDIX E

FEWY

KALMAN FILTER ALGORITHM

The optimum combination of measered and estimated results at ime # is given by
Xy = Xg + Kplzg — Hpxi)

where x } denotes the a priosi estimare. The “hat™ denotes estimate and the superscript

minus indicates thar this is our besr estimare prios to assimilating the measurement
ar cime I

The Kalman fileer gain used in the equation just given can be written as

Ky = PPH (HPRH] + Ry

and the error covariance matrix associated with the optimal estimate is obtained
from

Py = (I - KyH 1Py

1o recursively compute the Kalman filrer gam for the next step, the predictions for
the state estimate and covariance at the next step are given by

R
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Xi.1 = Xy
Pioi= duPicf + Qy

In these equations the covariance mamices Oy, and Ry are obwained from the wy
(process noise) and vj (Measurement noise) vectors as Froelbos:

F.lw.;wl-'r] - {Eh i

i

H
S~ = A

E 3 =
Efved] < {8 1=
Eiwj.\r:ri = [ For all & and ¢
and, forc the error covariance maorix P,
Py = E[{xs — %5 )ime - %317]

To derive the preceding estimation sguations, we assume thar the random process
to be estimated can be modeled in the form

Xgyl = Mg + Wi
and the measurement {ehservation) of the process can be modeled as [
Te'= Haxp + i

Detatled discwssions of this algorithm can be found in [1-4].
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APPENDIX F

Frw

Fuzzy LOGIC BACKGROUND

Fuzzy set theory, introduced by Zadeh [1]in 1965, has been shown to be an effective
way o deal with gualitatively oriented terms and concepts, Fuzey logic provides a
simple way ro draw definite conclusions from vague, imprecige information. In an
infuitive sense, it resemhbles human decizion making. For example, consider cthe

following declarative assertion concerning a vehicle travehing on a local residential
road:

“The speed of this vehicle is high.”

[ the speed is 100 kmvh, this stacement 15 camplesely troe, However, if 100 kmv'h
is high, how abour 99, 98, . 90, . 8D, ... 70? Ar whar degree does the ssarement
suddenly becomae false? Since the speed can change gradually during a trip, it is hard
bo find a fixed valoe such that larger than that fixed value is “high™ and less than
that wahee 15 “not high.” To resolve this fuzziness, we can assign a grade, or membber-
ship degree, to a speed. A speed is high only to a certain degree of truth, called a
grade, or membership degree. By correlating various speeds to grades, we tum the
preceding statement into a fuzzy membership funcoon, Therefore, people often say
thae fozzy logic @ 2 mathematical formalism intended to handle these kinds of
imprecise statements, It iz different from traditional mathematical formalisms
because fuzey logic allows us o model the vagueness in our mental decsion-making
provess. Consequently, foeey logic is inouitive and easier to work with than traditional

321
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logic for many appheations. Traditional logre woulbd have a difficult ome processing
the vatn ACALENbERL, Iin the dt&ig,n |_'rf ﬁ|zz.:|r in;l::runi:l;: u}'stums.l ﬂ:::’r aie H'pn-:: ]:l“:'r.
concepts; membership funcrions, fuzey lopic operations, and fuzey rules,

For membership functions, we can denote the grade of a speed in high by
assigning it a numerical “rruth value.” Trath values may range anywhere between
i and 1 and are rypically considered to have meaning as supgested in Table F.1,
although it may not always have meaning. [n this manper we can arbitranly assign
various grades ro “high™ as a funcrion of the speed {Table F.2).

The membership functions given in che ables are illustrated in Figure F.1, The
curve in the fipure illostraces how the memberckip funcrion of a furzy concepr is
dependent on a measured valus, for example, speed. When the relevant declarative
assertions are combined mto a single charr, more complicared curves are obeained. |
These curves are called Fozzy sets, The furzy concept “high™ is called a label. For a [
speed, such as 70 km'h, 0,7 is irs grade in bigh. In other words, if the speed of this

Tabde E.1
Linguisrc Meanings of Fuzey L Valyss
Trrtt Value Mizauimg
.0 Completely Fale
02 Rnatly false
0.4 Somewhar false
(nE ] Somewhar oue
LR Measly iroe
10 Complemly rrue
Tahle F.2

E'."'Il!ulu:ﬁ]lip Fuaackims

L:rhli'Ll ereiir) Crrsede im High
o 0
10 a1
i 0.2
i) 0.3
an .4
0 (1]
(1] L&
m or
B 08
a0 0.8

10
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Fgure F.1 Membership function charr.

vehicle is 70 ke, the rruth value of the agsertion “The speed of this vehicle i=
high" 1= 0.7.

For fuzzy logc operations, consider our spoken language. In addivion mo the
simple assertion statement presented earlier, logical operators are often wsed in
spoken language 1o combine simple assertions into more complex ones. Examples
of such operators are “AND" and *“OR," Assertions using these operators are called
compound assertions. Similar operators can be used in fuzzy logic 1o help evaluare
the cruth values of these asserions. These operations are called fuzzy logic operations.
For example, let us define another simple assertion:

"The distance o the next maneuver is short.”
We can now CPEAlE 3 COMmpound Asseriion:

“The speed of this vehicle is high AND the distance to che next maneuver
ig shoret™

Ohce a truth value 15 asigned to esch simple assertion, fuzey logic operations
can precisely evaluate the muth valwes of compound assertions, Even though the
compound assertion is vague, the svaluation results are crisp values, In other words,
nohing is fuzey in the acal fuzzy inference process,

Az examples, ket us examine how go evaluae trath values for statements con-
raining the two simple operators, AMD or OR, Mathematical functions are used by
furzy logic mo evaluate rwo arkdrary starements & and B, There statements can be
either simple or compoand. The mathematical functions are listed in the righe-hand
colemn of Table F.3, Bach of them is associated with its corresponding fuzzy logic
OPET AL in the lefe-hand column.

From the definitions given in Table F.3, we can casily evalvate the truth value
off any stadement. Let the truth value of A be 001 and that of B be 0B, We abrain
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— =

Tahle 3
Fraxy Logie (perakims

Lo DHerainr on Mrfvesation Fenchon o

Seadewnerars A, B Evabiater Truch
A AND B mEnimmn (min
ACHBRB maximam {max)

Asservion 1 A AMND B = min{0.1, 0.8] = 0.1

Assertion 2: A OR B = max(0.1, 0.8) = 0.8 !

The crigp truth value of Assertion 1 & 0.1, whereas Assertion 2 has a valye of 0.5.

We now know that a traditional logic sucle as Boolean logic is a special case
of fuzzy logic, If you doubr this statement, see Table F.4, which Lists various evalua-
tinn resules for ewo compound assertions, Both results obtamed by applying fuzzy
lagic operators and Boolean logic operators are derived. Note that both fuzey logic |
and Boolean logic produce the same results when the truth values of the simple
assertions are limited co 1 and 0. However, for values other than 1 or 0, fuzzy logic
produces meaningful resulis while Boolean bogic has no such operstions defined.

For fuzzy rules, consider the following example. Suppose that we want w
determine when o announce a maneuvering instruction via a speaker 1o a driver
during route guidance. One of rules could be |

IF the speed of this vehicle is high AND the distance to the next maneover
is short
THEN announce the next mansuver instriction.,

Takle F4
Comparisos of Bosleen Logie ased Fuzey Lagic Operatons

Luogrc Cipsrarar Fuisy Logic Bocdsin Ligic

41 B A AMND B AOE B & ANLHB AR B

] [ 0 1] 13 ] |
1 1 0 | i 1

1 1] o i 1] 1

1 1 1 1 1 1

i L& [H] & i #

.5 5 05 k5 ! #

. 0.5 0.6 0.2 7 ;

L 1 #

0.8 0.8 1

B T S L o B R oL L1
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In ather words, a rule has the following format:
IF =condition> THEM =consequence:=,

T condition part of a rule could be either a simple or compound statement and
the consequence part is typically a simple statement. The input to a fuzey-loge-
based system 15 very similar to human language, The more complex 2 sysoem is, the
more rules it will generally have. Given the input grades in the condition parr, each
rube is evaluated to obtain an output grade in the consequence part.

The final result of this inference process depends on the combinational effect
of many fuzzy ruled in the process. Because a single number is desired as output,
we need a defuzzifying operation. In other words, a defuzzification operator is used
to compute one final crisp output value, which % to make a decision for the system
to follow, We can view this final aep as interpreting the evaluated grades as a
measure of confidence in the corresponding conclusion. The most popular method
used for this operation is to compuate the centroad [weighted average) of the output [
from the furzy rules, By considering the grades as weighs atrached o the assertions, i
the final decision z i obtained by determining the weighted average of the support
! values associated with each output label:

where x is the position of the fezey ourpur from the evaluation, v is dhe value (weight)

af the corresponding fuzey output, and = is the number of fuzzy outputs, In general, [
the owtpasts of furzy rule evaluation results are discrete values. For convenence, 3 i
curve is used in Figure F.2 to explain the basic concept. !
¥ Cma Fuzzy Cidpat Value ”

i

§ - / i
n |

|

' X ‘ :

kil

Figore F.2 Example of a Fuzsy aurpur cure,
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To summarize, the fuzey logic inference process CoNGIsS of the following three
steps:

1. Puzzificanion;
2. Rule evaloanion:
3, Defuzzification,

As discuseed before, fuzzification converns the inpur values into prades [fiszy
values) using tnput labels, This is often called relating crisp valaes to fuzzy sets by
the membership functions of input labels. The rule evaluation step computes the
grade of each ourpur label, char is, the Fuzey output wuth values sre compured in
this step. In general, this sticp involves rather complicased operations, It wses &
inberence engme with the membership functions of hozzy sets to perform fusey
reasoning on the rules. Defuzzificarion involves interprering these grades as a measure
of the confidence m the corresponding conclusions. It makes the final decision for
the whole nfersnce process, In other words, it converts the outcome of the fuzzy
regsoning process into 3 coigp value that can be used to control the syseem or it can
mezely be presented o the system,

Different fuzzy lopic operators are used for processing and interpresing rules
and different defuzzification operators are used for deriving the final decision. In
additicn o AND {minimum) and OR {maximuem}, other examples of logic operarors
include product, probability sum, bounded intersection, bounded wnion, eic, Exam-
plcs of defurzification Operators are centradd, lefirmost maximizer, :Lghtmnﬂ: K-
imj:-:r,avrra,E: mnx:immc-r, =ht. nelni]s o thes apera tewrs and I!].l::tj-' fnfr.n&'ﬂl.‘E' |!|'LEL|:'|-::||5£
that are available can be found in [2,3].
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satedlite code, 67

map matching, %3
Cost fusction, shortest-path algorithm, 102-10
Counssrfmechanical :Iilph;r, 145
Coreerape, wirehess commumications, 177-74
C programmieg languags, 198=8%
Ca+ programming Bnguage, L¥E-59
Cramkshatt, 47
CRT. fer Cathode-ray wbe
CT2 cordless wlephone; 183
Cushic e, 108
Cumulative erroms, dead reckeming, 46
TV See Commnescial vehicle aperari oo
Cyrus-Feck clipping algorithm, 8%

D-AMPS cellular radie, 152

DAP. See Disparch application processar
DARC broadesar subearrier, 198

Dame wooess, rouse poldamce, 15833
Darabase compiler, 15-20, 38, 139
Databass process, appScation logwor, 182-583
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Data bas intecfade, 300
Dhasa Fusion, ADVARCE, 77 772, 253
[rata madem, £11, 251
anum, conscdinate systenm, 21-12
Programme for Mobilley and Traespommnon
in Eveope, &
Telematics Apphicationn fr Transpart
amil Envisanment, &
Dresd reckoning, 5=7, 26, 45, 45=44, 85-R4
ADWVAMNCE, 265
centrelized nevigaton, 240
complicased navigation, 113, 231
computer visien technokegy, 220
ervor in, B3, BE 04, 102, 219
ic map marching, 34
mohilk gavipation asssang, 27
p-:rfumlqrrur Lulnpl..rhl,n. 4%
standsalane rechnclogy, 219
DECCA navigaton syscem, 226-27
Decentrafecd Kalman filscr, 77-7R
Decentrafized map-masching approach, 100
Declinazion, 56
BECT cordless eckephane, 183
Diedicared Rogd Intraszrucnsre Bor Vahicle Safery
im Europe, &
Dredicated short-rangs ommalnigation, Z03
n'q'lruzriﬁ:::hrr.‘ 9‘.1—'§ﬁ,.12.'ih2ﬁ
Delay fuscrion, ADVAMCE, 267, 259
[here psrer-Shader evidensial reasoring, 79
[Peparcment of Dedense, 11.5., 63
Deparcment of Transportation, LL5,, &3
[resign apecifications
cemstralized navigaron, 141
comfmunlcaeings nermoeils, 288
complex navigation, 229=3
inlividual subsysrem, 216
Device drivers, 212
THEPS, See Differential ghahal pasitiening system
DMcration, large-vocabulary, 161
[hiFferengial plobel positaonieg sysiem, 200
ADVAMCE, Ti5
charactzristics, 67
disrribwred bocarion sysiem, 347
irrgrae, T4
mstasurement alparithieg, 67-74
munbile navigacion assismng, 174, 278
peffammance comparisomn, 243
rechiniques, S6-67
used for bamd-held davice, 217
wide-ares, 74
Difereenal odomsmezs, 2, F1=51, 90, 219
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Digital cartugraphic inbermation, 18
Digical map, A5, 107, 109
coempider seruchare, 38
dara srucoares, ¥
digitizing, 1537
hierarchical, 3842
Digital map database, &, 7, 17-1E
EeakMap, 13-35
fusctions of, 17
MavTech, 35-3&
rypes of, 18
Drigital map srandards
[ignal Read Map Asocsagion, J0-31
geographic dars files, 28-30
Spasial Data Tranifer, 31-32
Truth-n-Labelimg, 32-33
bi;;iht :..1,5||.|.| peOCEiRIE, 183
Driganal ssgnal, &5
Dvigitizing, 36-37
rijkscra’s shoriest p.::]l- algarithm, 107-R, 114
miodified, 108-12
Dutlon af precislon, 71
Emimer mechanism, 156
Deirecmed graph, 10&, 108
[Firecied segment, 103
Directiog of vehicle, 45
Dagash, 17
Diapanch applicatica processor, 189
Dvpanch cencer, 241
Display formams
human-machine irterdace, 14798
mahile nawigation asssdane, 27702
!}Ill‘lll.r ml,:ﬂ:hurl 1?*—':"{, 2.H
DHseamee pravelad, 45, 51-52, B3
Disrortion feomoe, 140-41
Diagribuied Symamic navigation, 236-59
Diseribuged location syssem, 24751
Diserjbuged navigation, 137
DLL Ser Dymamicelly linked libracy
DAECA prunbed radio, 187
DTk See Deparrment of Diedense, 115,
DEF, See Dilustion of precition
Dropgpler froguency shif, T1
Dioppler phase measaremment, 227
DS |L;-¢'||'.r£ |].rn'=r. 212
O, S Depasement of Transporrarios, LS.
Dyubsle-linked manoever list, 133
Dawrdink, saicllit, 206
Drrifr, gyroscope, 55
Dernvabiliey flag, 111
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DRIVE See Dedicared Roasgd Infrasicecrare for
Wehicle Safery in Eurape
Dirivers, funsiliar and unkasliar, 290-81

DEM, Ser Japan Diginal Boad Map Accociation

DSF. Ser Digyial sgnal processoc

DSRC, See Dedicated shor-rarge commusication

Dwual-ose navigerion, 236-57

Daupdes ceneralized Lacarics, 259

Drapdex communicatians link, 170
wnamically nked libcary, 212

LFFnimmis imap it b e, 35,41, 233, 254, 220
Drynamic navigarios

[route puidamce|, B, 137, 238, 353-54

ADVANCE, 2850, 190-91
algarithm, 138-40
cesitraliged, X54-58
dispribussd, 25859

Eguivalent prajectan, 6

Ergoanmics, 143

ERGE. Ber Flacnromic Boure Gaidance Svsem

Errar compensarion, send-alone
technology, X1%=11

Emrar densétion’oarnection, 17374

Errar ellipse, 35, 88=0%

Errar madel, £8, 28

Esear regeon, B, B9-54)

ERTICO. Ser European Road Transpart
Telematics Implementarion
Conrdination Organdzation

ES3AR, Sre Enkanced a.p:l.::llip;lf mohile radia

Essimation furctos, data Rislea, 2

ETACS cellular radia, 182

kiak, Ine,, 33-35

I.-'H.kh.'.lp, 33=-14

Dwnamic roue planning, 1356—41

Dynemie scarch algarithn, 125

Dynamic traffic informanion, 235, 167, 150-91
ADVANCE, 259-70, 172

Dymamic cravel coge, 157, 139, 299

E?11 syetoen. Fee Wincless EFL]

“Early™ message, 134-35, 166
Easth-cenomed-Farch-Fxed coordinare, 24
Easring direeron, 27

EHTS. fer Enhanced bage imarsceiver syabern
EBLL Spr European Broadessnng Uaina
ECEF. §er Earch-tensered -Eamch-fixed posedmarn:
ECEF Cartesian svordimate, 64

B[y 50, Ser Eurapean Datum 1350

EDACS radia aysem, 187

Edge, 108

EF. Se¢ Exchange formar

EGT. See Eurnpeen Geographic Techmologies
ELD, Ser Electroluminescent display
Electinlwemni e icsss ﬂilp{:jl 14748

Eurepe, marker forecases, 10-11, 29€ |

Earopean Broadcasting Union, 19353

Earvpean Commimeze for Srndardization

[Cranive Earopees de
Marmaliestson], 29, 203
Earopesn Damm 1950, 22
European Elecororechnical Srandards
Ovganizarion, 178
Earopean Geograpiic Technologies, 34
Earopean Road Transport Telematic
Enplemsemtation Coordmation
Organizarion, 5, 196

EUBRO-S0C00T, 103, 256

EuselTracs, 228

EVA, 5-&

Evaluarion Fancdon, 113-15, 235
beuristic search, 113-135, 285
shortest-path algarithm, 109-10

E'\:'E:ll7 231 284 |

Exchange formar, 19

—

e i

: Extiver wheel, 50
Eoomame e 1 b,
% pEbi Expansion Factor, EB-§% il |

Elestrone Routy Guidance System, 34
Electranics Induostry Associarion, 200
Ekxrrana: vehicle mavigation gysters, 3
Ellipsnid, 21
Fllipepidal coordinaess, 305-12
emf. See Elscrmmagress nnce
Enhanced base mramsceiver svsiem, 189
Enhanced specialized mobile radic, 158
Es-rauee paute gaidanse, 129-35
maneuver generacion, 13133
TEnE Fulhlwinll 133=-1§
Erzemainment compaonene, 236-37

Esponential cime, 106
Bxtended Kalman Eler, 77
Eye fixarlon, 186-57

Familfar drivers, 290=591

FCL, See Federsl Communications Commission
FDLN, Ser Froquinsy-dimsimn mulﬁ;|||; A e
Peatare, 18

FEIY, Yae Field emsiter display

Federa] Comenumicaeioes Comamisssan, 183 |

Fading, 173 |
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Faderal Highway
Administmton, 3, 32, 23, 265
Federal Infarmation Procasing Standard, 31
Feedhaok display, 217
Fereous wheal, 48-521
F-E%. See Fixed-End System
FHWA. Fee Pederal Highway Adménisseation
Ficld ermter display, 15051
Fihers
COMMpiemEntary, T
fhaxpzie compass, 61
'li.ﬁ.h'lﬂl'-h?ﬁ
Ealmam, 76-78, 37
losw=pass, 75
FIPS. See Peders! Informacion Processing
Stamdard
Fixed-End Syseeen, 193
Flar pane| deaplay, 150-41
Fluwgare, 56
Fluxgase compasa, $6-58, g0-61
FM. e Frequency medulation
Faodpeint, 207
Foot prush burtem, 145
Parkudden seate, 111
Forenane spesch synthisis, 16463
Foreard search, 118
Frequency-division mulleipic access, 177, 18]
Frequency madalation, 19698, 21
broadcass sehcarnier, 2559
disgibuisd location, 212=53
egrased eransceiver, E17
ezrresirial-radio technelogy, 127
Fregoency rease, 180
Freguency shafe keying, 189
Fregeency stabilization, 73 .
PEK. Sae Prequency shif keying
Fuslon ezchnelogies, 2]
Fozzifier, 95-%%
Fazey logse, 79, 35, 163, 231, 321-26
dofuzmzification, 316
cofuzzification operator, 325
fuzzification, 326
membership furcrions, 321-21
epirabioes, 313-24
operabors, S2a
rule evaloation, 325-26
rulles, 322, 324-25
trath value, 325-24
Fuzzp-tagic-hased map marching, 95-100
Buzey s, 75-96, 322

Cragsrate gynocope, 53
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GOC. Ser Ceperal Commmumications Concrodler
GDF, far Geegaphic Data Files
GEVOF, hiee Geomerrical dilugion of precision
Gemeral Coenmeanicasons Comtroller, 287
Geacentric coordimace symeem, 22-21
Uieocoding, 34, 42
Geodetle coprdinars sysiem, 22-24
Cieodetic Reforence System 1980, 22, 35
Cierstletic surveymg

rzal-timne kinematic, 73

semi-kincmatic, 73

wiatic pOSLproGEIsinE, 73
Gieographis Dana Files, 2530
Gisographic Informerhon sysrems, 31
Geographic nonky, 3&
Geographic topegraphy, 171, 174
Gewid, 21
Cieveneerical dilarson of precision, 71
GED saeelie. Sse Geostarionary sacellice
Ceometionary sapellite, 205, 209, 228
GE Srarsvs satellize, 209
GI5. Ser Geographic mbormation systems
shanee lienis, 157
Gilakal posizioning eyssem, 57, 21,

4}, 6375, 21

astoam etic vehicle locarion, 243

carrier feequencies, £4

cendralized navigetion, 240

charserisics, d4=66

compreksiting insccusacizs, 220

complicated mavigarion, 218, 133-13

digital signals, £5

distributed location, 247-50

hard-held devies, 217

mayday s¥sscams, 239

orbic, ad-5%

pecfarmance comparsan, 242

posicion accaracy, &5

recEivwer eriors, 7 1—=72

recriver evalpgtan, 71

technology, 218

thres pass, 6344

time acouracy, 65

time difference of arrival, 126

vednoiny sccuracy, Al

See alyo Differencial global posiioning svstem
Globalstar satellice, 202
GLIMASE, 74, 224
GFS. See Global pesitinning syamemn
Graphical display requirernens, 134
Geaphical nser inmesfice, 146
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Graphics, text and map, 218

':-.l'.'l?ﬂ'} -ll-tnr:ﬂ'lm, 'I.DTI'

GRS R0, See Gendetis Reference Syseer 15900
G5 radio system, 182, 238, 302

GUL See Graphical weer inverface
Craidestar, 6

Cypromcngqe, 53-56, 219, 281

Hl|F—||iur||:= CrsmmuTicatiema ||:r|h 170
Hgll=ffecr posicion sensor, 47 4550, 281
differential odometer, 51-52
limicatiang,
rn'-l'll-.r.l 40
e as ARS gpeed seemar, 5051
Hargd-held location
devige, 217-18, 131, 743, 301
Hard drive, 218, 232
Heading, wehicle, 5152, §3
Heacs-up display, 4, 148, 218
Heurisise algorithm, rowe gui:lan-:r, 235
Haurnstice, object-ariemted design, 199
Hearstie search, 113-17, 120-21, 124, 185
Hiddern Mardeoy model, 16162
Hicrarchical map dacsbase, 3841
Hicrarchical route plaoming
algosithm, £0
plasining eriteria, 131-33
Hierarchicsl sesrch, 122-33
High-pass fileer, 7é
Hill-climbing search, 112
Histarical peofile, 13%, 290
Hiseary, vehicls lagation and navigaton, 2-6
HLH. Ser Home location register
HEAML See Hidden Mackow moded
Home location register, 159
Host damabace, 24445
Hier alisplay, 24546
coler-coded formuat, 257-58
Host routing, 193
HSO% broadcast subcarnier, 158
HLUT far Heads-np display
Huramn factars enginoering, 143, 134, 260
Flamae-machine ineerfsce, & 130-531, 113
ws application loyer process, TH4-55
in automaric vehicle location, 243, 2446, 133
design principles, 143-44, 156-5%
display technologies, 145-51
m::ﬂ]:y wyebem, 20
speech recognition, 16054
aposch aynchesis, 164-646
weaich sereen, 151-55
valce-hased ineerlace, 15956

Hybrid map-mawching approach, 100
Hrbod switcking, 177

Hyrperbola, 12415

Hvitoresis, 57

I Sewe nregraed cironic

HOD sareltie, See Inbermediate circular ochin
satedlise

[0, Ser Lizk idondificr

IMES, See Inteprared Dispsech Frhanced
Merwark

Identibier, 185

1DET, See Dlimais Mepartment of Transportation

IEEE, §

lllinois Depamment of Transportation, 268

illimois Undveesities Transpartation Research
Consartinm, Z65

Inbound channel, 287-54

Inborund-mesage throaling, 288

Incident devecrion, 270

Index of refracrion, 155

Indrum tim oacide, 150, 154-55

Individual communicatioms heaoon, 202

Inference engine, #5=0

Inbarmacicn begoon, 202

Intrared shoev-range beacan, 200, 204, 255

Infrared rooch soreen, 152, 155

Infrastrocoare-based bocation, 223

IMBARSAT srellie, 204

Inecgrated clecale, 149

Integrated Dispatch Enhenced
Mletwork, 1E5-91, 188

Infeprated services digital neowork, 187

Inteprated transceiver, 237

Ineellsgent cmaise comrral, 31

Inmelligene Transpoeeation Secieny of
America, §, 52 2%a, 31, 302

Incelligene cransportation spstem, 1=2, 171

Inielligent vehicle highway systenss, 1

[t face techmologics, 229

Inmer ference, witeles commanies sons, 171

[|1r=|:||:-rii.'rg mechanism, 154

Intermediate ciccular orbit setellize, 207, 209

Ister mediabe Syseesn, 195

Iriernarineal Organkaron for
Standardiation, 28

051 Relerenes Model, 151, 210, 188

leaeriatioeal Radlo Coniuleave
Committee, 198

[mernariosal Stardderds Orpanizatsan, 103

[nrernativeal Telecommunication Unbom, 209

[mternet, 170, 210, 302
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Insernes Fromced, 211 -

Inzerprocess comemumication protoend, 272

Inczrprocess commumications, 281-84

In-vehicle display, 246

Inverse differensial glohsl positionmg syaem, 74

IF'. Fee Inzermer Fronocod

Iridimm zascllite, 205

Erandeheel digh, 4851

[5, Sra Intermediare Sypseem

IS0, Fer Incegraved services digiral nerwork

[50, S Incermaticnal Organizasion for
Standardization

Isalaced-word :pﬂch recogmition, 160

Bsametric joymiick, 145

Lsntoniz jopsrick, 145

[terative improvement algarithm, 1132

[TO. See Indium rin oocide

IT5 See Imtelligent rrans portatsan syssom

ITE Amnesica, Sor Ineelligent Bload
Transposson Sociery of Smerics

ITU. Eee Internetional Telecommunicanan Undon

IWHS. See Inselligent vehicle highway sysems

Japan, See Wehlche, Road and Traffic lovelligence
Soieny

Jupan, macker farecases, 396

Japan Digital Road Map Associstion, 331

JDEMA, Jea Japan Digital Rasd Map
Associaisam

Kalman fileer, 70, 76-78, 39, M, 315-20
Eedazes, 34

Kerned loper, 281-82

Keyboard, 145, 234

Key-operated swinch, 145

Knoh, 145

Landmark, 220
Land mabile radio
digtribured location syshem; 148
MIDC 4300, 28E
paging, 178-80
private, 176, TR5-91
public, 174
Lanc holding, 301
Ll:pcr cnmospt, 19
LCO. See Liguid crysral display
Least sqmarnes algorithm, 70, 317-18
LED, fe I.I,ghl:-:lnil.lirl.l daode
Legend switch, 145
LECy gasellite, Ses Low-Eartb-orhit satellice
Lighremérming diods, 14349, 213, 23930
Light pen, 145
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Lne, 18

LEear awtomotive sepsor, 45

Linear mierpolation, 134

Linear Kelrmas hler, 77

Linear sensor, 313=14

Limiear cimes, 10

Linear variable differential teansformer, 114

Lime-of-sight signal, 218

Link, 32, 3940, 108, 137
ADVANCE, 3s7-59
nzobile mavigation sssistant, 255

Link cast, 285

Link idertifier, 274

Link crawel gine, 13940
ADVARCE, 2a7T-259

Ligoid crystal display, 148-51,

11930, 247, 253, I76, 279

Li-recarding dram carriape, 3, 4

Lecatian
delined, 43

Lacaticn begcon, 2032

Locaipr module, 218-17

LOCSTAR, 74

Loparichmb: tinse, 104

Loeg-reem fading, 173

Loop detecror, 205, 147, 184, 256, 283, 290
ADVANCE algonthm, 270, 171

LORANC, 320, 236-37

Lavw-Farth-orbir saselline, 2087, 218
plqn.nd:' sykbtemi, 2

Lawi-pass Filozp, 75

LTE srunked radsa, 187

LWID¥T. See Linear vamiable differecrial

transformee

Magmctic anomatics, H-53
Magreric compass, 1, 90, §6-63, 219, 170
Magneric held, 58
mesguremnent of, 3%, 61
varidhle-reductance sensnr, 4748
Magaeric field cospliag, 47
Mlagrerc flax, 47-48
Magrctic flux densiey, 57
Magrenc nocth, 55
Magnetration dncle, 59-63
Magnemometer, See Megnetdc compass
Mameuver annouccement, 133-35, 165
Mapeurer generaton, 130-33
Maneuver lisc, 114, 151.32, 2E8
double-linkad, 133
ban-machiog interfacs. Ser Human-machine
ingerface
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Manual navigaten, 115
Manuever list, 131=32
hepiicess formar, 3314
MupHase format, 33
Mlap disabaze, ®, 37
ADVAMCE, 172
sucnmatic velicle [ocarion, 24446
centralized dynamds savigation, 254-5%
I.'H,IIII’I"I;I.H'I.I r:nl.'llig,mll:l.l-nF 212
dlate strucneres, 34, 37
en-route paidance, 129
marioct noods, 257
mayedy Fvetem, 260
reemary-card-hased, 2148
mavigabls, 233, 244
static, 113, 154
Map manchg, 5=7, 9, 20, 25
ADVARNCE 16
ausnmitic vehick bncatina, 245-48&
cencralized navigation, 240
compersaiing inaccuaracics, 220
pnrrll:lil:llmd navigation, 218, 133-13
fuzzy-lopic-based, $d=100
importmance of, B3-85
renbills navigation assistant, 274, 183
other algorithms, S4-100
prnhabelisric algasibm, B4
sexnl-derereeniseic algoridon, £5-85
serwne cilibrasion, 101-2
using lipear isterpolarion, 234
Market forecants, 10-11, 294
Marcheeg podne, 50, 93
Metching segment, 30, 92
B atrix-Jormat woch screen, 152
Muyday apolicarions, 11, 253, 159-£1
in hetare vehicles, 302
servloes prowided, 260
MRS, See Mobile search
MCA trunksd rdio, 187
MBS, S Mobile data base station
D 4800, Ser Materola Data
Commuanication $800
DS, See Mobile Data Inssrmnadiare Sysicm
M-rchlnii:l:l]mm-upe. LX)
Mechanicsl roure guidence devies, 3
hedmm-Earth-orbic sarellige, 207
planned systems, X9
Mereherdhp hanction , 95, 99100, 121-12
Memary-bonnded search, 112
Memary card, 218, 232-33, 137,
ATE, XTe, 285, M

Memory space, 132=53
MED satellive. See Mediume-Earth=orbér savelline
Mercacor projeccion, 2627
Meridiam, 21
B-BC. Spe Mokile Esd Syseeen
Mlessapes, 134353
ADVAMCE, I73-74
hinary encodig, 18748
SO i b s fetwork, 257-02
maneuver, 134=35
muohile navigation asisant, 263
transactonal, 287
Mletricam, Ine,, 191
Mlerro packer switch, 18%
Miczooell, 184
Miccowaw shart-rangs bracos, 202
Mlission-crigeal application, 153
MIMA. Sre Mpbile nevigation assisane
Mabile dams base srazion, 194
Mobile Drara Intermediace Syseem, 193
Mlaobile End Sypstem, 194
klahila savigakion aspistamt, 266, 174
hardwaes, 275=81
safoware, 281=86
Mobile polling 2lgorichm, 243-50
Mabile search, 198
Mabile wrvces, 17778
Mahile switching cemter, 150, 189
Mabives system, 195, L58
Sodem, eobile navigation asskerang, 275
Modified Dificstra algorithm, 108
Madified |hm1:uhpnl:h algoriton, 102-12
Muodilatien, 173
Monophosic broadcasting, 197
Sdorerola, 2ad
Motorols Data Comenunication 4500, 206, 258
Materala hierarcaical map database, 33
Metarola nbegrated Dispatch Enhanced
Merwark, 185-91
Mororola Cnoare receiver, T1-73, 80
Muotmrola Privace DataTAC, 186
M5 See Metro packet switch
MIFI-1327, 15687
MBS, Sor Mekile leb:hmts Lenker
ME-Windows, 112
Multi-Mat, 187
Mulipath refloction, 221, 224-25, 246
Multiplewing channel wacking, 71
Mishigasking real-time operating spbem, 181
bluldwehicle locwmion and navigarion, 3
Muttivehicle rawtz plansing, 105, 254
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Muhnlp:lumnrzﬂ I, 283

KAy 27. Sre Morth Americas Dapamy 1927
WAL B3 Ser North American Danam 1983
Mamirsg algarittim, 245
MAMPS radio system, 182
MNAMT radho spspem, 132
Narrawband Freqeency, 177, 184
Mational Associacion of Broadcaseer, 201
Matloae] Police Agency, Japan, 5
Murural andmsack, 220
Matural langaage procesing, 162-£]
Mavigable map dotabase, 30, 129, 244
Mavigatan cosspuser, 274, 280, 282
Mevigaman Technelogies Corporatian, 33-36
Mawiganor, i
MNAVSAT, 74
MavTach, Sic Mavigaton Tedbmobogies
Corporatics

MICP, Ses Bctwork comtrol processar
MNDE. S Metwork device inberface cpecitication
Metvweirk cominal proossar, 257
Merwoek device nnerfice specifcarian, 112
Meswodk representation, ADMVAMNCE, 267-68
Mearal nevwosk, 79, 100, 162, 220
HMewton-Raphson method, 70
WRIT-4.50, 182
MBAT- 200, 882
Waode, 19, 32, 37, 105, 109, 785
MG

magnete, 62

peeaad ora o, G4

regeiver, 70

SENSOT TPt Th

white, 77
benase masking, 163
Mooconmact sensor, 47
Moohierarchical rowme planming, 131
HMomrecurrent eraffic congestion, 170
Monrpetem sk errore, odomerer, 53
Morth Americia Diwham 1927, 22, 33
Morth American Dunem 1983, 21-21, 35
Maoethieg direcean, I7
NP Sre Matiomal Podkce Agency, Japen
HP‘-:urnF«.'r.h:l 125
Uhject-oriented design

desipgn patierns, 199

heorisdcs, 299

sofrware, 2578
Ocorres, 34
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O-D Flowr marrices. See Origln-desination Dow
maEriceE

QDL See Ovpens data-lisk imerface

Odomerer, 3,217

cetined, 51
dalferential, §1-53

Didyesey, MVF, 20M

DEM. See Dirigisal eqoipmenst manisfachoer>
priwdueT

O -rosd conditions, 24

(0 -rouee recoery, 135-36, 23536

Ormega, 226-FF

OmuiTRACS avriliee, 204

Omcare raceiver, 71-71, §9

Orp-dermand rauee calenbition, 154

CreiStar, 26l

Open data-lick incerface, 212

Chpera Sysioms Inmreonmection, 191, 210, 288

ﬂ#::tlng wntam kervises layer, 251-H2

Ciptics] coupding, 47

Optical gyroscope, 53

Qptimal algorichm, 107, 115

Cirbcoanm sansliive, 108

Oichir, glabal padidomdng spitem, G=55

Qriencatica of vehicke, 45

Cirigimal eguiprsent manufecrurer
prodoct, 260, 262

Oeigin-destination How mataces, 267-68, 2910

O8] fee Open Spsrems Iviecosnecmon

55, See Olperadng sSpsrem s rvices

Outhoend chanmel, 287=E8

Package delivery vehicle | 249
Packer md&linﬁ 157
Pagimg. 174, 17080, 301

Aunmlnk, 262

distribwtod location system, 248, 251
Paesllel channel tracking, 71
trarnllel maddel combimaton, 163
Parcal, 19, 283
Passive radio frequency, 202
Pathifirder, &
Path loss, 172
Patesrs recopnition, 85, 100, 220
MC. &oe Personal compuess
PCSACTA memary darc, 212-33,

Y37 2TE 279 183, 3M
PCHL See Persanal communications ne ok
P onde, 64
PCE. B Pervona] commuolcasions serviees
PA. Ser Personzl digitnl assisrance; Personal
dipital aseitans

PORTO_INVALIDITY_00002521



g —

PR, 182
FOF. S22 Prababalicy density fumcrios
PDF. See Plasena d=play panel
Pexr-ro-poer messaging,. 193
Berivdic routs exlealation, 254
Permeahilizy, $6-57
Berplexity, 162
Fermoral communications nebwor, 183
Fersoral communearions
services, 176, 183-85_ 25%
nafrodwhand, 184
wihdebanad, 1ha
Pemanal compater, 110
Personal digita] assisrance, 1635
Pereonal digital asistant, 301
FET suhstrats, 154
]:"Ima'renn.-} 161
FHF cordless nel-\:phq:m. 133
Frpsical dtocage foremadt, 18
Pinberra syshem, 137
Planning crieria
bevrmmic search, 114
roare folbowisg, 133-35
romite gusdance, 132-33
rodate sedecon, 10
Masena display parel, 5, 14349
Prozienmia: gyroecops, 53
PFOSL. B Poimies of inserast
Fuang, LE, 108
Poanes of intenese, 243
Psnt-ou-poant prodoeol, Z13
I'l:“;uu, :ﬁ.}nrhhrﬂd. 245-%n
Palling loop, 249
Puosition eccuracy, GFS, 63
Posisioming., 7, 7, 24
ahsaluie seosocs, T6-T5
clead reckoning, 4544
defined, 43
prmenic madale, 44
inpomance of, 43-45
cekative acnmor, $6-58
watelligs-baeed, 43
sernnr fusiom, FE-79
stand-abane, 43
I:rrh:-rriql-r;,;lil:--ha“dl 43
Fommaning messurement, DGPS, 87-71
Fositoming process, spplicarinn layer, 103, 285
Pusizivming sensar
h‘@ul:r, 13 318
lmear, 313-14
Passidality, in mag matchang, 100

IFT. Ser Poine-to-point protecal

PPS. fre Procie Positionimg Service

Precise Feginoning Secnice, 64

Freciston orbit, 74

“Prepare” message, 134-35, 164

Pretrig rosste guidance, 128

Privare lansd mabde radio, 1746, 185-91
cogvertiongl, 185

incegraved Dispaech Enhanced Merwark, 18591

apetialized mobile radio, 185, 188
munked, 105-87

PEM. Sar Peeadoramdecn naise

PRO. See FROessianal chanesl

Probabilistic map-mazching digarithme, §p=54

Frabubdilicy densiey bunction, 30

Probe, 49, 154, 25657, 169-70, 269

Proke resort, 284

Prabe velacle, 139

Process, ADVANCE dai development, 170, 272

Production sules, 79
PR fessional chammel, 198
Frogram for a Burapesn Traffic wil Highest

Efficiency and Unprecedented Safery, 8

Fragrammae for Mobilicy and Teanspoecation
ir E.url'up.gr.&i

Froject management, 257

PROMETHEUS. See FEOE MM fia Eiaroipesn
Trafic wizh Highest Bifiztency and
Linpeecedented Sajery

PROMOTE. S Prograeme for Mohilicy and
Trangportition in Europe

Frotocals, meawes interface, 210-11

Proximity auenmagic vehicle locarion, 247

Praxmmity beacon, 203

Peudorandos noke, &4

Peevdorary: mesrurement, 67-=6%

PEF. See Physical munage dorman

PETH, Feaz Public i.will.'hlpl.' I;rl:Fh-pnl' |'||:.|'-1,|rk

Pablic switched wlephens neewerd, 17H-30

Palkowo 42, 22

Fush beamon, 145

CAM. See Crumdrature ampdibade madulation
Cuadranic rims, 106, 10E

Ouadratare ampliruds modulation, 159
QHJd Bhest, 33

Quad-tree, 14

BACS Ree Boad Aucomobils Cemmunicstien
Syinern

Radio Brogdoast Dhana Syatem, 201

Raalic sdata nepaork, 176, 1%1-96

343

PORTO. INVALIDITY 00002522




340 VEHICLE LOCATION AND NAWTGATION SYSTEMS

Fadio dats netwaork (eontinued)
ABRDE, 192-95
cellalar digital packet data, 152, 194-%8
FANM, 159734
Ricocher, 152
Hadio D Systeny, 1978=201
Radic Data System-Traffic Message
Chaenel, 10, 11, 201, 302
Radio frequency communication, 74, 2002
Radlic foesuency covetage predictian, 28687
Badin frequency modesn, 275, 281, 283
Fadio link prodocod, 151
Radio Techoocal Commissson for Maritioe
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RDE Ses Radio Dary Sperem
RS THC. See Hadiov Dar Systerm-Traffic
Message Channel
Real-tune heuristic seanch, 124
Rial-tne Rinematic survey, 71
Beal-rime rouse galdance, 130
Beglrine mraffic dace, 290
Real-time traffic indormation, 291-92
Eeal-time wravel fime, 274
Receiver saboncmous insegnity, 71
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mabile mavigation assttans, 183
TravTek, &
TRF. 5S¢ Traffc-selaped henonea
Trial-and-error region, 50
Triaegularion, 222, 240
Trilaterasion, 224
True nocth, 56
Trunked mohile spaem, 177
Trunked peivate land mabile sadio, 185-87
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347

PORTO INVALIDITY 00002526




M4 VEMICLE LOCATION AND NAVIGATION SYSTEMS

TR, 210-11
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LA, See Dmivessal Transwerse Mercator
RS, S Univerial Traffie Management

Synbnrn
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Velocity acozracy, 65
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Virtual devsce Diriver, 112
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Visiter |locaticn regater, 159
Visual displey, human-machine immerface, 145 |
design considerationg, 156-48 |
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towch screen, 151-55
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Vosce-based isderfaces, 155-60
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speech syothesin, 16465
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WS 84, Spe Woeld Gemdetic Syetem 1984
Whesl monitoring, 47
Wheel s=rsar, 50=53
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S, T
Wideband frequency, 177, 184
Winchkoows BT, 212
Wireless communications, §=9
ADWAMCE, 365
sucamaric vehicle location, 243
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dynamie divaluace updaning, 233
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introdmcrion ta, 16%-70
inregrared Déspanch Enhanced
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mayday system, 260
paging, 178=80
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radio data nerwarks, 191-98
sanellice, 205-7
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Wireles communiceions subsystem World Geodetic
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wEcgrasicn, 207, 110-12 W, See Warld 'Wide Webs
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