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PREFACE

This document on Automatic Vehicle Monitoring Systems presents the
results of work supported by the National Science Foundation. It was spon-
.sored under an-interagency agreement with the National Aeronautics and Space
Admlnistrgtlon' through Contract NAS 7-100. Pomnts of view and opinions
stated 1n this document are those of the authors and do not necessarily repre-

sent the official position of the sponsoring agency.
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FOREWORD

This report was prepared for distribution to public safety planners for
the purpose of providing them with a compact source of information regarding
improvements in efficiency and cost benefits obtainable with various classes
of operational and proposed automatic vehicle monitoring (AVM) systems. An
AVM system can contribute to emergency patrol effectiveness by reducing
response times and by enhancing officer safety as well as by providing essential
administrative control and public relations information. This complete report
and the Executive Summary (Vol. 1) were prepared by the Jet Propulsion
Laboratory of the Califorma Institute of Technology using the results of studies

sponsored by the National Science Foundation.

Special computer programs are described which can simulate and
synthesize AVM systems tailored to the needs of small, medium and large
urban areas. These analyses can be applied by state and local law enforcement
agencies and by emergency vehicle operators to help decide on what degree
and type of automation will best suit their individual performance requirements
and also the possible reduction in the number of vehicles needed which could

substantially reduce operating expenses,

G. R, Hansen
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ABSTRACT

A set of planning guidelines 1s presentéd to help law enforcement
agencies and vehicle fleet operators decide which automatic vehicle monitoring
(AVM) system could best meet their performance requirements. Improvements
in emergency response times and resultant cost benefits obtainable with various
operational and planned AVM systems may be synthesized and simulated by
means of special computer programs for model city parameters applicable to
small, medmum and large urban areas. Design characteristics of various AVM
systems and the implementation requirements are illustrated and costed for
the vehicles, the fixed sites and the base equipments. Vehicle location accur-
acies for different RF links and polling intervals are analyzed. Actual appli-
cations and coverage data are tabulated for seven cities whose police depart-
ments actively cooperated 1n the JPL study. Volume 1 of this Report is the

Executive Summary. Volume 2 contains the results of systems analyses.

G. R. Hansen
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AUTOMATIC VEHICLE MONITORING SYSTEMS
George R. Hansen

I. INTRODUCTION

In this report, the results of the first phase of a three-phase program
to aggregate exasting information on Automatic Vehicle Monitoring (AVM)
Systems are presented in terms of performance, urban characteristics,
operating modes, and cost in a way that will assist prospective AVM User
Agencies to make valid comparisons and selections from among the many com-
peting AVM techniques and AVM Systems. This phase (Phase 0) of the study
was performed by the Jet Propulstion Laboratory (JPL) for the National Science
Foundation (NS¥}. As originally conceived by NSF and JPL, the AVM Systems

study program would include the following three phases:

Phase 0 Problem Definition and Derivation of AVM System Selection
Techniques (in this Report)

Phase I Critical Research and Verafication of the Efficacy of AVM
System Selection Techniques Through Computerized System
Simulation.

Phase II Proof of Concept Experiment Demonstrating the Efficacy of

Selected AVM Systems in Urban Environments.

In brief, the Phase 0 research was concentrated in three areas: (1)
Compilation of a broad information base on AVM technology and urban char-
acteristics, {(2) adaptation of computerized analytical techniques needed in the
AVM System selection process and in cost benefit trade-offs, and-(3) applica-
tion of AVM System selection process by manual iteration to small, medium

and large model cities.

Frequent reference 15 made 1n this Report to "AVM techniques' and
"AVM Systems'. The term "AVM technique' 1s used to denote the technology
required to acquire a fix on a vehicle, while "AVM System' is used to denote
the integration of all functional elements required to locate and keep track of

vehicles 1n some automated fashion.



II, SUMMARY OF AVM SYSTEMS STUDY RESULTS

A, WORK ACCOMPLISHED IN PHASE 0

A broad range of information concerning automatic vehicle momitoring
(AVM) was compiled from the existing literature, including: (1) Various
vehicle location sensing techniques, (2} all functional elements of the total
. AVM system, and (3) various sized cities with representative geography,
topology, demography and urbanology. The information obta:.ne;d from the
literature was supplemented by data obtained directly from police department
representatives of seven Southern California cities that participated in the User

Group Advisory Committee (UGAC).

Several computerized analytical techniques were developed. City models
representative of those characteristics that affect AVM selection were devel-
oped for use in the general cost benefit solutions. An analytical technique for
predicting vehicle polling rates achievable for the various location sensing
techniques 1n a full AVM system configuration was also developed., Algorithms
were developed to estimate the accuracies achievable by a large variety of

AVM systems using the probabalistic distributions for three independent var-

‘iables: (1) vehicle speed, (2) inherent accuracies of location sensing techniques,

and (3) vehicle polling intervals,

Preliminary analyses were performed to determine first-order cost
estimates for AVM Systems as a function’of the various vehicle location sensing
technique s when used in small, medium and large cities, Preliminary analyses
of the accuracies achievable with various AVM systems were also performed.
Various AVM system configuration options were developed, and promising

options were exarmined for possible cost benefits to seven UGAC cities.
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B. PRELIMINARY CCNCLUSIONS

1. AVM Class should indicate effects on urban environment. From the

viewpoint of the prospective AVM system user, the traditional classifications
of vehicle locating systems (1.e., piloting, deadreckomng, triangulation, tri-
lateration, and proximaty) do not necessarily reflect the impaet of an AVM
installation on the local urban scene. It is believed that the prospective user's
needs would be better met if vehicle monitoring classifications were based on

system element types and functions as follows:

Class 0 Manual Monitoring, No AVM

Class 1 AVM, No modification to the urban environment.
{existing RF links)

Class II AVM., Autonomous signposts throughout urban area

Class III AVM, Sparsely distributed special RF sites
Class IV AVM. Monitored signposts throughout urban area

2. AVM cost benefits obtainable by medium and large cities. The pre-

liminary cost analysis indicates that the cost benefit break-even point occurs
for a medium sized city with an area of about 100 — (40 mlz) and with roughly
50 vehicles, In other words, cities larger in size could expect a positive and
increasing benefit with size, up to a certain point. Conversely, cities below
this medium size probably would not realize any cost benefit, This conclusion

was based on 5-year estimates of AVM system costs and savings.

3. No cost henefits derived from monitored signpost systems. None of

the Class IV systems produced a cost benefit for the cities studied, generally
because the rental rates on telephone lines raise the equipment costs

excessively.

4, AVM System accuracies greater than technique accuracies. In

general, the 95% total system accmira.cy’ can be expected to be significantly
greater than the inherent accuracy of the location sensing technique. Usually

the system accuracy 18 no less than three times the inherent technique accuracy,



5. Vehicle polling intervals determine AVM system accuracies, It

appears that the polling interval will dominate system accuracy and that the
polling interval can only be shortened at the expense of RF resources dedicated_
to AVM purposes. Because of the present and predicted future demand on RF

resources, this is one area that demands optimization.

6. Critical research required for verification of selection technique,

The results of the first phase of the AVM study effort should be used with

caution and should not be construed as specific recommendations at this point.
The second phase of the analytical work should be completed to verify the
results of the first phase.

C. PRCGRAM RECOMMENDATIONS

1. Itis recommended that the second phase (Phase I) of the AVM Systems
study proceed.

2. Itais further recommended that mission agencies such as the Law
Enforcement Assistance Adminmistration (LEAA) and/or the Department of
Transportation (DOT) sponsor the Proof of Concept Experiment, or third phase.
The tests presently planned jointly by the city of Los Angeles and DOT could
effectively serve this purpose. This could be accomplished by closely coordin-
ating the analytical techniques developed in this study with the Los Angeles
Police Department, the Southern California Rapid Transit District, LEAA and
DOT and making the analytical tools available to the city for use in the design

of the experiment.



III, CLASSES OF AVM SYSTEMS

A, CLASSIFICATION RATIONALE

Traditionally, AVM systems have been classified in the literature
according to the method used to locate the vehicle within an urban area. Recog-
nizing that all AVM systems have certain elements in common and that some
systems have unique elements, an alternate classification scheme was devel -
oped for the purpose of this study. This classification not only 1inplies the
type of AVM system but also suggests the physical impact that the system
elements and functions will have on the local urban environment. The following

groupings of system elements suggested the classification scheme:

Functional Elements Common to All AVM Systems

(1) E=xisting communications system,

(2) Vehicle polling subsystem,

(3) Landline data links.

(4) Telemetry data/polling handler.

(5) Telemetry link {common to most).

(6) In-vehicle equipment, such as data processor, telemetry data
encoder, polling processor, and signpost sensor

(7) Vehicle location computer.

(8) Information display subsystem.

Functional Elements Unique to Specific AVM Systems

(9) Autonomous signposts; signpost sensor in vehicle (Class II).
(10) Fixed synchromzed RF transmatter sites (Class III).

(I11) Monitored signposts, vehicle sensor on signpost {(Class IV).

A discussion of each of these AVM functional elements follows:



1. Existing communications system. As a practical consideration, AVM

systems will probably be integrated with the existing voice communication and
vehicle polling RF links, especially for the telemetered location data between .

the vehicle and the dispatch center.

2. Vehicle polling subsystem. This interrogation device or procedure

enables the vehicle location computer {(VLC), described in Element 7, to know
which vehicle corresponds to which set of location data. Polling may be either
an operating procedure or an active element that allows the dispatcher to obtain

locations of specific vehicles.

3. Landline data link. This data link 1s a landline supplying data to the

VIC (Element 7). It may either be relatively short, leading from the telemetry
data /polling handler (Element 4) to the VLC, or it may be quite extensive,
collecting data from monitored signposts throughout the covered urban area,

or 1t may be somewhere in between these in its extent, bringing data from a
relatively small number of fixed RE sites.

x

4, Telemetry data/polling handler, This device is included because

AVM systems deal with data that are different {e. g., digital) in character from
that used by the dispatcher i voice communication with the vehicles. Further-
more, if the vehicle polling subsystem (Element 2) provides for selective
polling, then there are likely to be corresponding additional requirements on

the communication system.

5. Telemetry link, Since it is tacitly assumed that the AVM system will

not restrict the mobility of the fleet vehicles, some kind of communication-at-
a-distance is essential. In some systems, the telemetfry link is assumed to
share or be in addition to the RF link now used for voice communications. In
other systems the telemetry path might be between the vehicles and sparsely
distributed synchronized RF sites. In still other AVM systems, the telemetry
path may be relatively short, being only from the vehicles to signposts distrib-
uted throughout the urban area. In that case, the transmission medium could

conceivably be somc, optical, or even magnetic, instead of radio.



6, In-vehicle equipment. Depending on the AVM system, some or all

of the four following devices may be carried in the vehicle.

a. Vehicle data processor. This device receives raw vehicle

location data either from the officer or from signpost sensors. It does what-
ever data processing is done on-board, then adds the vehicle i1dentification
data, and passes this information along to the telemetry data encoder, described

next.

b. Vehicle telemetry data encoder. This device puts the vehicle

location data supplied by the vehicle data processor into the telemetry link
(Element 5).

c¢. Vehicle polling processor. This device enables the vehicle to

respond properly when polled, and may range in complexity from a clock to

an RF signal decoder.

d. Signpost sensor. Where the densely distributed autonomous

signpost concept 1s used (Class II), the signpost sensor must be carried in the
vehicle. This sensor is required to read the signpost ID/location. Location
data may be acquired by coded optical, infrared, sonic, or magnetic means

besides radio.

7. Vehicle location computer (VLC). This device transforms the vehicle

location data into location points or coordinates for use by the information dis-
play subsystem (Element 8). It also informs the display subsystem as to the
1dentity of the vehicle to which the location data belongs, The VLC may also
interface with the Computer-Aided Dispatch System,

8. Information display subsystemn. This device indicates to the

dispatcher where the vehicles are currently located (or were when last polled).
It may also identify the vehicle's status. As in the case of manual aids used
for vehicle location in Class 0, the possible range of complexity and sophisti-
cation may range from a simple printer to an elaborate electro-optical device
supported by a computer. It should be noted that the display subsystern is vir-

tually independent of the location technique used.
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9. Autonomous signposts used in Class II AVM, Each autonomous

wayside or buried signpost has a location ID and must be recognizable and
readable by the signpost sensor in the vehicle. The signpost telemetry link to

the vehicle may be by radio, pulsed light, infrared, somc, or magnetic means.

10. Fixed synchronized RF transmitter sites used in Class III AVM,

These RF sites are a relatively small number of special-purpose transmitters
which broadcast synchronized signals that can be used to determane the loca-
tions of receivers on vehicles by means of navigation techniques, The char-
acteristics of these signals could be FM phase, pulse, or noise correlation.
Some of these sites may also receive retransmitied signals from the monitored

wvehicles,

11, Monitored signposts used in Class IV AVM. Each monitored wayside

or buried signpost requires a vehicle sensor that will transmt the vehicle's
ID data received and also identify 1ts own location to the central collection
station. These signposts may sense vehicle motion, or they may detect pulsed
light, infrared, or ultrasonic signals or receive RF signals through buried

antennas.

B, AVM CLASS DESCRIPTIONS

The vehicle location system classes, based on their physical impact on
the urban environment, are shown in the following list and are described in
greater detail in subsequent paragraphs and accompanying figures. For ref-

erence, the traditional vehicle location classifications are noted as indentures,

(1) Class 0 Manual Monitoring, No AVM
(a) Piloting
(2) Class I AVM. No Modification to Urban Environment (Existing
RF Links}
(a) Officer Update
(b) Dead Reckoning
(c) Navigation (Using Existing RF Beacons)
(3) Class II AVM. Autonomous Signposts Throughout Urban Area



(4) Class IIT1 AVM. Sparsely Distributed Special RF Sites
(a) Triangulation
{b) Trilateration

(5) Class IV AVM., Momnmtored Signposts Throughout Urban Area
(a)} Vehicle Proximity

1. Class 0 Manual Monitoring; No AVM. This baseline (piloting) class is

included in the listing of vehicle location techniques purely for comparative
purposes. In Class 0, the location monitoring methods {Figure 1) range from
those relying solely on the dispatcher's memory, through manually updated
mechanical and visual aids, to keyboard-updated computer displays which
keep current each vehicle's location and status based on verbal or digital

communications between dispatcher and vehicle.

2. Class I AVM with no modifications to urban environment. All AVM

systems require the installation of certain equipment in the command center
to accomplish the automation of vehicle momnitoring. All AVM systems also
require the installation of some device in or on the monitored vehicles, But

systems 1 Class I require nothing further, though they perforce utilize RF

resouyrces,
DISPLAY
) MANUAL AIDS
A o
1 .i' I...O
f
DISPATCHER

EXISTING

COMMUNICATION EXISTING

SYSTEM NAVIGATION
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AM RADIO STATION e EXISTING AM
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STATION

AR

A

-/ L
e

URBAN ENVIRONMENT

FLEET VEHICLE

S

Figure 1. Class 0 Manual Monitoring, No AVM
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A typical Class I AVM configuration 1s shown in Figure 2. Each AVM command
center must contain a display subsystem, a vehicle location computer, a
vehicle polling subsystem, and a telemetry data/polling handler, which are
described in Section IV. Each vehicle requires location sensors, a data pro-
cessor, a telemetry data encoder, and a polling processor, Class I AVM
systems are based upon a variety of location techmques and algorithms which
include the following: {(a) Officer update techniques, in which the functions of
the vehicle's sensors and 1ts data processor are performed by an occupant of
the vehicle. (b) Deadreckoning systems are included if the requisite updating
does not require the installation of fixed location reference equipment in the
environment. (c) If the AVM systems use existing navagation beacons or
AM broadcasting stations, they are also included in Class I because the

required stations are assurned to be part of the urban environment.

3. Class II AVM with autonomous signposts throughout urban areas.

The defining characteristic of Class IT AVM systems is the installation of
autonomous signposts i1n strategic wayside or buried locations at intersections
throughout the covered urban area, These location reference sites are auto-
nomous 1n that they communicate their identity only to the vehicles and not to

the cormmand centexr.
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- HANDLER AMRADIO STATION 'ﬂ
EXISTING AM
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TELEMETRY
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—7 L _

URBAN ENVIRONMENT

Figure 2, Class I AVM; No Modifications to Urban Physical Environment
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The location information provided by the signposts to the vehicle may be either
anidentification code or the geographic coordinates ofthe location. Sincethe vehi-
cle location accuracy provided by systems in Class II 1s dependent upon signpost
spacing, greater accuracy can be achieved 1n critical areas by locally increa-
sing the signpost density to one per intersection or per lane. A typical Class
II system configuration 1s shéwn in Figure 3, Signpost systems can be "pure",
in that all location information 1s deriVved from the fact that a momtored vehicle
1s (or was) near a signpost; or they can be "hybridized", wath the fact of sign-
post proximity used elither to augment, calibrate, or reimitialize the determuin-
ation of vehicle locations obtained by other means, such as odometers. If a
hybrid system does not require a data link in the environment, it s placed in
Class II. If the hybrid system requires a data link from the signposts but no
special -purpose fixed RF sites, it belongs 1n Class IV. If it has both a data

link 1n the field and special-purpose fixed sites, it is in Class III.

4. Class III AVM with sparsely distributed special RF sites. This AVM

class includes those systems that require the installation of a relatively small
naumber of special purpose fixed RF sites, where a "fixed site" either broad-
casts or receives over a relatively large urban area with a radius of 5 to 11 km
(3 to 7 miles).

DISPLAY
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4 B P
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LOCATION
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Figure 3. Class II AVM, Autonomous Signposts Throughout Urban Area
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Data links in the environment are required to maintain synchronization for
triangulation or trilateration purposes. Since the number of fixed sites 1s
relatively small, these data synchromization links could be microwave rather
than landline. Figure 4 shows a typical Class IIl configuration. It is optional
only in Class IIl systems whether the telemetry link from the wehicle be along
the existing communication system or through the-special -purpose RF sites.

In either case, RF resources are utilized for that link.

5. Class IV AVM with monitored signposts throughout urban area.

Systems in this class contain monitored signposts installed in strategic wayside
or buried locations throughout the covered urban area for the purpose of
sensing the proximity and identity of signals transmatted from vebicles. A
Class IV data link does not share the use of RF resources with the existing
communication system but uses telephone lines, which may make this class of
AVM systems very attractive for some applications. A typical Class IV

system configuration i1s shown in Figure 5.
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Figure 4, Class IIl AVM; Sparsely Distributed Special RF Sites
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IV, VEHICLE LOCATION TECHNOI.OGIES AND COSTS

A, PROVED AVM TECHNIQUES

This section contains a narrative description and a compilation of the
cost and performance parameters of operational or proved techniques used
for automatic vehicle monitoring (AVM), Schemes primarily intended for
vehicle identification, such as those used 1n rail freight or extensions of
point-of-sale methods are not included. In this report, the vehicle monitor-
ing techniques are categorized into five broad classes, based on system ele-
ment types and functions: Class 0, Manual Monitoring, no augmentation of
location information; Class I AVM, no additions to the urban environment;
Class II AVM, densely distributed autonomous signposts; Class III AVM,
sparsely distributed special transmaitting /receiving fixed RF sites; and Class
IV AVM, densely distributed monitored signposts. In Table 1, the proved
vehicle location methods are listed by AVM Class along with estimated costs
(as of 1974) for unique system-required equipments installed in each vehicle

and at each signpost or special fixed site.

1. Functional diagram correlating various AVM techniques. In order

to make equipment and cost comparisons, afunctional block diagram combining
the elements that make up all of the AVM techniques was generated. This block
diagram (Figure 6) demonstrates the equipment and functional commonality
among the various techniques. In most techmques, the functional elements can
also be physically identical, such as the location/vehicle ID/status register.
Variations in costing such elements are due to other factors, such as achiev-
able location precision, fleet size, and amount of status telemetry desired

which all affect register length but are technique independent,

Figure 6 illustrates the numerous optional methods available for
performing the vehicle location function which make AVM system comparisons
difficult., For example, the various Class I techniques can either process the
location data on the vehicle or transmat the raw data to the base station. In
the Class III techniques, the vehicles may be polled either through the normal
2 -way radio or through a special telemetry link used for vehicle location

purposes.
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Table 1. AVM Classes, Systems and Costs of Functional Elements Installed

Element Costs, $ Element Costs, $
AVM Class and System AVM Class and System
Vehicle IJ‘IXEd Site Vehicle | Fixed Site
Class 0. Manual Momtoring No Augmentation of Class II Autonomous Signposts Throughout
Vehicle Location Information Urban Area
Class I. No Modifications to Urban Environment (1} Active signposts - -
(Existing RF Lanks) {a) Radio beacens o -
{1) Officer update systems N —_— Low frequency 145 165
d, VHF 145 45
(a) Keyboard entry 120 0 Cizzen ban !
X-band beacon 160 275
(b} Stylus map 2535 Y (b) Ultrasomec signposts 170 160
{2) Dead reckoning systems I —_— {c) Optical, infrared 170 155
135 0
(a} Two accelerometers 500 o] (d) Buried antennas 12
(2} Passive signposts —_— —_—
(b} Two velocimeters b — {a) Buried Magnets 95 110
h Laser, orthogonal 715 0- (b) Reflective patterns —_
85
Laser fcompass 205 o Coded on signposts 580
Coded on roadway 135 125
Ultrasome 485 0 {c} Buried resonant loops 135 as
{c} Odometer/compass —_— _— Class III. Sparsely Distributed Special RF Sites
Magnetic compass 285 0 {1} Trilateration systems —_ ———
Gyro compass - o {a) Phase TCA —
N -band 100 5,00
(3} Nawnigation, existing beacons —_— —_ arrow-ban 0 0
Wide-band 2,965 11, 000
{a) OMEGA systems J—— _ (b) Pulse TOA 1,435 14, 500
Dafferential 1580 0 {c) Interferometer, noise 885 9, 000
2) T U ——
Relay OMEGA 455 0 {2) Triangulation systems )
(2) Rotating beams (HONORE)| —— —_—
(b} LORAN({A, C, orD) —_— _— (b) Direction finding 50 217, 500
Duifferential 2680 0 Class IV Monitored Signposts Throughout
ban A
Relay LORAN 505 0 Urban Area
1 -
{¢c) DEGCA System 1010 0 (1) Radio raceivers
(a) Wayside 135 260
{d) AM Broadcast stations 365 0 {b) Buried antennas 145 265
(2} Ultrasomc receptors 185 280
(3} Optical, infrared detectors 185 270
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| CLASS | ENVIRONMENT - NO MODIFICATIONS EXESTINCT BEACONS

OFFICER MAGNETIC MAGHETIC THREE A-M
CLASS 1l SUPDATE o Compass- SO Rl BROADCAST
SPECIAL o TER VELOCIMETER |
FIXED SITES,
SPARSELY OFFICER ACCELERD- ULTRASONIC ATIETIC OMEGA DECCA
DISTRIBUTED KEYEOARD METERS VELOCIVETERS LASER VEL RECEIVER RECEIVER
[ 1 1 1
CLASS |
CLASS | VEHICLE DEAD SIGHAL
Hono RECKOMING PAOCESSOR VEHICLE,
MOBOLATION UNIQUE
R~y
HONORE' ) ‘ HONORE SIGNAL LOCATION AND
SYSTEM SYSTEM praChAL L e TELEMETRY
TRANSMITTER(S) RECEIVER REGISTER
{TUANGULATION) 1
CLASS 1l ANALOG BALANCED
ALARM AND MEXER
ETEATION VEHICLE, IDENTITY  |—s MODULATOR
UNIQUE REGISTER t
PULSE 1 l
HDDULATION LOCAL
TRIATERATION NOI SE TRILATERATION coﬁ{a\o]- QSCELATCR
RECEIVERS TRANSMITTER ONTRO
MOEULA‘I[ON
i .
I POLLING/VQICE
o _oﬁe_" CLASS |, II, Il VEHICLE
N BASE . "NX%“— VEHICLE . s
I mgome rOLIRGLIOKE . (\T7 | i |
VOICE/DATA syncHRONOUS | | commanDED RANDOM
reuavis = } ' — PBHEIE oL (EC I
DETECTOR
I e I EXISTING 1
STATION
TATIO! EQUIPMENT
y DEMOBULATOR
POLLING, UNIQUE EQUIPMENTS
POLLING
MICROMaE MODEM | MESSAGE BASE STATION EQUIPMENTS

DATA »]| LOCATION DISPLAYS/
COLLECTION COMPUTE? KEYBOARDS

1 i LAND LINE
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CLASS ll AUTONOMOUS SIGNPOSTS THROUGHT URBAN AREA

FLASHING BURIED
e | | e | [ ] [ s | [osmmae] [ 7 | | o | [ mse | | R
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—RECEIVER RECEIVER
| i ! l | ) J I |
CLASS N VEHICLE, UNIQUE EQUIPMENTS FOR VARIOUS SYSTEMS
VEICLE
IDENTITY
T
ISTER
CLASS IV ]
VEHICLE UNIQUE EQUIPMENTS
MODULATOR T 1 _r |
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l LAND LINES
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Class I, II, and III techmques may use any of the various vehicle polling
techniques. Polling does not apply to the Class IV monitored signposts. The
consideration of which polling method 1s to be used may depend heavily on
whether or not equipments requiring digitral communication have already been

installed.

2, Technical and cost parameters. Virtually every technical perfor-

mance and cost estimate parameter of a particular vehicle location technique
is system-dependent. The AVM system accuracy, the numbers of fixed sites,
the message lengths, the data rates, the base station computing, the informa-
tion displays, software, and RF¥ channel requirements are all functions of the
particular application. Some functional elements and performance factors can
be determined to a laimited extent, such as the cost and coverage radius of the
various signposts, RF beacons and trafiic presence sensors in Classes II, III,
and IV; and also the cost and minimum message requirements of the vehicle
sensors and data processors in Class 1.

In order that cost estimates could be made for the various AVM tech-
niques, extremely simplified block diagrams of the unique functional elements
associated primarily with the vehicle location process were developed. That
1s, only the vehicle sensor and AVM fixed sites associated with the particular
technique were considered., These cost figures accompany each of the descrip-

tions and comsiderations of the method i1n the following section.
B. AVM COST CONSIDERATIONS

In addition to the costs associated with the vehicular and fixed site
functional elements required for the basic location process, there are the
costs of yearly maintenance and vehicular radio additions or modifications for
transmitting and receiving AVM signals. Estimates of the vehicular costs
{(as of 1974) for each class of AVM are presented in Table 2. In this table,
the radio cost and the radio modification columns represent optional choices,
That is, the radio modification cost 1s not applicable where a separate radio
for AVM signals i1s selected.

The costs for fixed sites equipment, installation, operational mainten-
ance, data link, and mileage charges per mile per month are summarized in

Table 3 for Classes 1I, III, and IV.
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Table 2, Vehicle Equipment Costs* for All AVM Classes and Systems

HEHCOST
ML COsTS PER VMEHICLE IH L

TECHHICUE SEHSOF FFROC.  FRDIO  FAD.HOD I=T -1

CLAS= T

FEVEDARTD 55 S 1280 55 i 14
STYLUS HAP SdiaS a5 1z00 w1s] s 27
c-ACCEL EFOHETERS S8 106G 1204 e 164G oo
LASEP NICLOC INHTR S 1000 12030 SES 135 i%a
LULTFASOMIC HELD =0 a0 1280 200 100 150
CONPRSS GOOHETER CES 1830 1208 SE0 x| S8
COHPRSS LASER 1ICL =55 1050 iZan Zan 1=0 BT
CHPSS U-S0HIC NEL I 1838 1a6a0 P8 {5 185 el |
GHEGH SE00 3] 108G R[S HH Y TS
LOPAH KK 0 1204 b %) By TR
TIECTA TN K i2an RIS ail ]
Af-STATIGHS = o becns 5| iy =
DIFF. ONEGH ] R[5 o 1280 2Aa0 | ]
DIFF. LOPAH CERa g 1230 c'i0 S0 5
OIFF. AN-STH. 315 a 1200 150 50 =0
FELRY OHEGA B & 1288 1535 A 18
FELAY LOFAN 255 a i 150 a4 1463
CEASS 11

BUFIED FEZ. LOOPZ =0 3 1780 =4 5 13
FEFLECTING SIfts % 30 5 izG0 5 iad ~H
FEFLECTING FORD 5 i 1280 S| 513 1=
LBARMD POST 154 5] i&a0 ik i 1m
HF « UHF p0OsT 1G5 iy 1206 5] =y 1a
LE PO5ET 1ag ] 12040 i S i%
LIGHT I-F POST a5 0 12840 s e &5
BUFIED HAGHETS 50 5] 1z80 50 =5 il
ULTFAESONIC POST 2o Q A2an a0 Ehal o
TFAFFIC <EHSOF o g 7 12040 18 S 1A
CLA=ZS 111

HARF-ZAHD Fi1 PHASE = ¥ {80 165 30 =5
HID-BAHD FH FHARSE cEr S 5 5 Eis 10 &5
FULSE T-0O-ARFINAL S5TS a N} g 150 O
HOISE COFPELARTION TES 5] 5| Ly 145 =5
DIPECTION FIHDER 25 i £ L5 ig 5
LLEss 11

TRAFFIC LOonps a0 x| | ] 55 id
HAYSIDE PADIO TS i 5 a < 15
PHOTO I-F DETECT 115 5 5 ¥ ~Q 15
ULTFASOHIC DETECT 125 3] 5} £ =3 1=

* Costs as of 1974,
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Table 3. Fixed Site Costs¥ for Class II, III, and IV AVM Systems

FINEICOLT
AL EO0ST PEF SITE QR LUHITE IH
JARTH LIMHE
TELCHHIGUE EOUIP IHET =i LIEE FEHT
CLASS 1

FEYVEOARD 3 a Py 5] x|
ITYLE: AP 3 ¥} x| ) a
2—-ACCELEPONETERS g i 0 0 5}
LASER MELOC IHTE i3 o a £ 0
ULTRASOHMIC DELRD 5 a o £ i
CiofPASS ODORETER 54 K| Y 0 03
COHPASS LASER NEL 5 5| 3 5| &
CHPSS U-S00 10 PEL 3 5] £ i1 0t
tHIEGH 3 S| i 5} £
LiaFA 'y il 3 O 0
JELLA 1 g 4 i 0
A= TETIONS 5| i} 3 A x|
AIFT = OfEGH i 5| i 5 "3
OIFF= LafFAd Y i a a g
JIFF- AI-3TA- 1 a i iy 0
FELAY CHEGR 0 ] 5 3 ]
FELAY LaFAH 5 a o 0 )
CLAR= I

LiFIED #ES. LOOPRS 10 i7 o i o
FEFLECTIHG SIGHS =59 Sed it 0 X
FEFLECT It FOHD il =9 2 3 o
L-SAHD POET Zo4 = 1% o iy
HF = HHF POST ia0 35 15 £ o
LF POST 125 =% 15 5] i1
LIGHT I-8 POST o8 5 25 3 4
FIFIED MACHETS 2 5 5 gl a
UL TEAS0HIE POET 23 a5 it 0 0
TRAFFIC ZEHSOR o5 A A3 5| a X}
CLAsS I11

HEF-2AMHD FH PHARSE &0 LA 1S 25 o
HIZ-ZRHD Fit PHASE a5a0 1500 1515 cara a
PULSE T~-0-AFRFIVIAL 1=80848 P &5 500 =0[a0 5
HOI=C COFFELATION 5] ] 15058 S0 Y]S5 i
SIFECTION FIHDER a0y 15480 1288 25 =
CLASS 1IN

TRRFFIC LOOPS 145 i1z g 13 3
URTSIDE FROIO 148 113 &5 13 3
PHOTO I-F TETECT - ivg itz =5 1z 4
WLTFASOHIC DETECT 1503 11z =5 iz 3

*

Costs as of 1974,
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Additional costs associated with each AVM technique when configured as
a systemn are the base station costs and the vehicle polling system costs, given
in Table 4. The base station 1s assumed to include the wvehicle location compu-
ter, the peripherals, the dispatcher displays, software, and yearly operational

maintenance,

1. Vehicle cost parameters. Vehicle costing for an AVM system 1s a

straightforward multiplicative process of determining the total cost to equip
all vehicles in the fieet with the appropriate AVM sensor, data processor,
vehicle polling equipment, and radio modification; motorcycles are not consid-
ered. If a separate radio link 1s deemed necessary for AVM purposes, then
this additional cost must be added.

If the vehicle fleet has already been equipped with digital message entry
devices (DIMED), keyboards, ha.rd:-—copy printers, gas-plasma or cathode-ray
displays, then some of the functional elements required for an AVM system
have been established. Prior installation of digital message equipment was

not considered in the costing of vehicular equipment.

2. Fixed site costs. Site costs unique to AVM systems are considered

only in Classes I, Il and IV. In determaning the system costs, the number

of installed units must first be determined. The design algorithms for fixed
sites are dependent on the density distributions of intersections, road segments,
and lanes, and on the area to be covered.

Most of the Class II AVM techniques that rely on radio ID signals are
configured and costed on the basis of one autonomous signpost per intersectiomn.
The exception 1s the HF signpost which 1s configured on the basis of one unmit for
each four 1ntersections because of the greater coverage radius, The reflective
pattern signs techniques require two installations for each road segment because
of the geometry constraints between vehicle and sign, whereas the traffic
presence sensors require one installation for each road segment because of
the nature of the normal installation. Buried loops and magnets require an
installation per lane in each road segment. Inaddition, each installation 1s
actually a multiple 1nstallation; i.e., there must be sufficient loops or magnets
to provide adequate coding for each road segment. The cost estimates for
fixed sites were based on an average of 2.4 lanes for each road segment, 1.e.,

about 1 four-lane road for each 6 two-lane roads.
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Table 4. Base Station Co sts” for All AVM Classes and Systems
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The number of loops at each lane segment was that sufficient to provide a
unique base-2 code for each road segment. The number of magnets used 1s
half this value since spaces can be used to provide approximately half the
coding bits (magnet for "one', space for ''zero'),

Since the Class III synchronized RF sites are more sparsely distributed,
their numbers are estimated on the basis of urban area for the selected phase
and pulse time-of-arrival techniques. The radius of coverage for narrow~band
and pulse systems, based on prior tests and experiments, is set at 5 km
(3 miles). In addition, the requirement that, wherever possible, four or moré
antennas should cover the given area 1s imposed. This procedure provides
data for least-squares computation as opposed to the analytic ' flat earth' solu-
tion of vehicle location. The wide ~band antenna coverage radius is set at 11 km
(7 miles), based on prior tests. Design algorithms were established from the

rectangular model cities data as follows: !

6+ area in kxnz

Number of narrow-band and pulse sites = 10

. 2
area in km

Number of wide-band sites = 4 + 20

_The number of fixed sites in the southern California UGAC cities was
determined from geometrical gridlined overlays superposed on outline maps
of the cities. The outline and site locations for-the cities are depicted in figures
that accompany Part 2 of this Report. A minimum number of fixed sites for
noise correlation and direction finding was established, recognizing that this
number is probably insufficient for all but the smallest cities.

Class IV monitored signposts were configured and costed on the same

basis as the equivalent Class II devices, Telephone line rental is, however,
included in the site costs where applicable as the line should be considered an

equipment cost as opposed fo an cperation cost,

3. DBase station costs. Base station equipment costs were estimated on

the basis of both urban area coverage and fleet size. The station's computer
costs were estimated on the basis of area, and the software costs were based
on fleet size. This separation of cost elements is only partially defensible. It
is assumed that a minicomputer 1s usually used to support the AVM function
with varying amounts of bulk storage (disc) to accommodate the city map for

output display.
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Exceptions are in the Class III time-of~-arrival (TOA) methods, where
larger machines are assumed, The pulse and noise-correlation techniques also
require a larger computer with more speed and versatility than can be provided
by a minicomputer because of the inherent capability of servicing many more
vehicles per unit time and the need to accommodate a large number ot inputs in
real time. The software estimate based on fleet size is also difficult to justify
totally., Much reliance was placed on prior work estimates and on the judge-
ments of systems analysts,

! Three estimates each of base station computer and software costs were
made based on model city parameters for small, medium and large cities.
For the UGAQC cities, the costs were determined based on the urban areas and
the total fleet size, excluding motorcycles, using linear interpolation,

Display equipment costs are included in the base station costs on the basis
of the actual numbexr of dlsiaatchers in the case of UGAC cities. For the model
cities, the costs are estimated on the basis of 1 display console for each 50

vehicles or less,

4. Installation costs, Equipment installation costs were obtained by

multiplying the cost per unit vehicle and the cost per fixed site installation by
the appropriate number of umits, Toegether with the base station installation
cost, they make up the tabulated total cost. A constant cost value 1s assumed
for the base station, which 1s a rounded average value of prior estimates made
in conjunction with AVM deomonstration tests,

-

5. Operation and maintenance costs. The estimates of O - M costs for

equipment installed in vehicles, at fixed sites, and the base station are based
on experience values for both mobile and fixed equipments. In the base station,
the principal cost element 1s for operation and maintenance personnel. Three
persons (one per shift) were assumed 1n all AVM techniques to provide software
support or equipment sexrvice, Although this assumption may not be justifiable,
1t was believed that AVM is a comparitively new technology which will probably
interface with computer~aided dispatchlng and digital message systems and that
additional service personnel would be required for a substantial time period

after the 1nitial installation,
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V. VEHICLE POLLING AND LOCATION PERFORMANCE

Four classes of vehicle polling are considered for AVM Systems:
(1) Synchronous, (2) Commanded or random access, (3) Synchronous with
Command capability, and (4) Volunteer or contention, All four techniques are
generally applicable to Class I and II AVM Systems.- Synchronous polling and
synchronous with command are used mainly 1n Class III Systems., For the Class
IV monitored signpost systems, which use land lines, polling by radio is not
applicable in the context used in this description.

All polling techniques are suitable for half-duplex (base station and vehicle
on the same frequency), but when the base station relays all vehicle transmissions
or when each vehicle monitors all other wvehicles, then the Volunteer technique

can only be used on full-duplex (base and vehicle on different frequencies).

1. Synchronous polling. In this technique, each vehicle transmits location

data at a preselected time within the fleet polling sequence, Equipment on the
vehicle keeps track of the start of the sequence and internally determines when
its time to respond occurs, The cost of the vehicle polting equipment installed
(as of 1974) is about $270.

2. Synchronous with command capability, This polling technique allows the

base station to modify the position of each vehicle in the polling sequence. The

cost of the vehicle equipment installed is about $365,

3. Commanded or random access polling, In this technique, the base station

sends a request to each vehicle whenever location data is required., This tech-

nique is the most flexible but requires more use of available RF fime,

4, Volunteer polling, This contention method requires that each vehicle

determine whether the channel is "clear" before transmtting. The cost of

vehicle equipment installed is about $170.

These vehicle polling techniques were evaluated with both a simple one-time
radio message transmission and with redundant transmissions where every
message 18 sent twice, The digital message rate is set at 1500 bps. Where
equivalent RF channels are assurned, a channel spacing of 25 kHz is used.
Message lengths are about 20 bits,or occupy about 15 mmllisec transmission

time, Delays due to equipment turn-on times reduce the achievable polling rate.
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PART ONE, AVM COST BENEFIT INFORMATION BASE

I. PERFORMANCE AND COSTS OF
PROVED AVM TECHNIQUES

Costs and performance parameters of 36
operational or proved techmgues used for auto-
matic vehicle monitoring (AVM) are described
and illustrated in this section. Schemes that are
primarily intended for vehicle identification, such
as those used in rail freight or extensions of
point-of-sale methods are not included, In this
Report, the vehicle monitoring techniques are
categorzed into five broad classes, based on
system element types and functions: Class O
Manual Momtoring, with no augmentation of loca-
tion mnformation: Class I AVM, with no additions
to the urban environment, Class II1 AVM, using
densely distmbuted autonomous signposts, Class
1 AVM, using sparsely distributed special
transmitting /receiving fixed RF sites, and
Class IV AVM, using densely distributed mon-
itored signposts. Estimated special equpment
and installation costs are as of 1974,

A, Class 0 Manual Monitoring. No AVM

This is the baseline vehicle location technique
against which other systems should be compared.
A manual monitoring system consists of a dis-
patcher, an existing real-time communication
system, and a fleet of vehicles. The dispatcher’s
knowledge of vehicle locaftions depends upon vpice
communications with the officers 1n the vehicles,

Even in the manual vehicle monitoring class, there

are several options that affect both performance
and coste. The dispatcher can, for example, rely
strictly upon his knowledge of each vehicle's
designated location or patrel area and its subse-
quent assignments., Alternatively, he can use
some of his RF resources (channels and air time}
to interrogate and obtain actual vehicle locations
vocally,

A relatively wide range of options is avatlable
to the dispatcher for use with Class O non-
automated vehicle monitoring. The simplest
visual location aid 1s just a map on which the
assigned beat areas are permanently marked, the
dispatcher relywng on his memory to locate the
vehicles on the map. Numbered magnets or
lights may be used which may be updated man-
ually to augment his memory. Elaborate electro-
optical display devices are available, which
indicate each vehicle's last known location, status,
and anticipated destination, all driven by manual
nput,

The dollar cost of a purely manual vehicle
management system is almost bound to be com-
petitive, but the use of RF resources could be
prohibitive, and the attainable dispatching per-
formance 1s also an open question, With an AVM
system, the closest available vehicle can quickly
be dispatched 1n response to a service request.
Analyses indicate that response times are reduced
and fleet efficiency 1s increased by up to 7%, per-
mitting 2 reduction in fleet size and in operating
costs;‘

1-1

B. Class I AVM,., No Modification to Uxrban
Environment

1. Officer update. Vehicle location data may
be encoded automatically by means of manually
operated devices installed in the vehicle, such as
keyboards or stylus maps.

a. Kevboard entry. This manual data
input technique for providing autormatic vehicle
location data at the base requires the officer to
enter some code or identifying numerical
sequence on a digital keyboard {Fig. 1-1}). The
keyboard can be either the device being used for
sending digital messages or a separate umt.
The location code can relate to a particular
street segment and/or intersection and would
probably be four or five digits in length, The
vehicle location code 18 transmitted to the base
station either by "Touch-Tone" or some other
digital modulation techniques. Volunteer or
random-access vehicle polling 1s most suitable
for this techmque, The AVM system accuracy
is dependent on the code used; that is, either
(1) the nearest intersection if only streets or
intersections have codes, (2) a particular block
on a street if each segment 1s coded, ox (3) the
location in a block 1if street segment is followed
by address digits of closest property parcel.
The automatic computational requirement is a
table look-up function to translate the code fo a
geographical location, While this AVM tech-
nique is low in cost, particularly if a digital
message entry device (DIMED) 1s already
installed, it is extremely slow and requires much
memorization on the part of the patrolling officers.
If the car 1s out of the normal beat, either a map
or street guide would have to be used by the
officer for reference to determine the code,
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KEYBOARD o TONE
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W/DIMED W/QO DIMED

VEHICLE EQUIPMENT 0 $85
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Fig. 1-1. Class I AVM Officer Update

Option, Using Keyboard Entry

b. Stylus map, This officer update tech-
nique is a manual method whereby the patrolling
officer indicates hs vehicle's location by press-
ing the appropriate spot on a special map
(F1g. 1-2) with a stylus. The map-and-holder
cornbination encodes the spot where the pressure
15 applied, and the digital code is sent to the
base station. The location polling process can
be either in response to a request or volunteered



as part of a transmussion from the vehicle,
Location accuracy 1s dependent on the scale of the
map and on the holder encoding techmque. For
example, a 20 x 25 cm (8 x 10 1n. ) portion of a
7.5-minute U, 5. Geological Survey topographic
map (scale | 24000) would cover an area of 6 x
4,8 km (3, 6 x 3 mi). If this informabion were
encoded by 5 binary bits (1 in 32) on each axis for
a 10-bit location code, then the location could be
achieved within a rectangle of about 190 x 150
meters (600 x 500 ft), By increasing the encoding
to 12 bits or using a map with half the scale, the
size of the vehicle's location rectangle couid be
decreased by one-half in each dimension, Maps
of other beats would probably be reguired by each
officer together with some means of 1dentifying
when these maps were in use. The base station
computation requirement 1s a table lock-up func-
fion to translate the code to a gecgraphical
location.
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Fig. 1-2. Class I AVM Officer Update Option,

Using Stylus Map

2, Kinematic sensors. Changes mn vehicle
location may be sensed either by accelerometers,
velocimeters, or odometers,

a, Two accelerometers, Dead reckomng,
which can measure the change in location of a
vehicle,can be mechanized with two accelerom-
eters (Fig, 1-3). These devices would measure
the rate of change of velocity of the vehicle 1n the
horizontal plane of the vehicle 1n both the fore-
and-aft and sideways directions. The outputs of
the two accelerometers can be used to compute
velocities attained as well as changes in direction
and distance during a selected time interval, The
computations can be performed on-board the
vehicle and the resuits transmitted to the base
station, or the outputs of the accelerometers can
be encoded and transmitted directly to the base
station.

A U-turn made at a speed of 10 m/sec (23 mph)
1n a 4-lane street about 18 m (60 feet) wide 1s
about the limit of vehicle turning performance.
This turn would result in about a 9.8-g indication
of lateral motion for just over 3 seconds. If the
accelerations are sampled and transmitted every
0, 03 second, then the 16 data bits each time
would lead to a data rate of 4800 bits/sec. Based
on personal rapid transit studies, the "comfort"

zone of vehicle operation is in the less than 0, 2-g
range, If most accelerations experienced by the
vehicle are maintained in this 0. 2-g region, then
a 1% full-scale error during a low-g maneuver
causes these normal measurements to be in error
by 4% or more,

b. Oxthogonal laser velocimeters. This
kinematic sensor technique 13 based on prior
work by G. Stavis (Ref. 1), which used a laser
velocrmeter (Fig., 1-4) and compass (Fig. 1-5).
In this scheme, the laser would be used to mea-
sure not only the forward velocity of the vehicle,
but also that velocity component which occurs
during turns and s at a right angle to the fore-
and-aft motion. All portions of the vehicle which
are not located on the turning axis experience
some side velocity during a turn. The sign and
magnitude of this velocity component 15 a function
of the distance from and location with respect to
the turning azxs, If both forward and side veloct-
ties are measured at the same point remote from
the turning radius, then the velocities at this
point provide a means to keep track of the vehicle
motion. The operation of the laser velocimeter
is based on the speckle pattern obsexved in the
reflection of coherent laser light from a surface
that moves relative to the source. The speckies
tend to move 1n the opposite direction to the rela-
tive motion between the laser source and the
reflecting surface. By passing the reflected lasex
light through a diffraction grating and then to a
photodetector, a signal can be derived with a fre-
quency that 1s a direct meagure of the velocity of
the reflecting surface, The velocity measured 1s
that at right angles to the rulings on the grating.
Two photo detectors and two gratings with the
rulings at right angles provide the means to mea-
sure the two components of motion of a single
laser spot. Investigators in the cited work
{Ref. 1) indicate that a laser velocimeter's
dynamic range is of the order of 2500 to 1 and that
the maximum and minimum measurable velocities
are primarily a function of the rulings on the
grating, For example, a vehicle velocity range of
50 m/sec to 2 cm/sec (115 mph to 0. 05 mph)
could be accomrnodated, and turning rates of 0. 01
radian/sec¢ {0. 6 @/s) could be detected. Maxamum
data bit rates of about 5000/sec for speed and
100/sec for turmng may require in-vehicle
computation, *

¢. Ultrasonic velocimeters, The use of
ultrasonic waves for intrusion detectors, motion
sensors, and distance measuring s well esta--
blished. The doppler frequency shift of a reflec-
ted sound wave from the road surface can form
the basis of a velocimeter (Fig. 1-6), An ultra-
somc wave directed at an angle at the road sur-
face will reflect a doppler~shifted frequency pro-
portional to the cosine of the angle of incidence
times the surface velocity., For example, if a
33-kHz frequency 1s chosen which has a wave
length of about 1 cm directed at a 45-degree angle
to the road surface and traveling at 50 m/sec
(115 mph) will yield a dopplexr shift of about 10%.
If a dynamic range of 2000;:1 can be achieved, a
mimmum velocity of 2.5 cm/sec (0. 05 mph) can
be detected, If the velocimeters are mounted on
each side of the vehicle and the differential veloc-
ities are measured to the same 2.5 cm/sec, then
minimal directional changes of 12 mrad (about
0.7 deg) can be detected. This precision is on the
order of that achieved with the differential
odometer, described later,
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Fig: 1-6. Class I AVM Magnetic Compass with
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d. Odometer-Compass. Dead reckomng
with compass and odometer (Fig. 1-7)} has been
tested, built and furnished to several armed
forces (U.S., Canada, Britain) as a means of
keeping track of mihtary vehicles in off-road sit-
uations, The systemg have all achieved some
measure of success, and all have included on-
board computation to indicate position in northings
and eastings (Y- and X-coordinates). Accuracies
within 0, 6 to 2% of the distance travelled have
been demonstrated, Error sources are the inac~
curacies in the odometer measurement and com-
pass heading. The odometer 15 affected by tread
wear and wheel slip maneuvering, Compass head-
ing is influenced by local anomalies, and proposed
filtering techniques have mncluded measuring the
steering gear angle, vertical component of the
freld, and limiting direc¢tion change as a function
of vehicle speed, At present, gyro compasses
are not suited for vehicular apphications.
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3. Wide-area navigation. The three principal

wide-area navigahion schemes use synchronized
radiolocation beacons. They are hyperbolic tech-
nigues which operate in three different modes:
OMEGA, LORAN, and DECCA,

a. OMEGA, This navigation scheme (Fig.
1-8) uses very low frequency (1013 kHz) time-
multiplexed RF signals. The relative phase of the
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Fig, 1-8. Class I AVM Normal and
Differential OMEGA Navigation

signals, transmiitted on the same frequency in

sequence from several sites, defines a set of lines

of position {LOP). At the intersection point of the
LOPs 15 the receive location. There are ambi-
guities 1n position since the phase patterns repeat
every 15 km.or so. Differential OMEGA 1s a
technique for reducing the effects of local anoma-~
lies. A fixed receiver at a precisely known loca~
tion 15 used to remove these anomalies over a 15
to 30 km radius through continuous monitoring of
the received signals,

b. Relay OMEGA, In this technique (Fig.
1-9), the vehicle rebroadcasts the raw OMEGA
signals on another frequency to the base station,
The base station then measures the phase differ-
ences and computes the LOPs, This 1s a time-
consuming operation as each vehicle would have
to transmit the entire OMEGA sequence lasting
several seconds,
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Fig. 1-9, Class ] AVM Relay OMEGA

Navigation System

¢, LORAN. This technique (Fig. 1-10)
uses combined pulse and phase thime-multiplexed
RF signals for determining LOPs. Pulsed signals
from three or more stations are transmatted 10 to
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Fig. 1-10. Class I AVM Normal and
Differential LORAN Navigation

33 times a second 1n coded groups. The receiver
measures the time of arrival difference from
given pairs of signals to determine the LOP. No
ambiguity exists, and each LOP is unique geo-
graphically. Differential LORAN also uses fixed
site receivers fo rernove local propagation
anomalies.

d. Relay LORAN. In this system (Fig.
1-11}, the recewved sighals are retransmitted to a
base station for time differencing. Some band.-
width compréssion 1s required and 15 used mn a
technique called LOCATES 1n order to retransmit
the 90 to 110 kHz LORAN over voice communica~
tion channels. The 20-kHz bandwidth signals are
reduced to 3 to 7 kHz for retransmission. The
higher repefition rates of LORAN make relaying
more feasible than in OMEGA,,
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Fig. 1-11, Class I AVM Relay LORAN
Navigation System

e. DEGCCA., The DECCA system (Fig.
1-12) is a continuous-wave phase-difference tech-
nique in which each transmitter operates on a
different, but harmonically related, signal to
other transmitters. The location is determined by
simultaneous reception and comparison of the
phase of the signals. Since the LOPs determined
by the phase measurements are not unique, spe-
cial signals are transmitted Frequently to enable
the determination of the correct one,
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Fig., 1-12, Class I AVM DECCA
Navigation System

f. AM Broadecasting stations as radicloca-
tion beacons, Carrier signal frequencies, being
transmmtied from three commexcial broadcasting
stations located around a city's perimeter, can
each be separately received and multiphied by
relatively low-cost in-vehicle equpment to syn-
thesi1ze a new common frequency. These three
1dentical frequencies can be made relatively phase
coherent. Virtual hyperbolic patterns of naviga-
tional LOFs are generated by the signals received

from each pair of AM stations, These LOPs can
serve as the bas:is for a reliable AVM system
(Fig. 1-13). A velicle's starting position 1s first
noted and recorded at the central cornmand base,
When the vehicle moves, the phase differences
produced in the three signal frequencies are mea-
sured on~board, and the number of times that the
phase pattern 1s repeated can be counted on-board.
This digital information is then sent to the base
where a mimcomputer converts it to the vehicles
new geographical location. In Part Four of this
report, this AVM system is described mn detail.
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Fig, 1-13. Class I AVM AM Broadcasting

Station Navigation Systems

C. Class IT1 AVM: Autonomous Signposts
Throughout Urban Area

All autonomous signpost location techniques
rely on the vehicle coming near or passing over
an instrumented geographical location, The
instrument, located at an intersection or road
segment, is usuvally a continuously radiating
device sending out a uniquely coded message,
either radio, light, IR, ultrasound, or magnetic.
The vehicle 18 equipped with a suitable receptor
to receive and store the message for subsequent
retransmission to the base station and 1n this way
inform the base as to the last instrumented loca-
tion passed,

1. Radio frequency signposts., Most of the
techmqgues use RY signals as the medium for the
short-range link from wayside or roadway sign-
post to vehicle. These signals, which may range
from low frequencies (190 kHz) through VHF to
X-band (10 GHz), require the equipment shown in
Figs. 1-14, 1-15, 1-16. Elevated locations for
the signposts are usually selected to achieve a
larger coverage area, freedom from blocking by
large vehicles, and to lessen the probability of
vandalism, Vehicle location accuracies of the
Class II AVM systems are a function of the radius
of 1hfluence and density of the signposts, and
simtlarly the message repetfition rate from the
post must increase as the radius of influence
decreases to ensure complete message reception
by a fast moving vehicle.
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Fig, 1-16, Class II AVM X-Band Wayside
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Since active electromc signposts reguire some
primary power source, difficulties may be encoun-
tered in general applications 1f reliance 1s
placed on exther street lighting circuits or traffic
signals In some applications, zltermate power
sources will be necessary. Options other than
utility power are long-lived batteries, solar, and
radioisotope sources.

2, Ultrasonic and photo or IR signposts,
Ultrasonic and light radiation are possible prac- -
tical approaches to the message link to avoid
further RF congestion and interference to other
services, The ultrasomc waves (Fig. 1-17) are
similar 1 length to X-Band RF {less than 1 cm),
and "horn' antennas can be designed for focusing
sound to a desived coverage area, The flashing
light approach (Fig., 1-18), either visible or
infrared, 1s also a practical short-range infor-
mation transfer method. Both of these techniques
are, however, somewhat hindered by weather con~
ditions, particularly fog, rain, and wind,

3. Buried active antennas. The buried antenna
approach using existing traffic-presence sensor
loops as electronic signposts (Fig, 1-19) 1s cur-
rently being tested in San Francisco and New York
as a toll authority billing techmgque for equipped
buses In these systems, the antenna (buried
loop) interrogates continually and receives
responses from instrumented buses so that the
buses may be billed for toll fees without having to
stop, The use of traffic sensor loops as antennas
is a practical implementation for electronic sign-
posts and has an added advantage in that weather-
proof enclosures and power axe available in the
traffic signal controller.
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4, Buried magnet autonomous location
identifiers, Buried permanent magnets are used
to provide a means of passive proxmity location
identification (Fig. 1-20}). In this concept, rows
of permanent magnets are installed along vehicle
lanes to provide a means of inducing a voltage 1n
a sensing coil mounted on the vehicle, The mag-
nets could be erther placed in drilled holes in the
pavement or propelled into the surface by using an
explosive-actuated concrete fastener tool. Mag-
nets in the rows have either N or S poles up to
provide binary identification of the location, The
sense cotl 1n a forward moving vehicle would
detect signals of different polarities depending on
the vehicle direction across the magnetic field,
Reasonably strong magnets must be used, both to
be detected in the presence of the earth's field,
which is about 0,5 gauss, and to withstand added
spacing that could be crezted by street
resurfacing.
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Fig. 1-20, Class II AVM Buried Magnets

as Location Identifiers

5. Reflective paint patterns on signposts and
roadways. Other pas sive techniques require that

the vehicle confinually interrogate the area trav-
elled either by low-frequency RF or light radia-
tion, In the case of the reflectrve wayside sign
(F1g. 1-21) or pattern on the road (Fig. 1-22),
the vehicle must be in a fairly precise position to



receive a response — less in the case of the road
pattern than the wayside sign.
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Fig, 1-22, Class II AVM Sensor of
Reflective Patterns on Roadway

6. Passive buried loops. The passive buried
loop (Fig. 1-23) requires that the vehicle,
equipped with undex-car antennas, pass over and
excite the loops to obtain a response. Results of
a detailed analysis of the buried loop coupling are
included 1n Part Four of this report,

D. Class III AVM, Sparsely Distributed Special
RE Sites

This class of AVM systems encompasses those
vehicle location techniques of the trilateration
rho-rho (range-range) and triangulation theta-
theta (angle-angle) types with sparsely distributed
RF sites primarily intended for medium or small
urban area coverage, 7 km (4 mi) to 11 km (7 mu)
radms.

1. Trilateration Systems, Included in the
rho-rho systems are trilateration techmques
which measure the time-of-arrival (TOA) of a

.signal emanating from a vehicle at several fixed
receiwving sites. Each pair of time differences
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Fi1g. 1-23 Class Il AVM Sensor of
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forms a hyperbolic line-of-position (LOP), The
intersection of these LOPs establishes the posi-
tion of the vehicle, This mformation may be sent
to the base station from the site by leased tele-
phone lines or by microwave transmissions.

Hyperbolic trilateration methods tested have
used either a pulsed (or keyed) carrier from the
vehicle or an audio-tone frequency modulating a
-carrier. The pulse systems measure the TOA of
the signal and establish the range differences
directly., The tone trilateration systems measure
the relative phage of the aud:io tone at the receiv-
ing sites, and the phase difference measurement

.then determines the range difference,

The tested tone phase TQA trilateration methods
used 2, 7 kHz and approximately 18 kHz {reguenctes
whose phase patterns repeat at 111 km and 16 km,
respectively, These AVM systems have been
termed narrow-band (Fig. 1-24) and wide-band
(Fig. 1-25) since the first can be accommodated
in a narrow-band FM voice channel (25 kHz) while
the second requires eight times the bandwidth or
four adjacent channels (100 kHz), In comparison,
the pulse TOA method (Fig. 1-26) utilizes up to
10 MHz of bandwidth to preserve the leading edge
of the pulse,

Another wide-band trilateration method is
based on mterferometer techniques. As currently
envisaged, each vehicle would transmt a carrier
signal modulated with either white or P-N
seguence noise (Fig. 1~27). These signals would
again be recerved at the several sites, and by
correlation computation the tume differences of
arrival would be established, Since only the
signals from one vehicle would show substantial
correlation, it would be possible but not necessary
to have all vehicles hroadcasting the noise modu-
lated signals simultaneously. The effects of
multipath on trilateration technigues have been
analyzed and modeled by George Turmn {(Ref. 5).

2. Triangulation Systems. The direction
finding methods proposed would measure the
azimuth angle of the vehicle signal at several
fixed sites (Fig. 1-28). The intersection of the
extension of these bearmg angles would be the
position of the vehicle. Multipath in this method
would probably cause uncertainty in the angle of
arrival of the vehicle signal leading to

1-8



approximately the same accuracy imitations as

those for trilateration.

Of the Class I AVM

systems delineated, the direction finding and
narrow-band phase TOA would allow the use of

the normal vehicle transceiver.

The pulse, wide-

band phase, and noise modulation TOA methods
would require an additional AVM transmitter,
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Clags III AVM Wide-Band FM
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Fig. 1-29, Class IV AVM Monitored

E. Class IV AVM, Monitored Sipnposts Through- Wayside Radio Receivers

out Urban Area

This class of AVM techmiques 15 an inversion
of the Class II autonomous wayside or buried
signposts and rermoves the data collection link
responsibility from the vehicle, In Class IV
AVM, a vehicle~to-~signpost link (Fig, 1-29) is

maintained, but the information flow 1s the VEHICLE
vehicle's wdentity to the momtored signpost., The $15 sio $20
data link to the base station or central collection POWER VEHICLE
point 15 based either on telephone lines rented E Aavr [Y1 95%C ™ peom:
from the local utility of on call-box lines for
police and fire use., Since individual lines from Eggsﬂ-cm Fs3s
each signpost are usually not considered economi- LOGIC
cally practical, it 1s usually proposed to group CONTROL
the signposts on "party lines'!, The "party line'
approach requires that each signpost not only
transmit the vehicle ID data receiwved but also LOCATION
1dentafy itself to the central collection point at
the base station, The telephone line is an addi- O5C AND TO TRAFFIC
tional complication to the Class IV installation, oer [ ASMAL
and a prime power connection 1s st:ll required,
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1
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has information to forward, Traffic Presence Sensors
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.II. VEHICLE POLLING AND
LOCATION PERFORMANCE

A, Vehicle Polling Techniques and Costs

Four general classes of vehicle polling are
considered for AVM Systems: (1) Synchronous,
{2} Cormmanded or random access, (3} Synchro-
nous with command capability, and (4)-Volunteer
or contention, All four techniques are generally
applicable to Class I.and II AVM systems. Syn-
chronous polling and synchronous with command
are used mainly in Class 1II AVM systems with
sparsely dastributed special signposts. Volun-
teer polling 15 usually considered only for low-
density Class II autonomous signpost systems.
For the Class IV momtored signpost systems
which use land-lines, vehicle polling by radio is
not applicable in the context used here,

All of the polling techmques are suitable for
half-duplex (base station and vehicle on the same
frequency), but when the base station relays all
vehicle transmissions or when each vehicle moni-
tors all other vehicles, then volunteer polling can
only be used on full-duplex (base and vehicle on
different frequencies).

In Class I and II AVM systems where the cur-
rently installed 2-way radioc 1s to be used for AVM
purposes, speed-up modifications are required,
These changes to antenna switching, transmatter
stabilization time, and squelch delay are neces-
sary to reduce the substantial guard time required
between transmissions from vehicles adjacent in
the polling sequence or to reduce the transition
time interval from receive to transmit in Com-
manded or random access polling.

A modification of the Volunteer polling method
only allows location data to be transmitted as a
precursor or brief interruption of voice trans-
mssions, but this techmque has limated applica-
tron, Interrupted speech as a technique in other
polling rethods relies on very short transmit on-
off-on sequences for a vehicle currently using
voice when another vehicle responds with data.

1. Synchronous polling. In this techmgue,
each vehicle transmits location data at a pre-
selected time within the polling sequence. The
equipment on the vehicle keeps track of the start
of the polling sequence and internally determines
when the appropriate time to respond cccurs,
The functional elements of Synchronous polling
are shown in Fi1g. 1-33. The fact that the start
of the polling sequence must be periodically trans-
mitted to each vehicle for correction purposes
leads to the capability of the base station to
modify the time when the vehicles are to respond
in the polling epoch.

2., Synchronous with command capability,
This technique allows the base station to modify
the position of each vehicle in the polling
sequence. The additional functional elements for
the command option are shown in Fig, 1-34 con-
nected by dashed lines to the elements required
for synchronous polling,
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Fig, 1-34, Vehicle Commanded Polling for
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3. Commanded or randoem access polling,
Commanded polling requres that the base station
send a request to each vehicle whenever location
data is required. This random access technique
is the most flexible but requires substantially
more use of available RF time than the synchro-
nous method or the synchronous with command
capability, The elements required for the com-
manded polling method are shown in Fig., 1-34.

4, YVolunteer polling, This contention method
of sending location data requires that each vehicle
determine if the channel is ''clear' before trans-
mitting, A mechamzation is shown 1n Fig, 1-35.
Some technique of provading a random delay 1n
each vehicle after determining that the channel is
clear and before transmitting is usually necessary




to preclude certain vehicles from domuinatimg the
channel,
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Fig. 1-35. Vehicle Volunteer Polling for
AVM Class I Systems

B. Vehicle Polling and RF Link Evaluations

The three vehicle polling techniques: Synchro-
nous {SYN), Volunteer (VOL), and Random
(RAND) or commanded were evaluated with both
a simple one-time radic message transmassion
and with redundant transmission, where every
message is gent twice. In all cases, the digital
message rate is set at 1500 bps. Where equiva-
lent RF channels are assumed, a channel spacing
of 25 kHz is used,

Any delays in the polling processes will tend to
reduce the number of vehicles which can be
accommodated by an RF channel, Therefore all of
the delays are lumped into one parameter called
turn-on time. Thirty two of the Class I, I and
IIT AVM techniques were evaluated in both the
sumple and redundant modes of the three polling
methods. The range of turn-on times examined
was from 0 to 0, 3 second, wn five steps. This
range is sufficient to estimate the performance
of full-duplex radios with separate antenna cir-
cuits relative to half-duplex with electro-
mechanical antenna transfer relays. Tables 1-1
through 1-5 are compilations of the vehicles
pelled per second per RF channel, Each table
includes a theoretical mammum entry which is
the 1500 bps rate divided by the number of bits
in the location message. Included under Class I
techmiques are small and large entries as the
location message length 15 a function of the
nutnber of instrumented intersections, therefore
data are provided for both small and large urban
areas, ©Since the Class HI techniques in general
are not amenable to volunteer (VOL) polling
methods, no VOL calculations were made for this
class., Also, with the exception of direction
finding and narrow-band phase location, trans-
ponder type radio eqmpment 15 required which
does not have the same order of delays,
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Table 1-3.

Vehicles Polled/Second/RF

Channel For 0.03-Sec Turn-On
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Table 1-4, Vehicles Polled/Second/RF
Channel For 0, 1-Sec Turn-On
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Table 1-5. Vehicles Polled/Second/RF
Channel For 0.3 Sec Turn-On
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Message lengths of most vehicle polling tech-
niques are about 20 bits or cccupy about 15 rmil-
Iiseconds or less of transmission tame at the
selected bit rate. Turn-on times of this order
will therefore reduce the achievable polling rate
to less than half the theoretical value. Turn-on
times quickly dominate the polling rates at values
above 0, 03 second,

Glass IV AVM systems, with monitored sign-
posts, do not require radio polling, The vehicle
polling function is replaced either by line finding,
as is used 1n "normal’ telephone service, or by
a continual scanning of "party lines" to find an
"off-hook' indication on one of the party lines
that one of a group of signposts has some mforma-
tion to forward regarding the ID of a fleet vehicle
that is passing its vicinity.

C. Location Performance Parameters

Several technical performance parameters of
individual vehicle location techniques, _including
accuracy, quantity of location data, and fix tithe,
affect both the design and expected performance
of complete AVM systems, Accuracy of the loca-
tion information is the parameter which usualiy
elicits the most interest. This ultimate achiev-
able accuracy for a given technique is, however,
almost always degraded when the technigue is
configured into an AVM system, The reduction
in location accuracy 18 caused By the vehicle's
motion, the delay in vehicle-to-base transmission,
the compufer processing time to relate the
vehicle data received to a physical location, and



the delay in displaying the location on & map or
other computer output device., In dead-reckoning
systems, the location error 1s cumulative, and
the accuracy i1s proportioned to a percentage of
the distance travelled (% dist),

The amount of location data which must be sent
to or from the vehicle 15 another parameter that
affects perforrnance. Not only 1s it a function of
the location technique, but also of the number of
vehicles in the system, the area of the urban
coverage, the density of streets or intersections
in the area, and the dimensions of the urban area
in each direction. The quantity of locatzon data,
together with the polling technique used and the
avarlability of RF channels, determines the delays
in receiving vehicle data at the base, which in turn
affects the AVM system accuracy.

Another parameter is the "fix" time required
for the velicle to receive or generate whatever
raw data is required for the new location to be
determined elsewhere, which 1s primarily tech-
nique dependent. Similarly the interval between
successive messages from the vehicle is also
techmque dependent. That 1s, no new locafion
wmformation will be forthcoming until a definite
time period or travelled distance has elapsed or
has been accumulated.

A tabular compilation of four location per-
formance characteristics has been developed
from several sources such as test data, prototype
demonstrations, and performance estimates by
both system developers and other evaluators.

In Table 1-6, the performance values for the
location accuracy or radius, the amount of
location data, and the fix time parameters are
listed for the four AVM classes and 36 systems.
An explanation of each parameter follows:

1. Accuracy. This tabular entry represents
etther the estimated or test-result accuracy of
vehicle location for Class I and Class III AVM
systems. Since the accuracy cannot always he
stated as a single value, a range of values is
given 1n some cases. In the case of Class II
and IV signpost systems, the term accuracy 1s
inappropriate, and the term radius 15 used.

2. Radius, In Class II, IIi, and IV AVM
systems, this radius figure represents the esti-
mated coverage of the individual signpost or the
special purpose fixed site.

3., Fix time, This value 1s the tyme in seconds
required for the vehicle to receive or generate
new location data. In Class 1 AVM systems, the
fix time is determined by the updating rate of the
vehicle sensors or the repetition rate of the navi-
gational aid, In Class II or IV systems, the fix
time is a comparative number only and repre-
sents the fime interval required such that a vehicle
near the signpost will receive at least two location
mesgsages while moving at a speed of 50 m/sec
(113 mph), In Class III systems, the fix time
represents only the time of transmission of a
location signal from the vehicle to the special
RF site,

4, Location data. This tabulated number
represents the minimum quantity of raw data
required to locate an individual vehicle. In
Class I AVM dead-reckomng methods, the loca-
tion data figure 15 the combined number of bits
required to represent a change in vehicle position
to the indicated accuracy, In Class I navigational
aids, the figure 1s either the number of bits
required to indicate the time or phase diiferences
of the received signals or the actual RF bandwidth
(BW) required in the relay systems. In Class II
or IV AVM systems, the location data value 1s the
number of bits required to uniquely 1dentify each
signpost or each vehicle, respectively, The
Class Il location data 15 the RF bandwidth
required for the tone, pulse, or noise location
signal.

I, URBAN CHARACTERISTICS THAT
AFFECT AVM COSTS

A, City Model Parameters For AVM System
Design

In orderto develop abasis for AVM System cost
comparisons it was necessaryto establish baseline
system design parameters applicableto each tech-
nique. To make these designs somewhat realistic,
three model cities were developed, based on the
populations and physicalparameters of the seven
representative UGAC cities inSouthern California.
Characteristics of the small, medium, and large
model city are given it Table 1-7. The justification
or rationalization for the model city parameters
and the other factors considered in the system
design are as follows-

1. City Shape. One characteristic of the
model cities that 1s difficult to justify 1s shape.
In this Report, the assumption 15 made that the
cities are rectangular wath a Z2-to-1 aspect ratio.
The development of most cities erther along a
river, railway, or coastal harbor usually results
in one dimension being significantly greater than
the other. The choice of a rectangle is believed
to be more realistic than the square or circular
city sometimes chosen.

2., Urban area. The areas chosen for the
three city models azre 10, 100, and 1000 km?
(4, 40, and 400 m*), which compare with
Montclair and Monterey Park as the smallest
cities, Anaheim, Pasadena, and Long Beach as
the medium cities, and Los Angeles and San Diego
as the large cities, (See Part Two of this Report,
p. 2-1,)

3. Population, The populations of the model
cities are based on population densities 1in the
actwal cities, which average 3000 people per
square kilometer (7800/mi”).

4, Vehicle fleet size. Two classifications of
vehicles are assurned for each city. These are
the patrolling vehicles and the total number of
instrumented vehicles, An assumption is made
that one-half the fleet is patrolling while the
remainder 1s 1nvolved in investigation.




Table 1-6. Location Performance Parameters for All AVM Classes and Systems
Technigue Accuracy or Radws vab’?fn;lsed' LE::;“:: ];D%ta, F1xs';[';me,
CLASS I AVM Accuracy '
Keyboard update 10-100 m (33) 6-20 bits 2-5 s
Stylus map update 30 m (30) 14.20 3
2-Acceleromsters 2% dist (34) 14 0.3
Laser velocamtr 0. 5% dist {13) 16 0.3
Ultrasonic velo 3% dist (40) 14 0.3
Compass fodometer 1% dist (20) 14 0.3
Compass/laser vel 0. 6% dist (15) 14 0.3
Cmpss/u-sonic vel 0. 8% dist (17) 14 0.3
OMEGA navigation 1600 m (1600) 27 3-10
LORAN navigation 0.4 m/km {160) 32 0.06-.2
DECCA navigation 0.5 m/km {200) 30 0
AM-Stations nav 150-250 m (200) 12 0-3
Daff OMEGA nav 160 m (160) 27 3-10
Daff LORAN navw 120-400 m (400) 32 0,06-,2
Daff AM-Stations 150-250 m (250) 21-32 0-3
Relay OMEGA nav 200-600 m (500) 3 kHz BW 3-10
Relay LORAN nav 800 m (800} 10 kHz BW 0. 06-.2
CLASS IT AVM Radmus m
Buried res loops 10 — 10-18 b:its 1-2 s
Reflecting signs 10 -— 10-18 1-2
Reflecting road 3 —_— 10-18 1-2
X-Band signposts 12-100 - 9-17 1-2
HF, VHF signpost 15-100 _— 7-15 2-5
LF Signposts 100 —_— 9-17 1-2
Light/IR post 30 -— 9-17 1-2
Buried magnets 10 e 10-18 1-2
Ultrasonic post 20 ——— 9-17 1-2
Traffic sensor 10 e 10-18 1-2
CLASS IIT AVM Accuracy
Nar-band FM phase 800-1300 m (1000) 3 kHz BW 0.015 s
Wid-band FM phase 1000-1500 {1200} 15-40 kHz= 0.01
Pulse T-O-Arraval 100 m {(100) 10 MHz 0,0001
Noise correlation 100 m (100) 5-10 MH=z 0. 001
Direction finder 3% dist (700) 3 kHz 0.2-1
CLASS IV AVM Radws, m
Traffic loops 10 —_— N/A 1-2 g
Wayside radio 100 —_— N/A 1-2
Photo/IR detect 30 _— N/A 1-2
Ultrasonic detect 20 — N/A 1-2
Table 1-7. Model City Parameters That Affect AVM Costs
Parameter Small Medmm Large
Area, km? 10 100 1000
Dimensions, km 2.,2x4,5 T7.1x 14,2 22,3 X 44,7
Vehicles, patrol/total 5/10 ' 50/100 500/1000
Intersections® 350 3500 35000
Road segments X lanes 1600 16800 168000
Road distance, km 125 1245 12450
Telephone lines, km 83 828 8275
Population 30,000 300, 000 3,000,000

#Based on 25/75% ratio of 50/30 blocks/km? 1n the urban area, .
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5., Intersections, The number of intersections
in each city i1s based on two husiness area street
densities, They are based on actual measure-
ments of randomly selected areas of the UGAC
cities, and the values assumed are 30/km? for
75% of the area and 50/km2 for 25% of the area,

6. Road distance, For the purposes of the
rmodels, the blocks are assumed to have the same
aspect ratio as the city, namely 2:1, and to be 1n
a regular array. An average of 2,4 lanes for
each road segment was assumed, based on UGAC
city averages.

7. Telephone line distance, Class IV AVM
systems require land lme meonitoring; and for the
purposes of comparison, an equal drivision of
sensors 1s assumed of up to a maxymum of 100
sensors for each phone "party' line. These
party lines are assumed to parallel the long
streets so that the total mleage of lines 15 about
two-~thirds of the total road distance.

8. Buwlding distribution and topography, A
uniform low-rise building distribution 1s assumed
for location accuracy comparison purposes., The
topography of the model cities is assumed to be
essentially flat without "blind" radio areas or
special areas that might unduly affect any particu-
lar technique,

9. Radio, The only information sent from the
vehicle in this comparison is that required for
location, either as a binary message or equiva-
lent RF bandwidth for the Class I, II, and III
systems. Radio modifications are also assumed
to enable automatic message transmassion,
Additionally, transmitter turn-on stabilization
time, squelch delay, and antenna transfer are
assumed constant at several values.

10. Model city AVM cost and performance
summaries, <Tables 1-8 through 1-16 summarize
the AVM system costs in each of three model
cities, small, medium, and large, for each of
thirty six location techniques and for three polling
methods,

a, Small city surmmmary. The costs of all
AVM techniques in the small ctty model are
deminated by the operation-and-maintenance
(O-M) cost with the result that there 15 a great
similarity in total costs regardless of the vehicle
location technique. The Class IT and IV system
costs are higher because the signposts and the
assoclated costs aTe relatively greater than the
vehicle costs (see Tables 1-8, 1-9, 1-10).

b. Medmm city summary, The costs of
AVM Class I in the medium city model show an
mncrease which 15 almost all due to vehicular
equipment, The Class II costs Increase by a
greater factor due again to signposts. The site
costs of the buried resonant loops are substan-
tially higher than those of any other Class Il
technigue because of installation costs, The
more sparsely distributed R¥ posts, eirther HF
or VHF, do not impact the total cost to the extent
of the techniques which use a post at each nter-
section. In the Class IIT techniques that requize
pulse or wideband equipment, the vehicular equip-
ment accounts for about cne-third the total cosi.
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In Class IV techmiques, the ielephone line rental
which is included in the site cost is the primary
cost factor (see Tables 1-11, 1-12, 1-13).

¢, Larpe city summary, The AVM costs in
the larpge model city show the same trend with
Class IT technigques {save for two execeptions)
costing some 2 to 4 tirnes the Class I techniques
and about twice the cost of Class III systems.
The Class II techmiques systems costs are reduc-
ible by less dense placement of posts (see Tables
1-14, 1-15, 1-16).

The method of vehicle polling has only a slight
impact on AVM system costs in any of the tech-
niques 1n any of the model cities. Applications
of the AVM cost analysis fo actual cities an
Southern California are presented in Part'Two of
this Report {p.2-1). .

B. Small Model City AVM Cost Summary
Tables

Table-1-8, Small Model -City Parameters
Used in AVM Cost Analysis
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C. Medium Model City AVM Cost Summary Tables

EFST HEST JISTANCE IS 4.4%1 NILES.

Table 1-11.

Medium Model City Parameters
Used in AVM Cost Analysis
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Table 1-12, Medium Model City AVM Cost Summary
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Table 1-13, Medium City Vehicle Polling Table 1-14, Large Model City Parameters Used
in AVM Cost Analysis {Cont'd)
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Iv. AVM SYSTEM ACCURACIES
AND COST BENEFITS

A, System Parameters ThatAffect AVM Costs

The pred:iction of the expected accuracies of
AVM systerns is essentially a probabilistic prob-
lem. Actually there are two distinct problems,
one a precursor to the other, dependmg on the
class of AVM system, ClassesI and IO are
loosely referred to as V"random route' systems
because the techniques have the capability of
vehicle location anywhere within their surveil -
Iance areas, Classes II and IV are called "fixed
route” systems because the location capability
exists only in the vicimities of signposts that are
distributed along the wayside or on the roadway at
mtersections within the covered area. Besides
the inherent range of uncertainty in the location
measurements provided by individual AVM tech-
niques, Classes I and IIT are subject to another
location error, which is the shift in the moving
vehicle's position durmng the interval between the
instant of polling and the display of location data
at the base. On the other hand, Class IT and IV
techniques provide location information only at the
time when the vehicle passes within the sensing
radius of a wayside or buried signpost, This
information is the best available until the time
that the vehicle enters the sensing radius of
another signpost., A measure of this uncertainty
m location is required to determine the "inheremnt"
accuracy of the signpost AVM technigues. This is
particularly true when the signposts are less than
maximally dense; that is, when the signposts are
placed two or more mtersections apart.

It is intuitively reasoned that if the signpost
sensors in Classes IT and IV are placed at each
intersection, then the location of any vehicle can
be found to plus-or-minus one block. Tt also fol-
lows that if the sensors are placed 1n a diamond
pattern at every other block in each direction,
then the accuracy 1s plus-or-minus two blocks.
This reasonwng 15 valid only if every passage
through instrumented intersections by all vehicles
is known,. If the polling technique or RF channel
loading 15 such that this data frequency cannot be
assured, then the achievable accuracy is not as
well known. A tutorial treatment of the less
dense signpost placement by Markov, or random-
wallk, processes is included in Part Three of this
Report, The analysis technique leads to a pre-
diction of the mean and variance of the distance
traveled by a vehicle starting at an unsensed
intersection before it passes a sensed intersec-
tion, The resulis of this technmque for various
signpost densities are as follows:

Ratio
{Sensed/Unsensed) Mean Variance
1/1 1 1
3/8 1,778 1.778

The second approach to the system accuracy
prediction considers not only the mherent error
in the vehicle location technique but alse the addi-
tional inaccuracies introduced by the delays in

successive pollings of the vehicles and by the
computation of location when the vehicles in the
fleet are moving at various speeds. In Part Three
of this Report, the analysis, the method of solu-
tion, and the tabular results are presented.

The techmque for predicting the location accu-
racy was used to generate the family of curves in
¥ig. 1-36. These contours of system accuracy
correlate the independent variables of the polling
interval and the standard deviation of the inherent
error. The accuracy contour yields the 95% con-
fidence interwval for vehicle fleets that move with
an exponential velocity distribution such that more
than half the vehicles are moving at speeds less
than 15 mph (6,67 m/s). It can be seen from the
curves that either the polling interval or the inher-
ent error can quickly dominate the achievable sys-
tem accuracy if eiwther is very large. The curves
are shown for the system accuracy interval of 100
to 1000 meters (0.1 to 0.6 mmle), The curves for
less than 100 and greater than 1000 meters are
repetitions of those shown and can be derived with
subtraction or add:tion of a unit constant on both
axes (equivalent to division or multiplication of
the interval or deviation by a factor of 10).

B. Estimated Cost Savings Based on Urban
Parameters

1. System accuracy estimation., The accuracy
to be expected from any given AVM system in a
locality 15 estimated by a step-by-step process.
First, from the data provided for the particular
city, the maximum and minimum number of
vehicles deployed is obtamned, Next, the number
of bits in the location message required from each
vehicle for each technique is determned. The
timne required to poll the deployed vehicles with a
0.1-sec radio turn-on time 15 then computed for
the redundant mode of the random polling process,
This value yirelds very conservative {or pessumis-
tic) polling mtervals for the two values of vehicles
deployed. These intervals together with the value
obtained from the table of technique accuracies
provide the entries to the graph of system accu-
racies. These curves are prestored in the com-
puter prograrn, A rather simple linear mierpola-
tion program yields a maximum and munimum
estimation of the 95% confidenece level of system
accuracy for the maximum and mainmnum vehicle
deployments, The location accuracies used are
usually greater than the standard deviation value,

2. Vehicles saved estimation. Based on the
prior work of Larson (Ref. 2}, Kmckel (Ref, 3),
and Doering (Ref. 4), a quantitative measure of
efficiency increase in responding to calls for ser-
vice should be determinable from the accuracy of
the AVM system. One of the approaches to this
problem 1s to compare a situation where, in
response to a call for service, the dispatcher
always sends the vehicle responsible for a beat to
that where the location of the vehicles is known
and the "'closest! vehicle 1s dispatched to the
scene.

The efficiency comparison 1s made either in
the excess time required or the esxxcess distance
travelled by the beat vehicles relative to the
closest located vehicles., The conclusions of this
approach are generally that a vehicle location
accuracy of about 1/5 the beat-side dimension is
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sufficient, Additionally the service jimprovement For the purposes of this study, a 7% increase

1s found to be about 7% for the locator system dis-
patches versus the "center of mass" or beat
vehicle dispatches,

The more recent study of Doering (Ref. 4),
however, compares response time performance in
a situation with differing absolute accuracy values
of the AVM system and a given fleet size with the
number of vehicles required to provide the same
response time with no AVM. Doerings study indi-
cated that, in the area studied (the city of Orlando,
Florida), 34 wvehicles in the AVM fleet where the
accuracy is 240 meters (800 £t) would provide a
response time which would require 35, 8 vehicles
in 2 non-AVM fleet, Extrapolation of the curves
presented by Doering indicates that 8 to 10% fewer
vehicles in an AVM system fleet with pexfect
(0 feet) accuracy can provide the same response
performance as the larger number of vehicles i1n
a non-AVM fleet, Extrapolation in the direction
of less accurately known location, indicates that
there 15 little improvement 1n response fime with
location accuracies of 450 meters (1500 ft) or
more. It may be coincidental that this value is
about 0.3 km (0,2 mile), which 15 1/5 the average
beat side dimension in the Orlando simulation
studies. A plot of the increase required 1in a non-~
AVM wvehicle fleet to equal AVM wvehicles response
time performance versus accuracy shows a lin-
early decreasing value as the AVM accuracy
decreases.

1-21

m efficiency 15 assumed for a perfect AVM sys-
tem, with the percentage decreasing lmmearly to
zero at an AVM accuracy of 0,2 times the average
beat side length. The average beat 1s calculated
by dividing the area by the number of vehicles
deployed,

For maximum and mimmurm deployments, the
efficiency increase assumption yields different
values for the same AVM technique accuracy, In
case s where the minimum deployment is substan-
tially lower than the maximum, the apparent beat
size may be increased to the point where an AVM
techmque which yields no efficiency increase with
maximurn: deployment may display a2 marked
improvement in response. Additionally, the mim-
mum deployment decreases the polling time inter-
val which provides an additional improvement in
system accuracy.

The calculation of cars saved is based on a
reasonable reciprocity assumption that fewer cars
with AVM can yield the same performance as that
obtained now with a given fleet size The number
of cars saved is determined by multiplying the
percentage efficiency value, obtzined fromm the
beat dimension and systemn accuracy, by the num-
ber of vehicles deployed. Savings of less than one
vehicle are allowed by the caleulation. As stated
before, the factors tending to imcrease efficiency
are such that, in some cases, the number of cars



saved with minimum deployment exceeds that for obtained is then multiplied by 5 years for the total

maxirum deployment with a given technique. saving.
The 5-year saving is positive only if the value
3. Estimated 5-year cost saving., The 5-year of the car saving exceeds the annual O-M cost.
saving calculation, presented mn Tables 1-17 The calculation 1s performed for a given technique
through 1-20 is an attempt to place a dollar value only if a car saving is indicated, and the result 1s

presented regardless of sign. No calculation is

on the efficiency increase which might in turn
performed if no car saving is indicated.

indicate posgible choices of candidate AVM sys-
tems. The calculation assumes that each car
saved is worth $150, 000 annually, which is pri-
marily salaries and overhead (as of 1974). This
is an average value for a 1-man car based on

5 salaries and 100% overhead., The saving for

A simple summation of savings rather than a
present worth of an anuity calculation 1s justified
on the basig that it is less speculative and might
be more nearly correct if salaries rise at a per-

small, medium, and large cities is a straightfor- centage rate which exceeds the rate of return that
ward multiplication of the mammum of the cars can be realized on 5-year municipal investments,
saved times the annual value of the car minus the The 5-year saving estimation 1s presented solely
O-M costs of the AVM technigue, The value for AVM system comparison purposes,
Table 1-17, Small Model City Cost Benefits Table 1-19, Large Model City Cost Benefits
from AVM System Usage from AVM Systems Using One RF Channel
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V. COMPUTER PROGRANS FOR
ANALYSES OF AVM NEEDS

The cost estimates for the AVM techniques are
i almost all cases precisely that — estimates as
of 1974, They have the additional shortcoming
that large-scale production 15 assumed, which
accounts for the generally low system cost
amounts Therefore, additional studies are nec-
essary to refine these estimates in view of the
rapidly changing technology and costs,

Although the cost estimation procedure for AVM
systems mn model cities 1s a vahd technique,
does not take into account the individual differences
of real cities, That 1s, the system engineering
aspect where the vagaries of a particular city and
operational methodology are considered has not
been included, The AVM system cost estimation
and particularly the performance estimation and
resultant estimated savings are essentially averag-
ing processes, Since each city differs in details
from each other city, and the AVM system cost,
performance, and impact depend on these differ-
ences, final selection of an AVM system will
require an indtvidual analysis such as those pre-
sented 1n Part Two,

An individualized analysis for a particular aty
requires the two following steps- (1) Synthesis of
AVM systems corresponding to each of the desired
concepts as they would be configured for the physi-
cal, political, and cost environment of that city,
and {2} evaluation of the effects of each of those
systems, The process of synthesizing a particular
AVM system 15 a straightforward but tedious task,
requiring detailed technical knowledge that may
not be readily available in real cities., It can be
made easily available, however, by the develop-
ment of an AVM systern synthesis computer
program, as is described later., The expected

‘effects can then be assessed by using the resultant
systems in a system sunulation computer pro-
gram, which is described in more detail 1n
Section B, Since these two programs were_
planned to be developed in Phase One of this AVM
Systems Study project, they do not yet exist,

A, AVM System Synthesis Gomputer Program

The synthesis program will be based on design
algorithms, equations, cost estimates, and the AVM
data base developed in Phase Zero of this Study.
These program components include antenna siting
algorithms for time-of-arrival systems, message
lengih equations for different location technique
and polling combinations, accuracy estimation
equations for various reporting intervals or sign-
post densities, and hife-cost equations, A prelimi-
nary concept of the basiec elements of the AVM
system synthesis computer programis shown wn
Figure 1-37. A concept of the operations sequence
in using the synthesis program is presented in
Table 1-2). Salient features of the synthesis pro-
gram are listed in the following subsections,

1. City and fleet data for AVM System
Synthesis Program, The synthesis program will
first summarize the data provided from the input
file, The purpose of this step is to provide the
user with an opportunity to review the input
before actually runmng the synthesis program.
Table 1-22 lists some of the parameters that will
be included in the data input summary,

Table 1-21, Operating Sequence of
AVM System Synthesis
Computer Program

Step 1. The user will supply the values of
those parameters that describe his particular
city, Some of the data may be fairly exten-
sive, for example, geocoding data or DIME
file type information which describes the city
street/block system in detail, For informa-
tion of this type a computer-readable data file
will be used. An auxiliary program, separate
from the AVM system synthesis program, will
be developed to facilitate the interactive
development of the data file, !

Step 2, The synthesis program will read the
dafa file and determine the AVM system con-
figurations smited to the city, If any data 1s
mrssing or incomplete, the program will
indicate which systems cannot be evaluated and
provide an opportumty to modify the data file.

Step 3. The program will present basic com-
parison data for each system configuration
option.

Step 4. After selecting the viable configura-
tion options,the program will shift to a
"trade-off' or compromise mode in which the
user can access further detail and investigate
the options available within a particular choice
of system concept,

Table 1-22, City and Fleet Input Data
for AVM System Synthesis Program

City name AAAAAAAAAMNAAAAAAMAAAAAAAA
Area monitored. XX,X sq mules
Maximum X and Y dimensions: XX.XX m1i, by
XX . XX miles
Street  length- XXX,X mules
Number of wntersections: NNNN
Number of road segments; NNNN
Number of vehicles instrumented: NNNN
Average number of vehicles each shift:
NN, NN, NN
Number of beats per shift: NN, NN, NN
Shift hours: HH-HH, HH-HH, HH-HH
Number of dispatcher consoles: N
Utilization factor by shift: FF%, FF%, FF%
{(This 1s the fraction of time available
to respond to calls for service).
Average call for service time by shaft:
HH, HH, HH
RF channel utilization factor: P%, P%, P%
RF channel assigned: N Planned: N
LORAN coverage inarea ?; Y-N; DECCA 7:
Y-N
AM stations in area K--, W--, K--, W--

2. AVM Configuration options for AVM Sys-
tem Synthes:1s, Each of the AVM options 1dentified
by the selection process will be described briefly
in narrative form. Xach will be tagged with an
wdentity code for later use. Then for each of the
applicable options, the following gross data will
be presented for comparison:

a, Cost estimates., Total system cost,
"present value, "$XX XXX XXX {These figures
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Figure 1-37,

will be for comparison purposes only. A
breakdown follows:)

One-~time costs

{development, conversion, facilities)

Installation costs

Recurring costs

(operations, maintenance, training)

Replacement

XN XXX X¥X

$XX XXX XXX

$XXX XXX per year

$XKX XXX per year

{equivalent annual payment at 10% year)

Upgrading costs

Display consoles

$HAKE XXX plus $XX XXX per year (each)

Fixed sites

$XXX XXX plus $XX XXX per year (each)

Signposts
$ XXX plus $
Vehicle equipment
$§ X XXX plus §

Telephone mileage

XXX per year (each)

XXX per year (each)

d. Comments,

Concept for AVM System Synthes:s Computer Program

b. Resource utihization estimate,

Radio channels required: XX.X

Microwave or dedicated telephone
lines needed: XXX

Computer memoxy estimate:
XXX XXX bytes

c, Performance estimates.

Median location accuracy: XX ft
{effective polling rate = XX vehicles/
second)
Fraction of fleet with error

less than ft: XX%

less than ft: XX%
less than ft: XX%

Design features and other

relevant considerations will be noted, Typical

comments that mught apply to specific systems

are as follows:

$EXX XXX plus $XXX XXX per year (each)
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"Field unit alarm capability is present'’.
YPolling procedures are inflexible!,

"Shared usage by several agencies would
be difficult to mnplement®.

"Effect of weather on performance expected
to be small",

"Fleet locations easily momtored by
public’,

"Each 90 vehicles monitored reguires an
additional radic channel®,

''Sensors may require protection from
vandalism',

e. Trade-off potential. This portion of the
output will identify significant trade-off possibil-
ities and the potential outcome that could result
from those trade-offs, The trade-off relation-
ships will be accessible during Step 4 (Table 1-21)
of the program. Typical trade~-offs that rmght be
pessible for all or some of the systems are these:

Location accuracy vs number of radio
channels (via the polling option and rate),

Computing at the comumand center vs com-
puting on-board the vehicles, (This affects
the costs and accuracy vs radio spectrum
trade-off,}

Display characteristics vs cost. {These
trade-offs may be independent of the other
descriptors of the system, )

Location accuracy vs cost (via the spatial
density of signposts, the number of fixed
sites, etc).

f. Cost benefit estunate, A prehrnary esti-
mate of efficiency increase with AVM will also he
an output. The cost benefit estimate will be
derived from the estimated 1ncrease in efficiency
and data such as that lested below-

Patrolman average salary:

$XX, XXX per year
Patrolmen required for each vehicler N
Support personnel for each vehicle: N.N
Overhead on salaries: PP%
Replacement cost of vehicle: $X, XXX
Mawmntenance cost of vehicle;

$X, XXX per year

‘Based on the size of the fleet and these param-
eters, a cost benefit {deficit) first estimate will
he provided such as:

Number of vehicles saved by shaft. X, X, X
Vehicle cost saving equivalent; $XXX, XXX
AVM capital investment equivalent,
10 yr: $XXX, XXX
5 yr; $XXX, XXX

The mformation provided by the AVM system
synthesis program will not 1n itself provide suf-
ficient justification for selection but will be 2
very important first step that eliminates obvious
non-compatitive techmques and allows for more
detailed consideration of the viable techniques.
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B, AVM System Simulation Computer Program

Much work has already been done by others 1n
regard to AVM simulation (see Bibliography).
The intent of this study effort i1s to utilize as much
of that work as possible,

There is one aspect of the prior work where 1t
is beheved-that improvement is needed, This 1s
in the area of AVM system accuracy estimation.
Prior AVM simulation work has investigated the
overall command and control function to deter-
mine the effect of AVM system accuracy on
"wrong dispatches' and the average distance
travelled as a result of these '"wrong dispatches."
A Y"wrong dispatch' results when the closest
available vehicle 15 not the one directed to
respond to the call for service. This incorrect
action results from not knowing precisely the
vehicle locations, and thus the entire system
performance 15 degraded owing to unnecessary
distance travelled and time consumed in respond-
wng to calis for service,

In these prior simulations of the command and
control functions, the investigators assigned
values such as a 95 percentile value of a radial
error of X feet to the AVM system accuracy. It
has been assumed that this error distribution is
normal and constant with time, The computer
simulation programs determane the exact location
of each vehicle from a mobility routine or driver
scenario. Then, in order to test the system
response to a call for service, each of the exact
locations is corrupted in some random fashion
with either X and Y or with an angle and range
to the exact location, The apparent location is
then used by the dispatching routine in the search
for the vehicle closest to the call for service,
The foregoing mode of simulation effectively
assumes a constant value for the AVM system
accuracy which may be musleading for all but
those techniques that use very short intervals
between vehicle location determinations, Short
interval interrogation of location 1s not a requisite
mode of operation 1n many AVM techniques and is
mmpractical or inappropriate in others.

A more realistic approach to AVM accuracy
simulation 15 to model the actual vehicle location
process, including the expected or appropriate
polling technique and taking mto consideration the
time lapse from the last location determination,
the motion of the vehicles, and the resultant
effect on closest car determination. In this mode
of siumulation, the vehicle mobility or driver
location routine can be altered by a time-varying
location uncertainty, if that 1s appropriate for the
particular AVM system concept. The exact nature
of this uncertainty or modification to the exact
location may also be a function of other factors
in addition to time, These factors may be vehicle
speed, physical location at tuime of interrogation,
distance travelled since last location, or distance
travelled since last signpost proximity update.
These factors will be exphicitly considered by
the AVM simulation program,.

An accurate measure of the reduction in
response time requires that a reasonably accu-
rate geocoded definition of the coverage area be
a part of the stmulation program, Simulations
that sum the absolute values of the differences
in X- and Y-distances from the vehicle position



to the location of the call for assistance give a
correct solution only for 1dealized rectangular
cihies, Geocoded descriptions of the coverage
area will allow an accurate measure of distance
in each instance, since the optimum trevel routes
can be used in the simulation,

The advantage of using the more acecurate AVM
simulation models is that a more realistic
appralsal of the expected increase 1n efficiency
can be determined, In addition, the possible var-
iations in system configuration that affect per-
formance parameters of the entire system can be
mmvestigated with the assurance that the influence
of the variation has been considered,

Other technical performance parameters that
will be considered in the simulation program
mnclude the data links involved in the vehicle loca-
tion process and the effects of errors in reception;
the effects of entry of new wvehicles into the cover-
age area, and the re-establishment of the position
of "lost" vehicles 1n relative location technigues,
In addition, the actual location algorithm for each
technique can be exercised with the expected input
data. The preliminary concept of the main com-
ponents of the AVM system simulation program
are shown m Fig, 1-38, As already indicated,
the intent 1s to develop this program arcund prior
work insofar as possible,

Heretofore, simulation has been used almost
exclusively in regard to reducing response time,
The proposed simulation program will allow the
investigation of other aspects of vehicle location,
The utility of post data analysis can be evaluated,
and the effects of an officer-needs-assistance
incident can be assessed, both for the impact on
subseguent calls for service and on the response
time improvement to the officer in trouble,
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PART TWO., AVM DATA FOR USER GROUP ADVISCRY COMMITTEE CITIES

I. COST BENEFITS OF AVM SYSTEMS

FOR SEVEN CITIES

A, Rationale for Selection of UGAC Cities

In order that a more realistic appraisal of
the costs and expected performance of AVM Sys-
tems could be estimated, police department
representatives from several cities were mvited
to participate 1n a User Group Advisory Commit-
tee (UGAC) devoted to studying AVM technologies.
A set of nine criteria was established for selecting
typical Southern California cities for the UGAC
study. Some criteria are obvious and were estab-
lished for time and economic considerations,
while others were arrived at by heuristic pro-
cesses, In this listing, the future tense 15 used
because the criteria were established before city
selection began. A brief rationale 1s presented
with each criterion, to wat:

{1) Caity Size, Cities in three categories,
(a) less than 20 sq rmles, (b) between 20 and
100 sq miles, and (c) greater than 100 sq
miles, will be solicited to determine the

impact on urban areas to be covered by
AVM Systems.

{2)

Geography/Topography. Essentzally flat as
well as hally areas in the communities are
desirable to ascertain the effects on AVM
methods as well as the communication data
links,

{3) Population Density/Land Use, These cri-
teria are closely allied, and agricultural
areas, mdustrial centers, and suburban as
well as high-rise residential areas should
be a part of the citzes. This criterion wall
eliminate those cities formed to be wholly
agricultural or mndustrial areas for tax
purposes.

(4) Bulldmg Sizes, The mnclusion of high-rise
dense metropolitan, low-rise business (less
than 6-10 stories), mixed business and
residential, and seburban areas i1s desirable
to match and extend prior AVM work and to
include the effects of these structure distri-
butions on the communication links.

{5} Population. Cities with populations of

(a) more than 1,000,000, (b) between
200,000 and 1,000,000, and {c) less than
200, 000 waill be solicited., These numbers
are arbitrary and are not firm, but the pop-
ulation somewhat determanes the size of the
municipal government. It is felt that this
criterion 1s desirable as differing governming
bodies will require AVM information to dif-
ferent degrees, Additionally, the partici-
pants in the user group will probably have
different authority within their city govern-
ments as a function of population, It is
believed, that those from smaller cifties
may be closer to the policy making level
than those from major caties,

(6} Willingness to Cooperate. This 1s an
obvicous but important criterion and 1s

difficult to assess beforehand, Itisessential
because the participants will be required o
furnish data about their city as well as being
regular in meeting attendance.
(7) Pursuing or Contemplating AVM. This
criterion is necessary to assure some active
mterest i the study effort.

(8) Close to JPL. Economic considerations
require this criterion since expense monles
are not available in the grant for the partzci-
pants, Additionally, regular frequent meet-
ings are required and extensive travel time
would be an additional expense to the partici-
pating city.

(9) Must Have Public Safety Department. Thas
15 an obvious and perhaps trivial requaire~
ment, but 15 necessary to eliminate those
cities that contract for police services with
another government agency. These cities
would probably fail Criterion (7) as well,
This criterion 1s a natural outgrowth of the
principal thrust of the proposed work whaich
will focus on public safety vehicle location,

None of the foregoing criteria were mmtended
to preclude participation by governmental bodies
other than cities, such as counties, By criterion
(8), only Los Angeles and possibly, San Bernar-
dino, Ventura and Riverside counties could have
been considered.

Seven cities were selected which met the
majority of the criteria. Srmall cities were
Montclair and Monterey Park, Medwmum cities
selected were Pasadena, Long Beach, and
Anaheim., The large cities were San Diego and
Los Angeles.

Semior police officers from each of these
cities participated in the UGAC and provided
information concermng police operations and plans
as well as statistical data for the individual cities.

B, Parameters Used 1n AVM Cost Analyses

Each UGAC city had different modes of
operation and requirements regarding the imple-
mentation of AVM systems. For example, some
police departments operate on a three-shift basis,
while others use the ten-four plan where the
officers work four 10-hour days in sequence,
responding to calls for service, some police
departments use only patrolling vehicles while
others dispatch the plain colored (1, e., pastels)
in response to citizen calls. The inclusion of
motorcycles, either two- or three-wheelers, in
the AVM system was planned by some cities, but
not by others. In the main, however, there 1s
sufficient commonality of parameters to allow for
automation of the AVM cost and performance
estimation procedures.

In

1. Number of vehicles in the fleet, The
total number of vehicles to be instrumented 1s the
basis for the car cost estamates, Motorcycles
were not included because a satisfactory digital
message capability for motorcycles does not yet
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exist. Vehicles, which 1n general do not respond
to calls for service were also not mcluded. The
maxiunum and mininum number of vehicles by
shaft was determined and normalized to a three-
shaft operation. This parameter 1s necessary to
determine vehicle polling intervals,

2. GCity area, street mileage, number of
intersections and road segments. Tlis wmiorma-
tion was provided by the representatives for the
UGAG cities, The beat area 1s an important
parameter which 1s used in the AVM system accu-
racy estimation, but no standard or commeon
method of determining this parameter could be
found, In some cities, the beats are correlated
with the crime reporting technique, In others, the
beats are periodically readjusted as determined by
the average number of vehicles deploved on par-
ticular shifts. The beat size parameter 1s an
independent variable in predicting the response-
time improvernent that should acerue with a given
location aceuracy value. For the purposes of this
study, the beat size was placed at the values
resulting from divading the city area by the num-
ber of vehicles deployed, This average value
assumption cannot be wholly justified when, for
example, beats vary from 6 blocks to 49 square
mazles 1n size as they do in San Diego.

3. Number of signposts or fixed sites
required, The fixed site enumeration parameter
in Class Il and IV AVM systems was determined
from the data supplied concerning the number of
mtersections or road segments, Where the tech~
nique was dependent on the numbexr of lanes in the
segment, the average value of 2.4 lanes per street
segment was assumed as 1n the model cities. For
the Class III AVM techniques, the placement and/
or the number of widely distributed fixed sites
required was determined by an algorithm which
was only a function of the area in the model city
estimations, The boundaries and shape of the
UGAC cities seemed to dictate a more realistic
approach, Boundary outline maps of each city
were prepared, and the most optunum placement
of a grad representing the spacings for narrow-
band and wide-band antennas was determined,

The minimum number of sites that would be neces-
sary was thereby determained. The assumptions
made were that there were no "difficult” RF areas
that would require additional coverage, and that a
fixed site could be placed where needed regardless
of zoming, exisfing structure, or geographical
restrictions.

4, Costing procedure for AVM Systems in
UGAC cities. The costing of the various AVM
system configurations for the UGAC cities was
accomplished through the use of the APL computer
programrrung language (see Part Three), The
costs of vehicle equipment, fixed sites, base
equipments, and polling elements were stored in
the table form by techmque and cost category
(e.g., egquipment, wmstallation, operafion and
maintenance). This assemblage forms the cost
data base., The various parameters for each
UGAC city are also stored in a prescribed manner
as follows:

(1) Urban area 1n square mailes.
(2) East to West extent in miles.

(3) North to South extent in miles,

{4) Road mileage.

(5) Number of intersections.

(6) Numbexr of road segments.

{7) Number of vehicles in AVM fleet.
(8) Number of motorcycles.

(9) Maximum number vehicles deployed in first
shaft,

{10) Minimum number of vehicles deployed in
first shift.

(11) Maximum number of vehicles deployed 1n
second shift,

(12) Manimum number of vehicles deployed in
second shift,

{13) Maximum number of vehicles deployed 1n
third shaft,

(14) Minimum number of vehicles deployed 1
third shift.

(15) Number of dispatcher conscles.,

{16) Number of small coverage (or narrow band)
Class III AVM sites.

(17) Number of wide coverage (wide-band)
Class III AVM sates,

The cost estimates {as of 1974) are com-~
prled into the cost categories after multiplying by
the appropriate parameter, The program 1s very
simple, being really a programmed desk calcula-
tor with automatic mput. The rationale for pro-
gramming was to avoid a repititious procedure of
calculating fine cost categories and obtaming
three totals for each of 36 AVM techniques in the
seven UGAC and three model cities and to simplify
future cost estimations.

C. Descriptions and Summary Analyses of
UGAC Cities

In Sections II through VII, outline maps of
each UGAC city are presented along with detailed
listing of each city's physical parameters, AVM
cost summearies, vehicle polling cycle times, and
estimates of the AVM system accuracies and
E-year cost savings. The seven selected cities
were Angheim, Long Beach, Montclair, Monterey
Park, Pasadena, San Diego, and Los Angeles,
Thirty-six techniques in the four AVM classes
were investigated for each city. Each of the seven
cities was treated as an entity, with the exception
of Los Angeles which was evaluated for each of 1ts
four geographical bureaus. Additionally, because
of the large number of vehicles deployed in the
cifies of San Diego and the four Los Angeles
bureaus, the systemn accuracies were deterrmined
for shorter cycle times or polling intervals, That
15, more than one R¥ channel (hali-duplex) was
allowed for these areas.

In this Section, the summary analyses for
each UGAC city are based solely on a comparison
of the estimated 5-year saving and the estimated
costs (as of 1974) of particular AVM systems,



The 5-year saving is predicted on only one factor
of AVM performance, namely response time
improvement. There are many other aspects of
AVM systems which should enter into the decision
process. Many of the thirty-six listed techniques
which appear viable have never been developed or
tested in typical urban environments. Therefore,
only the developed and/or tested concepts will be
discussed in the following summary descriptions,
Complete tabulations are given in Sects. II to VIII,

1. Amnaheirn, CA. This city might be char-
acterized as a break-even city with:response time
improvement such that cost savings just equal
AVM costs, but only for the dead-reckoning tech-
niques 1n Class I. Apnaheim 1s slightly smaller
than the medium model city {see Part One,

Sect, III) in both area and fleet size, and the cost
surmmmatry indicates Class I system costs for the
dead-reckomng techniques of about $280, 000, The
5~year saving is about $300,000 for a magnetic-
compass/odometer system with a system accuracy
of 50 to 75 meters.

The Class II AVM systems which indicate
some car saving are the wide-spaced signposts
and buried magnets, The accuracies achievable
are roughly 250 meters and 50 to 75 meters,
respectively. The cost of the Class I wide-spaced
signposts 1s about twice the saving, while the
buried magnets may cost four times the 5-year
saving,

The most accurate Class III and all Class IV
systems resulted in car saving, but the costsaving
was negative., (See Sect, IL.)

2. Long Beach, CA, The same AVM tech-
niques as in Anaheim are viable in this city, but
because the city is slightly larger in area with a
substantially bigger vehzcle fleet, the costs are
about $50, 000 mowre for the Class I dead-
reckoning techniques. The 5-year savings are
lower, about $160, 000, because the maximum
deployment considered is less than in Anaheim,

There 15 a large difference between Anaheim
and Long Beach in the Class II AVM systems as
Long Beach has almost four times the road mile-
age and almost twice the number of intersections,
Long Beach 1s unique in having a large number of
named dedicated alleys in the central area which
results in an intersection density of 144/km? (400
per square mile), This factor causes the Class II
and Class IV techniques to have a greater number
of mstallations than are really required. Wide-
spaced signposts and buried magnets indicate car
savings, buf the 5-year figure is well below the
systems cost. If the high central density were
reduced to a more reasonable value, the disparity
between cost and saving would lessen to the point
where the saving would be half the cost.

The pulse TOA Class III technique and all
the Class IV systems indicated car savings, but
cost savings were negative. (See Sect. IIL.)

3. Montclair, CA, In this city, the dead-
reckomng techniques of Class I AVM and most of
the techniques in the other classes indicate car
savings primarily because system accuracies are
very high, This is a direct result of a very short
polling cycle tume, The 5-year savings for all
systems that indicate a saving are negative and
exceed a "loss" of $200,000, The car savings are

in the order of 5% of the deployed vehicles (4 to 7},
that 1s, 0.2 to 0.4 cars.

Despite the fact that Montclair has a wide-
spaced sagnpost AVM system installed and opera-
tional for over a year, this analysis indicates that
the cost 1s substantially greater than the saving.
The reason this analysis 1s faulty in this case 1s
that Montclair does not have either a computer 1n
the system nor the operation and maintenance
(O-M) personnel indicated as required for all
systems. *

The system accuracy indicated for the wide-
spaced Class II signposts 1s about 250 meters,
which is quite close to that achieved in Montclair,
The i1nstalled system has an accuracy of 0.2 km
(1/8 mile) with slightly fewer signposts. The
system costs are gquite sirmlar for the technique if
the O-M category 1s omitted ($60K versus $71K).
(See Sect. IV.)

4. Monterey Park, CA. Car savings are
indicated for all classes of AVM 1n this city,
Again as in the other small city, or small model,
the cost saving 1s near zero or negative., This
city, because of the great difference between
maxinum and manmimum deployment and short
polling cycle shows a greater car saving when
fewer vehicles are deployed., If the O-M costs
were greatly reduced, the 5-year saving would
exceed the costs., (See Sect, V.)

5. Pasadena, CA., This city 1s roughly
half-way between the small and medium models,
Again a car saving 1s shown in all AVM classes
with negatave 5-year cost savings, Again, the
short polling cycle causes little degradation of
achievable accuracy. The O-M costs are the
principal element mitigating against a positive
saving, and the value for cars saved 1s less than
a whole car. (See Sect, VI,)

6. San Diego, CA. In this eity, virtually
every AVM technique indicates a positive 5-year
saving.—The Class I dead-reckoning techniques
system costs are exceeded by the estimated
savings, and the Class III costs are close to the
savings, This result occurs despite the poor sys-
tem accuracies caused by relatively long polling
cycles, There i1s a substantial car savings because
the averaging of beat areas leads to results in
which apparent response time improvements with
very inaccurate techniques occur, More than half
the area of San Diego 15 covered by five northern
beats which causes the average beat to be 40%
larger 1n side dimension than the average beat
that would resulf if these five beats and the area
involved were not considered. The reduction in
beat dimension would cause a decrease 1n apparent
response fime improvement,

In an attempt to reduce cycle time effects,
the systemn accuracy and cost savings calculation
were also performed for three RF channels for
AVM. The cost savings under these conditions
for Class I systems were doubled. The savings
for Class II were umiformly increased by about
$1, 8 mallion to the point where the cost of the
buried magnet system was equalled, as were the
costs of the Class III pulse TOA system, by the
cost saving. (See Sect, VII,)

7, Los Angeles, CA., Los Angeles was
analyzed separately for each of the four bureaus
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{Gentral, South, Wesi, Valley}, which range 1n
area from 130 to 500 km® (50 to 200 square miles).
Agaim as 1n the medium model city, all of the
bureaus show a 5-year saving for most of the AVM
technigues, All bureaus operate about the same
number of cars, so the effect of beat size on the
response time efficiency increase is greater forx
the larger bureaus. In overall cost savings, the
Valley bureau shows the greatest saving, followed
i order by the West, Central, and South Bureaus.
The AVM system.accuracy and 5-year
saving calculations were performed for 2 and 3
RF channels for the AVM systems for each of the
bureaus.- As expected, the accuracy improved to
about one-half and one-third that of the one RF
channel case, The 5-year saving wtith 3 channels
showed an increase when changwng from 2 to 3 RF
channels that was almost twice that obtained n
changing from 1 to 2 RF channels, The increase
in accuracy leads to increased car savings,
thereby reducing the effect of the constant O-M

expenses (See Sect. VIIL.)
I, Anaheim, CA, City AVM Cost
Benefit Analysis Tables
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Table 2-3, Anaheim, CA, AVM Polling Cycle
Min/Max Times .
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ULTPASOMIC JCTECT 20 1 -5 ww a-" 11 20

11, Long Beach, CA, City AVM Cost
Benefit Analysis Tables
Table 2-5. Long Beach, CA, City AVM

Physical Parametexrs
AFEA 15 T0.2 ZOUAPE MILES-
CAST HEST BISTAHHCE IS 1a niLEs.
HORTH SOUTH DIZTAHCE IS 9.2 HILES.
TOTAL, ROAD NHILCAGE IZ zo0Gd NILES.
THE NMUNZEF OF INTEFSECTIONE IS <006.
THE ESTIMATED HUNEBEP OF FORD SEGHENTS 1< 1G0G0:
THEFE ARE &1 CARS IN THE FLEET.
A THEFE ARE S1 MOTORCYCLES.
THE HUNMBER OF VEHICLES OH ERACH ZHIFT I3k

FIFZT <HIFT HAY 12

FiFsT ZHIFT HIM. 16

SCLOHD ZHIFT DR BE

oo SHIET Mo 1 FPEPRODUCIBILITY OF Ti,

TECOHD = « 1o 4 .
(WERINAL PAGE IS PRGL

THIFD =HIFT tIRY. 1€

THIRD ZHIFT HIH. 1o

THE NUNEBEF 0OF DISPATCHERS IS &

THE CIT: HOULD wENJIRE 7 WIDE+EAHD OR

PULSE ANTEHNHA SITES AHD 21 HAFPON ZANHD

Mf AHTERHA ZITCS FOF T AHD & MILE RADIVS COUEFRGE
KILOMETERS.
[ [ 2 3 i3
NARROW-BAND GRIVLSE Y
ANTENNA LOCATION & o 1 ? 3

Long Beach, CA, AVM Pulse or
Narrow-Band Antenna Locations

Figure 2-3,



WD E- NG ANTENNA LOCATION: &

Figure 2-4, Long Beach, CA, AVM
Wide-Band Antenna Locations

Table 2-6., Long Beach, CA, AVM

LUlG ZERCH
CLess i

TECHHIOUE
FE\20RRD
STYLUS {1AP
£«ACCELERDHETERS
LHSER UELOCLIITR
ULTFASONIC VELO
COIMPASS/0DONETER
CONPASS/LASEP VEL
CHPES,U-SOHIC VEL
DHEGA
LOPAN
DECCA
Atl=-STATIONS
DIFF GHECGA
BIFF LOFAN
JIFF  HI-3TA
RELA: QNMEGA
RELHY LOFHN
CLACS 11
EUPIED FES LOQFPS
REFLECTING SIGHT
REFLECTIHG POAD
¥-BAUD POST
HFs DHF FusT
LF FOST
LILHT-#1-R POST
BURIED MACHETS
ULTPASONIC PUST
TRAFFIC SENSOF

CLASS ITF

NAR=BAND FI1 PHASE
HID-BAND FI PHASE
PULSE T=-0-APRIVAL
H2IZE CUPPELATION
DIRECTION FINDEP

CLASS IV

TRAFF[C LOOPS
UAYSTIE FHDIO
PHOTOMI-P DETECT
ULTFASONIC DETECT

Systems Cost Analyses

TRuUsAlJS OF S
SITES BHSE

oo CCEOOCoOC OO

LEPPPEWS PRl SELRAR

voL

[ aTHL

S1HE
lss
b1
]
357
32
327
3o
241
24
~ul
244
247
240

11ugn

FRIDON
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Table 2-7.

Cycle Mm/Max Times

CVELE TIHE IN SECEHDS TO POLL Hex AND HMIN UHITS DEPLOYED
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Long Beach, CA, AVM

Accuracies and Cost Benefits

3eoTEIL HECUPACTES i3 » UEHEC‘LE.’
THEU

£l

anss 1 TOTAL
TECHRIGUE FLEET
KEVEORRD t2 62 i 3
1 e
STYLUS e 12 54 173
172
2-ACCELEROUETERS 12 25 175
175
LASER VELOCINTR 1240 : g
ULTRASOAIC VELO 12.25 1 g
1
COMPASS ODOHETER 12-25 175
175
COMPARSS/LASER VEL  12.25 1-75
175
CHPSSAU-SOHIC VEL 12,25 1 g
17
DECH 13 22 169
13
LORAN 13 59 1.94
1 a5
DECCA 13 44 1.92
1.92
P=STATIONS 12 12 1 g
1-
DIFF OHEGA 13 22 1-89
1 &9
DIFF. LORAH 13 59 1.94
1-93
DIFF  AH=STA 12 1% 1 g
v 1.
RELAY OHEGA 1131.20  161.€2
161 &8
RELFAY LORAH =8 53 693
693
CLASS 1
BURIED RES LOOFS 12 25 i-;’g
REFLECTING SIGNS 12 25 i g
REFLECTING ROAD 12 25 {-g
X-BAHD POST 12 17 {.;3
KF) UWF POST 12 82 172
1.72
LF POST 12 17 1-74
174
LIGHT-E-R POST 1z 17 { ;:1‘
BURIED HAGHETS 12 25 1 g
1
BLTRASONIE POST 12 17 174
174
TRAFFIC SENSOR 12 17 124
1.74
Table 2-8.
LOWG ZERCH
CLASS i ELTIURTE l‘EHICLEb
TECHMIAUE  ACCURRC:  SRUED
hEY2ORPD 33 1
=T (LUS HAP S 1
2-HCCELEROUETEF 5 S 1
LASEP VELOQCINTF Is 1
HLTCASGHIC VELD Wi 1
CUlIPASS/0JOHETER 2¢ 1
CIPRSSAL ASER FJEL 15 1
CHPSSAFSOHIC WEL 1> 1
DIEGH Towd u
LOPAN [0 1
JEECA <0 1
RH-STATIONS 200 1
DIFF  OIEGR 1oy 1
DIFF LOPHA Bacls3 u
DIFF  AN-STA 250 1
PELIRY OIEGA 500 v
PELR( LOPAR 3ul u
CLASS £
JUPEED PES LUOPS 12 1
FEFLECTING SILIS o 1
FEFLECTING PORD 3 1
\=ZHHD POST 12 1
HFs FHF FUST 15 1
LF FusT 1ait 1
LiCHT/I-F FOST 20 H
FUREET NAGHETS - 1
ULTHHSDHIC FUST od 1
TPAFFIC SENSUF w 1
CLHss 111
HiP=2RHD FI1 FHARSE 10Ul 6
WID-SAMD F1 PHASE 1200 o
PULSE T-O-FFFIHL 140 5
HOESE CORFELATION i0a I
JIRECTION [iN3CR 728 6
LRSS IV
FRAFFIC LUOPS 18 E
WARISIDIE PrdI0 180 L
PHOTONI~F DETECT 30 L
LETPRSONIC JETECT 21 1

RCCIIRFIC‘-

has LFER)

43 2
e oy
7 aF
] o]
197 107
oS s
B e
d L3
3 3332
e 039
49 4
17 ~&7
339 209
1073 10732
SES 565
0393 523+
2147 e1sT
ot by
et e
el 52
g bt
&3 5
25 56
a2 froed
[ o4
Lir L
[ o
Cuo? 2467
Pz 293y
175 175
179 1%
1315 1215
=i 25
221 221
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IV, Montclawr, CA, City AVM Cost

Benefit Analysis Tables

FULSE OR NARROW LAND ANTENNA LOCATION @

N
]
KILQMETERS
° )
[ A SPSN N S S S RS
) [ LI 1 T T T
[ 14 v B t
MILES

Figure 2-5.
Narrow-Band Antenna Liocations

WIDE-BAND ANTENMA LOCATION &

Montclair, CA, AVM Pulse or

N .

KILOMETERS.

14 12 3/‘: 1
MILES

Qe

Figure 2-6.
Antenna Locations

Montclair, CA, AVM Wide-Band

2-7

Table 2-9.
Physical Parameters

FRER 1% 3-% SPURRE HILES-

CAST UEST DISTAMCE IS 2.2 NILES.
HOFTH €OUTH DISTANCE IS 2.5 DILES-
TOTAL ROAD HILEAGE IS &7 MILES.

THE HUNBER OF INTERSECTIONE IS 228.

Montclair, CA, City AVM

FHE ESTIMATED NUNMBER OF PORD SEGHENTS I5 Soe:

THEFE RPE 16 CAR3 LW THE FLEET.

IHD THEPE RRE O HOTOPCYCLES.

THE HUMBER OF UEHICLES OH ERCH SHIFT ISt
FIRST SHIFT tAX. S5

i"ERST SHIFT MIM. 4

ZECOHD EHIFT HMAK. S5

SCCOHD SHIFT HMIN. 4

THIPD SHIFT HAY. 7 -

THIRD SHIFT MIH. ¥

THE HUNBER OF DISPRTCHEFS IS 1

THE CITY HOULD FEONUIRPE = UIDE+EAND OF
FULSE AHTEHHR SITES AHD 5 HAPPOU EAHD

FH AHTEHNA SITES FOFP 7 ANHD 3 MILE RADIUS COUVEPAGE.

Table 2-10.
Systems Cost Analyses

HUNTCLAIR
oRss |1
THNU3RHDS OF I

TeCHHIGUE CARS ¢ITES IASE INST O-H UGL
YE/20RPD 2 a 43 11 101 159
STYLUS HAP o a 5 11 10t 133
2-ACCELEFONETERS 1e [+] v3 11 ful 18
LASEP DELOCIMEIFR 12 4] 7a iz lud ou3
ULTPASUNMIC UELU 1. a T i1 1z 197
CUHPH3S-DD0NETEP 15 [3) e i1 lul 197
CUHPHSS-LASER YEL 12 n ] 2 101 en3
CHPS3AJ-S0HIC VEL 1o H 70 11 101 200
GIEGA a” u 593 1t 181 195
LoRAn g 1] 55 11 1ul a7
DECCR 12 a 55 11 1ul 13y
AlI=STAT QNS - 1] 55 i1 iml 172
DIFF. OHEGA - 1] 55 11 1ul 198
DIFF  LORAN e3 1] 35 1 101 197
BIFF. AN-STA 5 Y 55 11 161 17z
PELFy LIEGA L o 33 i1 1ul 17
PELA. LOPARH © 1] 55 1 161 175
CLASS 11
IUPIED RES LOOPS Z 1@ 43 197 11 +54
PEFLECTING SIGHS -] 56 =3 42 166 235
FEFLECTING RORD a 7 =3 43 31 232
X-BAHD POST f 2 s 5 2o 185 257
HF» UHF POST . 2 S B 15 12 172
LF POST 2 =3 -5 =) 1ve oz2
LIGHT-[~P POST L 34 «5 20 163 jo-ai]
BUPIED HAGHETS 1 1 i1 45 32 1ua 193
ULTPH3OHIC POST 2 5] 3 LT 18 251
TPHFFIC SENSOR e -3 43 31 1) 227
CLASS 11J
HAR-ERHD FH FHASE 3 24 54 11 103 193
WIZ-BAHD Fit PHASE 35 35 72 1o e 352
PULSE T-O~APPEUHL =3 To i+3 23 17 =il
HOISE COPRELATION 2 Eod 143 is 177 2r
DiPECTION FEHDER 1 73 35 15 154 284
CLASS ¥
TRAFFIC LOOPS 1 229 13 1093 169 +85
HAYSIDE FADIQ 1 155 5 vl 113 3B
PHOTONI~R DETECT c 117 =3 49 plird 220
ULTRASOHIC DETECT 2 1Ty w3 43 182 334

Montclair, CA, AVM

TUTALS
SaNC
157

PRH20N
[
132
it}
Zus
1~3
199
20
2ol
183
149
22
17=



Table 2-11. Montelair, CA, AVM Polling V. Monterey Park, CA, City Cost Benefit

Cycle Min/Max Times Analysis Tables
¥
-
CYGLE TIME IN SECONPS TO POLL MAK AND N1IN UNITS DEPLGYED Table 2-13, Monterey Park, CA, City AVM
Physical Parameters
cLass I TOTAL SIMFLE REDUNDENT
s RE pe T em mpTa ew
om e 13 0B o= i BFEA IS 7.3 SOUARE HILES.
uswe o wm 85 BE 0E 2% 23 49
2-ACCELEROHETERS Les B @78 150 023 87 16l EAST WEST DISTAMHCE IS 4.5 HILES.
LAStR VELOGIMR L1 07 67 181 0o o 1
0 44 g 45 9 Eo 0 49 v 51 o 93 MORETH S0 3 hc ES.
ULTRASGHIC VELD 189 e7r ©7B 152 o a3 a 2?7 1wl UTH BISTRAHCE 1S5 2 MIL
coeRsS-ODOKETER 1.89 g # 3 ;g ? g g gg g g ? 3? TOTA 2
- o 678 152 e s oer Lot OTAL ROFD NILERGE IZ 1ol HILES-
COMPRSS/LASER UEL Les o7 87 150 8 &3 u &7 161
08 u5a a e B o
CHPSSAI-SOIE VEL L e pn e o e e o THE HUNBER OF IHTERSECTIOHS IS 59€.
ween e S8 82 i& 22 3
547 048 o 84 3 54 5 57 oo THE ESTINHRTED HUNBEF OF PORD SEGHEHTS IS Z&6d
Lo v 2% 8E B8 e iE i
DECCA 128 o 84 0 s 158 8.43 102 175 THERE AFE 15 CAPE IN THE FLEET-
F-STATIONS 182 97 9% 14 as oss i
9 33 o 44 8 g3 8 46 B 3% o 31 AMD THERE ARE © MOTOFCYLLES.
DIFF- OMECA 118 .83 985 1-5¢ 095 8 99 173
DEFe. Loren a1 o0 e 93 i5%  1%  §¥  THC HUMBER OF VEHICLES ON EACH SHIFT 18:
. . 7 :
039 9Ed3  wal 05 Ase {8l ~ =
DIFF  AH-STA 117 pez s 19¢ 0 6 a3 172 S N
3 3 0 56 0 98 h
RELRY QHMEGA 9108 7970 TOPE  TFlds 148 76 148 71 141 48 FIRST SHIFT ifil- 14
30.48 494l 4082 S840 86 92 PO B4
PELAY LORRH 433 2oz 2 277 g s 38 w13
7 . z 1o 3 z 51
CLASS 11 5T 3
EURIED RES- LOOPS 188 874 0 7o 1 38 o 78 082 1 5o FIPST SHIFT ItIN. 4
042 0 43 853 a5 ¢ a7 by
REFLECTING SIGHS 10s 273 e7e 148 078 ¥ 1 5o
42 - 8 as 8 <5 8 o7 o - .
REFLECTING RORD 196 074 w76 148 04 0 g2 4 TECOND SHIFT rAK- 14
842 8 4z 85s 0 35 9 a7 B 99
X-BAND POST 1w 87y 07y 1 -8 073 0 o2 1 %o
WFs UHF POST ] FECI = 18 55 iz T e
d a7 o7 147 T sa  dm SECOND SHIFT HIN. <
LF FOST 1 oo R D 7o 1] 873 a2 L 56
542 8 -3 y &5 u 45 N 529
LIGHTAI-R POST 105 074 076 t 2 v 7 o 52 [
- R0 9 3 6 5 9 g =P g 39
BURIED MAGHETS 188 073 B7s 12 8 72 u 02 1 56 THIRD SHIFT HAX. 14
042 0w u =S 6 -5 e y g
ULTRASOHIC FOST 186 a7 @76 142 8T8 a0 156
TRAFFEC SENSOR 16 5% o5 ng 0.78 v Ve THIRD ZHIFT MIH. 4
= bs - = " -
. a2 043 a8s 0 ag n i s HIRD GHIFT il

THE HUNBER OF DISPATCHERS 1% 1

THE CITY HOULD RECLMIRE = WIDE+ERHD OF
PULEE AHTEHNHA SITES AHD 5 HAFFOU BAND

Table 2-12. Montclair, GA, AVM Accuracies Fil ANTEMNA SITES FOR 7 AHD 2 HILE PROIUS COVEPAGE.

and Cost Benefits

HONTELALR
S ¢GTEN1 HOCUPACIES T «MEHICLES AHD ESTIMATED £10068 SRUINGS
THE SYSTEN UEHICLES ESTEMATED N
CLASS 1 ULTIHATE IIEHICLES FCCURRCY SRVED S—YERF FULSE OR NARROW BAND ANTERHNA LOCATION @
FECHIIOUE ACCURACY SHUED IRL HIH HRE [ {3 -
PEYSO5PD -] B 23 o gz Uz =
AT ILES 1EAP 30 i o T G2 o3
2-HCCELEPCIETEPS 34 fl a1 3 B2 vz
LRSER UELOCINTR 1z [} 25 3 ae LSS
YLTRASONIC NCLO 48 a 102 s 92 "]
COHPASS QIDHETER za [¥] o0 =t agz IR
COMPASS/LASER VEL 15 B 39 2 a2 "o
CHPSSAU-SONIC VEL 17 i 42 “ Bz o
CIEGR 1560 8 4751 2564 00 U
LLpPAl 1eu ] e 1] 8T [1351] Uy
reCh 280 u “52 wi2 Ba By
AN-STATIONS 200 o 450 N0 8@ ug
JAIFF CHEGR 1oy a 3°5 Zéo aa u g
2IFF LOPHN 300 8 983 945 @68 Bu
IIFF AN-3TR 250 uy 545 5% 49 PG]
RELA? OHECA 530 8 2 1352 98 0w
RELAS LOFAN a0 g 2119 ez ] [\ ] LF 5]
CLASS E1
UPIED RES LOOPS 1@ u 27 27 G2 Q.
PEFLECTING SICHS 1u H a7 er [1 34 0«
PEFLECTING POAD 3 g Frd 15 G2 [ .
A=Al POST 12 a pe-cg a2 g2 0«
HE  WHF ROST 15 u 34 2B 02 o4
' 1v9 5] 24 e39 GO 09
LIGHTA1-F PNST 20 u 7 ™ a2 "os
ZUPIED IHGHETS r £} 27 15 [ 33 0 -
ULTRASONIC POST 20 s} so Ly g2 o
TRPRFFIC SENSOP 10 i ir &r g2 [T
CLRSS II1
BHR-ZAND FH PHASE 1080 a 2270 2308 [ 1] ua -
WI3-BAND FN PHASE 1200 A 2214 27 dw ua
FULSE T-0-RAPPIVAL 100 ] 164 Iow 81 Ut
HOISE CUPPELATEION 168 i 153 1 G 0.t
JUFECTILH FINIER 7w 8 1743 137 bW ug u KILOMETERS
CLAZ- TN "’ } f 2
TPRFFIC LODES 1y u 2t [ET Y o ] i T ]
1AISIZE RAJID 1y |53 F] ol ) oy ) LI S 2
PHOTUAI-F JETECT Cu 2 70 73 owoc Uz ~3wl MILEs
ULTFRZUNIC DETECT <0 ] “ 3 gz [ T2uS

Figure 2-7. Monterey Park, CA, AVM Pulse
or Narrow-Band Antennas
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WIE RAND ANTENNA LOCATION §

KILOMETERS

e
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Figure 2-8,

T
1
MILES

Monterey Park, CA, AVM
Wide-Band Antenna Locations

Table 2-14., Monterey Park, CA, AVM

HONTEFEY PHGt
[=RL-C0

FECHHILUE
FEW2UHPD
STILUS [P
2-ALCELEROIETEF S
LHSEP VELOCENTR
LLTRASOHIC VELD
COIPASSADDNETER
CUlIPHSS/LASER EL
EIFSSA-SOHIE VEL
HIEGH
LUERL
DECCH
HU-STATIUHS
3IFF  uHEGH
DIFF. LOPAN
IIFF  HM-=TH
FELA: UNEGH
FELH: LUFHH
cLAsS 11
FUPIED FES LUOPS
PEFLECTINL SIGHS
FEFLECTIHG PORD

LIGHT, [-F FUST
TUF [ED NHGHETS
ULTPASUNIC FusT
TRHFFIC SEHCORF
CLAS3 111
[HP-3AHD FH PHASE
UID-BAHD FH PHHSE
FULE "T-0-APPIHHL
HOISE COPRELRTION
DIRECTION FINDER
ASS 1V

L

TRRFFIC LOOPS
WAYSIDE PALEG
PHOTONI-P DETECT
ULTRASOHIC DETECT

Systems Cost Analyses

(R ]

WWRWOOONWL

et
a4

12

-

mrawr

THOUSANDS OF &
H

SITES PASE

cocmCcoclddCodicac T

Q

UL

£
vil

o

-3

TOTHLS

SiHC
lel

PRHIUN

iel
15
21
221
213
o12
2

217
al2
eE1
1435
1.3
21%
a1
1€
187
18

273

21a

313
e

Tit
w3
+40
~3Zo

Table 2-15,

Monterey Park, CA, AVM
Polling Cycle Min/Max Times

C/CLE TIME {H SECONBS TO POLL HAX RHD HIH UWITS DEPLOYED

1 TOTAL SIMPLE PEDUHDRT
TECHNIGUE FLEET SAHC VoL PRI SYHG Hy FAID
'LOARD 1 el 1358 1354 2 g 1 sl 1 o8 ER T

] B 44 955 e 4u B =3 2 9%
STILUS HeP 158 £ 57 1-81 3083 17 1-81 3 2a
045 8 46 a &7 00 Q52 B Sy
2-ACCELEPOHETERS 164 1 53 157 X3 1 oo 174 s el
Y et 4 a5 11 86 @ ag 0 Sy v 2
LASER VELOCIHTP 165 1.55 1389 3 92 1.70 177 225
e 44 9 a5 ¢ So B 39 G 51 D 93
ULTPASONIC YELO 1 i 153 1.57 3 8L 1 €6 £ T8 32l
a 245 8 zo 9 48 0 50 Q=
COMPASS/ODIHETER 1 u4 1 53 157 3 a1 1 60 17 2 21
G 4 045 8 o 8 ag u 54 ]
COHPASS/LASEP VEL 103 153 157 3 8l 166 17 32l
8 4 u a5 B Eo Q ag u 5@ B 92
CHPSS/U-SONHIC VEL 163 1.53 157 3 el 1 oo 124 3 et
o 44 025 e 2o 8.49 .50 g e
OHECA 1.7 1S 109 313 1.4 1 93 3 5
0 47 Q-8 0 &3 o 54 0 57 0 99
LORRN 182 170 174 LT 2 wa 2 er 3 55
G 49 8 50 6 91 Q57 6 59 1 81
DECCA 188 1 u8 172 3 1o 196 2 ez % 51
0 48 8 49 8,98 0 5o D 52 168
RH-STATEONS 162 151 155 2 99 1 €2 170 3
6 43 8 44 0 85 0 46 B9 a a1
DIFF CXEGA 1.77 1 5 1% 313 198 198 F S
0 47 9 38 8 89 6 53 a 57 0 93
DIFF  LORAH 182 178 173 317 200 2 o7 355
a3 9 58 @ 91 8 57 B 59 101
DIFF. AN-STR 17 L146n 168 312 1.89 1 9% 3 e
X Q ag o2 B 54 a S6 T @
PELAY OHEGA 151.58 141 49 14l 94 142 €3 281 40 2Bt 37 262 95
4040 4841 4982 048 SO 42 209 o4
RELAY LORAN o 58 o B7 o 19 75 1873 16 81 12 28
173 174 2.16 EX: 3 9 351
oAss Il
BURIED RES LOOPS 160 149 153 2 a7 159 1 66 3 14
B 43 B 43 0 &5 8 45 o 58 B
REFLECTING SIGHS 1.u8 1,49 153 & 97 1359 1 €5 314
B 43 0 44 8 85 ] 6 43 FEL
REFLECTING ROAD L] 149 1 52 297 I 59 I wo 314
@43 B 44 0 85 @ 45 6 42 a 90
X-BAND POST 1] 1.99 1 53 2.9z 159 1 6o 313
] B 44 8 3% 8 45 848 ]
HFs UK POST 158 1 -7 151 Z 93 155 1 62 318
o a2 B 43 @ B84 B 44 0 4y 0 89
LF POST Fe:] 149 153 2 97 159 E 65 3 1w
9 43 ] o 8% B 33 @ 48 o e
LIGHT/1=R POST 168 149 1 53 297 I 59 I €6 31+
9 43 B 44 Q95 6 45 B 42 0 g
BURIED HAGNETS L6 149 1 53 297 159 1 e 2 14
0 43 B 4 X 8 45 B 48 g 50
ULTRRSOMIE POST 100 149 1.53 2 97 159 1 s 814
8 43 2 33 8 es a 45 832 6 90
TRAFFIE SENSOR 160 1 9% 153 2 37 I 59 I 66 3 1.
o w3 9 44 B &S 8 43 8 -3 0 99
5
Table 2-16. Monterey Park, CA, AVM
Accuracies and Cost Benefits
LOITCFE s Prift
Y o || ﬁECIiPHC[ES i7" UERICLES RND EET!NHTEB £1.80 SRUEI|G$
THE! 51 STE VEMICLE. STINATED
CLaze 1 ULTILATE UEHICLE- HCEUR REY oH“fﬂ E-—lEHF‘
TCCHFLOUE BCCUPACY  SAVED MR~ LI 1Ay HIn SHIING
F E1 ZURPT 3z 1 oL -~ az 85 T151
Sl NeF ou 1 21 T e =5
2-HLCELEFORETEFS - 1 L) 8¢ we -} e
LiEFP "ELUCINTP 12 13 56 G a2 "7 o
ULTPRSOHIC UELG -3 1 1do 18y (L ns TG
CrPRESE/0XINETER G 1 S -2 @ag U~ o
CUNPRSSALASEP NEL 15 1 o) 28w 2T 15
CHUPBR/U-SONEE UEL 17 1 133 -2 ue u - 15
g A [Saa 5} 3501 Stoe 90 ] u
LUPHN ey 2 33" 7 A G i) o
25CLH fursis] n -5 wad WH Jéa 1]
AI-5TATIONS 2 u o 440 wm un a
JIFF  GIEGHR 150 " faTY 3e6 OR aa %
JIFF Lufad ~i 5] {3501 W3 Ay ua H
I HI=3TH 250 u Sel Gl 0w tRY] u
PELA: UNEGH Suy 5] +755 1342 6o 0o ]
FELAY LGRRH Sou ) 2852 °BST w A na 5]
CLi3S I
2UrIED FES LUOPS 1y 1 So 27 AL a7 al)
FEFLECTING SIGHS 1B 1 Ga 2F wme a7 2y
FEFLECTING PORD 2 1 2 15 a2 [ —eis
~=Z 4D FOST 12 1 = W w3 27 ]
K WHF PRST ro15 1 52 - 9z uT 10
LF POST - 1 ot 2234 w1 a6 Tat
LIGHT-1=F POST 0 1 9B v~ a v Qb =
SUF JED NALNETS + 1 jorc3 15 w o 87 25
LULTERSUHIL FOST & ] 51 -3 Tz (X o
TRHFFIC ENSUF ] E 53 -l -1 o7 2u
CLR3S 111
1AP=EHID FII PHESE  1yuu 3] 2451 2% 00O " a
dI3-ZrlD FI1 PHASE 1200 a 2911 2738 My an 1]
[ILoE T-0-HPPIVML 100 1 174 164 01 02 ~7u0
HuiSE CURFELATION 108 1 145 132 01 a1 18
JIPECTION FINDEF 769 ] 1203 197 20 38 ] a
CLRJG 3
T=AFFIT LOOPS 1 1 25 2o gz v 2 25
1403128 RADID dua 1 223 £337 a1 ua 530
PHOTOM E-F DETECT 30 1 o7 b uz Y 120
BLTFHSUNIG DETEGT feis] 1 10 -3 2 ur TS



V]I. Pasadena, CA, City AVM Cost Benefit

Analysis Tables

Table 2-17. Pasadena, CA, City AVM
Physical Parameters
APEA 13 &3 SOUAFE HMILES-
EAST MEST DITRHEE IS & MILES.
HIETH S0UTH BISTAMCE I3 5 HILES.
FOTAL FOAD HILEAGE IS5 350 HILES. .
THE HUNBEF OF IHTEFSECTIOM: IS izoi-
THE ESTINATED HUNEBEF OF FOAD SEGHENTE IS 27a0:
THEFE RRE 35 €ARS IH THE FLEET-
AHD THEFE APE O NOTORCYCLES.
THE HUNMEBEF OF UEHICLES OH ERCH SHIFT IS

FIFzT HIFT HAX. 18

CIFST ZHIFT NMIH-. 18

SECOHD SHIFT HAY- 18

SHIFT HIH. 14

SHIFT MAk. 18

THEFPD SHIFT HIN. 18

THE HUNBEF OF DISPATCHERS IS 1
THC CITY WOULD PECUIRE 2 WIDE+EAHD OF

FULSE RHTEHHA <ITES AND 7 NARROH BRHD

Fri AUTEHNA SITES FOP 7

AHD ? NILE FADILUS COVEPAGE.

Table 2-18, Pasadena, CA, AVM Systems
Cost Analyses
PASHDIENR
CLH3S 1 FOIA_C
THOUSAHIS OF

TECHHIGUE CHPS  SITES BASE  ENST  oO-n1 twL HC FAIEDON
FEYBUMF D 5 o 57 1z 111 L4 17 [
5TrLUS MAP ) a b = 1] e 2w il
2-HCCELERPUIETERS = u 73 e L0 EDS aus oo
LASEF VELOCINTR 5 a ar 15 198 o 222 221
ULTFHSOHIC VELO -5 y 87 1- 10 o568 2e5 =l
CNNPASS/0J0HETER 52 5] > i1 ig¢  @5u o5 ol
LIiIPASE-LASER VEL 5 " 37 [ Liwd 27e 235 8l
ChPLt A U-SulIC VEL Se uy ire t 104 265 2" iyt
QIEGH o5 a T 1% 163 2eg E9F  LA5
LOPRI =z, ] e I 103 o2 3uk 279
JECCA 1 a T2 3 13 Fesl 2v@ Tl
HI=STATINNHS 1 a "z 12 192 208 el3 il
JTFF UNEGH 5 a ~ 1> 102 238 a5 A3
DIFF  LORAH ag 3] -2 1% 13 e ok I
AIFF  An-5TA 17 a i 12 1a3 205 218 oo
RELEY OHEGA 13 1] —Z 1= 10~ a1 2uy il
PELAY LORAH zl 5] T 1= 13 T1s ECR el
CLASS IE
2UFIED RES LOOFS 5 M7 57 183C 1yl 2uTF 3ETE D0ET
PEFLECTEHG SIGNS 17 =1y <= o3 lgg o5 Bow  Sol
PEFLECTIMG RORD 5 -5 57 o3n pcs Tl= Tig Fle
/=BHND POST o ~28 37 ) 129 724 T ~15
HF» VHF PO3T = -7 5 ot 193 255 EE TR
LF Fu.T ] 220 o7 16 123 325 523 ri9
LIGHT~1-R PAST « 180 57 115 1% 516 528 G
WPIED HASHETS - 109 57 22 W0 500 503 ot
ULTFRSOHIC POST 1) air bird 330 1359 351 $o5 T
TRHFFIC SEHSOP o 254 57 lof 1yl (254 [
LLHa3 11T
HHF—ZAHD F11 PHHSE 2 32 T 12 s 237 e S
WIJ—ZAHD F1 PHASE 102 35 ws , 12 22 de2 wTL -
FULSE T-0-AFRINAL o o8 4T 33 153 Gy 65  ©3&
HOISE GOPPELATIOH e [ ot 12 17g piiat] Qe Ty
DIPECTION FINDEP 2 e Sy 1o 154 367 o S N
CLASS IV
TRAFFIC LOGPS 3 1e37 57 517 i~5 355 2552 oGS
HAYSIZE PADID 3 113 57 32 E9. 2097 2697 2ueT
FHOTOMI-R DETECT 5 534 5= 2oz 2 1315 1815 1T1S
ULTRASONIC DETECT 5 13 57 220 B 1230 132 13
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Figure 2-9,

Figure 2-10.

PULSE OR NARKOY RAND
ANTENNA LOCATION @
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—
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Pasadena, CA, AVM Pulse
Narrow-Band Antenna L.ocations

WID E-BAND ANTENNA LOCATION @

Pasadena, CA, AVM Wide-Band

Antenna Liocations



Table 2-19, Pasadena, CA, AVM Polling VII, San Diego, CA, City AVM Cost
Cycle Mmn/Max Times Benefit Analysis Tables

CYCLE TIHE IN SECONDS TO POLL HAX RHD HIN UNITS DEPLOYED

Table 2-21, San Diego, CGA, City AVM

CLASS 1 TATAL SIMPLE FEDUHDAHT
TECHHTCUE FLEEY STHC VoL SYHC

FAND oL RRAHD 3

KEVBOFRD 3 e I o7 111 2 1s 115 123 2 3t Physical Parameters

L 9?7 181 2 15 113 1e3 23t
STYLUS HAP, 3 Az 112 156 z 20 123 132 2 38
-mccncensers s8s  1ds 115 sir 134 13 e  FPER I3 531 S0UAPE NILES.

tuo 113 217 11w 127 233
LASER VELOCIHER 3 87 L1 115 219 121 129 237

111 115 2 1a 121 123 & 37
LLTRRSONIC VELO 382 1 od 113 217 119 127 235 CRAT HEST DISTANCE IZ C3en NMILES.

1 92 113 217 1.12 127 z 35
COMPASS/ODOMEVER 303 199 113 217 119 1er 233
A S L I L

. by 12 2 - -

1 o9 113 217 11% 187 535 Hor TH SOUTH DISTANCE IS5 1.2 HILES.
CHPSSAI-SONIC VEL 333 169 13 217 119 127 235

109 118 217 113 127 235
OHECA 412 Lt igg ggg 13: 1 o g 52

1 1. 2.5 = .

LoRAH 425 1 8 HES g 13 e ] TOTAL ROAD HILEAGE I3 1945 NILES

121 185 223 1 -3 1 51 2 5y
DECCA - 23 L2 124 2z 1 -8 18 2 55

L -8 [y 25 . -

AH-STATIONS 378 168 112 2 1o L 1s 12 3z THC HUEER 9F IMTERSECTIONS IS 13ve0:

1-63 112 2.16 16 124 222
DIFF OMEGR 413 113 122 2 26 135 I 2 52
DIFF. Lonsut s2s 1B 1 g2 13 13 i

. i Z 53 =t -

18 18 FR-A RS HES 23 THE E3TIMATED HUNBER OF ROAD SEGHENTS IS 27«80
DIFF  AH-STA 411 147 1281 225 125 13 251
RELRY OMEGA a5 101 ég mi g}s 2% | o | o & 3

162 98 201 90 201 W8  @u2 16 -
181.08 101 ud 1G62.62  20L 68 20L 68 268 16 THEFE APE 200 CAR3 I THE FLEET

RELA? LORAT 15 17 433 4 37 5 41 76" 7S 0
eSS I 433 ~ 3 5 41 767 75 333
BRIEDRES LooPs 378 1@ 1B R 1 1% im A0 THEPE FAPE S2 NOTORCLCLES.
FEFLECTING SIGHS 273 168 1.12 2 1o L 15 12 2%

168 112 2 1s 1 1o 12 232
FELECTIE PORD 2w 1B 1B En ik 1% £Z THE HUMBER OF UEHICLES ON EACH SHIFT IS

. 11 -1 115 12 2= -
X~BAND POST 3 7o 167 111 315 113 123 2 3l =

1 u? 111 215 113 123 o3
By W POST 371 1 u6 110 213 112 120 t e

- 110 21 [ H R -
LF POST 37 1.67 111 s g S i FIRST SHIFT MAX. &6

1 w7 111 z13 115 123 232l
LIGHT/I-R POST o 7o 1 w7 111 215 115 ] 231
SURIED HAGNETS Bl }g; ::é gxs N L5 g SHI 6

7 1o 11s 12+ 2z 5

108 112 213 116 123 e 3¢ FIRST FT N o6
ULTRASONIC POST 3 7o 167 114 215 1.45 123 PR
TPAFFIC SEH3O0R 7 1 o i g }g i 12 S

ur 5 122 2 31 . -
® 1 %' 1-11 15 115 . 22 o3 _ECDHD -:nH.[FT HF&. 95

ZCCOH - 95
Table 2-20, Pasadena, CA, AVM Accuracies CCOMD SHIFT |

and Cost Benefits
THIRD SHIFT HAX. b

PRSADEIR

S5TEN ACCURACIES ftf) s VEHECLES BHD ESTIMATED $1uu0 SAUINGS - .
THEG 45T VEHICLES ESTINATESD THIFD SHEFT HIN. 80

CLRSS 1 ULTHHTE 1EMICLES ACCURAC SHUED! 5=\ ERP

TECHHIWUE  RCCURRCY  (HUED  MA- HIN  HAN [5$]] SHHFING

VEVEOHPD o] 1 U g 95 Y] 1w

STVLUS P 20 ] ~a - ws v “12u THE CITY UOULD PERUIRE 23 WIBE-BANMD OR

2-HCCELEFOHETEF S S i a4 4 ubo U5 “1eS

LH:EP UELOCILITR 13 H 3] S e ~2u

ULTTH3UHIC LELD ) £ 153 3+ u 3 g5 "155 _ -

CUlTFASS. AIONETER 2w [ 5 Sy G 0 “t8 PULST T-0-A ANTEHHA SITES AND 85 HARPOW

COlPHSS/LRSER VEL 15 i -0 “3 Bo L 0

csﬁggxu—smie UEL 17 1 me wi 6 0w )

0 16wy 0 33l o3t © 0 0y a

LopHlt 1ok L -1 331 w1 ul1 —d SAHD AHTEHNR SITES WITH ? AND 3 NILE COVERAGE RADII-

DECER et ] oy Sed D08 “oH u

RI=5TRTIQHS ol 0 =50 S35 uw A ] u

JIFF  OEGH 13y o 231 T Ul Tesh

DIFF  LORAG e o 1050 lasw @0 @ u

JIFF  EH-STA 250 0 553 5% 90 ] u

RELM{ unELH Sup 1] a0 Jdwe a0 mu 5]

RELA¢ LORFH £60 W {147 Z147 0 A A g o

CLASS 11

APIED PES LOOPS 1% 1 -6 u flo EI 55

PEFLECTIIG SIGHS 10 1 . “@ Wo U “Fud

REFLECTING PORD 3 1 9 3% ue 0. ¥l

<-2RHD_POST 2 1 ad -0 Bwn Ue <185

HF» DHF POST 15 1 40 wofg Y U

LF FOST o 1 209 2o Ny U3 32U

LIGHT/I-R POST 20 1 *4 ve usS "s “3e5

SUPIED MAGHETS - 1 22 32 0o 0o “5n

ULTPASOMIC POST o 1 Su 5 U u g Tia5

TPAFFIC SENSOP+ 10 1 -0 w0 0e 0s 55

CLHSS 111

HHF =2AHD FI1 PHASE 1000 [ -t 3 | 411 w0 ] u

HID=DAND FI PHASE 12v0 0 230w 28ee B0 iy 2

PULSE T-0-PRRIVAL 1Oy 1 172 172 v - [ “e0u

HOISE CORPELATION 100 1 192 192 0 - —590

DIRECTEON FINDEP  Tay LU v ) 174 Owu K] 0

CLRSS 1Y

TPAFFIC LCOPS 18 1 25 23 Be Y ~e7S

VPAVSIDE FAJIN 140 1 -1 2o B3 0 5

PHOTONI-R DETECT 30 1 Be b3 B LY =aa0

ULTRHSONIC DETECT 28 1 a8 e uE oo “am
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Figure 2-11, San Diego, CA, AVM Pulse or
Narrow-Band Antenna Locations

z
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Figure 2-12, San Diego, CA, AVM
Wide-Band Antenna Locations



Table 2-22. San Diego, CA, AVM
Systems Cost Analyses
SAH DIEGD
CLASCS I TOTALS
FHOUSAHDS OF
TECHIEOUE LHPS SITES SASE INST 0o-n vuL SyHC  RAHDON
| EYEORFT -l G 09 21 165 543 a5s 255
STYLUS AP o5 1] >3 21 108 1usy S8 332
2-ACCELEFONETERS 480 8 12z d@ 130 36 938 21
LASER JELOCTHTR 534 @ 18 51 Is5 40 85 ¥Sy
DLTRASOHIC VELO 3681 5] 125 1) 145 T 02 78~
COMPRSS/ODONETER =4 a 108 16 1E2  Tew 36 785
COlPHSS/LASER UEL 557 1} 123 55 187 215 437 456
CHPSSASONIC VEL 7% 6 113 .0 127 @ 282 251
QIECA 219 ¥ooo104 34 123 112, 1203 1155
Larals 240 ¢ 183 3. 123 115, 1233 1281
DZCEA 3T ] 1u2 23 X /33 o2 TE™
RAI-STATIONS 12a 1] 103 25 112 =3¢ 1T a3
JIFF UTIEGR ato 8 169 34 123 112, 1151 1185
O1FF LORAI 348 5] iu9 34 1 115~ 1211 el
JIFF  AN-STA 118 @ 109 25 118 -% =97 G27
FELEY OIEGA 158 u 169 S 156 Cakd =31 551
RELH{ LOPAN 173 8 18 3. 1 % 33 Ses
CLASS II
ZUPIED RES  LOOPS “2  S@E. 09 16793 105 2620 20969 26832
PEFLECTEHG SIGHS it 2214 39 1893 330 5374 5402 S3ES
FEFLECTHIG POAD 3% Zes D POUL 1749 L2353 4282 4268
{-SAND POST 51 3151 89 £33 229 4208 +315 e
HF UWF POST ¥ 23 17 158 87 o Gz
LF POST =3 1Ti13 32 (213 zia T84S 5”3 GEd
LIGHT/I-P POST 43 127 39 780 +50 277 o815 EreY
BURTED MAGHETS S0 mr 8% 188~ 100 2«5u  32¢%  Gewl
ULTRASONIC POST Sl eawe @9 235 282 5053 5281 SouS
TRAFFIC SENCQF - 882 99 1112 183 duuS  de3 3387
LRSS 111
IAP-5AND FI1 PHASE (33 390 175 &2 150 ) a3l aga
HID=ZHND FN1 PHRSE <72 o7 178 T2 ei9 1ZuS Leg2 1607
PULSE T-O-FPRIVAL  rr3 1138 357 Def 205 2812 2087 2593
HOISE COPRELATION 26 29 357 ~5 3 388 225 R
JIPECTIGH FINDEP 11 80 iz 13 154 Wil 375 oFS
CLASS U
TRAFFIC LOOPS ow 15550 3745 =32 138-0 14,40 1330
VAYSIDE RADIQ €3 13593 89 P 7% irell 17wll [bll
PHOTONI=R DETECT 335 woe? 33 1538 ST 10917 1uT 10917
ULTPARSONIC DETECT 33 =AY £9 1572 wir 11855 11655 11u5S
Table 2-23, San Diego, CA, AVM
Polling Cycle Min/Max Tirmes
LVCLE TIUE I SECGHDS Tu Fulb tWa AND MIN UHITS DEFLOCED
CLrEs 1 TOTHL SIFPLE RESUNDRHT
TECHHIME FLEET SYIC VoL FAND Shic U, FAMD
t E/Z0ARD I T2 1u 2u 189 77 29 84 19 29 12 93 22 ol
& onr o 5A 13 1o & g8 ® 60 I+ 22
STMLUS AP fes BB, 1 o i1 21 21 28 11 72 12 92 23 55
e T2 T 83 13 uw T o 8 le le 28
Z-HCCELEF ONETERS T 94N 10 3 10 9o @1 93 11 27 12 41 23 85
& Jo o 42 13 23 .12 73 1+ Sa
LAZEF VELOCINTR T8 85 16 51 11 w3 21 15 il 32 12 o7 &2 31
o or 7 oy 13 26 7 a2 = 8d 14 72
ULTPASOHIL 'ELOD = 44 14 39 16 <6 21 0 11 27 12 41 &3 8s
s 84 o 92 12 28 12 T 3 1 56
COMPHSS JI0NETER =2 49 iv 32 10 ¥6 21 a5 11 27 12 41 &3 0%
v So o N 13 28 i 78 1+ 5o
CAPHSSAASER VEL B 49 10 3% 10 “Yo 21 u3 11 27 12 41 23 05
& So & 92 13 8 .12 7 Ba 13 50
COPSS/U-SIMIC UEL 23 99 1033 169 2182 12 124l 2205
& So o Y2 12 28 ¥ 12 T B 1+ S50
WUEGH -1 54 i1 21 11 78 21 83 12 =2 1= 06 24 78
- o8 e 15 80 g 16 83 15 o6
LOFAN 42 721 11 53 1= 10 ez 17 13 55 1+ 69 25 32
78 “w. I~80 85 928 1568
JECCH 2 2 11 49 11 97 22 94 13 20 Ias i 9 a8
T e T 95 13 a2 & 48 9 12 15 &4
HI-STHTEOHS 23 a2 19 25 18 83 20 94 11 a2 12 1e 22 26
£ wd & Su 13 20 5 95 T2 15 -u
DIFF  WIEGH w158 112 1178 21§ 2% 15f a7
o T 4 12 g6 3 lo 8 g9 15 v
QIFF  LOPAN -2 71 11 53 1z 18 22 17 12 55 14 v9 25 33
78 7 o 1=~ GO 5G a8 15 g9
JIFF  A-5T8 -1 20 11 15 11 72 21 7 12 73 3 93 24 97
7o: 740 1370 0B 30 158
PELAY OUEGA 39555 2 959 50 w58 ar 978 14 1989 59 1910 ovd 1921 28
505 89 86 T el2 72 12066 00 1266 72 1213 ud
FELHY LOPAI 52 53 41 1 41 T 51 3L 72 83 72 57 S
2o 0D 2o 36 3z Te ~+o Ba 46 72 593 44
cLlfiss II
EURIED PES LOOPS 38 72 10 45 11 o2 21 03 11 -0 12 53 23 18
- 0 o 96 13 xR 7 20 v 1454
FEFLECTING SIGHS 2| ve 1o 43 1t o2 et a9 11 48 2 5 e3 18
o 9 13 R - 20 7.92 1= 64
FEFLECTING ROAD 3] e i 45 11 A2 g1 na 11 -0 12 54 o3 18
560 w% W P PR dede
{=2ritD POST 49 iu 39 18 %o 2t 83 11 27 IZ «1 3 us
So w 92 13 28 712 Tafer i+ So
HFs BHF FOST 33 ez 13 26 18 33 2 90 1§ 82 12 1o 22 oo
& -8 & B 13 28 5 9o T 2 4+ <9
LF POST 2. 1039 WG 20T 102 124 2205
v So az 12z 23 712 7 Su 14 So
LIGHT,1-P FOST 3L 4= 18 35 14 9o 21 a3 11 27 12 4t &3 85
o So 92 13 =8 12 7 & 14 5o
SIRIED MAGHETS | TS 10 45 11 v2 21 a9 11 49 12 5 eo 13
& 80 B 98 13 32 7-20 T e 14 od
ULTFASOHIC POST 28 39 19 39 18 9o 21 0% 11 27 1241 23 85
& S B 9 12 28 T.12 T 3% 1= S
TRHFF IC SEHCOP 28 49 16 3% 18 9 21 g3 i1 27 E2 ul 23 05
e S b 9 13 28 712 T B 14.56

i

Table 2-24, San Diepo, CA, AVM
Accuracies and Cost Benefits with
One Radio Channel

st 2EGS

St3TEN HCCUPHCIES i s UEHICLES ARD ESTINATED F10wd SAUINGS
THED

SYSTEN VEHICLES ESTIMHTED
CLASS I ULTIMATE UEHICLEo HCCUPRC . SRUED S—ERF
TZCHRIOUE HCCUPRAC:  SAYED HL NI [Ak 3] SAUING
VEVEOARD 2 o 332 245 ¢33 4 1,75
SIS HRP i} & ] 253 er 2 135
S-HCCELEFONETEFRE 3 & 383 242 22 3 ]
LMSER VELOLINITP 1. T 331 e 20 2 |
ULTPASOIIC UELO =i " 390 256 28 23 ey
CTPASE-DIDICTER oy & 352 w3 29 2 u 15-u
CONPASSALRSER UEL 15 [ I C=3 -3 2o =-eS
ENPSSo =S IC VEL 1= =3 2c6 34 23 24 | STw]
QiEcA 1ok u 12 +112 4w Qg o 1]
LURAHE loi S ] 12 1.9 17 Tlu
JECCA 26806 - S0e =96 13 10 Eleiel
FH-STAT IDNS 206 3 595 agd } - 10 L
JIFF  ulECh iny 5 =13 =11 1 e 2u e
AlFF LuFpl =02 & I1e? 1148 v o v e i
JIFF  HI=-STA a53 - bl 89" H o (131 1u
RELA¢ UDEGA Soa B ] oy uo 20 o
PELAY LOPRH o 2 1.2 2243 v o0 L] v
CLixSS i1
SURIED RES LOOP3 1y - I g«l £ 83 L 1375
REFLECTING SILNS 1y - 0T 2wl £ 8 23 L &b
POFLECTINC POHD 3 - -0 233 £ 49 Pl =Y Ly
S=3ANED POST iz - T &4l L8 ol } i)
HF» I'BF POST 15 Y 23 240 ¢ B8 2 or | Y]
LF POST 17 o 426 273 Lo ¢ 2 _ g
LEIGHT/I-F POET H =% o 243 -3 Ege] 17
SUF IED HUGHETS + = So~ 23% &8 LS lould
ULTPRSOHES POST oy e 38z 25 28 & 14y
TRHFF IC SEHSOP 19 - 3G 240 23 20 1530
ELASS ELE
LHF =EHHD FI1 PHASE 1110y 1] -] s33 B8 b (I ]
HID=-28HD Pt PHASE 1206 1) fcd o 38 40 Mol 4]
PULSE T-0-oFFPIVAL 1uu e 191 137 21 -3 farca)
HOIGE COFPELATICON 100 @ 2i4 2u3 O + 2 L2238
JIFECTIQN FIIFIER ~ca 1} para M35 @0 au L1}
CLH3E T}
TrHFF‘C LOOPS 18 T 2% 23 40 [ g
OR/SIDE PEDIO 150 o 203 247 Ty L] i)
FHOTOLE=R JETECT o B 5@ Bl 33 53 [
ULTRE 3QUFEC JETECT <o B -2 ~3 372 [ 4 e ]

Table 2-25, San Diego, CA, AVM
Accuracies and Cost Benefits with
Two Radio Channels

341 JIEGO
S¥STEN RCCUPACIES M »VEHICLES AND ESTIMATED $luuy SAVINGS

THED SISTEN UERICLES ESTIIATED
CLHSS I ULTIMATE VEHICLES ACCURACY SAVED S~VEPF
TECHHIWWE  ACCURACY  SAUED kA MIN  MAY 1 SANING
FE: BOFRD 33 5 123 s 3& sz 3375
STYLUS HeP 38 ® < @2 37 51 3285
2-ACCELEPQUETEPS 3 v 12 < 3 52 2230
LASER VELOCIMTR 13 T 138 80 3T 52 «175
ULTEHSOHIC UELO ~0 6 121 we 35 51 M
COIPRSS/GDONETER 28 6 128 8 37 52 334
COUPRSS/ALASER UEL 15 = 127 Se 37 52 L2u5
CFSSA-EMIC VEL I 5 128 72 2T 52 $005
GIEGA 16Hy 0 =304 23 0@ Gy u
LaPAM 1@ 5 -81 33 28 22 1425
DECER 2u - 483 - 13 510
FH-STATI0NS 2up - -81 “72 £33 13 53
JIFF  GMEGR 166 5 =60 23 2w 2E 1SS
DIFF  LURAN 400 2 1 95 Do 2y a
DIFF  PI-STA 253 - 531 574 1.8 o2 160
RELR1 ONEGA 50U 116934 85%2 0O g0 ]
FELA: LOPAH 308 ° geFe 2gel a@ 9 a @
LLASS 11 .
SURIER FES LOOPS 12 7 120 I se 3373
FEFLECTLIC SICHS 18 T 120 o3 T g2 2560
SEFLECTING ROAD 3 7 122 CO 532 G
h=BAND POST 12 T 128 737 5 > 2355
HF: UHE POST 15 -.-. igo - sz ~125
EF POST 120 é 265 ase 27 57 122
LIGHT-E-P POST £ - 130 3tz - 52 ="
EUPIED HAGNETS - T 123 77 3T 5z 400
ULTPRSORIC POST 2 8 123 80 ¢ 502 1249
TPHFEIC SENSOR 10 7 25 8 37 e 205
CLASS 11
HHF =BAND FIl PHASE 1200 -] 2494 n@© o0 u
UII-ZAND FH PHASE 1208 6 3u24 2yel Y. 09 o
PULSE T-O-AFRIVAL 160 ® 141 167 21 -5 e
HQISE COPRELATION 108 ® 214 209 2@ .2 E220
JIFECTION FINDEP  “&0 8 187 85 we oo v
CLASS 1Y
TPAFFIC LUDPS 1v - 25 23 .0 - 515
UA/SIDE PRDID 180 v 202 ag? 20 - e
PHOTOWI-F BETECT -0 & 52 By 33 54 1%y
ULTRRSONIC DETECT  Z0 " -2 -3 23 g1 240

REPRODUCIBILITY: OF THE
cESINAL PAGE IS POOW
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VIII, Los Angeles, CA, City AVM Cost
Benefit Analysis Tables

Table 2-26. Los Angeles, CA, Central
Bureau AVM Physical Parameters

AFER 1T $7.5 3NURPE MILES.

CAST HEST DISTANCE IS 3 NMILES.
HORTH SOUTH DRISTAHCE I 12 HILES.
TITAL FOAD MILEAGE I3 1152 HILE:S.
THE HUNZEF OF INTEFSECTIONS
FHC ESTINATED

1% 9570.

HUNZEF BF PGAD SEGHENTS I: 1ai4io:
THOFE APE 157 CAFS IM THE FLEET.
FHa THEFE AFE & NOTORCACLES.
THE HUNBEF OF UEHICLES O ERCH SHIFT I&:

FIRET ZHIFT ifH~n. BB
SHIFT HIM. 20
SHIFT HAY. 99

SECOHD SHIFT HIN. =

o

THIFD SHIFT A 1668

THIRD SHIFT HIM. B

THE HUNEBEF OF GIZPFATEMER: I3 &

THE CIT: HOULD RKECUIFE & UIDE+EBRID OF

FULSE AHTEHHA SITE: AHD i4 #AFFON BAND

Frt gHTEHHA SITES FOP 7 AHD & NMILE RRDIVS COVEFAGE.

Table 2-27. Los Angles, CA, Central
Bureau AVM Systems Cost Analyses

LA-CEHTRAL BUREZAU
CLASS 1

TOTALS
THUIISAHDS OF %

TECHHIOUE CARS SITES BASE  INST  O-1 UL S\NC  RANDON
KE)YBOARD 22 u 16 163 28 2l 212
STYLUS HAP sa1 o 72 18 184 &P 548 53z
EZ-ACCELEPONETERS 32 5] 193 2€ 116 Si3 49 Sl
LHSER VELOCINTR 260 o 163 32 184 568 598 501
VULTRRSONIC VELQ 2oa ] 1A2 2€ 124 <132 513 589
LOPASSA0DONETEP &3 5] 168 14 197 ~33 521 58%
COHPASS/LASER VEL 2g2 1] 1us 23 115 573 &1y 594
CHPSS/U-SONIC WEL 2399 8 16c =28 115 520 353 542
CHEGH 424 u % 3 112 ore  7IF 708
LoRa +38 @ 32 =22 112 92 7I3  TEr
DECCA 11 ] e 20 112 “E2 7] 403
AR=STAT [OME o3 o % 13 116 383 338 230
DIFF OMEGH 423 o %2 2% B2 876 TOE 7o
DIFF- LOPAN wia <] ES 22 112 £92 Tel 7
DIFF. HH=5TA- ~4 o 2 1% e 1§ 348 262
RELAY OMEGR a3 a 92 22 115 e 313 370
RELAY LUFAH k-3 o 2 22 115 et 19 321 38
CLASS 11
BURIED RES. LOOFS 2z 6891 T2 11731 193 18843 15856 1881z
REFLECTING SIGHS 76 2185 78 1182 235 2753 3rem a0
REFLECTING ROAD ee 239 72 1398 1251 2955 2010 2970
£~BAND POST 27 222 72 447 24  3@17 2032 o992
HFy UHF POST 25 248 72 124 138 683 &3¢ 597
LF POST 24 1197 72 4.8 246 2011 2028 1956
LIGHT/1-R POST 23 957 T2 549 344 1959 1984 (9w
PURTED MROKETS 16 &30 78 1356 19y @236 =22R  ara
YLTRASONIC POST a2 1627 7a 1551 296 269 270y 3666
TRAFFIC SEHSOR e3 1819 e 732 g2 2822 2837 ereT
cLAss 131
NAR-BAND FH PHASE 36 66 142 22 111 BTE 415 419
WED-EAND Fit PHASE 457 24 135 28 205 ©w BI@ 5@
FULSE T-0-BRRIVAL <85 19 332 &5 186 1187 182 1230
NOISE CORRELATION 124 29 232 31 18l 7ee 734 738
DIRECTION FINDER 8 7 78 1?7 154 352 933 332
eLuss 1
TRAFFIC LOGFS 13 9398 72 2616 330 1asee 12%2r 12902
UAYSIDE RADIO. 12 esed 72 2130 521 11351 11451 11351
PHOTONI-R BETECT 19 5497 T2 1193 342 7031 7031 7031
VLTRASONIC DETECT #8559 72 i@z 342 Ta27  P1Ev 7137

Table 2-28, Los Angeles, GA, Gentral
Bureau AVM Polling Cycle Times

CYCLE TIHE IN SECOMDS TO POLL MAX AHD HIN UNITS DEPLOYED

LIEHT+I-R POST

LRSS I TOTAL SIHFLE E
TECHNIOUE FLEET SYHC oL RAND c [
KEVBOERD 1o 85 F ] 11 27 2189 11 47 12.53
5 37 5 63 18 99 3 o 27
StLUS HAP 17-53 11 29 1173 e22er 2 48 153 «7
5 69 5 87 £1 13 6 20 [
2-ACCELERKIETERS 17 17 10.93 11 47 2263 £1.87 12 w2
5 47 72 11 @8 s 53 6 47
LASER VELOCIMIR 17 38 11.07  i1.68 22.13 12 13 13 20
553 89 11.87 6 o7 & B
ULTRASOHIC VELO t7 17 1293 1147 2288 11787 12 a3
N 5 47 573 11.80 S5 93 6 37
COHPASS/OPNETER 17.127 1093 11 47 2209 11 &7 12 93
5 47 ] 11 60 5 93 o 47
COHPRSS-LASER U1, 17 17 19093 1L 47 2@ ea 11 87 12 93
S 47 73 i1 e 5 93 & w7
CHPSSAU-SOHIC VEL 17T 17 i@ a3 11 37 22 80 11 87 1293
S -7 573 11 ©v8 5 a3 & 47
OHEGR 12 53 11 89 1232 2287 13 69 13 67
599 o 17 11 33 & 80 7R
LoRaM 965 1213 1267 2320 14 Y 15 &3
& av 32 11-66 7 13 7 &7
DECCR 15 84 1288 1258 22687 14 €9 15 o7
w88 © 27 11 53 789 7 53
AH-STAT IOHS 9% 1088 113 2187 11 69 12 &7
5 <2 5 62 19 93 5¢9 & 33
DIFF OHEGA ies 1188 123 g2 o7 13 €8 B4 57
5 %8 & 17 11 43 5 28 7 33
DIFF  LORAH 1965 1213 12e7 23 :z0 14 27 15 33
& OF 33 il oy 71z 7 67
DIFF  AH=STA 18 W2 11 1227 2289 13 47 13 53
g o7 = 12 11 49 673 727
RELAY OMECA 1595 70 1018 &9 1616 53 1021 o7 18 @0 20911 87
505 @@ GBS 27 S18 53 1v65 02 1885 53
RELAY LORAH 883 4323 4387 5338 67 77 73
2167 a1 92 27 28 @ 38 wr
cLAsS 11
BUPIED RES LOOPS 17 27 £1 08 11 53 gegr 12 @0 13 97
558 577 11.93 5 By & 53
REFLECTIHG SIGhS 17 &7 11 99 11 53 22 a7 12 ew 13 o7
558 577 11 &2 6 04
FEFLECTING ROAD P27 1188 1133 2247 12 62 £2 o7
56 5?7 11 63 & B o
XD POST 17 iv 19 93 1197 22 g0 11 &7 1o <]
5 47 573 11 8o S 93 & 47
HF» UNF POST b 9% 1088 11.33 21 @7 11 €8 t2 67
5 48 R 18 93 5 80 & 33
LF poST 1~ e 11 =7 22 e 11 82 12 93
b1
18
s

BURIED HAGHETS 1727 11 o2 1 32 a2 or 12 98 12 or
5 50 ST i1 83 6 ap & 55
UETRRSOHIC POST 17.17 18 1t 47 5] 11.87 12 93
947 ST 11 98 S a3 o 57
TRAFFIC STHSOR 17 17 18.93 11 47 w298 11.8¢ 12 =3
5 47 572 11 08 5 33 & 47
7

Table 2-29. Los Angeles, CA, Central
Bureau AVM Accuracies and Cost Benefit
with One Radio Channel

LA-CENTFHL BURERY
SYSTEM ACCURRCIES 10 yVEHICLES AHD ESTIMATED $igee S
THED Si8TER HICLES

HEHICL

CLHSS 1 ULTIMATE VEHICLES HCEUPACY SAVED
TECHHIGULC ACEUFACY  SAUED [LiERN nIn HAZ HIH
t ELOARD 23 & 2e5 261 14 [ ]
STPLUS 1RP 36 ® 10 289 13 00
C-H_CELEFONETERS 24 & <03 205 14 6o
LH.EF LDELOCINTR 12 = 296 201 L. G ]
ULTPHSONRIC UELO +0 & A0S = = 20
CulPHSS,UDCNETER ] & 3a7 262 1-5 e
CUiPASS/LASER VEL 15 T =94 299 L= [0+ ]
CHPSS/U=CONIC WEL 17 ¥ 375 201 14 B a
ONEGA ledd ] +199 -97% 0B g0
LuPREE Loy z 468 %8 0@ [ 5]
AECCA 2ou 1 506 392 0898 ov
Alt=STAT IS zul 1 504 96 oD ag
JIFF  DHEGA 10 2 449 “98 a0 au
JIFF  LOPAN 460 9 1159 1132 0@ ]
TIFF  H-5TH o] 1 ol 592 O0v 00
RELAY DIEGA 500 u o 34669 17461 Q0 an
FELAY LOPHIt Y a 2148 S22 00 [sN:]
CLAZS EI

BUPIED PES LOUPS iy 7 391 199 1 e 40
PEFLECTING S1ENS 10 7 331 199 1 - ua
PEFLECTING FORD 2 b o5 162 15 u g
<=3 POST 12 7 391 194 1w a8
HEy UHF BOST 15 T 295 198 | o ua
LE POST 18w - -5 271 urvT 4G
LIGHT/I-F PO3T 5y & %01 204 1 = u e
ZAPIES IWGHETS 4 v 381 =2 15 oG
ULTPH3UHIC POST 5] e 397 ap2 13 oo
TRAFFIC SENSOP 19 7 L83 192 14 ]
CLA3S 11

HAP-2A1D FIT PHARSE 1000 i} EE5 qeB? 00 e
MID-3AHD Ftl PHASE 12w 1] 3173 3us3 O.n s Y]
PILSE T-0-APFIUAL 10 L) 192 L5 1w 14
[OL3E CORFELATIUN 1oy 4 =38 267 13 -]
DIPECTED! FENDEP Tub ] 1984 1912 Uy aea
ELHSS EU

TPAFFIC LOOPS 18 7 o3 Forc e 53
15, 5iDE PADEG 166 4 202 epe 1.2 1-1
PHOTONI-R DETEET 30 ° 59 wl 23 58
ULTRASOHIC DETECT 28 o 42 -3 2.8 S7
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Table 2-30, Los Angeles, CA, Central
Bureau AVM Accuracies and Cost Benefits
with Two Radio Channels

LA=CENTRAL BURERU
SVSTEN RCCURﬂEE'ES 1) yUEHICLES AHD ESTIMATED $1608 SAUINHGS
TH

Table 2-31. Los Angeles, CA, Central
Burean AVM Accuracies and Cost Benefits
with Three Radio Channels

.I.H-C.EHTPF\L SURERU

$1CTEN RCCURACIES (M} s VEHICLES RHD ESTIHATED $1866 SAVINGS
THED SYSTEM

SASTEH YEHICLES ESTIHATED UEHICLES ESTINHTED
CLASS 1 ULTIHMATE WEHICLES RCCURRCY SAVED S-YEAR CLASS 1 ULTIMATE VEHIELES RCCURRCY SAUED S—-{ERF
TECHHIBUE ACCURACY  SAVED HAX HIN  HAX FIN SAVYING TECHHIOUE ACCURACY SRUED 1243 15353 1141 SRUVING
3 5 201 a5 2.5 12 1360 FEYROAPD o] ] 134 93 2.5 21 1310
STYLUS HAP 20 (=3 209 163 e 3 19 fzco STYLUS AP 20 o 139 a2 C-v 20 lfaﬂ
2-RCCELERGHETERS 34 & 203 101 2.3 11 1zZe0 2-~-ALCELEROHETERS S 3 136 w7 €5 28 187U
LARSER VELGCINTR 13 - ui} as 235 1z 185 LR3EF WELOCILIIP 13 rd 13+ =53 28 31 1~uS
ULTRASONEC VELD =@ & 2us lgg 2.3 1@ £105 ULTRASOHIC VELED 8 3 37 197 2 4 ) 1550
COPRSS-0I0NETER au = [l P 25 12 1340 CONPRSS-0DONETER 20 ] 124 g B¢ 31 Erge
CalPASS/LASER VEL 15 7 Cug 95 25 12 1798 COnPRsS-LASER VEL 15 7 133 &7 28 51 £~50
CHPSS/U-SONIC VUEE 17 T zUl Iz TS 12 13 CHPSSU-S0HIC VEL 17 7 133 74 28 S1 EFSD
QHEGA leaa B wbP3 393 00 Du o UhEGR 1608 ] 4011 389 B0 auy o
LUREH 1e9 2 +B3 3¥F ©0 U] u LORHH 165 -4 481 230 oo uu u
DECLA 200 3 +92 473 00 20 0 JECCA w09 1 w33 ~w@a 99 o0 u
AI-STRTICHS 209 1 <20 47 B8 ay 9 AN=5TATIONS 2uy 1 462 468 LEC] oy 0
DIFF OHEGA 16y 2 448 3% ao g0 a DIFF  OIECA 160 2 401 3% aa =18 ] a
DIFF  LORAH 50 5] 1132 ty% 9B ] ] JIFF  LOPRH +uB ] 1111 iGré © 0 ou 5]
DIFF. AM-STR 250 1 53z 575 un ag [} DIFF AM-STA go0 1 582 566 00 [T u
RELA: OHEGA S00 =] iri61 772 606 a o a RELRY OHEGR 568 8 11529 St @0 o0 Q
RELA/ LORAH <66 3] 2322 2245 00 uo ] FELAY LYRAH 00 ] 2377 2282 g6 (1] L]
CLASS TI ELH3S EL
BURIED FES LOOPS 19 7 1499 9 25 13 1208 2URIED PES LOOPS 12 7 132 o7 e 3 e 1.05
REFLECTING SIGHS 10 7 199 9+ 25 13 ~0q PEFLECTING SIGHS 13 7 132 67 2% 3 e s
REFLECTING FORD 3 7 192 e 235 15 T320 PEFLECTING POAD 3 7 a7 [ 23 33 pere
¥—BRND POST 2 - 149 94 25 13 ] ~=EBANHD POST 2 T 132 v? 23 22 1170
HFr VHF POST i5 T 193 v 235 13 1159 His YHF PEST is ¥ 131 o7 28 32 170
LF POST 1ug B ari 22 0 g du “el0 LF POST 169 + 23 257 9.2 0] 20
LEGHT-/I-R POST 38 © 204 181 24 LI <0 LIGHT-I~F POST 35 & 13 &2 26 31 il
BUPIED HAGNETS 4 7 193 a2 2.3 P4 1375 EURIED NAGHETS 4 7 128 &5 -] 33 1975
ULTPASONIC POST 20 & 202 % 23 | 3 393 VLTPASOHIC POST 20 w 134 53 2w 21 G5
TRAFFIC SEHSOP 10 ra 192 9y 2.5 1365 TRAFFIC SEISOR 16 7 121 v 28 e 150
CLASS II1 CLRss 111
HAR-BRND FH FHASE 1€00 fa] 2667 2521 a9 g =) HHR-ERHD FNM PRASE  1ud@ a £556 2472 au Qu u
HID=EHND FH PHRASE 1208 a 2082 2994 0@ s 0] ] WIn-zRHD FH PHASE 1800 o o3l 2938 ®9 0 a0 1]
PULSE T-O-ARRIVAL 169 e 192 a5 1é 1= = PULSE 7=0-fPRIVAL  1ub 4 192 85 1o 14 270
HOISE CORRELATION 108 -4 215 ear7 13 U o ™ RAISE CCORRELATION 100 3 215 207 13 o8 Te
DIRECTION FINDEP oo 1] 1912 1855 O @ au il DIFECTION FIDER ) "] 1821 1813 @ @ By I}
CLRSS U cLass W
TRAFFIC LOOPS 10 7 23 23 =2 o 3 3805 TRAFFIC LOOPS 1y N 23 23 a@ 63 _Jues
MAYSIDE RADRIO 00 4 202 203 1.3 11 ~13308 UAVSIDE FHDID 100 4 202 289 3 11 1339
PHOTO~I-® DETECT 30 6 59 &1 23 532 el PHOTONI-F JETECT e 3 59 ol 28 532 w263
ULTRASONIC IETEET 28 & 42 42 28 57 2563 WLTRASONIC DETECT 20 "8 42 43 30 57 2oLT

WALLEY BUREAU

PULSE OR NARROW-BAND ANTENNA LOCATION &
WIDESAND ANTENNA LOCATION &

KILOMETERS
o 5 0 |-

KILOMETERS
[+] 3 0 15

9 1 2 234 5 & 7 8 ¢l

MILES

01 2 345 &7 9 91010

MILES

Figure 2-13. Los Angeles, CA, AVM Pulse or
Narrow-Band Antennas

Figure 2-~14, Los Angeles, CA, AVM
Wide-Band Antenna Locations
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Table 2-32. Los Angeles, South Bureau
AVM Physical Parameters
APEA IS S5.2 SOUARPE HILES.
ERET WEST DISTRHMCE IS 2 NILES.
HORTH S0UTH DISTANCE IS 28 MILES.
TOTAL RORD HILEAGE IS 972 NILES.
THE HUNMBER OF INTERSECTIONS I& €u9B.
THE ESTINATED HUNMBER OF ROAD SEGHMENTS IS 121%a:
THERE HPE 185 CAPS IN THE FLEET.
AHD THEFE ARE © HOTOPCYCLES.
THE MUHBER OF UEHICLES OH EACH SHIFT I35t
FIFST SHIFT lAk- €32

FIFaT SHIFT NIH. 53
SECOND SHIFT HAK. =24
SECOND SHIFT HMIN- 24
THIFD SHIFT liAA. 164
THIRD SHIFT HIN. 54
THE HUNMEBER OF DISPRTCHEPS 15 2

THE CITY MOULD REODUIRE S HIDE+EAHD OF
PULSE AHTEHNA SITES AHB 22 HARROMW BAHD

Fit AHTENNAR SITES FOF 7 AND 2 HILE RADIUS COUERPAGE.

Table 2-33, Los Angeles, South Bureau
AVM Systems Cost Analyses

LA-SOUTH BUREAL
TLRSS |1 TUTALS
THOUSANDS OF B

TECHHIOUE CAPS SITES 3ASE INST G-t UOL  SYNC FHHDON
KEYEOARD 23 Y 73 15 183 2.8 214 213
STYLUS HAP 321 u 72 I 105 o3l Gle  ole
2-ACCELERQMETERS 264 v 1ue 27 117 52 586 558
LASEP VELOCINTR 234 u 1 32 125 SoT ei% wil
ULTRASONIC VELO 218 o 109 27 185 %7 523 521
COMPRSS-ODOMETER 232 0 v 14 187  4%8 53 S28
COMPRSS/LASER UEL  3u? 8 1ug 3 115 582 &31 6w
CHPSSA-SOMIC VEL 282 e 1o7 27 115 S33F 57 559
OMEGA ) o az 2i 113 TO8L a5 T34
LORAN e 8 93 24 12 TIF  rel 7S~
DECCA 156 0 93 20 12T 430 4 477
RH-STATEONS 2 0 93 12 116 213 345 &3
DIFF- OHEGR 435 0 93 24 112 Ful ?E:2 T34
DIFF  LORAN 352 o 93 2+ U3 TIF 743 TS
DIFF. AH-STR 77 o 33 17 w235 a7
RELAY OHEGA 37 a ag g4 117 e 228 336
RELAY LORAN o ] 93 e N7 3 3@ I
CLASS 1T
BURIED FES LOGPS 25 4033 72 59?5 182 11293 11202 11266
REFLECTING SIGHS g0 1340 72 7ee 236 2518 @585 2433
REFLECTING ROAD 21 147 72 B97 834 1997 epig 1970
¥-BAHD FOST 29 14l 73 2% 153 2012 2028 1936
HFs UHF POST 26 152 73 86 125 487  S@3 44l
LF POST 25 veR 2 292 (w4 137l 13R7 1348
LIGHTE-R POST 2« 609 ?3 358 257 1347 1362 1320
BURIED HAGHETS 17 418 73 T3  1BB 1462 1377 1435
ULTRASONIC POST 23 193 73 1B68  2BE& 2443 2453 2416
TRAFFIC SEHSOP 24 1138 73 504 102 1885 1992 1368
CLASS IIT
NAR-BAND FT PHHSE 3% 189 143 27 116 43t 472 476
WID-BAHD FM PEASE <28 58 134 3z @87 91l 954 956
PULSE T=D=RRRIVAL <25 3222 a3l 92 191 1361 142 1467
NOISE CORRELATION 138 2a 33l 31 181 7L PaE2 PP
DIRECTION FINDER & 79 78 17 153 353 334 333
CLASS IV
TRAFFIC LODPS 14 +623 73 1673 248 6829 6829 6829
URVSITE RADIO 12 4135 7?2 13593 407 €019 g01% 019
PHOTONI-R DETECT 13 2548 73 718 255 3685 3605 5685
ULTRASONIC DETECT 21 2689 72 ¥B3 255 3667 3667 3667

Table 2-34, Los Angeles, South Bureau
AVM Polling Cycle Times

CYCLE TIME IN SECOMDS 7O POLL [AX AND HIN UHITS DEPLOVED

CLASS 1 TOFAL SINPLE
TECHHIQUE FLEET SYNC uoL RAND SYNC vaL RAMD
KEYBOARD 17-71 11-16 11 72 22 67 11-93 13.84 24.54
5 &9 5 97 1 55 5.068 6e64 12.51
STYLUS heP 1&g 48 11.65 1= 29 23 16 12.9 £4.91 25-51
S %4 6 22 it 8@ 714 13.98
2~FCCELERQVETERS 12 e4 11.37 11 93 e2 eg 12-24 13.45 24.96
572 £ 88 11 66 6.29 5835 12.72
LASER VELOCEHTR 18.26 11.51 12 85 o3 82 £2.62 13.73 23524
5 87 6 15 11-73 5 43 7 0 12.86
WLTRASONIC VELD 18.94 11-37 11.93 22 88 12.34 13-45 24 96
e 6 g8 11 66 29 & 85 iz 72
COMPASS/UDCHETER 18.04 11.37 11 93 22 28 12-34 13.45 24.96
579 o B3 11 66 & 29 & g5 12.72
COMPRSSALASER UEL 16.84 11.37 11 23 22 88 £2.34 13 45 24.95
579 5 08 1l.66 6 29 6 B3 12 72
CHPSS-U-SONIC UEL 18.84 11.37 11 93 22.88 12 34 12 45 24.96
579 6 B8 11-6&6 6 29 6 35 12 72
CHEGA 19.47 12 er 12 83 23 78 14 14 15 25 2676
25 & 54 12-12 7 al 777 13 64
LORAN 2a a2 12 62 13 17 24 13 14 84 15-95 27 46
6 43 6 71 12.392 7 8-13 12.99
DECCA 19 88 12 48 13 64 22 99 14 56 15 &7 ar 18
6-36 b &4 12.23 a2 799 13 35
FH-STATEONS 17.82 11-82 11 79 22:74 12 86 13 17 24 68
572 6 8l 11.59 6 15 6.71 12 53
DIFF OMEGA 19.47 12.27 12-83 23 78 14 14 15 25 R6 76
6-23 6 54 12-12 7 2t 2.77 13 od
DIFF LORAN 28 a2 12.62 12 17 2913 13 64 15 95 a7 46
6 43 671 12-38 756 813 13.53
TIFF- A=STR 19 36 iz 22 12.76 23-71 13 et 15 12 26 &2
6 22 oS0 12 e a1 7 7a 13 57
RELAY OMEGR 1606 59 1856 48 1856.95 1061 S1 2890 48 2091 51 2183 &2
B3 20 535 58 541 L7 1865 30 1865 87 1a71 73
RELRY LORAN 71 S8 45 o7 45 62 56 58 79 73 80 84 92 35
22 97 23 25 &3 40 63 41 2@ 47 86
LRSS 11

BRIED RES LOOPS 18 es 11 37 11 93 22 3 12.34 12 45 24 96
579 o B8 11 én 623 6 8% =7
REFLECTING SIGHS 128 84 11 37 11 93 22 eg i2 34 13 43 o4 96
5 v? 6 683 11 66 629 a5 12.72
REFLECTING RDAD 12 B4 i1 37 11 93 e2 83 12 34 13 45 24 96
3?0 6 BS 11 66 o 29 12.72
X-BAHD POST 17 93 11 38 11 85 e 61 12 26 13.31 o4 82
S5 76 o B4 11.63 v 22 678 12.65
HFy WF POST 17-71 11.16 11 v2 2267 11 93 13 64 24 54
5 69 S 97 11.55 5 63 664 12.51
LF POST 17-93 11.39 11-86 22 81 12 28 13 31 24 82
576 & 84 11.63 & 22 6.0 12 63
LIGHT~I-R FPOST 17-93 11.38 11 86 22-81 12 28 13 31 24.92
S 76 o 04 11.63 [+ 6.7 1265
RURIED HAGHETS 18.84 11.37 1193 22-88 12z 24 13 45 24 96
ST o 08 11 &6 & Z9 1 2 72
ULTRASONIC POST 17 93 £1-39 11.86 22 81 12 2@ 13 31 24 822
S 7 o G4 11 &2 o 22 & 78 12 oS
TRAFFIC SENSDR 17 93 11.30 11.86 22 31 12 29 13 31 24 &2
576 & B4 11 €2 & 22 B 12 &5

Table 2-35, Los Angeles, South Bureau
AVM Accuracies and Cost Benefits
with One Radio Channel

LA-S0UTH ZURERU
SYSTEN ACCURRCIES $M) s UEHICLES AND ESTIMATED $£186@ SAYINGS

THED 1 8TEN UEHICLES EGTIMRTED
CLHSS I ULTIMATE VEHICLLES RCCURRCY SAYED S5—YERRF
TEEHHIOUE AOCUPACY  SRUED HRX Hid HAy 1IN SAUHG
KE'YBORPD 33 o +11 21z 12 a8y 305
STiLUS AP 28 & 425 zel 12 50 37S
2-HLCELEROMETEPS 4 & 418 [T B L] 19
LRZER VELOCINMTR o} 7 411 ez 12 a9 7S
LLTRREQNIC VELO 36 5 428 21z 12 =] 275
COItPRES/ODOMETER 20 rd 112 2l 12 ue 365
COIFRSS-LASER VEL 15 7 qud =3 bcd 13 au Ul
CHPSS-U-SGHIC VEL 17 7 410 213 13 a0 440
DHEGR 1688 2] F2Us ~889 g a v g u
LupAi 160 2 470 469 B0 aa a
DECCA el 1 507 -33 060 oa 1
HI=3TRATIONS 200 1 nus 49r wvuy Uy [}
JIFF  GHEGR 1680 e nb6 -3 B89 0.8 6
DIFF LORRH 4049 0 1171 1135 90 aa u
JIFF ah-5TR 250 1 612 S9s 09 a g e
RELRY QIECA fric ] B 25972 12512 0@ v o v
PELAY¢ LURPH 208 0 2182 2329 u-0 L1 IR ] u
CLASS 11
EUFIED RES LOOPS Iu - w84 203 1< ge ~ot
REFLECTING SIGHS 10 T 38 gur 135 ] T155
PEFLECTING RCAD 3 7 prc o] éae 14 8. “31d0
~—2ANHD POST 1 - 104 209 135 uo 15
HF» UHF FOST 15 ? 102 a8l 13 ae 35
LF POST 156 * 429 271 U o [+ -] ey
LIGHT-I-R POST = G =14 215 12 aa T35
BUPIED HAGNETS 43 7 294 04w 1w 0y H50
UL TPASGHIC POST 2d 7 =10 e13 13 ge 7155
TREFFIC SENSOR 1y T =02 tus 12 g e 4ed
CLRSS 111
1HP=BANHD FI! PHASE 1880 u 2rea 2eiS B @ oy B
HID-3AHD FIT PHASE 1280 a 3179 36%0 w0 06 o
PULSE T=0-APRIVAL 168 4 . 198 13 1o 13 2-5
HuISE CORPELATION 109 4 215 22 12 a6 1]
DIFECTIGH FINDER 76a ] 1987 1923 wvo [ ) a
CLRSS 1y
TRAFFIC LLOPS 10 7 23 23 2« 5.5 e
UACSIZE RADID 168 4 202 2u2 1z 18 T1560
PHOTON[«R DETECT 20 [ 59 =l 3 e 54 )
ULTPASONEC DETECT 2a ¥ 42 42 T2 34 ~150
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Table 2-

36.

Los Angeles, South Bureau

AVM Accuractes and Cost Benefils

LR-3S0UTH 3URERAU

with Two Radio Channels

3 ¢5TEN ACCURACIES 40 s WEHICLES AND ESTIHATED Sieoe SAUINGS
THEO EH

CLRASS I
TECRHIOUE ACCURACY  SRUED
KEY30RRD 33
STYLUS 1RP 30
2=-ACCELERONETERS 34
LASER LELOCINTR 13
ULTRASOHIC VELO 46
COMPASS/ODONETER )
HPRSS/LRSER VEL 15
CHPSSAAI=30NIC UEL 17
OHEGA 1568
LORRH L]
JECCH 200
RI=STATIQHS 200
DIFF- OQMEGA 1u0
DIFF. LOPAN +20
JIFF. AN-STA 230
RELAY ONMEGA 08a
RELAY LORAH 262
CLHS3 I1
BURTED RES LOOPS 18
REFLECTING SIGHS 10
REFLECTING ROAD 3
¥-ERND 12
KF» UKF FOST 15
LF FOST 1d6
LIGHT-1-R POST ot}
FURTED MAGHETS =
ULTRRSCHIC POST feis ]
TREFFIC SENSOR 12
CLASS IEI
HAR-BAND FH PHASE 1068
WID-BRiD FH PHASE 1260
PILSE T-0-ARRIVAL 180
WOISE CORRELATION 100
DIRECTION FINDEP 7e0
CLHSS 14U
TRAFFIC LOOPS 18
HAVSIDE RADIO i)
PHOTONI=-R DETECT 38
ULTRASONIC DETEEY o]
Table 2-37.

E
ULTIMATE VEHICLES

i

QOO @RI N

TR RV |

R IR

mhh= OLLHDO

Lios Angeles, South Bureau

SYST UEHICLES ESTINATED
ACCURRA SAVED S—VERP
Hax HIN Hax nin SAVING
c0F 185 25 a7 13c6
217 163 Cww 05 1203
213 e 2. 9s 1215
269 185 2.5 0.7 1258
214 lug 2.3 8.6 1175
218 1865 2.5 a7z 12+
cuZ 185 25 o2 13088
203 105 25 -3 1208
“uls 3372 086 8-8 4
489 392 ve =5 ) 5]
93 479 Ow ue u
491 477 08 86 u
409 W 9 aa 2]
1134 1893 9893 6 e ]
593 577 6@ aa o
13152 £330 806 g8 2}
7 2252 o686 =) Q
243 163 2.5 .4 130
23 102 ° 8 9 = __ 745
193 95 25 11 2c26
205 w3 25 03 L
265 62 25 63 1258
™1 62 o7 a8 s
a1l e 25 o7 590
<o Wy 25 1wy 1375
za3 @5 25 08 N
a1 2 182 295 L] 1365
2612 €383 09 80 o
3088 3382 @@ a9 o
192 186 18 i3 oa5
215 2z 13 8= 0
f9z2 1363 @ 0o Ga ]
22 23 2.3 65 Se35
co2 203 13 1.8 T1o2u0
59 8l 3.9 5w 2779
42 43 22 59 3158

AVM Accuracies and Cost Benefits
with Three Radio Channels

Lia=J0UTH SUPERU

SISTEN RCCUPHC!EQ N s VEHICLES AND ESTIHATED S1080 SRUINGS
SYSTE

Table 2-38,
AVM Physical Parameters

HFER I% 135.3

Los Angeles, West Bureau

SNUARE ILES.

TRrET HE3T TISTANCE IS 19 HILES.

HOPTH 30UTH BISTANCE 1S 13 NILES-

TOTAL FPOAD NILERGE I%

1577 NMILES.

THE HUNEER OF IHTEFSEETIGNS IS J400.

THE ESTIMATED HUNBER OF PORD SEGHEHTS 1S 15390:

THEFE ARE 19% CARS IH THE FLEET-

AlD THERE ARE & NMOTOPCYCLES.

THE HUNEER OF DEHICLES ON EACH SHIFT La:

FIFST SHIFT Ak

FIFaT

SECOHD

ZECOHD

THIPO

THIFD

SHIFT 111

SHIFT 1AX.

SHIFT NIH.

SHIFT HAX.

SHIFT ttId-

59

117

=

THE HUEEF OF DISPATCHEPES IS

THE CITy HGULE REGUIRE 7

FULSE ANTEHHA

FI ANTEHHA SITES FOR

Table 2-39.
AVM Systems Cost Analyses

LA-HEST BURERU
oAss 1

THED VEHICLES ESTINATED

HES I ULTIFRTE VEHICLES ACCUPHCY SAVED S=YERP

TECHHIOUE  ACCUPACY  SAVED N HIN A HIN SHUTHE TECHALQUE

1 E120RPD <2 B 125 %4 Ze o 16ed KEYBOARD

sTYLUS AP pe2} 8 154 g2 27 27 1203 STYLUS MAP
2-RCCELERDNETEPS 34 ] 142 ¥ 26 28 1515 2-ACCEL EROHETERS
LHSER UELUCINTR 13 7 139 1 29 24 1556 LASER UELOCIMIR
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Table 2-40, Los Angeles, West Bureaun Table 2-42, Los Angeles, West Bureau
AVM Polling Cycle Times AVM Accuracies and Cost Benefits
with Two Radio Channels
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AVM Accuracies and Cost Benefits AVM Accuracies and Cost Benefits
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Table 2-44, Los Angeles, Valley Bureaun
AVM Physical Parameters
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Los Angeles, Valley Bureau
AVM Polling Cycle Times
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AVM Accuracies and Cost Benefits
with Gne Radio Channel
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Table 2-48, Lios Angeles, Valley Bureau Table 2-49, Los Angeles, Valley Bureau

AVM Accuracies and Cost Benefits AVM Accuracies and Cost Benefits
with Two Radio Channels with Three Radio Channels
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PART THREE,

ANALYTICAL TECHNIQUES FOR ESTIMATING AVM SYSTEM ACCURACY

Joseph E. Fielding

I. VEHICLE LOCATION ACCURACY FOR CLASS I

AND III SYSTEMS

In this Section, an algorithm 19 described which
can be used to deterrmine the system accuracy of
Class I and III automatic vehicle monttoring (AVM)
systems as a function of the appropriate system
parameters, Some of the resultant cumulative
probability density functions (cdiy) are also pre-
sented, which can be interpreted as the fraction of
the fleet for which the error i1s less than or equal
to vy, The flow chart shown in Fig, 3-11s a brief
outline of the vehicle location accuracy program,
while Fig. 3-2 expands on the methodology of the
computation of the cumulative density function,

A, Parameters for AVM System Accuracy
Analysis

The inherent error, €., 1s defined to be the
distance between the velucle's actual location and
the location deternmuned by the AVM system at the
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I obtafn standard deviaticn of inherent error in x and y directions
i 1

¥
lobtaln poliing interval and conputation tinel

A
¢btain fraction of vehicles stopped, maximum speed,

end mean of speed density function

Should
the cumalative
distribution of
AWM system errors

for this parameter;
et be computed¥
Obtain the Efrst twenty points of the abscissa

for the cupulative distribation of AW system errors
{Sec Figure 2)

!

Compute For twenty polnts the cumulative
¥| probability distribution of AVM system ezrors

Are
addicional points
on the cumuiztive Ne

distribution fun:txnn/'

to be computed?

AT-rA

ghtain twenty additional polnts of the abscrssa
for the cumularwve distributfon of AWM system errors

Fig, 3-1, Main AVM Accuracy
Analysis Program

- o For 1000 Samples |

Tandom samples of Inhevent error, time since last
polling, speed of vehiele, and divection of vehicle
Calculate sizulated AV system
ervor resulting from the above valucs

' From the given probabiiity discributions, genérate

on abscissa of cumalative distributfon function

!

l Ccopute estimates of the cumulative probabilicics ac che twenty points

Atguzulate an error histogran by cosparing the siculated
AV system crror with tuenty points

of the cusmlative distribucion function

L

! Compute the nurber of sacples needed to cusure acceptable ervors |
1

n the above tumulacive probabilities for a given confidence Interval

Are
more than

100G aamples

needed?

Reeurn :o—
caln programs

Are sore
than the ™
caximuvn allovable

number of samples f
needed? /

Ho

Limit number of saoples
to naxiom=m allewable

—’i For the specified number of additlonal samples

i

- Reffne estimates of cumulative
distribution functicn probabllicies

3

| Estimate crrors in probabiiities l

| Return I

Fig. 3-2, Computation of Cumulative
Distribution Function

instant of polling, Inherent error is assumed to be
consistent with a Rayleigh distribution, 1. e.,

€ _\2
o(e ) = :_—g-e _1/2(—‘?_)

As time passes, the vehicle's location changes
by a distance of (s - t) and a direction 8, (See
Fig, 3-3.) The random variable 6 1s assumed to
be uniformly distributed. Its probability density
function 18 denoted by p(8), and 15 equal to 1/(2w)
between -m and w.

The speed of the vehicle is represented by the
symbol s and is assumed to be described by the
followang distribution
sFO -5 s=0

At gcgs<M

f(s} =
l(} otherwise

<
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VEHICLE'S REAL

LOCATICN AT
TIME t
VEHICLE*S REAL
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E=0
VEHICLE'S ESTIMATED
LCCATIGN FCR
TC =t TC + 71

Fig, 3-3. Error in Knowledge of
Vehicle's Location

There 1s a discrete probability FO, associated with
zero speed. Between speeds zero 0 and maximum
M, the speed 1s distributed exponentially. The
parameter A 1s set such that the fraction of vehicles
stopped, FO, plus the fraction whose speed falls
between 0 and maxirmum speed M sums to 0,99,

The last of the AVM system parameters 1s fime.
After the location of the vehicle 15 determined,
there is a delay before the Lnformation becomes
avallable. This delay 15 referred to as computation
time, T, Thus, 1f the symbol T denotes the
polling interval, the probability density function
2(t) 18 a umaform distribution over the time interval
T¢g through T + T.

B. Derwation of Accuracy Analysis Algorithm

Probability distribution functions have been
defined for €5, 8, s, and t, and from Fig 3-3 the
actual error in the knowledge of the vehicle's
location, €, is:

2 2.2
€ = \/e°+s t —Zeostcosﬁ

The distribution of errors 1s given by:

cdfy = Prob (¢ = y) =fjij¢(eO) glt)
f(s) p(6) 46 ds dt d«_,

where R is the region such thate¢ =y, Due to the
complexity of R, it is not practical to evaluate this
integral analyfically or by numerical guadrature,
Therefore a Monte Carlo integration of cdfy 1sused.

The Monte Carlo integration generates values
for the four random variables, ¢q, s, t, 6 and
uses these variables to calculate ¢ by the above
formula, By checking whether ¢ = y, for
i=l, ..., 20, when the yij's are a pre-specified azrray
of points on the abscissa, it 1s possible, 1f enough
trials are run, to deterrmune an accurate estirnate
of the cumulative distribution function,
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The methodology used to generate the random
variables ¢5, s, t and 8 involves generating four
uniform variates on [0, 1] Ty, T2, T3, T4. In-
verting the cumulative density functions leads to
the expressions needed to calculate the desired
vartables:

t = Te+r,T

0 05r35FO
s = l_ﬂ_l_'Tr.’:_) F0<r351
0 .—.-1r(2r4—1)

QOf prime concern in the Monte Carlo integration
1s the number of trials needed to ensure an accept-
able estimate of the probabilities thate < y,. H p,
denotes the real value of cdfy for a particulary vy,
then the process becomes a long sequence of
Bernoulli trials with p, equal to the probability of
success {i.e,, that e =y,), Since the number of
trials will be 'large', the Bernoulll distribution
can be well approximated by the Gaussian distri-
bution with mean, p = p
Standard dewviation,

¢ = Vn p(1-p)/n

where n = number of trials, and p; has been re-

_placed by p for simphcity,

Since the distribution of the number of trials
for which ¢ exceeds any particular value of y s
approximately gaussian, we can require the prob-
abiulity (of the e¥ent that the absolute error in the
distribution function, cdfy, 1s less than some
specified maximum value, E} to be at least C, the
so-called "confidence level", That 1s, a fraction
C of the distribution must be contained within the
wnterval p - kg thru p + ke (Fig, 3-4), Thus, a
value of C deterrmnes a value for k, In addition,

|
AREA = C

PROBABILITY DENSITY

'
!
1
| 1
I 1
p=ke P ptke

FRACTION OF TRIALS FORWHICH ¢ <y

Fig. 3-4, Probability Density vs
Fraction of Trials



to ensure an acceptable absolute error, E, it 1s
required that the interval ke be less than or equal
to E:

ko= E.

Substituting the expression for the standard devia-
tion o into this last equation gives

kynp(l-p)/n = E

which may be rewritten
n = k°p(1-p)/E2

This value for n represents the nmimumurn num-
ber of trials needed fo ensure an absolute error of
less than E with confidence C, A larger value of k
implies that a larger fraction of the gaussian dis-
tribution will be contained within the interval
p + ke, thus leading to a higher confidence C, How-
ever, a larger k requires an increased number of
trials in order to satisfy the error criteria.

The accuracy algorithm specifies the maxmum
allowable error E, and the required confidence
interval C, The program proceeds to run 1000
trials, and p, ie then estimated as

number of times € <y,}/1000 for 1=1,,.,,20,
Yy

These approximate values of p, are used to calcu-
late the required number of trials, n, needed to
ensure (with confidence C) that none of the error
terms will be greater than the maxamum allowable
error E, If nis found to be less than 1000, no
more runs are required and the calculation of (y,,
cdfy) 1s complete, However, if n 1s greater than
1000, additional trials are needed,

In ordexr to prevent an excessive number of runs,
in terms of computer time, a constant NMAX 1s
introduced which sexves as the maxrmum allowable
number of trials, Thus, 1f 1f 15 determined that
more than 1000 runs are needed, the algorithm will
process additional trials unfil the errox terms are
sufficiently small or until the maximum allowable
number of trials is reached, whichever comes fixst,
In the case where the number of trials reaches
NMAX, the resulting errors using the improved
estimates of the p,'s are calculated. In the actual
execution of the program, the number of trials is
almost always extended to NMAX with resulting
errors on the order of 0,005,

The accuracy prograrm is winteractive, the user
being free to set the systerm parameters of variance
wn inherent error, polling interval, computation
time, fraction of vehicles stopped, and the "maxi-
mum't vehicle speed, The program then computes
the mean of the exponential speed distribution such
that 99% of the probability is included between
speeds 0 and maximum speed M, The program also
specifies the 20 values to be used along the abscissa
of the cumulative distribution function of AVM sys-
tem errors. These values are determined as a

function of the variance of the inherent error as one
can assurne that the variance of system erroxs is
somewhat correlated with this parameter. The in-
tent 1s to cover the full range from 0.0 to 1.0 ofthe
cumulative distribution function., As a safeguard
against failure of full coverages, the programallows
the user to calculate the cumulative distribution
function for 20 additional values of y where the user
specifies the 1mtial pownt and the inferval between
points. This option for additional points can be re-
peated as many times as the user desires. After
the cumulative digtribution function 15 computed,
the user may reset the system parameters, and the
process of deterrmning a new cumulative distribu-
tion function 1s repeated,

C. Results of AVM System Accuracy Analysis

The algorithm described 1n the previous section
was exercised by running 42 cases, each one with
2 unique set of the input parameters, where

SIGMA = Standard deviation of inherent error
in x and y directions

T = Polling interval

TC = Computation time

M = Maximum speed

FO = Fraction stopped

Originally, all combinations of the following param-
eter values were to be run,

SIGMA T TC M
{meters) (seconds) (seconds) (meters/sec) FO
0 2z 0.01 40 0
100 10 0.1 60
1000 60
120
300
which would have required 60 cases. However,

after the first 14 runs, it became evident that the
AVM system error was stable for computation
times in the range 0,01 to 0.1 second.

A value for the standard deviation of the inherent
error of zerc serves as a boundary condition for
inherent accuracy of AVM hardware systems,
Estimates of system error using SIGMA egual to
zero represents the accuracy to be expected 1f one
invests 1n extremely accurate hardware systems in
terms of pinpointing location, assurning there 1s no
motion, At first glance, a maxiumurn speed of
60 meters/second (134 mules/hr) might seem a
little high, however, the speed of the vehicles of the
fleet 1s assumed to be distributed exponentially,
Thus, a very small fraction of the fleet 15 traveling
near maximum speeds; one-half of the fleet 15 trav-
eling at a speed of less than (maximmm speed/6) or
22,3 mules/hr. The fraction of cars stopped 1s set
at 0 because the algorithm is designed to specifi-
cally test system accuracy assumung moving vehi-
cles, Later, if individual users need results that
reflect their mode of operation, they can supply a
non-zero value for this parameter, The effects
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of changes in the above variables on AVM system
accuracy follows.

No modeling effort 15 necessary to determine
whether system accuracy will improve or deterlo-
rate given the direction of change of any input
variable, As the variance in the inherent error,
the polling interval, the computation time, and the
maximum speed increase, system accuracy deterro-
rates. However, the designer requires a more
detailed knowledge of the interaction between these
system parameters and AVM system accuracy. He
18 faced with.an accuracy constraint such as §0%
of the vehicles must be located to within 150 metexrs.
In order to satisfy this constraint, he must be
aware of the combinations of system parameters
that can meet his requirerments., The above analy-
s1s provides this information, What it does not
provide 1s information for the designers' next step,
which 1s to determine the proper balance with
respect to inherent accuracy, polling mterval,
and computation time so as to minirmize cost as
well as satisfy accuracy consiraints.

The best accuracy results are obtamed when
SIGMA is set egual to zero, With SIGMA zero and
polling interval equal to 2 seconds, 80% of the fleet
15 located to within 20 meters and thig 1s not
strongly dependent on maximum speed or computa-
tron time, As the polling interval 15 increased to
to 10 seconds, 80% of the fleet 1s located to within
65 meters at maxumum speed of 40 meters/second
and to within 105 meters at 60 meters/second,
Thus, as polling interval increases, accuracy
becomes more dependent on maximum speed.
Again, the accuracy is not dependent on computa-
tion time. Table 3-1 presents sirmlar results for
the remainder of the cases with SIGMA equzal to
zero. The above trends continue, that is, as the
polling interval increases, the 80% distance grows,

Table 3-1. Velicle Location Accuracy at
80% Level for SIGMA = 0 Meters

T {sec } TC (sec ) M (meters/sec ) Accuracy (meters)

2 .01 40 15

2 .01 60 20

2 .1 40 15

2 L &0 22
10 0L 40 65
10 .01 60 105
10 .1 40 70
10 .1 60 105
60 .01 40 470
60 .01 60 620
60 .1 40 420
60 1 60 620
i1z0 .01 &0 820
120 01 60 1350
300 01 40 2100
300 0L 60 3080
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Table 3-2, Vehicle Location Accuracy at
80% Level for SIGMA = 100 Meters

T {sec } TC (sec ) M (meters/sec ) Accuracy (meters)
2 0L &40 180
2 .01 60 183
2 .1 40 180
2 .1 60 183
10 .01 40 1935
10 .01 60 212
60 0L 40 448
60 0L 60 650
120 .01 40 850
120 0L 60 1250
300 .01 40 2100
300 .01 60 3160

the dependence on maximum speed increases, and
accuracy 1s not dependent on computation time,

Table 3-2 presents simular data for the case
SIGM# equals 100 meters, With a polling intexrval
of 2 seconds, 80% of the vehicles 1n the fleet are
loceted te within 180 meters., The trends evident
in the SIGMA equal zerc cases can also be seen in
Table 3-2, One major difference 1s that, in this
case, the change 1n accuracy as polling interval
tncreases from 2 to 10 seconds 1s rather insigni-
ficant, Thus, 1f the system hardware hag a stand-
ard deviation for inherent accuracy in the » and
y direction of 100 meters, then little would be
gamned by specifying a polling interval shorter than
10 seconds., In compar:ing the results of Table 3-1
and Table 3-2, 1t 15 apparent that the accuracy of
a SIGMA = zmero system is not significantly better
than a SIGMA = 100 meters system when the polling
interval 15 greater than 60 seconds, Thus, if a
sophisticated hardware system in terms of inherent
error is installed, 1t requires a short polling inter-
val fo realize significant benefits.

The most striking difference between the cases
with inherent error equal to 0 and 100 meters and
the case with inherent error equal to 1000 meters
{Table 3-3) 15 that the interval between the muni-
rnum and maximum accuraclies 1s much more com-
pact 1m the 100 meter case, In general, one can
conclude that as the resolution in inherent error
deferiorates, the systemn 1s less dependent on the
remaining parameters, The accuracy figuren
Table 3-3 for polling intervals of 2, 10, 60 and
120 seconds are sigmficantly higher than the cor-
respondmg values in Tables 3-1 and 3.2, while
the accuracy at a polling interval of 300 seconds 1s
of the same order over all three Tables.

These results presenting accuracy estamates
for AVM system errors can serve as a tool to be
used 1n AVM system design.



Table 3-3.

Vehicle Location Accuracy at 80% Level for SIGMA = 1000 Meters

T (sec) TC (sec) M (meters/sec) Accuracy {meters)

2 .01 40 1790

2 .01 60 1790

2 .1 40 1790

2 .1 60 1790
10 .01 40 1795
10 .01 60 1810
60 .01 40 1880
60 .01 60 1350
120 .01 40 2210
120 .01 60 2500
300 .01 40 2985
300 .01 60 3500
300 .1 40 2780
300 | 60 3650




. MARKOQOV CHAIN MODEL OF VEHICLE LOCATION BY MEANS OF
PROXIMITY SENSORS FOR CLASS Il AND IV SYSTEMS

Marvin Perlman

One approach to automatically locating specified
vehicles in an urban area involves the employment
of proximuty sensors, The proximity sensors
(which may be active or passive) are distributed
throughout a given area. Once installed, the posi-
tion of a sensor ts fixed., A vehicle, properly
equipped, will interact with a sensor when the dis-
tance between the vehicle and the sensor 1s within
prescribed himmts, Interaction results in com-
municating the identity of the vehicle and the loca-
tion of the sensor to a central system, Not con-
sidered in this analysis are the proximity sensot's
characteristies, the required equipment for the
vehicle, or the means of communicating to the
central system, This analysis presents a Markov
chain model of the interaction of fixed proximity
sensors with moving vehicles whose locations are
to be monitered,

A. Classifications of Fimte Markov Chains

1. Concepts and defimtions. A stochastic
process is any sequence of experiments amenable
to probalistic analysis., A stochastic process is
said to be finite 1f the set of possible outcomes 1is
finite, An independent process 1s a firate sto-
chasgtic process where knowledge of the outcome
of any preceding experiment 1n no way affects the
prediction of the outcome of the present experiment,

A fimite Markov chain process 1s a finite sto-
chasfic process where knowledge of the outcome of
the immediate past experiment does affect the pre-
diction of the outcome of the present experiment,
Furthermeore, the dependence of the outcome of
each experiment on the cutcome of the immedi-
ately preceding experiment only is the same at
each stage of successive experuments, A finite
Markov chain 1s characterized by a finite set of
states {1, 82, . . . , Sp}. The state of 2 Markov
chain 15 the outcome of the last experiment, Thus
a Markov chain ts 1n one and only one state at a
given time and advances from one state to another
(or remains 1n the same state) in accordance with
a priory, transition probabilities. The transition
probability py; is the probability that the (Markov
chain) process will move from state s, to s, and
Py depends only on s,. Assoclated with evéry
cordered pair of states 1s a known fransition proba-
bility, An n x n trans:ition probabulity matrix P
contains as entries the transition probabilifies
corresponding to each of the respective n® ordered
pairs of states as follows:

1 2 n
83 | P11 P 7YY Pyp
85 jP;p P 77 Py
P=
®n Lp_nl Poo "7 Ppy
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Each row tn P comprises a probability event space
such that

P. z0

for.all i, j
1]

and

n
z Py = 1 for every:
3=1

The transition probability matrix P and an 1mtial
(starting state completely describe a finite Markov
chain process,

2. Regular Markov chains, A Markov chamn
15 defined to be regular if and only if after n steps
(1. e, , experiments) for some n, 1t 1s possible for
the process to be 1n any state regardless of the
starting state, The entry p(ln in p® (the nth power
of the transition matrix) 157the probability that
the process 1s 1n state s, affer n steps given that it
started in state s,, A regular Markov chain has a
regular transition matrix P such that P? contains
only posifive entries (i, e., p(n > 0 for all 1, j).
P may be tested for regularity by noting whether or
not the entries 1n PZ, (Pz)z, (P4)2, . w . are
positive assunmung P has one or more 0 entry,

Example 1.
bility) matrix

Given the following (proba-

1 2 3 [
5y 0 1 ] 0 7
82 0 0 1 d
P =
83 0.5 0.25 0 0.25
S{, _0 0 0.5 0.5_

Successive squaring of P, Pz, P4, v » « quickly
results 1n large powers of . When testing for
regularity, the actual values of the entries need not
be determuined, Denoting each positive entry by x
and each zero entry 0 gives

[0 x o ¢
0 1] X 0
. P =
b4 b4 0] x
0 Q0 X x




Pz, P4 ang P8 are, respechively

pr— — pram— —]] o —
0 ¢ x 0 0 = x x X X X X
x x 0 x X X X x X X X X
0 x x x X ¥ X X X X X X
X X X Xi., x X x x| and X X X X

L _— I — - -]

Thus P is a regular transition matrix,

3. Ergodic Markov chains, A Markov chain

ig defined to be ergodic if and only if it 15 possible
for the process to go from every state to every
other state. Clearly a regular Markov chain 1s
always ergodic, However, an ergodic Markov
chain is not necessarily regular, That is, for
every n, PD contains some 0 entries. However,
P" for different values of n, will contain zeros in
different locations., As n increases, the positions
of the zeros change cyclically. In this case, the
chain 15 termed a cyclic Markov chain, Thus an
ergodic Markov chain 15 either cyclie or regular
but not both.

Exarnple 2. Given the following transi-

tion maitrix

1 2 3 &
sl 0 1 0 0
s 0.25 0 0.75 0
P = 2
s 0 0.25 0 0.75
3
54 0 0 1 0
or
0 X 0 0 .
x 0 x 0
P =
0 X 0 X
0 0 X 0
l— |

where x denotes a positive entry, For evenn > 0,

For odd n > 1,

0 x 0 x
2 | % 0 X 0
1)=0 % 4 X
x 0 x 0

Starting in an odd-numbered state (5] or s3), the
process 1s 1n an even-numbered state (sz or s4)
after an"odd number of steps, and in an odd-
numbered state after an even number of steps,

P in Exaraple 2 1s an ergodic transition matrix
which 1s nonregular, The process characterized
by P 1s a cyclic (ergodic) chain,

4, Absorbing Markov chains. An absorhbing
state 1n a Markov chain is one which cannot be left
once entered. An absorbing Markov chain is a
Markov chain that has at least one absorbing state,
and from every nonabsorbing state Lt 1s possible to
move £0 an absorbing state (1n one or more steps),
The nonabsorbing states (of an absorbing chamn) are
known as transient states, The transition matrix P
of an absorbing chain has entries P,, = 1 for each s3
that 15 absorbing.

Example 3, The following transifion
matrix characterlzes an absorbing chain
51 52 53 Sl{ 55
51 1 ¢ 4] 0 0
8, 0.5 © 0.5 0 0
P= S3 0 0.5 0 0.5 0
sy o o 0.5 0 0.5
S5 o o] 0 0 1

States sy and sg are absorbing; whereas, states 83,
s3 and s4 are transient states,

5. Classification of states. The states of
any given Markov chain can be partitioned into
equivalence classes. An equivalence class com-
prises either an ergodic set of states.or a fransient
set of states. Once the process enters an ergodic
set, 1t rermains 1n the set. Once the process leaves
a transient set, it never reenters the set,

If a chain has two or more ergodic sets of states
but no transient sets, the chain in effect 18 a com-
posite of two or more unrelated chains, Each of
the unrelated chains consists of a single ergodic
set and may be treated separately, Without any
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loss 1n generality, every ergodic chain (regular
and cyclic) consists of a single ergodic set,

An absorbing state 15 an ergodic set consisting
of one and only one state. Such an ergodic set is
referred to as a unit set, Thus an absorbing
chain has one or more umt sets and one or more
transient sets.

Every state of a given set whether 1t 15 ergodic
or transient can "communicate' with every other
state 1n the set, The process, however, moves
toward the erpodic sets when the chain contains
transient as well as ergodic sets,

B. Properties of Absorbing Markov Chains

1. Canonical Form of P and P?, The tran-
sition matrix P of an absorbing chain can always
be arranged to have the following canonical form
(by relabeling states)

The submatrix 118 an £ x £ 1dentity matrix whose
entries are the transition probabilities for every
ordered pair of absorbing states (s,, SJ) where

0if i # ]

P.
1 1iri=}

The submatrix Q 15 an m x m matrix whose entries

are the transition probabilities for every ordered
patr of transient states. The submatrix R 1s an
m x £ matrix whose entries are the transition
probabilities for every ordered parr of states

(sy, s,) where s, 15 a transient state and s, 1s an
absor'inng state, The submatrix 01s an £ xm
matrix whose entries are zeros corresponding to
the zero transition probabilities of moving from
any absorbing state fo any transient state,
of P have the canoniczl form

where

M=fl+Q+0%+. .. +0% R

Mote that the expression for M 15 a matrix
equation. -

Theorermn 1. In any fimte Markov chain,

regardless of the wimtial (starting) state, the proba-

bility that the process 15 1n ergodic state after n
steps approaches 1 as n approaches infinity, (A
proof of Theorem 1 appears in Ref. 1,)

A Corrolary to Theorem 1 1s that are real

numbers b and ¢ where b >0 and 0 < ¢ < 1 such that

Powers

for any ordered pair of transient states (s, S ).
This gives the rate at which pgjl) approaches 0

Every entry in Q" in the canonical form of p"
of an absorbing chain approaches 0 as n increases
without limit,

2. Fundamental matrix. The fundamental
matrix of an absorbing chain 1s defined asg

N=[1- 0" (1)
Note that
1 o 2 n-1
o I-o° I+Q+Q +- - - +0Q

» and since Q@ #Land im Q" = 0
bo B

-

Il—].]

[I—Q]_l = ll_Iflm[I+Q+Q2+- e+ 0

fn
the inverse of I - Q (1, e,, N) always exists.

The submatrix M in P® as n approaches infinity
may be expressed as

M=[1-0'R = NR (2)
The fundamental matrix N has the following
probabilistic interpretation,

Let ulk) = 1 1f the process starts in transient
state 8, ahd 15 tn transient giate s, after k moves,
Otherwise ul3/= 0. Let t(in)denote the number of
tfimes the pro]cess 15 1n trdnsient state 5. starting
and during n moves given that 1t startedin tran-

srent gtate s, Thus
S ) U ) B
1] 1j i) 13

The probability that the process is in transient

state 5 after the kR move 15

(k) . = gtk
pla, 7 = 1} = a,

gwen that 5, 15 transient and the starting state.
The mean of u(ik 1s

J
mul? =1 qf? 100 1-qfY - gl
The mean of t(lr;) 13
(n) {0} (1) {n}
m(tiJ ) = 1] +q1] T, qJ.J

the 1, jth entry of

00, o1, . o

where Q(O) =1,

Then

Iim m(t(n))
n—-m 1]
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18 the 'L,Jth entry of the fundamental matrix
expressed in (1), The value of n;; 15 the mean
number of times the chain 1s 1n transient state s
giwven that 1t started 1n transient state s, and conj-
tinues until the process 1s absorbed {1.e., reaches
an absorbing state).

3. Statistics on the number of times the
process 1s 1n a transient state. Let v, denote the
number of steps (1ncluding the original position)
before absorption,given the starting state 1s g, If
§, is 1n an absorbing state, then v, = 0, Given that
the absorbing chain contains a transient set denoted
by T, and s, 15 a transient state \f and only 1f
slsT {1. e., 5, 15 a member of" T). Then

alv) = g

s, ET

J

(3)

which 1s the 1tB row sum of the fundamental matrix
N. Each row sum of N appears int the m x 1 column
vector

a = NC (4)
where C1s a m x 1 column vector whose entries
are all 1ts,

The variance of the function v, 18

Var(vl) = m(vf) - (m(\rl_))2
where
m(v %) = 2 : Byt 1+ z : p,y m [lv, + 1)%)
By T s, €1

{Notethat the original position 1s necessarily
tncluded 1n the expression for mivy).)

Continuing,

m(vie) = E gy * E - Pyy lrl(vi2 +2v. )+ Py

sati'l‘ sJE:T

= Z P Im(vla) *2mv)]+1

s, €T
J

Wv,2 = D gy B0 + 2 al)] 2

s, €T
J
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The braces denote a column vector where each
entry corresponds to a different value of 1,

Therefore,

{m(vle)} =Q {m(via)} +20u + C

(1 - al {m(vle)} 200 + ¢

{m(vie)} = [1 - @)% [200 + €]
= 2Nga + NC
= ONQu + &
Since
~ I
N = I-0Q
N-NQ =I and NOQ = N-I
and
ta(v,®)} = 2[0 - T)o + a

If

[20 - Tlo

Finally, the variance of v, for each 1 expressed as
entries in m x 1 column vector 1s

{var(vi)} = {m(vie) - (m(vi))g}

= [28 - T]o - asq_

where agy results from squaring each entry m(v,)
1in o shown in {4).

Example 4. A particle moves a unt dis-
tance along a straight line. Given that it 1s in s,
1t moves to s,;], one unit to the right, with prob-
ability 0.5, or to state s,_], ome unit to the left,
with probability 0.5. Two states are introduced,
one at each end of the line, to serve as barriers.
These are absorbing states such that the process
is absorbed if 1t reaches either absorbing state.
Assurne there are five states where s) and sg are

absorbing, and sp, s3, and s4 are transient., The
probability matrix appears in Example 3, Reor-
dering the rows and columns gives the following
cancnical form:

Sl 55 52 53 Sll'
8, 1 0 0 0 0
Ss 0 1 0 v} 0
P= s, 0.5 0 0 0.5 0
53 o 0 0.5 0 0.5
Sh 0 0-5 o] 0-5 0-—



The fundamental matrix 1s

2 S3 8y

0.5

2
N=[I—Q]-l= s3 | 1 2 1

5), 0.5 1 1.5

Thus, for example, 1if the process starts in state
52, the rnean number of tirne 1t 15 10 state 53, $3
and sq4 1s 1.5, 1 and 0, 5, respectively.

Furthermore,
n I 0
lim P =
e NR| ©
since
1m Q" = 0
n—+wo
and
Iim M = NR
n-+o

as shown wn (1) and (2).

In example 4

Bl 35
8, 0.5 0
R = 33 0 0 E—
Sh 0 0.5
and
84 55
S, 0,79 0,25
R = 33 0.5 0.5
s), 0.25 0.75

Hence, for example, 1f the process starts in state
s2, it will be absorbed 1n state s; with probability
0,75 or in state sg with probability 0,25, The row
sums of NR are necessarily 1 in accordance with
Theorem 1. The mean number of steps before
absorption including the original position for each
transient starting state appears in « as shown in (4),

@ =NC = sq Y

Sh 3 _
The mean number of steps before absorption 1s 3 if

the process starts in sp or s4; whereas, it 15 4 if
the process starts in s4.

The variance of the number of steps (1ncluding
the original position) before absorption for each
starting state appears in the column vector

[2N - I a- ¥oa

from expression (5)., In example (4)

2 2 1| 3 9
oN-T=|2 3 2| =1L and o = 16
12 2 3 9
Thus _
5, 8
[2N-I]et—asq=s3 8
sll- 8_

The mean number of steps before absorption is
greatest for starting at 55, However, the vari-
ance 15 the same for each starting transient state,
(Note that when the variances are quite large com-
pared to the corresponding entries in @gq, it tndi-
cates that the means are unreliable estimates for
that particular chain.}

C. Model of Absorbing Markov Chain fox
Class Il and IV Systems

Consider a portion of an area to be monitored as
shown in Fi1g, 3-5, Subareas are 5 x 5 square
blocks, and each subarea has an identical sensor
layout. A (momtored) vehicle entering a sensed
intersection correspoends to an absorbing state.
This is to be 1nterpreted as updated information as
to the velncle's location, When the process i1s in
an absorhing state, the location of the monitored
vehicle is known (to within the detectron radius of
the sensor), A vehicle entering an unsensed inter-
section corresponds to a transient state. The
absorbing Markov chain models a sequence of
experiments for locating a vehicle to within pre-
scribed Limits of accuracy.

Given that a vehicle starts at any given inter-
section (sensed or unsensed}, what 1s the mean and
variance of the number of blocks the vehicle moves
until being sensed? Once the vehicle is sensed, a
new experiment begins. Thus, between sensings,
an uncertainty exists as to the vehicle's location,
This 18 reflected 1n the magnitude of the mean and
variance of the number of blocks the vehicle moves
between sensings,
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Fig. 3-5. Urban Distribution Pattern for
Monitored Proxirmty Sensors

The number of sensors, their layout, and tran-
sition probabilities between orthogonally adjacent
intersections 1s required a priori information.
Uniformuty of deployrnent of sensors assumes
unbiased routes. Random mnovement of the vehicle
corresponds to unbiased routing through the sensed
area., Thus the direction of travel of a vehicle
from an intersection will be in any one of four
possible directions with equal probabelity,

If one were to 1ncorporate a different transition
probability for each of the four possible directions,
the number of states tn the Markov chain model
would inerease fourfold. Each state would be
associated with a2 pair of labels. The intersection
entered would be designated by one label and the
direction from which 1t was entered by the other.
Such a transition matrix would be meaningful if the
transifron probabilities were accurately known,
That 1g, the probability that a vehicle upon lsaving
a particular intersectron will go straight, make a
left turn, a right turn or a U-turn 1s a priori infor-
metion, Without tlus imnformation, equiprobable
direction of travel (to any of the four adjacent
intersections)is &ssumed, The resulting statistical
accuracy establishes achievable bounds on the
system's accuracy,

Returning to Fig, 3-5, only the subarea with
labeled 1ntersections need be considered, Bound-
ary intersections (of the subarea) act as reflecting
boundaries 1n the Markov chain model, A vehicle
in intersection 1 corresponds to the process being
in transient state 1. The transifion prohability
from state 1 to the intersection due North 1s 0, 25,
Since that intersection has the sarne relative loca-
tion 1n tts subarea as does i1ntersection F in the
subarea under discugsion, an upward move (due
North) 15 eguivalent te a reflection to intersec-
tion ¥, Identical sensor layouts for all subareas
1s clearly required, This permits the use of a
small transition matrix (25 x 25 1n Fig. 3-5) for a
Markov chain model of an entire area where
fringe effects are neglected, Intersections labeled
with characters are sensed and are associated with
absorbing states, Unsensed intersections are
labeled with numbers and are associated with tran-
sitent states. The reflection properties of tran-
sient boundary intersections are apparent in the

submatrices R and R 1n Figs. 3-6 and 3-7,
respectively. (Note that states s and sy are
reflecting boundaries in Example 2,)

The matrix N and column vectors @ = NC and
[2N - IJ ¢ - ¢gq were computed on an IBM 360/65,
The componen %s of @ and agq rounded to 3 decirnal
places are;

1 [ 1.667] [ 2.778 |
2 | 2,667 7.111
3 | 1.667 2.778
k | 1.667 2.718
5 | 1.667 2.778
6 | 1.667 2.718
T | 2.667 7.3111
e re= 8 [ 1.667 %sa 2.778
9 { 1.667 2.778
10 | 2.667 7.111
11 | 1.667 2.778
12 | 1.667 2.778
13 | 1.667 2,778
1k | 1.667 2.778
15 | 2.667 7.111
16 | 1.667 2.778

2 2 3 % 5 6 7T 8 9 w0 11 12 13 1% 15 16

1 o 23 ¢ 0 0 0 0 ¢ O 0 0 0 ©° 0 ¢ O
2 235 0 25 @ 3 0 0 & © O O .25 0 0 0 0
3 0 25 ¢ 0 0 0 0 6 O O O 0 0 0 0 0
it 0o 0 0 0 0 0 .25 0 0 0 0 0 0 0 0 O
5 o 25 ¢ 6 0 0 0 0 O 0 0 06 0 0 O O
6 ¢ o p O 6 0 0 0 Q0 25 6 0 0 0 0O 0
7 ¢ 0 0 25 0 ¢ 0 25 25 0 2 0 0o ¢ 0 O
8 0 0 o ¢ 0 0 25 0 0 0 © 0 0 0 0 0
9 6 0o 0 0 0 ¢ ©0 0 O 25 0 0 0 © 0 O
10 6 0 0 © © 350 2525 0 © 0 25 0¢ 0 O
1 6 ¢ o O O 0 25 6 ©6 0 © 0 ¢ 0 0 0
12 b ¢ 0 0 0 0 0O ¢ 0 0 O O O O 25 0
13 0 0 0 0 0 0 0 0 0 25 0 0 O on 0o 0
1k 0o 0 ¢ ¢ 0 © 0 O0 0 O O 0 © O .25 ¢
15 0 0 0 © 250 0 0 © © 0 .25 0 250 25
16 o 0 0 0 0 0 O O O ¢ ©0 O O O 25 0

Fig, 3-6. Submatrix Q of Absorbing Chain Model
for Momitored Subarea 1n Fig, 3-5
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2 © 0 0 0 O ©0 0 O 0O
3 0 .25 ¢ .25 0 0 .25 0O O
L .25 0 .25 .25 0 0 O O ©
5 O 0 .25.25.25 0 0O 0 ©
6 O .25.25.25 0 0 O 0 0O
7 6 0 0 0 0 0 0O ©0 O
8 O 0 .25 0 .25.285 ¢ ©C 0
9 0 0 0 .25.25 0 .25 C O

10 o o 0o 0o 0 0O 0 0 O

11 ¢c o O 0 0 .25.25.25 O

12 0 0 0 0 .25 .25.25 0 O
13 o ¢ o0 © 0 .25.25 0 .25
1h ¢ 0 .25 0 0 .25 0 .25 0
15 c 0 0 ¢ 0 0o O 0O O
16 0 0 o0 .25 0 0 .25 0 .25

Fig. 3-7. Submatrix R of Absorhing Chain Model
for Monitored Subarea in Fig, 3-5

Thus, starting 1n a transient state or an unsensed
mnterseciion, the mean number of blocks a vehicle
moves before being sensed 1s 1. 667 or 2, 667. The
variance of the number of moves for each starting
state (1 through 16) 1s 1. 778 which are the entries
of

[2N - Ile- %

Since 1.778 1s a fraction of 2,778 and 7,111 {the
distinct entries of agg), the means given ina are
reliable estunates for the layout in Fig, 3-5.

Note that the probability of being sensed cannot
be computed. The probability of being sensed by
a sensor in the same relative location as say B
{Northeast corner of a subarea) can be determined
from NR. See Example 4,

The ratio of sensedintersections tothe total num-
ber of intersections 1n a monitored area 1s of 1nter-
est. In Fig. 3-5, 4 sensors are each sharing 4
subareas., These are sensors at intersections A,
B, Hand J. Thus the total number of sensors per
subarea for 5 (mnterior) + 4 {each shared by 4 sub-
areas)/4 or 6. The total number of intersections
per subarea is 9 (interior) + 4 {each shared by
4 subareas)/4 + 12 (each shared by 2 subareas)/2
or 16. Thus the ratio of sensed intersections to
total intersections 15 3/8,

E E'F
AR Nay

Fig. 3-8. Momnitored Subarea
with Sensor Density of 3/9

Consider a monttored area with identical sub-
areas as shown i Fig, 3-8 where the ratio of
sensed intersections to total mtersections 1s 3/9.
Its associated submatrices ) and R appear in
Figs. 3-9 and 3-10, respectively. For complete~
ness the fundamental matrix N = [I - Q]-1 corre-
sponding to Fig., 3-8 appears 1n Fig, 3-11. The
entries are xounded off to 3 decimal places.

The mean and variance of the number of blocks
a vehicle moves before detection starting from
each of the unsensed intersections 1s 2 and 2,
respectively. -

0 0 0 .25 0 .25 0 O O O
o

0 .25 0 0 ,25 0 0 ©o O O

25 0 0 0 .25 0 O

25 0 0 0

.25 0 0 0O

AT L S e LY I 7 S B
o
o
o

.25 0 0 .25

[
o
o
o

0 .25 0 0 0 0 .25 ©

Fig. 3-9. Submatrix Q of Absorbing Chain
Model for Monitored Subarea n
Fig. 3-8
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1.

A B (¢

1 25 0 .25

2 o .25 0

3 .25 0 .25

L 0 0 .25

5 0 .25 .25

6 o 0 o0

T 0 0 .25

8 0 0 0

9 0 0o .25

10 0O 0 0

Fig, 3-10.

Submatrix R of Absorbing
Chain Model for Monitored Subarea
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PART FOUR. AM BROADCAST AND BURIED LOOP FEASIBILITY ANALYSES FOR AVM USE

G. R. Hansen

1. VEHICLE LOCATION BY MEANS OF AM
BROADCASTING STATION CARRIER SIGNALS™

Carrier signals of commercial AM broadcast-
ing stations can he used as the source of vehicle
location information. £ As 1n well-known naviga-
tion systems, the signals radiating from pairs of
stations will form an hyperbolic grid or coordinate
system, and vehicles which are equipped with
phase-lock receivers and phase repetition counters
can keep track of the location of the vehicle 1n this
hyperbolic coordinate grid, This information 1s
then periodically transmatted to a central command
base where the transformation from hyperbolic to
geographic coordinates 1s performed, and the
actual location of the vehicle 1s determaned and
displayed.

A, Introduction

Most vehicle location and navigation systems
require dedicated transmitter-receiving equipment
combinations and frequency allocations for the
location function, A particular advantage of the
AM broadcast phase-~difference monitoring system
is that commercial station signals (0.53 to 1. 60
MHz) are used to furnish the vehicle location infor-
mation, Therefore, neither dedicated transmitters
nor special frequency allocations are required.

Carrier signals from three AM stations located
near the urban perimeter are used to form a co-
ordinate system of hyperbolas of constant phase
difference between the signals from pairs of sta-
tions {Fig. 4-1), Therefore, this vehicle location
technique shares many of the characteristics of
other hyperbolic navigation methods such as
OMEGA, LORAN, and particularly DECCA, In
this location method, however, the transmaission
frequencies from the AM stations need not be syn-
chronized, in contrast to the established naviga-
tion systems, It is more akin to the differential
versions of the foregoing systems. In the differ-
ential verisons, mobile location equipment 1s uti-
Iized at fixed geographical sites for the purpose of
improving the location accuracy of vehicles in the
neighborhood by determining the sigral phase or
delay variance at the known site from that predic-
ted, and this variance i1s used to correct the loca-
tion data received by the vehicle.

The AM broadcast vehicle location techmique
relies on a frequency transformation method
whereby the several frequencies of three AM
broadcasting stations are separately normalized to
a common frequency, and the relative phases of
these commeon frequencies are compared to provide
hyperbolic lines of position. An exact integral re-
lationship between the carrier frequencies of the
AM stations 1s not required, although harmonic-
ally related frequencies would result in a station-
ary "virtual hyperbolic pattern"” and would some-
what simplify the location process.

Vehicular equipment consists of at least three
phase-locked loop receivers to extract the carrier

£
U.S. Patent 3,889, 264,
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Fig. 4-1. Zero Degree Phase Difference
Hyperhbolic Contours Produced by
Pair of Synchronized RF Signals

frequencies and also a second set of three phase-
locked loop frequency multiphers to generate the
common fregquency. Phase comparators and dig-
ital counters are used to keep track of the vehicle
location within the "virtual hyperbolic pattern, '
The hyperbolic coordinates are stored for subse-
quent transmission to a central command and con-
frol base,

Central equipment required consists of a lim-~
ited arithmetic processor or table look-up com-
puter which is needed to relate the hyperbolic
pattern coordinate mformation to an actual geo-
graphical location

B. Hyperbolic Location Principles

If two separated and synchronized sources of
radiation transmit signals in an isotropic medium,
a recelver positioned midway between them, or on
the locus of points which is equidistant from each
transmiatter, will detect no difference in the time-
of-arrival or the phase of the signals from the
separate sources, The locus is the perpendicular
bisector of the connective between the two sources.
(See Fig. 4-1,})



If the receiver is at one side or the other of the
bisector, the signal from the nearer transriter
will arrive at some finite amount of time before the
signal from the farther source, If the signals are
continuously transmitted, the phase of the nearer
will lead the phase of the farther. Another locus of
constant time or phase difference can be generated
by maintaining the same diufference in distance
from the recewer to each transmatter. The curves
for constant time or phase difference will be con-
focal hyperbolas that are symmetric around the
bisector {see Fig. 4-1}).

A line-of-position (LOF) can be determined
relative to a pair of RF transmitters by noting the
time difference in the arrival of the signals, which
corresponds to one of the hyperbolas. There wall
be ambiguity as to which branch of the hyperbola
represents the true LOP, If the signals are con-
tinuous wave and only the phase differences are
determined, the degree of LOP ambiguity increases
many=-fold since the phase pattern is repeated
whenever the cumulative distance change to the two
transmitters equals one wavelength. The resolu-
tion of the ambiguity is described later,

If the two stations are transmitting on slightly
different frequencies, the relative phase between
the carriers will change cyclically at a rate de-
termined by the difference in frequency., This rate
will be the same anywhere that the two signals can
be recewved. If the locus of lines of constant phase
difference are now considered, they again com-
prise a family of confocal hyperbolas, but instead
of being statronary, they will sweep through the
area covered by the two stations (Fig, 4-2)., The

hyperbolas, as a function of fime, will tend to
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Fig, 4-2. Apparent Mofion of Hyperbolas Due to
Slight Difference 1n Two Signal Frequencies

form acutely around the station radiating the higher
frequency and then move toward the lower fre-
quency station; straightening as they reach the mid-
point, then curving around the lower frequency sta-
tion and then vaniching on the extension of the line
joining the stations. A recerver capable of count-
ing the passage of hyperbolas representing a par-
ticular phase difference will accumulate the same
count in the same time interval regardless of the
location within the service area of the two stations,

If the constant-phase difference counting re-
ceiver is positioned in a stationary hyperbolic field,
no counts will be accumulated as long as the re-
ceiver's location 1s fixed, If the receiver 1s moved
in such a manner as to cause the difference in the
distances to the two stations to change by one wave-
length, then one count will be accumulated., Sim-
ilarly, in a moving field, a one-unit difference in
counts will be accumulated by a stationary receiver
as compared to a recerver that is moved by a wave-
length distance difference.

The AVM systerm based on AM broadcast signals
is discrete as opposed to continuous location sys-
tems 1n that the intersections of hyperbolas form a
grid which can be transformed into specific urban
area locations corresponding to these mntersections,
Interpolation between grid lines is not used, There-
fore it is somewhat like a proximity systerm with
the hyperbolic intersections taking the place of
physical devices or signposts located at intersec-
tions or at fixed points. Continuous systems pro-
vide somewhat umiform coverage of the service
area and allow any geographical locations within
this area to be determaned to some limiting pre-
cision dictated by the technique, The grid de-
scribed by the intersection of the hyperbolas allows
the actual geographical location of the vehicle to be
somewhere within the hyperbolic triangle described
by the coordinates of a particular triad vertex,

The dimensions of this triangle are a function of
the distance to the foci of the two families of hyper-
bolas and also of the wavelength of the common fre-
quency. In most continuous AVM systems, the
precision durminishes with the distance from the
fiducial pomts, In the AM Broadcast hyperbolic
AVM system, the location precision can be adjus-
ted in the principal service area by the choice of
the common frequency.

Established navigation systems such as OMEGA,
LORAN, and DECCA refer to the areas between
adjacent hyperbolas of constant phase as lanes.
These navigation lanes vary in width from 1.5 te
15 km, depending on the frequency used in the sys-
tem, and the principal goal of these methods 15 to
maintain a vehicle's location precisely within a se-
lected lane. In contrast, the AM broadcast vehicle
location method utilizes much narrower (e.g.,

0. 15 km) lanes and keeps track only of the ID num-
ber of the hyperbola of constant phase difference
that the vehicle has crossed and 1n which direction
the hyperbola was traversed, Therefore, the
location precasion is a function of the lane width
and will vary with the distance from the AM station
pair, This system 1s intended for use in metro-
politan areas and adjacent suburbs of rather lim-
ited size compared to the much larger service
areas of navigation systems. Since AM transmit-
fing sites are usually located near the outskirts of
the area they serve, the divergence of the hyper-
bolas and the consequent loss 1n location precision
can be held to reasonable values.



In many prior studies and developments con-
cerned with emergency vehicle location problems
(see Bibliography), a general goal has been to pro-
vide a location capability o one city block, or
roughly 0,16 km (0.1 mile). Lane widths of this
size can be generated with a frequency of 1 MHz,

In order to generate a hyperbolic coordinate
system from AM station signals, these signals
must be iransformed te a common frequency which
is phase coherent to the AM carrier, To be useful
without restraints requires that this common fre-
quency be a multiple of the highest common divisor
of the available AM carriers. The common fre-
quency should therefore be a multiple of 10 kHz,

The individual AM carrier signals are recewved
by the vehicle receivers, and these signals in turn
are each used to separately synthesize the com-
moen frequency. The common frequencies are
therefore phase~coherent with the original AM
carriers and effectively change the radiation from
each of the AM stations to the comrmon frequency.
A virtual hyperbolic pattern 15 generated from
each pair of AM stations recewed; and if the AM
signals were phase coherent, the pattern will be
stationary in space. It is then only necessary to
measure the phase differences and count the num-
ber of times the phase pattern has repeated as the
vehicle travels in order to determine a new loca-
tion from a known starting point. Three pairs of
signals (three station) are sufficient to remove
any ambiaguity in the determination of the new loca-
tion from the old location {(Fig. 4-3), Since the
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spacing of the hyperbolic patterns1s a function of
the distance from the station parr, the relationship
between the phase pattern counts and actual dis-
tances traveled would have to be computed. In this

AVM system, the computational ability need not be
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placed in each vehicle., The computation of.loca-
tions 1s reserved for the central command base
where the location information 1s desired,

It is 1mmaterial whether the hyperbolic grid
pattern 1s fixed or moving as far as the location
process 1s concerned. If fixed, then only the
counts accumulated by moving receivers are nec-
essary to determine the new positions from the old,
If the grid 1s moving, then the difference in counts
between the moving receivers and a stationary re-
ceiver 1s all that is required, Besides the magni-
tude of the counts, it is also necessary to know the
"direction' of passage of the hyperbola of constant
phase difference. The hyperbolas always move
from the higher frequency source toward the lower
frequency, If the hyperbolas are stationary, the
vehicle's movement toward one source will tend to
increase the apparent frequency from that source
while decreasing the frequency of the other,
Therefore an assignment can be made as to which
direction is to be called a positive count and which
a negative count.

C. Vehicle Equipment Requirements

A block diagram of one of the recexvers to be
instailed in the vehicles is shown in Fig, 4-4.
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Fig. 4-4, Phase-Locked Loop AM Recerver
on Vehicle for Hyperbolic AVM Technique

Three of these receivers are requared for each
vehicle, A conventional RF amplifier 1s used to
provide selectivity and gamn of the desired AM sig-
nal applied to the phase detector of the phase-lock
loop {(PLL). The voltage-controlled oscillator fre-
gquency in the PLL is adjusted to Tun at the same
frequency as the AM station carrier. The oscilla-
tor output 1s divided by a variable modulus counter
(-53 to 160) so as to produce an output frequency
of 10 ¥z, The 10 kHz signal 1s applied to a flip-
flop which provides a square-wave of 5 kHz used
as the reference input to the phase detector of the
frequency multiplying PLL, A 1 MHz voltage-
controlled crystal oscillator is phase-locked to the
5 kHz reference by dividing the oscillator frequen-
cy by 200 to produce a second 5 kHz signal which
15 compared to the reference, Therefore, the 1
MHez signal 1s phase-locked to the AM carrier fre-
quency so that the phase relationship between the

1 MHz and the carrier is repeated at least every
53 to 160 cycles of the AM carrier.,

Three such receivers, each tuned to a different
AM station, will produce three separate 1 MHz



signals, each phase-coherent with the appropriate
AM carrier.

The problem then remains to determine the ID
number and direction of the hyperbola that 15 either
traversing or being traversed by the vehicle. As
stated previously, the measurement of the frequen-
cy difference and the determination of which 1s the
greater frequency are required. The techmique
selected to determine the frequency difference and
also to yield information as to which 1s the higher
or lower frequency 1s to use an up-down counter
in which one frequency provides incrementing pul-
ses and the other decrementing pulses. The state
of the counter should then indicate the integrated
frequency difference between the two frequencies
which 15 the algebraic sum of the hyperbola of
constant phase difference traversed,

The up-down counter rmust respond to every in-
crementing and decrementing pulse because any
pulse missed will displace the measured location
by one unit in the hyperbolic grid. In order to pre-
vent the uncertainty 1n the up-down counter which
could be caused by the simultaneocus arrival of up
and down pulses, resynchromzation of the 1 MHz
pulses was required, A synchromizing frequency
at least four tames the frequency to be counted is
required to assure that no pulse 1s lost or splat.
The logic for resynchronizing to 4, 192 MHz 1s
shown 1n Fig, 4-5. The logic discards both incre-
menting and decrementing pulses which are mputs
to the same up-down counter and arrive 1n the same
synchronizing mterval,
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Fig. 4-5, Up-Down Counters Sync Logic
for Hyperbolic AVM Technique

Each of the three counters in the receiver main-
tains a count which is the integrated algebraic sum
of the apparent frequency difference between a pair
of AM stations each nominally radiating at the com-
mon frequency, Part of this frequency difference
is due to the AM stations not being phase coherent

(1. ., not exactly on the assigned frequency) and
part 1s due to vehicular motion,

D. Vehicle Location Method

If three AM stations, A, B, and C, are moni-
tored (Fig. 4-3) and the transformation of the car-
riers yields three common frequencies £, fp, and
fc, then the three counters in the vehicles will ac-
cumulate counts N in a time t 1n accordance with:

Na = (fa - fb)t + Vab (It xFix,v)=C

N, = (fb - fc)t: + Ve {f}t x Gle, v} - C

b
N, = -f)e+V  (DtxHxy) -C

C=3x 109 m/sec

where f 1s the common frequency, V 1s the vehicle
velocity component parallel to the baseline of the
station pair, and F, G, and H are general equafions
of the second degree (describing the three famihies
of hyperbolas) in terms of X and Y which are the
geographical location of the vehicle in an arbitrary
orthogonal coordinate gsystem, This system of
equations does not yield an explicit analytic solu-
tion for the location in terms of X and ¥. It does
indicate the separability of the counts due to slight
differences in the common frequency and the
counts caused by vehicle motion. Counting is neg-
Ligibly influenced by the difference in frequency of
fa, ip, or fc.

At the base, the location process 1s witialized
by first receiving the actual geographical location
(mm X and Y) of the vehicle and the 1nitial content of
the three counters (called Ny;, Ny,, and Ngg, re-
spectively). The coordinates in X and Y and the
counter states are stored. The counter states of
the stationary receiwver are also stored at the same
instant, An explicit calculation 1s fhen made using
the X-Y location and the coordinates of the AM
stations which yield the location of the vehicle in
terms of the parametric farmlies of the hyperbolas,
Each hyperbola in each family is numbered, and
the results of this caleulation give the location in
three integers which represent the nearest hyper-
bola of each family.

Subsequent locations are determined by receiv-
ing the current state of the three counters from the
vehicle, First, the initial state of the vehicle
counters 1s subtracted from the current state, and
second, the change in the state of the stationary
receiver counters (from the inmit:alizang fime to the
current time) 15 determmned and subtracted to yield
the change 1n each of the hyperbolic coordinates
caused by vehicle motion., The new X~ coordi-
nates of the vehicle location are then calculated
with an iterative least-squares algorithm. The al-
gorithm uses the old X-Y location and develops the
required changes in X and Y so that the calculated
new position will have the same hyperbolic coordi-
nates as those determined for the vehicle from the
current counter states, This method was chosen
over an analytic technique as it yields a "most
likely" solution in less time than an analytic method
which has the additional disadvantage of having
several pairs of coordinates as solutions.

Only two of the three available hyperbolic co-
ordinates are necessary in all of the calculations

4.4



as the third coordinate 1s not independent, The
third coordinate does provide a check in that the
sum of the hyperbolic coordinates should be a con-
stant plus or minus one. Additionally, for loca-
tions near the vertex (the one AM station common
to each hyperbolic family), the algorithm may be-
come divergent and another set of coordinates
should be used.

E. Accuracy Analysis

All AM broadcast stations in the United States
operate on assigned carrier frequencies which are
mulitiples of 10 kHz in the frequency region be-
tween 530 and 1600 kHz, The FCC requires that
the actual carrier frequency be within 20 Hz of the
agsigned frequency. If all the AM stations within a
given geographical area were exactly on the as-
signed frequency, the relationship between any two
stations could be expressed as:

(1) flffz = {n + p)/n, where n and p are
both integers,

The carriers could be said to be phase-coherent in
that the phase relationships between the two car-
riers are repeated every n + p cycles for one car-
rier and every n cycles forthe other. If this
condition 1s maintained, it is‘then possible to syn-
thesize another frequency, which 1s also a multiple
of 10 kiIz which 15 phase-coherent to each of the
carriers within the area.

The 10 kHz can be multiplied to another fre-
quency, say 1 MH=z, which will be phased coher-
ent with the original carrier. Since the FCC allows
a frequency tolerance of 20 Hz, the synthesized 1
MHz signal will have a tolerance of:

(2) +X Hz = 220 Hz (106 Hz)/f Hz, where
f 15 the AM carrier frequency.

Therefore X can vary between 39 and 12 Hz, de-
pending upon the frequency of the AM broadcasting
carrier, It is therefore possible that a pair of AM
stations could cause a beat frequency between the
two "normalized" carriers approaching 80 Hz. The
impact of the frequency difference 1s prmcapally
upon the equipment design, the sampling rate for
location purposes, and the amount of information
that must be fransrmitted from the vehicle. These
effects will be discussed later,

A secondary effect of the AM carrier bewng off
frequency and thereby causing the 1 MHz to be
slightly off 1s that the location process will be re-
duced in precision. A wavelength of the actual
frequency will be slightly shorter or longer than
expected by up to 39 parts per million, This error
would be on the order of 1 meter on the baseline
connecting a station pair with a separation of 30 km
and up to 2 meters some 60 km away from erther
station and therefore negligible,

F. System Data Requirements and Polling
Intervals

System considerations determine how much in-
formation is needed from each vehicle and how
often it should be sent. Prior work in autematic
vehicle monitoring has usually emphasized the
fixed-rate polling method of interrogating vehicles

to determune locations. If the polling method
allows any or all vehicles to travel at maxirmum
speed and still be located to the ultimate precision,
the information flow 15 maxmized from each ve-
hicle. If an average speed is assumed for the
fleet of vehicles, then high-speed vehicles will not
be located to the precision available, and parked
or slowly moving vehicles will be transmitting
much redundant data, Volunteer methods wherein
the vehicle mitiates a data transmission whenever
a significant change in location has occurred re-
quire means to aveid contention and must also send
additional data to identify which vehicle 15 trans-
mitting, An adaptive polling technique whereby
high- speed vehicles are interrogated at much
shorter intervals and where average and slowly
moving or parked vehicles are infrequently sam-
pled is quite easily mechamzed. The simplest
polling technique requires that the central control
transmit incrementing pulses {tones, or tone
bursts) to 21l vehicles which count and accumulate
these incremental signals., When the number of
signals received matches the number assigned to
the vehicle, a data transmission 1s imtiated from
the vehicle. The inclusion of a respond or do-not-
respond pulse, tone, or burst with the incremen-
ting signal will tell the vehicle whether data 1s
Tequired or not. Conversely, a vehicle which had
been immobile could reguest inclusion in the next
polling sequence by responding with an appropriate
signal regardless of the command not to send data,

The amount that the AM carriers are off fre-
quency together with the sampling intervals of the
vehicles determines the number of bits required to
be sent to the central command for location pur-
poses. The length of each of the up-down counters
is therefore determined by this numbex of bits.

As stated before, two low-end of the band AM sta-
tions could cause an B0 Hz beat frequency in the
synthesized 1 MHz signals which would cause a
total count of about 288,000 per hour to be accu-
mulated. A vehicle cruising at 30 km/hr along the
baseline of a station pair would accurmulate a count
of 200 per hour due in a stationary pattern, A re-
cent Department of Transportation requirement
for vehicle momitoring required that 25% of the
vehicle fleet be located each 15 sec and the re-
mainder located each minute. The total counts for
each station pair under these requirements would
be 1200 for 15 sec and about 5000 for the minute
interval. To accommodate this requirement, the
length of the up-down counters would have to be

13 bits each., Some 40 to 50 bits per interrogation
would have to be transmatted from each vehicle 1f
a preammble, parity checks, or error detection mn-
formation was added to the basic 39 bits of loca-
tion data. Assurmng the higher number over a
voice channel from the vehicle which could con-
servatively accominodate 1200 bit/sec, then 24
vehicles could be interrogated and located each
second. Agamn using the DOT requirement, 820
vehicles could be located each minute, with 205 of
the vehicles being located each 15 seconds, or four
times each minute for a total of 1435 locations
each mmnute (1440 maximum), It should be real-
1zed that these are theoretical maximum numbers
and neglect the praciical realities of turn-on sta-
bilization time of mobile transmitters and also
assumes another channel for interrogation
purposes.

The amount of data required from each vehicle
could be reduced by about two-thirds if the AM



stations being utilized for location maintained phase
coherency, A stationary location pattern would be
generated, and the up-down counter lengths could
be reduced substantially as only counts due to
vehicle motion would be accumulated. Only a rela-
tively small amount of equipment would be neces-
sary at each AM station to maintain the carriers
coherent to one another., This could be done by
either a common synchronizing signal or with each
station referencing the carrier frequency to the
other two carriers by counting and phase-locked
loop techniques. In either case, the control range
of the added equipment must not allow the carrier
to be pulled outside of the 20 cycle FCC tolerance
Iimit.

Some operational difficulties that might occur
with this type of vehicle location system could be
caused by momentary outages of one of the AM car-
riers, or transmitter switchover when power 1s
mcreased or reduced. In some smaller metro-
politan areas it may be difficult to find three "'24-
hr' broadcast stations with appropriate geometry,
and different configurations may have to be used for
day and night operation,

G. Computer Simulation Programs

Two computer programs, a location simulator
called LOCATE (Table 4-1), and a vehicle count

Table 4-1. Vehicle Location Simulator
Program, LOCATE
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generator called PIG (Table 4-2) were written to
test the location method. A SETAUP program
{Table 4-3) was also written which stores the loca~-
tions of the AM stations in the arbitrary coordinate
system and determines the lengths of the baselines
connecting the stations.

In order to make the simulation more realistic,
three AM stations in the Los Angeles, CA, metro-
politan area were chosen: KFI {640 kHz) located 1n
the Buena Park-La Mirada area southwest of the
Lios Angeles Civic Center; KNX (1070 kHz) in
Torrance which is south and shightly west of the
Civic Center; and KMPC (710 kHz) with transmitter
in North Hollywood which 15 northwest of the Civic
Center., The baseline distances are: KFI-KNX 31
km, KNX-KMPC 35 km; and KMPC-KFI 51 km.

Table 4-2, Vehicle Hyperbolic Lane Count
Generator Program, PIG
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Table 4-3, AM Broadcast Station Liocations
and Baseline Lengths Program, SETAUP
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An arbitrary origin for the coordinate system was
located some 8 km (5 miles) in the Pacific west of
the Palos Verdes peninsula such that most of the
area of interest for location purposes would be

1o the first quadrant of the X-Y system. The ori-
gt 15 at 118°30'W and 33°45'N,

The location (LOCATE) program and the vehicle
count generator (PIG) program were written 1n
APL computer language. The vehicle count gen-
erator requires two wnput variables. These are
the initial and termunal values in meters of the
X-Y coordinates representing each change of posi-
tion of the vehicle, The hyperbolic coordinates of
each location are calculated and the integral differ-
ence determined. The difference represents the
counts that would be accumulated by a vehicle in
traveling from the initial fo the termanal location
of each leg of travel. The count difference and the
initial location are the inputs to the LOCATE rou-
tine which determines the new location, The new
location 1s determined by a reiterative technique
whereby the deltas of X and Y which would satisfy
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the change in counts of the hyperbolic coordinates
are calculated and added to the initizl location,

H., Conclusions

A vehicle location method for use 1n metropoli-
tan areas 15 avarlable, which uses the carrier s1g-
nal information from three currently operating AM
broadcasting stations located near the urban perim-
eters. Two advantages of the method are that (1)

dedicated transmutters for location purposes are
not required and that (2) the phase-lock-loop count-
g receivers 1nstalled in the vehicles are inexpen-
sive. The mathematical technique for vehicle
location 1s relatively simple and requires only that
the initial location be known, While the technique
1s not explicit, location can be determined with
adequate accuracy to the precision :mplied by the
geometric configurations of the AM stations used
and the frequency of the synthesized signal used
for phase comparison,



II. VEHICLE LOCATION BY MEANS OF BURIED LOOPS*

Lawrence J, Zottarellr

With the exception of the cut-to-fit development
method, the evaluation of the buried loop™ AVM
system requares as a basis some mathematically
analytic relations., Since such relations do not
seem readily available in the open Iiterature, an
analytic approach was developed to determmine the
effects of loop spacings, dimensions, and height
above roadway on RF signal detection and on 1den-
tification of the vehicle's location.

A. Relationships of Three-Loop Vehicle
Location System '

The approach 1s to find the mutual inductance of
the vehicle's transmitter and receiver loops
through the intermediary of the passive buried
loop. A typical three-loop configuration is shown
in Fig. 4-6. The assurnptions are-

. The XMTR and RCVR are sufficiently re-
mote from each other so that direct mutual
inductance is of secondary importance.

2, The buried loop is tuned with a capacator
to the vehicle transmitter frequency, and
the buried loop resistance is directly pro-
portional to the number of turns.

3. The loops are in an 1sotropic medmum,

Ng
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Fig. 4-6. Confipuration of Vehicle's
Transmitting and Receiving Loops
Relative to Buried Loop

1.

Analytic Relations of Loop Mutual
Inductances

(1) The magnetic flux lines & coupling
the buried loop (BL} due to the XMTR
current I{T) at point P 15

‘I’BL = Kl- NT- I(T)

where

I(T) =1, sin{wt), K,= XMTR/BL

coupling, and NT - XMTR turns,

(2) The voltage E coupled fo the buried
loop with width W 1s

Epy{T) = Ny d®q, fdt =

We Kl N.I. NBL' IP- cos(wt)

(3) The current in the buried loop (which
15 at resonance), with resistance R,
is
Ipp (T) = Epp (T)/Rpy, =

[ Mg Ngp s Welpe cos(wt) | /R,

(4) The flux lines coupling K, the RCVR
due to the buried loop 1s

Treyr(T) =Ky Ny - Ig (T)

substituting
Ercyr(T) =
2 -
[_Kl. KZ. NT- (NBL) . W-IP- cos(wt)-]/
RpL

(5) The voltage at the RCVR due to the
buried loop is

Egcyr = Ng $8poyg/dt =
[y By Moo Ny 1 N (W I) -sin(w“t)],:/
Rio0p

allowing now the resistance per turn
(R fturn)

Rloop = (R/turn)‘N

QED: E NN

RCVR =[-Kp Ky Np-Ng «Np -

(W I . s:Ln(wt)]/(R [turn)

2
U.S. Patent 3,772, 691, "Automatic Vehicle Location System, !



2. Comments, The reasoning involved in
deriving the relationship permit the geometrical
and electrical aspects of the solution to be separa-
ble and simply multiplicative. If Ey .y 15 to be of
the form Mdl/dt then:

equivatent Pecomes [K Ko Noo Npe Ny o« wip)] /

{R /turn)
and
I{t) becomes IP cos{wt)

B. Magnetic Field Generated by Rectangular
Loop of Wire

1. Development of Flux Density Equations.
It 15 desired to find the flux intensity B at a point
P(x, vy, z) generated by the rectangular loop of
wire, with the X-ax1s direction across the lane
width and the Y-axis in the direction of roadway
travel,

Gavens:

{1) A rectangular loop of wire of length
L and width W, with the lane width
equal to the buried loops length.
{2) The loop 15 1n a free-space plane
(of x, v, z rectangular coordinates)
having equations z = 0,

(3
(4)

The loop has a DC current of L.

The coordinate space has its origin
at (0, 0,0), which is the center of the
loop wire.

(5) The linkage or mutual inductance of
two parallel planar loops {ndt neces-
sarily coplanar) lymng mn x, y-plane
uses only the z-component of flux
density,

Method:
(1)

Decompose the loop into four linear
segments
(2) Apply the Biot Savart law from each
segment to the point of interest

= (_E_
pl 4n

|B )- (IE)- {cosY - cosa)‘

(3) Decompose the flux density into its
vector components, and sum the

components.,

The complete mathematical analysis 1s pre-
sented 1n Ref. 1.

C. Computer Programs for Calculating Mutual

Inductance

Two programs are used to generate the mutual
inductance of rectangular wire loops. The pro-
grams LOOPS and CARCUP are written in the
Stanford Artificial Intelligence Language, "SAIL,"
which 18 an extended ALGOL 60.

1. "LOOPS" and "CARCUP" Programs,
The "LOOPS" program 1s used to find (1) the
XMTR/RCVR direct mutual coupling, (2) the self
inductance of a loop, and (3) the direct coupling
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between the Buried Loop and the XMTR or between
the Burted L.oop and the RCVR or between two
Buried Loops. The "CARCUP'" program 1s used
to find the mutual coupling between the XMTR and
the RCVR wvia the Buried Loop, the inner workings
of the two programs are similar, the program
"CARCUP'" 15, in effect, the program "LOOPS™
run twice. Both of the programs have Input/Output
1n comrnon.

a., LOOPS Program. This program
(Table 4-4) asks the user+ (1) 1if he wants more
detailed mformation, (2) to specify how many
steps, " or data points, (3} where 1s the starting
point of the pickup loop and what size 1s the loop
(in terms of XMIN, XMAX, YMIN, YMAX) and how.
high above the buried loop (an terms of Z), (4} to
specify the aspect ratioc of the buried loop, K.

The LOOPS program calculates and prints out
the mutual inductance for the number of data
powmnts specified, Each successive data point rep-
resents the mutual inductance of the buried loop
and pickup loop moving along the positive Y-
direction (along the roadway lane) by 1/10 of its
length (1.e., (YMAX-YMIN}/10), The mutual
inductance is in relative units, To find the answer
in henrys, multiply the answer by half the lane
width (an meters), by 10-7, by the number of
turns of the buried loop, and by the number of
turns of the pickup loop.

b. CARCUP Program., This program
(Table 4-5) asks the user: (1) if he wants more
detailed information, {2} to specify "how many
steps, ' or data point, (3) where is the starting
point of the XMTR loop, and what is its size and
how high above the buried loop (in terms of
XTMIN, XTMAX, YTMIN, YTMAX, ZT); also
where 1s the starting point of the RCVR loop and

Table 4-4, LOOPS Program for Mutual
Inductance of Buried/Pickup Loops,
and Sample Run

<TYPE LOOPS SA1
00160  BEGIN "LOGPS™

Q0150 ENTERHAL I[HYEGEP EXIT »FDPEF.7

QG200 ENTEGEF I Fs32EFK,

00360  DEFINE RF=""15%- 1273

00400 PERL Xi4MIts MY £ oNIH = (M43 4EMDenAR YASAEC>IE HR1BEWCCyDDSFs
00500 GnH;K;L-II:“;E;P:P-T:II:n_:_;\E;-hl‘.,

Q0556 STRING ST»

D000  OUTITRCTDD 1B BRHT mTES fTYFE IR EITHER YES GP NO FOLLGUWED BY
CRR FET) ")y

00700

a0200 IF EMCHWL="VES~ TREN QUTSTR(™

00500 THE PURPDSE OF THIS FPOGPAN la> TO CRLLULATE "THE FREE SFRCE
01000 FRELATIVE COUPLING PETWEEN TWD FEAT EUT #HOH COPLANAR FECTRNGULSP

61100 LDOPS OF WIRECYHE Z1PES OF MHICH RRE PAPALLEL TO THE LOOFDINATE
01200 PXES UF PEFPANCE) 1T [S 76 3E APFLIED IH RUTOMOTEVE VERICLE
01300 LOCATEON HEHMCE THE TEHGP @F THE FOLLOWING INTRADNCTIOH.

01400 THE LAGE WIDTH IT ThE 4 DIMENSION ThE LANF LENGTH I3

01500 THE ¥ DIMEN.IOMs FHE YESTICAL DISTHNCE BETWEEH LBCPS IS THE

01606 = DIFENSION  THE CENTER DF THE PURIED LOGF IS AT COORDINATES

01700 ©0,0:,0 THE WIDTH GF TBE EURIED LOJP 1S THE LAWE WIlTH

01500 ¥ IS THE ASPECT RATIO DF THE EJRIED LOGP (WIDTH DEVILED BY
01900  LEKGTH)

02000 SMINXHAY » THINYHAY DETERMISE THE SIDES AMD LOCATION OF THE
02106 PICFUP LOJQP

02200 ALL INFUT DINENSIGNS ARE TO PE WORMALIZED TO HALF THE LFlNE
02500  WIDTH.

024090 HOW MANY STEPS FEFERS TO MOVING THE PICrLP LOOP ALONG
0253y  THE LAKRE LEMGTHCREMERALLY ALAY FOOX nBOYE THE EURIED LGGP) BY
02606 110 OF THE PICFUF LOGP LEMGTH ANL THEH CALCULRTEING ITS
02700 NGRHALICED 2 PIPECTION CEUPLING FPGM ThE BURIED LGOP.

028049 THE FFRINTGUT 13 THE CALCWLHTED FLLA IH FELATIYE FLUN LNITS

RHD OF SrCCESSIYE STEFPINGT

03000 TG FIND THE RCTUAL FLUA IN VOLT SECOHDSMULTIFLY THE DATA
03100 BY THE FALECWING FRCTOP2

03200 CIXeCLANE WIDTH 2)4LE01{=7)>

03309 WHEPE [ IS THE BURIED LGGP CURRENT 114 RHPS

03400 WHERE THE LRNE WIDTH IS IN PETERTTLRF)§
035G0  OUTSTRC™HOY MANY STEPS *)
0300 Q{10+ (REALICANC <$.T0-1HI'HI-L) TERF2)2 5 DUTSTRCRFY »

PEGIN
PEAL RRFAY VL1103,
OUTSTRE“HUNIN="3 ,NMIN<REALSTRAHE (ST+IHCHWL) » BRI OUTSTRCFF) 5

03900  HUTSTRC™MNAN=") »MHAXeREALSCANC (ST IHCHUL Y sERK)  DUTSTRLRFY i
G409090  QUTSTRC™YMIN=")»YMIN+PEALSCARC {ST+IHCHLL) »ERKY » DUTSTRYRFX3
04100 DGUTSTRC™ fMA<a™) § {MAL-PERLSCANCCST IHCHYL Y o ERKD ¢ IUFSTRCRFD S

HeXMINFXACCVRAN—XMINI /1Ty


http:fUTTR(?N_A=');fMiwpEHLSCRH((ST+IHCHUL).RK

Table 4-4, (Continued)

04300 YeYHIN YA+C/MAN=YMIN)/107

04400  YEMD-MIN+YReO

05700 T+0y7al,0-00

04e00  OUTSTPCZ8") 5 Z¢REALICANC (3T4INCHWLY :ERK) 5 GUTSTRCPFI
04700 E+l12,M1 et

03300  OUTSTRC-¥=") ,r«pgm.scam LSTHINCHWL >  3FK) » GUTSTRCPFY§
04%0n  EXIT «0,FORER +0

049%a  BEGIN

0500G  PROCEDIFE PIZ,

05100  BEGIN

05200 AECRHL Y B+ (N1 0y

05300 Ce(Y+h ) s DeCY-KD 4

05400 AAFCAHI X200 Yo 2E T

05500 BB+ {—13222 DD+ (—KITET

05-00 Fe(E+DD+RAYT{ S)aB+7E+LC+AAITC S) T

057040 He(E+DI+EE) 1< 5% sHe(E+CC+BEI1{ 52,

05300 Pe(A/CE+ARY Y+ (~DrF4L 750

05900 Re—(B~(E+BB s>+ (-Ds/H+C/) 5

05000 L+{CrCE+CC) D4 (=Erii+R 5D

05100 He—CDACE+DD) > {~E-H+A-F)}

05290 E2+{F4+REL4HY+ SAeWRY

390 END»

05490

05500 PRICEDUFE FLUNCURS

Oou 00 BEGIN

0550 SETFORMART (1332 s

05700 UHILE Y GEG YHMIN AND ¢ LE@ <YEHD-C 9999+(YRi> 0
06800 BEGIHN

059040 WHILE X GEG XMEIN AND X LEQ ¢ YHAX-K =99)+ChAX> 0D

G000 BEGIN

07100 BIZF THT+BI»X-Y+XR

7200 END»

07300 YLS IeT st I W=-Y+YAsSeS+1,T+0
07400 EHD»

0r500 WHILE J LEO WS-£0> DO

07500 BEGIH

07790 WHILE (J+102>1 GO

07800 BEGIN

07200 Qe0+y[ Y Jrleiel

03000 END»

03100 UUTSTROCYECO> Y

63200 Qe0sJded+ls IF <1 MAD 53 = O THEN OUTSTRIRF):1+J
23300 EHD»

03300  END»

03500  FLUXCUF »

08330 EMD.ENDS

05000 END "LOGPS™

PUNH LOGPS _RY
PO YOU WANT NOTES (TYPE IN EITHEF YET OR 1) FOLLONED T+ CAR PETZ

THE PUPPOZE OF THIS FFOCEAM IS TD CALCULATE THE FFEE SFACE
RELATEIVE COUFLING BETWLEEH TWE FLHT EUT NOH CORLAMNRF PECTRHGULAP
LOOPS OF WIRECTRE T1DES$ OF WHIrH RRE FRFALLEL TG THE COGRDINKTE
ANES OF FEFPAHCEY IT IZ TO BE APPLIED [H HUTONMGTIVE YEHICLE
LOCATION HEHCE THE TEMOP OF THE FOLLOWING [HYPODUCTICH.

THE LAME WIDTH IS ¥HE 4 DIMENSIOH THE LRNE LENGTH IS
THE ¢ DIMENSION THE YERTICAL DISTANCE BETWEEN LCOFC IS THE
2 DIMENSION. THE -ENTEP OF THE BUPIED EODP Y$ HT COBFDINRTES

Q90120 THE WIDTH QF THE FUFEED LOGP IS THE LRHE WlDTH

K 1% THE ASFECT PHT10 OF THE BURIED LOOP (WIDTH DIVIDED BY
LEHGT#Y

SMIN1 AR MIM X DETERMIHE THE SIDES nnD LOCATIOH OF THE
PICHUP LOLF

ALL IMFUT DIMENSIONS MCE TO FE HGFHALICED TO HALF THE LANE
WIDTH.

HOW MHMY STEPS PEFEPS TO hGYINS THE FICKUFR LOOP ALONG
THE LAHE LENATHCGEMERALLY hiHY FFOM AEO:E THE RURIED LOORY BY
17106 OF THE FICKUF LCOF LEMGTH AND THEM CARLCULHTEING ITS
HOFMALIZEL Z DIRECTILH FOUPLING SROM THI INFIED LOOF

THE PPIRTOUT IS THE FRLEULRTED FLUY 1IN PELATIVE FLUY UKITS
AMD DF SUCCESSIvE STEFFINRY

TO FIND THE HETYML FLI™ TN VYOLT SECGHDS«LLTEPLY THE DHTA
£ THE FOLLOMIRE FRETDR

{1+ CLBHE WUEDTHI ZY r2Y*{100C-T30)

WHERE ! IS THE BUFIED LOGF FIFFENT IN AMPS
WHERE THE LRHE WIDTH i$ IH METERZ
HDW MuMY STEFS 100

RIH=-1
AN=1 000
YIN=-0001 Q@

HAR=1
==0
K=
»2HEP2 10093 10259 10299 10299
10279 102# 10299 10299 10233
~10E%9 - 55091 - 3013} - 19331 - 13591
—. 10081 —ET0 -aa07 - 487 =501
- 334 - g5t - oo - 203 - 178
-~ §55 - 13= 120 ~-.107 - 55031
— £5la=1 - TE59-1 - e919-1 - v2&¥~1 = Sgap-1
— 3199-1 - 4731 - 43%d=1 = 40091 = 3moP=1
= 3418-1 - 315%-1 - 2929~1 = E729-1 - 2539=1
- 279t - 2z0e=1 - 2059-1 - 19591 - 1819-1
—.1703=1 - feuP-1 - 1519-1 = 1492v=1 = 1339~1
- 127a-1 = [209=1 - 1143~1 = 1059-1 = 1029-1
- 9TOP-2 =Gl - §779-2 - B35¥-E - 7asp-2
- 759a0=32 -aT245-2 - n9EP-3 -5l P2 =-.6329-2
= pl5y-2 =579 C - SEUy-2 - F3aP-3 -Sl1e-2
— 32092 -.3719-2 — B2V - 4359-C =.$189-2
- 4f3s-2 - 3839-2 - -2 - Sp02-2 - 347-2
—=o 3302 - 323-2 - Flge-& =J30i9-2 = 2%19-2
- g82a-3 -Z :3-: = In59-Z - E5%P-2 - a37a=-2
o3er-2 - - oIld=2 —21T9-8 - ar1e-2
-.29Sp-2 €D OF hlL E'\E'.U‘I’l[iﬂ

YES

Table 4-5. CARCUP Program for Mutual
Inductance of XMTR/RCVR Loops,
and Sample Run

TYPE CARCUP SAI

09100  BEGIH “CARCUP™
00200  IHTERMAL INTEGER EXIT sFORER.s
00300  IMTERER I»Js0sZsSsBRK]
030G DEFINE RF=""15L"127»
00500  REAL Kr‘(fﬂ[ﬂ’xfﬂﬁxv'{nITHIN:\‘THB{;\'EHDMHQYﬁxﬁsBpC!D:E:HF!mBﬁCC!D
DsF>
DOS06  GsHs¥ oL sMaHalsP sR+TsBI » /ES sND 1 ARMIN X RMAL 9 YRMIN ' YRHAK 12T 126 ¢
00700  RERL XHINsYHTH:<MAY,
00500  STRING STS
00900 DUTSTRC"DO YOU WANT NATES (TYFE 1N EITHER rES OR NO THEN CoR PET
> =3s
04000 IF INCHWL ="YES™ THEH DUTSTRC™TO FIND THE RCTUAL OUTPUT YOLTS..H
'.I.T]PLY'TH'-' DATA™BY “THE “FOLLORIAG
<ANT+HELSHR& ( ({184 (=PI +oLdE WIDTH 2 120 1204 LN 12D+ (1P TRI+3]

H(HT))IR
01200 WHERE
61300 = HUHEER OF TUFNZ GH THE TEANIKETTEP LBDP
01400 HBL = IFIMPEF OF TNeNnS O THE BURIED LDOF
61560 NP = HIHIBER OF TUFH3S C4 THE PECIEVER LGCP
01500 LANF WIGTH I3 In METERS
700 W = 2eFIeF
01800 F = TRrASMITTER FPEQUENCY (HERTZ.
61360 IF = THE PERK TFANTMITTER EUFREHT
0200y SINCYTY = 4O KON LHAT
010y R = THE PEF TI'RH PESISTANCE OF THE BURTED LGOP
G209 # = DEVIDE+ #+ = MULTIFLYs t = TO THE POVEP QF
02300 TERF)»
0240y DUTSTRC“HON Lnnt STEFS “s»
02500 o—u 0+ (FEALECHNC C3T+ LHCHEL 3 9EFKDY ) 5 DUTSTRCRFY »
1286 EEGIN
02790 FEAL GRFAS VL1 @©1>REHL ARFHr WL (Q=%313
0800
02944 BUTSTRCXTHIN=") KTHTH-FEAL*LAHA ST-IN HLLD »ER¥ Xs GHTZTREL™Y 73,
43000  BUTSTRCTSTHARZ"D 1aTHS «PERL CrbE{3T-IHMRLEL, 3SR OUTSTR(T ™2
03100 OUTSTAC T THIN="Y YIMIR-PEALILBHC CSTr] ihhLopEFE ¥p BOTTECS =Yy
13200 BUTSTEC (TIRA=") VTMACCRESLICHHC (SToTHLAMLD 9BFF 3 s OUTZTFC"  “3»
O3300 OUTSTRC-IT="3,IT+PEALCAT (C"TINCHAL) s ERY) > OUTSTPIFFD,
03400  DUTETRC™ “FMIN=") NAMINSFEALSCRHG CST=1NCHULD s3FF £» DUTSTRC™ "3,
03500 DUTSTRC™ PHRNES 2 saFHANGPEALSCANG CETCINMRMLY rBFK Py QITTTRA™ "33
03500 DUTZTRCUYENTH="Y JYRMINERERLICANS (ST-1HChALD »E6F > DUTSTRC™ ™2
03700  DUTSTPCTYPHAX=" )5 (RMANCEEALSCHIC (ST+IHCHWLD »BRF » s DUTSTRC™  “3y
0% 00  DUTITRC=IF=") CEFRERLICANS (ST4IHCHWLLY §%h, s OLTSTR/FFD
3300 DUTSTRC™S=") K<PERLSURHY (ST THCHYL 2 »ECh)y BUTSTRPCFF)»
04000  EXIT.~0 FORER +0»
04109  BERIN
042097  PPGLEJLRE BIZ,
04300 BEGIN
94400 AeCs+lssBe Y=1ss
04500 L4 V4K 5 D+ ~KY 5
04600 AR (/4] 2 12 ECET K12
G470 BE4{A=13123DDB{Y~kI12»
03800 F+CE+DD#fiH) 1 52 sR+rELCC+AAN 1L T)y
04900 He CE+DD+BBI+{ .5} sH+(E+CC+ERI+ ( 5335
050080 P& (A/C(E+RA> Y& (~DrF+Cr G
05100 Rt-=(Br/(E+IR) ¥+ (D H+C/NY »
052040 L& CC/(E+CCI ) @ (= H+REI»
05300 He—{D/{E+DD) se (=B H+R/FY »
05300 EZ€(P+R+L+H)* AerAS
65500  ENDs
9560
05700 PRAOCEDURE FLUXCUR,
05804 BEGIN
05909 uh:LE ¢ GEO WHIM RMD ¥ LEG CYEND-C 99993+(3A2> DO
05009 BEG
0e100 IJHILE ~ GEQ MMIN AND ¥ LEG C XMAL-C.3993+(XA>) DD
05200 BEGIH
nG300 BIZ) TT+BZ,Ye{+XA
06400 EHDs
06500 YESIETsF e XHIN €Y4VA ZeS+13T+0
0508 END»
06700 WHILE J LE® <3=~10> DO
o800 BEGIN
05204 WHILE <u+107>I ID
07000 BEGIN
07100 O¢0+YCIdalel+1
07200 END»
07200 WL I=-10)-WCI-107+0s
07409 DeldsJedelsTeds
7509 END
07500 ENDs
07700 Z€1.UHILE Z LE® (a-9) 14
075040  BEGEN
07500 WEZ161s
0804010 Ze2rl
09100  END»
03200  T40B,3=1,0=]
09300 A+XTMEH ¥R CATHAX-YTHMIND /102 4YTHIH ¢A-C/TIRY = FIMIN>~10,
g;ggn YEHDYTHIN4YAS G 2 YOI ~YTHIHN » sHIN=XTHIN » \MALr RTHAY

o
02500 E~TT12sJé1s1e15
63700  FLUXCUP
05309  T+0sSel:0€01f
G3900  KeLRMIN 2 ARECHRMAX=XPMINY#1 0 (YRHIN +1 END+YRHINA YRG5
07000 YA~ YRMAN=YFHIM /10 s BIHEYFHMIN NMIH-AF IR MIAXeXRNRK »
05100  EfIRI2 Jéls1¢ls
09200  FLUKCUPs
09300 SETFORIATCL3 30041y
09400  WHILE I LEQ <$=-2) D0
09500 BEGIN
rapoo OUTSTRCCYECME [ 10>
700 IF <1 MOD S>=0 THEH GUTSTF(FFJ,
09300 Tel+l
09900 END»
10066 EHD END
10100 END =CAPCUP*™
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Table 4-5. {(Continued)

+RUN CARCUP.SAY

10 YOU WHNT HOTES ¢T/PE IN EITHER ¥YES OF #0 THEH CAR PET) 4ES
FO FIND THE ACTUAL GUTPLT YOLTS: MULTIFLY THE DATA Y THE FOLLAWINHG
‘(“wTé:éL*NQ‘(((I01(-?))6(LRNE HIDTH 20420020 e U2 ¢ IF1DVSTH(RTI> R
HT = HUMEER OF TURHS DN TRE TRANSMITYER LOOP
HBEL = NIMEER OF TURHS ON THE BURIED LoOP
HR = HUMBER OF TURHS ON THE RECIEVER L0OP
LANE WIDTH IS IN METERS
W = 2¢PIsF
F = TRANSMITTER FREOUEHCY {HERTZ)
IP = THE PERK TRANSMITTER CUPFENT
SIHCWT) = ¥0OU Kifw WHAT
R = THE PER TURN RESISTANCE OF TRE EUPIED LUOCP
# = DEYIDE» + = MULTIFLY, + = TO THE FOWER OF

HOW HAHY STEPS 30

ATHMIN= 4S5
XTHMARA= 5T
YTHIN== 03
YTHRA= 03
2T=.1

XRMIN=- .53
XRMAX=-.43
YRMIN=- 05
YROAX= 05
ZR=.1

Kw 4

119%9-1
12191
1289=1
«1409-1
«1598-1 1699-1
1819=1 18591 1539-1
.1899-1 END OF SAIL EXECUTIOH

1199-1
18291
1309-1
1439-1
=1632-1

1209-1
1239-1
1329-1
£47a-1

L1209-1
$1259-1
«1349-1
L1509-1
1T7E9-1
+1919-1

1209-1
12e%-1
1379-1
-1549-1
~1779-1
-1919-1

what 15 its size and how high above the buried loop
{(in terms of XRMIN, XRMAX, YRMIN, YRMAX,
ZR), (4) to specify the aspect ratio of the buried
loop, K.

The CARCUP program calculates and prints out
the mutual inductance for the number of data pomnts
specified. Each successive data point represents
the mutual inductance of the XMTR /RCVR through
the buried loop by moving along the positive Y-
direction {along the roadway lane) by 1/10 of the
XMTR length., The results are in units of relative
mutual inductance and to get real answers, answer
"ves' when the program asks if you want more de-
tailed mnformation,

2. Mothod of computing, The inputs to the
program (XMAX, YMIN, etc.) describe the area
swept out by the motion of the pickup loop(s). The
program calculates the mutual inductance between
the entire buried locp and portions of the swept-out
area using elements of area 1/10 the pickup loop
width by 1/10 the pickup loop length,

ax (XMAX-XMIN)/10

AY = (YMAX-YMIN)/10

The swept-out area 1s divided into portions
having dimensions AY by (XMAX-XMIN). There
are (10 + "how many steps'') portions. The mutual
inductances are calculated and stored for those
portions,

Sumnomuing the values of 10 successive portions
yvields the mutual inductance of the buried loop to
one particular position of the pickup loop.

The CARCUP program sums the corresponding
10 successive portions of both XMTR and RCVR
and multiplies them together to get the overall
mutual inductances. There are two main subrou-~
tine procedures used to calculate the mmutual induc-
tances, BIZ and FLUXCUP. With respect to the

BIZ subroutine, the flux density 1s calculated for
that corner of the area XA by YA which is closest
to the point (XMIN, YMIN), With respect to the
FLUXCUP subroutine, FLUXCUP in the LOOPS
program differs from FLUXCUP in the CARCUP
program, the difference being in form only for the
purpose of minimizing data handling,

D. Optimum Relative Configuration of Three-
Loop AVM System

1. Buried loop interaction with ‘adjacent
coplanar loops, The results seem to favor loops
having aspect ratios of = 1. However, the practical
aspect of packing the buried loops as densely as
possible is a primary consideration. At any rate,
if K 1s greater than 0, 025, a center-to-center
spacing of the buried loops of greater than 4 x K
{i.e., 2 times the loop widfth along the lane) results
in a coupling of less than 5% of the same loops
superimposed,

2, XMTR and RCVR direct coupling. If 1t is
presumed that the XMTR and RCVR loops "ought to
be the same, " then the results seem to favor loops
having aspect ratios 2z1. That 1s, the loops should
be rectangular and have their "small ends' pointed
toward one another, The XMTR and RCVR on the
vehicle are small compared to the buried loop.

The choice of their aspect ratios has a lirmit to
avoid extending beyond the buried loop.

At any height, sensors having more turns
on smaller loops are as effective as ones with
large loops having fewer turns. At any height
the coupling varies with later position, being
highest near 0, 8f from center to end of the buried
loop., The variation between these limits 1s
about 10%, -

If a sensor loop is placed lower than the opti-
mum height, 1t resulfts 1n overcoupling and rela-
tively high noise signal, thus also reducing buried
loop packing density. This 1s most pronounced
for buried loop aspect ratios much greater than
pickup loop size. XMTR and RCVR coils of
differing shapes will function and may permit
three-loop systems whereby the smallest moving
coil may be made the optimal for signal to "'noise"
rafio,

3. Expected real-life signal levels. The
follow:ing configurations and conditions are as-
sumed: (1) Roadway with lane width 2£ = 3 meters,
(2) buried loops with aspect ratio K = 0.1 and
separated by 4 x k x£, (3} pickup loops (XMTR
and RCVR) having sides P = 0. 1£, height Z = 0. 1£,
and separated by £, (4) All loops have 10 turns
each of #27 wire and resistivity of 1, 36 ohm/meter,
(5) The transmitter 1s producing 100 kHz at 1 amp
peak. (6) Self-inductance of buried loop 495
microhenrys. (7} Mutual inductance of two buried
loops 20.25 microhenrys, (8) XMTR/RCVR self-
inductance 7,87 microhenrys each, (9) Direct
mutual inductance of XMTR and RCVR 0. 0045
microhenry. (10) Three-loop system maximum
mutual inductance 1. 24 microhenrys. (11) Voltage
signals produced by XMTR/RCVR direct coupling
2.8 mV cos wt. (12} Voltage signals produced by
three-loop system -0,78 mV sin wt.
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4, Comments, The direct coupling of the
ransmitter and receiver produces a voltage at the
recerver of contant peak amplitude, having the
transmitter frequency and shifted in phase by

1. Zottarelli,

NASA — JPL — Coml , LA Calif

+90 degrees. The three-loop system response
envelope 1s a function of the vehicle speed. The
output frequency 1s shifted 180 degrees with
respect to the input current frequency,
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