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PREFACE

This document on Automatic Vehicle Monitoring Systems presents the
results of work supported by the Natienal Science Foundation. It was spon-
sored under an interagency agreement with the National Aeronautics and Space
Administration through Contract NAS 7-100. Points of view and opinions
stated in 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 effici ncy 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 California 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, Hansgen
< H - =
NCIRS

N eeTR

t{,\z‘}
.’! i
w34

iii



departments:

ACKNOWLEDGEMENTS

Lieut. Robert Zippel

Capt. Daniel Sullivan,
Sgt. Howard Ebersole,
Ofc. Louis Lozano

Lieut. James Lance
Chief Raymond McLean
Lieut. Allen Stoen

Ofc, Luke Villareal

Lieut. Robert L. Walker,
Sgt. Robert E. Ristau

for their interest in the study effort:

Chief David Michel

Chief Edward M. Davis

Chief William Mooney

Chief Raymond McLean
Chief Raymond Warner (dec)
Chief Robert McGowan

Chief Raymond Hoobler (ret)

iv

Appreciation is extended to the Users Group Advisory Committee (UGACQC)
members for their frieadly cooperation and help in the conduct of this study and

their professionalism in representing their respective cities and police

Anaheim

Los Angeles

Long Beach
Montclair
Monterey Park
Pasadena

San Diego

We should also like to thank the Chiefs of Police of the UGAC cities

Anaheim

Los Angeles
Long Beach
Montclair
Monterey Park
Pasadena

San Diego

| G. R. Hansen

CONTENTS

EXECUTIVE SUMMARY o vttt ve s sees s, :
I. Introduction............................
II.  Summary of AVM Systems Study Results ., .......,.
111, Classes of AVM Systems. v v v v v v o s o v 0w v wu... s e
IV. = Vehicle Location Technologies and Costs . .. ... . o
V. Vehicle Polling and Location Performance ., ., . . .o

PART ONE. AVM COST BEMEFIT INFORMATION BASE. . . PR

I. Performance and Costs of Proved AVM Techniques . . ..
II..  Vehicle Polliné Techniques and Location Performance , .
III.  Urban Characteristics That Affect AVM Costs ...... .
IV.  AVM System Accuracies and Cost Benefits. , . ., .......
V. Computer Programs for Analyses of AVM Needs. . ... ..

References and Bibliography ... .. .. ... .....0.....

PART TWO. AVM DATA FOR USER GROUP ADVISORY
COMMITTEE CITIES. . v v vt vt e vv e e e e s e,

1. Cost Benefits of AVM Systems for Seven Cities. . .. ... ..
II.  Anaheim, CA, City AVM Cost Benefit Analysis Tables. .
III.  Long Beach, CA, City AVM Cost Benefit Tables . ... ...
IV. = Montclair, CA, City AVM Cost Benefit Analysis Tables ,
V. Monterey Park, CA, City AVM Cost Benefit Tables. . . .
VL. Pasadena, CA, City AVM Cost Benefit Analysis Tables .

VII. San Diego, CA, City AVM Cost Benefit Analeis Tables .
VIII. Los Angeles, CA, City AVM Cost Benefit Tables. . . ..

PART THREE. ANALYTICAL TECHNIQUES FOR ESTIMATING

I.

11,

AVM SYSTEM ACCURACY v v vt vt v e e ae v

Vehicle Location Accuracy for Class I and III
Sys tems . o . L L4 . L] L L] . . * L - » . . L] . . . . L ’ L L] . . . . . .

Markov Chain Model of Vehicle Location by
Means of Proximity Sensors for Class II and
IV Systems . .

@ & S8 2 & 2 6 B s .8 s s e % e 0 8 & b e & 8 e & e @

PART FOUR. AM BROADCAST AND BURIED LOOP

I.

II,

FEASIBILITY ANALYSES FOR AVM USE . .....
Vehicle Location by Means of AM Broadcasting
Station Carrier Signals v v v v v v v v v v o v v o v o v e ee v
Vehicle Location by Means of Buried Loops . . ... v\ .. ..

v

. s 2

Page

[ S I R

4-1
4-25



ABSTRACT

A set of planning guidelines is presented 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 spg;cial computer programs for model city parameters applicable to
small, medium 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 cov{arage data are tabulated for seven cities whose police depart-

ments actively ¢ooperated in the JPL study. Volume 1 of this Report is the

Executive Summary. Volume 2 contains the results of systems analyses.
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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 existing 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 (NSF). 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 Verification of the Efficacy of AVM
System Selection Technigques 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 analyticai technigues 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 is made in this Report to "AVM techniques" and
"AVM Systems"., The term "AVM technique! is 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 in some automated fashion,



II. SUMMARY OF AVM SYSTEMS STUDY RESULTS

A, WORK ACCOMPLISHED IN PHASE 0

A broad range of information concerning automatic vehicle monitoring
(AVM) was compiled {rom 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 obtained 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 ¢ ~hi :vable for the various location sensing
techniques in 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-
4ables: (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
techniques when used in small, medium and large cities. Preliminary analyses
of the accuracies achievable with various AVM systems were also performed.
Vaurious AVM system configuration options were develdped, and promising

options were examined for possible cost benefits to seven UGAC cities.

B. PRELIMINARY CONCLUSIONS

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 (i.e., piloting, deadreckoning, triangulation, tri-
lateration, and proximity) do not necessarily reflect the impact 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 O Manual Monitoring. No AVM

Class I 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 krnz (40 miz) 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 benefits derived from monitored signpost systems. None of

the Class IV systems produced a cost benefit for the cities studied, generaily
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 accuracy can be expected to be significantly
greater than the inherent accuracy of the location sensing technique. Usually

the system accuracy is 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. PROGRAM RECOMMENDATIONS

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

2. It is further recommended that mission agencies such as the Law
Fnforcement Assistance Administration (ILLEAA) 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 aliernate classification scheme was devel -
oped for the purpose of this study. This classification not only implies 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

T~ T
N e

Existing communications system.
Vebhicle polling subsystem.
Liandline data links.

Telemetry data/polling handler.

(€3]
R . ™ R P

Telemetry link (common to most).

P e T e
1.8

o
—

In-vehicle equipment, such as data processor, telemetry data
encoder, polling processor, and signpost sensor. ‘

{7) Vehicle location computer. |

(8) Information display subsystem, '

4

Functional Elements Unique to Specific AVM SyAsterris‘\.ﬁ\_

.,

\\'

(9) Autonomous signposts; signpost sensor in vehicle (Cléf%&\]}l).

(10) Fixed synchronized RF transmitter sites (Class III). k \\\

(11) Monitored signposts; vehicle sensor on signpost (Class IV). .

A discuesion of each of these AVM functional srlements follows:

e oS etk -



1. Existing cornmunications 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 (VL.C), described in Element 7, to know
which vaiicle 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 is a landline supplying data to the
VLC (Elsment 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 it may be somewhere in between these in its extent, bringing data from a

relatively small number of fixed RF sites.

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 in 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 telemetry 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 sonic, optical, or even magnetic, instead of radio.

6. In-vehicle equipment. Depending on the AVM system, some or all
of the four fellowing devices may be carried in the vehicle:

S . .
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 identification

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 is 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
identity of the vehicle to which the location data belongs. The VLC may also
interface with the Computer-Aided Dispatch System.

8. Information display subskystem. 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 subsystem is vir-
tually independent of the location technique used,

1




9. Autonomous signposis used in Class IT AVM, Each autonomous

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

the vehizle may be by radio, pulsed light, infrared, sonic, or magnetic mecans.

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 determine 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 retransmitted signals from the monitored

vehicles,

11, Monitored signposts used in Class IV AVM, FEach moenitored wayside

or buried signpost requires a vehicle sensor that will transmit the wvehicle's

ID data received and also identify its 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 CLAS3S DESCRIFPTIONS

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 wehicle 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) ,
(2) Officer Update
(b) Dead Reckoning ‘
(¢} Navigation (Using Existing RF Beacons)

(3) Class II AVM. ~ Autonomous Signposts Throughout Urban Area

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

(5) Class IV AVM. Monitored 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.

Z, 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 monitoring. All AVM systems also
require the installation of some device in or on the monitored vehicles, But

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

DISPLAY
MANUAL AIDS

H

XY
Q X

DISPATCHER }

EXISTING
COMMUNICATION
SYSTEM

EXISTING

NAVIGATION
OR COMMERCIAL

AM RADIO STATION

s

“é=1 EXISTING AM

RADIO

‘\ > STATION
A

7 4

- URBAN EFIRONMENT

FLEET VEHICLE -

Figure 1. Class 0 Mamual Monitoring, No AVM
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A typical Class I AVM configuration is 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 enceder, and a polling processor. Class I AVM
sysiems are based upon a variety of location techniques and algorithms which
include the following: (a) Officer update techniques, in which the functions of
the vehicle's sensors and its 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 navigation beacons or
AM broadcasting stations, they are also included in Class I because the

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

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

The defining characteristic of Class I AVM systems is the installation of

autonomous signposts in strategic wayside or buried locations at intersections
throughout the covered urban area. These location reference sites are auto-
nomous in that they communicate their identity only to the vehicles and not to

the command ¢enter.

DISPLAY
SUBSYSTEM

S — e

(Y]

VEHICLE
LOCATION
COMPUTER

DISPATCHER

e

EXISTING
COMMUNICATION
SYSTEM

EXISTING
NAVIGATION

TELEMETRY DATA,/
POLLING OR COMMERCIAL

HANDLER AMRADIO STATION -
DATA é EXISTING AM
DATA RADIO
STATION

TELEMETRY <
LINK .

L
==

URBAN ENVIRONMENT

4." 3
O T LD

FLEET VEHICLE EQUIPMENT

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 cither
anidentification code or the geographic coordinates of the location, Sincethe vehi-
cle location accuracy provided by systems in Ciass II is dependent upon signpost
spacing, greater accuracy can be achieved in c¢ritical areas by locally increa-
sing the signpost density to one per inteérsection or per lane. A typical Class
II system configuration is shown in Figure 3. Signpost systems can be "pure',
in that all location information is derived from the fact that a monitored vehicle
is (or was) near a signpost; or they can be "hybridized", with the fact of sign-
post proximity used either to augment, calibrate, or reinitialize the determin-
ation of vehicle locations obtained by other means, such as odometers. If a
hybrid system does not require a data link in the eﬁvironment, it is placed in
Class II. If the hybrid system requires a data link from the signposts but no
special -purpose fixed RF sites, it belongs in Class IV, If it has both a data

link in 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 1nc1udes those systems that require the installation of & relatively small
number of special purpose fixed RF sites, where a ''fixed site' either broad-

casts or receives over a relatively large urban arpz with a radius of 5 to 11 km
(3 to 7 miles).

DISPLAY
> SUBSYSTEM
% p&é E .l
i ™
, VEHICLE
DISPATCHER COMPUTER
POLLING :
SUBSYSTEM AUTONOMOUS
SIGNPOSTS
DATA L (
s LINK (THROUGHOUT CITY)
COMMUNICATION
SYSTEM ~ TELEMETRY DATA/ L/
POLLING ex
HANDLER /
DATA <L)
LINK
SIGNPOST
TELEMETRY SENSOR
LINK " BURIED ) ’
een RIED
MAGNETS//_.;.;.'é/ LOOPS S
v
= &=_-=/
LTRASONICZ “=//CODED STRIPES

URBAN ENVIRONMENT ’
FLEET VEHICLE EQUU-MENT

Figure 3. Class I 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 is

relatively small, these data synchronization links could be microwave rather

GISPLAY
SUBSYSTEM

1

(e
]

than landline. Figure 4 shows a typical Class III configuration, It is optional

VEHICLE
LOCATICN
COMPUTER

only in Class III systems whether the telemetry link from the vehicle be along

TELEMETRY

the existing communication system or through the special-purpose RF sites. DATALING
—— HA
. i1s . NDLER
In either case, RF resources are utilized for that link, fope g : /_\
DATA

MONITORED .3
SENSORS 2
(THROUGHOUT Ciry) - ¢4

5, Class IV AVM with monitored signposts throughout urban area.
; ) - ; - X . EXISTING
Systems in this class contain monitored signposts installed in strategic wayside ggr}ﬁmJNlCAUON DATA

or buried locations throughout the covered urban area for the'purpose of
sensing the proximity and identity of signals transmitted from vehicles., 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

EXISTING 7;
LOOPRS

URBAN ENVIRONMENT

AVM systems very attractive for some applications. A typical Class IV
‘ FLEET VEHICLE EQUIPMENT

system configuration is shown in Figure 5.

Figure 5. Class IV AVM; Monitored Signposts Throughout Urban Area
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IV, VEHICLE LOCATION TECHNOLOGIES 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 in 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 1II AVM,
sparsely distrihuted special transmitting/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, afunctionalblock 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 techniques, the functional elements can
also be physically identical, such as the 1oca‘tion/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 téchniqués can either process the
location data on the vehicle or transmit 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 tor vehicle location
purposes.
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Table 1.

AVM Classes,

Systems and Costs of Functional Elements Installed

AVM Class and System

Element Co

ste, $

Vehicle | Fixed Site

AVM Class and System

Element Costs, $

Vehicle | Fixed Site

Class 0.

Manual Monitoring.

Vehicle Location Info

No Augmentation
rmatipn

of

Class II. Autonomous Signposts Th
Urbar Area

roughout

Class-I. ‘No Modifications to Utrban Environwment

(Existing RF Links)

{1) Officer update systems
(a) Keyboard entry
(b) Stylus map
{2} Dead reckoning systems
(a} Two accelerometers
(5} Two velocimeters
Laser, orthogonal
Laser/compass
Ultrasonic
{c) Odometer /compass
Magnetic compass
Gyro compass
(3} Navigation, existing beacons
{2} OMEGA systems
Differential
Relay OMEGA
(b) LORAN(A, C, or D)
Differential
Relay LORAN
{c) DEcCCcaA S'ystem,

{d}) AM Broadcast stations -

120

2535

500

715
805
485

285

1580
455

2680
505

1010
365

(1) Active signposts

SRR Al I AT P R R

<

15

{a) Radio beacons : -
- Low frequency 145 hl-é::
Citizen band, VHF 145 145
X—bapd beacon 160 275
(b) Ultrasenic signposts 170 iv0
(¢) Optical, infrared i1 * 155
(d) Buried antennas 138 120
{2} Passive signposts —
(a) Buried Magnets 95 ‘_l—l-(;
{b) Reflective patterns —
Codéd on signposts 580 -__8_5-
Cuded on roadway 135 125
(c) Buried resonant loops 135 95
Class III. Sparsely Distributed Special RF Sites
(1} Trilateration systems ——
{a}. Phase TOA —— :
Narrow-band 100 5, 000
Wide -band 2,965 11,000
(b) Pulse TOA 1,435 14, 500
(¢) Interferometer, noise 885 9, 000
(2) Triangulation systems —
(2) Rotating beams (HONORE)| ____ :
{b) Direction finding 50 27,500
Class IV, Ih}i:;;;ozii:ignposts Throughout
" (1) ‘Radio receivers —
‘(a) Wayside . 135 -‘;6—0‘
{b) Buried antenmas 145 265
{(2) Ultrasonic receptors 185 280
(3) Optical, infrared detectors 185 270

A,

I
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leED SITES, o . st et e e - E?g}s&t&){cﬁ; REFS%E;CI’EISVE RgEA%E;KIT%%N X-BANI VISIBLE, INFRA. ‘
-BANE CITIZEN BAND , -
RSELY OFFICER CCELERG- MAGNETKC OMEGA DECCA | R TRANSMITIER TRANSMITTER RECEIVER CITZEN e MAGNETIC ULTKASON 1€ odrC
?;‘?TRIBUTED KEVBOARD AR SO ey RECEIVER RECEIVER L= 'Rscilm RECEIVER fecever RECEIVER DETECTOR RECEIVER Ok
R S i 1 l ] T T i
CLASS
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DISPLAYS/
KEYBOARDS
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COULECTION
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LAND LINE ' - § LAND LINES

Figure 6. AVM Systems Showing
Common and Unique Equipments
for Vehicles, Signposts, and '
Base Stations
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Table 2, Vehicle Equipment Costs* for All AVM Classes and Systems

Class I, II, and III techniques 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 is to be used may depend heavily on WERCOET
PL COSTE PER UEHICLE IM §

whether or not equipments requiring digitial communication have already been

installed. T -
CLASS ;rEuHHIn_-JLIE SEHE0R FROZ.  PADIO  PAD.HOD THsT e ]
2. Technical and cost parameters. Virtually every technical perfor- 2?:.53??%% . “rz +r' 1 5 a5 e
mance and cost estimate parameter of a particular vehicle location technique E;?E?E}—'E[ﬁp?ﬁggi LE;S U_Zﬂ;ﬂ:-l' J%ESS ._gg 11‘1‘[1| 11:'
is system-dependent. The AVM system accuracy, the numbers of fixed sites, |:‘l_jF'l~:12§ilflr'illf: -".'E'Lljni 5;:._: 151:.:::11 :Ihg'gg L_;juj iz 1::,::
the message lengthy, the data rates, the base station computing, the informa- :E:E:”;g"?"Jg';'EETEEL “EE 11;1'»;:1&:1 ; 1EL-1E-1 :':":S l?ﬁ 1‘:‘:::
tion displays, software, and RF channel requirements are all functions of the l;:H j:;z;:g:,j‘l:l—gljfr'illf: l.:lEL_ ‘:‘E‘j ii::m %'i:':i: L}‘-”J 1’:1;:1 :;3
particular application. Some functional elements and performance factors can tl:.?f‘;;: X L.C.ij T 1:;:”:1 i:g:;’ l“::: :»'
be determined to a limited extent, such as the cost and coverage radius of the ;‘:'IEE:E:F.:“ o ) IA.:_:EI f’f i“::::’:: '—‘-”—1 :,S;%q :.l
various signposts, RF beacons and traffic presence sensors in Classes II, III, g?;ﬁn’i&ﬁgja . L‘”{::: ol [:_HL:t — :.";::::1‘ ‘:::: ,ﬂ::
and 1IV; and also the cost and minimum message requirements of the vehicle %—:%EFF; l[_:"é’f;_fgjﬁ :-':l;}’:j ;: iht‘:: L:::::: :: ,,J
sensors and data processors in Class I, [?EU?:,' ;_*,r;“-;EH ; ii,_?: ;: i‘:ﬁg ’-fH "f;;EI Lt
In order that cost estimates could be made for the various AVM tech- EE}{;‘?E %‘EIRHH 8 9 {30 %_‘j ’: fm—:
niques, extremely simplified block diagrams of the unique functional elements FEEE‘EEIE‘T’I?;:;‘%E”JE: :1_’1 ] 1oae N - .
associated primarily with the vehicle location process were developed. That FEFLECT IHE ]é:lj:;;?::' w;g ~ L: el :,_1 . :U‘
is, only the vehicle sensor and AVM fixed site’s associated with the particular ‘HF:-:EH'H!af};]E;TT h;:; ;I izgg t;':*: : 15
technique were considered. These cost figures accompany each of the descrip- LF;F"i'?EvT o i:::i:il :-: ié@@ ‘j;j ,1‘ 11::3
tions and considerations of the method in the following section. %ITIF?E’IIGEFEE%I 3:—3 i 13:5:::‘: ,:::‘11 _”—‘ 15
ULTPASONIE FOST = g }"”G 5 _E
B. AVM COST CONSIDERATIONS L 1o SENSOP 5 2 Lo o o "
' MAR~ZAMD FHPHASE r . ) i
In addition to the costs associated with the vehicular and fixed site ggﬁ;éﬂ[ﬁllﬂngE?ﬁéE ‘;‘E‘Eg ;.J 1&1:31 153 :;3: "‘:
functional elements required for the basic location process, there are the g?ééETg:;:gFgli:iTIDH L;%; i:: ::: ::: }?::1 :‘E:
costs of yearly maintenance and vehicular radio additions or modifications for |3u_q‘:;;§ I DER: 33 i £ 5 Uf ‘:'E’
tra?:smitting and receiving AVM signals. Estimates of the vehicular costs ﬂg.’;‘g;’%‘g [F—gg?;i EE o i . - »
(as'0f 1974) for each class of AVM are presented in Table 2. In this table, Eﬁggggéﬁg‘lﬂzugig.g-_r 115 :} n d 1 15
the radio cost and the radio modification columns represent optional choices, Sl L DETECT 123 o A E ij; if’;:
That is, the radio modification cost is not applicable where a separate radio
for AVM signals is selected. * Costs as of 1974,
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 II, III, and IV.
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Table 3. Fixed Site Cosis® for Class II, III, and IV AVM Systems

Additional costs acsociated with each AVM technique when configured as

a systemn are the base station costs and the vehicle polling system costs, given
FIVEDIET qal COET FER SITE (OR UMITE IM & in Table 4. The base station is assumed to include the vehicle location compu-
JRTH LIME ter, the peripherals, the dispatcher displays, software, and yearly operational
TECHHIOLE FrdIF IMET a-H LItk FEMT maintenance.
e : ;%; . 5 5
:T;,“',JELE?;HETEFE 31 ;1 5 _: l': 1. Vehicle cost parameters. Vehicle costing for an AVM system is a
kL‘.ti-iiZ-EEtF‘;; HEL@IIJIF‘WI? ::1! H‘ :11 ; a straightforward multiplicative process of determining the total cost to equip
::ll_”];;:; ‘Il"*‘I‘F;;W;‘;E%EF' :1 ’1 W L: i_: all vehicles in the fleet with the appropriate AVM sensor, data processar,
FAHPRE ;}kﬂgEEF LEL ii :‘1 3 h_a léi vehicle polling equipment, and radio modification; motorcycles are not consid-
l:é:f:“,]” SO In HEL , :: f*l ‘J. :*i ered. If a separate radio link is deemed necessary for AVM purposes, then
Lx.ﬂtui l J _, 1 ;?_1 this additional . cost must be added.
;;i{lf‘l,(;*‘;;ifT'Iiiiifl A !,f‘ 1“ :: :‘: If the vehicle fleet has already been equipped with digital message entry
are ‘x;«fy‘L':';ir'i "1 ’_: B j ) + devices (DiMED), keyboards, hard-copy printers, gas-plasma or cathode-ray
Y r« fﬂ:"‘”ﬁ;;{ J 1‘1 ’;: 2 f'; displays, then some of the functional elements required for an AVM system
H}t:: L!SEFEHF; . }J, ’ 5 ) - s * have been established. Prior installation of digital message equipment was -
E,S‘,E{?E;E%—FEW—.:. S B . a g ? not considered in the costing of vehicular equipment.
Peritiring siak  s3 @ 82 :
f;ZEF,L.?‘_:T,;,i;itiTF'I:i}qu h:;; “':; ::—: g e 2, Fixed site costs. Site costs unique to AVM systems are considered
Hr:l!‘{@—:rj };—;:1‘\“ 104 “;-_: i? ’i i only in Classes II, III and IV. In determining the system costs, the numberTr
li:lil,irill;l:;~§ - itjiLZ; r;f, ,_r:‘; ::; ;: of installed units must first be determined. The design algorithms for fixed
M_!FEC::H@@HET? L;‘ —":: L_l a 3 sites are dependent on the density distributions of intersections, road segments,
200% % 5

20 and lanes, and on the area to be covered.
CLASS Qi1 - '

e T FIY PHRASE . S m;ﬂ:: ”1,_':?; ‘3 Most of the Class II AVM techniques that rely on radio ID signals are
:P;”“_‘l_-_:,_;ﬂHD-F'[‘? .F:Hﬁ:?E 13; : E:{‘Eg ?_nj EEL‘BE & configured and costed on the basis of one autonomous signpost per intersection.
;{:::EEE g:!llzl:;igilgh :%EFJ 1%:‘3”;1 .:.F:u‘g :BEJB ‘;‘l The exception is the HF signpost which is configured on the basis of one unit for
JIFECTION FIMDER SEEEA 15EH 1ot = h each four intersections because of the greater coverage radius. The reflective
%lﬁgéélél l‘l_[:qu':'-_'; 1.:? “E: 1—2 i:: : pattern signs techniques require two installations for each road segment because
l'J.H'f:E;I-?E-EH?IDEF'T i‘ig ﬁz E':_.: 1.2:: 4 of the geometry constraints between vehicle and sign, xvhereas the traffic
EIEI:F‘;;E;E!T‘SIZLI%ETEE‘.T 1.'5‘,&3 , 11z e 1z " 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 is

% Costs as of 1974, ‘ actually a multiple installation; i.e., there must be sufficient loops or rhagnets

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, i.e.,
about 1 four-lane road for each 6 two-lane roads.
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Tab’le 4, Base Station Costs* for All AVM Classes and Systems The number of loops at each lane segment was that sufficient to provide a

unigue base-2 code for each road segment,

The number of magnets used is

half this value since spaces can be used to provide approximately half the
FAEbLULT Gl BRSE STATION COSTS IM THOUSAMDES OF & coding bits (magnet for ''one'!, space for "zero"),
) Since the Class III synchronized RF sites are more sparsely distributed,
s;.zlii]}:-l_lTEF‘ ) . il DIEF SHL E”:]ZEQHRELGE their numbers are estimated on the basis of urban area for the selected phase
» {Cﬂli-ﬂ'ﬂﬁli_sﬁ L HED LiaE IHET H=rt = - N o and pulse time-of-arrival techniques. The radius of coverage for narrow-~band
:'l[:‘l_,:wij . _:: iiji ’:E: ig igg E 13 Eg z:::: and pulse systems, based on prior tests and experiments, is set at 5 km
; ngl;:i:‘l’fL‘E,lif{:flif:TEF- ,:, }_L:1 e 14 %22 ; EE'; EE;" ;E (3 miles). In addition, the requirement that, wherever possitle, four or more
L,:;;:;fo‘nilg%r_yjiilgl'ff‘i ;';: ’;:—; ;t:; 13 1#5”2_1 E .:‘El ;E‘. E.g antennas should cover the given area is imposed. This procedure provides
;:Itnrlfrir-ll:E‘H*L!l:hJH[:TéF 4;::1 £ :g ig igg E ‘E; E’g ;_:[3 data for leas?t-sq‘uares computation as opposed to the analytic " flat earth'' solu-
u_uHFH : LH_LF ::E]I: :1 ;:tj z; I {5 3 L-:? :‘?. 43 tion of vehicle location. The wide -band antenna coverage radius is set at 11 km
L,: 1[,.-;?:;_.,_lw,,.._rf{Il_. JeL. fe px m 1‘&%_1 Ligﬁ : ES ::j :i’; (7 miles), based on prior tests, Design algorithms were established from the
Ef—?%’” ‘i 't:: —.i 13 1 B i 23 4 rectangular model cities data as follows: . 5
;‘;L“{‘;%{ﬁm_”h :_: :::; :3 i g %gg E Eg EL::: ??1 Number of narrow-band and pulse sites = 6 + E_e_a_._l}_ég__kr_n_
ier Lon B e laowe & S g T o be?
GTF f‘;ﬂ—t;?'fﬂa , ‘:1 Z" I :}1 itj iﬂg : ,:t:i I:I wek Number of wide-band sites = 4 + E‘%———I’lﬁ
et G A ot L L Boooaa o aE ol
:_LL’E-’XIE o 5y i i 14 1 - 1‘; u;.: :i:: The number of fixed sites in the southern California UGAC cities was
f:hﬂ tl—TI!‘; LGS G i mﬂ{ i‘;: it—it—; p i:l Y a determined from geometrical gridlined overlays superposed on outline maps
i FL~LLTUn: va'r‘_ll-"il _a.: *”3 ':::1 1;1 1 BE 3 14 L*_1 -:-: of the cities. The outline and site locations for the cities are depicted in figures
,_,r:mj;;}t ‘}:lu_“; ‘ »:1 +;.11 :::-‘1 i;: iijg : i;j ‘;; EL:_i that accompany Part 2 of this Report, A minimum number of fixed sites for
ho : mi’{”* o i HP:T e 1} L 3 i‘?‘ C‘t—: Et:l noise correlation and direction finding was established, recognizing that this
z“:_;:z;:‘nfj Hm:,iig'g:% Ei —t.: ‘;:—; i*:: iijg E 13 :&1 ::';21 number is probably insufficient for all but the smallest cities.
l#‘:;;tj;l:ﬂu’é”?:i:fj _;j »;l—] £ 113 1aa e 13 =B = Class IV monitored signposts were configured and costed on the same
‘:L,“":ifi« P - - {37 = 1 G = s i lEE_i basis as the equivalent Class Il devices. Telephone line rental is, however,
'L;?F_;I_:SE: H‘ FH:%E A B Ta 145 LES : ‘;:_-:‘l :_fg igg included in the site costs where applicable as the line should be considered an
FLLSE T—U-HRF ILAL L 'é::_'tj L;‘,E? 1?1 11':«% E. :‘-j > 168 equipment cost as opposed to an operation cost,
MIGISE CORPELATION 1 R . i 5 (= 25 i
TIFECTION FIMDER 15 i = id 158 &
ﬁiiéig??iléul_[uj o 3 46 ";‘;‘ 1;;1 igg ; 12 ég ég ’3. Base station costs. Base station equipment costs were estimated on
WA SIDE F:H?ID B :d it:: ;E ig e 2 16 20 :_E the basis of both urban area coverage and fleet size. The station's computer
Z*Ij‘—r‘r“};‘lzé”ﬁ[:"%g:}_% E;} e =8 1 188 3 16 =t =i 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 is usually used to support the AVM function
%osts as of 1974, |  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 UGAC cities, the costs were det

the total fleet size, excluding motorcycles, using linear interpolation.
the base station costs on the basis

For the model

ermined based on the urban areas and

Display equipment costs are included in
of the actual number of dispatchers in the case of UGAC cities.

the costs are estimated on the basis of 1 display console for each 50

<

cities,

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 aumber of units. Toegether with the base station installation

cost, they make w.ip the sabulated total cost. A constant cost value is assumed

for the base statiou, which is 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

rience values for both mobile and fixed equipments. In the base station,
Three

on expe
the principal cost element is for operation and maintenance personnel.

persons (oae per shift) were as sumed in all AVM techniques to provide software

support or equipment gervice, Although this as sumption may not be justifiable,
if was believed that AVM is a comparitively new technology which will probably
interface with computer -aided dispatching and digital message systems and that
additional service personnel would be required for a substantial time period

after the initial installation.,
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V. VEHICLE POLLING AND LOCATION PERFORMANCE

F . :

our classes of vehicle polling are considered for AVM Systems:

(1) Synchronous, (2) Commanded or random access, (3) Synchrono H'th
B , 3 us wi

Command capability, and {4) Volunteer or contention

generally applicable to Class I and II AVM Systems

All four techniques are

IV monit i i

- ored signpost systems, which use land lines, polling by radio i
applicable in the context used in this description "

All pollj i i '

. polling techniques are suitable for half-duplex (base station and vehicl
on the same f e

- requency), but when the base station relays all vehicle transmissi
or when eac i i o

ach vehicle monitors all other vehicles, then the Volunteer techni
nique

can onl
nly be used on full-duplex (base and vehicle on different frequencies)

1, Synch i i ’
ynchronous polling, In this technique, each vehicle transmits location

y 3 s - : T
g : . p
E] ':IE l X S tJ'E :l :E tl 2 St l f the Seq.uence an:i ]‘]_:tEr]:all!r dEtE],]_:.:]'].JES v ‘l en

its time to respond occurs, T
.. The cost of the vehicle polli i
. 1 ‘ i
AN, P ng equipment installed

2. Synch 5 i
ynchronous with command capability., This polling technique allows the

3 .

cost of the vehicle equipment installed is about $365

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

sends a re i
quest to each vehicle whenever location data is required. This tech

nique i ‘ i '
ique is the most flexible but requires more use of available RF time

4,

u N
v 01 Ilteer POlllrlgp I:h-ls CorltEIIth‘l met.hOd I eq uires Lllaw eaC}l Vehlcle
11 t}l t}l C}lallxl l 1 Cl X .f I tI an Illlttlrl Py e cos 9]

vehicle equipment installed is about $170.

1‘1 sSe venicle o 1n ec Ill(]”eS were evaluate w1 O a S1t Il) e one 1me
P g

. . : ] -

message. i . s
ge-is sent twice, The digital message rate is set at'1500 bps. Where

equivalerl used,

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

1., PERFORMANCE AND CCSTS OF
PROVED AVM TECHNIQUES

Costs and performance parameters of 36
operational or proved techniques used for auto-
matic vehicle monitoring (AVM) are described
and illustrated in this section, 'Schemes that are
primarily intended for vehicle identification, such
45 those used in rail freight or extensions of
point-of-sale methods are not included. In this
Report, the vehicle monitoring techniques are
categorized into five broad classes, based on
sygtem element types and functions: Class O
Manual Monitoring, with no augmentation of loca-
tion information; Class I AVM, with no additions
to the urban environment; Class II'AVM, using
densely distributed autonomous signposts; Class
111 AVM, using sparsely distributed special
transmitting/receiving fixed RF sites; and
Clags IV AVM, using densely distributed mon-
itored signposts.,  Estimated special equipment
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 locations depends upon voice
communications with the officers in the vehicles,
Fven in the manual vehicle monitoring class, there
are several options that affect both performance
and costs, The dispatcher can, for example, rely
strictly upon his knowledge of each vehicle's
designated location or patrol area and its subse-
quent assignments, Alternatively, he can use
gome of his RF resources (channels and air time)

to interrogate and obtain actual vehicle locations
vacally,

A relatively wide range of options is available
to.the dispatcher for use with Class O non-
automated vehicle monitoring, The simplest
visual location aid'is just a map on which the
assigned beat areus are permanently marked, the
dispatcher relying on his memory to locate the
vehicles on the map. Numbered magnets ar
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
input,

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 is also an open question. With an AVM
system, the closest available vehicle can quickly.
be dispatched in response to a service request.
Analyses indicate that response times are reduced
and fleet efficiency is increased by up to 7%, per-

mitting a reduction in fleet size and in operating
cnsts,
7

o

B, Class I AVM, No Modification to Urban L
Environment g

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, Keyboard entry. This manual data

input technique for providing automatic 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 unit,

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 is transmitted to the base

station either by "Touch-Tone' or some other

digital modulation techniques. Volunteer or

random-access vehicle polling is most gsuitable

for this technique. The AVM system accuracy

is dependent on the code used; that is, either

(1) the nearest intersection if only streets aor
intersections have codes, (2) a particular block i
on a street if each segment is coded, or (3] the

location in a block if street segment is followed

by address digits of closest property parcel.

The automatic computational requirement is a

table lnok-up function to translate the code to a

geographical location, While this AVM tech- L
nique is low in cost, particularly if a digital %
message entry device (DIMED) is already =
installed, it is extremely slow and requires rmuch .o
memecrization on the part of the patrolling officers.
If the car is 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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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 his vehicle's location by press~- ;
ing the appropriate spot on a special map
(Fig., 1-2) with a stylus. The map-and-holder
combination encodes the spot where the pressure
is 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 transmigsion from the vehicle,
Location accuracy is dependent on the scale of the
map and on the holder encoding technique. For
example, a 20-x 25 ecm (8 x 10 in, } portion of a
7. 5-minute U, S, Geological Survey topographic
map (scale 1:24000) would cover an area of 6 x
4,8 km (3. 6 x 3 mi), If this information 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 [t). By increasing the encoding
to 12 bits or using 4 map with half the scale, the
size of the vehicle's location rectangle could be
decreased by one-half in each dimension, Maps
of other beats would probably be required by each
officer together with some means of identifying
when these maps ere in use. The base siation
computation requirement is a table look-up func-
tion to translate the code to a geographical

location,
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Fig, 1-2. Class 1 AVM Officer Update Option,
' Using Stylus Map '

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

a. Two accelerometers. Dead reckoning,
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 in the
horizontal plane of the vehicle in 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 results transmitted to the base
station; or the outputs of the accelerometers can
he encoded and transmitted directly to the base

station.

A U-turn made at a speed of 10 m/sec (23 mph)
in a 4-lane street about 18 m (60 feet) wide is
about the limit of vehicle turning performance.
This turn would result in about a 0. 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, Orthoponal laser velocimeters, This
kinematic sensor technique ig based on prior
work by G, Stavis (Ref. 1), which used a laser
velocimeter (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 is 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 componentis a function
of the distance from and location with respect to
the turning axis,  If both forward and side veloci-
ties are mezsured 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 observed in the
reflection of coherent laser light from a surface
that moves relative to the source. The speckles
tend to. move in the opposite direction to the rela-
tive motion between the laser source and the
reflecting surface, By passing the reflected laser
light through a diffraction grating and then to a
photodetector, a signz can be derived with a fre-
quency that is a direct measure of the velocity of
the reflecting surface, The velocity measured is
that at right angleg 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
lasei spot, Investigators in the cited work
(Ref: 1) indicate that a lases 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 accommodated, and turning rates of 0, ¢:1
radian/sec (0. 6 2/s) could he detected, Maximum
data bit rates of about 5000/sec for speed and
100/sec for turring may require in-vehicle
computation, .

¢, Ultrasonic velocimeters, The use of
ultrasonic waves for intrusion detectors, maotion
sensors, and distance measuring is 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-
sonic 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 éxample, if a
33-kHz frequency is 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 doppler shift of about 10%,
If a dynamic range of 2000:1 can be achieved, a
minimum 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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. d, Odometer- Com asg, | i
1‘:mth corpass and oaome'cé'f-‘(-.b:‘ig.D i%%)rgslsco;} eh
fested, built and furnished to several a.rmedeen
koex;ccies (ItJ. S., Canzi.d.a, Britain) as a means of
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measure of sueccess, and all have included :
:szreda;:gimputatlon to indicate position in noc;r;bings
and sas x61gts (}- and X-t‘:oordinates). Accuracies
Jith der.n o‘.» % of the distance travelled have =
been de -onf:rated. Error sources are the inac-
pigda he:dlin the odometer Mmeasurement and com-
pass hea ng, Thfa odometer is affected by tread
\ and wheel slip maneuvering, Compags head-

of vehicle speed, At
A . present ro com
are not suited for vehicular a’ppgl)i'cationspasses
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e. DECCA. The DECCA system (Fig,
1-12) is a coptinuous-wave phase-differenceé 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 Broadcasting stations as radioloca~
tion beacons. Carrier signal frequencies, being
transmitted from three commercial broadcasting
stations located around a city's perimeter, can
each ‘be separately received and multiplied by
rela?lvely low-cost in-vehicle eguipment to syn-
thesize a new common frequency. These three

.identical frequencies can be made relatively phase

Cpherent. Virtual hyperbolic patterns of naviga-
tional LOPs are generated by the signals received

1-5

from each pair of AM stations. These LOPs can
serve as the basis for a reliable AVM system
{Fig. 1-13), A vehicle's starting position is first
noted and recorded at the central command 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 is repeated can be counted on-board.

This digital information is then sent to the base
where a minicomputer converts it to the vehicles
new geographical location, In Part Four of this
report, this AVM system is described in detail.
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Fig. 1-13, Class'I AVM AM Broadcasting
Station Navigation Systems

C. Class II 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 usually a continuously radiating
device sending out a uniquely coded message,
either radio, light, IR, ultrasound, or magnetic.
The vehicle is ‘equipped with a suitable receptor
to receive and store the message for subsequent
retransmission to the base station and in this way
inform the base as to the last instrumented loca-
tion passed.

1, Radio frequency signposts. Most of the
techniques use RF 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 VHE to
X-band (10 GGHz), 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 tha probability of
vandalism. - Vehicle lacation accuracies of the
Class II AVM systems are a function of the radius
of influence and density of the signposts, and
similarly the message repetition 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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4. Buried magnet autonomous location
identifiers. Buried permanent magnets are used
to provide a means of passive proximity 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 in
a sensing coil mounted on the vehicle, The mag-~
naets could be either placed in drilled holes in the
pavement or propelled into the surface by using an
explosive-actuated concrele fastener tool, Mag-
nets in the rows have either N or S poles up to
provide binary identification of the location, . The
sense coil in 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 created 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 passive technigues require that

the vehicle continually interrogate the area trav-
elled either by low-frequency RF or light radia-
tion, In the case of the reflective wayside sign
(Fig. 1-21) or pattern on the road (Fig. 1-22),
the wehicle 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 under-car antennas, pass over and
excite the loops to obtain a response. Results of
a detailed analysis of the buried loop coupling are
included in Part Four of this report.

D. Class Il AVM, Sparsely Distributed Special
RF Sites B

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 ma)
radius,

1, Trilateration Systems. Included in the
rho-rho systems are trilateration techniques
which measure the time-of-arrival (TOA) of a
signal emanating from a vehicle at several fixed
receiving sites. Each pair of time differences
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Fig. 1-23, Class II AVM Sensor of
Passive Buried Resonant Loops

forms a hyperbolic line-of-position (LOP), The
intersection of these LOPs establishes the posi-
tion of the vehicle, This information 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 phase of the audio tone at the receiv-
ing sites, and the phase difference measurement
then determines the range difference,

The tested tone phase TOA trilateration methods

used 2.7 kHz and approximately 18 kHz frequencies

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 interferometer techniques, As currently -

envisaged, each vehicle would transmit a carrier
signal modulated with either white or P-N
sequence noise (Fig. 1-27). These signals would
again be received at the several sites, and by
correlation computation the time 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 broadcasting the noise modu-~
lated signals simultaneously. The effects of
multipath on trilateration techniques have been
analyzed and modeled by George Turin (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 bearing angles would be the
position of the vehicle, Multipath in this method
would probably cause uncertainty in th'e angle of
arrival of the vehicle signal leading to

approximately the g
those for trilateration,
systems delmeated, the direction ﬁnding and

narrow=band phase TOA wo 1
the normal vehicle tranSCeisei'auow the use of

band phase! and noise modulation
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ransmitter,
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E. Cilass IV AVM, Monitored Signposts Through-

out Urban Area

This class of AVM techniques is an inversion
of the Class II autonomous wayside or buried
signposts and removes 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 is the
vehicle's identity to the monitored signpost. The
data link to the base station or central collection
point is based either on telephone lines rented
from the local utility of on call-box lines for
police and fire use. Since individual lines from
each signpost are usually not considered economi-
cally practical, it is usually proposed to group
the signposts on "party lines'. The "party line"
approach requires that each signpost not only
transmit the vehicle ID data received but also
identify itself to the central collection point at
the base station. The telephone line is an addi-
tional complication to the Class IV installation,
and a prime power connection is still required.

A technique of using the buried loop-sensors,
which actuate traffic signals, as receiving
antennas (Fig. 1-30) can be used in the monitored
Class IV as in the autonomous Class II signpost
method.  This is an especially attractive
approach if the signals are centrally controlled
because dedicated communication lines are
usually already installed, Ultrasonic as well as
photo/IR detectors could also be used on moni-
tored signposts (Figs. 1-31, 1-32).

In Class IV, the vehicle polling function is
replaced either by line-finding, as is used in
normal telephone service, or by a continual
scanning of the lines to find an ''off hook" indi-
cation that a signpost on one of the party lines
has information to forward.
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Table 1«6, Location Performance Parameters for All AVM Classes and Systems

. Value used, Liocation Data, Fix Time,
Technique Accuracy or Radius (m) bits or BW see
CLASS 1 AVM Accuracy
Keyboard update 10-100 m (33) 6-20 bits 2-5 5
Stylus map update 30 m (30) 14-20 :,
2-Accelerometers 2% dist (34) 14 0. 3
Laser velocimtr 0. 5% dist (13) 16 .
Ultrasonic velo 3% dist (40) 14 g %
Compass/odometer 1% dist (20) 14 0.3
CGompass/laser vel 0.6% dist (15) 14 .3
Cmpss/u-sonic vel 0. 8% dist (17) 14 0.3
OMEGA navigation 1600 m {1600} 27 3-12 )
L,LORAN navigation 0.4 m/km (160) 32 8. 06-,
DECCA navigation 0.5 m/km (200} 30
AM-Stations nav 150-250 m (ZQO) 12 0-3
Diff OMEGA nav 160 m {160) 27 3-10 )
Diff LORAN nav 120-400 m {400) 32 0.06~,
Diff AM-Stations 150-250 m (250) 21-32 . -3
Relay OMEGA nav 200-600 m (500) 3 kHz B . 3-10
Relay LORAN nav 800 m (800) 10 kHz BW 0,06-~.2
CLASS IT AVM Radius m
Buried res loops 10 — 1n-18 bits i-é 8
Reflecting signs 10 — 10-18 1—2
Reflecting road 3 — 10-18 1-2
X-Band signposts 12-100 —_— 9-17 2-’
HF, VHF signpost 15-100 o 7-15 -;
LF Signposts 100 — 9-17 i-’)
Light/IR post 30 — 9-17 l—.é.
Buried magnets 10 e 10-18 1-2
Ultrasonic post 20 —— 9-17 -2
Traffic sensor 10 _ 10~18 o de2
CLASS III AVM Accuracy
Nar-band FM phase 800-1300 m (1000) 3 kHz BW 0,015 s
Wid-band FM ghase 1000-1500 (IZOQ) 15-40 kHz 0.01
Pulse T-0~Arrival 100 m {100} 10 MHz 0.0001
Noise correlation 100 m (100) 5-10 MHz 0.001
Direction finder 3% dist (700} 3 kHz 0,2-1
CLASS IV AVM Radius, m
Traffic loops 10 — N/A i-% s
Wayside radio 100 —— N/A -E
Photo/IR detect 30 —_ N/A 1—2
Ultrasonic detect 20 —_— N/A 1-
Table 1-7. Model City Parameters That Affect AVM Costs
Parameter Small Medium L.arge
Area, km? 10 100 1000
Dimensions, km 2.2% 4,5 7.1 % 14,2 22,3, % 44,7
Vehicles, patrol/total 5/10 50/100 500/1000
Intersections# 350 3500 35000
Road segments % 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?2 in the urban area.
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5. Intersections, The number of intersections
in each city is based on two business area street
densities. They are based on actual measure-
ments of randomly selected areas of the UGAC
cities, and the values nssumed are 30/km? for
75% of the area and 50/km2 for 25% of the area.

6. Road distance, For the purposes of the
models, the blocks are assumed to have the same
aspect ratio as the city, namely 2:1, and to be in
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
gystems require land line monitoring; and for the
purposes of comparison, an equal division of
sengors is assumed of up to a maximum of 100
sensors for each phone "party" line,  These
party lines are assumed to parallel the long
streetw so that the total mileage of lines is about
two~thirds of the total road distance.

8. Building distribution and topography, A
uniform low-rise building distribution is 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 fram 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 ¢nable automatic message transmission,
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 ¢ity summary. The costs of all
AVM technigues in the small city model are
dominated by the operation-and-maintenance
(Q-—M) cost with the result that there is a great
similarity in total costs regardless of the vehicle
location technique. The Class II and IV system
costs are higher because the signposts and the
associated costs are relatively greater than the
vehicle costs {see Tables 1-8, 1-9, 1~10}),

+ Medium city summary. The costs of
AVM Class T in the medium city model show an
increagse which is almost all due to vehicular
equipment. The Class II costs increase by a

- Breater factor due again to signposts. The site

¢osts of the buried resonant loops are substan-
tially higher than those of any other Class II
technique because of installation costs, The
more sparsely distributed RE posts, either HF
or VHF, do not impact the total cost to the extent
of th‘e techniques which use a post at each inter-
section, 1In the Class III techniques that require

pulse or wideban equipment, the vehicular equip=-

ment accounts for about one-third the total cost,
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In Class IV techniques, the telephone line rental
which s included in the site cost iy the prifmary
cost factor (see Tables 1-11, 1-12, 1-13),

¢ Large city sumnmary, The AVM costs in
the large modél city show Ene same trend with
Class II techniques (save for two exceptions)
costing some 2 to 4 times the Class I techniques
and about twice the cost of Class III systems,
The Class II techniques systems costs are reduc-
ible by less dense placement of posts (see Tables
1-14, 1<15, 116},

The method of vehicle polling has only a slight
impact on AVM system costs in any of the tech-
niques in any of the model cities, Applications
of the AVM cost analysis to actual cities in
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

Table 1-11. Medium Model City Parameters
Used in AVM Co'st Analysis
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Table 1-13. Medium City Vehicle Polling
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U Liarge Model City AVM Cost Summary Tables

de 1-14,  Large Model City Parameters Used

in AVM Cost Analysis
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IV, AVM SYSTEM ACCURACIES
AND COST BRENEFITS

A. System Parameters That Affect AVM Costs

The prediction of the expected accuracies of
AVM systems is essentially a probabilistic prob-
lem, Actually there are two distinct problems,
one a precursor to the other, depending on the
class of AVM system., Classes I and III are
loosely referred to as ' random route' systems
because the techniques have the capability of
vehicle location anywhere within their surveil -
lance areas, Classes Il and IV are called ''fixed
route" systems because the location capability
exists only in the viciniti¢s of signposts that are
distributed along the wayside or on the roadway at
intersections within the covered area. Besides
the inherent range of uncertainty in the location
measurements provided by individual AVM tech-
niquesg, Classes I and III are subject to another
location error, which is the shift in the moving
vehicle!s position during the interval between the
instant of polling and the display of location data
at the base. On the other hand, Class II and IV
techniques provide location information only at the
time when the vehicle passes within the sensing
radius of a wayside or bu.ied 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
in location is required to determine the "inherent"
accuracy of the signpost AVM techniques, This is
particularly true when the signposts are less than
maximally dense; that is, when the signposts are
placed two or more intersections apart. '

It is intuitively reasoned that if the signpost
sensors in Classes II and IV are placed at each
intersection, then the location of any vehicle can
be found to plus-or-minus one block, It also fol-
lows that if the sensors are placed in a diamond
pattern at every other block in each direction,
then the accuracy is plus-or-minus two blocks,
This reasoning is valid cnly if every passage
through instrumented intersections by all vehicles
is known. If the polling technigque or RF channel
loading is such that this data frequency cannot be
assured, then the achievable accuracy is not as
well known. A tutorial {reatment of the less
dense signpost placement by Markov, or random-
walk, 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
traveléd by a vehicle starting at an unsensed
intersection before it passes a sensed intersec-
tion, The results of this technique for various
signpost densities are as follows:

Ratio . ;
(Sensed/Unsensed) Mean Variance
1/1 1 1
3/8 1.778 1.778

3/9 2 2

The second approach to the system accuracy
prediction considers not only the inherent error
in the vehicle location technique but also 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 technique for predicting the location accu-
racy was used to generate the family of curves in
Fig. 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 interval 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 either is very large. The curves
are shown for the system accuracy interval of 100
to'1000 meters (0.1 to 0,6 mile), The curves for
less than 100 and greater than 1000 meters are
repetitions of those shown and can be derived with
subtraction or addition of a unit constant on both
axes (equivalent ‘o 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 is 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 obtained, Next, the number
of bits in the location message required from each
vehicle for each technique is determined. The
time required to poll the deployed vehicles with a
0.1-sec radio turn-on time is then computed for
the redundant mode of the random polling process,
This value yields very conservative (or pessimis-
tic) polling intervals 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 acecu-
racies. These curves are prestored in the com-
puter program. A rather simple linear interpola-
tion program yields a maximum and minimum
estimation of the 95% confidence level of system
accuracy for the maximum and minimum 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), Knickel (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 is 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 is dispatched to the
scene,

The efficiency comparison is made either in
the excess time required or the excess 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 dimensionis
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‘Fig, 1-36. Vehicle Polling Intervals vs 95% AVM System 'Accura.cy

sufficient. Additionally the service improvement
is 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),
hov&fevexs, 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-
cateq that, in the area studied (the city of Orlando,
Florida), 34 vehicles in the AVM fleet where the
accuracy is 240 meters (800 ft) would provide a
response time which would require 35. 8 vehicles
manon-AVM fleet. Extrapolation of the curves
presented by Doering indicates that 8 to 10% fewer
vehicles in an AVM system fleet with perfect
(0 feet) accuracy can provide the same response
performance as the larger number of vehicles in
afrllon~:AVM fleet, Extrapolation in the direction
’?h ess accurately known location, indicates that
: ere is little improvement in response time with
oca‘tzon accuracies of 450 meters (1500 ft) or
;{;r: ‘€. It'may be coincidental that this value is
be::tspé‘l 3 k'm (0,:2 m?le), which is'1/5 the average
studiel e dimension in j:he Orlando simulation
AV S.h.A plot of the increase required in a non-
tim vehicle flest to equal AVM vehicles response

€ performance versus accuracy shows a lin-

garly decreasing value as the AVM accuracy
ecreases,

~ For the purposes of this study, a 7% increase
in efficiericy is assumed for a perfect AVM sys-
tem, with the percentage decreasing linearly to
zero at an AVM accuracy of 0.2 times the average
beat side length. The average beat is calculated
by dividing the area by the number of vehicles
deployed.

For maximum and minimum deployments, . the
efficiency increase assumption yields different
values for the same AVM technique accuracy, In
cases where the minimum deployment is substan-
tially lower than the maximum, the apparent beat
size may be increased to the point where an AVM
technique which yields no efficiency increase with
maximum deployment may display a marked
improvement in response. Additionally, the mini-
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, sbtained from the

beat dimension and system accuracy, by the num- -

ber of vehicles deployed, Savings of less than one
vehicle are allowed by the calculation. As stated
before, the factors tending to increase efficiency

are such that, in some cases, the number of cars
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gaved with minimum deployment exce\eds‘ that for
maximum deployment with'a given technique.

3. Estimated 5-year cost saving, The 5-year
saving calculation, presented in Tables 1-17
through 1-20 is an attempt to place a dqllar value
on the efficiency increase which r.mght in turn
indicate possible choices of candidate AVM sys-
tems. The calculation assumes that e.ach‘car )
saved is worth $150, 000 annually, which is pri-
marily salaries and overhead (as of 1974). This
is an average value for a l-man car bas‘ed on
5 salaries and 100% overhead, The saving for
small, medium, and large cities is a straightfor-
ward multiplication of the maximum of the cars
saved times the annual value of the car minus the
O-M costs of the AVM technique, The value

Table 1-17. Small Model City Cost Benefits
from AVM System Usage
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Table 1-18. Medium Model City Cost Benefits
from AVM Systemn Usage
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obtained is then multiplied by 5 years for the total
saving.

The 5-year saving is positive only if the value
of the car saving exceeds the annual O-M cost.
The calculation is performed for a given techmq_ue
only if a car saving is indicated, and the r'esuI‘t is
presented regardless of sign, _Nq calculation is
performed if no car saving is indicated.

A simple summation of savings ‘rat}ferv tha'n'a
present worth of an anuity calculation is Just}fled
on the basis that it is less speculative and might
be more nearly cnrrect if salaries rise-at a per-
centage rate which exceeds the rate qf return that
can be realized on 5-year municipal investments.
The 5-year saving estimation is presented solely
for AVM system comparison purposes.

Table 1-19, Large Model City Cost Benefits
from AVM Systems Using One RF Channel
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Table 1-20. Large Model City Cost Benefits
from AVM Systems Using Two R¥ Channels
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Vv. COMPUTER PROGRAMNS FOR
ANALYSES OF AVM NEEDS

The cost estimates for the AVM techniques are
in almost all cases precisely that — estimates as
of 1974, They have the additional shortcoming
that large-scale production is 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 in model cities is'a valid technique, it
does not take into account the individual differences
of real cities, That is, the system engineering
aspect where the vagaries of a particular city and
operational methodology are considered has not
heen 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 individual analysis such as those pre-
sented in Part Two,

An individualized anz'!ysis for a particular city
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 eavironment of that city,
and: 2) evaluation of the effects of each of those
systerns, The process of synthesizingaparticular
AV systern is a straightforward but tedious task,
requiring detailed technical knowledge that may
not be readily available in real cities, It can be
maide easily available, however, by the develop-
ment of an AVM system synthesis computer
program, as is described later, The expected
effects can then be assessed by using the resultant
systems in a system simulation computer pro-
gram, which is described in more detail in
Section B, Since thesz 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 Computer 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
length equations for different location technique
and polling combinations, accuracy estimation
equations for various reporting intervals or sign-
post densities, and life-cost equations. A prelimi-
nary concept of the basic elements of the AVM
system synthesis computer programis shown. in
jFli-’,Ul‘e 1-37. A concept of the operations sequence
in using the synthesis program is presented in
Table 1-21, Salient features of the synthesis pro-
gram are listed in the following subsections,

1. City and fleet data for AVM System
Synthests 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 running 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
data file and determine the AVM system con-
figurations suited to the city. If any data is
missing or incomplete, the program will
indicate which systems cannot be evaluatedand
provide an opportunity fo 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
uszr 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: AAAAAAAAAAAAAAAAAAAAAAAA
Area monitored: XX.X sq. miles
Maximum X and Y dimensions: XX.XX mi, by
XX, XX miles .
Street length: XXX, X miles
Number of intersections: -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 is the fraction of time available
to respond to calls for service).
Average call for service time by shift:
HH, HH, HH
RF channel utilization factor: P%, P%, P%
RF channel assigned: N Planned: N
LORAN coverage in area ?: Y-N; DECCA ?:
Y-N
AM stations in area: K--, W--, K-~, W--

2. AVM Configuration options for AVM Sys-
tem Synthesis, Kach of the AVM options identified
by the selection process will be described briefly
in narrative form, Each will be tagged with an
identity 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,
Ypresent value, "$XX XXX XXX (These figures
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Figure 1-37, Concept for AVM System syi.

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

QOne-time costs

{development, conversion, facilities)

Installation costs

Recurring costs

{operations, maintenance, training)

Replacement

$XX XXX XXX

$XK XXX XXX

XXX XXX per year

EXKXK XXX per year

(equivalent annual payment at 10% year)

Upgrading costs

Display consoles

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

Fixed sites

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

Signposts

$ XXX plus $
Vehicle equipment
‘4 X XXX plus $

Telephone mileage

XXX per year (each)

XXX per year {each)

XXX XXX plus $XXX XXX per year (each)
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hesis Computer Program

b, Resource utilization estimate.

Radio channels required: XX.X

Microwave or dedicated telephone
lines needed: XXX

Computer memory estimate:
KX XXX bytes

c. Performance estimates.

Median location accuracy: XX f.ft
(effective polling rate = XX vehicles/

second)

T raction of fleet with error
less than__ _ ft: XX%
less than_ . ft: XX%
less than____ft: XX%

d. omments, Design features and other

relevant considerations will be nottac}. Typical
comments that might apply to specific systems
are as follows:

1yehicle status is monitored".

"Field unit alarm capability is present",
1Polling procedures are inflexible',

"Shared usage by several dgencies would
be difficult to implement',

vEffect of weather on performance expected
to be small",

"fleet locations easily monitored by
public”,

"ach 90 vehicles monitored requires an
additional radio channel'.

'Sensors may re uire protection from
A p
vandalism' .,

e, Trade-off potential. This portion of the
putput 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 might be
pussible for all or some of the systems are these:

I.ocation accuracy vs nuumber of radio
channels { via the polling optior. and rate),

Computing at the command center vs com-
puting on-board the vehicles. {This affects
the costs and accuracy vs radio spectrum
trade-off. )

Display characteristics vs cosi, (These
trade-offs may be indepcudent of the other
descriptors of the system,)

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

f, Cost benefit estimate, A preliminary esti-
mate of efficiency increase with AVM will also be
an sutput, The cost benefit estimate will be
derived from the estimated increase in efficiency
and data such as that listed below:;

FPatrolman average salary:

$XX, XXX per year
Patrolmen required for each vehicle: N
Support personnel for each vehicle:” N.N
Cverhead on salaries: PP%
Replacement cost of vehicle: $X, XXX
Maintenance 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
be provided such as:

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

The information provided by the AVM system
S‘yr}thesis program will not in itself provide suf-
f1C1en}: justification for selection but will be a
very important first step that eliminates obvious
Ron-competitive techniques and allows for more
detailed c¢onsideration of the viable techniques,
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B. AVM System Simulation Computer Program

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

There is one aspect of the prior work where it
is believed that improvement is needed, This is
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 "'wrong dispatch' results when the closest
available vehicle is 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 is degraded owing to unnecessary
distance travelled and time consumed in respond-
ing to calls 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 15 the AVM system accuracy, It
has been assumed that this error distribution is
normal and constant with time, The computer
simulation programs determine the exact location
of each vehicle from a mobilily 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 misleading for all but
those techniques that use very short intervals
between vehicle location determinations, Short
interval interrogation of location '3 not a requisite
mode of operation in many AVM techniques and is
impractical or inappropriate in others,

A more realistic approach to AVM accuracy
simulation ts to model the actual vehicle location
process, -including the expected or appropriate
polling technique and taking into 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 simulation, the vehicle mobility or driver
location routine can be altered by a time-varying
location uncertainty, if that is 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 time of inferrogation,
distance travelled since last location, or distance
travelled since last signpost proximity update.
These factors will be explicitly 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 simulation prograra, 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 idealized rectangular
cities, 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 accurate AVM
simulation models is that a more realistic
appraisal of the expected increase in efficiency
can be determined. " In addition, the possible var-
iations in system configuration that affect per-
formance parameters of the entire system can be
investigated with the assurance that the influence
of the variation has been considered,

Other technical performance parameters that
will be considered in the simulation program
include the data links involved in the vehicle loca-
tion process.and the effects of errors in reception;
the effects of entry of new vehicles into the cover-
age area; and the re-establishment of the position
of "lost" vehicles in relative location fechniques,
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 in Fig, 1-38, As already indicated,
the intent is to develop this program around prior
work insofar as possible.

leretofore, 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
subsequent calls for service and on the response
time improvement to the officer in trouble,
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PART TW(O, AVM DATA FOR USER

. COST BENEFITS OF AVM SYSTEMS
FOR SEVEN CITIES

A, Rationale for Selection of UGAC Citics

in order that a more realistic appraisal of
the cexts and expected performance of AVM Sys-
tems ool be estimated, police department
reprosontatives from several cities were invited
to partivipate in a User Group Advisory Commit-
fee IGACY devated to studying AVM technologies,
A set of nine criteria was established for selecting
typival Southern California cities for the UGAC
study, Some criteria are obvious and were estah-
lishee for time and economic congsiderations,
whily uthers were arrived at by heuristic pro-
cessee, In this Hsting, the future tense is used
hecause the criteria were established before city
selection began, A brief rationale‘ls presented
with ench criterion, to wit:

{1; Uity Size, Cities in three categories,

‘4t lese than 20 sq miles, (b} between 20 and
00 eq miles, and {c) greater than 100 sq
{les, will be solicited to determine the
vact o urban areas-to be covered by

VAT Systems.

120 Geopraphy/Topoegraphy, Essentially flat as
wetl as hilly areas in the communities are

drableto ascertain the effects on AVM

thods as well as the vommunicaition data

ralation Density /Land Use, These cri-
are closely allied; and agricultural
areas, industrial centers, and suburban as
v 1 as high~rise residential areas should
i apart of the cities, This criterion will
iinate those cities formed to be wholly
sprimaltural or’industrial areas for tax
purposes,

sradlding Sives. The inclusion of high-rise
dense metropolitan, low-rise business (less
tien o~ 10 stories), mixed business and
residential, and suburban areas is desirahle
ta mateh and extend prior AVM work and to
inciude the effects of these structure distri-
hutions on the communication links.
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pualation,  Cities with populations of
¢ more than 1,000, 000, (b between
200,900 and 1,000,000, and (¢} less than
200500 will he solicited. These numbers
ve arbitrary and are not firm, but the pop-
tion somewhat determines the size of the
runicipal government. It is felt that this
eriterion is desirable as differing governing
bedies will require AVM information to dif-
ferent degrees. Additionally, the partici-
Fants in the user group will probably have
tifferent authority within their city govern-
ments as a function of population, It'is
believed, that those from smaller cities
may be claser to the policy making level
than those from major cities.

<1

Willingness to Gooperate, This is an
cbvious but important criterion and is

GROUP ADVISORY COMMITTEE CITIES

"

diffienlt to asscess beforehand, Itis essential
because the participants will be reguived to
furnish rdata about their city as well as heing
regular in meeting attendance,

Pur=uing or Contemplating AVM, This
criterion 18 necessary to assure some active
interest in the study effort,

(%) Close to JPL.,  Economlice vonsiderations
require this criterion since expense monies
are not available in the grant for the partici-
pants, Additionally, regular frequent meet-
ings are required and extensgive travel time
weuld be an additional expense to the partici-
pating city.

)

Must Have Public Safety Department. This
is an obvious and perhaps trivial require-
ment, but is necessary to eliminate thase
cities that contract for police services with
another government ageney. These cities
would probably fail Criterion (7' as well,
This criterion is a natural outgrowth of the
principal thriist of the propused work which
will focus on public safety vehicle location,

None of the foregoing criteria were intended
to preclude participation by governmental bodies
other than cities, such as counties. By criterion
18}, 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. Small cities were
Me atelair and Monterey Park, Medium cities
selected were Pasadena, lLong Beach, and
Anaheim, The larpe cities were: San Diego and
lios Anpeles,

Senior police officers from each of these
cities participated in the UGAC and provided
information concerning police operations and plans
as well as statistical data for the individual cities,

B. Parameters Used in 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 davs in sequence.
regponding to calls for service, some police
departments use only patrolling vehicles while
others dispatch the plain colored (i, ¢., pastels)
in response to citizen calls, The inclusion of
motercycles, either two- or three-wheelers, in
the AVM system: was planned by some cities, but
not by others. In the main, however, there is
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 is the
basis for the car cost estimates. Motorcycles
were not included because a satisfactory digital
message capability for motorcycles does not yet
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exist. Vehicles, which in general_do not(.;‘espT%n,d
to calle for gervice were also not mcl\i‘de . N e
maximun and minimam number ‘_"f vehicles y»
shift vas determined and normah:.’.ed to a threct—
shift operation. This par.‘%meter is necessary to
determine vehicle polling intervals.

2. (ity area, street milcaﬁe(,, r‘tun}ber Of,
interscctions and road segments, Il:us mforg);:-
Tion was provided by the reprv:‘esent:?tle.'es for the
i(1AC cities, The beat area 1s an important
narameter which s used in the AVM system accu=
racy estimation, but no standard 01: comm(ilnb
method of determidning this paramoeter conl o
found, In some cities, the beajcg are corx-‘elat-':d N
with the crime reporting technique. In OL.}lef.‘fiZ 1t1€'
Leats are periodically readijusted as deter ml"xu Y
the average number of vehicles deployed on ‘g)ar—
tienlar shifts, The beat size pz}rameter is :.n,
independent variable in p_r'erhctmg the raspcn"se-)
timme improvement that should accrue with 1 ¢d \}:n
lucntion svcuracy value, For the purposc s f)t this
study, the bLeat size was plac‘ed at Lhe' values
resulting from dividing the eity area oy the num-
ber of vehicles deployed, 'Ih_is average "ahlf
4ssumption cannot be wholly ;mstlfm'd whez,,, Lur,
example, beats vary from b oloclvis to 49 sqguare
miles in size as they do'in San Diego.

;. Number of signposts or fi'xed sitesr o
requircd,  The fixed site enumeration paranf‘:t:.lr
TCTaes I and [V AV M systems was determine (f
from the data supplied concerning t}le number Qh
intersoections or rivad segments, W hejre the .t'(?(};—‘
aigue was dependent on the number of lanes 1.}1;;‘ ‘Lt
gegment, the average valv:e of 2,4 lanes per s Fa.er
cppment was assumed as in the model cities. - 10’
the Class III AVM techniques, the pl;fc:emgzz.lt and/
or the number of widely distributed f%xed 51‘;0;:.}1
required was determined by an ‘algorlthm ~“1 ic :
wase only a function of thearea in the model city
estimiations. The boundaries and shape of ighe.
FGAC cities scemed te dictate a more reahfstlc
approach. Doundary cutline maps of eacih (‘1ty’ ”
wore prepared, and the most optimum p ac?mfvx
of «+ orid representing the spacings for na:rz ow-
band and wide-baid antennas was determined,
rhe minimum ndmber of sites that would be .nec‘as-
sary wag thereby determined, T}xe‘ as.swﬁmphona )
made were that there were oo “difficult” RE areaf
that wonld require additional coverage, and th:lt a
fixed site conld be placed where needed regardless
of zoning, existing structure, or geographzcdl
restrictions.

4. Costing procedure for A\'M. S’}’st\cn‘\s‘ in -
UGAC Cities. 1he costing of tl}e varioys AV I\,I‘ .
svstem confisurations for the UGAC cities was rer
accomplished through the use of the APL cr;‘r}?;))u e
programniing language (see Eart Tl:xreel. e
casts of vehicvle equipment, fixerl sites, .baseld )
cquipments, and poliing elements were stored in
the table form by technique.and cost r.}tegorg
(e, g, equipment, installation, operation an .
maintenancel, This assemblage forn}s the cos
data hase. The various parameters to.reach
UGAC city are alsn storedin a prescribed manner
as follows:

(1) Urban area in square miles.
(21 East to West extent in miles.

{31 North to South extent in miles,

(4) Road mileage.

(57 Number of intersections.

{6) Number of road segments,

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

{9 Maximum number vehicles deployed in first
shift,

(103 Minimum number of vehicles deployed in
first shift.

(11) Maximum number of vehicles deployed in
second shift,

- i il cod in
(12 Minimum number of » ehicles deployed
secont shift,

(13 Maximum number of vehicles deployed ir
third shiit.

{141 Minimum number of vehicles deploved in
third shift.

(15 Number of dispatcher consoles.

[ . I .
(15" Number of small coverage tor narrow hand
CGlass III AVM sites.
(17 Number of wide coverage {wide~band}
Class 111 AVM sites,

The cost estimates. tas of 1974) are corme '
piled into the cost categories after mulhpl\,:mg :)1.,
the appropriate parameter. The progra};n“lsi H::
simple, being really a programme.d desk caleuls
tor with automatic inpat. The 'r.?.tmnale for prn-[
sramming was to avoid a repititious pros',e‘durv 0
caleulating fine cost categorifxs and ol?tamm.g .
three totals for each of 36 Ab M t}echmques 1411‘}.‘1;5‘
seven TGAC and three model cities and to sirepiily
future cost estimations.

C Descriptions and Sammary Analvses of
TGAC Cities

In Sections I through VIII, outlir}e maps ‘uz
each UGAC city are presented along with de{t&};\id
I’ sting of cach city's physiral'parameteljs, h\:qd
cost summaries, vehicle polling cyvlc_ times, At
sgtimates of the AVAI system accuracies ar}d‘ )
S.year cost savings. The seven sele‘cted c1t1ij ]
were Anaheim, Long Beach, Montclair, Monterey
Park, Pasadena, San Diego, and Lo's Angelesj
Thirtv-six techniques in.the four AVM classes’w .
were investigated for each city. J":Iach of thefaa'»e
cities was treated as an entity, with the except:iq?s
of Los Angeles which was evalua_tgd for each ﬂ;:se
four geographical bureaus, Addltionally,.be§~.t
of the large number of vehicles deployed in th
cities of San Diege and the four Los Angeles .
hurcaus, the system accuraoie§ were determ.x;:lg r
for shorter cycle times or polling intervals. 4 al
{s, more than one RF channel {half-duplex) was
allowed for these areas.

In this Section, the summary analyses f?ron
sach UGAC city are based solely on a comparis

of the estimated 5-year saving and the estimated
costs {as of 1974) of particular AVM systems.
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- &xceed a "loss' of $200,000,

The 5-vear saving is predicted on only one factor
of AVM performance, narely 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, Anaheim, CA. This city might be char-
acterized as a break-even city with response time
improvement such that cost savings just equal
AV M costs, but only for the dead-reckoning tech-
niques in Class I. Anaheim is slightly smaller
than the medium model city (see Part One,

Sect, Il in hoth area and fleet size, and the cost
summnary indicates Class I system costs for the
dead-reckoning techniques of about $280,000, The
S.year saving is about $300,000 for a magnetic-
compass ‘odometer system with a system accuracy
of 5i} t¢ 75 meters,

"The Class II AVM systems which indicate
some car saving-are the wide-spaced signposts
and buried magnets, The accuracies achievable
are reughly 250 meters and 50 to 75 meters,
respectively. The cost of the Class II wide-spaced
signposts is about twice the saving, while the
buried magnets may cost four times the S5-year
saving,

The most accurate Class III and all Class IV
systerns resulted in car saving, but the cost saving
was negative, (See Sect, II,)

2, Long Beach, CA, The same AVM tech-
nigues a5 in Anaheim are viable in this city, but
because the city is slightly larger in arca with a
substantially bigger vehicle fleet, the costs are
about 354,000 more for the Class i dead-
reckoning techniques. The 5-year savings are
lower, about $160, 000, because the maximum
deploymient considered is less than in Anaheim,

There ig a large difference betweéen 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 is 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 i
and Class IV techniques to have a greater numbe.
of installations than are really required.  Wide-
spaced signposts and buried magnets indicate.car
savings, Lat the S5-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 Clasg IV systems indicated car savings, but
cost savings were negative.. (See Sect. IIl )

3, Montclair, CA, In this city, the dead-
Teckoning 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 time, The 5-year savings for all
Systems that indicate a saving are negative and
The car savings are
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in the order of 5% of the deployed vehicles (4 ta 71,
that is, 0.2 to 0.4 cars.

Despite the fact that Montclair has a wide~
spaced signpost AVM system installed and opera-
tional for over a year, this analysis indicates that
the cost is substantially greater than the saving.
The reason this analysis is faulty in this case is
that Montclair does not have either a computer in
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 is about 250 meters,
which is quite close to that achieved in Montclair,
The installed system has an accuracy of 0,2 km
(1/8 mile) with slightly fewer sipnposts. The
system costs are quite similar for the technique if

the O-M category is omitted {$60K versus $71K),
{See Sect, IV.,)

4,  Monterey Park, CA., Car savings are
indicated for all classes of AVM in this city,
Again as in the other small city, or small model,
the cost saving is near zero or negative. This
¢city, because of the great difference between
maximum and minimum 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 is roughly
half-way between the small and medium models,
Again a car saving is shown in all AVM classes
with negative 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 is less than
a whole car. (See Sect. VI.)

6.  San Diego, CA. In this city, virtually
every AVM technique indicates a positive 5-year
saving, The Class I dead-reckoning techniques
gystem costs are exceeded by the estimated
savings, and the Class III costs are close to the
gavings. This result occurs despite the poor sys-
tem accuracies caused by relatively long polling
cycles. There is 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 is. covered by five northern
beats which causes the average beat to be 40%
larger in side dimension than the average beat
that would result if these five beats and the area
invoived were not considered. The reduction in
beat dimension would cause a decrease in apparent
response time improvement.

In an atternpt to reduce cycle time effects,
the system 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 uniformly increased by about
$1. 8 million to the point where the cost of the
buried magnet system was equalled, as were the
costs of the Class Il pulse TOA system, by the
cost saving. {(See Sect, VIL.)

7. Los Angeles, CA. Los Angeles was
analyzed separately for each of the four bureaus




{Central, South, West, Valley), which range in
area frorn 130 to 500 km? {50 to 200 square miles),
Again as in the medium model city, all of the
bureaus show a 5-year saving for most of the AVM
techniques, All bureaus operate about the same
number of cars, so the effect of beat size on the
response time efficiency increase is greater for
the larger bureaus, In overall cost savings, the
Valley bureau shows the greatest saving, followed
in order by the West, Central, and South Bureaus.

The AVM system accuracy and 5-yea.
saving calculations were performed for 2 and 3
R¥ 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 with 3 channels
showed an increase when changing from 2 to 3 RF
channels that was almost twice that obtained in
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, VIIIL.)

II. Anaheim, CA, City AVM Cost
Benefit Analysis Tables
Table 2-1, Anaheim, CA, City AVM Physical
Parameters
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Table 2-3. Anaheim, CA, AVM Polling Cycle

Min/Max Times
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OI. long Beach, CA, City AVM Cost

Benefit Analysis Tables

Table 2-5, Long Beach, CA, City AVM
Physical Parameters

AWER I3 SH.2 SOUEpE NILES.

CST WEET DISTAMCE 15 13 HILES.

AUFTH GOUTH JIRTAHCE IS el MILES.

TATAL PORD HILCAGE 15 ey HILES.

FHE HUHZER oF IMTERZECTIONG I So0q.

THE £3TIMATED HUNMZER oF FOALD SEGHEHTS I3 {oode:
THEFE SFE &1 CARS I THE FLEET.

AN THEFE ARE 51 HOTORCYILES.

THE WUHMECF OF VEHICLES (44 EACH ZHIFT 1%:

FIFST ZHIFT ME. 1e

VEFRT LHIFT HING 16

CCCOHD SHIFT i 1e

SECOMD THIFT MiH. 14

THIFD SHIFT HIH. e
THD HLNMZER oF JLTPATCHERS 1% 2

TAE CITC HOULT wEOILRE HIZE+EAHD o
FULSE AHTENNA SITES anm &1 HBEFFI ZAND
£t HHTENHA

SITOE FOF 7 AN 2 1ILE FEOTLUE COERAGE .

KILOMETERS
e i H a 4 5
NATROW-3AND CR PULSE I : I
ANTENNA LOCATION @ & ! H H

Figure 2-3,
Narrow-Band Antenna Locations

Long Beach, CA, AVM Pulse or
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Figure 2-4, Long Beach, CA, AVM
Wide-Band Antenna Locations
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Table 2-7,
Cycle Min/Max Times

Long Beach, CA, AVM Polling

CVCLE TIRE {N SECOHDS TO POLL hAX D HIN UNITS DEPLOYED.

CLASS I TOTAL SIHPLE PEIUNDANT
TECHNIOUE FLEET SYHC HoL PAND SYHC oL
KEYBOARD 12.02 1.72 1.29 3.97 1.83 1.
172 1.79 3.47 1.83 1498
STYLUS HAP 12.54 1.79 1.87 3.54 1.93 2.13
79 1.32 3.54 1.98 2413
2-ACCELEROMETERS 12.25 1.79 t.82 3.58 1.9@ -85
1.75 1.2 3.58 1.99 2+05
LRSER VELOCIHTR 12.40 1.77 1.85 3.52 194 2:89
177 1.39 3.52 1.94 2.3
ULTPASONIC VELD 12.29 1.75 1.82 358 1.9@ 2493
173 1.82 3.58 1.98 &85
COMPASS/ODONETER 12.25% 1275 1.82 2.5 1.98 2.95
175 132 3450 199 2:85
COMPASS/LASER VEL 12.29 1.75 .32 3.50 1.90 &5
175 f.ud 358 1.20 ey 3
CHPSS U-SONIL VEL 12.25 1.75 1.32 3.58 1.58 S 05
1.7 182 358 190 2.5
OHEGA 13.22 1.39 {.%6 3.64 .18 .33
1,339 1.36 Fend 2418 2.33
LORAN 13,59 134 2.02 3.69 @28 43
1.94 .02 3,89 2.28 Srdd
DECCH 13.44 1.92 1099 FeB7 -2} Z. 39
1.92 Lew¥s 367 2034 237
AI-STATIONS 12.18 1.73 1.30 3.48 1,36 &»81
Fnc ST 3.49 1.86 &-01
DIFF. OMEGR 13.22 1.93 195 3.69 Ce 48 2433
1.39 1-90 Jrud 2413 2433
DIFF. LORAN 13.59 1.94 2.82 3.89 2.88 2ed3
1494 2ol 3.6 2488 243
DIFF. A=STA. 13.14 1,83 1.95 363 2.16 &30
- 1.28 1.9% 3.83 E. 16 &30
RELAY DHECA 1131.26 161.60 161.68 163.35  321.60 321.75
161,60 151.68 §63.35 321.68 321.75
RELRY. LORPAN 48.53 £+93 7.081 B8.68 12.27 12.42
593 Te0lL 8.68 12.27 1292
CLASS
BURIED PES. LOOPS. 12.29 1-75 1.82 3.56 1490 2403
1.75 13 3.58 1,90 289
REFLECTING SICNS 12.25 1.75 1.32 3,50 1.98 2.05
1.25 t.8e 3.59 130 oy <
REFLEGCTING ROAD 12.25 1.7 t.82 3.58 1.90 &.05
o 1.82 3.506 1.98 .85
K-BAND POST 12.17 1.74 1.81 3.49 1.38 2.03
o7 {51 349 .88 2:93
HFs UMF POST 12.02 1.72 - 3.47 1.83 1428
o 7 1.79 3.47 1.83 1.-33
tF POST 12.17 174 1.81 .49 1.€8 282
1.74 1.8 343 1.38 £.93
LIGHT/1-R PO3T 12417 P 1.8% 349 1.38 263
1.0 1.3} 3449 1.08 &:03
BURIED HAGNETS 12425 1475 1.82 3.50 1.9 289
175 1.32 3.54 1.9% 2.5
ULTRASONIC POST 12.17 1.74 1.91 3.49 1.88 £e03
1.7% 1431 3049 Ry 4] 2.03
TRAFFIC SENSOR 1&417 174 .81 349 1. G% cen3
1.7 1.6t 3.49 1.8 2.03
Table 2-8. Long Beach, CA, AVM

Accuracies and Cost Benefits .
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IV, Montclair, CA, City AVM Cost

Benefit Analysis Tables
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Figure 2-5,

Montclair, CA, AVM Pulse or

Narrow-Band Antenna Liocations
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Montclair, CA, AVM Wide-Band
Antenna Locations

Table 2-9,
Physical Parameters

HPEA 1% 9.2 SDURPE HILES.

ERST HEST DISTARCE 135 &.3 HILES.
HOPTH S0UTH DISTAMCE 15 2.9 NILES.
TATAL POARD NILERGE 1% &7 MILES.

THE HUNSEP OF IMTEPSECTIONG 1% 333.

[HE ESTIMATED HUMEBER OF POAD SEGHENTS I So6:

THEFE APE 139 CAPS LH THE FLEET.

AU THERE ARE & NMOTOPCYCLES.
THE MUMEBEF OF WEHICLES OM ERCH SHIFT I1%:

FIRST SHIFT . 5

TIRET SHIFT MIN. 3

FECOND SHIFT MR

o

SECOMD SHIFT MIM. 4
THIFD SHIFT MR T
THIFD ZHIFT pIH. ™
THE (UMZEF OF DISPATCHERS IS 1

THE CITY MOULD FERUBIFE 3 HIDE+EANHD OF

PULSE AMTEHHA SITES AND S HARPOW EAMD

FIl BHTEHHR SITES FOP 7 AHD 3 DILE FADIUS COUEPAGE.

Table 2-10. Montclair, CA, AVM
Systems Cost Analyses

HHTCLATE
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oF & -
TEHMIOE LHF T (el
iE,,Ur«PD 1i j1i
HeE % |3 1u11
CELEFONETER: 1 3 11 1l
LF’ EF VFLOLINTP 15 2t b JOTS
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CONPRGS-LASER HEL ] it te 1441
EOHIC VEL 1e i 13 1l
a (X il 1
&3 # it 1
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PELAY WIEGH 3 Y] 9 11 1l
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PEFLECTIHG FORD <& = <%
<~BAND POST o 3
HF» UHF POST & 5%
LF POST < +%
t IGHT. I-P POST & %
RUPIED MAGHE 1 5
ULTPASOHIC P & 25
TFHFFIC .EH:OP & G
CLASS . .
HHP-ERUD FH PHASE H o Y
UIZ-ZAHD FH PHASE ) 5 e
PULSE T-U-aReP IIAL 26 g 14z
HOISE LOPPELATION .. & & 133
DIFECTION FIUDER 1 " 35
CLASS U .
TRAFFIC LOOPS b} éaz 45
URVEIDE FRII0 1 15% 5%
FHOTO-1-F JETECT < 1 =5
BLYFASOHIC DETECT & pPe] 45

Montclair, CA, City AVM




Table 2-11,

Cycle Min/Max Times

Montclair, CA, AVM Polling

CYCLE TINE iH SECOHDS TO POLL 1WA RO HIM UNITS TEPLOYVED.

CLHGS 1 TOTAL

TECHH TOUE FLEET
KEYROFRT 1.87
STALUG hRe 11
2-PLATLEROICTERS 1.9%
LAOER UELOLINTR 1.1
UL TPAGONIC VELD 1.47
LOUPAGS -ODONETER 1.93
EOHPAGS- LAGER VEL 1.0%
HPSGU-S0MI0 SEL 1e0%
OHELH fe13
LuPAN 1-&1
JELCA Teut?
- L THTIONS 1605
BIFF. OHELA fa1
UIFF+ LORRH tel1
LIFF. At-5TRG (O
FELAY UHELA 1at.an
FELRY LUPAL As 13
;.:EE?EQIF{E‘S- [Re'sl:c% 136
PEFLECTING SI6HS Lews
FEFLECTING FORY 1+
-EAHD POST 1oike,
HFe MHF POSYT 1.9%
LE PULT PN
LIGHT “1-f Fe-T 1233
BURIED HAGHETS 1egde
HLTRRGUMTL Tt Faide
IEAFE S LENGOx PRRITS

.
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V., Monterey Park, CA, City Cost Benefit
Analysis Tables

Table 2-13. Monterey Park; CA, City AVM

Physical Parameters

FFER IS 7.3 SOURRE MILES.
EAST WEST DISTAHCE IS <.& NMILES.

HORPTH SOUTH DISTANCE 15 2 WILES.
TOTHAL FOAD MILEAGE IS 181 HMILES.

THE HUMBER OF INMTERSECTIONS I3 S96&.

THE ESTIMATED HUMEER OF FOAD
THERE AFE 15 CARS IM THE FLEET.

@HD THEFE AFE O MOTORCYCLES.

THE UHUMEEP OF UEHICLES OH EFCH SHIFT I5:
FIFST SHIFT MAd. 14

FIFST SHIFT MIN- 4

SECOHD BHIFT AN, 14

SECOND SHIFT MIH. 4

THIRD SHIFT iR, 14

THIFD SHIFT MIH. 4

THE HUMBER OF DISPHTIHERS 15 1

THE CITY HOULY FEGUIFE 3 WIDE+BRND OF
FULSE ANTEMHR SITES AHD 5 BAFFDL ERND

FHt AHTERHR SITES FOR 7 AHD 3 MILE PRDIUES COUEPAGE.

N PULSE OF NAKRUW-BAND ANTENNA LOCATION @&
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Figure 2+7. Monterey Park, CA, AVM Pulse
or Narrow-Band Antermas
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Table 2-14. Monterey Park, CA, AVM
Systems Cost Analyses
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Table 2-15.

Monterey Park, CA, AVM

Polling Cycle Min/Max Times

LWOLE TIHE i SECONDS T POLL MR 8D DI NITS DEPLOYET.

x

LURAN 1eae
DECCA PRRE)

LRSS 11
BURIED PET« LOOPG fee0

REFLECTING SIGHS 1269
REFLECTING RORD 160
X-BRAND POST 1.€0
HF» HHF POST 159
LF POST 1.6
LIGHT - L~p POST 1.0

. BURIED MACHETS 1489
ULTRASOMIC POST 1.6
TRAFFIC SENSOP 1.88
S

Table 2~16.
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V1. Pasadena, CA, City AVM Cost Benefit

Analysis Tables

Table 2«17, Pasadena, CA, City AVM

Physical Parameters

AFER 13583 SIAFE NILEZ.

ERNST HEST DISTANCE I35 & MILEZ.
VIR TH 30U TH JISTAMCE I3 & MILES.

raTAL FOED HILERGE 1% 250 MILES.

THE HUNBER OF INTEFSECTIONE I3 1:5680.

THE CATIMATED MIMEBEF OF FORD CSEGHENTS I3
{HCFE AFE 35 CAFS IH THE FLEET.

Al THERE RPE O HIOTOPCVYOLES.

THE WIMIBEF OF UEHICLES OH EACH SHIFT I3:
FIFST SHIFT HAEC. 1

PIFZT ZHIFT tit. 10

LOOGHD SHIFT DEE. 1

AECOHD SHIFT IR 1a

THIFD WHIFT PR 19

THIFD sHIFT NIH. 1d

THE TUDBER OF STSPRTCHERS 1% 4

Tel CITY MOULD FEOLIRE & HIDZ+EAND OF

FLLEE  AHTEHNA SITES AHD ¥ HARROH BAHD

CMOARTENHE SITES FOR 7 AHD 3 MILE FADIUS

CUUERAGE-

Table 2-18,. Pasadena, CA, AVM Systems

Cost Analyses
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Figure 2-9.  Pasadena, CA, AVM Pulse or
Narrow-Band Antenna L.ocations
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Figure 2-10. Pasadena, CA, AVM Wide-Band
’ Antenna Locations

Table 2-19, Pasadena, CA; AVM Polling
Cycle Min/Max Times

WCLE TINE- Bt SECOMDS TO POLL MR ABD HIW UNITS DEPLOYED.

Luhss 1 TOTAL LIRLE FEDUHDANT
TECHHIBUE FLEET Ex HOL e FRHY
FEYBORRD 3.7 1ett . e
. 1 we ol
5TLUS HAP 3oa2 g{. i
sl
2-RCCELERDIETEPS o2 ;.:v
LASER VELDCIMTP Zear ;‘;i
DLTRASONIE ELU el pil
1+30
COHPRSS - OPOMETER 382 {e i.‘:
¥
CONPRS: LRSER VEL 333 Yo § i
el
PSS E0MEC UEL FET :. X
N
HEGA ER ) i._;
LEEA Aai e
1005
BECCE: “edd Jecd
Locw
A-STRTIONS 273 1ol
el
G1EF« OUEGA 41 1eid
1o
TIFF» LORPH $el% l-.;'g
oS
LIFF. #N-STA. 4t 1.,_‘11
Lei
FELHY ONECA 35359 109190 gt
13108 1gleod
FELAY LORAN 1517 3,33 Je
40 a7
LLASS 11
BURTED PES. LODPS Gy 1403 1l
feud P I
FEFLECTIRG SIENS {.0’3 }.1&'
e Lo
FEFLECTING POAL Loz fe10
T3 el
~~PAND POST ey 1.7 1.1
1ol 1.8
HWEy MHF POST T 1awe 110
108 Fatar
(A28 2 e lE F el ng 1.11
1ag” 1eit
LIWMTC LR FOGT Se T f.ar 1.1
1207 1.11
THIED HAGRETS a7 Legst Loty
Laatd IS
U TRA NG FOST e oot 11t
Lows? 1011
MARF L JERLUR R 1 1,11
ERYOu 111

Table 2-20. Pasadena, CA, AVM Accuracies
and Cost Benefits
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VII. San Diego, CA, Gity AVM Cost
Benefit Analysis Tables

Table 2-21., San Diego, CA, City AVM
Physical Parameters

dRER LS 231 SOUARE MILES.
LEET JERT DISTANCE 3 Sind UILES.
HERTH 20T DISTANCE 15 @i.@ MILEL.
TOTAL FOAD HILEAGE 13 1R4% BILES.
THE HUMBER OF INTERSECTIOND 1% 13700
THE ESTIMETED HUNZER DF PUOAD SEGHENTS 13 &7400.
THERE ARE 200 CHEFPS N THE FLEET
Al THERE WFE 58 DOTORCYCLES.
THE HUNEER OF UEHICLES 1 ERCH SHIFT I3+
FIPET SHIFT HHE. 5
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Table 2-22, San Diego, CA, AVM Table 2-24. San Diego, CA, AVM
Systems Cost Analyses Accuracies and Cost Benefits with
One Radic Channel
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VIII, Losg Angeles. CA, City AVM Cost
Benefit Analysis Tables

Table 2-26, Los Angeles, CA, Central
Bureau AVM Physical Parameters
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Uable 2-27. Las Angles, CA, Central
Dureau AVM Systems Cost Analyses
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Table 2-28. Los Angeles, CA, Central
Bureau AVM Polling Cycle Times
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Table 2-30., Los Angeles, CA, Central
Bureau AVYM Accuracies and Cost Bencfits
with Two Radio Channels
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Bureau AVM Accuracies and Cost Benefits
with Three Radio Channels
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Figure 2-14, Los Angeles, CA, AVM
Wide~Band Antenna Locatmns




Table 2-%2, Los Angeles, South Bureau
AVM Physgical Parameters

HEER TD 95. SOURRE MILES.

ERST HEST DISTAMCE 15 3 IILES.

HOFTH SOUTH DISTAMCE IS 22 HILES.

TOTAL POAD HILERGE 15 378 BILES.

THE HUNBEP OF IHTEFSECTIONS 11 £898.

THE ESTIMATED HUNBER OF ROAD SEGHENTS 11 12130:
THEFE HFE 16% CAPS IM THE FLEET.

I THEFE AFE O MOTORCYTLES.

THE. HUNEBEF OF VDEHICLES O EACH SHIFT I1%:

FIFeT SHIFT M. 53
FIFST SHIFT DIf. 52
SLEOHI SHIFT MAK. 3
SO SHIFT MIHe &4
THIFD SHIFT BEc. D
THIRLG THIFY HIH. ot
THE HUIBEF OF DISPATCHERS 14 2

THE CETY UL FEOUIIFE T UIZE+ERUD OF

FULCLE ANTEHNA SITES AN 22 HRFRFOU BAND

FIYANTENNA SITED FOF T BRI fHILE PARIUS COUERAGE.

Table 2«33, Los Angeles, South Bureau
AVM Systems Cost Analyses
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NOISE CORRELATION 1 134
BIPECTION FINDER 1® 194
CLASS

TRAFFIE LOOPS FC IR X TIOAETE R
WAYSILE FABIG 1y 4139 T3 1333 497
THGTO1-R DETEY [E I ] 3 18 £55
ULTRASONIC DETELY =S B ] T3 REE] 255

Table 2-34,

CYCLE TIME IN SECONDS TO POLL MARX AND MIN UNITS DEPLOYED.

2LASS 1 TOTAL
TECHNIGUE FLEET
B 1771
STYLUS 1A 18.48
2-ACCELERONETERS 13.04
LASER UELOCINTR 18.26
WTRASDHIC VELD 15,84
CONPRSS/ODONETER 1984
COMPASS/LASER VEL  18.04
CPSSAU-SOHIC VEL  i8ied
XEGH 1342
LoRAR 20,82
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DIFF. OHEGA tar
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PELAY ONEGR 1666.58
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LIGHT 1+ POST 17593
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TRAFF IC SENSOR 1703
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Lios Angeles, South Bureau
AVM Polling Cycle Times

Los Angeles, South Bureau
AVM Accuracies and Cost Benefits
with One Radio Chanuel
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Table 2-36. Los Angeles, South Bureau

AVM Accuracies and Cost Benefits

with Two Radio Channels
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Tahble 2-27, Los Angeles; South Bureau
ruracies and Cost Benefits
with Three Radio Channels
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Table 2-38. Los Angeles, West Bureau

AVM Physical Parameters

APE 15 13309 S0UAPE MILE® -

TRiT UEST DISTAHCE 15 19 HILEZ.

MORTH SOUTH DISTAHCE IS 12 HILES.

TATHL POAD NILERGE IS 1677 HILE:.

THE HOMZER OF INTERFSECTIONS I3 400,

THE ESTIMATED MUMEEF OF PORD SECHEHTE [
THEFE HFE 18F CAPS TN THE FLEET.

IS THEFE BFE & NOTORCYCLES.

THE HUNZER 0F VEHICLES ON EACH SHIFT 15

FIFLT SHIFT MR, 59

FIRET SHIFT HIN. 2

Y

MECOHD SHIFT MR, 10G

SECOHD ZHIFT nin.

Y
.

THIFD SHIFT MACS, 140

THIFI EHIFT MIH. a2

THE OMZER OF JIIPRTOHER: 10 ¢
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LLE BHTENNA CLITEL ANTE <3 HEROE ZEHD
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Table 2-39, Los Angeles, West Bureau

AVM Bystems Cost Analyses

LA-WEST BUREAU

CLASS
TROUGHIDS F 3

TECHHIQUE CARS  G1TES  ERG E IHST o ai-n "OL
KEYBOARD 25 o B i 102
STYLUS MAP 467 a w3 17 W%
2-RCCELEROMETERS &33 o 111 23 1
LASER VELOCIHTR 326 @ 116 5
ULTRASONIC, VELO 253 2 116 o3
COMPASS,ODONETER 263 [\ IR 91 1 14
COMPRSS/LASER LEL, 344 B3 1ls =3
CHPSS~U-50NIC UEL €31 s e e
OHEGR 433 4 3 &5
LORRN 513 3 &
DEECA «it a <1
AM-STRTIONS 4 A CH
DIFF. OMEGR $95 3 E y
DEFF. LOPRN 513 o b ot
DIFFv AN-STR. = il 33 &g
RELAY ONECH ap Q G <%
RELAY LORAN 1 o EXS &%
CLRSS Il
BURIED RES. LODPS 2B oTeR T3 11534
REFLECTING SIGNS 88 ‘e0es Y4 Hee
REFLECTING ROAD a3 226 T8, V1305
*~BAND POST 3¢ 2182 .2 41
HEs UHF POST 2% @35, ¥ 124
LF POST &g 117s T3 442
LIGHT/I-R POST 27 340 g T4l
BURIED MAGNETS 19 B7T rg 13re
ULTRASONIC POST 25 1598 e 1624
TRAFFIC SENSOR a7 1v7se K vea
CLASS T11
NAR-BAND FM: PHASE 42 208 152 38
HIB-BAND Fii PHASE 532 81 154 37
PULSE T-O0-ARRIVAL. 472 516 343 148
HOISE CORRELATION 194 23 343 33
DIRECTION FINDER s jels] 9 13
CLASS U i
TRAFFIC LOORS 15 15470 78 esve
HAYS1DE RADIO 14 13789 I 2138
PHOTONI~R DETECT 22 . 5114 ¥ 1686

ULTRASONIC DETECY 23 - 9288 T8 1885
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Table 2-40, Los Angeles, West Bureau Table 2-42, Los Angeles, West Bt}reau Table 2~44, Los {&ngeles, Valley Bureau Table 2-46. Los Angeles, Valley Bureau 5
o AVM Polling Cycle Times AVM f}ccurames a:nd Cost Benefits AVM Physical Parameters AVM Bolling Cycle Times L
iy with Two Radio Channels ¢ .
: RH DR @13 R SOUARE b S . . . e
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PART THREE. ANALYTICAL TECHNIQUES FOR ESTIMATING AVM SYSTEM ACCURACY

Joseph E,

I. VEHICLE LOCATION ACCURACY FOR CLASS I
AND III SYSTEMS

In this Section, an algorithm is described which
can be used to determine the system accuracy of
Class I and [II automatic vehicle monitoring {AVM)
systems as a function of the appropriate system
parameters. Some of the resultant cumulative
probability density [unctions (cdfy) are also pre-
sented, which can be interpreted as the fraction of
the fleet for which the error is less than or equal
t¢ y. The flow chart shown in Fig, 3-1 is 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, ¢4, is defined to be the
distance between the vehicle's actual location and

_the location determined by the AVM system at the

|Start )

H . ¥
*i pbtain standavd deviation of Inherenk ervor in -x and y directions i

{Btaln polling Inrerval and computation time
i

] k
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‘ .
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Fig., 3-1, Main AVM Accuracy
Analysis Program
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l Return 1

Fig. 3-2, Computation of Cumulative
Distribution Function

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

2
_fo -172(H)

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 is assumed to
be uniformly distributed, Its probability density
function is denoted by p(), and is equal to 1/(2r)

_between -w and W,

The speed of the vehicle is represented by the
symbol s and is assumed to be described by the
following distribution: '

’ sFO -6 =
f(s) = )\e'ksy 0<s<M

0 - otherwise
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Testele s T
Fig. 3-3, FError in Knowledge of

Vehicle's Location

There is a discrete probability ¥O, ‘associated with
zero speed, Between speeds zero 0 and maximum
M, the speed is distributed exponentially, The
parameter A is sct such that the fraction of vehicles
gtopped, FO, plus the fraction whose speed falls
hetween 0 and maximum speed M sums to 0,99,

The last of the AVM system parameters is time.
After the lacation of the vehicle is determined,
there is a delay before the information becomes
available. This delay is referred to as computation
time, T¢., Thus, if the symbol T denotes thg
polling interval, the probability density function
#(t) is a uniform distribution over the time interval
T¢ through Te + T,

B, Derivation of Accuracy Analysis Algorithm

Probability distribution functions have been
defined for €4, B, s, andt, and {rom Fig 3-3 the
actual error in the knowledge of the vehicle's
location, ¢, is:

A

€ - ei ;sztz-Zeostcose

The distribution of crrors is given by:

cdfy = Prob (e g .y) = /_U:[R@(EO) glt) -

f(s) p(B) 46 ds dt de,,

where R is the repion such thate £y, Due to the
complexity of R, it is not practical to evaluate this
integral analytically or by numerical quadrature,
Therefore a Monte Carlo integration of cdfy isused,

The Monte Carlo integration generates values
for the four random variables, ¢g, s, t, 8 and
uses these variables to calculate ¢ by the.above
formula, By checking whether e 5 yj for
i=1,.,,,20, when the yi's are a pre-specified array
of points on the abscissa, it is possible, if enough
trials are rdn, to determine an accurate estirmate
of the cumulative distribution function,

The methodology used to generate the random
variables €eq, S, t and 8 involves generating four
uniform variates on{0, 1}¢ ry, r3, r3, r4. In-
verting the cumulative density functions leads to
the expressions needed to calculate the desired
variables:

0 OSr3SI~"O
s = 1n(l~r3)

|~

8 E 11'(21‘4 -1}

F0<r3sl

Of prime concern in the Monte Carlo integration
is the number of trials needed to ensure an accept-
able estimate of the probabilities that« = yj. If pj
denotes the real value of cdfy for a particulary yi,
then the process becomes a long sequence of
Berroulll trials with p; equal to the probability of
success (i.e,, that ¢ gy{). Since the number of
trials will be "large”, the Bernoulli distribution
can be well approximated by the Gaussian distri-
bution with mean, p = p
Standard deviation,

¢ = Vn p(l-p)/n

where n = number of trials, and p; has been re-
placed by p for simplicity,

Since the distribution of the number of trials
for .which ¢ exceeds any particular value of y is
approximately gaussian, we can require the proo-
ability (of the event that the absolute error in the
distribution function, c¢dfy, is less than some
specified maximum value, E) to be at least G, the
so-called ""confidence level!, That is. a fraction
C of the distribution must be contained within the
interval p - ko thru p .+ ke (Fig., 3-4). Thus, a
value of C determines a value for k. In addition,

PRUBABILITY DENSITY.

ptko

1
i S

prko P
FRACTION OF TRIALS FOR WHICH ex y

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

to ensure an acceptable absolute error, E, it'is
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

kv np(«it;)./n £ B
which may be rewritten
n kzp(l-P)/E?‘

This value for n represents the minimum num-
ber of trialg needed to 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 = ko, 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 algorithny specifies the maximum
allowable error E, and the required confidence
interval C, The program proceeds to run 1000
trials, and pj is then estimated as

{number of times ¢ < y;)/1000 for i=1,.,.,20,

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 maximum allowable
vrror E, If nis found to be less than 1000, no
more runs are required and the calculation of {yi,
edfy) is complete, However, if nis greater than
1060, additional trials are needed,

in order to prevent an excessive number of runs,
in terms of computer time, a constant NMAX is
introduced which serves as the maximum allowable
number of trials, - Thus, if it is determined that
more than 1000 runs are needed, the algorithm will
process additional trials until the error terms are
sufficiently small or until th¢ maximun allowable
mamber of trials is reached, whichever comes first,
Ir: the case where the namber of trials reaches
NAAX, 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 G,005,

The accuracy program is interactive, the user
being free.to set the system parameters of variance
in"inherent error, polling interval, computation
time, fraction of vehicles stopped, and the “maxi-
mum'! 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 g4
spucifies 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 assume that the variance of system errors is
somewhat correlated with this parameter, The in-
tent is to cover the full range from 0,0 to 1,0 ofthe
curnulative distribution function. As a safeguard
against failure of full coverages, the programallows
the user to calculate the cummlative distribution
function for 20 additional values of y where the user
specifies the initial point and the interval hetween
points, This option for additional points can be re-
peated as many times as the user desires, After
the cumulative distribution function is computed,
the user may reset the system pavameters, and the
process of determining a new cummlative distribu-
tion function is repeated,

C. Results of AVM System Accuracy Analysis

The algorithm described in the previous section
was cexercised by running 42 cases, each one with
a unique-set of the input parameters, where

SIGMA Standard deviation of inherent error
in x and y directions

T = Polling interval

e . Computation time

= Maximum speed

FO = Fraction stopped

Originally, all combinations of the following parani.
eter values were to he run,

SIGMA T TG M
{meters) (seconds) (seconds) {meters/sec) PO
0 2 0,01 40 0
100 10 0.1 50
1000 60
120
300

which would have required 60 cases, However,
after the first 14 runs, it becsrme evident that the
AVM system error was stable “or computation
times in the range 0, 01 to 0, 1 second.

A value for the standard deviation of the inherent
error of zero serves as a boandary condition for
inherent accuracy of AVM hardware systems.
Estimates of system error using SIGMA equal to
zero represents the accuracy to be expected if one
invests in extremely accurate hardware systems in
terms of pinpointing location, assuming there is no
motion, - At first glance, a maximum speed of
60 meters/second (134 miles/hr) might seem a
little high; however, the speed of the vehicles of the
fleet is assumed to be distributed exponentially.
Thus, a very small fraction of the fleet is traveling
near maximum speeds: one-half of the fleet is trav-
eling at a speed of luss than {(maximum speed/6) or
22,3 miles/hr. The fraction of cars stopped is set
at 0 because the algorithm is designed to speeifi-
cally test system accuracy assuming meoving 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



of ck.nges in the above variables on AVM system Table 3-2, Vehicle Location Accuracy at ! 3. t ol ,
accuragy follows, 80% Level for SIGMA = 100 Meters ! Table 3-3. Vehicle Location Accuracy at 80% Level for SIGMA = 1000 Meters
411 2 1 tYel3] at @ i 4 T (SC’C) T * . .
thf«éﬁerfc;ci;l‘zxfr% (ﬁ'g;i;zyn;}c;lclsisg?;otgedgiaaﬁrgo_ T (sec) T (scc ) M (meters/sec ) ' Accuracy (meters) ! C (ste) M (mctr,rs‘/sw) Accuracy (meters)
rate given the direction of change of any input 2 .0l 40 180 2 L 01 40
variable. As the variance in the isherent error, 5 o1 60 183 1790
the polling interval, the¢ computation time, and the ! 2 .01 60 1790
maximumn speed increase, system accuracydeterio- 2 <1 40 180 2 1 ’
rates, However, the designer requires a more 2 L 60 183 ) 40 1790
detailed knowledge of the interaction between these 10 0L 40 195 2 .1 60 1790
system parameters and AVM system accuracy. He 1 ‘
isy facudpwith an accuracy constraint such as 8Y0% 10 01 60 212 0 .01 40 : 1795
of the vehicles must be located to within 150 meters. 60 01 40 448 10 .01 60 1810
In order to satigfy this constraint, he must be 60 01 60 650 60 01 40 ‘
aware of the combinations of system paramiceters 120 o1 40 850 ! 5 1880
that can meet his requirements. The above analy- ) 50 .01 60 1950
sis provides this information,, What it does not 120 01 60 1250 120 01 . o
provide is information for the designers' next step, 300 .01 40 2100 : 40 2210
which is to determine the proper balance with 100 01 60 3160 120 .01 60 2500
respect to inherent accuracy, polling interval, , ~ ‘ 300 01
and coniputation time so as to minimize cost as ! : 40 2985 .
well as satisf{y accuracy congtraints, 300 ~ .01 60 3500
390 -1 40 2780

[he best accuracy results are obtained when :
SIGMA is set equal to zero, - With SIGMA zero and the dependence on maximum speed increases, and ‘ 300 .1 60 3650
polling interval equal to 2 seconds, 80% of the fleet  accuracy is not dependent on computation time, ;

is located to within 20 meterg and this is not

strongly dependent on miaximum speed or computa- Table 3-2 prescnts similar data for the case
tion time.  As the polling interval is increased to SIGMA equals 100 meters, With a polling interval ,
to 10 scconds, 807 of the fleet is located to within of 2 seconds, 80% of the vehicles in the fleet are !
65 moters at maximum speed of 40 meters/second located to within 180 meters, The trends evident :
and to within 105 meters at 60 meters/second, in the SIGMA equal zero cases can also be seen in
Thus, as polling intcrval inereases, accuracy Table 3-2. One major difference is that, in this
becomes more dependent on maximum speed, case, the change in accuracy as polling interval .
Again, the acenracy is not dependent on computa- increases frnrq ' to 10 seconds is rather insigni-
tion time, Table 3-1 proesents similar results for ficant, - Thus, if the $ystem hardware has a stand-
the remainder of the cases with SIGMA equal to ard deviation for inherent accuracy in the x and
zero, The above trends continue, that is, as the ¥ c'lircction of 100 meters, then little would be
polling interval increases, the 807 distance grows, gained by specifying a polling interval shorter than
B 10 scconds. In comparing the results of Table 2.1
Table 3-1, Vehicle Location Accuracy at and Table 3-2, it is apparent that the accuracy of
807 Level for SIGMA = 0 Meters a SIGMA = zero system'is not significantly better

than a SIGMA = 100 meters system when the polling
interval is greater than 60 seconds,  Thus, if a

sophisticated hardware system in terms of inherent
oL 40 15 error is installed, it requires a short polling inter-

T (sec ) TE (seg ) M (metersfsee ) Accuracy (meters)

;’ o1 60 20 val to realize significant benefits,
2 .1 40 © 1 The most striking difference between the cases
I 1 60 22 with inherent error equal to 0 and 100 meters and
16 o 40 65 the case with inherent ¢rror equal to 1000 meters
’ {Table .3-3) is that the interval between the mini-
10 RO 60 105 mum and maximum accuracies is much more com-
10 1 40 70 pact in the 100 meter case. In general, one can - :
16 1 60 105 conclpde that as the resolution in inherent error L
o0 o1 40 430 deter}o?ates, the system is less dependent on the
. remaining parameters. The accuracy figure in :
60 R} 60 620 Table 3-3 for polling intervals of 2, 10, 60 and
U .1 40 420 120 seconds are significantly higher than the cor-
o0 A : 60 : 620 responding values in Tables 3-1 and 3-2, while
) the accuracy at a polling interval of 300 seconds is
120 01 40 820 of the same order over all three Tables.
120 Ol 60 1350
300 U1 40 2100 These results presenting accuracy estimates
300 ot 60 3080 for AVM. system errors can serve as a tool to be

used in AVM system design,
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MARKOV CHAIN MODEL OF VEHICLE LOCATION BY MEANS OF

PROXIMITY SENSORS FOR CLASS II AND IV SYSTEMS

Marvin Perlman

One approach to automatically locating specified
vehicles in an urban area involves the employment
of proximity sensors. The proximity sensors
(which may be active or passive) are distributed
throughout a given area, Once installed, the posi-
tion of a sensor is fixed. A vehicle, properly
equipped, will interact with a sensor when the dis-
tance between the vehicle and the sensor is within
prescribed limits., 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 sensor's
characteristics, 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 monitored.

A, Classifications of Finite Markov Chains

1, Concepts and definitions. 'A stochastic
process is any sequence of experiments amenable
to probalistic analysis, A stochastic, process is
said to be finite if the set of possibleoutcomes is
finite, An independent process is a £13§nite sto-
chastic process wheve knowledge of the outcome
of any preceding experiment in no way, affects the

prediction of the outcome of the present experiment,

A finite Markov chain process is a finite sto-
chastic proccss where knowledge of thé outcome of
the immediate past experiment does affect the pre-
diction of the outcome of the present experimeat,
Furthermoreé, the dependence of the outfcome of
each experiment on the outcome of the irnmedi-
ately preceding experiment only is the same at
each stage of successive experiments, A finite
Markov chain is characterized by a finite set of
states {s]. 82, . . ., 8p}. The state of a Markov
chain is the outcorse of the last experiment. Thus
a Markov chain is in one and only one state at a
given time and advances from one state to another
{or remains in the same state) in accordance with
a priori transition probabilities. " Thé transition
probability Pij is the probability that the (Markov
chain) process will move from state s; to s;, and
Pij depends only on s;. Asscciated with every
ordered pair of states is a known transition proba-
bility., An n x n transition probability matrix P
contains as entries the transition probabilities
correspording to each of the respective n® ordered
pairs of states as follows:

1 n
83 {Puy Py 77T Pyy
%2 | Par Paz 77 Pop

Pno

Each row in P comprises a probability event space
such that

z 0 for alli, j

pij

and

n
z pij =1 for every i
j=1

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

2. Regular Markov chains. = A Markov chain
is defined to be repular if and only if after n steps
(i. e., experiments) for some n, it is possible for
the process to be in any state regardless of the
starting state, The entry p!™in p™ (‘he nth power
of the transition matrix) isJthe probubility that
the process is in state sy after n steps given that it
started in state s;. A régular Markov chain has a
regular transition matrix P such that P? contains
only positive entries (i.e., p}?) > 0 for all i, j).

P may be tested for regularity by noting whether or
not the entries in P~ (Pz)z, (P4)2, . . . are
positive assuming P has one or more 0 entry,

Example 1, Given the following (proba-

bility) matrix

1 S2 %3 %
5y 0 1 0 0
8y 0 0 1 d
P =
84 0.5  0.25 0 0.25
s 0 0 0.5 0.5
[/ W e
Successive squaring of P, Pz, P4, +. ¢ « ‘quickly

results in large powers of P, ~When testing for
regularity, tie actual values of the entries need not
be determined, Denoting each positive entry by =
asd gach zero entry 0 gives

X 0 0—_
0 b 0
P =
X 0 x
0 X X
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where x denotes a positive

P, P% and p8 are, respectively

o ] ] l

(9 0 x 0 [-0- X X X X X % x

}.,x x 0 x X X X % ] X X X x
0 x x x X X X % X' X x x
X x % x|, X x x x| and

1 ) X X X }j

Thus P is a regular tronsition matrix

‘ .3. Ergodic Markov :u:ins, A Markov chain
is defined to be ergodic if and only if mm—
for the process to go from every state to ever '
ogher state, . Clearly a regular Markoy chain l};
2iways ergodic: However, an ergodic Markov
chain is not necess arily regular. That is,” for
every n, PP contains some 0 entries, Hm'vever

P. for different values of n, will contain zeros in
different locations. As n increases, the positions
of t'he zeros change cyclically, In this case, the
Cha“cl{‘ls termed a cyclic Markov chain, Thuls an
;itgc;mltcbx(\;it;x:kov chain is either cyclic or regular

Example 2,

. Given the fo i i
tion matrix llowing transi-

sy Sy §q s4
sy FB 1 0 0
- s, 0.25 0 0.75 0
sS4 0 0.25 0 0.75
5 0 0 1 0
¢ |

or

X 0 X 0
P =

4} x 0 <

0 0 x

— J—
X 0 x 0
0 X 0

P’ = *
x 0 X 0
0 x 0 x
S —_—)
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‘ 0 x o -
X ] x
Pt = 0
0 X 0 ®
x 0 x 0
L —

Starting in an odd-numbered state (sy or s3), the
PTocess is .in an even-numbered staté (s2 031',s )L
after an odd number of steps, and in an odd. +
numbered state after an even number of gteps

-h'Phn} Example 2'is an ergodic transition matrix
\g ich is nonrc:gular. The process characterized
Yy P is a cyclic (ergodic) chain,

'4. Absorbing Markoy chains,
state in a Markov chaln 15 one which
once entered. An absorbing Markov
Markov chain that hias at least one
and from every nonabsorbing state it is possible to
move to an absorbing state (in one or more ste vs)
The honabsorbing states (of an absorbing chainl)a'u:e
known as transient states. The transition matri;: P
of an absorbing chain Fas entries P.. = 1 for each
that is absorbing, " R

An absorbing
cannot be left
chain is a

absorbing state;

Example 3. The followi iti
. > 3. ng transition
matrix characterizes an absorbing chain

Sl 82 33 Sh SS
8, f~i 6 o o o N
Sy 0.5 0 0.5 © 0
P= s3] 0 05 0 0.5 0
s, 1 0 0 . 0.5 0 0.5
S5 __? 0o 0 o0 J'__J

.:;ag;sd ssl and)s5 are absorbing; whereas, states s 5
4 are transient states, 2
.5. Classification of states,
any given Markov chain can be partitioned into
eq}nvalefme classes. An equivrlence class com-
Prises either an ergodic set of states or a transient
set of states. Once the process enters an ergodic
set, it }-emains in the set. Once the process leave
a transient set, it never reenters the set, ' ®

The states of

I a chain has two ‘or more ergodic sets of states
but no transient sets, the chain in effect is a com-
posite of two or more unrelated chains. FEach of
the unrelated chains consists of a single ergodic

set and may be treated Separately. Without any



loss in generality, every ergodic chain (regular

and cyclic) consists of a single ergodic set.

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

Every state of a given set whether it is ergodic
or transient can "communicate'’ with every other
state in the set, The process, however, moves
toward the ergodic scts 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 I is an £ x § identity matrix whose
entries are the transition probabilities for every
ordered pair of absorbing states (sj, sj) where

0 if i #.J
Dey T
i 1ifi =}
The submatrix Q is an m x m matrix whose entries
are the transition probabilities for every ordered
pair of transient states, The submatrix R is an
m x § matrix whose entries are the transition
probabilities for every orderwud pair of states
(si, §;) where s; is a transient state and s: is an
absor‘}sing state. The submatrix 0 is an £x m
matrix whose entries are zeros corresponding to
the zero Lransition probabilities of moving from
any absorbing state to any transient state. Powers
of P have the canonical form

0 Ilo
Po= -
M1Q
whore
M=[1+Q+QZ+- o +Qn'l]R

Note that the expression for M is a matrix
equation,

Theorem 1. In any finite Markov chain,
regardless of the initial (starting) state, the proba-
bility thatthe process is in ergodic state after n
steps approaches 1 as n approaches infinit:, (A
proof of Theorem 1 appears. in Ref, 1.)

A Corrolary to Theorem 1 is thatare real
numbers b and ¢ where b>0and 0<c < 1 such that

ni n
pgj < be
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for any ordered pair of transient states (s $:),
This gives the rate at which p(lg‘) 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 is defined as

N=[1-0]t (1)

Note that
n i

i—%——a-fg_-ﬁ=l+Q+Qz+---+Qn'l -’

and since Q # I and lim Q" = 0
n‘—’(‘D
[I—Q]’l=1i_£r3°[I+Q+QZ+---+Qn’1] 5
n

the inverse of I - Q ti.e., N) always exists.

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

M:[I-Q]‘leNR {(2)

The fundamental matrix N has the following
probabilistic interpretation. : i

Let ull) = 1 if the process starts in transient
state s; ahd is in transient state s; after k moves,
Otherwise u(ik =0, Let t(-l‘?)denote the number of
times the process is in transient state s, starting
and during n moves given that it started'in tran-
sient state s;. Thus

e B N LA ST Ful®
ij ij ij ij !

The probability that the process is in transient
state s; after the kth move is

(k) . . oK)
p(uij - 1) - qu

given that sj is transient and the starting state,
The meanof u(ilJi) is

m(uglj‘) =1- ) vo- - ol - qfy)
The mean of t(i?) is
0
i = o ol e o

the i,jth entry of
{n)

S A

where 0l0) = 1,

Then

ig the i, jth entry of the fundamental matrix
expressed in (1). The value of n{; is the mean
number of times the chain is in trfansient state s.
given that it started in transient-state s; and con?
tinues until the process is absorbed (i e1 reaches
an absorbing state), Y

3. ‘Statistics on the number of times the
process is in a transicent state, Lot vy denote the
number of steps (including the original position)
bcf‘or.o absorption,given the starting state is s;, If
s: is in an absorbing state, then vi = 0. Givcrt that
the absorbing chain containg a transient set.denoted
by 'F‘, fmd si is a transient state if and only if
siml" (i, e.; s "is a member of'* T)., Then

mlv;) = Z iy (3)

s, €T

J

vy:hkch is the ith row sum of the fundamental matrix
N. Each row sum of N appears in the'm x 1 column
vector

a = NC (4)

where C is am x 1 column vector whose entries
are all 1's,

The variance of the function vi is

var(vi) = m(vf) - (m(vi))2
where
m(v.e) = P, 1+ 2
; 13 Py @ [lv; +1)7]
B,j £ T SJ e T

gNote that_ the original position is necessarily
included in the expression for m(v{).)

Continuing,

atey) = Z Pig ¥
s'j g T

2 : pyymlv® + 2v;) + gy
3 e T

s

.5 2
- Z_J P [n(v,") + 2m(v;)] +1

s, ET

-

Z Py [m(vie) +2 m(vi)] ¥ 1

s, €T
J
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The braces denote a column vec:or where each
entry corresponds to a different value of i,

Therefore,

(v, ®)} = @ {nlv,?)} + 200 + ¢

[1 -] (alv,®))

200 + C

(m(v,®)V = (1 - Q1™ (200 + €]
= ZNQu + NC
= 2NQu +
Since
N o= o

N-NQ =1 and NQ = N-1I

prey
B
—
<

-

o
~
.

i}

2[N - I]Ja + ¢

[eN - Ila

L]

Fma.lly,‘ the variance of v; for each i expressed as
entries in m x 1 column vector is

{var(vi)} = {m(Viz) - (m(Vi))a}

= [2§ - I]o -~ o
5q

':Nhere agq results from squaring each entry m(vy)
in @ shown in {4).

Example 4, A particle moves a unit dis-
tance along a straight line. Qiven that it is in sj,
it moves to si;], one unit to the right, with prob-
ability 0.5, or to state sj_j, one 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 it reaches either absorbing state.
Assume there are five states where s} and sg are

absorb?n_g, and s2, 3, and s4 are transient, The
prqbabﬂlty matrix appears in Example 3. Reor-
dering the rows and columns gives the following
canonical form:

5 %2 ®3 Sy

s, {0 050 050

et



¥y

e !

L N A A N N A L s submatrices Q and R in Figs, 3-6 and 3-7,
he fundamental matrix is 3/ Y Y % ¥ P I respectively. (Note that states s; and s, are
The Sp 3 1% y i 4
. - ‘ ay- T & @D reflecting boundaries in Example’2,)
= = 8 ll i : N
S5 83 By @ = NC 3 & 87 &P P & @D & D The matrix N and coluran vectors a. = NC and
o 3 | A Aa i 12 13 Ae & [2N - I] @~ &gq were computed on an IBM 360/65,
4 Y Y Y Y The com f @ and -ounded to 3 deai
—t i : ponents o and o g4 rounded to 3 dezimal
s 1.5 1 0.5 i A A 4 ANE 5 4D AN Py P 1 . q
2 . is 3 if i o (u¥) 1 D & %) NVa places are:
-1 2 1 The mean number of steps before absorption is ’ s 7 18 e |2 o A o
N={1-Q) = S3 1 the process starts in s2 Or s4; whereas, it is 4 if - ) N5 N2, NP) o - —
: ‘ H AF D 3
5 0.5 1 1.5 the process starts in sg. I P 1 | 1.667 2,778
4 ) ’ , ; : Hojve s fis A
The variance of the number of st§ps (including , & & —> & 2 | 2,667 7.111
the original position) before absorption for each L oo+
! Thus, for example, if the process starts in state starting state appears in the column vector i ) 1 L 3 |1.667 2,778
' s7, the mean number of time it is iil state sz, 83 ! kD N N ¥ N v | 1.667 2,778
and s4 is 1.5, 1 and 0.5, respectively. [2N - I} o- ¥eq ﬁ} B Fa! o Tas) Jast st CP : *
o , ) 5 | 1.667 2.778
Furthermore, from expression {5), In example (4) QO stnsor + INTERSECTION L ciTY-BLock
6 | 1.667 2.718
1 |o = 9 . Fig. 3-5. Urban Distribution Pattern for .66
14m PV = | 2 2 1 3 ; Monitored Proximity Sensors o= NC = T 0T o = r.Aa1
= : s
D NR | © aN-T=|2 3 2| ,a=|4 janda, =236 8 | 1.667 ¢ 12.718
The number of sensors, their layout, and tran- 1.66 2778
12 2 3 ? sition probabilities between orthogonally adjacent ? T m
since intersections is required a priori information, 10 | 2.667 7.111
Uniformity of deployment of sensors assumes
lim Q™ = 0 Thus — unbiased routes. Random movement of the vehicle 11 | 1.667 2.778
m = 5, 8 corresponds to unbiased routing through the sensed
nme area. Thus the direction of travel of a vehicle 12 | 1.667 2.778
{28 ~ I]a - o . = B3 8 from an intersection will be in any one of four
and 4 8 possible directions with equal probability. 13 | 1.667 2.778
s
; = N b - . .
lm;M NR If one were to incorporate a different transition 14§ 1667 2.178
n- ion i bability for each of the four possible directions
: of steps before absorption is proba y - P ? , .
hown in (1) and (2) Th: 22:202u§2:§1ng at 53. However, the vari- the number of states in the Markov chain model 15 | 2.667 7.111
a8 showR s . gic: is the same for each starting transient state. WOuld.lncrea:S;fouri:Old. Each state would be ’ 16 | 1.667 2.778
In example 4 (Note that when the variances are quite large com- associated with a pair of labels. The intersection ST L —l
d to the corresponding entries inagq, it indi- entered would be designated by one label and the
s 8 paze that the means are unreliable estimates for direction from which it was entered by the other,
1 5 c}? :s articular chain.) Such a transition matrix would be meaningful if the
that p ‘ : transition probabilities were accurately known,
0.5 0 . 0§ That is, the probability that a vehicle upon leaving
82 ) C. Model of Absorbing Markov Chain for a particular intersection will go straight, make a
R= s o 0 Class 1I and IV Systems ; left turn, a right turn or a U-turn is a priori infor- 23 ks 607 8 9 10011213 1815 16
- °3 " . mation, Without this information, equiprobable P ]
0 0.5 Consider a portion of an area to be monitorec as direction of travel (to any of the four adjacent tle®o 0 00 00 00000000
! ) shown in Fig. 3-5. Subareas are 5x 5 slquare intersections) is assumed. The resulting statistical 2 |25 0 .25 0 250 0 0 0 0 0 .25 0 0 D O
blocks, and each subarea has an identica sens%r ; accuracy establishes achievable bounds on the 6 250 6 06 0 0.0 6 0 0 0 0 0 0 o
layout. A (monitored) vehicle entemng a sense : system's accuracy, .
intersection corresponds to an absor.blfng sta;a. as : b 0 00 0 .0 O .25 0 0 0 06 0 0 0 0 0
and This is to be ;mterpr(.eted a;v‘}igiatt}?g lio‘ire?: 1L:ri!n Returning to Fig. 3-5, only the subarea with 5 | o 2506 5 6 06 0o o 0 0-'06.0 0 o G o
8 85 to the vehicle's 10cat‘10n. ! }f ttored labeled intersections need be considered, Bound-
. 1 an absorbing state, the location of the monzl.oreof ary intersections (of the subarea) act as reflecting 6 0.0 0 00 0 0 0 ¢ 25000 0 0 0
vehicle is known (to within th_e dete‘:tmr;;:eéuiter‘ boundaries in the Markov chain model. A vehicle 7 0.0 0 .25 0 0 0 .25.25 0 .25 0 0.0 0 0
8 0.75 0.25 the sensor). A vehicle entering an uns o in intersection 1 corresponds to the process being
2 section corresponds to a transient state. ;’ in transient state 1. The transition probability 8 fe-o.0 0 0 0.250 00 000 0 0 0
NR = s 0.5 0.5 absorping Markov cha‘m mode}lf f Stequ?tl}?iflore- from state 1 to the intersection due Northis 0, 25. 9 @ 6 0 © 0 0 0 0°06 .85 0 G 0 6 0 .0
3 experiments for locating a vehlcle tow P Since that intersection has the same relative loca- .
8 0.25 0.75 scribed limits of accuracy. tion in its subarea as does intersection F in the 0040 0 0 0 0.2 0 .25.250 0 0250 00
L . . ¢ {ven inter- : subarea under discussion, an upward move (due 11 O o 6 0 6.0 .25 0.0 0 0. 0 0 0 0 O
Given that a vehicle starts at any giv 4 ; North) is equivalent to a reflection to intersec-
section (sensed ox unsensfebdl), ‘I:'ha{:}tlls ﬂ;fcie::ojzs : tion F. Identical sensor layouts for all subareas #ope 0 0 00 0000 0000 0.250
. in stai vari f the number of blocks the vehl : is clearl ired, Thi 'mits th f
. 1 f the process starts in state variance o ¢ R \ y required, is permits the use of a 13.]6 o 0.0 6 0 O 0 0 .250¢ G:0 0 0 O
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0 375 or in state st with probability 0,25. The row new experiment begins. s t o1 Cion Markov chain model of-an entire area where
. fANR are n?:cessarilyﬁ 1 in accordance with an uncertainty exists as to the vehicle's locatio " fringe effects are neglected, Intersections labeled 15 {06 0.0 0 .25 0 0 0 .0.0 0 .25 0 .25 0 .25
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Theorem 1. The mean number of steps : _ f blocks the vehicle moves . ; ; 6 o 0 0 0o 6 0 0 0 0. 0-0 0 O O 25 0
b tion including the original position for each variance of tl?e number. o oc ] absorbing states. Unsensed intersections are | ]
?_ soTp lg é’ Hn sgtate appears in @ as shown in (4). between sensings, 4 le}beled with numbers and are associated with tran- , '
. transient starting .- . slent states, The reflection properties of tran- Fig. 3-6. Submatrix Q of Absorbing Chain Model
i Slent boundary intersections are apparent in the for Monitored Subarea in Fig, 3-5
' 3-11
3-10 j




("’T I - — — —
. %
t ! Y
A B C D E P G H J A r 2 B
o4 g x
; A B ¢
! — —_ €. D) B D E F
1 .25 0 .25 0 O .25 0 O O 3 /\C ] j/ 1 25 5 .25 0. 0 0.....
2 {0 o o 0 0 0 0 0 © T R o3 b s 6T 8 g
4 Y D g 2 0 .25 0 .25 0 0 1 1073 0.29 0,020 0,089 0,624 0.05% O.M1 .07 0.083 0,021 |
3 0 .25.0 .25 0 0 .25 0 O ' i) l 3 25 0 .25 0 0 0 2 |o0.287 1.15 0.006 o.:1 £.083 O.00h D087 0.021 0.0%% 5,006
3 0.021 ©0.083 1.073 0.1 0.983 0.2% 9,04 028 ol ae
I .25 0 .25 .25 0 0.0 O O , 30,09 v.om Dol 0,00
5 5 .25 CJE ‘7' 0 OF 4 0 .0 .25 .25 0 0 b ] 0,077 0.308 0.083 1.156 €308 0.517 f.0kh 0077 G.0RD C.UGS
. 5 0 0 .25.25.25 0 O O O 5 0 .25 .25 0 0 o 5 | 0.021 0,083 0.006 00311 1,15 0.6 U.089 0.0ET. 0.ODh O.biw
i [ 0.006 0,024 0.087 2.989 G.02L 1,15 0.311 £.09C 0.983 0.071
6 0 .25.25.25 0 0 0 0 O Fig. 3-8. Monitored Subarea 6 0 .0 0 .25 .25 © 7 1003 0.012 2,077 2.0 G012 SiE3 1.1 0.0 0,398 0.077
T 6.0 o o 0 0 O 0 © with Sensor Density of 3/9 7 0 o .25 .25 0 8 | 0,006 0.0% .o 0.08) 5.1 G033 4.7 1.074 0.283 .00
: ’ ‘ 0 9 0.006 0,004 0,021 C.0B 00004 CLLSY mLIL ou0ld 1.1% 0 0,087
8 0 0 .25 0. ..25 .25 O 0 0 . 8 0 0 0 .25 0 .25 o | 0.021 0.033 0.00% 0,311 0,083 2.k 0,083 5,001 QLY 1073
9 o O 0 .25 .25 0 .25 O O Consider a monitored area with identical sub- -
arcas as shown in Fig. 3-8 where the ratio of 3 0 0 .25 0 .25 ¢
10 6 0 0 0 0 O o 0 O sensed intersections to total intersections is 3/9. - 0 FIG. 7. The Fndameatal Matrix N Srreecesmdine to E
Its associated subimatrices Q and R appear in 1 ___0 0 0 .25 o0 .25 o Fundamental Matvix ¥ Surrecpesding te Yig. U
11 o 0 O O 0 .25.,25.25 O . Figs. 3-9 and 3-10, respectively., For clomplete— —
ness t'he fundz}mental matrix N = [I - Q]! corre- ' Fig. 3-10. Submatrix R of Absorbin ; 5 :
12 0 0 0 0 .25 .25 .25 0 O sponding to Fig. 3-8 appears in Fig. 3-11. The Chain Model for Monitored Subare 8 Fig. 3-il. Fundamental Matrix N
entries are rounded off to 3 decimal places. : in Fig. 3-8 rea Corresponding to Fig. 3-8
¥ . - .
13 0 6 0 0 0 .25.25 0 .25 i
The mean and variance of the number of blocks i
b 0 0 .25 0 0 .25 0 .25 O a vehicle moves before detection starting from :
each of the unsensed intersections iz 2 and 2,
15 o o o 0 0 o0 0 0 O respectively.
16 | 0 0 0 .25 0 0 .25 0 .25 ! REFERENCE
L —

e
; 1. Kemeny, J. G., and Snell, J, L., Finite Markov Chains,

Princeton, N, J., 1960 D. Van Nestrand Co., . Inc,,

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

Thus, starting in a transient state or an uns ensed
intersection, the mean number of blocks'a vehicle
moves before being sensed is 1, 667 or 2.667. The — —

variance of the number of moves for each starting 1 0 .25 0 0 0 0 .25 0 o} 0 :

state (I through 16) is 1,778 which are the entries [

of 2 .25 0 0 25 0 0 0 0 0 O :
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Since 1,778 is a fraction of 2,778 and 7.111 (the
distinct entries of @gq), ilte means given ina are
reliable estimates 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.
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The ratio of sensed intersections tothe total num-
ber of intersections in a monitored area is of inter-

est. In Fig, 3-5, 4 sensors are ecach sharing 4

subareas. These are sensors at intersections A, 10 L_? 0 © .25 0 0 0 0 .2 0____

B, Hand J Thus the total number of sensors per :
subarea for 5 (interior) + 4 (each shared by 4 sub-

areas)/4 or 6, The total number of inters ections . . . .

per subarea is 9 {interior) + 4 {each shared by Fig. ?;v—iz:iels?:x{n:/f;;?tg;é gfﬁ;;:;ﬁgn Chain

4 subareas)/4 + 12 (each shared by 2 subareas)/2 Fig. 3-8

or 16. Thus the ratio of sensed intersections to =
total intersections is 3/8. ' ;
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If the receiver is at one side or the other of the
bisector, the signal from the nearer transmitter
will arrive at some finite amount of time before the
gsignal 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 difference in distance
from the receiver to each transmitter. The curves
for constanl time or phase difference will be con-
focal hyperbolas that are symmetric around the
bigsector (see Fig. 4-1).

A line-of-position (I.OP) 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 will
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 distanse 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 cyelically at a rate de-
termined by the difference in frequency. This rate
will be the same anywhere that the two signals can
be received. 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 stationary, they will sweep through the
area covered by the two stations (Fig, 4-2)., The
hyperbolas, as a function of time, will tend to

e ERD PHASE CONTOUR AT 'l
e s ZERD PHASE CONTOUR AT ‘Z>tK

Fig. 4-2, " Apparent Motion of Hyperbolas Due to
Slight Differenceé in 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 vanishing on the extension of the line
joining the stations, A receiver 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
lovation 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 is fixed. If the receiver is 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 compatred to a receiver that is moved by a wave~
length distance difference.

The AVM system based on AM broadcast signals
is 'discrete as opposed to continuous location sys-
tems in that the intersections of hyperbolas form a
grid which can be transformed into specific urban
area locations corresponding to these intersections,
Interpolation between grid lines is not used. There~
fore it is somewhat like a proximity system with
the hyperbolic intersections taking the place of
physical devices or signposts located at intersec-
tious or at fixed points, Continuous systems pro-
vide somewhat uniform coverage of the service
area. and allow any geographical locations within
this area to be determined 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 continnous AVM systems, the
precision diminishes with the distance from the
fiducial points. 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 to
15 km, depending on the frequency used in the sys-
tem, and the principal goal of these methods is 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 in which Jdirection
the hyperbola was traversed. Therefore, the
location precision is a function of the lane width
and will vary with the distance from the AM station
pair, This system is 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-
ting sites are usually loc. .ed near the outskirts of
the area they serve, the divergence of the hyper-
bolas and the consequent loss in location precision
can be held to reasonable values,
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In many prior studies and develo ment
cerned' wéth emergency vehicle locafion px'solgl?:ms
(s.ee Bibliography), a general goal has been to pro-
vide a location capability to 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 h erbolic coordi
system from AM station siggals, thesgosicél::lt;
must be transformed to a common frequency which
is phase cohierent 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 mnultiple of 10 kHz,

The individual AM carrier signals are received
by the vehicle receivers, and these signals in turn
are each used to separately synthesize the com-
mon frequency. The common frequencies are
therc?fore phase-coherent with the original AM
carriers and effectively change the radiation from
saac}.l of the AM stations to the common frequency
A v'1rtuz%1 hyperbolic pattern is generated from '
cach pair of AM stations received; 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 ambiguity in the determination of the new loca~
tion from the old location (Fig. 4-3),  Since the

Fig, 4-3,
from Hyperbolic Area 5-9-5 to 10-2-7

Change in Receiver Location

spaciflg of the hyperbolic patternsis a function of
the distance from the station pair, 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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~'1s compared to the reference,

p.lacec_l in each vehicle, The computation of loca-
tions is reserved for the central command base
where the location information is desired,

It is immaterial whether the hyperbolj i
pattern is fixed or moving as far};.ps th:lllgcagx:iljn
process is 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 is moving, then the difference in counts '
be{:weex} the moving receivers and a stationary re-
ceiver is all that is required. Besides the magni-
3:'\1<§e of ‘l:he 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
Yehxcle's movement toward one source will t'end to
increase the apparent frequency from that source
while decreasing the frequency of the other.
Therefore an assignment can be made as to which

directiqn is to be called a positive count and which
a negative count, ' '

C. Vehicle Equipment Regnirements

A block diagram of one of the receiver
. ! s to be
installed in the vehicles 18 shown in Fig., 4-4,

/ 530 TG 1600 kHz
K ¥ L1 e
PV e FILTER o
l 530 T, 1400 ki
1) kHz
~53 TQ 160
L 2 2. 1M
L1 o Hiifex vexo s 1O uP-oN
COUNTERS
, ] SYNC. KT
H 109

Fig, 4-4. Phase-Locked Loop AM Receiver
on Vehicle for Hyperbolic AVM Technique

Thr‘ee of these receivers are required for each
Veh1gle. A conventional RF amplifier is used to
provide selectivity and gain of the desired AM sig-
?al applied to the phase detector of the phase-lock
ioop (PI.JL); The voltage-controlled oscillator fre-
quency in the PLL is adjusted to run at the same
frequency as the AM station carrier. The oscilla-
t(?r vacput is divided by a variable modulus counter
(+53 to 160) so as to produce an output frequency
of 10 kHz, The 10 kHz signal is 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-
¢y by 200 to produce a second 5 kHz signal which

} ‘ Therefore, the 1
MHz signal is 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,

Threfz 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 f:he .ID
number and direction of the hyperbola th._at is either
traversing or being traversed by the vehicle., As
stated previously, the measurerr}ent of t.h? frfsquen-
cy difference and the determination of whxcl:; is the
greater frequency are required. The.technique
gelected to determine the frequency d'1£ferenc.:e and
also to yield information as to which is the higher
or lower frequency is 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 integratjed
{requency difference between the two frequencies
which is the algebraic sum of the hyperbola of
constant phase difference traversed.

The up-down counter must respond to every in-
crementing and decrementing pulse because any
rulse missed will displace the measured location
‘by one unit in the hyperbolic grid, In order to.pre—
vent the uncertainty in the up-down counter which
could be caused by the simultzneous arrival of up
and down pulses, resynchronizatign‘of the 1 MHz
pulses was required, A synchronizing frequenczy
at least four times the frequency to be countec'i is
required to assure that no pulse is lost or sp.ht.
The logic for resynchronizing to 4, 192 MHz is
shown in Fig. 4-5, The logic discar.ds both incre-
menting and decrementing pulses whl.ch are inputs
to the same up-down counter and arrive in the same
syhchronizing interval,

@—U* UP-DNCTR

E(Ic-(al

e

UP-DN CIR
L”‘ - Ib)

‘% |
{

=/

— N
o] £t - 1}

=
g_}—@

Fig. 4-5. Up-Down Counters Sync ?.;ogic
‘ for Hyperbolic AVM Technique
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Each of the three counters in the receivel: main-
tains a count which is the integrated algebraic sum
of the apparent frequency difference between a pair
of AM stations each nominally radiating :3‘.t the com-
mon frequency, Part of this frequency difference
is due to the AM stations not being phase coherent

(i, e., not exactly on the assigned frequency) and
part is due to vehicular motion,

D. Vehicle Location Method

If three AM stations, A, B, and C" are moni-
tored (Fig. 4-3) and the transformat‘mn of the car-
riers yields three common frequem:le.s fa, f]?, and
fe, then the three counters in the vehicles will ac-
cumulate counts N in a time t in accordance with:

= +C
N o=, - £ e+ V(0 x Flx,y)

= +C
Ny =y, - £E+ Vo (0t x Gix,y)

N =( -f

/ fit x Hix,y) + C
c c a)t+\ca() x‘ (=, v

C =3x10° m/sec

where { is the common frequency, V is the vehicle
velocity component parallel to the baseline of thfa
station pair, and F, G, and H are general equzft}ons
of the second degree (describing the t}}ree families
of hyperbolas) in terrs of X and ¥ \X:'hlch are_the
geographical location of the vehiclg in an arbitrary
orthogonal coordinate system. .Tzus system of
equations does not yield an explicit analytic solu-
tion for the location in terms of X and Y, It do.es
indicate the separability of the counts due to slight
differences in the common frequency and the‘
counts caused by vehicle motion. (Eounting is neg-
ligibly influenced by the difference in frequency of
fa, fb, or fc.

At the base, the location process i_s initializ'ed
by first receiving the actual geogra:pl‘x{cal location
(in X and Y) of the vehicle and the initial content of
the three courters (called Npj, Npij, and Nei, re-
spectively), The coordinates in X and Y and the
counter states are stored. The counter states of
the stationary receiver are also stored at the same
instant, - An explicit calculation is then made using
the X-Y location and the coordinates of the. AM'
vstations which yield the location of the vehicle in
terms of the parametric families of the hyperbolas.
Each hyperbola in each family is numbered, and
the results of this calculation 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 is subtracted from the current sf.:ate, and
second, the change in the state of the stationary
receiver counters (from the initializing time to }:he
current time) is determined and subtracteg to yield
the change in each of the hyperbolic coordinates
caused by vehicle motion. The new X-Y 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 c_alculatefl
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 dis advantage of having
several pairs of coordinates as solutions.

Only two of the three available hyperbolic co-
ordinates are necessary in all of the calculations
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as the third coordinate is 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. Additidnally, 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
multiples of 10 kHz in the {requency region be-
tween 530 and 1600 kHz, The FGG requires that
the actual carrier frequency be within 20 Hz ' the
assigned 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) fl/f2 = (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 for the other., If this
condition is maintained, it is then possible to syn-
thesize another frequency, which is also a multiple
01 10 kHz which is phase-coherent to each of the
carriers within the area,

The 10 kHz can be multiplied to another fre-
guency, say 1 MHz, which will he 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:

(20 £X Hz = 20 Hz (106 Hz)/f Hz, where
fis the AM carrier frequency,

Therefore X can vary between 39 and 12 Hz, de-
pending upen 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 is principally
upon the equipment design, the sampling rate for
location purposes, and the amount of information
that must be transmitted from the vehicle. These
effects will be discussed later.

A secondary effect of the AM carrier being off
frequency and thereby causing the 1 MHz to be
slightly off is 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 either
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 automatic
vehicle monitoring has usually emphasized the
fixed-rate polling method of interrogating vehicles

to determine locations. If the polling method
allows any or all vehicles to travel at maximum
speed and still be located to the ultimate precision,
the information flow is maximized 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 initiates a data transmission whenever
a significant change in location has occurred re-
quire means to ‘avoid contention and must also send
additional data to identify which vehicle is trang-
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 mechanized, The simplest
polling technique requires that the central control
transmit incrementing pulses (tones, or tone
bursts) to all vehicles which count and accumulate
these incremental signals. When the number of
signals received matches the nimber assigned to
the vehicle, a data transmission is initiated 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 is
required or not, Conversely, a vehicle which had
been immobile could request 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 number of bits,

As stated before, two low-end of the band AM sta-
tions could cause an 80 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 3¢ km/hr along the
baseline of a station pair would accumulate a count
of 200 per hour due in a stationary pattern, A re-
cent Department of Transportation requirement
for vehicle monitoring. 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 transmitted from each vehicle if
a preamble, parity checks, or error detection in-
formation was added to the basic 39 bits of loca-
tion data. Assuming the higher number over a
voice channel from the vehicle which vould con-
servatively accommodate 1200 bit/sec, then 24
vehicles could be interrogated and located each
second. Again using the DOT requirément, 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 minute (1440 maximur). It should be real-
ized that these are theoretical maximum numbers
and neglect the practical realities of turn-on sta~
bilization time of mobile transmitters and also
assumes another channel for interrogation
purposes,

The ‘amount of data required frem each vehicle
could be reduced by about two-thirds if the AM
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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
limit.

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 is
increased 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 fo 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 Liocation Simulator
Program, LOCATE

VLICATELNTY
¢ LOCATS
{11 CHn XS X5(1Y
[z} yhen2¥e, Y01}

{1] - Jedns
{6y xe21{1}
(5} yef1{2}
[6) Ap:le«i

121 Ue(({X~X5102)2 (Y-Y5102)00.5
{61 2+D,001)

(21 ci-3p0
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{12} O0L)-L{y-YOL1I4DOL 1)~ LC2-YS011000013)

£13)  CRILY=(DILY-08203-0(L)s00L0) :

T38)  «pEw1(IaL+he3)

£35) DFRNe({€7As2)2(+/De2))=t47(ArT))e2
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[20] #RFx A ({{1AX)>10)V{14Y)510))

(211 020-X,Y

£22] WWEI X AID Y ARE:Y;DLD

€231 VAX AMD A¥ AR (X-X),(F-D)

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 in
the Buena Park-La Mirada area southwest of the
Lios Angeles Civic Center; KNX (1070 kHz) in
Torrance which is south and slightly west of the
Civic Center; and KMPC (710 kHz) with transmitter
in North Hollywood which is northwest of the Civic
‘Center.  The baseline distances are; KFI-KNX 31
km; KNX-KMPC. 35 km; and KMPC-KF1 51 km.

Table 4-2, Vehicle Hyperbolic Lane Count
Generator Program, PIG

IPIGILY®
v oLD PIC 22
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Table 4-3. AM Broadcast Station Liocations
and Baseline Lengths Program, SETAUP

VSETLUPL)IV

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

in the first quadrant of the X-Y system. The ori-
gin is at 118°30'W and 33°45'N,

The location (LOCATE) program and the vehicle
count generator (PIG) program were written in
APL, computer language, The vehicle count gen-
erator requires two input variables. These are
the initial and terminal 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 deétermined. The difference represents the
counts that would be accurmulated by a vehicle in
traveling from the initial to the terminal 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 is determined by a reiterative technigue
whereby the deltas of X and Y which would satisfy

4.6

the change in counts of the h i
t yperbolic i
are calculated and added to the initial f:::tcii:)rzlates

H. Conc¢lusions
~oncilusions

A vehic.le location method for use inm
tari ;r{eas is available, which uses the car
nal information from three currentl i

k a y operat
broadcasting stations located near the Erbanu;ge:irMn-
eters, . Two advantages of the method are that (])

etropoli-
rier sig-

dedicated transmitters for location :
not requ‘ired and that (2) the phase-ﬁ)‘ﬁiizis izsm
Ing receivers installed in the vehicles are ige en-
sive,. T}}e mathematical technique for vehiclexp i
loca‘h?x} is relati- ‘ly simple and Tequires only that
?he initial loca - i« be known, While the technique
1s not explicit, location can be determined with
adequate‘ accuracy to the precision implied by the
geometric configurations of the AM stations used

and the frequency of the synthesiz d si
for phase comparison, 4 0. signal used
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11, VEHICLE LOCATION BY MEANS OF BURIED LOOPS*

lLawrence J, Zottarelli

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

A, Relationships of Three-Loaop Vehicle
L.ocation System

The approach is to find the mutual inductance of
the vehicle's transmitter and receiver loops
through the intermediary of the passive b\'n‘md
loop. " A typical three-loop configuration is shown
in Fig. 4-6. The assumptions are:

1. 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 capacitor
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 isotropic medium,

N

| R
I
& K, RCVR
BURIED A d
LOOP |
::QOCIDO * VEHICLE
_ { Ng Ny
} ‘ K, (m XMTR
‘ 1)
e LN g

I(T) = XMTR CURRENT
K, = XMTR/BL COUPLING

K = RCVR/BL COUPLING
Np o = RCVR TURNS
Ny = XMTR TURNS
NaL = BURIED LOOP TURNS
= CE
Rat BL RESISTAN
Fig. 4-6. Configuration of V ehicle's

Transmitting and Receiving Loops
Relative to Buried Loop

%:U. S, Patent 3,772,691, "Automatic Vehicle Location System,

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 is

@BL = Kl- NT- I(T)
where
IT) = I sin(wt), K= XMTR/BL

coupling, and N'I‘ -~ XMTR turns.,

{2) The voltage E coupled to the buried
loop with width W is
Epy(T) = Ny, @/ =
; . t
W ~Kl- NT- NBL IP cos{wt)

{3} The current in the buried loop (which
is at resonance), with resistance R,

is
I, (T) = Eg (T)/Rgy, =
[Ky Ny Ngp Welp: cos(w) ] /Ry,

{4) The flux lines coupling KZ, the RCVR
due to the buried loop is

spevr!(T) = Ko Npr 1)

substituting

epoyrit) =

& 20 . d [
[‘Kl' K, N (NBL) Welg cos(wt)]/

RBL

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

=N, d /dt =

Egcvr = MR 9®RCVR i
CK e N N v ein(wt
Fiy Ky Nyt N o Nge (W Ip)sintw )/

Ry oop

allowing now the resistance per tura
(R /tarn) i

Rloop = (R /turn)'NBL
- - . @ sIN e
QED: Epcyp =[Kp ¥y NpNgp Ny

(W IP)Z' sin(wt)] /(R /tarn)

1

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 En. ¢y is to be of
the form Mdl/dt then:

Mequivadenf: becomes [K r *‘z’ NT' NR' NBL' (WIP)]/
(R/turn)

and
I{t) becomes IP cos{wt]

B. Mosgnetic Field Generated by Rectangular
Loop of Wire

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

Given:
(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 is in a free~space plane
(of %, y, =z rectangular coordinates)
having equations z = Q.

{3) The loop has a DC current of [,

(4) 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 (not neces-
sarily coplanar) lying in 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

B, = (£) - () (cos¥ - cosa)

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

The complete mathematical analysis is pre~
sented in Ref. 1,

C. Computer Programs for Calculating Mutual

Inductance

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

1. "LQOOPS” and "CARCUP'" Programs,
The "LOOPS" program is used to find (1} the
XMTR/RCVR direct mutunal coupling, (2) the self
inductance of a loop, and (3) the direct coupling

between the Buried Loop and the XMTR or between
the Buried Loop and the RCVR or between two
Buried Loops:. The "CARCUP" program is used
to find the mutual coupling between the XMTR. and
the RCVR via the Buried Loop, the inner workings
of the two programs are similar; the program
"CARCUP" is, in effect, the program "LOQPRS"
run twice. Both of the programs have Input/Qutput
in common.

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

The 1.OCPS program calculates and prints out
the mutual inductance for the number of data
points specified, Each successive data point rep-
regents 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
tength (i.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 (in 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 is the starting poini of the RCVR loop and

Table 4-4. LOOPS Program for Mutual
Inductance of Buried/Pickup Loops,
and Sample Run
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o0 o EESIN LOOFC"

LIRS INTERIAL INTEGER Ev1T,+FORER, S

0Nt INTEGEF 1 EFK

BH30H . DEFINE FF= S ]

BO4A  FEAL o MIB MR V6 e MIN Mg e VEHT 8 RO s LB R CERACO LD F
BOSH0 GaHaE L G R R T s Ze0E LG

00554 STRING 375

0050E OQUTITRe “DD Ol WRNHT HOTES ¢TeFE [N EJTHER (€T OF NO FOLLOMWED Ev
CAP FETY Y3

00750 .

0054G. . 1F INCHULYMVESY - THEM OUTITR: "

00366 THE PURFOIE OF THIT FEOGERM 13 TO CHLCULATE THE FFEE TFACE
01006 RELATIVE COUFLING EETWEEN TWD FLAT EUT 1Ot COFLANAE FECTANGULRR

B1100 LOOPT OF WIFESTHE Z1LEY OF WHILH RRE FAFALLEL TO THE COCFDINATE
1309  AYET OF FEFRABCEN, 1T {3 70 IE AFFLIED 18 ALTOMOTIVE VERIGLE
01309 LOCATIEON HENGE THE TENOF OF THE FOLLCWING INTROWLCTION.

#1400 THE LANE MITTH 1% ThE - GIMENTIBNITHE LANE LENGTH I3

01500 THE 7 DIMEHIIONSTHE-VESTIOM,. DIITMe g, RETWEEN LOCET 1T THE
01607 . 2 DIMENSION, THE CENTEP OF THE EUSIED LOGF I, AT COORDINATET
bigils) 8y 0,  THE WIDTH GF THE BURIED LOOF 1T THE LanE WILTH,

01300 ¥ I THE RTFECT FATIN OF THE $JRIEL LOGF «WIDTR DIVILED BY
01908 LENGTHY,

G200y HINSEMET Y MINEMAY TETERMINE THE SIDED ANDR LOCATION OF THE
02160 PICKUP tROP,

02200 ALL INFUT DIHEMTIONT AFE TO B€ HOFMALIZED TO HALF THE LANE
62200 .

WIDTH,,
02400 HOW WMANY STEPS PEFEPS TO MOYINSG THE PICHUP LOOF ALONG
62520 - THE LANE LEMSTH: GEREFALLY AMAY FEGR REOVE THE BURIED LOCFY BY
02604 1410 OF THE FICFUF LOSF LEMATH ANEL THEN CRLCULATEING 172
02700 . NGFMALIZED 2 DIFECTION COUFLEWG FPOM ThE BUFIED LOOF.
02849 THE FRINTOUT. 15 THE {ALCLLWTED FLL. I8 FELATIVE FLUM LMITS
02904  AND OF SUCCEIIIVE LYEFFINSL,

03009 T0 FINP THE ACTUARL FLUX IH WOLT SECOMDSMULTIFLY THE DRTA
03100 BY THE FOLLGWING FACTOPS
43200 CIYeCLAKE WIDTH 321 Q1E~TD 0

03309 WHEFE I 1% THE ‘BURIED LOGP LUSRENT 1h AMPS

03400 - WHERE THE LANE WIDTH IS IN METERZ'ARF)S

035066 DUTSTRO"HOW MARY FTEPS "13

03500, . Oed § DF REAL JOAN L T~ THIHML » v BFY 5335 CULTITRLFFSS

0355G  REGIN

03709 PEAL ARBAY VL1153

03200 OUTITRC*SMIN=") SxXMIH-FERLSCAN (ST INCHIL 3 JBRK 2§ OUTTIRWFFI§
03860  OUTZTRC"XMAS="Y iMAXCEEALSCANC (ST+ INCHIOL Y s bRk 23 OUTCTIR/FF Y3
DATOD  DUTSTRY “YMIN="Y iIYNIN+PERLTCANE (ST INCHUL 3 BPY 53 DUTSTROEF Y
04100 . DUTSTROTYMAS="33yMR ~FEBLICANCCSTHINCRML )y ERk 2§ OUTSTRERFYS
04200 . Xe¥MINIXA+ (XMRX-XMIN; #1103
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Table 4-5. "CARCUP Program for Mutual
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Inductance of XMTR/RCVR Loops,
and Sample Run
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Table 4-5, (Continued)
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what is 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 points
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
"yes" when the program asks if you want more de-
tailed information,

2. Method 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 loop and portions of the swept-out
area using elements of area 1/10 the pickup loop
width by 1/10 the pickup loop length,

aAx

(XMAX-XMIN)/10

AY (YMAX~-YMIN)/10

The swept-out area is divided into portions
having dimensions AY by (XMAX-XMIN). There
are (10 + "how rmany steps") portions, The mutual

“inductances are calculated and stored for those

portions.,

Summing the values of 10 successive portions
yields 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 mutual induc-
tances, BIZ and FLUXCUP, With respect to the

BIZ subroutine, the flux density is 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 21, However, the practical
aspect of packing the buried loops as densely as
possible is a primary consideration, At any rate,
if K is 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 width along the lane) results
in a coupling of less than 5% of the same loops
superimposed,

2. XMTR and RGVR direct coupling.  If it is
presumed that the XMTR and RCVR loops "ought to
be the same, ' then the results seem to favor loops
having aspect ratins 21, That is, 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 hag a limit to
avoid extending beyond the buried loop.

At'any heipht, 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 0.8£ from center to end of the buried
loop. " The variation between these limits is
about 10%,

If a sensor loop is placed lower than the opti-
mum height, it results in gvercoupling and rela-
tively high noise signal, thus also reducing buried
loop packing density, This is 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 smiallest moving
coil may be made the optimal for signal to "noise"
ratio.

3. Expected real-life signal levels. The
following configurations and conditions are as-
sumed: (1) Roadway with lane width 2¢ = 3 meters,
(2) buried loops with aspect ratio X = 0,1 and
separated by 4 xk xf , {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.
(3) The transmitter is prddusing 100 kHz at 1 amp
peak. (6) Seli-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
micrchenry. (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.

Lar



The direct coupling of the +90 degrees,
t-the envelope is 2 function of the vehicle speed.

cangmitter and receiver produces 2 voltage a
receiver of contant peak amplitude, having the output {requency is shifted 180 degrevs with
transmitter frequency and shifted in phase by respect to the input current {requency,

4,  Comments,
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