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iDEN allows an MS user to roam freely to any connected system and maintain
full telephone interconnectivity (including circuit-switched data) and short messages,
provided such services have been contracted for with the originating service provider.
iDEN circuit-switched data are designed to be compatible with the following
applications:

Laptop and palmtop computers;

Fax and image processing;

File transfer and other “dial-up” applications;

One-to-one connections between an in-vehicle user device and the PSTN.

B

iDEN circuit-switched data are compatible with the Radio Link Protocol (RLP)
and full-duplex packet stream. In addition, MS users have the ability to receive short
alphanumeric messages on their MS displays. A short message is generated by the
Short Message Service-Service Center (SMS-SC). High-speed packet data service is
being planned. Furthermore, iDEN provides system control with an authentication
mechanism, which may be invoked prior to any chargeable service initiation. Clearly,
iDEN can be used for placing various vehicle communication applications on a
single bill since it is provided by a single nationwide service.

8.3.5 Radio Data Networks

The operational principle of radio data networks (RDNs) is similar to that of cellular
networks except that RDNs are dedicated to data and are not circuit switched.
RDNi s consist of land-based radio base stations and efficient switching networks for
packet data. Cellular-like frequency reuse and overlapping cells allow users to roam
seamlessly. The network communication protocols either conform to the ISO Open
Systems Interconnection (OSI) Reference Model (shown later in Figure 8.10) or the
Internet protocols, which endble efficient interconnection and data transmission
among all components of the network. °

The growth of RDNs has been limited by the availability of unassigned radio
spectrum. Although other widespread networks are in the planning phases, only
two major RDNs are currently operating in the United States: ARDIS and RAM
Mobile Data. These networks have been allocated frequencies in the 800- and
900-MHz bands and provide wireless packet data services to a large number of
subscribers. Recently, several CDPD networks have been deployed and extended to
selected cities where circuit-switched data services are used to send the packets to
the CDPD network. Table 8.7 provides an overview of these and other networks.
The Ricochet RDN shown in Table 8.7 was developed by Metricom, Inc., and uses
the unlicensed 902- to 928-MHz band. It claims to be faster than the ARDIS and
RAM Mobile Data networks. Further information on this and another proposed
network can be found in [1,22].
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ARDIS

One of the first RDNs to be established in the United States, ARDIS grew out of a
private wireless data network 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 to stay in touch 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 States. This network is typically used to support two-way data
transfers of less than 10K in size. The maximum packet size is 240 bytes (not
including the 16-bit address field). Remote users can access the network via hand-
held or laptop computers with radio modems that communicate with the base
stations. Each base station is connected to one of 32 radio network controllers
managed by two ARDIS hosts. These hosts, as access points, are linked to the
customers’ mainframe computers via leased telephone lines using asynchronous,
SNA LU6.2, or X.25 dedicated circuits.

The ARDIS network architecture is cellular-like with overlapping cells. The
base station provides line-of-sight coverage up to a radius of 16.09 to 24.14 km (10
to 15 miles). ARDIS can support portable communications from inside buildings
and on the street because of the overlapping coverage, designed power levels, and
error-correction coding in the transmission format. ARDIS has between one and
three duplex pairs in each of its service areas. Each duplex channel has two 25-kHz
channels spaced 45 MHz apart. ARDIS supports data transmission rates of up to
4.8 Kbps using its equipment (MDC-4800) and 19.2 Kbps on upgraded equipment
(RD-LAP), for a maximum user data rate of about 8 Kbps.

Both host routing and peer-to-peer messaging options are available. Host rout-
ing is 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 that require central control functionality or interoperability with other
networks and fixed systems and is usually accomplished using a dedicated private
line operating under the X.25 PTP protocol. Peer-to-peer routing supports exchange
of messages between individual wireless devices. These messages are routed to the
destination wireless devices by the ARDIS network.

RAM Mobile Data

The RAM Mobile Data network is based on the Mobitex system developed by
Ericsson in Sweden. RAM operates the Mobitex network throughout the United
States, covering more than 7,700 municipalities, including airports and major trans-
portation corridors. More than 40,000 subscribers currently use RAM’s service for
applications including field transportation, field service, field sales, finance, utilities,
telemetry, point-of-sale transactions, public safety, and messaging.
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194 VEHICLE LOCATION AND NAVIGATION SYSTEMS

The RAM network is hierarchical in structure, with the network control center,
which manages the entire network, forming the top layer. National switches, which
route traffic between service regions, form the next layer (immediately below the
network control center). The next two layers are occupied by regional switches and
local switches, each of which handles traffic within a given service area. The base
stations, which communicate with the mobile and portable data devices, are at the
bottom. The host computers are connected at the local switch layer using standards
such as X.25, TCP/IP, SNA LU6.2, and SNA 3270, with speeds of up to 64 Kbps.
RAM provides an interconnected trunked radio network that is configured like a
cellular phone system, except that hand-offs are managed by the mobile terminal
itself rather than the network.

The RAM network has 10 to 30 two-way radio channels with a bandwidth
of 12.5 kHz in each metropolitan service area. Its hierarchical architecture enables
RAM to route messages via the shortest available path for increased speed and
reliability. Data are sent between devices in the field and the base stations over the
air at 8 Kbps in half-duplex mode with a maximum file size of 20K and a user data
rate of 4 Kbps. The maximum packet size is 512 bytes (not including the 24-bit
address field).

Cellular Digital Packet Data

Cellular digital packet data (CDPD) is a fast, efficient, digital data transmission
system that overlays existing analog cellular networks. The system operates at
19.2 Kbps per channel and internetworks with existing data networks based on ISO
8473 (CLNP) or the Internet Protocol. CDPD provides maximum connectivity by
using idle times between cellular voice calls or by transmitting in a dedicated-channel
environment.

Some people believe that CDPD should be gaining prominence over other land-
mobile-radio data technology because of the following. CDPD is designed to be
reliable and secure. CDPD’s data transmission technology is efficient, using the
bandwidth not utilized by voice. CDPD utilizes much of the cellular infrastructure
currently in place for the voice network, allowing for quick implementation and
reduced network costs. CDPD’s open network design approach permits technological
evolution and service extensions. Recently, the U.S. Joint Architecture Team for
national ITS selected CDPD as the preferred network for providing traffic and route
guidance information to motorists [23].

CDPD operates on a network that consists of the basic components shown in
Figure 8.5. Mobile End Systems (M-ESs) are portable subscriber devices that permit
the user to gain access to the network by sending and receiving CDPD radio signals.
Mobile data base stations (MDBSs) are located within each cell site and act as a
data relay between the M-ES and the MD-IS (see remainder of paragraph). The
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Figure 8.5 CDPD network.

MDBS communicates with the MD-IS via a 56-Kbps data link. The Mobile Data
Intermediate System (MD-IS) performs-routing functions based on its knowledge of
which M-ESs are in its service area. The Intermediate System (IS) acts as a router,
which completes the connection between the MD-ISs and the Fixed-End Systems
(F-ESs) by making complex routing decisions and supporting data links as they
change over time. The F-ES is equivalent to the traditional data application or
internal network support and service application. Its location is geographically fixed.
A F-ES is equivalent to a host, server, or gateway that can connect to public data
networks, corporate customer networks, or the Internet.

The primary new technological components introduced by the CDPD network
involve the use of existing cellular channels for air data link services and mobility
management. The use of existing cellular channels for air data link services required
introduction of the CDPD Airlink Interface. This specification defines all procedures
and protocols necessary to allow efficient use of cellular channels for data
communications.

Mobility management satisfies the requirement to provide continuous commu-
nications to mobile data subscribers. The CDPD System Specification defines proce-
dures and protocols necessary to ensure correct and efficient delivery of
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connectionless data packets between end systems. Connectionless network service
enables the CDPD network to provide simple, reliable cell-transfer mechanisms.
End-to-end connections are maintained by the mobile system and the application
service provider.

With more than 16,000 AMPS cell sites existing in North America, CDPD has
better potential nationwide subscriber coverage than competing packet-data wide-
area networks, provided special CDPD equipment is available. It also has a high
active user capacity. However, CDPD has some weaknesses. There is additional
infrastructure cost to run voice and data side by side. Voice is 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 deployed—it has seen much less than ARDIS in the
United States. Only time will tell if CDPD can overtake ARDIS and RAM. Refer
to [24] for more information on CDPD.

In conclusion, both ARDIS and RAM were developed for applicationsinvolving
short wireless messages. Currently, Ricochet has limited mobility support so most
of its applications use wireline modems. Ricochet may not be suitable for mission-
critical applications because it uses unlicensed bands and must yield to licensed users
whenever there is interference. At present, it has less coverage than either ARIDS
or RAM. Finally, CDPD has the potential to provide the largest coverage. The
recently developed Circuit-Switched CDPD Specification enhances the coverage by
allowing mobile devices in areas of no CDPD coverage to dial in and access a CDPD
MD-IS. CDPD is suitable for applications requiring wireless short messages, burst
messages, or lengthy sessions that can afford sporadic communications.

8.3.6 Broadcast Subcarriers

Broadcast subcarriers can provide voice or data communications from a broadcast
station or infrastructure to vehicles without requiring a specially allocated frequency
spectrum. Multiplexed subcarrier technology was first introduced in the 1930s when
FM was invented by Armstrong [25]. The very name subcarrier implies that it is
not the main signal carrier generated by a broadcast station. Instead, it is a radio
signal (voice or data) broadcast along with the main signal on a sideband frequency
assigned to a specific station because the main signal does not occupy the entire
allocated spectrum. Although this technology was developed concurrently with FM,
subcarrier signals can also be broadcast with amplitude modulation (AM) and televi-
sion signals. In early days, any such signal transmission required a Subsidiary Com-
munications Authorization (SCA). Even though the SCA was phased out in 1983,
people still refer to these signals as SCAs. Traditionally, subcarriers have been used
for a variety of subscription services: background music, weather forecasts, sports
events, stock quotations, foreign-language soundtracks, special time signals, or other
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information relevant to business, professional, educational, or religious interests,
etc. Special receivers are required to listen to these signals. Recently, subcarriers
have become very popular for broadcasting traffic information.

There are two broadcasting technologies. In monophonic broadcasting, only
one audio signal is transmitted. Only one speaker is required to reproduce this
type 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 spatial distribution
effect will be lost.

. As mentioned earlier, since all broadcast stations (AM, FM, and TV) have the
ability to transmit subcarriers, they provide an effective solution for broadcasting
traffic information. Subcarriers can transmit both audio and digital information side
by side on the same channel in such a way that listeners with conventional receivers
cannot hear the digital transmissions on the data subcarrier. Special receivers are
required to access the data part of the channel. Table 8.8 shows some of the technical
performance parameters of various subcarrier options (from the FCC: 47 CFR
73.319, [26,27]). AM subcarrier broadcasting is rarely used because of the relatively
slow speed (10 to 12.5 bps), but higher data rates (up to a few hundred bits per
second) are possible [28]. Note that in Europe and Asia (regions 1 and 3) the
frequency allocated for each AM channel is only +9 kHz around the main carrier
instead of £10 kHz (20 kHz total) for the United States (region 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
response from 50 Hz to 5 kHz. Since there is room for two such channels on a

Table 8.8
Technical Performance Characteristics of Subcarriers

Station Type Subcarrier Bandwidth Injection Main Channel Loss

AM None None None
monophonic

AM 0-12.5 Hz (25 Hz) 5%, -32 dBc, 0dB
stereophonic (20 kHz)* +2.86°

FM 79 kHz 23.5 kHz 2dB
monophonic (20-99 kHz)

FM 46 kHz 15 kHz 1dB
stereophonic (53-99 kHz)

TV 104 kHz 50 kHz 0dB
monophonic (16-120 kHz)

TV 73 kHz 25 kHz 0dB
stereophonic (47-120 kHz)

*Total bandwidth occupied by the transmitted composite signal.
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stereophonic FM carrier—one centered at 67 kHz and the other at 92 kHz, two
data channels can be supported. Each channel can support up to 4.8 Kbps of
data throughput without any impact on the station’s audio quality. Several systems
attempt to take advantage of this data capacity, such as the Secondary Audio Program
(SAP) and PROfessional channel (PRO), the Vertical Blanking Interval (VBI) system,
DARC (which was developed by NHK), HSDS (which was developed by Seiko),
STIC (which was developed by MITRE), and the RDS/RBDS standards (which are
discussed below). These systems are all listed in Table 8.9.

Radio Data System

The radio data system (RDS) was first defined by the European Broadcasting Union
(EBU) and various European broadcasters, notably Swedish Telecom Radio (STR)
and the BBC. Development of this system has been facilitated International Radio
Consultative Committee (CCIR) Recommendation 643. Car radios that implement
RDS first became available in 1987, and CENELEC (European Electrotechnical
Standards Organization) is developing a standard for RDS receivers. The main
purpose of RDS is to facilitate automated tuning by using data labels to identify
the data segments being broadcast to RDS receivers. RDS uses an inaudible data-
modulated subcarrier, added to the stereo multiplex signal from conventional FM
broadcast transmitters. One of the first data-modulated subcarrier systems of this
type was the MBS (mobile search) paging service, which was developed in Sweden
by STR. MBS provided the initial basis for the system that became the EBU’s RDS,
and there are many similarities in the basic data transport system. From about 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
1984. The following high-level requirements were established:

1. RDS signals must be downwardly compatible; they should not cause interfer-
ence to reception of main program audio signals on existing receivers or

Table 8.9
Broadcast Subcarrier Systems

Systems Station Status Interface Gross Data Rate  User Data Rate

DARC FM Operational Proprietary 19 Kbps 8 Kbps

HSDS FM Operational Proprietary 19 Kbps 7.5 Kbps
RDS/RBDS FM Operational Open 1.187 Kbps =0.3 Kbps

SAP & PRO n% Operational Open 0.3-9.6 Kbps 0.3-9.6 Kbps
STIC FM Concept Proprietary 18.8 Kbps 7.6 Kbps

VBI vV Operational Open 1.2-19.2 Kbps . System dependent
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interfere with the operation of receivers which use the ARI (Autofahrer Rund-
funk Information) system (assist in tuning and alert the driver of imminent
broadcasting).

2. The data signals should be capable of being reliably received over a coverage
area at least as great as that of the main program signal.

3. The usable data rate provided by the channel should support 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 to be
tailored to meet the needs of individual broadcasters at any given time.

5. The system should be capable of being reliably received on low-cost receivers.

Under the EBU RDS specification, a broadcaster can choose a subcarrier level
such that the deviation relative to the subcarrier frequency is between 1 and 7.5 kHz,
with a 2-kHz deviation recommended for most circumstances. A 57-kHz subcarrier is
generally chosen (Figure 8.6) because it is a harmonic of the 19-kHz pilot tone. This
subcarrier is suppressed and amplitude modulated by the shaped and biphase-coded
data signal.

The RDS signal is transmitted as a biphase-coded signal with a data rate of
1187.5 bps. Along with the specified 100% cosine roll-off filtering, this provides
an overall bandwidth of approximately 4.8 kHz for the data signal. The signal
consists of 16 possible data groups as listed in Table 8.10. Like most serial data
transmission systems, RDS partitions each data group into blocks: four blocks for

Signal Level
A Pilot Tone o
Monophonic _
Signal
Stereophonic
L+R v Signal
L-R
RDs
Signal [ gcA” "SCA"
I_I Signal Signal Frequency
0 15 1923 38 53 57 67 92 (kHz)

Figure 8.6 Spectrum of a FM stereophonic multiplex signal with RDS and SCAs.
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Table 8.10
RDS Data Groups

Group Type Functional Description
0 Basic tuning and switching

1 Program item number

2 Radio text

3 Location and navigation

4 Clock time and data

S Transparent data channels

6 In-house applications

7 Radio paging

8 Traffic message channel (TMC)
9 Emergency warning

10 Program type name

11 Undefined

12 Undefined

13 Undefined

14 Other enhanced networks
15 Fast tuning and switching

the longest (104-bit) group. Each block has a 16-bit data word and a 10-bit
checkword formed with a cyclic code shortened by burst error correction. The 10-
bit checkwords are modified by various offset words to form a self-synchronizing
code. On the frame receiving side, the decoder uses this self-synchronizing code ta
identify the beginning and end of the received data [29]. In other words, the check-
words in the burst-error-correcting code are used to indicate correct block synchroni-
zation and address the contents:of each block. This code enables the decoder to
reliably acquire synchronization within a one block period. The decoder obtains
both block and stream synchronization using the different offset words contained
in each of the four blocks that make up each group. The group type is embedded
in the first 4 bits of the second block in each group. The fifth bit indicates the RDS
version number, either A (value 0) or B (value 1).

A mixture of either fixed or variable RDS groups may be transmitted (in any
order). The group format can be carried over from one minute to the next in order
to meet different requirements at various times of day. The purpose of this mixture
of fixed and variable format is to provide rapid access to tuning data while retaining
the flexibility to allocate capacity to various applications to meet the different needs
of individual broadcasters at any given time. If the required capacity is available,
new group types can be placed into the transmitted data stream without affecting
the operation of existing RDS receivers.

Although traffic information is very popular with European drivers, there is
evidence that too many messages detract from satisfaction and make it very difficult
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for broadcasters to handle. This service has been transmitted silently on FM under
group type 8A (see Table 8.10—note that A is the version number), although it is
not yet widely used. Other information, including emergency, weather, and radio
programming information, can be displayed in textual format. In an effort to stan-
dardize the service provided by the traffic message channel (TMC), European coun-
tries have attempted to define the RDS-TMC service more completely and guide its
implementation. More information about this coordinated effort can be found
in [30].

Radio Broadcast Data System

The Radio Broadcast Data System (RBDS) is an outgrowth of RDS, and was devel-
oped by the National Radio Systems Committee of the United States under the
sponsorship of the Electronics Industry Association and the National Association
of Broadcasters. During development of the standard, an attempt was made to keep
the RBDS standard compatible with RDS. However, a number of modifications had
to be made because of the different structure of the broadcasting industry in the
United States. RBDS turns out to cover both AM and FM broadcasting (while the
European version only covers FM broadcasting). Although RBDS is a modification
of RDS, it fully includes RDS. Therefore, the operational principles and data groups
described in the last section are all valid under RBDS as well. -

There are few only differences between RBDS and RDS [31]. RBDS includes
an option for multiplexing RDS with the slightly modified MBS developed by Cue
Paging. It also includes an option to.use an in-receiver database permitting some
sort of RDS functionality for AM and FM stations that do not implement RDS.
RBDS has an option to add a yet to be defined AM data system. A few new concepts
have been added, such as group type 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
database system updates, and channel 2 being reserved as an SCA switch. The DGPS
pseudorange correction data are sent by the reference stations using the RTCM
SC-104 (Radio Technical Commission for Maritime Services Special Committee 104)
industry-wide standard.

As we see from this section, RDS/RBDS technology can provide traffic, emer-
gency, and weather broadcast features (in addition to news and entertainment) at
the touch of a button, provided the user uses an RDS/RBDS receiver (radio). This
explains why this broadcastsubcarrier technology has become very popular in Europe
and why it is now available for dynamic navigation systems in Japan (VICS,
Section 10.3.2). The RDS and RBDS standards can be found in [32] and [33],
respectively. More information about other broadcast systems using various subcar-
rier technologies can be found in [23,27,34].
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8.3.7 Short-Range Beacons

Short-range beacons are a way of supporting vehicle-to-roadside communications.
Beacons provide short-range communications and can transfer data at high speeds
using a limited spectrum. Depending on the design, beacons can be used for one-
way periodical broadcasting, two-way broadcasting and receiving, or two-way point-
to-point communications. Besides vehicle location and navigation, beacons can also
be used in many other applications such as electronic (automatic) toll collection,
automatic vehicle identification, commercial vehicle operations (CVO), traffic man-
agement, and vehicle-to-vehicle communications. Several recent examples involving
the application of this technology to vehicle location and navigation can be found
in Section 10.3.

Either microwave or infrared beacons can be used. In Europe and Japan,
microwave beacons operate in the 2.5- and 5.8-GHz bands [35-38], and infrared
beacons operate at wavelengths of 850 and 950 nm. CEPT has assigned space in
the 63-GHz band for development of vehicle-to-vehicle communications. In the
United States, although the 915-MHz band is more popular in products, the FHWA
is preparing a petition to the FCC for allocating 5.8-GHz band for ITS applications.
Table 8.11 provides a comparison of three beacon technologies available in the
United States (after [23]).

There are three types of vehicle-to-roadside beacons: (1) location beacons,
(2) information beacons, and (3) individual communications beacons [39]. Location
beacons transmit signals identifying their location, map coordinates, road segment
heading, and beacon number. Information beacons transmit both location signals
and relay current road and traffic information received via cable. Individual commu-
nication beacons are used for two-way communications with vehicles. These beacons
can be used to collect traffic data and guide the vehicle.

As it passes a communication beacon, an appropriately equipped vehicle can
transmit measured travel times and waiting times experienced at traffic lights via
the beacon to a centralized host. Meanwhile, it can receive relevant location and
guidance information back from the beacon. For example (see Figure 8.7), each

Table 8.11
Short-Range Beacon Characteristics

Manufacturer System Range Date Rate Transmit Block Size
Hughes Active RF 61m (200 ft) 550 Kbps 512 bits
Amtech Passive RF 23-30m 300 or 600 Kbps 128 bits
(75-100 fr)
Siemens Infrared 60-80m 125 Kbps 256 bytes (downlink)
(197-262 ft) 128 bytes (uplink)
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Figure 8.7 Beacon communication.

infrared beacon site in the EURO-SCOUT system (described in Section 10.3.1)
consists of a beacon controller and up to 16 beacon heads that can be installed on
road facilities such as sign posts, traffic lights, and poles [37]. Depending on the
applications, beacon controllers and heads could be installed at every intersection,
at every fourth traffic light, etc.

Figure 8.8 shows the relationship between the number of infrared beacon heads
required, the transmission data rate, and the vehicle travel speed. These results are
based on transmission data rates of 500 Kbps (downlink) and 125 Kbps (uplink)
with a BER of 10”. One intereésting observation is that the increase in the size of
the region covered is proportional to the square root of 7, where # is the number
of beacon heads.

Beacon systems typically use dedicated short-range communication (DSRC)
protocols. The main organizations working on DSRC standards are the European
Committee for Standardization (CEN) incorporating with the ISO [40] and the

American Society for Testing and Materials (ASTM) [41]. Similar to the digital map

database standard, there is still no universally agreed upon DSRC standard available.
Although international compatibility among beacon systems remains limited, many
agree that the new standards must support 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 protocol proposed in Europe and one synchronous protocol
used in North America may be used as examples. The asynchronous protocol is
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Figure 8.8 Required beacon heads under various transmission data rates and travel speeds.

based on a half-duplex TDMA approach {42]. Each beacon periodically broadcasts
a flexible sequence of messages on the downlink and uplink. The downlink contains
the Beacon Service Table (BST) and other data, and the uplink contains public and
private windows (messages) being transmitted to the vehicle. Under the asynchronous
protocol, when a vehicle enters the coverage zone of a beacon, it is able to receive
the BST, which contains a list of services offered, along with operational parameters.
The vehicle communicates with the beacon by accessing a public window which
always follows the BST. Once the vehicle ID has been transmitted to the beacon
using the public window, a set of private windows is reserved for further data
exchange for this vehicle. If a beacon or vehicle transmission fails, the beacon will
retransmit the downlink window and offer an uplink window once the failed window
has expired. If no transmission occurs during one of the steps in the sequence, the
beacon assumes that the vehicular unit has experienced technical difficulties or has
left the coverage zone. The beacon then reverts to its initial state, ready to transmit
the BST again. '
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The synchronous protocol (developed by Hughes) is a fixed-frame structure
based on TDMA (Table 8.11). It consists of a reader control message (equivalent
to the BST message), activation slots (equivalent to the public windows), and slot
data messages (equivalent to the private windows). Detailed information can be
found in the draft standard developed by the ASTM to describe a similar
protocol [41].

One relatively old technique is also used to provide vehicle-to-roadside commu-
nications: the loop detector (or proximity beacon). A loop detector is a magnetic
inductive sensor embedded in the road surface to detect traffic volumes and occupan-
cies or to communicate with the vehicle [43]. Loops are typically deployed in a
rectangular or circular (for the newer loops) configuration, with one loop per lane.
The electronics associated with the loop are generally installed in a control cabinet,
together with other intersection control equipment. A recent advance in traffic-flow
monitoring enhances the output accuracy of a standard. loop detector for counting
passing vehicles to only one error in 10,000 [44].

Compared withcellularsystems and RDS/RBDS, beacon communications offer
high transmission rates, effective position calibration, location-oriented traffic infor-
mation, and the ability to accurately detect and measure the parameters of vehicles
on a specific road or in a specific lane. The disadvantages are that the communication
zones are very limited, communication is discontinuous, and system installation and
maintenance costs are high.

8.3.8 Satellites

Satellite communications systems consist of a space segment and a ground segment.
The space segment consists of the satellite and control station where all the operations
associated with monitoring the vital functions of the satellite are performed [45,46].
The ground segment consists of all Earth stations that use the operational satellite.
As shown in Figure 8.9, these Earth stations may either transmit or receive.
Satellites can be classified into two broad types: geosynchronous (geostationary
or GEO) satellites and low-Earth-orbit (LEO) satellites. GEO satellites orbit approxi-
mately 41,326 km (22,300 nautical miles) above the equator. In synchronization with
the Earth’s rotation, these satellites remain over approximately the same locations on
the Earth’s surface (near the equator). Because they are far above the earth, relatively
large antennas are required. GEO satellites have dominated the field as the technology
of choice for many years. Recently LEO satellites have been showing popularity,
although most of these systems are still in development. LEO satellites orbit much
lower in the sky, typically about 500 to 1500 km (310 to 932 miles) above the
ground [with some systems around 10,000 km (6200 miles) above the ground].
Unlike GEO satellites, LEO satellites are not restricted to equatorial orbits. Some
of them have circular orbits while others have elliptical orbits. There are little LEO
satellites that operate at VHF frequencies (or slightly higher) and carry only data
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Figure 8.9 A satellite-based communications network.

communications, and big LEO satellites that operate above 1 GHz and carry both
voice and data communications (VHF: between 30 and 300 MHz). Each category
of satellite has its own advantages.and disadvantages.

Despite these differences, all satellites and satellite operations have certain
features in common. All communications satellites have transponders. The transpon-
ders pointed toward Earth are used to receive signals from Earth stations. They then
relay these signals to distant receiving stations on the ground. The former type of
transmission is called an u#plink and the latter is called a downlink (Figure 8.8).
Some of the early satellites had only one transponder on board, but it is now common
for modern satellites to carry a few dozen transponders.

When satellites receive radio signals from ground-based antennas, they cannot
simply relay those same signals to a transponder pointing at the ground-based
receiving station. Otherwise, this would imply that the two transponders were using
the same carrier frequency, which would lead to interference between the uplink
and downlink. To avoid the interference problem, the satellite translates the received

frequency to a different frequency. It then amplifies the signal for transmission to

216

A D Oy S DI P O

e




Wireless Communications Module 207

the ground, since the signal was weakened during uplink. Although this technique
reduces interference between uplink and downlink, additional frequency allocations
are required.

Technology has also been developed to control the shape and size of the region
on the Earth’s surface to which the satellite broadcasts. This area of signal reception
is known as the footprint, which is a circular or shaped beam from space to the
reception points on Earth. Satellite downlinks often have broad footprints for easy
reception. To avoid offending certain regions or countries with unwanted signals,
a technology for obtaining smaller, better controlled and condensed footprints has
been developed. This has enabled the reuse of limited frequencies among satellites
for cellular-type networks.

To prevent mutual interference, satellite slots have been established every
2 degrees along the equatorial orbital plane, which means that only 180 slots are
available in geosynchronous orbit; few of these slots are still unoccupied. As the
number of satellites in orbit has increased, so has the number of transponders aboard
each satellite. More frequency bands have been required in order to support this
space-based technology. The most common bands for satellite transmissions are
VHEF, L-band (1-GHz band), C-band (the 3-, 4-, 5-, and 6-GHz bands), and
Ku-band (the 11-, 12-, and 14-GHz bands). Table 8.12 lists several existing satellite
systems that offer voice, data, and/or position services.

Due to the growing need for mobile communications, new satellite systems
will continue to be deployed. Three big LEO systems and three little LEO systems
have recently been approved by the FCC in the United States. One big LEO system
has also been approved for its frequencies by the World Radio Communications
(WRC) Conference. As mentioned in the beginning of this section, the orbits of
some systems (Odyssey and OCI) are higher. They are sometimes called medium-
Earth-orbit (MEO) satellites or intermediate circular orbit (ICO) satellites In Europe.
One little LEO system, Orbcomm, is already in operation (Table 8.12). The remainder
of the planned systems are briefly described in Table 8.13. Readers must bear in mind
that the information collected here is believed correct as of this writing. However, it
may be changed or updated anytime during the system development phase.

Satellite technology has not been widely accepted for many surface vehicle
communications (except the heavy trucking industry) although it has been available
since the early 1970s. The main reasons are that the mobile terminals are large and
equipment and service costs are high. To attract more users, the size and weight of
mobile terminals must be further reduced, and affordable equipment and services
must be available while still providing efficient transmission.

8.4 COMMUNICATIONS SUBSYSTEM INTEGRATION

Once the appropriate communications technology has been selected based on the
attributesdiscussed in Section 8.2 and other factors, the equipment must be integrated

217

|
?
i
l
!
|

.




TION SYSTEMS

208 VEHICLE LOCATION AND NAVI

VIN

ZHA 'L

VIN

VIN

VIN

ZHY S ‘01
‘0T ‘0S

qiprpurg
2710/

VINAd

VYINdL
VINAO
JVINAL
IVNAS

VINAL
/VNa4
JA(CRN

pue
VINAL
WAL pue
VAL
releq

YINQ4
1210

§5922Y
jouuvy))

ASd

ASIO

ASW

sS4

ASdd

ASAO
MSdO
(Y (e}

‘W

uon
-pmpoyy

Juiumop
sdqy] 8¢

Surdn
sdqy] '7

sdqy] 49

sdqp
¥8€°0

sdqy]
STl
(premioy
pue 3101s)

sdq) 90

sdq) 8¢
‘YT
‘96 ‘96
vy v
§5045)

VIN

sdqy
44

VIN

VIN

VIN

sdqy g°¢

‘v 91

‘VIN
vy

Sutpo)
210/

suoneordde
Auew

‘SdD ‘ezep
ANS ‘Bep
IBN[[3d ‘199
‘Siqow pue
(*239
‘asnoy3unsa g
Qlquuy
“TYSINSINAT)
S[euIa]
B1Ep J[IqON

S[eUILIa)
wwod[eng)
S[BUILIS)
Sui8ed

jo sadAy Auepy
[eduneUOISE
puE SwuueWw
‘aniqowr pue]
sajqezod
[Tews
‘sajqesrod
931e| ‘sjassan
sunrepy

SadA] puruid]

189010

edLIRWY
YHON

89010

edLIRWY
10N

anoqe
Se Jweg

suoidax
1e[od
Surpnpoxa
‘[eq01D

a3v4210D)

S661

S661

8861

9861

0661

9661
‘€661
‘€661
‘9261

uonwvagdQ
jo awwq

BIEP SdO
‘ereq

uonisod
‘e1ep
‘IO

uonisod
‘ereq

Suideg
uonisod
‘[rew-3
X3P L

XEej ‘elep
‘D100

291043

*g[qeordde 1ou = y/N ‘970N

wwodqI0

aq[ales

a[IqoN
uedLIAWY

wwodrend)

SwaIsAg
woHaoedg

LVSIVIANI

LVSAVIANI

uonvuv3iQ

swaisAg alf[ales Sunsixyg
T8 2Iqel

(0aT °puT)
wwodqiQ

(03o)
(112248}
I-DSINV

(0Fo)
SOV LuwQ

(03D) 3uideq
A[aIEg

(039) D
~LVSYVIANI

(0go)
W-TUTN

A a4
~LVSYVIANI
wdshg
112108

218



2

Module

icatio

omm

Wireless

-gjqeondde 1ou = y/N 970N

L661
a1e[ ur pasfoxd
uoneradQ
S661 (og1°m17)
VINad JASWO sdqx 9°6 V/IN adgyr [eqo[y  A[n[ asuadr DD [rew-g VIIA LVSVIIA
8661 Ul paiaford
Arenmur uonerado
adoing [eLIWWO))
‘eduawy ‘s661  uomisod (sduery) STO  (OFT 3
VINSS-SAd ASW sdqy 9°0 VIN ad.L YHON  "AON 3suadl DD ‘ere@ -ou] ‘wodLBWY g9  sAsTeis IO
0007 ut paaloxd
uonerado
[e2IoWwo))
‘S661  Buided X0
sdqy DAN ‘eRjoN *AON] Sauanbaly  ‘xej ‘eep suonedunuwo)  (QFT Sig)
VAL ASdO 9'6—C'L sdqy| §'¢ ‘uossorrg [eqo[p  panoxdde DY ‘I0A [8q0[D ODI (0)0)
000¢ uf pawsloird  saGessowr
ySIqnSIA uoneiado 110ys
Od[ ‘ProN [ero13Wwon) ‘eep  (3qO[3dPL ‘AYL)
sdqy ‘o1uoseued ‘Se61 Dd ‘xej  *ou[ ‘[euoneuIU[ (0771 8ig)
VINAD IO 96-bT  sdi Ty ‘ugpSeN [eqO[D  "we[ asuddi[ DDA ‘d10p  "wodd] 43ssdpO 4asskpQ
8661 ul paialoxd
uonerado  uonisod
BIUEPY [erIWWOD) ‘BurBed (235 ‘uoayifey
VAL sdqy dYuaIg S661  ‘xey ‘erep ‘ejorolol) (0T 31g)
/VINad JSdD sdq)] T 8'vIv'T ‘g[o1010y [eqo[D  ‘ue[ 3suady DD ‘0107 "duf ‘wnipuy wnipuy
8661 ul paaloid
uonerado sdD
[erpIaWwo)) ‘Buiged (039
sdqy J[qerrea ugisap 6661 ‘xej ‘erep ‘wwod[end) ‘[e107) (0971 S1g)
VINdO MASdO 9'6=C'1L sdqy 9°6 wwod[end [eqo[D  "ue[ 3suadi[ DD ‘3210 "d 1 “reas[eqo|n  Ies[EqO[D
$Sa0Y  uONVINPOW awy awy quawdinby  28p4an0) smvs 2910438 uonvIUY3L() warshs
jauuvy) 12176/ Supoy) 2210/ 4aquisqng wayshg anqja108

SwasAg af[IeS OF'T pauueld
£1°8 3198 L

219



210 VEHICLE LOCATION AND NAVIGATION SYSTEMS

with applications at both ends of the wireless network (mobile end and host end).

For the most part, each interface is unique to the communications technology selected
and will likely be proprietary to the equipment manufacturer. In some cases, however,
the equipment interface follows an industry standard and off-the-shelf interfaces
may be available. The current trend in equipment interfaces is moving toward the
Internet suite of protocols on both the mobile and host ends. This greatly simplifies
the task of interfacing new communications equipment at all levels. In addition, an
open architecture may be very helpful, especially in terms of allowing users’ “plug
and play” usage of many different communications devices.

Actual implementation of the network interface protocols may depend on the
type of host computing equipment, hardware interface, and operating system or
application being used. For example, the host computer may be a mainframe com-
puter, a UNIX workstation, or a personal computer (PC) that might be interfaced
to the wireless network via dial-up lines, dedicated phone lines, or other wireline
infrastructure. Similar implementation choices must be made on the mobile side.
Most implementations on both host and mobile ends conceptually follow the ISO
OSI Reference Model as shown in Figure 8.10, except that some layers in the OSI
reference model may be added, replaced, or combined in the actual implementation.
Each layer in the model provides a specified set of services to the layer immediately
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

Host Mobile

User User
Applications - Applications

Application Layer  |-= =1  Application Layer
Applicati e ~
(%Fr)i:riegn Presentation Layer - j«= »| Presentation Layer
Session Layer ] Session Layer
Transport Layer ~J— Lo Transport Layer
Network Layer P l<_> Network Layer
| |
N etwork - -
Dependent Link Layer Il<—> Link Layer
j Physical Layer —-—-—-: | Physical Layer

Communications Media

Figure 8.10 ISO OSI Reference Model.
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the set of rules and conventions used by that particular layer to communicate with ‘\‘“
the other layers.

On the system level, the quality of network service must be considered. For
data services in 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 attention must
be given to the transport layer, since the protocol used there can be chosen to
optimize use of the underlying network-dependent layers. For integration, it is recom-
mended that a standard set of protocols be used in each of the required layers,
although customization will still generally be necessary. For instance, use of the
popular TCP/IP (Transmission Control Protocol/Internet Protocol) will make the
transport layer much easier to interface with others.

For RF communications, generally speaking, the higher the transmission rate,
the higher the BER. Because mobile radios are constantly moving, the operational
environment is much more severe than for radios used in a stationary environment.
Error detection and correction become an important issue when ensuring reliability-
of data services. Furthermore, many vehicle location and navigation systems
(Chapter 10) are now starting to use existing cellular networks as their communica-
tions support. New protocols and standards have become available for cellular data
modems. Many different types of modems are now available on the market. However,
their performance and ease of use vary. In addition, modem selection is affected by
transmission data size and other factors. Therefore, a thorough study should be
conducted before committing to one choice. ,

One possible integration method is to use the stream networking interface
standard on either the host or mobile side (when UNIX-derivative operating systems
such as pSOS+ or VRTX are used).. This standard offers a solution to protocol
proliferation problems. Streams were originally developed for UNIX-based network
applications. They provide standards for protocol development, interfaces between
protocol layers, and interfaces between networks and applications. Streams define
a standard set of services for developers to implement protocol stacks that are
independent of operating system kernel. This independence ensures portability across
different operating environments. Off-the-shelf protocols can be easily integrated
into applications containing stream-compatible protocol interfaces. Applications can
be written so that they are independent of the underlying protocols and physical
communication networks. Because of the popularity of streams, a great deal of off-
the-shelf networking protocol software and device-driver software is available for
streams. Many existing communication protocols are compatible with streams, which
gives 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 original UNIX version.

The transport layer interface (TLI) is a widely used interface for applications
in a stream environment. It can be applied to connection-oriented protocols such

221



212 VEHICLE LOCATION AND NAVIGATION SYSTEMS

as ATM (asynchronous transfer mode) as well as X.25 and connectionless network
protocols such as Ethernet and token ring. TLI can dynamically control or reconfigure
stream device drivers, buffers, and timers. It can handle network data in packets or
frames.

Similar strategies are available for the DOS and MS-Windows environments.
Interfaces for both the mobile and host computer can be written at the DOS device
driver level, to support a number of different network standards including the open
data-link interface (ODI), packet-driver, and network device interface specification
(NDIS), as well as the Virtual device Driver (VxD) and dynamically linked library
(DLL) interfaces. Although most interfaces are evolving toward the MS-Windows
VxD driver standard, NDIS drivers are portable across environments. One example
is that Microsoft Windows NT provides TCP/IP host interfacing via its built-in
network components. In this context, serial line internet protocol (SLIP) and point-
to-point protocol (PPP) interfaces required by CDPD devices are simple to integrate.
Other wireless interface requirements can also be simplified for the application once
the underlying communications software has been written to work within the NDIS
framework. This task requires a good understanding of the underlying network
architecture.

To conclude this chapter, consider all of the communications technologies
discussed in this chapter. Some technologies are restricted to one-to-one communica-
tions and some are restricted to one-to-many (broadcast) communications. Can you
determine one by one which of these technologies are restricted, which technologies
can be efficiently configured for one-to-one communication, and which can be
configured for one-to-many communication? Furthermore, which technologies are
suitable for one-way communication and which are suitable for two-way communica-
tions? Similar questions can be raised for many of the other system attributes dis-
cussed in this chapter, such as coverage, capacity, and cost. Understanding the main
communications capability of each technology should enable us to select the proper
network for any particular:‘applications.
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PART II

vvy

SYSTEMS

Part II is devoted to a discussion of vehicle location and navigation systems. We
shall learn how to use the modules studied in Part I to construct working systems.
Vehicle location and navigation systems can be broadly categorized into two classes:
autonomous and centralized. Whenever location 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 to the system as autonomous. Otherwise,
we will call it centralized. This classification is used for the convenience of our study.
Different criteria may result in a different classification of systems discussed in this
part. e

Good system architecture is very important for successful location and naviga-
tion systems. Users’ requests and developers’ improvements generally lead to system
expansion. A good architecture must provide a stable basis for the future evolution
of the system. In other words, the system must be stable and predictable, but still
flexible enough to 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-defined architec-
ture to begin with) may affect system stability. Experience indicates that whenever
a system is expanded by a factor of two or more, completely new problems will be
encountered [1]. Once the architecture has been defined, it is often very expensive -
and difficult to change it later.
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Several of the earlier chapters in this book are devoted to a discussion of the
individual subsystems and technological building blocks for intelligent vehicle system
architectures. We should always remember that when building a complicated inte-
grated system, many of the architectural building blocks will have their own design
specifications or objectives. These objectives may not always be consistent. We must
harmonize these conflicting goals in order for the system integration phase to proceed
successfully. Furthermore, integration of different modules is not simply a matter
of data communication. Many other issues must be considered in addition to the
basic system architecture. We will begin looking at these issues with a discussion of
autonomous location and navigation systems in Chapter 9, a discussion of centralized
location and navigation systems in Chapter 10, and a case study of an operational
dynamic navigation system in Chapter 11. °
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CHAPTER 9

\A A4

AUTONOMOUS LOCATION AND
NAVIGATION

9.1 INTRODUCTION

Autonomous location and navigation systems can be designed to various levels of
complexity. System complexity is generally determined by architectural and design
trade-offs. These trade-offs involve various architectural constraints such as system-
level requirements for accuracy of location, the unit cost of the system, the complexity
of the navigation functions to be supported, whether a wireless communications
receiver is required to support the location function, and other considerations specific
to the application.

Depending on the user requirements, an autonomous system could be designed
to be as simple as a hand-held device or as complicated as a sophisticated in-
vehicle navigation system. For example, let us consider the trade-offs associated with
developing a low-cost, hand-held, autonomous location device used by recreational
hikers or campers. We may assume that market-driven requirements will place a
constraint on the cost of materials and production for such a hand-held unit. A simple
implementation might be to incorporate a single inexpensive location determination
technology, such as GPS, without additional subsystems to correct or remove certain
position errors (i.e., DGPS). Thus we have traded 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 selective availability (SA;
Section 3.4.2). Additionally, given our cost constraints, we decide that a map display
is also too expensive. As a result, the display unit to be used will provide a simple,
text-only, black-and-white LED readout of the latitude and longitude of the device.
Based on the display selection, we have made another significant trade-off. We have
reduced system functionality by not including a map display in the unit. Note that
the method of navigation used in thisexample is assumed to be “manual.” Customers
may need to plot the displayed latitude and longitude on a paper map (carried with
them) to further confirm their location. A system of this minimal complexity may
be suitable for recreational purposes such as hiking, cycling, or other low-technology
transportation. Other, more sophisticated implementations require more architec-
tural complexity.

A more complicated system implementation might use multiple integrated
position determination technologies. An in-vehicle navigation system might use dead
reckoning combined with GPS, a sophisticated map-matching capability, and a CD-
ROM, hard drive, or memory card-based map database. The user interface may
have a heads-up display (HUD) or a touch screen controlled color monitor capable
of displaying both text and map graphics in conjunction with speech recognition
and speech synthesis capabilities. It might also include route planning and turn-by-
turn guidance for trip navigation. Some navigation components could be integrated
with existing entertainment equipment already available in the vehicle.

In the remainder of this chapter, we consider both simple and complex imple-
mentations for autonomous location and navigation systems. We begin by discussing
location determination methods for relatively simple location systems followed by
a discussion of the methods used in more complicated navigation systems. Although
high-precision location systems can be very complicated (in design and implementa-
tion), we use “simple” to indicate that such systems have fewer modules (as defined
in this book) than navigation systems.

9.2 VEHICLE LOCATION

In this section, we discuss the location technologies used in mobile applications. A
simple location architecture consists of two main modules (building blocks): a locator
module and a user interface module as shown in Figure 9.1. As the figures indicates,
various technologies are available. Depending on user requirements, we can select

. one from each module or mix different technologies to construct a working on-

board location system.

Even though the architecture of this simple location system seems trivial, the
location system is an essential and fundamental component of any advanced location
and navigation system. We must pay special attention to the detailed design and
implementation issues involved as discussed in Chapter 3. Without a solid location
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Figure 9.1 Simple in-vehicle location system.

component, any complicated system built on top of it is doomed to have unsatisfac-
tory performance. In the next three sections, we discuss three classes of location
technologies that can be employed by a positioning module. For a rough comparison
of these technologies, refer to Table 10.1.

9.2.1 Stand-Alone Technologies

The first type of location technology, stand-alone technology, is differentiated from
the second and third in that it does not require a communications receiver to deter-
mine vehicle location. Recall from Section 3.2 that dead-reckoned positioning, a
stand-alone technology, utilizes fusion of sensor data to determine the location of
the vehicle. Thistechnology depends on the system deriving an initial vehicle position,
receiving a position, or retrieving a position (either entered by the user or stored at
the time the vehicle last stopped). It then utilizes distance and directional information
provided by on-board sensors to calculate relative coordinates in two-dimensional
planar space. Relative distance measurements are usually derived from the vehicle
odometer, and directional information is generally provided by a magnetic compass,
differential odometer, or gyroscope.

Accuracy may be an issue with systems of this type, due to errors introduced
by noise at the sensor, or inaccurate determination of the initial vehicle position.
Errors tend to accumulate over time, degrading the long-term position accuracy.
Overall, systems requiring a moderate to high degree of location accuracy should
not utilize dead-reckoning technology as the sole source for location determination.
The advantage of this type of system is that it does not require a communications
receiver for position measurement. This tends to reduce the overall cost of implemen-
tation. This reduced cost must, of course, be weighed against reduced accuracy.
Opver the long term, systems requiring more than a minimal level of location accuracy
may eventually end up combining this technology with other location technologies.
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As discussed in Chapter 4, map-matching algorithms can be used to resolve
the inaccuracies caused by the dead-reckoning method. Various fusion technologies
mentioned in Section 3.5 are also useful in compensating for the inaccuracy of dead
reckoning. There are some alternatives that require external assistance. For example,
short-range beacons could be installed on roadside signs or poles to transmit the
known positions of these beacons to passing vehicles (Section 8.3.7). These data can
then be used to calibrate the on-board positioning system. We will briefly discuss
position determination and other applications of these beacons in Sections 10.2.1,
10.3.1, and Chapter 11. You may have already noticed that short-range beacons
alone can be used for positioning. The limitation is that short-range beacons cannot
locate vehicles traveling in between beacons. If more beacons are installed, this will
increase the cost of the system. GPS, LORAN-C, and other technologies can also
be used to improve the performance of stand-alone systems. However, once external
assistance is being provided, the location technology becomes hybrid rather than
stand-alone. These communications-receiver-based technologies are discussed in sub-
sequent sections.

Another stand-alone location technology that does not require a communica-
tions receiver for location determination involves the use of a computer vision system.
The basic principle of this technology is to store images obtained along the roads
before the actual trip and then to match these prerecorded images with a series
of images captured by cameras during the trip to identify the location of the
vehicle [2]. A similar idea (and some variations on this idea) have also been used in
other fields such as robotics [3]. One recent development has involved the integration
of computer vision technology and dead reckoning [4]. This system combines the
dead-reckoning module with a neural network trained to identify roadway landmarks
encoded in a CD-ROM image database, which is correlated with a digital map
database. Location determination is performed in real time, assisted by data compres-
sion and high-speed video capture techniques. The system is claimed to be accurate
within approximately Sm.-A block diagram of this system is shown in Figure 9.2.

As a stand-alone technology, this computer-vision-based method has both
advantages and disadvantages. On the minus side, the image for the area to be
traversed must have been recorded and stored in database form, which means that
this technology cannot be used in areas not contained in the database. On the plus
side, the system does not require use of a communications receiver for location
determination. In addition, the pattern recognition and resultant determination of
location is absolute in nature and offsets the detrimental effects of the position
errors and sensor errors associated with dead reckoning alone. Although the method
discussed uses natural landmarks for positioning, 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 system much simpler. This and other stand-alone technologies might, in a
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Figure 9.2 A computer-vision-based automatic vehicle location (AVL) technology.

hybrid implementation, compensate well for a common deficiency often found in
radio-based location technologies. Many radio location systems are subject to inter-
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
accuracy. Besides automatic vehicle location, computer vision has been used in
other vehicle applications such as automatic driving, automatic vehicle identification,
collision avoidance, and automatic incident detection. These systems are beyond the
scope of this book.

9.2.2 Terrestrial Radio Technologies

Before introducing actual location systems based on terrestrial radio signals, we first
address the techniques commonly used for terrestrial radio-based location determina-
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tion. Note that the methods discussed below can be used either at the mobile end
or the host end located on a fixed infrastructure. The mobile equipment could be a
stand-alone hand-held device. Although most of our discussions are vehicle centered,
they can easily be generalized to hand-held devices. Based on the classification
described in the beginning of Part II, if these methods determine the vehicle location
at the mobile end, the corresponding system is called an autonomous system. If they
determine the vehicle location by a host computer on the infrastructure end, it is
called a centralized system.

Three commonly used measurement techniques for terrestrial positioning are
time of arrival (TOA), angle of arrival (AOA), and time difference of arrival (TDOA).
All of these approaches use the concept that the RF signal propagates at a constant
velocity and that the signal path is predictable. The first technique, TOA, measures
the propagation time of signals broadcast from multiple transmitters at known
locations to determine the location of the mobile device or vehicle. This is the same
technique used in GPS positioning. The difference is that for terrestrial positioning
the emitters are not in space, but on the Earth’s surface, typically taking the form
of base stations or towers. A detailed discussion of the TOA principle may be found
in Section 3.4.2.

The AOA technique uses RF triangulation to calculate the vehicle position. In
infrastructure-based implementations, the signal is transmitted from a vehicle
equipped with an RF transmitter. In this approach, a phased array of two or more
antennas is used at a single cell site to receive the propagating wave. The following
equation is often used for the two-antenna array at any one site to calculate the
angle of incidence for a two-antenna array located at a single site, as shown in
Figure 9.3.

& = arcsl cAt
a = 1n—
s d

where & is the estimated angle of incidence of the propagating wave (assumed planar)
at the antenna array, c is the speed of light (assuming that the radio-wave velocity
is approximately equal to the speed of light), At is the difference between the times
of arrival signal at each antenna, and d is the distance between the antennas used to
receive that signal. Note the assumption that the radio-wave velocity is approximately
equal to the speed of light, which may not be valid in certain applications.

An interesting special case solution can be made by the observation that a
single phase wave striking two closely spaced antennas at any one site will show a
difference in electrical phase of the two received signals. Given that d = 0.51 (where
A is a radio signal wavelength), the estimated incidence angle (arriving azimuth
angle) becomes ’
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Figure 9.3 Location determination by angle of arrival (AOA).
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where ¢7 and ¢; are arriving electrical phase angles for antennas 1 and 2, respectively.

The phased arrays of the antennas are used at two or more cell sites capable
of receiving the propagated signal from the vehicle. The location of the vehicle is
determined by the intersection of the two angles of incidence a; and a; as shown
in Figure 9.3.

We have shown an infrastructure-based approach in which each site has two
antennas. A three-antenna array is actually-better because a two-antenna array will
have difficulty calculating the angle of incidence when it is close to a right angle.
Theoretically, these antennas could instead be on the mobile side to receive the
propagating radio waves from transmitters at the base stations. For economic rea-
sons, antenna arrays are seldom used on the mobile end.

There are both advantages and disadvantages to using the AOA for the determi-
nation of vehicle position. On the positive side, there is no need to maintain time
synchronization between cell sites (or base stations) to perform vehicle positioning.
Only two sites are required to determine the location of a vehicle. Because it does not
use a multisite time-synchronized system (as TDOA does), the overall performance of
AOA as a location technology should be less affected by RF channel bandwidth.
This is an important feature to keep in mind when dealing with various RF technolo-
gies [such as 30-kHz AMPS and 10-kHz NAMPS at the low end to 1.25-MHz
CDMA at the upper end (Table 8.3)] in a single system.
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The major drawback to AOA is its susceptibility to signal blockage and
multipath reflection. This results in fairly high error margins for the estimated vehicle
positions. This is especially true in urban areas, where errors on the order of hundreds
of meters can occur. Because of signal scattering, it is conceivable that position
calculations based on AOA could result in a position estimate that places the vehicle
in the opposite direction from its actual direction relative to the receiving base sites
(as indicated by the question mark in Figure 9.3). These ambiguous solutions can
be eliminated using additional technologies such as the RF profile method discussed
in Section 10.2.1. Another problem with AOA is that each site or mobile device
(depending on infrastructure-based or mobile-based solution) needs to have at least
two antennas (which adds additional cost to the system). However, this may not be
a problem for some established sites that have a phased array of antennas already.

The third type of a terrestrial-radio-based location technique is TDOA. The
TDOA technique utilizes RF trilateration to calculate the vehicle position. RF trilater-
ation differs from triangulation in that it calculates the distance between the vehicle
and a fixed set of reference sites that are time synchronized. The calculated distance
from the vehicle can be determined by either of two methods, measuring the transit
time for a radio signal (group of pulses) between the vehicle and reference sites, or
the total phase change in the radio signal between the vehicle and reference sites.
The method using pulse modulation for the radio signal is less affected by multipath
propagation than the method using phase modulation, which means that pulse
modulation is more accurate. On the other hand, pulse modulation requires a higher
bandwidth than phase modulation. The radio signal could also be transmitted first
from the site to the vehicle with the vehicle then responding back to the site. In this
case, the calculated distance must be divided by two. Figure 9.4 illustrates the basic
principle of this location technology. '

We now discuss how TDOA technology determines a location. If we have
a time-synchronized signal (either generated by the moving vehicle or by time-
synchronized fixed RF transmitters).at sites 1, 2, and 3 as shown in Figure 9.4, we
can determine the signal transmission path lengths dy, d3, and d3. The differences
between these path lengths can be measured by the time (or phase) differences of
the signals between the transmitters and the vehicle. The estimated location derived
from the time or phase difference pairs will be at the intersection of two hyperbolas
as shown in Figure 9.4. Assuming that the time difference is used to derive the
distance and a receiver in the vehicle is used to receive the signals transmitted from
three sites, these hyperbolic curves may be calculated as follows (using the curve b;
as an example): The mobile receiver detects the pair of transmissions from sites 1
and 2, and determines the difference in arrival times A¢1;. This time difference can
be translated into a path length difference as follows:

dy— dy = cAty
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Figure 9.4 Location determination by time distance of arrival (TDOA) or hyperbolic positioning.

Asin the discussion of AOA, we assume that the radio-wave velocity is approximately
equal to the speed of light (which may not be true in certain applications). Substituting
the unknown coordinates of the vehicle and the known coordinates of sites 1 and
2 (as shown in Figure 9.4) into the previous equation, we obtain
2 2

..y_ = 1

— 2=
b

QNI ®

where @ = 0.5¢Aty3 and b = 0.5 (4D2 - czAt‘;‘z)\m. This is a hyperbolic function with
the two sites as foci of the hyperbola. (The reader may recall that a hyperbola is a
collection of points with a constant difference between the distances to each focus.)
Similarly, we can derive another hyperbola b;. The intersection of these two hyperbo-
las is the vehicle location.

Use of the TDOA technique for real-time location calculations requires fewer
antennas and is less susceptible to signal blockage, or multipath reflection than using
AOA. The main disadvantage of TDOA is the requirement for maintenance of a
synchronized time source between all base sites. It may be difficult to implement
and maintain the multisite synchronized time keeping accuracy required to measure
the propagation of an RF signal. Note that this may not present a problem to the
CDMA-based network at all since its sites have already been synchronized. Radio
waves have a speed of approximately 300 m/us (984 feet/us), so that a 1-us (one
millionth of a second) time error in a single site could place a vehicle 300m away
from its actual location. Most location systems require a position accuracy of less
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than 300m. One technique to solve this time-synchronization problem is to use GPS
receivers as discussed in Section 3.4.2.

Another problem with TDOA is that channel bandwidth may impact the
performance of this technology. The time difference measurement in TDOA may
be affected by the narrow channel bandwidth since high-resolution time measurement
requires a narrow pulse (or equivalent), and the narrower the pulse the greater the
bandwidth required. By contrast, narrow channel bandwidth is not a problem for
the AOA technology. This makes TDOA less accurate in narrowband analog systems
than in wideband systems. To improve overall accuracy of location, some implemen-
tations have attempted to use a hybrid of the two technologies (TOA/AOA, AOA/
TDOA, etc.).

Many terrestrial radio systems can be used to determine location based on the
trilateration technology. As we learned, this technique relies on detection of a radio
signal from three or more fixed reference points. Some of the better known radio
navigation systems are DECCA, Omega, and LORAN-C, but they are much less
popular than GPS for vehicle applications. Unlike LORAN-C, the first two systems
use phase differences to 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 signals that allow a position to be determined from a location of the
receiver in the resulting hyperbolic lattice. This position can be translated into a
latitude-longitude coordinate or grid reference. The navigation system is mainly used
in Europe and run by individual host governments.

Omega is a global navigation system used primarily by maritime and aeronauti-
cal users [6). It operates at very low frequency (10.2 to 13.6 kHz) and was developed
initially for use by the U.S. Navy submarine service. Control of the system has since
been operationally extended to include a multigovernment partnership. This system
has been used with differential techniques for vehicle location purposes in the United
Kingdom.

LORAN-C is the “C” configiiration of the Long Range Navigation {LORAN)
system operated by the U.S. Coast Guard. The “A” configuration of this system was
initially used for experiments prior to 1942. The LORAN-C system utilizes three
or more land-based transmitting stations whose signals can be used by a receiver to
performhyperbolic position determination. The transmitters use frequencies between
90 and 110 kHz. By 1979, LORAN-C transmitter “triads” had been constructed
to cover all North American coastal areas, Northern Europe, the Mediterranean,
and the Asian/Pacific 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 500m. Differential LORAN-C has been developed in an effort
to improve position accuracy. Meanwhile, other improvements have been made in
LORAN-C during the last few years [8]. The different characteristics and complemen-
tary nature of LORAN-C and GPS suggest that it might be useful to integrate them
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for vehicle navigation [9]. Further information on DECCA, Omega, and LORAN-
C and their applications can be found in [6,10].

On the whole, these terrestrial-radio-based systems are very efficient for mari-
time and airborne applications. This is partly due to the absence of large obstructions
in these environments. On land, however, utilization of these systems results in
reduced accuracy because of environmental and man-made obstacles such as moun-
tains and large buildings. These types of obstacles cause signal attenuation and
multipath reflection effects, which can limit the effectiveness of a land-based receiver
for location determination. For instance, the location errors of LORAN-C and
Omega may run as high as 500 and 2,000m, respectively. The ability of a receiving
system alone to compensate for these signal distortions is very limited. On the other
hand, terrestrial-radio-based systems allow voice and data communications to be
merged into one system. Unlike satellite-based systems, some of these systems work
inside buildings (as discussed below).

Another interesting form of terrestrial-radio-based location technology has
been developed by Pinterra [11,12]. This system uses signals from commercial FM
radio stations in conjunction with a reference station to calculate the location. This
technique uses the pilot tones of FM stations (which are generally in the 19-kHz
range) to calculate the location (see Figure 8.6 for the pilot tone signal). The location
is determined via triangulation: The mobile receiver converts the phase measurements
to the range measurements based on the signals received from at least three radio
stations. This technology requires installation of a reference station (observer) at a
‘known location in each metropolitan area; this station plays a role similar to that
of the reference station in DGPS. The reference station calculates phase and frequency
drift corrections for each FM radio station, these corrections are transmitted to the
mobile receiver over an FM subcarrier or other broadcast medium to synchronize
the transmissions and stabilize the frequencies. This technology has the advantage
of wide coverage due to the high concentration of FM stations in many countries.
FM stations can often cover up to 20,711 km? (8,000 square miles). Additionally,
since FM broadcasts utilize frequencies (87 to 108 MHz) that are lower than GPS
or cellular networks, the signal is less affected by obstacles such as buildings or hills.
Because the FM signals can penetrate into buildings, this technology can be embedded
with many portable device often used indoors. The system has a claimed accuracy
of 10 to 20m.

Most terrestrial-radio-based systems generally have a minimum error of at
least 150m. The worst systems may have errors of up to 2,000m. As we mentioned
earlier, the performance of these systems often deteriorates when approaching urban
canyon areas. More studies or hybrid methods (various combinations of the three
approaches discussed or with other approaches) are needed to further improve these
technologies. For instance, one method to reduce the positioning error would be to
implement filtering techniques in the mobile device, which uses the relationship
between carrier Doppler phase measurements and range estimate changes. Interested
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readers can find information on various other radio location technologies and systems
in [13,14]. Many of these technologies have very promising potential for use in
vehicle location applications. '

- 9.2.3 Satellite Technologies

Due to the large investment in infrastructure, the number of satellite-based radio
location systems is still limited. In this section we briefly discuss two such already
used systems. The first system is the global positioning system (GPS). The second
system is the EutelTracs operated by Eutelsat. These systems utilize line-of-sight
signal reception and the TOA concept to calculate the position of the receiver.
Information about other similar systems such as GLONASS and STARFIX can be
found in [10,15,16]. Some of them as well as many GEO and LEO systems have
been mentioned in Sections 3.4.2 and 8.3.8. '

As we saw in Section 3.4.2, GPS is an all-weather, radio-based, satellite naviga-
tion system. It allows users to determine three-dimensional position, three-dimen-
sional velocity, and time. The system consists of three segments. The space segment
consists of a constellation of 24 satellites. The user segment consists of all the GPS
receivers and support equipment. The ground segment is composed of the master
control center and many widely separated monitoring stations. Ground control
tracks the satellites, determines the orbits, and periodically sends correctional infor-
mation and other data to the satellites for retransmission to the user segment.

A very simple location system can employ the GPS receiver alone as the position
sensor. As discussed in Section 3.4.2, the accuracy of GPS receivers is degraded
under selective availability (SA), and much better accuracy can be obtained by
utilizing differential correction techniques (at an additional cost). Another approach
is to use a dual GPS/GLONASS receiver, which takes advantage of 48 satellites in
space (instead of only 24 for a receiver based on GPS satellites alone) and should
provide position fixes most of the time, even in urban canyons. Note that GLONASS
is not affected by SA. Detailed discussions of the underlying principles and methods
for integration with other techniques can be found in Chapters 3 and 4. Note that -
as of this writing, the U.S. government has decided to conditionally phase out SA
in 4 to 10 years, subject to annual review by the U.S. president. This will, of course,
improve GPS accuracy for civilian users to a significant extent. However, note that
SA may be reinstated at any time (national emergency, war, etc.) and this risk should
be considered in the overall system design.

In contrast to GPS, in which the users only receive data (unidirectional transmis-
sion), the European satellite location service, EutelTracs, allows for two-way commu-
nications. The system uses an on-board terminal to facilitate this bidirectional
capability. Vehicles communicate with two satellites, one used for master communi-
cations and the other for ranging calculations. The satellites used are in geostationary
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orbit 36,000 km above the Earth’s surface. The reported accuracy of this system is
on the order of several hundred meters [17].

9.2.4 Interface Technologies

The displays used in simple location systems can vary in capability. Design issues
to consider are primarily cost, application, and operating environment. Simple text-
based LED or LCD displays (as discussed in Chapter 7) are a low-cost means for
providing low-bandwidth information to the vehicle operator. These types of displays
are suitable for display of positioning information, traffic information, and limited
route guidance information.

Other display subsystems that may be incorporated into a simple location
application include a graphical map display showing the vehicle’s position as a dot
on the map. This type of display may or may not allow the user to enter information
through a touch screen or other input device. More complicated systems require
additional capabilities for user input (see Chapter 7 for additional details on this
subject).

9.3 VEHICLE NAVIGATION

Vehicle navigation systems can consist of several integrated system building blocks
as shown in Figures 6.1 and 9.5. The five shaded blocks in Figure 9.5 represent
devices that can be implemented either as stand-alone components for navigation
or as multifunction components that share some duties with entertainment-oriented
equipment or other non-navigation equipment. The antennas used by the system
can be implemented either separately or integrated into a smart device.

In general, systems created from complicated navigation building blocks tend
to stem from requirements that specify. features such as greater position accuracy,
sophisticated human-machine interfaces, powerful guidance abilities, or integrated
radio location receivers. As a result, these complicated navigation systems tend to
be more expensive than their simple location counterparts.

9.3.1 Coping With Complex Requirements

In this section, we discuss the system issues associated with the implementation of
a complicated navigation system. A typical navigation system may consist of a few
or all of the modules depicted in Figure 6.1. Many commercial in-vehicle navigation
systems are already available on the world market. These systems are generally
implemented using the modules discussed in Part I. Interested readers may find
literature on them at ITS-related trade shows and conferences, from magazines, or
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Figure 9.5 Complicated in-vehicle navigation system.

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
modules as a case study in Section 11.3, we do not repeat that discussion here, but
instead take a look at complicated navigational systems from a slightly different
angle. et .-

A thorough understanding of 'user requirements is a must for selecting and
integrating proper navigation modules. The more complex the system requirements,
the more complicated the resulting integrated system. For instance, there is a wide
variety of choices, even for something as simple as a visual display unit, ranging
from a simple black-and-white LED displaying only a few characters to a fancy active-
matrix color LCD displaying text and graphics. Our discussion will be illustrated by
walking through the system designissuesthat result from the functional requirements
associated with a hypothetical product.

We consider the design of a rental vehicle utilizing an autonomous navigation
system. In this design, we assume that the system incorporates a radio location
receiver. Because this is an autonomous system, we further assume that the vehicle
does not have any integrated wireless communications capability that can be
addressed from a centralized facility. Without this communications link, it is obvious
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that all vehicle navigation functions must be performed by the system on board the
vehicle.

Functional requirements vary from application to application. Some systems
might require high position accuracy, whereas others will sacrifice accuracy for unit
cost. Increased sophistication in one subsystem can make up for deficiencies in other
subsystems. For example, as we saw in Chapter 4, a conventional or fuzzy logic
map-matching algorithm can be used to overcome accumulative position errors by
determining reasonable best fit locations on a map.

We begin this study by reviewing the following list of high-level functional
requirements for the rental vehicle example:

1. The system shall have the capability to determine its current position within

20m of actual location over 90% of its travel time.

2. The system shall have the capability to translate its current position to a map
coordinate, and subsequently to a best fit road segment location.

3. The system shall have the capability to display its current position on a map
that can be viewed by the vehicle operator.

4. The system shall have the capability to accept a trip destination request and
plan a best route to that destination.

5. The system shall have the capability to output audible and visual instructions
corresponding to the directional maneuvers required to complete the planned
route.

6. The system shall have the capability to determine when it is “off-route,” that
is, off the planned road segment.

7. The system shall have the capability to correct “off-route” conditions by
generating a new route starting at the current erroneous position.

If we look back to our simple hand-held navigation device mentioned in the
beginning of this chapter, we can see that it is not capable of satisfying 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 architectural
and design issues. Let us begin with the first high-level requirement.

The system shall have the capability to determine its current position
within 20m of actual location over 90% of its travel time.

We actually have two constraints on our system architecture as a result of this
requirement. The first constraint implies a position solution within 20m of actual
vehicle position. This constraint exists so that the system can differentiate between
closely spaced road segments. An example of two closely spaced road segments
might be an expressway and corresponding frontage road. The 20m resolution is
required in order to minimize road-matching errors for closely spaced parallel road
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segments. The second constraint extends our first requirement by stipulating that
we must be within this 20m limit during 90% of our operating time.

If we assume that a GPS receiver can operate at less than a 20m error (in the
absence of SA) it may be possible to meet this 90% requirement. We would have
to assume, however, that the satellite signals were not blocked for any more than
10% of our travel time. This is feasible if we are operating in a suburban or rural
region without hilly or mountainous terrain. On the other hand, if we spend much
of our travel time in an urban environment, it is very likely that we will not meet
this requirement. Tall buildings, overpasses, and tunnels will block the GPS signal
for significant periods of the travel time, which may in fact amount to more than
10% of operating time. This constraint implies that an additional positioning subsys-
tem will have to be included to offset the deficiencies of GPS in urban environments.
Because this additional subsystem should not be susceptible to the same weaknesses
as the GPS subsystem, subsystems using similar radio location technologies will not
be very useful. This means that a dead-reckoning subsystem is the most likely choice
to augment GPS (assuming that a feasible mechanism is available or can be designed
for the periodic correction of the dead-reckoning sensors by GPS).

Having two subsystems for positioning will of course increase the complexity
of the system. Depending on the sensor fusion method used, some implementations
will require arbitration to determine which positioning input takes precedence when
the GPS subsystem and dead-reckoning subsystem do not agree. Map-matching
methods can also be incorporated into the arbitration scheme to further improve
the location accuracy since the next requirement already implies a requirement for
a map database. Detailed discussions of sensor fusion and map matching algorithms
can be found in Chapters 3 and 4.

The system shall bave the capability to translate its current position to
a map coordinate, and subsequently to a best fit road segment location.

Because we do not have a wireless communications link to a central facility, this
requirement implies that the map database will need to be stored on an in-vehicle
mass storage device. The database storage requirements for a reasonably sized metro-
politan area (Section 2.6.1) suggest that we may need on the order of 10 to 200
MB of data storage (uncompressed), which includes additional room for possible
future expansion of system coverage. Possible choices for storage devices might
include CD-ROM drives, magnetic hard drives, or perhaps a PCMCIA memory
card. Each of these storage technologies has advantages and disadvantages. The first
two have the advantage of large storage capacity. The current capacities for these
devices are well above probable 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 extreme tempera-

ture ranges to frequent mechanical shocks, the environment is far from ideal for
any storage device that utilizes moving mechanical parts, such as CD-ROM drives
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or hard disk drives. PCMCIA 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 a disadvantage unless a technique
can be developed for rapid compression and decompression. Because of the rapid
advance of various mass storage devices, the drawbacks discussed here may not be
a problem in few years, but it is still a challenge faced by today’s design engineers.
In addition to these problems, expensive storage and peripheral devices may very
well increase the total system cost, and slow access devices may significantly affect
the performance of the various embedded real-time software algorithms.

Assuming that we have selected a storage device, we can now have the system
translate the reported position provided by fusion of the readouts from the sensors
selected in the first requirement to the format used by the map database. This map
database must be navigable, that is, provide information that can be used to plan
a route and guide the vehicle. In addition, the map should have a position accuracy
of at least 15m, so that it can be used to improve the inaccurate positions provided
by the positioning sensors. The augmented GPS positioning subsystem may return
vehicle coordinates (latitude and longitude). If the map database selected does not
use WGS 84 as its ellipsoid reference as GPS does, we may need to transform the
GPS-derived coordinates to the coordinates used by the map database or vice versa.
Otherwise, displacements of up to 100m may occur. (Recall that Section 2.3 contains
detailed discussions of map reference coordinate systems and transformations
between various coordinate systems.) If the vehicle is traveling along a road, the
system should be able to use a map-matching algorithm to determine the best-fit
road segment. If there is no exact match, the algorithm should be able to find the
nearest road segment and snap the vehicle onto it. Otherwise, it could simply use
the sensor measurement to determine a_position. Additional information on map-
matching algorithms can be found in Chapter 4.

Regardless of the storage device selected, 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 updated to account for
construction, road closures, new road development, and other modifications that
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 relying on the fact that
the planned route will not be interrupted or delayed by road closure or construction
detours. With a wireless communications capability, this problem can be addressed
by incorporating dynamic traffic information. Without a wireless communications
capability (as in our case), updates of road networks would have to be accomplished
via a 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
accident and emergency information. Unless we increase the project budget and add
additional components to the system (as we will do in Chapter 10), we must warn
the user of the deficiencies in the system. Of course, even the best dynamically
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updated database might contain some errors, so error recovery is always an issue
in any design. If possible, we should make the system design as modular as possible
to facilitate future expansion in later versions of the product.

The system shall have the capability to display its current position on a
map that can be viewed by the vebicle operator.

Given this requirement, we can assume that the navigation system will need to
include a graphical display, as described in Chapter 7. Again, we need to consider
a significant list of human factors issues. Specifically, should the display be backlit?
How will the display be affected by glare in daylight? Will it be bright enough to
read in the direct sunlight? Where will the display be located? Will it block the
driver’s vision or cause the driver to divert attention from the road for significant
periods of time? Will the display block either the driver’s or front seat passenger’s
airbag safety device? All of these issues must be resolved before installation of a
graphical display device.

As we have studied already, many display devices are available. They are based
on different technologies 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 because this device may be one
of the most expensive components in the whole navigation system.

The system shall have the capability to accept a trip destination request,
and plan a best route to that destination.

This requirement is actually a multilevel requirement. The first point we need to
consider is the issue of the method used by the operator to input the destination. Is
this request done verbally? If not, can we use simulated keyboard entry via a set of-
switches or a touch screen to enter the street address, business name, or road
intersection as a destination? If we allow users to enter addresses as their destinations,
we need to make sure that the system can correlate street addresses with digital map
coordinates if the database does not contain the coordinates of every possible address.
This requires that the map database have attributes of street names and address
ranges for each road segment. One method involves matching the desired address
along the road using linear interpolation based on the address range for the road
segment. The deficiency of this method is that address numbers are not always evenly
distributed along a road segment, so very accurate address matching is not feasible.

Once we have settled on a means for inputting the destination information,
we need to evaluate the second level in this requirement. This second stage implies
that a sophisticated route-planning capability must be implemented. What options
do we present the user in terms of how the route should be planned? Some considera-
tions might be given to offering the user a choice among several planmng (or route
selection) criteria as follows:
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e Fastest trip (time);
¢ Shortest distance (distance);
e Maximize or minimize expressway use (complexity).

Different planning criteria may require different attributes from the digital
map database and evaluation functions defined in the algorithm. We also need to
decide whether to allow users to select these criteria themselves or to stick with one

. criterion in the design without giving any flexibility to users. Note that since the

system does not have dynamic traffic information, the fastest time choice listed by
the system may not be accurate. A detailed discussion of various route planning
algorithms can be found in Chapter 5.

The system shall bave the capability to output audible and visual instruc-
tions corresponding to the directional maneuvers required to complete
the planned route.

Like the issues involved in determining how to input the requested destination, we
need to consider how the maneuvers associated with a planned route will be presented
to the user, as described in Chapters 6 and 7. One issue that is encountered is
whether we incorporate an audio subsystem to present instructions to the driver
like ““turn left at next traffic light,” or ‘“‘exit at ramp 256 east,” etc. If so, does the
audio subsystem have a volume control so it may be heard over traffic or simultaneous
radio entertainment? Visually, how do we tell the vehicle driver to take a “hard”
versus a ‘‘slight” turn? Such intersections might, for example, consist of both 45-
and 135-degree right turns, or of a complicated roundabout.

An additional consideration concerns whether the maneuver is displayed on a
separate visual direction screen (turn arrow) or as part of a road segment highlighted
on a map (route map). Should the display stick with one consistent format, or use
display screens that are sensitive to route guidance context? We may also want to
use audible cues such as tones to indicate when to perform the maneuver, etc. All
of these considerations will affect the appearance of the device and the acceptance
of different user groups, because the display unit will impose the first and probably
the most important impression on any user.

The system shall have the capability to determine when it is “off-route,”
that is, off the planned road segment.

During the route guidance process, we need to determine whether we are actually
off-route, or just experiencing an error condition associated with the positioning
subsystem. If the position report supplied by the navigation system does not indicate
that the vehicle is on a road segment, a heuristic algorithm may be needed to
determine whether the position measurement of the vehicle is in error, or the vehicle
has left the road purposely to stop at an off-road location, such as a parking lot,
driveway, etc., or whether there might 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 6.3. We may also need to decide whether a
manual intervention or resetting mechanism is required to help the system recover
from abnormal situations.

Given the static nature of our database, construction detours will probably be
interpreted by the system as an off-route condition. A user-configurable mechanism
may be needed to allow these off-route conditions to be ignored so that the system
does not continuously warn the driver or try to replan a new route when the vehicle
is on a detour due to road closures or construction.

Finally, we evaluate the last requirement of the example system.

The system shall have the capability to correct “off-route” conditions by
generating a new route starting at the current erroneous position.

Assuming we have encountered a valid off-route condition, the system should recover
and replan a new route based on the current position of the vehicle. How should
the system warn the driver? Is the replan done in a timely fashion, or does it
require an excessive amount of time? What maneuvering directions, if any, should
be presented while replanning operation occurs?

We also need to decide how and in what format the system should present the
results of a successful replanning operation to the user. In the case study presented
in Chapter 11, the system uses the criterion that the new route must be at least 2
min shorter than the original route. Any route that does not satisfy this criterion
will not be presented to the user. Other criteria have been used, such as 30% shorter
than the estimated trip time for the original route [21]. We may want to conduct
several experiments on our own in order to identify the best criterion for this
particular project.

As can be seen, this.example touched on a fairly large number of design issues.
Even though we have not mentioned them, many other issues and low-level trade-
offs must also be considered when designing a system of this type. These trade-offs
can be inferred from the information contained in the previous chapters. Once we
have identified the functions of the system and the proper hardware components to
support them, we must take another look at the entire design to make sure that it
fits the price range of the expected market and the proposed schedule. Several more
iterations are generally required to finally settle on a design that all design team
members can agree to. The design team should include key engineers, marketing
personnel, and management personnel. Remember, it is generally worth it to spend
more time on system specifications and requirements rather than less.

9.3.2 Dual-Use Navigation and Entertainment Components

Vehicle electronics evolved rapidly during the past decade, to the point where they
have now been integrated into the vehicle architecture as integral parts of a
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sophisticated network. It is natural that many navigation components can be shared
with entertainment equipment.

The shaded blocks in Figure 9.5 can support either navigation or entertainment
or both. An integrated transceiver might be designed for use with AM/FM radio,
GPS, cellular, and paging signals [22]. To reduce cluttered and inconvenient control
devices, voice-activated controls, reconfigurable steering wheel controls, and reconfi-
gurable feedback displays can be developed. We know that CD-ROM devices, hard
disks, or memory cards can be used for external memory. For instance, a CD-ROM
player could be used for storing the digital map database and navigation software
as well as for playing music. In addition to serving as a memory device for the
navigation system, a memory card reader could also serve other mobile office devices.
The display monitor could be used for navigational maps or for commercial TV
stations. Similarly, the speaker could be used to listen to turn-by-turn maneuver
instructions, ordinary AM/FM broadcasting, or a hands-free cellular phone.

Many available products have combined both navigation and entertainment
in a common platform. For instance, the Telepath 100 radio can direct users to a
predetermined destination while still supporting all the functions of a normal
radio [23]. In this system, the vehicle location is determined using GPS in combination
with dead-reckoned positioning and an area map encoded on a PCMCIA memory
card. The route is displayed to the driver using directional arrows. AudioNav uses
the audio CD player to store navigation data and play music [24]. Many Japanese
in-vehicle display units can be used for both digital maps and commercial TV [20].

Before closing this chapter, consider the following question. Recall from Chap-
ter 6, a Braess paradox effect could occur if numerous vehicles equipped with identical
navigation units receiving the same dynamic traffic updates were operating on a
particular road network. What would happen if the usage of autonomous navigation-
equipped vehicles is overwhelming in a-popular tourist area? Would the effect be
any different if these vehicles all had 1dent1cal navigation systems or if they had
different navigation systems?
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CHAPTER 10

\ A A4

CENTRALIZED LOCATION AND
NAVIGATION

10.1 INTRODUCTION

A centralized location and navigation system utilizes some combination, or subset,
of the building blocks discussed in Part I. These building blocks can be integrated into
both an infrastructure and the vehicle capable of performing dynamic multivehicle
location and navigation processing. In this chapter, we attempt to discuss the issues
related to various configurations of these systems. From a system-architecture stand-
point, three high-level functional blocks are required to perform centralized location
and navigation, as shown in Figure 10.1.

The host consists of one or more facilities with the capability to determine the
location of or to provide guidance/advisory information to one or more mobile
vehicles or devices. For a simplified, simplex (one-way mobile to host) location-
determination capability, this component might include a location function, a human-
machine module, and an interface to a wireless communication module. In a more
complex arrangement, the host may provide full-duplex (two-way between mobile
and host) navigational support, complete with traffic data fusion to provide dynamic
route guidance based on real-time traffic information. The communications network
provides the conduit between the host and the mobile unit. This component has the
capability to provide either active or passive support to the location function. As
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Wireless
Communications

Host Facility Mobile Unit
(Server) (Client)

Figure 10.1 Architectural blocks for a centralized location and navigation system.

described in Chapter 8, numerous communications network configurations support-
ing various throughput levels can be incorporated into this architectural component.

The mobile unit may also function at various levels of location and navigation
sophistication. In a simple configuration, the signal radiating from the antenna used
by a mobile cellular phone can be used to determine the location of the mobile unit
via triangulation data interpreted by a central facility using multiple antennas (as
discussed in Section 9.2.2). The operation of this location determination system
may be transparent to the mobile handset user. In this simple case, the primary
responsibility for determination of mobile unit location rests with the host. In a more
complex scenario, the mobile unit will take advantage of one or more positioning
capabilities, such as a GPS receiver combined with dead reckoning and map matching.
The position derived from the combination of these positioning capabilities is trans-
mitted through the communications network back to the host. The host may then
communicate back traffic or dynamic route guidance information directed specifi-
cally to the mobile unit.

The applications supported by centralized location and navigation systems are
several fold. One important application that can be supported by these systems is
a wireless enhanced 911 (E911) location capability. Wireless E911 is a system with
the ability to locate a caller who uses a wireless phone to request emergency assistance
(Section 10.4). Ideally, this application would provide the same functionality as land-
line-based implementations. Widespread implementation of this capability would
probably rely on a location technology that is primarily supported by centralized host
facilities and communications infrastructure. The extent of network infrastructure
modifications needed to support this capability, weighed against the accuracy of the
location determination, becomes an important design trade-off in terms of cost and
duration of customer base roll-out. A nonexhaustive list of additional applications
for centralized location and navigation technology is provided:

» Emergency private wireless E911;

» Emergency vehicle dispatch and tracking:
 Police;
* Fire;
* Ambulance.
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¢ Public transportation:

e Bus fleet.

Private fleet management:

e Trucking (freight and asset tracking);
¢ Taxi services;

e Trains.

Secure delivery fleet:

e Armored vehicles and couriers.
Private vehicle services:

¢ Emergency and roadside assistance;

e Travel information (route guidance, traffic, weather, gas, food, lodging, etc.);
e Theft recovery.

The variety of potential applications given in the preceding list 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 infrastruc-
ture constraints specific to each particular application. Three main system design
issues are associated with these constraints:

. » Placement of the location and navigation capabilities;
e Accuracy of locations and frequency of location updates;
¢ Selection of wireless communications technologies.

The primary issue we need to consider is that of where the place will be for
residing the location and navigation capabilities. For example, consider a mobile
cellular system manufacturer intending to implement a wireless E911 feature in
cooperation with a service provider. This feature is designed to provide the mobile
caller’s location to the dispatcher (or operator) at an emergency center. The manufac-
turer may consider a redesign and retrofit the mobile handsets to incorporate the
intelligence required for the location determination. The redesign could, for example,
involve adding a GPS receiver to the handsets. 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, AOA and/or TDOA location 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 retrofit approach
may require the addition of “smart” antennas in addition to some level of effort
and cost associated with reprogramming the sites. The same considerations hold for
navigation, that is, do we design a system with a centralized or distributed navigation
ability? In the distributed-approach case, the navigation capability must be resided
on the mobile unit.
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As far as location accuracy is concerned, we saw in the previous chapters that
a wide variety of different location technologies are available. Each has its own
accuracy range, and we must select among them based on the system requirements
and applications. Table 10.1 lists typical performances for these technologies. This
table attempts to give readers a rough idea of the potential of each technology. In
actual usage, the performance may depend on a variety of other factors. In fact,
many of these technologies will improve over time, and therefore their characteristics
will change too. The location technology selected and implemented must satisfy
system requirements (as discussed in Section 9.3.1). Similarly, for applications
depending on remote location updates, the wireless data update rate needs to be
carefully chosen in order to achieve the required system specifications. As we saw
in Chapter 8, the specific wireless communications technology selected (and its
attributes) has a significant impact on the cost, reliability, and accuracy of the overall
system.

In the following sections, we discuss the design and implementation issues
associated with centralized location and navigation systems. For convenience of
discussion, we first study location technologies and then discuss how navigation
technologies can be added to the system. In each category, the centralized approach
(placing intelligence on the host) leads the discussion before the distributed approach
(placing intelligence on the mobile unit). Despite this distinction, readers should
keep in mind the fact that some technologies and systems may not fit into this neat
classification. Hybrid approaches on variations of these approaches do exist. All of
these approaches and systems contribute to the centralized location and navigation
technologies we have today.

10.2 AUTOMATIC VEHICLE LOCATION

An automatic vehicle location (AVL) system tracks the positions of a fleet of vehicles
. in a particular area and reports the information to a host via a communications

Table 10.1
Performance Comparison of Various Positioning Technologies

Technology Performance

Dead reckoning (DR) Poor (poor longer term, but good short term)
Terrestrial radio Fine (150-2000m, will improve)

GPS Fair (100-300m with SA and without blockage)
DR + map matching (MM) Fair (20-50m without loss)

DGPS Good (10-20m without blockage)

GPS + DR + MM Better (15-50m continuous)

DGPS + DR + MM Best (10-15m continuous)
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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
introduced in Section 9.2 may be used for AVL. The only addition to the technologies
discussed there is that vehicles used in AVL systems must have a wireless communica-
tions component (module) to connect with the centralized host facility to which it
periodically reports its position. An appropriate infrastructure must also exist to
support the wireless communications needs of the system.

Determination of the location of each vehicle typically involves a RF transmis-
sion initiated by the mobile vehicle. In one type of system, the sole purpose of this
communications system may be to transmit the actual location of the vehicle. In this
case, the mobile unit plays an active role in location determination. For example,
the transmission may contain a “position report” data packet, which includes the
vehicle’s latitude and longitude derived using a GPS receiver installed in the vehicle.
On the other hand, the mobile unit may play a passive role in location determination.
In 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 location determination
in the following section, and then consider utilization of the mobile unit as an active
participant in location determination in a subsequent section.

10.2.1 Centralized Approach

A centralized location system is a system that uses a host computing facility and
communications infrastructure to remotely locate or track a fleet of vehicles within
a specific area. In short, the system uses a fixed host facility and infrastructure to
determine the vehicle location. The host'may take the form of an urban traffic
information center or possibly an emergency vehicle dispatch center. Such a system
generally includes the building blocks shown in Figure 10.2. Depending on the
design, a simple AVL system may not néeed a sophisticated map-matching module
at all. In addition, at least a simple communications component and a simple human-
machine interface are required at the mobile end. Note that although our discussions
are centered around vehicles, the fleet of vehicles in this system could be a group of
hand-held mobile devices.

The host in a centralized location system will generally provide the capability
to monitor and possibly dispatch all members of a specific fleet of vehicles. Each of
the vehicles in the fleet will have the capability to periodically signal the host via
an RF transmission. As a member vehicle of the specified fleet moves within the
area monitored and controlled by the host, it periodically transmits or receives a
wireless communications signal, which is then processed by the communications
network and subsequently delivered to the host facility.

This centralized location capability often requires using the communications
network as an active component of the location determination process. For example,
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Figure 10.2 Generic centralized AVL system.

since we have a large installed base of vehicles equipped with cellular handsets, and
a mandatory requirement to implement location capability in a wireless E911 system
(Section 10.4), we should want to.avoid retrofitting or replacing all handsets. Instead,
we would look for a solution based on performing the location function at each cell
site. Currently, three main techniques are used for performing infrastructure-based
location determination (as we saw in Section 9.2.2). Recall that the TOA, AOA,
and/or TDOA technologies can be implemented on either the host system or the
mobile unit. In a centralized location system, all location capabilities are accom-
plished in the host infrastructure.

Assuming that we have calculated the position of the vehicle within a cellular
site, the next step is to allow the host to process the vehicle position data and output
the location of the vehicle on a map. For a simple AVL system, it is straightforward
to place a dot representing the vehicle position on a map provided the map has been
geodetically referenced. Either raster-encoded or vector-encoded maps can be used
(Chapter 2). The user must live with the fact that the dot or icon majy not be precisely
on the road. For more accurate locating, a map-matching module can be used in
conjunction with a vector-encoded digital map database. To fully exploit the map
database already resident in the host, the system can use the known map information
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to filter out the errors associated with the calculated position. The system then
translates the calculated vehicle position to map coordinates within the bounds of
the monitored area. This translation is achieved via coordinate information available
from the map database system.

Given a sophisticated map database system, the data for the reported vehicle
position can then be associated with a location on a map display. However, as we
discussed, the raw position data still need to be translated into points on the map
for viewing. This function could be provided by a modified map-matching module
(instead of the in-vehicle map-matching module described in Chapter 4) or other
enhanced modules. When defining this mapped location, the errors related to uncer-
tainty in the vehicle position need to be evaluated, and the best available estimate
for the location of the vehicle should be derived using a statistical algorithm.

The host will generally utilize an extensive network of high-capacity computing
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 incorporate various other components as follows:

 Vehicle-specific information;

 Vehicle year-make-model;

e Vehicle identification number (VIN);

 Vehicle registration—owner information;

* Vehicle route plans (e.g., fleets for public transportation and delivery services);

¢ Last reported location (position and direction);

e Last position report time;

e Location-specific information;

* Business names and addresses (possibly including phone numbers and hours of
operation); -

 Residential names and addresses; ~ -

 Points of interest (POIs).

These and other additional attributes could be used by the host to communicate
with the mobile unit either verbally (using operators) or automatically (using data
channels). Typical services might include providing route guidance instructions and
service information to any vehicle in the monitored fleet. This assumes that the
mobile and communications components of the system are capable of handling these
data services.

A large-scale centralized host has the capability to store or maintain vehicle
position and direction information for an entire fleet of vehicles in order to assist
in performing the function of plotting vehicles on a display screen. For example, if
a series of position reports shows a vehicle to be operating at high speed on an
interstate highway, and the latest position reported for the vehicle places it on a
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frontage road, the host responsible for tracking the vehicle should be able to validate
whether any off-ramps to the frontage road were encountered between the last
reported position of the vehicle and its current reported position. If no off-ramps
were available, or if the speed limit of the frontage road was significantly lower
than that of the interstate highway, the system could assume, with relatively high
confidence, that the vehicle’s actual position was still on the interstate highway and
a position reporting error had occurred. These functions require a navigable digital
map database with enough road-related attributes, as defined in Chapter 2.

Other “sanity checks” can also be incorporated into a host to account for
system-wide architectural weaknesses. A good example of this would be a host using
AOA technology for vehicle positioning. Recall that RF signal blockage and/or
multipath reflection may place a vehicle in the opposite direction from the actual
vehicle position (Figure 9.3). If this scattering problem is localized to a small geo-
graphic area, the map-matching or map database module on the host could use RF
profile information to account for and correct this signal path anomaly. The complex-
ity and accuracy of the module and its ability to translate a vehicle’s position to a
map location is dependent on the resources of the host, the size of the vehicle fleet,
the geographic area covered, and the quality of the map itself.

As discussed, each vehicle position report is passed to the map database, map-
matching, or human-machine interface module (depending on the system design);
the map database information is then used to translate the position into a map
coordinate. Once this translation has been accomplished, an icon representing the
vehicle and its current location can be output to a host map-display station. The
display of all vehicle position information is controlled by an augmented human-
machine interface (instead of the in-vehicle human-machine interface module as
before). This display can take many forms. For example, vehicles and locations may
be displayed as a tabular list of street addresses or as an icon on a road map. A
road map may display vehicle information in a form similar to that used by air-
traffic-control stations to display aircraft (which combines text with a spatial repre-
sentation of the aircraft position). The human-machine interface can also take on a
wide variety of formats, as discussed in Chapter 7.

The display function of a centralized location system differs from that of an
in-vehicle map display. In-vehicle displays are generally only concerned with the
location of a single vehicle on a map. The host display function is concerned with
displaying information on an entire fleet of vehicles, possibly simultaneously. This
function may use various magnification or ‘“zoom” levels to display local and
detailed, or wider and less detailed, geographic areas. This allows multiple vehicles
to be tracked, but it may be necessary to sacrifice the details of individual neighbor-
hood roads in order to track a large number of vehicles in the area being covered.
This zoom capability should be configurable under host operator control, and also
automated if necessary in case vehicles move out of the edge of the coverage area.
The host should also have the ability to track, in detail, the route of a single vehicle
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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, AOA, and TDOA, other technologies can also be used
for remote location determination by the host. For instance, short-range beacons or
magnetic field loop detector sensors (Section 8.3.7) installed along fixed bus routes
and controlled by a host facility may be sufficient to update location information
for a public transportation management center. Some literature refers to this technol-
ogy (and beacon technologies) as signposts and systems constructed from these
technologies for automatic vehicle location as proximity AVL systems. Interested
readers can find in-depth discussions and analysis of some proximity technologies
in [1]. Another available technology is the TIDGET system [2,3]. Unlike traditional
GPS-based location systems, the in-vehicle TIDGET receiver does not compute lati-
tude and longitude from the satellite signals. Instead, the on-board receiver passes
the raw satellite measurements through the communications network to a host for
processing. The host then calculates the location of the mobile, assisted by a map
and a reference GPS receiver. Because no location calculations are performed on the
mobile unit, the in-vehicle equipment cost is reduced. For a survey of available AVL
technologies and applications, refer to [4] and the other references mentioned in
Section 9.2.2.

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 determination would reside in the host and communications
network. This approach makes sense when we wish to avoid large-scale or high-
cost retrofit/installation of equipment on an existing fleet of vehicles. Next, we will
look at vehicle location systems where the intelligence of the location determination
function resides on the vehicle itself. ..

10.2.2 Distributed Approach':: -

A distributed location system is a system that can track the position of a fleet of
vehicles within a particular area based on devices at the mobile end that report the
information to a host at a central facility. In short, in this system, the individual
vehicle or mobile device determines its own location. As before, the central host can
take different forms but without the location determination capability. All of the
location technologies introduced in Section 9.2 are applicable to this system.

The two most important modules for an AVL system are positioning and
communications. As we now know, many different technologies are available for
use in these modules. The positioning module could be as simple as a GPS receiver
alone or as complex as a multiple-sensor (including DGPS), map-matching-based
subsystem [5]. The communications module could be as simple as a one-way data-
only link from the mobile unit to the host or as complex as a two-way data and
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voice connection. Furthermore, there are various communications media available
for wireless connection of an AVL system (as discussed in Chapter 8): simple paging
networks, cellular networks, land-mobile radio networks, short-range beacon net-
works, and satellite networks. The list of different combinations of technologies can
go on and on. Figure 10.3 shows one representative class of generic AVL systems,
where the human-machine interface could be used for a variety of purposes. One
simple example is to display information for the driver. The simplest system could
consist of only a positioning module for the mobile client. Note that the host server
might have the exact modules shown in Figure 10.2 or just a map database with a
human-machine interface.

The system architecture for this generic AVL system is somewhat similar to
that described in the previous section, but with the position determination capability
hosted on the mobile unit. It is assumed that the host can use the previously described
components in addition to providing a server that responds with location information
whenever a client vehicle provides position data.

Now we use a very simple AVL system as an example to see how such a system
might work. In this system, the only location determination component is an on-
board GPS receiver. To reduce the overall system cost, none of the map database
and map-matching modules is supported in the vehicle. In this architecture, the

Host
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- {Communications

6

/Mobile x
Client - Digital Map Human-Machine
Database | Interface
Map s
Matching ~§—— Positioning

N\ _J

Figure 10.3 A generic distributed AVL system.
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mobile utilizes a simple 40-character LCD to display information and dispatch
messages. Additionally, the mobile unit will query its position from the GPS receiver
every 5 min and report this position to the host while receiving messages from the
host. After obtaining the location report, the host will display this location informa-
tion on its monitor, provided the vehicle in question is monitored. We assume that
this system supports a maximum of 100 package delivery vehicles in a single fleet
over an RF communications infrastructure.

First, consider the GPS-based positioning. Recall from Section 3.4.2 that the
accuracy of the GPS receiver is affected by SA, so that uncorrected GPS measurements
dre 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 vehicle is following a known route, and the position report it provides to
the host only needs to be within a block or two. After receiving the reported position
from the mobile GPS unit, the known route plus the position information will provide
enough information for the host to obtain a rough estimate of the location (in this
application, a rough estimate may be all that is required).

Once the vehicle being tracked has position data available from the GPS
receiver, the position is reported to 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 architectures. The
basic logic for this client is to initialize its communications channels and then enter
a polling loop that periodically reads the communications channels. Note that we
assume that there are two communications devices on board. One is a transceiver
for communicating with the host via the wireless communications module and the
other is a GPS receiver that provides position information for the on-board position-
ing module. -

The channel initialization algorithm opens the inbound and outbound commu-
nications channels for the transceiver separately, implying read-only and write-
only capabilities. A third separate initialization procedure is performed on the GPS
receiver. The channel to the GPS receiver is read-and-write capable. This allows
initialization commands to be sent to the GPS receiver, and responses and position
data to be received from the receiver. It is typical for the initialization algorithm to
have an automatic error recovery component in an embedded mobile system. This
component may use staged recovery logic in an attempt to keep the system operating
after a failure has occurred.

Next, we look at the mobile polling algorithm. Once the communications
initialization has succeeded, the system will enter a continuous polling loop. A
simplified algorithm for this polling activity might look like the following algorithm.

Mobile Polling Algorithm

1. Get the Current_Time.
2. Set the Next_GPS_Position_Query_Time = Current_Time + 5 minutes.
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3. Until system termination, do the following:
3a. Get the Current_Time.
3b. If the Current_Time = Next_GPS_Position_Query_Time, read the &
GPS_Position and set the Next_GPS_Position_Query_Time = |
Current_Time + 5§ minutes. : |
e Format the GPS_Position_Message and send it to the host via the RF
outbound channel.
3c. Check the RF inbound channel for an inbound message and its type.
e If the Inbound_ Message_Type is an Information_Message, format it
on the LCD_Display.
o If the Inbound_Message_Type is a Dispatch_Message, sound a tone
and format it on the LCD_Display.
3d. Go to step 3a.

In this polling algorithm, we assume that the mobile system has the capability
to provide the current time obtained from an on-board source. We could, if necessary,
derive it from the GPS receiver itself. However, if we derive the current time from
the GPS receiver, our algorithm would have to change so that the GPS receiver is
polled each time through the loop to obtain the current time. Regardless of how we
obtain the current time, we would only report position data to the host every 5 min,
in order to reduce the amount of traffic between the mobile unit and the host. This
update rate could be set to some other fixed interval based on the application. At
each of the reporting steps in step 3b, the algorithm creates a position message
for the host in an agreed-on format, and sends it to the host via the outbound
communications channel. At a minimum, this message will contain the vehicle identi-
fication, the latitude, and the longitude of the vehicle. The interval timer for control-
ling of the polling and. reporting period is reset whenever the mobile unit receives
a position report from the GPS receiver.

Another simplifying assumption made by this algorithm is that the GPS position
report can be derived from a single reading every S min. To provide a reasonable
position report, the GPS receiver must track at least three satellites to obtain a two-
dimensional (latitude and longitude) fix. In an urban environment with tall building
blockage, this condition may not be met at all times. Several seconds may elapse
before the receiver is able to compute a position fix. The receiver may simply output
the last known position if it has been on continuously.

Next, the algorithm checks to see if there is an inbound message from the host.
This inbound message may be either an information message, a dispatch message,
or some other type of message. For instance, information messages might contain
information like ““On Main St.—$ min behind schedule” or something of that nature.
A dispatch message may be preceded by a tone to differentiate the message from an
ordinary information message. The algorithm is also simplified in that there is no
provision for the driver to acknowledge the receipt of a message, or prevent a new
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message from overwriting a potentially unread message. These issues would have
to be addressed during system design.

In this case study we assumed that a wireless communications module was
available to support messaging between the mobile unit and the host. The communi-
cations requirement for this small fleet of delivery vehicles, reporting at 5-min inter-
vals and receiving information and dispatch messages, implies a fairly light-duty
infrastructure. For example, the worst-case inbound message rate would be:

100 vehicles x 12 messages per vehicle per hour x 30 characters per message
= 1 message/3 sec

= 10 characters/sec

<100 bps.

The outbound 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 used depends on several
additional factors. Some of these factors are coverage, equipment cost, installation
cost, maintenance cost, and usage cost. Based on the size of the delivery fleet in the
current case study, it is likely that all communications would be run by subscription
through a communications service provider. On the other hand, a dedicated network
is typically used for controlling a much larger fleets of vehicles or public emergency
fleets.

One approach to supporting the communications infrastructure involves using
cellular modems. These modems provide data messaging over the cellular network.
This tends to be a higher cost method of message delivery in that today’s cellular
networks are oriented toward voice delivery. For analog circuit-switched data trans-
fer, each inbound and outbound message would require a call to be established, a
short message delivered, and, finally, the call disconnected. We could consider leaving
the cellular connection up continuously, but this would be expensive and carrier
loss due to changing RF conditions (fading) would be likely to occur in this mobile
environment. In addition, cellular data modem selections depend on various factors,
such as circuit-switched data transfer or packet-switched data transfer, and transmis-
sion data rates and protocols. Refer to Section 8.4 for a brief discussion, as well
as [6] and the references contained therein for more information on modem selection
in cellular-based AVL applications.

Other communications services such as those provided by several private data
radio systems or specialized mobile radio (SMR) operators, tend to be oriented
toward data delivery. The subscriber equipment costs tend to be significant, but
pricing can be set up to be directly related to message throughput, which is low in
this case study. An extended two-way paging system may be a reasonable communica-
tions solution for this type of application. Messaging rates, subscriber -costs, and
message delivery costs are a good fit with the communications requirements. In

261




252 VEHICLE LOCATION AND NAVIGATION SYSTEMS

addition, the communications bandwidth limitation for the host, in this case, may be
a function of the number of vehicles in a fleet attempting to transmit simultaneously to
the host. We could reduce the communications cost and probably the communica-
tions bandwidth by reporting the mobile location back to the host only when neces-
sary. One strategy is to use the communications channel based on the distance
traveled rather than the time interval. This will eliminate wasted communications
expenses in situations such as the vehicle is standing still and continues reporting
its position back to the host.

1 Another alternative for the communications infrastructure may involve a hybrid
combination of technologies. We may be able to use FM subcarrier broadcast for
messaging from the host to the vehicles, and provide vehicle to host data through
a one-way paging mechanism using packet switching.

The host (server) side of the communications capability would be implemented
in a similar fashion to the mobile (client) side. The lower levels of the communications
system would most likely queue incoming message reports, which would be processed
in a first-in first-out manner. Each received message would be evaluated for vehicle

identification and position (latitude and longitude). The received message data might
have the following format:

e A iy

A i i e

NNN | XXX XXXXX | YYY.YYYYY<CR>

where

NNN vehicle identifier number (VIN)

XXX XXXXX  ASCII-numeric representation of the latitude
YYY.YYYYY ASCII-numeric representation of the longitude
<CR> message delimiter

This message would be time-stamped by the host and passed to the human-machine
interface, map database, or map-matching module, which could then use a database
to correlate the vehicle ID number with a known vehicle route. This route informa-
tion, combined with the reported position and delivery time, could be used to assist
in accurately determining the vehicle’s location along the route. If the latitude and |
longitude reported are not on the route, the module can then determine the closest -
route location and map the vehicle to that location. The time-stamp of the received
message can also be used as a cue by correlating the vehicle to a known delivery
schedule and destination. An outbound message indicating the delivery status of the
vehicle can then be sent to the vehicle in response to the reported position message.
This outbound message might have the following format:

oS

=SS

NNN | T | M[40]<CR>

where
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NNN vehicle identifier number (VIN)

T message type (information or dispatch)
M[40] ASCII free form 40 character maximum text message
<CR> message delimiter

This message would be sent to the mobile unit and displayed on a 40-character
LCD. An example message might be as follows: 001 | “I”’ | “On Main St.—5 min
behind schedule.” The vehicle driver would only see the text message “On Main
St.—S5 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
or packet data service that supports broadcast messages to our vehicle fleet. We
could send a message to a single vehicle by using its identifier, an “I”’ for an informa-
tional message or a “D” for a dispatch message such as “Special Pickup at 365
Commercial Ave.” A special vehicle identifier such as 000 or 999 could be used to
indicate that the message is a broadcast message to be received by all fleet vehicles.

The host/dispatcher station might include a map with the vehicle locations
displayed, as discussed in the last section. As discussed in Chapter 2, a preprocessing
step may be necessary to translate the vehicle position data format into the format
used by the map database. For example, we may need to take WGS 84 position
information and translate it to UTM if the map database uses UTM encoding. This
translation may or may not be necessary, depending on the system components used.
The map database itself can be much more extensive if it resides on the host rather
than the vehicle. In addition, the human-machine interface might provide an editing
window for the dispatcher to enter vehicle IDs and messages in order to provide
informative messages to one or more vehicles in the fleet.

In summary, we have outlined a case study where the intelligence of the location
determination is embedded in the mobile unit, which implies a higher cost per mobile
unit. We can, of course, increase system accuracy (at added cost) by including
additional modules in both the mobile unit and host. For example, in the case studied
here, adding more on-board sensors or map-related functions would allow the vehicle
to report its position back to the host even when a GPS blockage occurs; this is a
very valuable feature for mission-critical applications such as police vehicles [5].
Furthermore, with various modifications, an AVL system could provide location-
dependent services, such as mayday, roadside assistance, stolen vehicle recovery,
and even route guidance. In the last section, we discuss some applications of these
traveler-oriented services.

10.3 DYNAMIC NAVIGATION

A dynamic navigation system uses real-time traffic information to assist users travel-
ing on road networks. In the literature, this technique is also known as dynamic
route guidance. The on-board hardware generally includes some or all of the
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components shown in Figure 9.5 with the exception that a transceiver is substituted
for the receiver. As discussed in Section 6.4, it is much better to use dynamic
travel costs than static travel costs for route computation, since the dynamic cost
information reflects the actual situation on the roads. These real-time traffic data
add one more dimension for the system to solve the route guidance problem, that
is, time. In static 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 first discuss systems in which the route guidance intelli-
gence resides on the centralized host facility.

10.3.1 Centralized Approach

Centralized dynamic navigation systems rely on a multivehicle (system-wide) route-
planning module to guide vehicles on the road based on real-time traffic information.
In other words, optimizing each individual route 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 time by vehicles on the road acting as probes reporting
back traffic information. This database can also be updated using other techniques
and methods of analysis. These means include loop detectors, video images, ultrasonic
devices, anecdotal information such as police reports and mobile phone user reports,
etc. The system includes a centralized multivehicle route-planning module. As we
saw in Section 6.4, the main difference between static route planning and dynamic
route planning is that the former uses a static database for planning and the latter
uses a dynamic database integrated with updated real-time traffic information. The
central map database is updated periodically based on the current traffic conditions.
The multivehicle route-planning module calculates optimal or near-optimal routes
for every possible (or selected) orlgm -and-destination (O-D) pair or designated-zone
pair in the road network. There are essentially two methods: on-demand calculation
and periodic calculation. The former is calculated for each driver on request based
on the O-D pair submitted by the driver. The latter is calculated periodically for all
(or selected) O-D pairs or for designated zone pairs. Detailed discussions of various
multivehicle route planning algorithms can be found in the references listed in
Chapter 5. Note that multivehicle route planning was briefly introduced in
Section 5.1, and a few algorithms were discussed in Section 5.6. After planning,
these optimal or near-optimal route data are then transmitted to all vehicles or to
designated vehicles at periodicintervals to direct them to their respective destinations.
On 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 route data are being received) it can be used by the on- board system to
filter out guidance data irrelevant to its destination.
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Figure 10.4 demonstrates generic centralized dynamic navigation. Note that
the two-way arrow between the two modules in the mobile unit implies that some
? implementations may need human assistance or intervention to initialize or reset
the vehicle position. Based on the technologies presented in the previous chapters,
we know that many variations of this simplified generic architecture are possible.
We can add or subtract modules on either the host side or the mobile side to tailor
the system in order to meet the user requirements and cost objectives. Because the
main empbhasis of this book is on the vehicle side of the system, we shall not present
a detailed discussion of the centralized approach, but refer interested readers to the
references cited in this section for further information.
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Database | ° Interface
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Planning

4

Wireless
Communications

é \
Mobile
Client Human-Machine
Interface
Positioning
N J

Figure 10.4 Generic centralized dynamic navigation system.
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The portion of the centralized dynamic navigation system involving transmis-
sion of navigational information can be implemented using the technologies discussed
in Chapter 8. One implementation, EURO-SCOUT, uses a short-range infrared
beacon network as the communications medium [7]. All maneuvering instructions
and relevant guidance icons displayed on the vehicle are derived using data received
from roadside infrared beacons, which are connected via cables to a host in a central
facility. If a vehicle equipped with a dead-reckoning positioning module deviates
from the planned route, the on-board system switches to autonomous guidance
mode, and the system displays a directional arrow pointing toward the destination.
Upon encountering the next beacon along the road, the vehicle receives new guidance
information and once again returns to its normal centrally assisted guidance mode.

In Japan, the concept of centralized dynamic navigation was first investigated
in the 1970s [8,9]. This system was tested in the Comprehensive Automobile Traffic
Control System (CACS) project. Unlike recent projects in Japan [10], loop detectors
(antenna) at the entrances of intersections were used. A more recent field test, the
Universal Traffic Management System (UTMS), utilizes a newly developed short-
range beacon network as its vehicle-to-roadside communications medium [11,12].

In the following section, we discuss an approach opposite to the centralized
one, that is, an approach in which route guidance intelligence is distributed among
all vehicles equipped with navigation units. Unlike the distributed approach, the
centralized approach can easily avoid the Braess paradox effect (Section 6.4). The
overall efficiency and road utilization should be higher for a road network managed
by a centralized host. The total cost of constructing a centralized system with simple
in-vehicle units is lower than a distributed system with sophisticated in-vehicle units
operating under limited centralized control. On the other hand, the distributed
approach does not require a very powerful and robust host computer, reduces the
heavy wireless communications load, and allows drivers the freedom to select their
own routes if the on-board system provides a choice of criteria for route selection.
It also places more of the overall system cost on individual beneficiaries.

10.3.2 Distributed Approach

A distributed dynamic navigation system relies on in-vehicle modules for route
guidance based on real-time traffic information received from a communications
network. In other words, route guidance is solely the responsibility of each individual
vehicle.

As in centralized dynamic navigation systems, vehicles equipped with distrib-
uted dynamic navigation units receive dynamic information from a host. These
systems can also operate as traffic reporting entities (probes) to provide traffic
information to the host. Note that other sensors or anecdotal information could be
used with or without vehicle probes to provide real-time traffic-data. The travel
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times required to traverse road segments (or links) are recorded by vehicles or other
devices. These travel times are then reported to the host via an RF or infrared wireless
communications infrastructure (or some other means of communication). The pur-
pose of these reports is to provide real-time traffic information for each link traversed.
Given a large enough sample, the current road conditions (travel times) can be
statistically determined; these current road conditions can then be broadcast to in-
vehicle units so that they can determine proper guidance activities.

One possible method of displaying the road conditions for operators is to use
a host-based map display. It can use the traffic congestion information reported by
probe vehicles to show traffic conditions in color-coded format. A route in green
may indicate free-flowing traffic, whereas a route in yellow might be somewhat
congested. Yellow coding could (for example) be used to indicate delay times greater
than one standard deviation in the normal travel time. Red could be used to indicate
heavily congested, blocked, or travel times two or more standard deviations above
the normal travel time. 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 hour) during a 12-hr period of a day. The horizontal
axis represents speed, and the vertical axis represents the number of cars at that
speed. This relatively small data sample can be used to illustrate this idea (in actual
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Figure 10.5 Vehicle speed distribution for a 55-mph speed zone on August 24, 1992.
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implementation, a longer period of observations is often required to obtain a suffi-
ciently large set of statistically meaningful data). The mean and standard deviation
for these data are 56.56 and 4.38 mph, respectively. Using an approximate value
of 5 mph for the standard deviation, this link would be color coded green if the
current sample of vehicles was traveling at average speeds greater than 52 mph. A
yellow color code would be used if the current sample of vehicles was traveling 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 other
centralized location and navigation systems.

The average travel times for vehicles may deviate significantly from the normal
travel times for a given time period and road segment. The travel times recorded
for the 100 block of one major street for the period Saturday 7:00 A.M.-9:00 A.M.
may show no congestion at all. By contrast, the same time period on Monday
may show traffic congestion. Given this congestion information, properly equipped
vehicles may be diverted to a suitable route around the congestion. Traffic manage-
ment of this type results in higher utilization of the entire road network while
reducing overall network travel times. This helps reduce the need for new and existing
roadway construction by smoothing out the peaks during periods of increased traffic
congestion.

The wireless communications infrastructure for ordinary vehicles has less strin-
gent throughput requirements. Messages can be queued, and queuing delays on the

. order of seconds are not as catastrophic as they would be in the case of response

times for mission-critical 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 a must for any system providing emergency services. This
principle applies to all the systems we have discussed.

The basic system architecture for a distributed in-vehicle dynamic navigation
system is very similar to that shown in Figure 6.1, plus the two-way communications
support and the dynamic route guidance components discussed in Section 6.4. In
other words, its architecture is similar to Figure 1.3. The host modules are similar
to the diagram shown in Figure 10.4, although the multivehicle route-planning
module can be omitted depending on the design. Because in the next chapter we
will study a working distributed dynamic navigation system in detail, further discus-
sions of the system organization are left to the following chapter.

Many operational field tests of distributed dynamic navigation are currently

under way. The System of Cellular Radio for Travel Efficiency and Safety (SOCRA- -

TES) projects in Europe plan to use the GSM cellular network as a communications
medium to test the dynamic navigation concept [13]. The basic one-to-one cellular
links are modified to allow the cell to broadcast to as many SOCRATES vehicles
as are in the cell at one time. One of the SOCRATES projects, TANGO, uses
the Mobitex packet data network (which is equivalent to the RAM network,
Section 8.3.5) to communicate between the host and the mobile unit [14,15]. The
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Vehicle Information Communications System (VICS) project in Japan uses infrared
beacons, microwave beacons, or FM broadcast subcarriers for the communications
channels between mobile unit and host [16]; this system has evolved into an opera-
tional system (since April 1996), and in-vehicle units are now being sold to motorists.
All of these tests have successfully raised public awareness and interest in vehicle
navigation for more efficient, safer, and better transportation systems.

Additional applications, such as requests for roadside assistance, accident
reporting, and even on-line ordering of tickets for entertainment events as the vehicle
approaches the event location, may also be implemented as part of a dynamic
navigational system. Many of these applications could be supported using the archi-
tectures described in this chapter.

10.4 APPLICATIONS: MAYDAY

The automatic or semiautomatic mayday (location-dependent emergency call) system
can instantly connect vehicle occupants with a service center for attention or assis-
tance, in addition to automatically reporting the vehicle location. Many people view
this as a necessary service. In particular, as noted in Chapter 1, most travelers in
the United States rate such a system as their top priority when adding new equipment
to their vehicles.

In a related vein, we mentioned E911 at the beginning of this chapter. The
advantage of E911 over basic (or wireline) 911 is that the public safety official
knows the caller’s address and phone number. The U.S. FCC has recently made
E911 a mandatory requirement for wireless communications services such as cellular
telephone, wideband (broadband) PCS, and geographic area SMR (Chapter 8). This
additional requirement and upcoming service is called wireless E911. The FCC
requires that within 18 months of the date the rules become effective (October 1,
1996), public safety answering-point (PSAP) attendants of wireless communications
networks must be able to know a 911 caller’s phone number for return calls and
the location of the base station or cell site receiving the 911 call, so that calls can
be routed to an appropriate PSAP; within 5 years, PSAP attendants must be able to
locate the caller within a radius of 125m in 67% of all cases (61 FR 40348-40352).
These 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 mayday systems integrate GPS receivers with
a communication device to automatic report vehicle location. Once the terrestrial-
radio-based positioning technologies improve under the FCC requirement, the GPS
receiver would yield to them in many location-related applications. It will certainly
have a great impact on future mayday systems.

The services provided by a mayday system could be expanded to include many
of the following items:
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e Emergency services with location;

¢ Roadside assistance with location;

e Route assistance or guidance;

e Remote door unlocking;

e Theft detection, notification of theft and stolen-vehicle tracking;
 Airbag deployment notification;

e Travel information (traffic, weather, food, gas, lodging, etc.);

e Hands-free and voice-activated mobile phone or pager.

As with the systems discussed above, mayday systems can take many different
forms. For a fleet of service vehicles, a mayday system could be similar to the systems
discussed in the last two sections. For a private vehicle, a mayday system is usually
simpler in system architecture but more human oriented. In this section, we concen-
trate on this type of system.

One key feature of the mayday system is its human-centered design combined
with a cost-effective location capability. An individual mayday system does not need
to communicate with the host on a regular basis (as most AVL systems do), so
there is no need for a high communications bandwidth. For increased security and
reliability, the system should be activated either by the user or by an emergency
event detected by one of the safety sensors. Only at this moment is the communica-
tions channel established. It then keeps the user in voice contact with a human
operator over the communications channel. The system typically needs to have two-
way voice and data communications because the vehicle location information is
automatically transmitted to the host once the communications channel is estab-
lished. As we see in Figure 10.6, the system architecture is much simpler.

Because the mayday system includes a service center operated 24 hours a day
and 7 days a week, the host facility may be simplified to a map database with
human-machine and wireless communications interfaces. The in-vehicle system may
be composed of a microcontroller to.control a GPS receiver and a wireless communi-
cations device such as a cellular transceiver. As an expandable platform, this system
could be augmented to include many other services as described at the beginning of
this section. This may require some of the other modules discussed in Part I, as well
as safety sensors such as an airbag deployment sensor and a crash sensor.

Figure 10.7 shows the on-board equipment of the mayday system, RESCU
(Remote Emergency Satellite Cellular Unit), which is available as an original equip-
ment manufacturer (OEM) product for the 1996 Lincoln Continental. The top box
in the figure is a cellular phone transceiver. The bottom box contains a microcon-
troller, a GPS receiver, a modem, and various control circuits. Model year 1997
Cadillacs have just begun to offer a similar system called OnStar in late 1996.

The RESCU system uses a GPS receiver for positioning and an analog cellular
phone (AMPS network, Table 8.3) for communications. It can be activated by either
of two buttons in the overhead console. The tow-truck button initiates a roadside

270

by
ki
§




Centralized Location and Navigation 261

Host h
Server Digital Map
Database
Human-Machine
Interface
g J
Activated by Wireless Live Voice

Driver or Vehicle
When Appropriate

Communications

9

Communication

After Activation

/’
Mobile A
Client Human-Machine
Interface
Positioning
.. v J

Figure 10.6 Simplified architecture of a mayday system.

assistance call and the ambulance button initiates an emergency call. Once either
button is pressed, a warning light located in the overhead console begins to flash.
Status messages are then shown on the multifunction display of the instrument
cluster. The cellular phone in the vehicle automatically places a call to the service
center. Immediately after the communications channel is established, the system
sends the vehicle identification number and location information to the host via the
voice channel of the cellular phone using a modem. An operator at the center verifies
details of the situation via the cellular phone voice channel and confirms the vehicle
location using a map provided by a map database module if possible. If required,
the operator may maintain direct voice contact with the driver via a three-way call
until help arrives and will notify designated family contacts in case of an emergency.
If roadside assistance is requested, the center provides an estimated time of arrival
and will call back to confirm that the problem has been resolved.
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Figure 10.7 In-vehicle hardware components of the RESCU mayday system.

Besides the OEM products offered as options on luxury vehicles, other after-
market mayday systems either have been available for some time or will be available.
The most notable is AutoLink, which also uses cellular for its communications
medium and should be on the market very soon. As proposed, in addition to emer-
gency and roadside assistance, one interesting feature of the system is that the
vehicle body computer and engine controller are also connected to the host via the
communications link. This makes it possible for the host to open door locks and
turn off the engine remotely. To request travel information, drivers must use a phone.
For instance, when the driver 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 text form on the screen of the
human-machine interface module. Other alternative methods for displaying instruc-
tions, such as instructions produced by a control device or voice announcements,
are also possible. These proposed features make AutoLink inexpensive, while still
providing basic navigational assistance when needed, in addition to the mayday
service. The navigation assistance, route guidance, and other travel information
features have also been suggested by others to implement over the cellular telephone
network [17]. One appealing point of providing these navigation services over these
and other types of communications links is that customers pay for the services only
when they need them, and there is no need to update individual map databases as
required in autonomous navigation systems. '
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In addition to these commercial products, there are also several ongoing opera-
tional field tests of mayday systems. Interested readers can obtain detailed informa-
tion on these systems from ITS-related conferences or appropriate Internet WWW
home pages [18].

Before studying a practical dynamic navigation system in the next chapter, let
us think about one question. Suppose that you are responsible for designing a next-
generation location or navigation system. Would you prefer placing the intelligence
on the mobile unit or on the host? In other words, do you prefer the centralized
approach or the distributed approach?
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CHAPTER 11

\A A4

A CASE STuDY: ADVANCE

11.1 INTRODUCTION

ADVANCE is an operational test for the Advanced Driver and Vehicle Advisory
Navigation ConcEpt project. It was a test of the dynamic route guidance concept
in the northwestern suburbs of Chicago, Illinois. To be more specific, the project
used a distributed approach, that s, the intelligence of the dynamic navigation system
was placed on the mobile unit. The ADVANCE project is a public and private sector
partnership. The main participants in ADVANCE include the Federal Highway
Administration (FHWA), the Illinois Department of Transportation (IDOT),
Motorola, and the Illinois Universities Transportation Research Consortium (North-
western University and the University of Illinois at Chicago). In this chapter, we
learn how various ideas, hardware, and software (or modules) can be combined to
form a successful working system through a case study of this project.

The ADVANCE project was launched in July 1991. A major objective was to
determine if motorists supplied with real-time guidance could avoid traffic congestion
and improve trip quality. The field test was completed in December 1995 with a
targeted deployment (see the next paragraph). The project is expected to be completed
by the end of 1996. At that time, all documents concerning this project will become
available to the public.

Using a combination of technologies including differential GPS (DGPS), dead-
reckoning and map-matching-based positioning, RF wireless communications,
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dynamic route guidance, CD-ROM map storage, data fusion, and others, the
ADVANCE project provided drivers with continuously updated navigation direc-
tions and instructions. Although the original project deployment was to have used
as many as 5,000 private and test vehicles in a much longer time frame, the recently
completed targeted deployment phase had the following features:

¢ Guidance systems were installed in 80 vehicles.

e Testing was conducted using these existing project test vehicles.

¥  The “familiar driver” tests using volunteer drivers were conducted for 2 weeks
per driver.

e Many aspects of the ADVANCE system were tested in a controlled environment.
¢ The time frame for testing and evaluation was reduced.

As indicated by the project office, the project gained several benefits under
targeted deployment [1]. One of the largest was a financial savings of more than
$27 million due to the reduced test scale and time frame. Additionally, the change
in emphasis better supported the transformation of the Traffic Information Center
into a regional center distributing travel time information for the Gary-Chicago-
i Milwaukee corridor. Both of these could be accomplished while still testing many
: of the concepts within the original scope of the study. Another important benefit
of the targeted deployment was a quicker turnaround on reports back to the industry,
because the overall time frame had been reduced. On the other hand, targeted
deployment will have an adverse impact on the statistical significance of some of
the data collected and evaluations conducted. We address these issues in the last
section of the chapter.

The entire ADVANCE test area covered more than 776.66 km? (300 square
miles), including portions of the:City of Chicago and more than 40 communities
northwest of Chicago (Figure 11.1). The project included the high-growth areas
adjacent to O’Hare International Airport, many offices and retail complexes, road
development corridors, and major sports and entertainment complexes. The popula-
tion in the area is more than 750,000.

The main components of the ADVANCE system were the traffic information
center (host) and in-vehicle navigation system (mobile unit) wirelessly connected by
a RF communications network. In the following three sections, we discuss each of
these components in detail. The chapter concludes with a final section describing
the initial evaluation results of the project.

11.2 TRAFFIC INFORMATION CENTER

The ADVANCE system consisted of four subsystems: the mobile navigation assistant
{MNA), RF communications network (COM), traffic information center (TIC), and
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Figurc 11.1 ADVANCE test area.

traffic-related functions (TRF) [2]. These subsystems are shown in Figure 11.2.
Because the TRF is closely associated with the TIC, we discuss them together in this
section. The MNA and COM are discussed in Sections 11.3 and 11.4, respectively.

The TRF was physically located in the central computer facilities of the TIC and
provided transportation-related data and analysis functions using various software
processes. A process or task is an abstraction of a running program. In other words,
the TRF was a software package that generated both static and dynamic (real-time)
traffic information. The static traffic information was developed off-line and was
stored in the form of off-line historical profiles. These static profiles were later used
by the MNA database compiler to generate route-planning attributes as discussed
in Section 6.4. The dynamic traffic information was broadcast to the vehicles on-
line in the test area periodically during each predetermined cycle.

To generate the initial static profiles, a large and detailed traffic (equilibrium)
flow model was developed [3]. The inputs to this model were the ADVANCE network
representation and origin-and-destination (O-D) flow matrices. The static profiles
produced by this model were essentially the estimates of initial link travel times,
where each link represents a segment with turning delay information.

The ADVANCE network representation was an integrated database for the
test area. This database combined elements derived from three sets of data. These
data were the NavTech database (Section 2.5.2), the north-northwest network of
the Chicago Area Transportation Study (the transportation planning agency for the
Chicago area), and traffic signal turning data collected in the field by the staff of
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Figure 11.2 ADVANCE subsystems.

the Urban Transportation Center associated with the University of Illinois at Chicago.
Based on these data, all arterial and collector streets were identified, mapped, and
coded with respect to streetand highway segment attributes. Alltogether, the network
representation for the test area consisted of 7,253 directional links. These links
intersected in 1,580 intersections. Of these intersections, 699 had signal lights. Note,
however, that the map database in the vehicles was significantly larger than the test
area. Signals along arterial and collector streets were represented using the link delay
functions to be discussed shortly. The test area was defined using 274 boundary
links. To represent turning movements, each link included the relevant turning
movement. For example, before adding turning movements, one segment was suffi-
cient to represent a road segment approaching a four-way intersection. Once a
turning movement is added, it must be divided into a left link, a straight-through
link, and a right link. As a result, the total number of links in the network increased
by a factor of approximately 2.5.

The O-D flow matrices were tables describing the flow (in units of vehicles
per hour) from each possible origin to each possible destination. The origins and
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destinations were defined in terms of small zones. These zones were about 0.65 to
10.36 km? (0.25 to 4.0 square miles) in size. All zones were inside the test area.
These tables were obtained from the Chicago Area Transportation Study performed
in 1990. They were part of the input to the traffic flow (network) model described
next.

A traffic flow model was developed in order to obtain initial estimates of link
travel times (including turning movements) for various time periods during a 24-hr
weekday. The five time periods for a normal weekday are listed in Table 11.1. These
estimates (static profiles) were used as initial values for the dynamic route guidance
system. The model was a generalized version of the traditional traffic assignment
model [4].

Two new features were added to this generalized model. First, a delay function
was defined for each turning movement link based on the Australian method [5].
The standard model depends only on the flow along the particular link in question.
By contrast, these delay functions determined the appropriate traffic signal control
parameters for each intersection in relation to the link flows in the solution. The
link delay in this model becomes a function of the flows on conflicting links at the
intersection. At intersections without signal lights, the delays are functions of the
conflicting flows. In other words, this function incorporates many factors such as
number of lanes, left turn pockets, number of phases in the traffic signal, and speed
limits. It provides estimates of the average delay per vehicle as a function of the link
flow to capacity ratio. Second, the model was solved for the § weekday time periods
listed in Table 11.1. These five solutions were not correlated. After initial field testing
and data collection, these profiles were updated regularly off-line during deployment
with actual travel times collected using probe vehicles and other traffic data. Probe
vehicles are vehicles that report real-time traffic data for the roads on which they
are traveling. The static-profile updates:were based on weighted averages of probe
data, detector data, and other information discussed later.

We now describe the process used to produce the dynamic traffic information
(which was different from the processes described earlier for generating the static
profiles) [6]. This process analyzed all incoming data and made incident reports and

Table 11.1
Time Period for Normal Weekdays

Period Time
Morning peak 6 AM. to 9 AM.
Midday 9 AM. to 4 P.M.
Afternoon peak 4 P.M. to 6 P.M.
Evening 6 P.M. to 12 AM.
Night 12 A M. to 6 A M.
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predictions about future travel times. The output of these reports was broadcast to
vehicles within range of the RF signal of the COM subsystem (module). Vehicles
outside the test area approaching or crossing the test area were able to receive
dynamic link updates and plan dynamic routes using static information from outside
the test area and dynamic information inside the test area. The dynamic traffic data
were developed using three tasks of the process: incident detection, data fusion, and
travel time prediction (Figure 11.3). These three tasks were executed once per
5-min interval.

The incident detection task provided reports for nonrecurrent congestion. This
task consisted of three algorithms. The probe algorithm compared the reported travel
time to historical travel time and used the ratio of the two travel times to determine
if an incident had occurred. The loop detector algorithm also compared the current
traffic volumes and occupancies to historical data to determine if an incident had
occurred. (As discussed in Section 8.3.7, loop detectors are magnetic inductive sensors
embedded underneath the road pavement to detect the traffic volumes and occupan-
cies.) For detailed discussion of the incident detection based on data provided by
loop detectors 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 two sources. One was from the Illinois Department of Transportation Traffic
Systems Center at 1-min intervals. The other was from the Dundee Road closed-
loop signal system at 5-min intervals. The anecdotal information algorithm parsed
data received from other facilities. These data included police/fire reports obtained
from Northwest Central Dispatch; weather data provided by Surface Systems, Inc.;
lane closure data provided by the Illinois State Toll Highway Authority and IDOT;
and user reports from *999, which is a cellular-phone-based motorist call-in system.
By fusing these data and combining them with the probe and loop detector reports,
the fusion task described next decides whether an incident report needs to be issued.
Incidents could also be entered manually into the system. ‘

The data fusion task performed three functions in addition to generating inci-
dent reports. First, it screened the input data to see if they were consistent and
reasonable. For instance, if the probe data were good, they were compared against
the loop detector data to see if these loop detector data showed similar results.
Second, it converted the loop detector data into travel times by estimating the travel
time from the volume and occupancy data. Finally, it estimated the current travel
time (fused travel time). If the loop detector was not reliable or malfunctioned, the
current travel time was the average of the probe travel times. When both sets of
data were available, the following equation was used to estimate the travel time for
each road segment: :
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where the subscripts p and d indicate the probe and detector data, respectively; k&
represents the fusion adjustment factor to control the contribution of each piece of
data; & represents the standard deviation in the corresponding travel time; N, is the
sum of weights for reasonable probe reports; ¢, is the mean travel time reported by
the probe; w, represents the weight assigned to the loop-detector travel time; and
ty is the travel time converted from the loop-detector data.

The travel time prediction task used all of the outputs generated using the
preceding algorithms to compute travel times for the next four 5-min intervals (these
algorithms were executed every 5 min) for 20 min. If an incident occurred, the actual
or expected duration of the incident was used as the predicted travel time. Otherwise,
the travel times were predicted on the basis of fusion data. Three steps were used.
First, the data were aggregated into a single value for the interval. Second, the data
were standardized using the mean and standard deviation of the travel time for that
link. Finally, the travel times were computed based on 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 centralized computing resources for ADVANCE.
For readers who have not had the opportunity to see a real navigation system and
the associated hardware, we will list the sizes of some of the equipment used in this
system (Figure 11.4). The hardware components of the TIC were housed in a
178- x 48.4- x 76.2-cm (70- x 19- x 30-in.) standard rack cabinet [6]. The central
computer was a SunSPARC 670MP (multiple processors) server with four 70-MHz
super-SPARC processors. It had several dual-wide versa module Eurocard (VME)
bus slots for expansion. This server had 128 MB of dynamic RAM, 13.6 GB of
ROM, a 5.0-GB off-line storage tape drive, and one CD-ROM drive. The server had
two 16-port synchronous interface cards that were used for external communications.
Additional equipment housed in the cabinet included a modem rack with 16 slots
containing 14,400-baud modems. Other stand-alone modems were also used to
accommodate modem incompatibilities for leased telephone lines. The main operator
consoles were SunSPARC X-Terminals interfaced with the server via 10-BaseT
Ethernet. The ac power was supplied through an uninterruptible 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 interacted with the TIC database
and each other using the interprocess communication protocol. The interprocess
communication protocol is a well-structured non-interrupt-driven communications
protocol for software processes [8]. In addition to the TRF processes already dis-
cussed, the other software processes or modules supported the user interface and
system communications. Like the vehicle databases discussed in previous chapters,
the TIC database also contained both static and dynamic data. In addition to the
digital map database derived from the NavTech database, it contained static profiles,
loop detector reports, probe reports, etc. '
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Figure 11.4 TIC hardware configuratioh? :

The TIC user interface allowed the operator to interact with and control other
modules. It could start or stop the entire system, turn various TIC subsystems
on or off, monitor the current state of the road network, maintain user account
information, and be used to input anecdotal information such as police reports and
mobile phone user reports. The display window for monitoring the road network
could be used to show the map in'different ways via pull-down menus, vertical and
horizontal scroll bars, and a mouse. It could be used to select one or more road
segments and retrieve information such as street names, city names, zip codes,
addresses, travel-time profiles, probe reports, loop detector data, and traffic incidents.

All communications-related tasks were handled by inbound and outbound
message processes. The inbound process managed the reception and storage of
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reports from probe vehicles. Each probe report message was validated on the basis
of a unique identifier code. The outbound message transmission via the COM module
was handled by the outbound process, a scheduler within the communicationmodule.
Each outbound link update message contained a link identifier (ID) and link update
information (updated travel time predictions). All the outbound messages were kept
in a list in the scheduler which decided when to broadcast these messages. As
configured for the targeted deployment, the scheduler allowed for a 4-sec gap between
outbound messages to ensure that the COM subsystem did not become overloaded.
GPS correction messages [containing DGPS correction data (Section 3.4.2)] were
broadcast at 16-sec intervals. Updates of link travel times were transmitted as fre-
quently as the volume of updates permits.

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-matching algorithm. This module
performed route planning based on current traffic information received via the COM
subsystem and also provided route guidance instruction to the driver in the forms
of both visual display and voice output. Meanwhile, as mentioned, MNA also
provided real-time travel time reports for transmission to the TIC. The high-level
architecture of this module is identical to that in Figure 1.3. To help visualize the
locations of the various system hardware components, Figure 11.5 shows the
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Drive
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Figure 11.5 In-vehicle equipment for ADVANCE.
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in-vehicle equipment used by the MNA. The connecting cables and wires have been
omitted for clarity. Figure 11.6 shows the actual in-vehicle MNA display unit.

11.3.1 Hardware

The MNA hardware configuration is shown in Figure 11.7. The speaker and display
unit with their controller were installed adjacent to the driver as shown in Figure
11.5. A PCMCIA memory card was provided in the display head. The navigation
computer, sensor controller, RF modem, GPS receiver, and CD-ROM drive were
all mounted 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 button under the vehicle dashboard could be used to reboot
the computer on demand.

The navigation computer was designed to meet the specifications of the automo-
tive environment, normally —40° to +85°C (-40° to +185°F). In the ADVANCE
implementation, the allowable operating temperature range was —30° to +70°C
(~22° to +158°F) and allowable storage temperature range was —40° to +85°C (-40°
to +185°F). Most parts used for the computer can operate up to +105°C (221°F)
to allow temperatures to rise inside the enclosure. The operating humidity limits
were 8% to 80% and storage humidity limits were 8% to 95%. As far as vibration
was concerned, the computer could withstand a total 10-min duration of sweeping
from 15 to 60 Hz in 5 min then back to 15 Hz. As far as shock limits were concerned,

Figure 11.6 In-vehicle MNA display unit.
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Figure 11.7 In-vehicle MNA hardware configuration.

the computer could be dropped from a height of 75 cm in a packing carton onto a
concrete floor to strike one corner, three edges, or six faces without damage. The
operating voltage was from 10.5 to 16V, with a nominal voltage of 14.4V and
current of 3A. During startup, it could withstand a voltage of 24V for 2 min.

The touch panel (touch screen) was based on infrared technology. As we
saw in Section 7.2.2, this technique has negligible effects on contrast. Evaluations
indicated that infrared touch panels had lower glare and better brightness than
resistive touch panels in daylight. A backlit color LCD was used as the display unit.
The LCD used 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 x 12.7 x 6.4 cm (7 x 5 x 2.5
in.). The allowable temperature range was similar to that of the navigation computer.
The power supply was 12V at 1A maximum.

The majority of user data entry to the navigation system was perfOrmed via
the touch panel. Besides the soft (touch) keys on the screen, there were three hard
keys on the right side of the monitor that were used for additional controls. The
MAIN key was used to display the main screen choices as shown in Figure 11.8.
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 a new trip, two choices
for method of destination entry would be displayed: by address or by intersection.
A keyboard-like touch screen was displayed for entering state names, city names,
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Figure 11.8 Driver interface.

street names, and addresses. If the map icon was pressed, the road network sur-
rounding the vehicle would be displayed as shown in the route map display later.
The “MORE” key was used to display an additional menu, which could be used to
enter personal information and show system status information such as the current
location. The AD]J key was used to mute or adjust the speaker volume and screen
brightness. The current travel direction of the vehicle was displayed using letters
(i.e., N, E, NE, NW, etc.) in the lower right corner of each screen. The direction
was also indicated by a triangle when the system was in map-display mode.

During the trip, the screen could be in either one of two modes to show the
user the current trip status. One display mdde used the turn arrow format shown
in Figure 11.9. The other mode used the route map format shown in Figure 11.10,
which basically consisted of a simplified route map on which the planned route was
not highlighted. Recall that we discussed the advantages and disadvantages of these
formats in Section 7.2.3. Because most of the touch functions were automatically
locked out for safety reasons when the vehicle 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 interacting with the interface while
driving.

Both display formats showed the name of the road that the vehicle was currently
on at the bottom of the screen and the name of the next cross road at the top of
the screen. In the turn-arrow format, there was 2 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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Figure 11.9 Turn arrow display.

Figure 11.10 Route map display.
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upcoming maneuvers at any time by touching the right-hand side of the touch panel.
The turn arrow was displayed in yellow and superimposed on the intersection (which
was displayed in gray). In the route-map format, a map was displayed to show the
area in the immediate vicinity of the vehicle. A red triangle with a white boundary
indicated the current location of the vehicle and also the direction of the vehicle as
determined by the map-matching-based positioning system. A filled green circle (dot)
indicated the location reported by the GPS receiver. If the circle had an orange
boundary, this indicated that the DGPS correction was in effect. A yellow dot was
used to warn the user that the GPS signal was being received from less than three
satellites, with a corresponding reduction in position accuracy. The user could choose
also to zoom in or out on the map.

The display monitor could be rotated. Because of the limited viewing angle of
the LCD and the need to avoid direct sunlight, this feature was required in order
to provide the user with the freedom to rotate the monitor to a comfortable viewing
angle.

The MNA used a RAM-based PCMCIA memory card to store traffic data.
These data were similar to the data reported back via the COM subsystem. The
minor difference was that occasionally a probe report might not be able to reach
. the TIC. For instance, since U-turns rarely occurred and rarely affected the travel
time, this information was not sent to the TIC via the wireless network but kept by
the memory card. The information stored in the memory card could be accessed by
the TIC later using a card reader to validate and supplement the data received by
the TIC via the COM. A 2-MB (formatted to 1.44-MB) static RAM memory card
with a memory backup battery was used for this project. It had an operating tempera-
ture range of —30° to +70°C (-22° to +158°F), the same as the navigation computer.

The CD-ROM drive was shock-mounted on top 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 temperature range from —30° to +60°C (-22° to +140°F).
During the field tests, the upper‘range became a problem. On some days when the
trunk temperature reached 70°C (158°F), drive performance was erratic since the
operating temperature limit had been exceeded. The power supply was 12V. The
CD-ROM had a total capacity of 600 MB and its drive had an approximate transfer
rate of 150 Kbps. The drive was connected to the navigation computer via a SCSI
port.

The positioning sensors were wired to the navigation computer in the trunk.
A fluxgate magnetic compass was used to measure the absolute direction of the
vehicle. It was either installed in back between the headliner and the outside roof
of the vehicle (Figure 11.5) or on the windshield behind the rearview mirror. (Note
that the compass should be installed in a location that will minimize abnormal
magnetic effects on the measurement.) The power supply voltage range for the
compass was 10 to 15V dc, with a typical voltage of 12V. The maximum power
supply current was 150 mA. The range of operating temperatures for the compass
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was slightly better than that for the navigation computer. A vibration gyroscope
with a triangle bar was used to measure the relative direction of the vehicle. It was
installed in the side wall of the trunk. The gyroscope must be installed perpendicular
to the vehicle’s direction of motion with the base glued to a spot with minimum
vibration. The gyroscope had a power supply voltage of 8 to 13.5V dc and a
maximum power supply current was 15 mA. The gyroscope had an operating temper-
ature range of —20° to +70°C (—4° to +158°F). Distance was measured using transmis-
sion pickup sensor. Either a variable-reluctance sensor or a Hall-effect sensor was
used, depending on the vehicle model. A variable-reluctance sensor will produce a
sine-wave output, whereas a Hall-effect sensor will produce square waves of constant
amplitude. A detailed discussion of the operating principles and characteristics of
these sensors can be found in Section 3.3.

The GPS receiver and the RF modem were both mounted in the trunk. Their
operating temperature ranges were similar to those of the navigation computer and
both operated from 9 to 16V dc power supplies. They were both connected to the
navigation computer using RS-232 cables. As we saw in Section 3.4.2, the GPS
receiver functions as an absolute sensor to report vehicle position, direction, and
speed to the navigation system. The RF modem was used to receive the link travel
time updates and DGPS correction messages from the TIC and to transmit the current
link travel times back to the TIC. This device had a single circuit board which
included both a two-way data radio and a modem with a 3W transmitter. To avoid
interference, the GPS antenna and the RF antenna were separated by at least 0.914m

(3 ft).

11.3.2 Software

Because of the real-time and embedded nature of the MNA software, a multitasking
real-time operating system was used. To better service the application layer, an
operating system services (OSS) layer was constructed on top of the kernel
(Figure 11.12). The kernel was the central piece of the operating system that inter-
acted with the computer hardware. The purpose of this OSS layer was to isolate
the applications from the host kernel dependencies and provide increased portability
to other platforms. The main functions of this layer included the following:

» System initialization and synchronization;
System shutdown;

Memory and time management;

Navigation device driver management;
Interprocess communication via messaging;
Mutual exclusion via semaphores;
Interprocess synchronization via events; and
Error handling.
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Application Layer

Human-Machine

Interface

Applications

Traffic Data Positioning

OSS Layer Operating System
Services

Kernel Layer X Real-Time
Kernel

Figure 11.12 Main MNA software processes.

The main sequence of execution in this layer was as follows: Create the tasks,
set up the memory buffers and disk caches, create the message queues, system
semaphores and events, start the tasks, loop and monitor system events, and coordi-
nate system shutdown when required.

The ADVANCE in-vehicle navigation system consisted of all seven basic build-
ing modules we learned about in Part I. The software must support the full functional-
ity of these modules. Figure 11.12 shows the main MNA processes. To save space,
two-way interprocess communications between processes are indicated using lines.
with arrows at both ends. A process may consist of more than one task. To avoid
cluttering the diagram, a wide double-ended arrow is used to indicate that all the
processes in the application layer interact with the layer below, that is, the OSS
process. Once the driver has started the vehicle, the navigation computer began
initialization and jumped to the execution sequence described in the end of the last
paragraph. Once all tasks had started running, the system was ready to accept user
input and requests.

Both the structured and object-oriented methodologies were used in the soft-
ware analysis and design. Because of the variety of tasks involved, this approach
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provided flexibility to each individual software engineer or team for their own
development efforts.

Message passing was the main primitive used for interprocess communication
among tasks, with message queues as the communications medium for passing the
messages. Two other interprocess communication primitives were also used to sup-
port mutual exclusion and synchronization. Mutual exclusion is a way to ensure if
one task is using a shared variable or file, the other task will be prevented from
doing the same thing [8]. The map data cache is one example of an object that
different tasks may want to have read and write access to at the same time. The
other two primitives used to support mutual exclusion and synchronization 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 layer. The database
process responded to all read and write inquiries from other processes. A hierarchical
digital map database was constructed for the MNA. The main reason for using this
hierarchical database was to speed up route planning. Because the map data were
stored on CD-ROM (which is a device with relatively slow retrieval speed), a cache
was implemented in main memory to store frequently accessed data. A database
manager was responsible for controlling access to this cache. Different data retrieval
inquiries may need to access parcels of data in different layers. Only the route planner
was required to have access to parcels in higher layers. All the other modules accessed
the lowest layer parcels. As we saw in Part I, this speeds up the time-consuming
route-planning process. As defined in Section 2.6.3, a parcel is analogous to a portion
of the map area, and is a collection of geographical objects (such as segments) that
fall within a rectilinear region defined by minimum and maximum latitudes and
longitudes. The dynamic database task received link updates from the TIC and
updated the relevant link data stored in main memory (Figure 2.10).

The positioning process included sensor polling, and various integration tasks,
as well as a map-matching task. It polled the sensors and fused the resulting data,
which were then matched against road segments on the map using a probabilistic
method. Once the matching process was complete, the current position and direction
of the vehicle were output to the application process and used as inputs for the
route-following task and also forwarded to the human-machine process for display
on the screen.

The traffic data process was used to log the current link-related travel data.
One copy of the log was stored on the memory card. Another copy was sent via RF
modem and the COM subsystem to the TIC as a probe-vehicle report. These data
(fused with other data) were used to generate predicted travel times for the TIC to
broadcast to all test vehicles in the test area. The other data used for fusion here
included loop detector data and anecdotal information.
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The human-machine interface process was an event-driven process. All other
tasks were required to communicate with it via messages. This process first converted
the queued message to an event and then processed the event. No blocking was
allowed while processing the event. After message conversion, an event queue was
used for prioritization. The design and implementation of this process is very
important, because it is the one that most affects users’ impressions of the system.
Figure 11.6, Figures 11.8 through 11.10, and Figure 11.13 show samples of the
graphical user interfaces implemented within this process. A detailed discussion of
the human-machine interface module can be found in Chapter 7 and the references
contained therein.

The application process interacted with other processes and provided many
valuable services to the system:

e Planning routes under the shortest time criterion;

¢ Generating maneuvers for planned routes;

* Supporting maneuver previewing for planned routes;

e Supporting travel distance display;

* Guiding the vehicle along a planned route;

e Supporting on-demand off-route recovery;

¢ Using dynamic information received from the TIC to replan routes;

¢ Forwarding current vehicle location and motion status to the human-machine
interface.

Figure 11.13 Typical display during dynamic navigation.
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All of these services were provided by different tasks. The two most important
tasks were route planning and guidance. The planning task was based on a bidirec-
tional hierarchical heuristic search algorithm. The evaluation (cost) function of the
algorithm was based on the travel time. During route planning, an update message
was displayed on the screen to indicate what percentage of the planning had been
completed. Once the route was planned, the route segments were then passed to the
route guidance module. First, each higher layer segment was broken into segments
at the lowest level, and maneuvering information such as turn types and maneuver
types was added (Figure 6.2). The result was a maneuver list that the route-following
task could follow using the position information provided by the positioning process.
This module also periodically sent messages to the human-machine interface module
to identify the next set of instructions to be fetched from CD-ROM to main memory.
This allowed the human-machine interface to provide turn-by-turn prerecorded
human voice instructions to guide the driver. One important feature of this process
was that a better route could be planned whenever the route-planning module
discovered that a link cost on the planned route had been updated. The route-
planning module replanned the route based on the newly updated link travel time.
After completion, it would compare the new route against the original route to see
if the new route was better. If the new route had at least a 2-min time savings
compared to the original one, it would pop up a window on the display unit and
unlock the screen to ask if the user wanted to take this new route. Both the visual
display and voice were activated to remind the user. Figure 11.13 shows a typical
dialog box. If the user accepted the new route, the original route was deleted and
all route guidance activities were transferred to the new route.

One interesting challenge that the project faced was how to make the road
segments used by the MNA compatible with the links used for travel time updates
by the TIC. The MNA static database represented the road network using nodes
and segments (recall that these terms can be found in Chapter 2). In contrast, the
TIC used links to represent the dyriamic travel time information associated with the
corresponding segment (recall from Chapter 6 that a link is a segment plus a turning
movement). The link cost is the travel cost of the corresponding segment plus a
turning cost. If we used geographical coordinates (latitude and longitude) to match
links with segments, the message would be much longer, and RF capacity would be
wasted. A simple way to solve this problem is to assign a unique identifier (ID) to
each link and associated segment. One naming algorithm first assigned sequential
IDs to all nodes in the test area following a predetermined assignment pattern [9]
(recall that a segment is a piece of roadway between two nodes). After the node
assignment, the segment could be represented by a unique pair of IDs identifying
the end nodes of the segment. The algorithm then assigned unique IDs to each link
to match pairs of segment IDs. These unique IDs were used to identify links in
communications messages. After these messages were received, the MNA then used
these link IDs to locate the relevant segments for updating the dynamic database.

295



286 VEHICLE LOCATION AND NAVIGATION SYSTEMS

Meanwhile, the MNA transmitted probe report messages to the TIC. These probe
messages included link descriptions and link costs converted from the corresponding
segment IDs and travel times.

The reader may have already noticed that the combinational effects of the
processes discussed form a well-structured dynamic navigation system functionally
equivalent to that shown in Figure 1.3 of the introductory chapter. As mentioned
in Section 10.3.2, the various functions implemented in the application layer are a
vivid result of integrating the basic modules (building blocks) we studied in Part I.
Once the individual location and navigation modules have been completed, it will
be much easier to use these modules or variations on these modules to implement
a completely new, stand-alone system.

11.4 COMMUNICATIONS NETWORK

Since the communications network (COM subsystem) was a significant component
of the ADVANCE project, design requirements were established early in the develop-
ment that:

 Restricted communications development to a minimum;

e Covered the defined test area;

e Provided communications for a fleet of 5,000 vehicles (later reduced to 80
vehicles for targeted deployment);

* Provided two-way communications;

 Provided for staged growth;

¢ Provided messaging that was not critical to public safety;

* Provided real-time communications;

* Supported point-to-point inbound and broadcast outbound communications.

Based on these réquirements and the available technologies, the full system
was constructed using a phased development methodology.

The Motorola Data Communication (MDC 4800) system was selected for the
COM subsystem used during the targeted deployment phase of the project. This is
a private land mobile radio system using a central dispatch approach. It consisted
of an infrastructure at a central location that provided two-way communications
for participating vehicles. Each of the probe vehicles could initiate or respond to
the central station. The system configuration is shown in Figure 11.14, where P-A
stands for preamplifier and M stands for modem. The COM subsystem and TIC
could be physically located at the same site or at two separate sites, as was the case
for the ADVANCE system.

The COM site was housed in a 59.44m (195 ft) high leased facility in the
south central portion of the test area. This site was chosen because RF coverage
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Figure 11.14 RF COM infrastructure.

prediction studies indicated it provided the best coverage to the ADVANCE test area.
The site consisted of an MSF 5000 800-MHz base station, a General Communications
Controller (GCC), and a preamplifier transmitting on 853.0625 MHz into 12-dB
gain for outbound messages and receiving on 808.0625 MHz transmitted at 3W
into 3-dB gain for inbound messages. The GCC is a processor that encodes and
decodes various communications protocols. The base station and GCC were housed
ina 122- x 55.88- x 58.42-cm (48- x 22- x 23-in.) cabinet and the preamplifier was
housed in a 45.72- x 7.62- x 20.32-cm (18- x 3- x 8-in.) cabinet. The base station
can support three channels. For this field deployment, only one channel was used
for both transmitting and receiving. It was connected (via the preamplifier) to the
antennas with 56.4m (185-ft) runs of 4.13-cm (1-5/8-in.) diameter Heliax. The
antennas (DB810K-XT) were omnidirectional and had 10-dB gain. Through modem
connections, data could be transmitted-over a leased telephone line to the NCP
(network control processor) at the TIC. The NCP can route messages for up to 16
base stations. Therefore, the NCP could support a maximum of 48 channels. Further
evaluation concluded that the test area had good data communications coverage [10].
The actual coverage was 99% (which was higher than the 90% design requirement).

For efficient utilization of resources, the one-on-one transactional messaging
was eliminated for the outbound channels, while a one-to-many broadcast approach
was used by the base station. By broadcasting the outbound messages, message
acknowledgments and individual addressing were eliminated from the communica-
tions protocol. Identical messages were broadcast on the outbound channels, while
individual inbound messages were transmitted on the inbound channel from each
probe vehicle to the base station. A one-to-one transactional messaging protocol
was still used for these transmissions. Probe vehicles were divided into groups locked
onto a given pair of inbound and outbound channels. No roaming was allowed
among inbound channels, in order to facilitate staged growth of the system. All
messages were encoded in binary form, with a maximum of 240 bytes for each
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outbound message and a maximum of 50 bytes for each inbound message. This
shorter, 50-byte message length increased the possibility for each probe message to
reach the COM subsystem. Two inbound-message throttling methods were designed
in order to prevent runaway lengths and to ensure that communications could be
maintained under severe overload conditions. To further limit the communications
traffic, travel time information for residential streets was not sent over the air. The
maximum number of retransmissions for inbound messages to the TIC was limited
to four. Because the base station had a power of 100W and mobile transceiver power
had a power of 3W, every received signal was amplified 10 dB before being processed
in the base station.

The COM subsystem was connected to a modem in the TIC server modem
rack over a leased telephone line via an NCP as shown in Figure 11.14. The leased
line had a transmission rate of 9600 bps. As we mentioned earlier, the COM subsys-
tem handled both the inbound and outbound data flow. The travel time predictions
and other pertinent data generated by the TRF were sent to the probe vehicles via
the COM subsystem. In return, the COM subsystem received current travel times
from each of the probe vehicles. The implementation of the communications interface
protocol conceptually followed the ISO OSI Reference Model shown in Figure 8.10.

With the broadcast architecture, binary message encoding, inbound message
throttling, and reduced number of link-update messages, 20 MDC 4800 RF channels
would be required for a fleet of 5,000 vehicles. This was not feasible under the
architecture discussed previously. An alternative 19.2-Kbps protocol (RD-LAP; see
Table 8.6) was investigated to replace the MDC-4800 protocol; this would have
required no changes in the TIC and MNA. This alternative would have reduced the
number of RF channels from 20 to 3. Because there were no RD-LAP modems
available to accommodate the ADVANCE project schedule, other technologies were
evaluated such as ARDIS (Section 8.3.5) and broadcast 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 iDEN
64-Kbps communication system (Section 8.3.4). The most important feature of the
iDEN option compared to the RD-LAP was the higher data rate, so that only
two RF channels were required for the 5,000 probe vehicles. Due to the targeted
deployment, this version of the COM was never deployed into the field, although
operational test results indicated that this system worked extremely well.

A great deal of useful experience was obtained during implementation of the
COM subsystem. For instance, most commercially available one-way or two-way
RF communication systems are optimized for a high number of individual transac--
tions. By contrast, in the COM architecture, outbound messages were broadcast
continuously whereas inbound transactions occurred only occasionally. This unique
architecture required modifications of available off-the-shelf equipment. Further-
more, commercial equipment is often designed for certain radio bands. Unfortu-
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nately, these bands are saturated in most metropolitan areas. Therefore, careful
evaluation must be made before selecting a suitable RF transmission product.

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]. However, many useful lessons were learned. Some late
requirements added to support operational field testing significantly affected system
design, and resulted in the system discussed in this chapter. One example was the
decision to record detailed traffic data for postevaluation. The earlier design had to
be changed or modified along the way in order to incorporate new hardware and
software for this additional feature. Despite incremental changes for tailoring the
system to satisfy many different expectations proposed by all interested parties, the
major goals were achieved, and deployment and evaluation provided many valuable
results.

11.5 INITIAL EVALUATION RESULTS

As of this writing, final evaluations of the ADVANCE project are still under way.
We first discuss some of the initial findings and then direct readers to references for
the upcoming final results at the end of this section. Before turning our attentions
to these findings, we first consider the major evaluation objectives of this project,
which will help explain the origin of these and other findings. The evaluation included
the innovative features of the system, in particular the concept of vehicles as traffic
probes. It emphasized the following:

e Evaluation of TIC for meeting the present and future needs of the partners
involved in the project; N

* Assessment of TRF and probe vehiclés versus loop detectors for collecting real-
time traffic data; ‘

* Determination of whether in-vehicle route guidance can be beneficial in avoiding
urban congestion for familiar drivers;

e Examination of the effectiveness of dynamic route guidance in reducing travel
times;

e Summarizing of the achievements and lessons learned;

e Review of institutional arrangements for future efforts.

Because the targeted deployment involved fewer probe vehicles than originally
planned, the field tests were conducted in a more controlled environment. This
enabled the participating parties to evaluate well-defined characteristics of the system
more accurately. On the other hand, this approach might also hinder the ability to
test the robustness of the system to handle uncontrolled random and emergency
situations as well as much larger fleet dynamics. In addition, the data collected by
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the probe vehicles were not sufficient to model the traffic flow over the entire road
network in the test area.

Before drawing any conclusions from the initial findings discussed here, we
would like to remind the reader that all of these results were based on one particular
system tested in one particular test area under certain restrictions. For instance, the
system did not provide any traffic information for local streets. The road network
in the test area is generally a regular rectilinear arterial grid, which makes it difficult
to provide far more efficient alternative routes. Test drivers were familiar with the
road network and voluntarily participated in the evaluation. During the evaluation,
it was discovered that the system was effective in reporting traffic emergencies and
directing drivers to alternative roads. This was particularly helpful for highway
travelers. Incremental improvements were made in the dynamic database, network
model, and historical profiles (travel time files) during the deployment period.

The study found that reasonably accurate travel time predictions for the upcom-
ing 15 min on a link can be provided by at least three probe vehicles that have just
traversed that link over the preceding 15-min period. Because the loop detectors were
placed to operate a “closed-loop”’ signal system, information from these detectors was
of marginal value in traffic congestion measurement. Probe reports provided more
accurate estimates of travel time. These insights were based on more than 50,000
probe reports, of which 99.4% were reliable.

Nearly 100 origin-and-destination runs were conducted to compare the perfor-
mance of static and dynamic navigation. Test vehicles were divided into two groups
traveling on the same route: One without real-time traffic data and the other with
real-time traffic data. Only occasionally were large time savings found. On the other
hand, the number of test runs available on any particular route was generally too
small to obtain statistical verification of significance.

The evaluation team found no strong evidence from the available test runs
that real-time traffic data could make a significant impact in reduction of users’
travel time and improvement of performance on arterial 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 streets, or by relying on radio
traffic reports. In contrast, community standards may be infringed by excessive
routing to residential streets; this was reflected in the ADVANCE route planner.
Another possible reason is that traffic flows on arterials are mainly determined by
turn signal timing. The latency of real-time traffic data arriving at the vehicle is not
so large as to affect dynamic route guidance. The turning movement information
included for guidance did not seem to lead to any noticeable decrease in travel time
or have any significant impact on the system as a whole. There was no significant
difference in time savings from incorporating the delays for left turns, straight-
through turns, and right turns. The system was effective at saving the traveler’s time
on highways, perhaps because there are only a few entry and exit ramps on these
long roads. Similarly, the unimpeded nature of highway traffic allowed the collected
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data to represent the highway network more accurately than the network of arterial
roads.

The ADVANCE operational field test focused on drivers who were familiar
with the road network and communities in the test area. The initial findings from
the survey responses to the dynamic route guidance systems led the evaluation team
to conclude that they had different needs and desires than unfamiliar drivers, such
as visitors, who may be more concerned with obtaining accurate directions than
saving travel time [12]. Familiar drivers expect a more intelligent navigation computer
that can incorporate their knowledge or learn from their experience, rather than
simply being told where to go by a predetermined algorithm. This finding was
obtained from a small fleet driven by familiar drivers with very little real-time traffic
data available to support the dynamic route guidance, because the entire test field
had at most 80 equipped vehicles in addition to the loop detectors and anecdotal
information. The 2-week test period was relatively short. All ADVANCE test drivers
were volunteer members of households [13]. Most households had incomes of more
than $50,000 per year and had two or more motor vehicles. The mean age of the
drivers was 44 years, and 62% of them were males. This sample is biased compared
to a random sample of the population.

A focus group study of 32 ADVANCE test drivers found that drivers were
more interested in dynamically updated traffic information than a route planner
that uses static information. Database errors and the fixed criteria for route selection
and planning meant that the quality of planned routes was not sufficiently high.
Participants wanted more control over the planning process and the flexibility to
choose planning criteria. Some preferred to be presented with more than one route.
Participants suggested that a route planner probably should learn from the daily
routes taken by the driver. Real-time traffic data could be used to evaluate these
routes so that faster alternatives could be generated if necessary. Participants believed
that drivers would be willing to pay for future real-time route guidance systems and
services. Some were willing to-pay from $750 to $1,000 for an in-vehicle unit in
addition to from $2 to $30 per month for “single-area” coverage of real-time traffic
data.

One hundred and ten drivers returned the follow-up survey after the field test.
In the survey, they rated the importance and performance of 13 system features.
Destination accuracy, route quality, system reliability, route-planning performance,
and tracking accuracy received the highest scores for importance of features
(Figure 11.15). Of these, route quality and route-planning performance were rated
the features with lowest performance. Responses to the willingness-to-pay-for-future-
route-guidance-systems question were in the range of $500 to $2,000, with mean
price of $980. All these findings suggest that a more intelligent route planner may
be required in order for in-vehicle guidance systems to attract familiar drivers to
the market. It has been speculated that U.S. car rental companies may be the largest
buyers of static navigation systems at this point because most rental car drivers are

301




I

292 VEHICLE LOCATION AND NAVIGATION SYSTEMS

M Feature Importance Bl Feature Performance

Route Quality
Destination Accuracy
Reliability
Route Plan Perform.
Tracking Accuracy
Route Replanning
Readable
Understandable
Route Planning Time
Arrow Guides
Startup Speed
Route Preview

Voice Guides

1.00 1.50 2.00 250 3.00 3.50 4.00 4.50 5.00
Figure 11.15 Familiar drivers’ ratings of ADVANCE guidance features (Source: ADVANCE project.)

unfamiliar with the area in which they are driving and their priority is to follow
well-presented routes to reach their destinations.

Questions remain with respect to the cost of the two-way communications
equipment and airtime. This question must be answered before massive deployment
of this type of system can occur. Periodically reporting traffic data back to the TIC
takes significant airtime. If the vehicle owner were responsible for the entire payment,
few would be willing to purchase this communications equipment.

The limited evaluation results seem to suggest that dynamic route guidance
will enjoy only mixed success without instant real-time traffic data updates. It is
very likely that a successful system will have to be able to detect and respond to
large and unexpected delays on the network and provide more intelligent assistance
to drivers. Because small savings in travel time may not be enough to convince
familiar drivers to follow the guidance suggestions and to purchase the unit, more
studies and research must be done to ensure that such systems can meet the expecta-
tions of the general public, especially familiar drivers.

Interested readers can obtain more information about this project from the
ADVANCE Internet WWW page [14], which points to all available technical docu-
ments, working papers, and reports. A series of white papers should be available
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there by the time this book is published so that readers can study final evaluation
results.

Let us consider one question to conclude this chapter. The ADVANCE system
was designed in the early 1990s. With the location and navigation modules you
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 performance and cost-effective components? More simply, can
you improve any one of the subsystems or components described in this chapter?
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CHAPTER 12

veyv

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 task much easier. In other words, we need to properly
identify system requirements, determine the system architecture, identify the func-
tions to be supported, specify the corresponding modules, and select suitable hard-
ware components and software tools to design and implement these modules
creatively based on the principles learned in this book. Furthermore, we need to test
and integrate these modules into a flexible, expandable, and compatible system. We
have learned that a variety of modules can be implemented (Part I) and different
systems can be constructed on the basis.of these modules (Part II). In particular,
studying Part II has provided us a better appreciation of the intricacies of systems
engineering. As we mentioned at the beginning of this book and will discuss in a
later section here, without proper system-level design, systems may have deficiencies
that can be difficult to correct even if the modules are individually functional. We
conclude this book with a discussion of lessons learned from past experience and
possible future directions for vehicle location and navigation systems.

12.1 PAST LESSONS

The discussion in this section focuses more on engineering-related than on other
issues such as funding, marketing, policy, legal, and private-public partnerships,
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which have also arisen in the past. Interested readers can find discussions of those
types of issues in the proceedings of conferences organized by European Road
Transport Telematics Implementation Coordination Organization (ERTICO), Intel-
ligent Transportation Society (ITS) of America, and VERTIS (Vehicle, Road and
Traffic Intelligence Society, Japan).

Good market forecasts are required for development of any location and naviga-
tion product. Different markets may have different cultural backgrounds, environ-
mental issues, and different types of driving (rental, commuting, shopping, etc.).
Compared with the Japanese in-vehicle navigation market, the European and U.S.
markets are still in the early stages of development. As stated in Chapter 1, according
to Japan Electronic Industries Association, sales of vehicle navigation systems to
consumers in Japan reached 530,000 units in 1995, up 73.2% from 1994. More
than 30 companies are competing in a market that has seen prices of some units
drop from U.S. $6000 eight years ago to around $1900 today. In Japan, addresses
are based on land sectors or on the order of construction, rather than location on
a street. Only major streets are named, and most small streets have no names.
Therefore, map drawing and reading are essential skills for survival in Japan. Direc-
tions are often given using major landmarks on maps rather than street names,
traffic lights, and stop signs. With this cultural background, it is not difficult to
understand why the map-display-based navigation system has been very well
embraced on the Japanese market. The method of navigation in Japan is to superim-
pose a route on the map and guide the driver to an area close to the destination.
On the other hand, in the United States and in European countries, every street has
a name and every building or house has an address, with the special case that many
major European cities have quite a few traffic circles. The navigation usually relies
on turn-by-turn instructions to guide the driver to a specific address. Furthermore,
in the United States, people are more concerned about their personal safety and the
safety of their vehicles and dess worried about finding a location (because of their
addressing system is relatively easy). These cultural and environmental differences
imply quite different attitudes toward navigation products.

In the United States or Europe, a vehicle navigation system often provides turn-
by-turn guidance. It is important for such a system to have a large main memory,
a fast database access storage device, and a powerful CPU. Even with a fast, large
memory and a high-performance CPU, better data structures and algorithms are still
required to increase the speed of the system. On the other hand, powerful graphics
processing is essential for the rapid map-scrolling and scale-change features found
in Japanese navigation systems. Although the distinction may not be very clear, map-
display-oriented navigation systems often need more graphics processing power while
turn-by-turn-oriented navigation systems require rapid route calculation and real-
time guidance response. Without any question, a product would be successful on
the U.S. and European markets if it could be developed to maintain a low selling
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price and comfortable profit while providing both sets of features. However, this is
easier said than done. Products should probably first target a specific market segment.

A stable and accurate map database is required to develop a quality navigation
system. This database can help improve system accuracy and reduce subsequent
modification of the navigation software. Many features of the display and traveler
information (human-machine interface), positioning, map-matching, route-planning,
and route guidance modules rely on database attributes, including road type, maneu-
ver type, turn type, street speed, street name, etc. Any database changes could result
in a significant reengineering effort to rebuild the navigation system.

Project managers or lead engineers must be willing to take a concrete step-by-
step approach starting from the basics, to have good interpersonal skills and a broad
background, to learn new technologies, and to have faith and stick with the project
in order for it to be successful. Any work on a new subsystem, prototype, or product
should start with the basics. In other words, it is better to make it as simple as
possible but make sure it works correctly and is expandable from the very beginning.
Any new features or enhancements can then be easily added to a working system.
As discussed in the beginning of Part II, a good system architecture is essential to
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
systems engineer (architect) or a team of systems engineers to coordinate design and
development. Otherwise, costly testing and integration as well as temporary patches
could mean more trouble later while trying to push a product out the door for a
delivery deadline. However, even a good system architecture is normally only suitable
for a limited range of system sizes. A completely new kind of problem should be
expected every time the system is enlarged by a factor of two. Software engineers
should be involved from the beginning of the design phase to avoid the necessity of
tailoring code to already finished hardwate. It is always worthwhile to spend more
time on the system specifications. Finally, the managers and engineers involved in
any location and navigation projéct must keep faith in the project, which is equally
important to learning new technologies. A firm belief in the project, persistent effort,
and full support from upper-level management, especially during difficult times, are
critical for any success.

A thorough understanding of software project management and the develop-
ment life cycle is particularly important because there are so many critical programs
embedded in the location and navigation system. Software project management is
also an engineering discipline in its own right, with predictable patterns. Many
experts believe that a software organization or development team should use the
capability maturity model (CMM) developed by the Software Engineering Institute
(SEI) to measure the maturity of the organization [1]. SEI is a federally funded
research and development center that is affiliated with Carnegie Mellon University
in the United States. The higher the SEI maturity level a software organization has,
the better a software product it can produce. Even using the CMM, many of the
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system-level issues involved in a complicated embedded multitasking system require
experienced and dedicated engineers.

Configuration management should be adopted at the very beginning of the
project. Configuration management is a process to maintain the integrity of products
as these products evolve through the development and production cycles [2]. It
identifies, controls, and provides the status of defined hardware, software, and
firmware end items. Software configuration management is especially useful for
mission-critical software development projects involving teams of developers.
Through documenting and tracking software during its life cycle, software configura-
tion management ensures that all changes are recorded and that the current state of
the software is known and is reproducible [3]. In addition, all project-related docu-
ments should be placed under configuration management. After all, this is a vital
component of product quality management and a key to maintaining competitiveness
in today’s global marketplace.

When selecting software methodologies, both managers and engineers 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 language is employed for implementation, we must know
the consequence of applying it on a dedicated hardware target. This is especially
important for an organization where most of the programmers are familiar with a
structured language and have just begun the transition to an object-oriented language.
For instance, C is a general-purpose programming language that is relatively compact
and efficient. On the other hand, C++ is a “better” C, which supports better data
abstraction and object-oriented programming. However, C++ is a far more complex
language than C, run-time supports are larger, and run-time costs are often hidden.
C++ compiler diagnostics may be difficult to understand and run-time bugs may be
subtle. Improper implementations of virtual functions in C++ may increase object
size and slow down function calls. Constructors and destructors in C++ (analogous
to malloc and free in C) may add overhead to object creation and destruction, and
make interrupts and exception handling more complicated. Classes in C++ may have
hidden fields that make them difficult to map into existing data structures. 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
each programmer or team. Given experienced and properly trained engineers, all
these problems may be avoidable.

There is also a wide variety of emerging technologies. Recent references are
available from which a reader can learn these technologies and proven theories
and learn how to more efficiently implement real-time embedded software. Rate-
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 at the tasking and message-passing level [4]. It ensures that all tasks meet
their deadlines as long as the system utilization of all tasks lies below a certain
bound and appropriate scheduling algorithms are used. System designers can use
this theory to predict whether task deadlines will be met, long before the expensive
implementation phase of a project begins.

Specification and Description Language (SDL) has been standardized by the
International Telecommunication Union (ITU, formerly CCITT) for specifying the
behavior of real-time communications systems [5]. The behavior descriptions are
based on communicating extended state machines that are represented by processes.
An extended state machine consists of a number of states and a number of transitions
connecting the states. One of the states is designated the initial state. Communication
is represented by signals and can take place between the processes themselves or
between the processes and the environment containing the system model. Aspects
of communication between processes are closely related to the description of system
structure. Probably less known in the ITS field, SDL is widely used in the telecommu-
nications field. SDL is not just for describing telecommunications services. It is a
general-purpose description language for communications systems that have complex
event-driven, real-time, and interactive applications involving many concurrent activ-
ities. Recall that a communications module is a vital component to improve perfor-
mance and increased functionality of vehicle location and navigation systems as
discussed in Chapter 8. SDL could be a very useful development tool for large and
complex ITS communications.

Well-structured object-oriented software architectures have numerous patterns.
These patterns describe simple and elegant solutions to specific problems in software
design. Design patterns capture reusable designs that have developed and evolved
over time. Twenty-three very useful design patterns summarized from decades of
object-oriented software experience can be found in [6]. For everyday programming,
sixty-one short ‘“‘heuristics™ (rules) are presented in [7]. They act as guidelines that
can easily be memorized and used in object-oriented design. As mentioned, the object-
oriented methodology can be used for embedded real-time system development, but
care must be taken when using the C++ programming language because many
programmers are migrating from the more familiar C language. Embedded software
is tightly connected to its physical environment through various human interventions,
sensors, and actuators. It must respond to many events within specified time limits.
Interested readers will find additional information on object-oriented methodology
and real-time systems in [8], which discusses a variety of detailed design issues and
implementation aspects specific to embedded real-time systems when using the C++
programming language.

12.2 FUTURE DIRECTIONS

Some studies suggest that a few standard interfaces should be the top priority for
future development of vehicle location and navigation systems. These interfaces
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might include an application-layer protocol and a message set for traveler information
services, a message standard for mayday systems, and an in-vehicle multiplex bus
for ITS devices. A standard ITS data bus interface would allow the vehicle owner
to add devices and the manufacturers and dealers to provide new features at much
lower cost. Due to the typical design cycles of modern automobiles, it is difficult to
install any recently developed electronic device in current-year models. Consumers
must take what the vehicle manufacturers offer, or pay more later for an after-
market retrofit. A standardized bus would allow easy system integration, so that
existing vehicle devices could still be used. It would also allow plug and play with
standard modules/connectors on the hardware side and standard application pro-
gramming interfaces on the software side. It would transform the vehicle into a
platform for third-party hardware and software products. It would be much easier
to retrofit devices and systems or add new software features and applications. Remote
access would be improved, too. It could permit remote diagnosis, upgrades, services,
and feature additions. One such concept of an in-vehicle data bus is shown in

Figure 12.1 [9].

New Electronics v Existing Vehicle Systems
Mayday Call
Controller Gateway
Controller
Navigation In-Dash
Computer Display
Cellular Door
Phone Locks
GPS Steering
Receiver Buttons
Pager Sensors
1
UM |
| Other =i Other
ITS Data Bus Existing OEM Bus

Figure 12.1 Future in-vehicle ITS data bus concept.
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Some believe that future vehicles should have more functions to enhance the
safety of the driver and vehicle. According to this view, many safety and convenience
technologies should be deployed along with the automated highway system
(AHS) [10-12]. These technologies include intelligent cruise control (space mainte-
nance, speed control), collision avoidance, vision enhancement, and lane holding
(Figure 12.2). Vehicle-to-vehicle communications would further strengthen the sup-
port of platooning and the basic roadway infrastructure. Vehicular travel on AHS
would be automatically controlled without intervention from drivers or AHS opera-
tors. This would provide lanes with higher than normal capacity, in which the space
or “headway” between vehicles would be reduced. The vehicles would revert to
manual control as they exited the AHS. In addition, electronic (automatic) toll
collection plazas and scales might be available along the highway to speed vehicles
past toll booths and weigh stations.

Other studies predict that hand-held portable systems will be the navigation
systems of the future. Assisted by various infrastructures, these systems would offer
many of the same functions as in-vehicle systems [13]. A few early versions of
portable systems have already reached the market, with limited functionality. Some
use personal digital assistants (PDAs), notebook, or palmtop computers. Others use
conventional paging services to provide traffic data. Different approaches exist. For
instance, some available systems integrate a portable computer with a GPS receiver
mounted on a PCMCIA card in conjunction with digital map and software packages.
Some use static databases to provide travel information. In short, more advanced
hand-held location and navigation systems will enter the consumer market.

Future automatic vehicle location (AVL) systems will also see many new
changes. As wireless communications technologies rapidly advance, various new

Vision Enhancement

Vechile-to-Vehicle <:> _

Communications

Collision '
Avoidance

Figure 12.2 Future concept vehicle.
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wireless networks may become integrated with AVL systems. In-vehicle terminals
may cost less, but still provide many new features. In addition to knowing where
they were, law enforcement personnel would be able to access the Internet, WWW
pages, or other databases in their vehicles to pull crime files and other information
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 material
monitoring, access tracking, and many other public and private systems.

People around the world have similar visions for the future. In Europe, many
anticipate the widespread use of the mobile GSM digital cellular phone both for
communication and localization, the use of wireless personal travel assistants for
intermodal travel, broadcasting of real-time traffic messages via FM radio (RDS-
TMC), the development of intelligent cruise control, and a more powerful human-
machine interface to display or digest the available information for navigation units.
In Japan, people predict more integrated and miniaturized location and navigation
systems with a better human-machine interface, much improved voice input devices,
increased development and integration of data communications techniques to provide
dynamic travel information, and more household media for vehicular use [14].
Navigation systems will become more and more integrated with existing entertain-
ment equipment.

In the United States, mayday systems will continue their successful momentum,
although autonomous vehicle navigation systems may eventually catch up as the
unit price decreases. Rental cars will initially have the most widespread installed
base. As the ITS infrastructure becomes more widely available, centralized navigation
systems may gradually dominate the future market because of the benefits of knowing
the real-time traffic information. Many autonomous systems might be ready for
integration with centralized systems if good system architecture is used in conjunction
with newly developed ITS standards. As location and navigation systems evolve,
some in-vehicle systems may become -more powerful, with additional features such
as multimedia, e-mail, fax, and Internet surfing capability. Other systems, such as
various mobile (hand-held) devices might become less vehicle dependent. For
instance, GPS/cellular, GPS/CDPD, GPS/PDA, and various other technologies (terres-
trial radio-based) might soon become available on a much larger scale for hand-
held devices. Many of these future mobile devices may be motivated by the FCC’s
mandatory wireless E911 ruling (Section 10.4). They could be easily carried or
plugged into the vehicle and might become either an independent or an integral part
of the in-vehicle location and navigation unit while driving. These mobile devices
might provide complementary data and exchange data with the in-vehicle navigation
systems, home/office information systems, or public computer information terminals
at major transport hubs or other information centers. All of these exciting develop-
ments will not be restricted to one particular region. In today’s global economic
environment, they will penetrate rapidly to different regions and eventually the entire
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world. As a result, there will be various systems with different services and upgrade
capabilities from the very low end to the very high end for everyone to choose from.

Look to the future. The field of vehicle location and navigation is very promis-
ing. New and advanced technologies should be able to make transportation operate
more safely and efficiently.
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TRANSFORMATION BETWEEN
CARTESIAN AND
ELLIPSOIDAL COORDINATES

We first define the parameters of an ellipsoid as follows:

Semi-major axis: a
Semi-minor axis: b ..
Flattening: a-b
f=—
Eccentricity: 252
¢="4 or=~N1-(1-f7

Assume that an ellipsoid of revolution is placed at the origin of a Cartesian coordinate
system and denote the Cartesian coordinates of a point in space by X, Y, Z and the
ellipsoidal coordinates of the same point by ¢, A, b. The relationships between the
Cartesian coordinates and the ellipsoidal coordinates will then be given by [1,2]
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X = (N + h)cosgcosA
Y = (N + h)cos¢sinA

bZ
Z = <—2N + h)simﬁ
a

where N is the radius of curvature at the prime vertical which can be obtained by

dz a

N= , Or =
\/azcoszcﬁ + bsin%¢ 1 - e%sin?¢

The inverse transformations are derived as follows [3]:
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2, 42
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TRANSFORMATION BETWEEN
UTM AND ELLIPSOIDAL
COORDINATES

In the Universal Transverse Mercator (UTM) projection, based on the same ellipsoi-
dal parameters defined in Appendix A, the transformation equations for transforming

an ellipsoidal point (¢, A) to a point (y, x) on the UTM plane are given by the
following series expansions [1,2]:

y = kS(®) + kN{%coszqﬁ(/\ - Ao + :—)_zcos ¢>(5 —t% 917 + 41; )(A = Ag)*
+ %cos 6p(61 — 5822 + £ + 2707 ~ 33027%)(A — A0)°

2 4 6vx _ a8
+ mcos 85(1385 — 31112 + 5431 — £¥)(A = 1) + .. ]
x= kN[cosqb(/\ - o) + %Ncos3¢(1 — 12 4 YA = Ag)?

L cos SHS — 1822 + £ + 1477 - 58297 (A - Ag)®
120 7

5040cos 7461 — 479¢% + 179¢* — ) (A = A) + ]
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where
Arc length of meridian: S(¢)
aZ

Radius of curvature in prime vertical: Nz——

b1 + 7)2
Auxiliary quantity: 7 = e’zcosng
Second numerical eccentricity: 2 at-b?
Auxiliary quantity: t =tan¢
Longitude of the central meridian: Ag
UTM scale factor: k =0.9996

Because the pair of coordinates (y, x) corresponds to (¢, A), y is given first followed
by x. The arc length of the meridian S(¢) is the ellipsoidal distance from the equator
to the point to be transformed and is given by the series expansion

S(¢) = a[¢ + Bsin2¢ + ysind¢ + Ssin6¢ + esin8eb + . . .]

where
a+b/. 1 2 1 4
@ = 2(1+4n+64n+ )
=—%n+%n3—%n5+
15, 15 4
7E16" T 2"
35 5 105
5——&” +256n -
/ _315 4
€=3512" *
_a—b
"=a+b
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As an example, the parameters of the WGS 84 reference ellipsoid (Table 2.1) are
listed here:

a = 6367449.1458m

B=-2.51882792 x 1073

y=2.64354 x 107

§=-3.45x107

e=5x10712

n =1.67922 x 1073
The inverse UTM projection is the transformation of a point y, x in the plane to a

point ¢, A on the ellipsoid. The transformation equations are given by the following
series expansions:

2
2
b=dF- zf(l + 77%)(,;%{)
/1 2 .22 i oo af %\
+34(5 + 3t + 67 — 6t} — 3uf - 9”’”)(517
6
ff 2 4 2.2 4 2.( X
— =a5(61 + 90t} + 45t} + 107} — 162e7f - 45tf1,f)<m_f>

8

x
4032'0(1385 + 3633tf + 4095tf + tf)<ka> +

X

1 X 3
A=Ag+ c_"'os¢,(ka> 6c08¢(1 + 24+ nﬂ( f)

5
120cos¢f5 + 28t2 + 24tf + 61;f + 8tf'q%)< f)

1
B 5401cos¢f(

61 + 6624 + 13204 + 720:?)(5"@)7 ‘.. w |

t
i
!

where the terms with the subscript f must be computed based on the footpoint
latitude ¢r. The series expansion of the footpoint latitude is given by

dr="= + Bsm2— + ysm4k— + Bsm6— + esm8— +.
a

ka ka
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where

5=a;b(l+%n2+6—14—n4+...)
Bean-2Tw 30
7:%—2—712—%714

5L 47

_ 1097 4

Note that the coefficient @ is identical to « in the previous transformation. As an
example, the parameters for the WGS 84 reference ellipsoid are listed:

@ = 6367449.1458 m
B =2.51882658 x 107
3 = 3.70095 x 107°
5=7.45x107
=17 x 10712

Note that for location and navigation applications, the higher order terms indicated
by ellipses can be ignored. Setting the UTM scale factor equal to one leads to the
transformation equations for the transverse Mercator projection.

References

[1] B. Hofmann-Wellenhof, H. Lichtenegger, and ]J. Collins, Global Positioning System: Theory and
Practice, 3rd ed., Berlin: Springer-Verlag, 1994.
[2]) A. Leick, GPS Satellite Surveying, 2nd ed., New York: John Wiley & Sons, 1995.

319




APPENDIX C

vev

POSITIONING SENSOR
TECHNOLOGIES

To become familiar with the sensor technologies used to determine 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 that the boundaries of
some sensor families are vague because they may have hybrid elements produced
by mechanical, electrical, or other technologies. The tables attempt to illustrate the
variety of technologies available. Because of rapid progress in sensor technologies,
it is very difficult to cover themall in two tables. Many technologies can be used
for either linear sensors or angular sensors. Certain technologies may not be suitable
for vehicle positioning applications at the moment..
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Table C.1

Linear Position Sensors

Family Sensor Underlying Principle
Mechanical Microswitch Simple on and off
Reed switch Activated when aligned with magnetic
flux
Electromechanical Eddy current Currents induced in conductive object

Electro-optical

Solid state

Acoustic

Hall effect

Linear variable differential
transformer (LVDT)
Magnetic transistor

Variable reluctance

Wiegand effect

Charge-coupled device (CCD)
array, lateral effect photodiodes
Laser

Light curtain

Linear optical encoder
Interferometer

Radar (microwave)

Magnetoresistive element

Ultrasonic

Voltage across semiconductor in
magnetic field
Coupled transformers with moving core

Voltage across transistor in magnetic
field

Changes in reluctance within magnetic
circuit

Voltages induced by magnetic pulses
Charge is proportional to incident light

Time required to transmit and receive
laser energy

Through-beam array of source detector
pairs

Source/detector pair interrupted by slits
Optical phase

Time required to transmit and receive
Resistance change in proportion to
magnetic field strength

Time required to transmit and receive
piezoelectric transducer pulses or -
Doppler effect
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LEAST SQUARES ALGORITHM

Given the following equation:

Y = AX
where Y is the known # X 1 vector of measurements, X is the 2 X 1 vector of
unknowns, and A is the # X m design matrix.

If n > m, the system has more equations than unknowns. The method of least
squares can be used to obtain an optimal estimate for X using the redundant set of
measurements. n

Let us define the # x 1 vector of residuals as follows:

r=AX-Y

We now need to find the value for X that minimizes the sum squares of the residuals,
that is,

f(X) = (AX - Y)? = (AX - Y)[(AX - Y)

where T indicates the transpose operation. Differentiating the preceding equation
and setting the result to zero, we obtain
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dfX) ., T _
X =2A'AX ~-2AY =0

Provided ATA is nonsingular, we solve for X and obtain
X = (ATay ATy

This is the least squares solution, where (ATA)_1 is the cofactor matrix we studied

in Section 3.3. If # = m and A is nonsingular, the least squares solution reduces to
the following unique solution:

X=Aly

Note that the observations can be weighted based on the accuracy of each observa-

tion. The preceding solutions describe the equal-weight case. For more information,
refer to [1,2].
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KALMAN FILTER ALGORITHM

The optimum combination of measured and estimated results at time #, is given by
Xp = Xk + Kp(zp — HeXp)

where X}, denotes the a priori estimate. The “hat” denotes estimate and the superscript

minus indicates that this is our best estimate prior to assimilating the measurement
at time #p. -

The Kalman filter gain used in the equation just given can be written as
ey T ey T -
K;, = PH, (H,PiHj + Rp)™!

and the error covariance matrix associated with the optimal estimate is obtained
from

Py = (I - K Hg )Py

To recursively compute the Kalman filter gain for the next step, the predictions for
the state estimate and covariance at the next step are given by
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Xpe1 = rXe
- T
Pr.1= &Pror + Qp

In these equations the covariance matrices Qp and Ry are obtained from the wy
(process noise) and v, (measurement noise) vectors as follows:

; =k
E[ka:T] = {8k :#k

Ry, =k
sboll= {3 13k

E[wkv,'T] =0, for all k and i

and, for the error covariance matrix Py,
- A s—\T
Py = E[(x - &¢)(x, — %5)']

To derive the preceding estimation equations, we assume that the random process
to be estimated can be modeled in the form

Xkl = PpXp + Wi
and the measurement (observation) of the process can be modeled as
zp= Hpxp + vp

Detailed discussions of this algorithm can be found in [1-4].
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Fuzzy LOoGIC BACKGROUND

Fuzzy set theory, introduced by Zadeh [1] in 1965, has been shown to be an effective
way to deal with qualitatively oriented terms and concepts. Fuzzy logic provides a
simple way to draw definite conclusions from vague, imprecise information. In an
intuitive sense, it resembles human decision making. For example, consider the
following declarative assertion concerning a vehicle traveling on a local residential
road:

“The speed of this vehicle is high.”

If the speed is 100 km/h, this statement is completely true. However, if 100 km/h
is high, how about 99, 98, ... 90, ... 80, ... 70? At what degree does the statement
suddenly become false? Since the speed can change gradually during a trip, it is hard
to find a fixed value such that larger than that fixed value is ‘high” and less than
that value is “not high.” To resolve this fuzziness, we can assign a grade, or member-
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 turn the
preceding statement into a fuzzy membership function. Therefore, people often say
that fuzzy logic is a mathematical formalism intended to handle these kinds of
imprecise statements. It is different from traditional mathematical formalisms
because fuzzy logic allows us to model the vagueness in our mental decision-making
process. Consequently, fuzzy logic is intuitive and easier to work with than traditional
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logic for many applications. Traditional logic would have a difficult time processing
the given statement. In the design of fuzzy inference systems, there are three basic
concepts: membership functions, fuzzy logic operations, and fuzzy rules.

For membership functions, we can denote the grade of a speed in high by
assigning it a numerical “truth value.” Truth values may range anywhere between
0 and 1 and are typically considered to have meaning as suggested in Table F.1,
although it may not always have meaning. In this manner we can arbitrarily assign
various grades to “high” as a function of the speed (Table F.2).

The membership functions given in the tables are illustrated in Figure F.1. The
curve in the figure illustrates how the membership function of a fuzzy concept is
dependent on a measured value, for example, speed. When the relevant declarative
assertions are combined into a single chart, more complicated curves are obtained.
These curves are called fuzzy sets. The fuzzy concept “high” is called a label. For a
speed, such as 70 km/h, 0.7 is its grade in high. In other words, if the speed of this

Table F.1
Linguistic Meanings of Fuzzy Logic Values

Truth Value Meaning
0.0 Completely false
0.2 Mostly false

0.4 Somewhat false
0.6 Somewhat true
0.8 Mostly true

1.0 Completely true

. .Table F.2

Membership Function

Speed (kmlh) Grade in High
0 0.0
10 0.1
20 0.2
30 0.3
40 0.4
50 0.5
60 0.6
70 0.7
80 0.8
90 0.9
100 1.0
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Grade

1.0
0.8
0.6
0.4 -
0.2 A

0.0 T T 1 T Speed
20 40 60 80 100

Figure F.1 Membership function chart.

vehicle is 70 km/h, the truth value of the assertion “The speed of this vehicle is
high” is 0.7.

For fuzzy logic operations, consider our spoken language. In addition to the
simple assertion statement presented earlier, logical operators are often used in
spoken language to 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 to help evaluate
the truth values of these assertions. These operations are called fuzzy logic operations.
For example, let us define another simple assertion:

“The distance to the next maneuver is short.”

We can now create a compound assertion:

“The speed of this vehicle is high AND the distance to the next maneuver
is short.” Tt -

Once a truth value is assigned to each simple assertion, fuzzy logic operations
can precisely evaluate the truth values of compound assertions. Even though the
compound assertion is vague, the evaluation results are crisp values. In other words,
nothing is fuzzy in the actual fuzzy inference process.

As examples, let us examine how to evaluate truth values for statements con-
taining the two simple operators, AND or OR. Mathematical functions are used by
fuzzy logic to evaluate two arbitrary statements A and B. There statements can be
either simple or compound. The mathematical functions are listed in the right-hand
column of Table F.3. Each of them is associated with its corresponding fuzzy logic
operator in the left-hand column.

From the definitions given in Table F.3, we can easily evaluate the truth value
of any statement. Let the truth value of A be 0.1 and that of B be 0.8. We obtain
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Table F.3
Fuzzy Logic Operations

Compound Operator on Mathematical Function to
Statements A, B Evaluate Truth

A AND B minimum (min)

A ORB maximum (max)

Assertion 1: A AND B = min(0.1, 0.8) = 0.1

Assertion 2: A OR B = max({0.1, 0.8) = 0.8

during route guidance. One of rules could be

is short i
THEN announce the next maneuver instruction.

Table F.4
Comparison of Boolean Logic and Fuzzy Logic Operations

The crisp truth value of Assertion 1 is 0.1, whereas Assertion 2 has a value of 0.8.
We now know that a traditional logic such as Boolean logic is a special case
of fuzzy logic. If you doubt this statement, see Table F.4, which lists various evalua-
tion results for two compound assertions. Both results obtained by applying fuzzy
logic operators and Boolean logic operators are derived. Note that both fuzzy logic
and Boolean logic produce the same results when the truth values of the simple
assertions are limited to 1 and 0. However, for values other than 1 or 0, fuzzy logic
produces meaningful results while Boolean logic has no such operations defined.
For fuzzy rules, consider the following example. Suppose that we want to
determine when to announce a maneuvering instruction via a speaker to a driver

IF the speed of this vehicle is high AND the distance to the next maneuver

Logic Operator Fuzzy Logic Boolean Logic
A B A AND B AORB A AND B AORB
0 0 0 0 0 0
0 1 0 1 0 1
1 0 0 1 0 1
1 1 1 1 1 1
0 0.6 0 0.6 ? ?
0.5 0.5 0.5 0.5 ? ?
0.8 0.6 0.6 0.8 ? ?
1 0.6 0.6 1 ? ?
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In other words, a rule has the following format:
IF <condition> THEN <consequence>.

The 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 fuzzy-logic-
based system is very similar to human language. The more complex a system is, the
more rules it will generally have. Given the input grades in the condition part, each
rule 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 rules 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 is to make a decision for the system
to follow. We can view this final step as interpreting the evaluated grades as a
measure of confidence in the corresponding conclusion. The most popular method
used for this operation is to compute the centroid (weighted average) of the output
from the fuzzy rules. By considering the grades as weights attached to the assertions,
the final decision z is obtained by determining the weighted average of the support
values associated with each output label:

n
. > xiyi
z= i=1

n
i
i=1

where x is the position of the fuzzy output from the evaluation, y is the value (weight)
of the corresponding fuzzy output, and # is the number of fuzzy outputs. In general,
the outputs of fuzzy rule evaluation results are discrete values. For convenience, a
curve is used in Figure F.2 to explain the basic concept.

Y One Fuzzy Output Value
o Y,
|
|
| X

Figure F.2 Example of a fuzzy output curve.
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To summarize, the fuzzy logic inference process consists of the following three
steps:

1. Fuzzification;
2. Rule evaluation;
3. Defuzzification.

As discussed before, fuzzification converts the input values into grades (fuzzy
values) using input labels. This is often called relating crisp values to fuzzy sets by
the membership functions of input labels. The rule evaluation step computes the
grade of each output label, that is, the fuzzy output truth values are computed in
this step. In general, this step involves rather complicated operations. It uses a
inference engine with the membership functions of fuzzy sets to perform fuzzy
reasoning on the rules. Defuzzification involves interpreting these grades as a measure
of the confidence in the corresponding conclusions. It makes the final decision for
the whole inference process. In other words, it converts the outcome of the fuzzy
reasoning process into a crisp value that can be used to control the system or it can
merely be presented to the system.

Different fuzzy logic operators are used for processing and interpreting rules
and different defuzzification operators are used for deriving the final decision. In
addition to AND (minimum) and OR (maximum), other examples of logic operators
include product, probability sum, bounded intersection, bounded union, etc. Exam-
ples of defuzzification operators are centroid, leftmost maximizer, rightmost max-
imizer, average maximizer, etc. Details on the operators and fuzzy inference methods
that are available can be found in [2,3].
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A* algorithm, 112-17
ABS. See Anti-lock braking system
Absolute sensor
global positioning system, 63-75
magnetic compass, 56-63
Abstraction space, 122-23
Acoustic wave touch screen, 152
Active matrix, 149
Active radio frequency, 202
Adaptive Kalman filter, 77
A/D converter. See Analog-to-digital converter
Admissibility property, 115, 121
ADVANCE, 6
communications network, 286-89
evaluation results, 289-93
focus group follow-up, 291
focus group ratings, 291-92
in-vehicle equipment, 274
mobile navigation assistant, 274-86
targeted deployment, 265-66
test area, 266
test drivers, 290-91
traffic information center, 266-74
user interface, 273
Advanced Mobile Traffic Information
Communications System, §
Advanced Traffic Information Service, §
AHS. See Automated highway system
Algorithm analysis, route planning, 107
ALL See Autofahrer Leit-und Information system
All-pairs shortest path, 105
AM. See Active matrix; Amplitude modulation
American Society for Testing and Materials, 203
Amplitude modulation, 196, 197, 201, 237
AMPS celiular radio, 182

AMSC-1 satellite, 208
AMTICS. See Advanced Mobile Traffic
Information Communications System
Analog-format touch screen, 152, 154
Analog/mechanical display, 148
Analog-to-digital converter, 55
Anecdotal information, 254, 256, 283
Angle of arrival, 222-25, 241, 244, 246
Angular automotive sensor
technology, 45, 313, 315
Antenna array, 222-23
Antenna characteristics, 171-72
Anti-lock braking system, 50
Anytime search algorithm, 124
AOA. See Angle of arrival
APCO Project 25, 187
APL See Application program interface
Application interface, 39
- Application layer
" mobile navigation assistant, 281-83
process, 283-86
. ..Application program interface, 28
“Approaching” message, 134-35, 166
Approximate reasoning, 95
Arc, 106
ARDIS radio data network, 191-93, 196, 288
Area, 18, 37
ARQ. See Automatic repeat request
Artificial landmark, 220
ASTM. See American Society for Testing and
Materials
ASTRO, 187
Asynchronous protocol, beacon system, 2034
Asynchronous transfer mode, 212
ATIS. See Advanced Traffic Information Service
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ATM. See Asynchronous transfer mode
Attribute, 18
AUC. See Authentication center
Audible instruction, 235
AudioNav, 166, 237
Auditory output, 165-66
Authentication center, 189
Autofahrer Leit-und Information system, 5
AutoLink, 262
Automated highway system, 301
Automatic driving, 221
Automatic incident detection, 221
Automatic repeat request, 174
Automatic vehicle identification, 202, 221
Automatic vehicle location, 221, 242-43, 301-2
centralized approach, 243-47
distributed approach, 247-53
Autonomous location and
navigation, 5, 8-9, 74, 302
defined, 215
dual-use/entertainment, 236-37
error compensation, 219-21
functional requirements, 231-36
interface technologies, 229
satellite technologies, 228-29
simple architecture, 218
stand-alone technologies, 219-21
system complexity, 217-18, 229-36
terrestrial radio technologies, 221-28
AVL. See Automatic vehicle location
Azimuth, 21,222

Backward search, 118

Bar, gyroscope, 54

Base radio, 189

Base site controller, 189

Base station, 180

Basic E911, 259

Bayesian estimation, 79

Beacons
infrared/microwave, 202, 204, 259
short-range, 4, 202-5, 220, 247-48, 256

Beacon Service Table, 204

Beam, gyroscope, 54

Bell Telephone Laboratories, 180

BER. See Bit error rate

Best-first search, 112-14

Bidirectional heuristic search, 120-21

Bidirectional search, 118-22

Big O notation, 106-7

Binary message encoding, 287-88

Bit error rate, 173, 211
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Blackboard architecture, 79
Boolean logic, 324

BR. See Base radio

Braess paradox, 140, 237, 256
Branching factor, 108, 117
Breadth-first search, 107, 111
Broadcasting, 171, 287-88
Broadcast subcarrier, 179, 196-201
BS. See Base station

BSC. See Base site controller
BST. See Beacon Service Table
B-Tree, 34, 38

C-450 cellular radio, 182
Cache, 133
C/A code, 64, 65
CACS. See Comprehensive Automobile Traffic
Control System
Cadastral map, 33
Calibration, 51-53, 55
fluxgate compass, 6263
gyroscope, 55
scale factor, 51-53
sensor, map-aided, 101-2
Camshaft, 47
Capability maturity model, 297
Capacitive touch screen, 152
Capacity, wireless communications, 174-75
CARIN. See CAR Information and Navigation
System
CAR Information and Navigation System, 5-6
Carrier-block-tree, 34
Carrier frequencies, global positioning
system, 65
Carrier phase tracking, 72-73
Cartesian coordinates, 24-26, 305-7
Cathode-ray tube, 147-48
CCD. See Charge-coupled device
CCIR. See International Radio Consultative
Committee
CCITT. See International Telecommunication
Union
CDMA. See Code-division multiple access
CDPD. See Cellular digital packet data
CD-ROM, 5-6, 218, 220, 232, 237,
‘ 266, 275,279, 280
Cellular digital packet data, 8, 191-92, 194-96
Cellular modem, 211, 251
Cellular systems, 176, 180-83, 240, 244
distributed location system, 248
mandatory E911, 259
CELP. See Code excited linear predictive
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CEN. See European Committee for
Standardization
CENELEC. See European Electrotechnical
Standards Organization
Center of mass, 22
Centralized Kalman filter, 77-78
Centralized location and navigation, 8
applications supported, 24041
automatic vehicle location, 24243
centralized approach, 243-47
distributed approach, 247-53
duplex, 239 :
dynamic, 253-59
future market for, 302
location technologies, 242
mayday, 259-63
positioning technologies, 242
simplex, 239
Centralized map matching, 100
Central road map database, 254
CEDP. See Contours of equal probability
Cepstral mean compensation, 163
CEPT. See Committee of European Posts
and Telegraphs
Channel bandwidth, 226
Channel characteristics, 171-73
Channel initialization algorithm, 249
Charge-coupled device, 314
Circuit switching, 177
Clipping algorithm, 89
CLNP, 194
Closeness, in map matching, 91, 93
CM. See Center of mass
CMM. See Capability maturity model i
Code-division multiple access, 177, 181-82, 225
Code excited linear predictive, 190
Code phase tracking, 72-73
Cofactor matrix, 70, 89
Collector road, 39
Collision avoidance, 221, 301
Color-coded format, map display, 257-58
Color display monitor, §
COM. See Communications network
Command and control, small-vocabulary, 161
Commercial vehicle operations, 202

. Committee of European Posts and

Telegraphs, 181
Communications network, 266, 286-89
design requirements, 286
site choice, 286-87
Communications protocol, wireless, 171

Compasses. See Magnetic compass
Compiler, database, 38
Complementary filter, 76
Completeness, of algorithm, 107, 112
Complicated navigation system, 229-36
Comprehensive Automobile Traffic Control
System, 5, 256
Compression algorithm, 190
Computer vision technology, 220-21
Concatenation speech synthesis, 164-65
Confidence factor. See Expansion factor
Confidence region, 86, 88
Configuration management, 298
Conformal projection, 26
Connected-word speech recognition, 160
Connectivity, 86, 91,175
Continuous-speech speech recognition, 160
Contours of equal probability, 89-91
Control devices, human-machine
interface, 14445

Control segment, global positioning system, 63
Conventional map-matching algorithms

probabilistic, 86-94

semi-deterministic, 85-86
Conventional mobile systems, 177
Conventional private land mobile radio, 185
Convert function, data fusion, 270
Convolutional encoding, 174
Cordless telephony, 183
Coriolis acceleration, 54-55
Correlation

S satellite code, 67

map matching, 93

Cost function, shortest-path algorithm, 109-10
<~ Counter/mechanical display, 148

Coverage, wireless communications, 171-74

C programming language, 298-99

C++ programming language, 298-99

Crankshaft, 47

CRT. See Cathode-ray tube

CT2 cordless telephone, 183

Cubic time, 106

Cumulative errors, dead reckoning, 46

CVO. See Commercial vehicle operations

Cyrus-Beck clipping algorithm, 89

D-AMPS cellular radio, 182

DAP. See Dispatch application processor
DARC broadcast subcarrier, 198

Data access, rouse guidance, 132-33 .
Database compiler, 19-20, 38, 139
Database process, application layer, 282-83
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Data bus interface, 300
Data fusion, ADVANCE, 270, 272, 283
Data modem, 211, 251
Datum, coordinate system, 21-22
Programme for Mobility and Transportation
in Europe, 6
Telematics Applications for Transport
and Environment, 6
Dead reckoning, 5-7, 26, 43, 45-46, 83-84
ADVANCE, 265
centralized navigation, 240
complicated navigation, 218, 232
computer vision technology, 220
errors in, 83, 85, 94, 102, 219
in map matching, 84
mobile navigation assistant, 274
performance comparison, 242
stand-alone technology, 219
DECCA navigation system, 226-27
Decentralized Kalman filter, 77-78
Decentralized map-matching approach, 100
Declination, 56
DECT cordless telephone, 183
Dedicated Road Infrastructure for Vehicle Safety
in Europe, 6
Dedicated short-range communication, 203
Defuzzification, 95-96, 325-26
Delay function, ADVANCE, 267, 269
Dempster-Shafer evidential reasoning, 79
Department of Defense, U.S., 63
Department of Transportation, U.S., 63
Design specifications
centralized navigation, 241
communications network, 286
complex navigation, 229-36 :
individual subsystem, 216
Device drivers, 212
DGPS. See Differential global positioning system
Dictation, large-vocabulary, 161
Differential global positioning system, 201
ADVANCE, 265
characteristics, 67
distributed location system, 247
inverse, 74
measurement algorithms, 67-74
mobile navigation assistant, 274, 279
performance comparison, 242
techniques, 66-67
used for hand-held device, 217
wide-area, 74
Differential odometer, 2, 51-53, 90, 219
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Digital cartographic information, 18
Digital map, 85, 102, 109
compiler structure, 38
data structures, 37
digitizing, 36-37
hierarchical, 38-42
Digital map database, 6,7, 17-18
EtakMap, 33-35
functions of, 17
NavTech, 35-36
types of, 18
Digital map standards
Digital Road Map Association, 30-31
geographic data files, 28-30
Spatial Data Transfer, 31-32
Truth-in-Labeling, 32-33
Digital signal processor, 163
Digital signal, 65
Digitizing, 36-37
Dijkstra’s shortest path algorithm, 107-8, 124
modified, 108-12
Dilution of precision, 71
Dimmer mechanism, 156
Directed graph, 106, 108
Directed segment, 108
Direction of vehicle, 45
Dispatch, 171
Dispatch application processor, 189
Dispatch center, 243
Display formats
human-machine interface, 147-48
mobile navigation assistant, 277-79
Display monitor, 275-76, 279
Distance traveled, 45, 51-52, 83
Distortion factor, 140-41
Distributed dynamic navigation, 256-59
Distributed location system, 247-53
Distributed navigation, 137
DLL. See Dynamically linked library
DMCA trunked radio, 187
DOD. See Department of Defense, U.S.
DOP. See Dilution of precision
Doppler frequency shift, 71
Doppler phase measurement, 227
DOS device driver, 212
DOT. See Department of Transportation, U.S.
Double-linked manuever list, 133
Downlink, satellite, 206
Drift, gyroscope, 55
Drivability flag, 111
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DRIVE. See Dedicated Road Infrastructure for
Vehicle Safety in Europe

Drivers, familiar and unfamiliar, 290-91

DRM. See Japan Digital Road Map Association

DSP. See Digital signal processor

DSRC. See Dedicated short-range communication

Dual-use navigation, 236-37
Duplex centralized location, 239
Duplex communications link, 170
Dynamically linked library, 212
Dynamic map database, 39, 41, 233, 254, 290
Dynamic navigation
(route guidance), 8, 137, 239, 253-54
ADVANCE, 265-66, 290-92
algorithm, 138-40
centralized, 254-56
distributed, 256-59
Dynamic route planning, 136-41
Dynamic search algorithm, 125
Dynamic traffic information, 235, 267, 290-91
ADVANCE, 269-70, 272
Dynamic travel cost, 137, 139, 254

E911 system. See Wireless E911

“Early” message, 134-35, 166
Earth-centered-Earth-fixed coordinate, 24
Easting direction, 27

EBTS. See Enhanced base transceiver system
EBU. See European Broadcasting Union
ECEF. See Earth-centered-Earth-fixed coordinate
ECEF Cartesian coordinate, 64

ED 50. See European Datum 1950

EDACS radio system, 187

Edge, 106

EF. See Exchange format

EGT. See European Geographic Technologies
ELD. See Electroluminescent display o
Electroluminescent display, 147-48
Electromagnetic force, 47-48

Electronic toll collection, 202

Electronic Route Guidance System, 3-4
Electronics Industry Association, 201
Electronic vehicle navigation system, 3
Ellipsoid, 21

Ellipsoidal coordinates, 305-12

emf. See Electromagnetic force
Enhanced base transceiver system, 189
Enhanced specialized mobile radio, 188
En-route route guidance, 129-35

maneuver generation, 131-33
route following, 133-35

Entertainment component, 236-37

Equivalent projection, 26

Ergonomics, 143

ERGS. See Electronic Route Guidance System

Error compensation, stand-alone
technology, 219-21

Error detection/correction, 173-74

Error ellipse, 86, 88-89

Error model, 86, 88

Error region, 86, 89-90

ERTICO. See European Road Transport
Telematics Implementation
Coordination Organization

ESMR. See Enhanced specialized mobile radio

Estimation function, data fusion, 270

ETACS cellular radio, 182

Etak, Inc., 33-35

EtakMap, 33-34

Europe, market forecasts, 10-11, 296

European Broadcasting Union, 198-99

European Committee for Standardization
(Comite Europeen de
Normalisation), 29, 203

European Datum 1950, 22

European Electrotechnical Standards
Organization, 198

European Geographic Technologies, 36

European Road Transport Telematic
Implementation Coordination
Organization, §, 296

EURO-SCOUT, 203, 256

EutelTracs, 228

EVA, 5-6

'+ Evaluation function, 113-15, 235

heuristic search, 113-15, 285
shortest-path algorithm, 109-10

~-Event, 282, 284

Exchange format, 29
Exciter wheel, 50
Execution time, 106
Expansion factor, 88-89
Exponential time, 106
Extended Kalman filter, 77
Eye fixation, 156-57

Fading, 173

Familiar drivers, 290-91

FCC. See Federal Communications Commission
FDMA. See Frequency-division multiple access
Feature, 18

FED. See Field emitter display

Federal Communications Commission, 183
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Federal Highway
Administration, 3, 32, 202, 265
Federal Information Processing Standard, 31
Feedback display, 237
Ferrous wheel, 48-52
F-ES. See Fixed-End System
FHWA. See Federal Highway Administration
Field emitter display, 150-51
Filters
complementary, 76
fluxgate compass, 61
high-pass, 76
Kalman, 76-78, 89
low-pass, 75
FIPS. See Federal Information Processing
Standard
Fixed-End System, 195
Flat panel display, 150-51
Fluxgate, 56
Fluxgate compass, 56-58, 60-61
FM. See Frequency modulation
Footprint, 207
Foot push button, 145
Forbidden state, 111
Formant speech synthesis, 164-65
Forward search, 118
Frequency-division multiple access, 177, 181
Frequency modulation, 196-98, 201
broadcast subcarrier, 259
distributed location, 252-53
integrated transceiver, 237
terrestrial-radio technology, 227
Frequency reuse, 180
Frequency shift keying, 189
Frequency stabilization, 73 -
FSK. See Frequency shift keying "
Fusion technologies, 220
Fuzzifier, 95-96
Fuzzy logic, 79, 95, 163, 231, 321-26
defuzzification, 326
defuzzification operator, 325
fuzzification, 326
membership functions, 321-22
operations, 322-24
operators, 326
rule evaluation, 325-26
rules, 322, 324-25
truth value, 323-24
Fuzzy-logic-based map matching, 95-100
Fuzzy set, 95-96, 322

Gas-rate gyroscope, 53
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GCC. See General Communications Controller

GDF. See Geographic Data Files
GDOP. See Geometrical dilution of precision
General Communications Controller, 287
Geocentric coordinate system, 22-23
Geocoding, 34, 42
Geodetic coordinate system, 22-26
Geodetic Reference System 1980, 22, 35
Geodetic surveying

real-time kinematic, 73

semi-kinematic, 73

static postprocessing, 73
Geographic Data Files, 28-30
Geographic information systems, 31
Geographic north, 56
Geographic topography, 171, 174
Geoid, 21
Geometrical dilution of precision, 71
GEO satellite. See Geostationary satellite
Geostationary satellite, 205, 209, 228
GE Starsys satellite, 209
GIS. See Geographic information systems
Glance limits, 157 )
Global positioning system, 5-7, 22,

43, 63-75, 201

automatic vehicle location, 243

carrier frequencies, 64

centralized navigation, 240

characteristics, 64-66

compensating inaccuracies, 220

complicated navigation, 218, 232-33

digital signals, 65

distributed location, 247-50

hand-held device, 217

mayday systems, 259

orbits, 64-65

performance comparison, 242

position accuracy, 65

receiver errors, 71-72

receiver evaluation, 71

technology, 228

three parts, 63-64

time accuracy, 65

time difference of arrival, 226

velocity accuracy, 65

See also Differential global positioning system

Globalstar satellite, 209
GLONASS, 74, 228

GPS. See Global positioning system
Graphical display requirement, 234
Graphical user interface, 146 °
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Grapbhics, text and map, 218

Greedy algorithm, 107

GRS 80. See Geodetic Reference System 1980
GSM radio system, 182, 258, 302

GUL. See Graphical user interface

Guidestar, 6

Gyroscope, 53-56, 219, 281

Half-duplex communications link, 170
Hall-effect position sensor, 47,49-50, 281
differential odometer, 5152
limitations, 50
probe, 49
use as ABS speed sensor, 50--51
Hand-held location
device, 21718, 231, 243, 301
Hard drive, 218, 232
Heading, vehicle, 51-52, 83
Heads-up display, 4, 148,218
Heuristic algorithm, route guidance, 235
Heuristics, object-oriented design, 299
Heuristic search, 112-17, 120-21, 124, 285
Hidden Markov model, 161-62
Hierarchical map database, 38-41
Hierarchical route planning
algorithm, 40
planning criteria, 131-33
Hierarchical search, 122-23
High-pass filter, 76
Hill-climbing search, 112
Historical profile, 139, 290
History, vehicle location and navigation, 2-6
HLR. See Home location register
HMM. See Hidden Markov model
Home location register, 189
Host database, 244-45
Host display, 24546
color-coded format, 257-58
Host routing, 193
HSDS broadcast subcarrier, 198
HUD. See Heads-up display
Human factors engineering, 143, 234, 260
Human-machine interface, 8, 130-31, 133
as application layer process, 284-85
in automatic vehicle location, 243, 246, 253
design principles, 143-45, 156-58
display technologies, 145-51
mayday system, 260
speech recognition, 160-64
speech synthesis, 164-66
touch screen, 151-55
voice-based interface, 158-66

Hybrid map-matching approach, 100
Hybrid switching, 177

Hyperbola, 224-25

Hysteresis, 57

IC. See Integrated circuit

ICO satellite. See Intermediate circular orbit
satellite

ID. See Link identifier

iDEN. See Integrated Dispatch Enhanced
Network

Identifier, 285

IDOT. See Illinois Department of Transportation

IEEE, 5§

Tllinois Department of Transportation, 265

Illinois Universities Transportation Research
Consortium, 265

Inbound channel, 287-88

Inbound-message throttling, 288

Incident detection, 270

Index of refraction, 155

Indium tin oxide, 150, 154-55

Individual communications beacon, 202

Inference engine, 95-96

Information beacon, 202

Infrared short-range beacon, 202, 204, 259

Infrared touch screen, 152, 155

Infrastructure-based location, 223

INMARSAT satellite, 208

Integrated circuit, 149

Integrated Dispatch Enhanced
Network, 185-91, 288

Integrated services digital network, 181

Integrated transceiver, 237

Intelligent cruise control, 301

Intelligent Transportation Society of

) America, 5, 32, 296, 300, 302

FIntelligent transportation system, 1-2, 171

Intelligent vehicle highway systems, 1

Interface technologies, 229

Interference, wireless communications, 171

Interlocking mechanism, 156

Intermediate circular orbit satellite, 207, 209

Intermediate System, 195

International Organization for
Standardization, 28

OSI Reference Model, 191, 210, 288

International Radio Consultative
Committee, 198

International Standards Organization, 203

International Telecommunication Union, 299

Internet, 170, 210, 302
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Internet Protocol, 211 «

Interprocess communication protocol, 272

Interprocess communications, 281-86

In-vehicle display, 246

Inverse differential global positioning system, 74

IP. See Internet Protocol

Iridium satellite, 209

Iron/steel disk, 48-51

IS. See Intermediate System

ISDN. See Integrated services digital network

ISO. See International Organization for
Standardization

Isolated-word speech recognition, 160

Isometric joystick, 145

Isotonic joystick, 145

Iterative improvement algorithm, 112

ITO. See Indium tin oxide

ITS. See Intelligent transportation system

ITS America. See Intelligent Road
Transportation Society of America

ITU. See International Telecommunication Union

IVHS. See Intelligent vehicle highway systems

Japan. See Vehicle, Road and Traffic Intelligence
Society

Japan, market forecasts, 296

Japan Digital Road Map Association, 30-31

JDRMA. See Japan Digital Road Map
Association

Kalman filter, 70, 76-78, 89, 70, 319-20
K-d-tree, 34

Kernel layer, 281-82 ‘
Keyboard, 145, 234 o
Key-operated switch, 145 7
Knob, 145

Landmark, 220
Land mobile radio
distributed location system, 248
MDC 4800, 286
paging, 178-80
private, 176, 185-91
public, 178
Lane holding, 301
Layer concept, 29
LCD. See Liquid crystal display
Least squares algorithm, 70, 317-18
LED. See Light-emitting diode
Legend switch, 145
LEO satellite. See Low-Earth-orbit satellite
Light-emitting diode, 148-49, 218, 229-30
Light pen, 145
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Line, 18
Linear automotive sensor, 45
Linear interpolation, 234
Linear Kalman filter, 77
Linear sensor, 313-14
Linear time, 106
Linear variable differential transformer, 314
Line-of-sight signal, 228
Link, 32, 3940, 106, 257
ADVANCE, 267-69
mobile navigation assistant, 285
Link cost, 285
Link identifier, 274
Link travel time, 13940
ADVANCE, 267-269
Liquid crystal display, 148-51,
229-30, 249, 253, 276, 279
Li-recording drum carriage, 2, 4
Location
defined, 43
Location beacon, 202
Locator module, 218-19
LOCSTAR, 74
Logarithmic time, 106
Long-term fading, 173
Loop detector, 205, 247, 254, 256, 283, 290
ADVANCE algorithm, 270, 272
LORAN-C, 220, 226-27
Low-Earth-orbit satellite, 205-7, 228
planned systems, 209
Low-pass filter, 75
LTR trunked radio, 187
LVDT. See Linear variable differential
transformer

Magnetic anomalies, 60-62
Magnetic compass, 2, 90, 56-63, 219,279
Magnetic field, 56
measurement of, 59, 62
variable-reluctance sensor, 4748
Magnetic field coupling, 47
Magnetic flux, 47-48
Magnetic flux density, 57
Magnetic north, 56
Magnetization circle, 59-63
Magnetometer. See Magnetic compass -
Maneuver announcement, 133-35, 165
Maneuver generation, 130-33
Maneuver list, 114, 131-32, 285
double-linked, 133
Man-machine interface. See Human-machine
interface
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Manual navigation, 218
Manuever list, 131-32
MapAccess format, 33-34
MapBase format, 33
Map database, 9, 37
ADVANCE, 272
automatic vehicle location, 24446
centralized dynamic navigation, 254-55
complicated navigation, 232
data structures, 34, 37
en-route guidance, 129
market needs, 297
mayday system, 260
memory-card-based, 218
navigable, 233, 246
static, 233, 254
Map matching, 5-7, 9, 20, 26
ADVANCE, 265
automatic vehicle location, 243-46
centralized navigation, 240
compensating inaccuracies, 220
complicated navigation, 218, 232-33
fuzzy-logic-based, 94-100
importance of, 83-85
mobile navigation assistant, 274, 283
other algorithms, 94-100
probabilistic algorithm, 86-94
semi-deterministic algorithm, 85-86
sensor calibration, 101-2
using linear interpolation, 234
Market forecasts, 10-11, 296
Matching point, 90, 93
Matching segment, 90, 92
Matrix-format touch screen, 152
Mayday applications, 11, 253, 259-63: .
in future vehicles, 302
services provided, 260
MBS. See Mobile search
MCA trunked radio, 187
MDBS. See Mobile data base station
MDC 4800. See Motorola Data
Communication 4800

MD-IS. See Mobile Data Intermediate System

Mechanical gyroscope, 53
Mechanical route guidance device, 3
Medium-Earth-orbit satellite, 207
planned systems, 209
Membership function , 95, 99-100, 321-22
Memory-bounded search, 112
Memory card, 218, 232-33, 237,
275,279, 283, 301

Memory space, 132-33

MEO satellite. See Medium-Earth-orbit satellite

Mercator projection, 26-27
Meridian, 21
M-ES. See Mobile End System
Messages, 134-35
ADVANCE, 273-74
binary encoding, 287-88
communications network, 287-88
maneuver, 134-35
mobile navigation assistant, 283
transactional, 287
Metricom, Inc., 191
Metro packet switch, 189
Microcell, 184
Microwave short-range beacon, 202
Mission-critical application, 253
MNA. See Mobile navigation assistant
Mobile data base station, 194
Mobile Data Intermediate System, 195
Mobile End System, 194
Mobile navigation assistant, 266, 274
hardware, 275-81
software, 281-86
Mobile polling algorithm, 249-50
Mobile search; 198
Mobile services, 177-78
Mobile switching center, 180, 189
Mobitex system, 193, 258
Modem, mobile navigation assistant, 275
Modified Dijkstra algorithm, 108
Modified shortest-path algorithm, 109-12
Modulation, 173
Monophonic broadcasting, 197

. .Motorola, 265
. Motorola Data Communication 4800, 286, 288

Motorola hierarchical map database, 39

Motorola Integrated Dispatch Enhanced
Network, 185-91

Motorola Oncore receiver, 71-73, 89

Motorola Private DataTAC, 186

MPS. See Metro packet switch

MPT-1327, 186-87

MSC. See Mobile switching center

MS-Windows, 212

Multi-Net, 187

Multipath reflection, 221, 224-25, 246

Multiplexing channel tracking, 71

Multitasking real-time operating system, 281

Multivehicle location and navigation, 8

Multivehicle route planning, 105, 254
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Mutual exclusion, 281, 283

NAD 27. See North American Datum 1927
NAD 83. See North American Datum 1983
Naming algorithm, 285
NAMPS radio system, 182
NAMT radio system, 182
Narrowband frequency, 177, 184
National Association of Broadcasters, 201
National Police Agency, Japan, 5
Natural landmark, 220
Natural language processing, 162-63
Navigable map database, 30, 129, 246
Navigation computer, 275, 280, 282
Navigation Technologies Corporation, 35-36
Navigator, 6
NAVSAT, 74
NavTach. See Navigation Technologies
Corporation

NCP. See Network control processor
NDIS. See Network device interface specification
Network control processor, 287
Network device interface specification, 212
Network representation, ADVANCE, 267-68
Neural network, 79, 100, 162, 220
Newton-Raphson method, 70
NMT-450, 182
NMT-900, 182
Node, 19, 32, 37, 105, 109, 285
Noise

magnetic, 62

pseudorandom, 64

receiver, 70

sensor output, 76

white, 77
Noise masking, 163
Noncontact sensor, 47
Nonbhierarchical route planning, 131
Nonrecurrent traffic congestion, 270
Nonsystematic errors, odometer, 53
North American Datum 1927, 22, 33
North American Datum 1983, 21-22, 35
Northing direction, 27
NPA. See National Police Agency, Japan
NP-complete, 125

Object-oriented design
design patterns, 299
heuristics, 299
software, 298

Oc-tree, 34
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O-D flow matrices. See Origin-destination flow
matrices

ODI. See Open data-link interface

Odometer, 2, 219

defined, 51
differential, 51-53

Odyssey, 207, 209

OEM. See Original equipment manufacturer
product

Off-road conditions, 94

Off-route recovery, 135-36, 235-36

Omega, 226-27

OmniTRACS satellite, 208

Oncore receiver, 71-73, 89

On-demand route calculation, 254

OnStar, 260

Open data-link interface, 212

Open Systems Interconnection, 191, 210, 288

Operating system services layer, 281-82

Optical coupling, 47

Optical gyroscope, 53

Optimal algorithm, 107, 115

Orbcomm satellite, 208

Orbit, global positioning system, 64-65

Orientation of vehicle, 45

Original equipment manufacturer
product, 260, 262

Origin-destination flow matrices, 267-68, 290

OSI. See Open Systems Interconnection

OSS. See Operating system services

Outbound channel, 287-88

Package delivery vehicle , 249
Packet switching, 177
Paging, 176, 178-80, 301

AutoLink, 262

distributed location system, 248, 251
Parallel channel tracking, 71
Parallel model combination, 163
Parcel, 39, 283
Passive radio frequency, 202
Pathfinder, 6
Path loss, 172
Pattern recognition, 85, 100, 220
PC. See Personal computer
PCMCIA memory card, 232-33,

237, 275, 279, 283, 301
PCN. See Personal communications network
P code, 64
PCS. See Personal commuications services
PDA. See Personal digital assistance; Personal
digital assistant
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PDC, 182
PDF. See Probability density function
PDP. See Plasma display panel
Peer-to-peer messaging, 193
Periodic route calculation, 254
Permeability, 56-57
Perplexity, 162
Personal communications network, 183
Personal communications
services, 176, 183-85, 259
narrowband, 184
wideband, 184
Personal computer, 210
Personal digital assistance, 163
Personal digital assistant, 301
PET substrate, 154
Phoneme, 161
PHP cordless telephone, 183
Physical storage format, 28
Pinterra system, 227
Planning criteria
heuristic search, 114
route following, 133-35
route guidance, 132-33
route selection, 106
Plasma display panel, 5, 148-49
Pneumatic gyroscope, 53
POIL. See Points of interest
Point, 18, 106
Points of interest, 245
Point-to-point protocol, 212
Polling algorithms, 249-50
Polling loop, 249
Position accuracy, GPS, 65
Positioning, 7, 9, 26
absolute sensors, 56-75
dead reckoning, 4546
defined, 43
generic module, 44
importance of, 4345
relative sensor, 46-56
satellite-based, 43
sensor fusion, 75-79
stand-alone, 43
terrestrial-radio-based, 43
Positioning measurement, DGPS, 67-71
Positioning process, application layer, 283, 285
Positioning sensor
angular, 313, 315
linear, 313-14
Possibility, in map matching, 100

PPP. See Point-to-point protocol
PPS. See Precise Positioning Service
Precise Positioning Service, 64
Precision orbit, 74
“Prepare” message, 134-35, 166
Pretrip route guidance, 129
Private land mobile radio, 176, 185-91
conventional, 185
integrated Dispatch Enhanced Network, 188-91
specialized mobile radio, 185, 188
trunked, 185-87
PRN. See Pseudorandom noise
PRO. See PROfessional channel
Probabilistic map-matching algorithms, 86-94
Probability density function, 90
Probe, 49, 254, 256-57, 269-70, 289
Probe report, 286
Probe vehicle, 139
Process, ADVANCE data development, 270, 272
Production rules, 79
PROfessional channel, 198
Program for a European Traffic with Highest
Efficiency and Unprecedented Safety, 6
Programme for Mobility and Transportation
in Europe, 6
Project management, 297
PROMETHEUS. See Program for a European
Traffic with Highest Efficiency and
Unprecedented Safety
PROMOTE. See Programme for Mobility and
Transportation in Europe
Protocols, network interface, 210-11

. Proximity automatic vehicle location, 247
* Proximity beacon, 205

Pseudorandom noise, 64

_.Pseudorange measurement, 67-69

PSF. See Physical storage format

PSTN. See Public switched telephone network
Public switched telephone network, 178-80
Pulkovo 42, 22

Push button, 145

QAM. See Quadrature amplitude modulation
Quadratic time, 106, 108

Quadrature amplitude modulation, 189
Quad Sheet, 33

Quad-tree, 34

RACS. See Road Automobile Communication
System

Radio Broadcast Data System, 201

Radio data network, 176, 191-96
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Radio data network (continued)
ARDIS, 192-93
cellular digital packet data, 192, 194-96
RAM, 192-94
Ricochet, 192
Radio Data System, 198-201
Radio Data System-Traffic Message
Channel, 10, 11, 201, 302
Radio frequency communication, 74, 202
Radio frequency coverage prediction, 286-87
Radio frequency modem, 275, 281, 283
Radio link protocol, 191
Radio Technical Commission for Maritime
Services, 201
RAIM. See Receiver autonomous integrity
monitoring
RAM Mobile Data network, 191-94, 196, 258
Range correction vector, 73
Rapidstaticsurvey, 73
Raster encoding, 18, 244
Rate-integrating gyroscope, 53
Rate-monotonic scheduling, 298
Rate-sensing gyroscope, 53 *
RBDS. See Radio broadcast data system
RD-LAP modem, 288
RDN. See Radio data network
RDS. See Radio Data System
RDS-TMC. See Radio Data System-Traffic
Message Channel
Real-time heuristic search, 124
Real-time kinematic survey, 73
Real-time route guidance, 130
Real-time traffic data, 290
Real-time traffic information, 291-92
Real-time travel time, 274
Receiver autonomous integrity, 71 .
Receiver clock, 67, 69-70 T
Receiver quality, 171, 173
Receivers, global positioning system, 66-67
complicated navigation, 23233
errors, 71-73
evaluation, 71
frequency stabilization, 73
future vehicle use, 301
fuzzy-logic-based algorithms, 99
geodetic surveying, 73
map matching, 89, 100
mobile navigation assistant, 275, 281
sensor calibration, 102
technology, 228
time synchronization, 73
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Receiver sensitivity, 173
Reconfigurable feedback display, 237
Reconfigurable steering wheel control, 237
Redundancy, 174
Reference coordinate systems, 20~22
geocentric, 22-23 '
geodetic, 23-26 |
Mercator projection, 27 !
UTM projection, 26-28
Reference ellipsoid, 22-23, 33
Reflection, touchscreen, 155
Relative sensor
to detect magnetic anomaly, 61
gyroscope, 53-56
Hall-effect, 49-50
transmission pickup, 47-50
variable-reluctance, 4749
wheel, 50-53
Remote Emergency Satellite Cellular
Unit, 260-62
Rental vehicle, 230
Replanning, route, 136, 236
RESCU. See Remote Emergency Satellite
Cellular Unit
Resistive touch screen, 152
RF communication. See Radio frequency
communication
Ricochet radio data network, 191-92
RLP. See Radio link protocol
Road Automobile Communication System, §
Road map, first U.S., 2
Road network, 18-19
Roadside assistance, 253
Road sign, 2
Robotics, 112,220
Robust parameterization, 163
Rocker switch, 145
Rotary selector switch, 145
Rotary variable differential transformer, 315
Rotating shaft, 47, 50
Rotational ellipsoid, 21
Rotational mechanism, 156
Roundabout, 235
Route following, 130, 133-35
Route guidance, 8
AutoLink, 262
automatic vehicle location, 245, 253
complex criteria, 235-36
dynamic, 136-41, 290-92
en route, 130-35
fuzzy logic rules, 324-25 .
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mobile navigation assistant, 274, 285
off-route, 135-36
pretrip, 129
Route map, 156, 235, 277-79
Route planning, 8, 105-7
ADVANCE, 290
bidirectional search, 118-22
complex criteria, 234-36
complicated navigation, 218
heuristic search, 112-17
hierarchical search, 122-23
mobile navigation assistant, 274, 285
other algorithms, 123-25
shortest path, 107-12
static profiles use, 267
Route selection criteria, 106
Routing
host, 193
peer-to-peer, 193
RTCM. See Radio Technical Commission for
Maritime Services
RTK survey. See Real-time kinematic survey
R-Tree, 34
Rules, in fuzzy-logic-based algorithm, 95-99
Running time, 42, 106, 108,117
bidirectional search, 119
hierarchical search, 123
RVDT. See Rotary variable differential
transformer

SA. See Selective availability

SAE. See Society of Automotive Engineers

SAP. See Secondary Audio Program

SARQ. See Selective automatic repeat request

Satellite-based technologies, 43, 84,
205-7,228-29, 248

Satellite clock, 67, 69-70

Satellite paging, 208

Saturation, 57-58

SC. See Stochastic coding

SCA. See Subsidiary Communications
Authorization .

Scale factor, 51-53, 55, 102

Screen function, data fusion, 270

SDA. See Specification of data acquisition

SDC. See Specification of data content

SDL. See Specification and Description Language

SDTS. See Spatial Data Transfer Standard

Search depth, 112, 116-17

Search horizon, 124

Secondary Audio Program, 198

Segment, 19, 32, 37, 105, 285

SEI See Software Engineering Institute
Selective automatic repeat request, 174
Selective availability, 65-66, 70, 100, 218, 228
Self-recovery ability, 102
Semaphore, 282
Semi-deterministic algorithms, 85-86
Semi-kinematic survey, 73
Sensor anomaly, 101-2
Sensor calibration, map-aided, 101-2
Sensor controller, 275
Sensor fusion, 44
complicated navigation, 232
Kalman filter, 76-78
other methods, 78-79
simple filter, 75-76
Sensor polling, 283
Sensors
absolute, 56
global positioning system, 63-75
gyroscope, 53-56
Hall-effect, 49-50
magnetic compass, 56-63
noncontact, 47
relative, 46
transmission pickup, 47-50
variable-reluctance, 47-49
wheel, 50-53
zero-speed, 50-51
Serial line Internet protocol, 212
Service information, 245
Shaft, rotating, 47
-+ ‘Shape point, 19
" Shape segment, 19
Shortest path, 105
-~ Dijkstra’s algorithm, 107-9
Dijkstra’s algorithm modified, 109-2
Short Message Service-Service Center, 191
Short-range beacon, 4, 202-5, 220, 247-48,256
Short-term fading, 173
SIF. See Standard Interchange File
Signal blockage, 224-25
Signpost, 247
Simple in-vehicle location, 218-19
Simplex centralized location system, 239
Simplex communications link, 170
Simulated annealing, 112
SINAD method, 173
Single-origin shortest path, 105
Single-vehicle route planning, 105
Slide switch, 145
SLIP. See Serial line Internet protocol
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SmartNet II, 187
SmartZone, 187
SMR. See Specialized mobile radio
SMS-SC. See Short Message Service-Service
i Center
Society of Automotive Engineers, 32
SOCRATES. See System of Cellular Radio for
Travel Efficiency and Safety
Software Engineering Institute, 297
Software methodology selection, 298
South-pointing carriage, 2
Space complexity, 107
Space segment, global positioning system, 63
Spatial Data Transfer Standard, 31-32
Speaker, 275
Speaker-dependent speech recognition, 161
Speaker-independent speech recognition, 161
Speaker verification, 159-60
Specialized mobile radio, 185, 188, 251, 259
Specification and Description Language, 299
Specification of data acquisition, 29
Specification of data content, 29
Spectral mapping, 163
Spectral substraction, 163
Speech coding, 159-60
Speech recognition, 159-64
complicated navigation, 218
connected-word, 160
continuous-speech, 160
isolated-word, 160
speaker-dependent, 161
speaker-independent, 161

complicated navigation, 218
concatenation, 164-65
formant, 164-65
Spoken input, 163-64
SPS. See Standard Positioning Service
Stand-alone location, 219-21
Stand-alone positioning, 43
Standard Interchange File, 35
Standard Positioning Service, 64—-66
STARFIX, 74, 228
State-based filtering, 163
Static map database, 233, 254
Static postprocessing survey, 73
Static route planning, 136-37, 139
Static trafficinformation, 267-68,
270, 272, 290-91
Static travel cost, 136-37
Statistical decision theory, 79
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Speech synthesis, 159-60, 164-66 o

Steering wheel control, 237
Stereophonic broadcasting, 197
STIC broadcast subcarrier, 198
STN. See Super-twisted nematic
Stochastic coding, 190
Stolen-vehicle recovery, 253
Storage device, 232-33
Store-and-forward switching, 177
STR. See Swedish Telecom Radio
Stream networking interface, 211
Structured-design software, 298
Subsidiary Communications Authorization, 196
Super-twisted nematic, 149
Swedish Telecom Radio, 198
Switching
circuit, 177
hybrid, 177 *'
packet, 177
store-and-forward, 177
Synchronization, mobile navigation
assistant, 283
Synchronous protocol, beacon system, 205
System architecture
importance of, 215
integration, 9
quality, 297
Systematic errors, odometer, 53
System of Cellular Radio for Travel Efficiency
and Safety, 258
System specifications, 297

TACS cellular radio, 182

Talkgroup, 186-87

TANGO, 258

Target wheel, 50

Tasks, ADVANCE data development, 270, 272

TCP/IP. See Transmission Control
Protocol/Internet Protocol

TDMA. See Time-division multiple access

TDOA. See Time difference of arrival

Tele Atlas, 35

Telematics Applications for Transport and
Environment, 6

Telepath 100 radio, 237

Television, 196-97, 237

Template, speech recognition, 161

Terrestrial-radio navigation, 43, 84, 221, 226-28

angle of arrival, 222-25 |

errors in, 227 [

performance comparison, 242 '

time difference of arrival, 222-28

time of arrival, 222
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TFT. See Thin-film transistor
Thin-film transistor, 149
Three-dimensional Cartesian coordinates, 24-26
3D display, 157
Throughput, 174-75, 258
TIC. See Traffic information center
TIDGET, 247
TIGER, 33
Time accuracy, 65
Time complexity, 107, 117, 123
Time difference of arrival, 222-28, 241, 244
Time-division multiple
access, 177, 181-82, 190, 204
Time of arrival, 67, 222, 241, 244
Time synchronization, 73, 223-25
TLI See Transport layer interface
TMC. See Traffic Message Channel
TOA. See Time of arrival
Toggle switch, 145
Tokyo datum, 22
Tone wheel, 50
Top-down approach, 9
Topography. See Geographic topography
Touch screen, 145
calibration, 154-55
complicated navigation, 218, 234
general guidelines, 151-54
index of refraction, 155
map display, 229
mobile navigation assistant, 276
reflection, 155
Traffic assignment model, traditional, 269
Traffic congestion, 1, 257-58, 270
Traffic data process, application layer, 283
Traffic delay, 139
Traffic flow model, 139
ADVANCE, 267-74, 290
static, 267-68
Traffic information
dynamic, 2385, 267, 269-70, 272, 290-91
static, 267-68, 270, 272, 290-91
Traffic information center, 243, 266-74
database structure, 272
user interface, 272

" Traffic management, 202, 257-58

Traffic Message Channel, 10-11, 201, 302
Traffic-related function, 267, 271, 288
Trajectory matching, 93

Transactional messaging, 287
Transceiver, integrated, 237

Transmission Control Protocol/Internet
Protocol, 211-12
Transmission pickup, 47-50
Transmitter power, 171
Transponder, 206
Transportation management center, 243
Transport layer, 210-11
Transport layer interface, 211-12
Transverse Mercator projection, 27
Travel cost, 106, 110, 114
bidirectional search, 121
dynamic, 254
dynamic route planning, 137, 139
static, 136-37,254
Traveling-salesman problem, 124-25
Travel time
real-time reports, 274
as route-planning cost, 139
Travel time file, 290
Travel time prediction
ADVANCE, 270, 272, 290
mobile navigation assistant, 283
TravTek, 6
TRF. See Traffic-related function
Trial-and-error region, 90
Triangulation, 222, 240
Trilateration, 224
True north, 56
Trunked mobile system, 177
Trunked private land mobile radio, 185-87
Trunked voice and data radio systems, 186-87
Truth-in-Labeling Standard, 32-33
Truth value, 95, 323-24
Turn arrow, 156, 235, 277-79
Turn-by-turn guidance, 218, 296

_Turning delay, 40, 290
- Turning movement, 290

TV. See Television

2D display, 157-58

2dRMS, 64

Two-way communications, 292

U-D covariance factorization filter, 77
Ultrasonic device, 254

Unfamiliar drivers, 291

Unidirectional heuristic search, 120
Uniform-cost search, 109-12

United States, market forecasts, 10-11, 296
Universal time coordinated, 73

Universal Traffic Management System, 5, 256
Universal Transverse Mercator, 22, 253, 309-12
Universal Transverse Mercator projection, 26-27
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UNIX, 210-11

Uplink, satellite, 206

URA. See User range accuracy

User interface, ADVANCE, 272-73

User interface module, 218-19

User range accuracy, 66

User segment, 63

U.S. Geographical Survey, 33

USGS. See U.S. Geographic Survey

UTC. See Universal time coordinated

UTM. See Universal Transverse Mercator

UTMS. See Universal Traffic Management
System

Vacuum fluorescent display, 148-49
Variable-reluctance position sensor, 281
drawbacks, 48—49
electromagnetic force, 47-48
Variance-covariance matrix, 86, 88
VBI. See Vertical Blanking Interval
Vector encoding, 18, 244
basic representations, 18-20
Vector excited speech coding, 190
Vector matrix, 70
Vector sum excited linear predicting, 190
Vehicle, Road and Traffic Intelligence
Society, 5, 296
Vehicle heading, 51-52, 83
Vehicle identification number, 245
Vehicle Information and Communication
System, 5, 259
Vehicle location and navigation systems.
See Autonomous location and
navigation; Centralized location
and navigation L
Vehicle location probability area, 89
Vehicle routing problem, 125
Vehicle-to-roadside communications, 202, 256
Vehicle-to-vehicle communications, 202, 301
Velocity, vehicle, 45-46
Velocity accuracy, 65
Velocity measurement, DGPS, 71
Vertical Blanking Interval, 198
Vertice, 106
VERTIS. See Vehicle, Road and Traffic
Intelligence Society
Very high frequency, 74
VESC. See Vector excited speech coding
VED. See Vacuum fluorescent display
VHF. See Very high frequency
Vibration gyroscope, 53-55
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VICS. See Vehicle Information and
Communication System
Video image, 254
VIN. See Vehicle identification number
Virtual device Driver, 212
Vision enhancement, 301
Visitor location register, 189
Visual display, human-machine interface, 145
design considerations, 156-58
technologies, 146-51
touch screen, 151-55
Visual instruction, 235
VITASAT satellite, 209
VLPA. See Vehicle location probability area
VLR. See Visitor location register
Voice-activated control, 237
Voice-based interfaces, 158-60
speech recognition, 160-64
speech synthesis, 164-66
Voice guidance, 5
Voice recognition, 145
VSELP. See Vector sum excited linear predicting
VxD. See Virtual device Driver

WADGPS., See Wide-area differential global
positioning system
Weekday time period travel, 269
Weighted averaging, 79
WGS 72. See World Geodetic System 1972
WGS 84. See World Geodetic System 1984
Wheel monitoring, 47
Wheel sensor, 50-53
Wide-area differential global positioning
system, 74
Wideband frequency, 177, 184
Windows NT, 212
Wireless communications, 8-9
ADVANCE, 265
automatic vehicle location, 243
broadcast subcarrier, 196-201
cellular, 180-83
dynamic database updating, 233
existing types, 175-78
introduction to, 169-70
integrated Dispatch Enhanced
Network, 188-91
mayday system, 260
paging, 178-80
personal communications services, 183-85
private land mobile radio, 185-91
radio data networks, 191-96
satellite, 205-7
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short-range beacon, 202-§
Wireless communications subsystem

attributes, 170-71

capacity, 174-75

connectivity, 175

cost, 175

coverage, 171-74

integration, 207, 210-12
Wireless data update rate, 242
Wireless E911, 240, 24344, 259, 302

mandatory requirement, 259
Wireline communications, 169-70

World Geodetic System 1972, 22
World Geodetic
System 1984, 21-22, 64, 233, 253
World Radio Communications Conference, 207
World Wide Web, S, 9, 263, 292, 302
WRC Conference. See World Radio
Communications Conference
WWW. See World Wide Web

Zero-speed sensor, S0-51
Zhenduo Wang, 2
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