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PREFACE 

This document on Automatic Vehicle Monitoring SysteluS presents the 

results of work supported by the National Science Foundation. It \vas spon­

sored under an interagency agreernent with the National Aeronautics and Space 

Adrninistration through Contract NAS 7 -1 00. Points of vie\v and opinions 

st;1ted in this docul1ll:nt arc 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 

inlprovements in effie::. .ncy and cost benefits obtainable with various classes 

of operational and proposed automatic vehicle monitoring (AV1vl) systems. An 

AVlv1 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 com.plete report 

and the Executive Summary (Vol. 1) were prepared by the Jet Propulsion 

Labor3.tory of the California Institute of Technology using the results of stud5es 

sponsored by the National Science Foundation. 

Special cOluputer programs are described which can sirnulate and 

synthesize AVM systems tailored to the needs of small, medium and large 

urban areas. These analyse s can be applied by state and local law enforcement 

agencies and by e1uergency vehicle operators to help decide on what degree 

and type of automation will best suit their individual periorluance requirenlents 

and also the possible reduction in the number of vehicles needed which could 

substantially reduce operating expenses. 

G. R. Hansen 
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ABSTRACT 

A set of planning guideline s is presented to help law enforcement M 
agencies and vehicle fleet operators decide which automi:l.tic vehicle monitoring 

(AVM) systenl could best nleet their perforrnance requirernents. Irnprovements 

in eUlergency response tilnes and resultant cost benefits obtainable with various -.' 

operational and planned AVM systems m.ay be synthesized and sim.ulated by 

rueans of sp.~cial computer progra.ms for n"lodel city parameters applicable to 

slnall, nlcdiun, and large urban areas. Design characteristics of various AVM 

systenls and the implem.e<ltation requirelnents are illustrated and costed for 

the vehicles, the fixed site s and the base equip1Tlents. Vehicle location accur­

acies for different RF links and polling intervals are analyzed. Actual appli­

cations and coverage data are tabulated for seven cities whose police depart­

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

Executive Sunuyiary. Volmne 2. contains the results of systems an.alyses. 

G. RQ Hansen 
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AUTOMATIC VEHICLE MONITORING SYSTEMS 

George R. Hansen 

1. INTRODUCTION 

In this report, the results of the first phase of a three-phR.se program 

to aggregate existing information on Automatic Vehicle Monitoring (AVM) 

Systen1.s are presented in terms of performance, urban characteristics, 

operating modes, and cost in a way that will assist prospective AVM User 

Agencies to m8.ke valid comparisons and selections frorn an1.ong the many COl1."1-

peting AVM techniques and AVM Systems. This phase (Phase 0) of th-.; study 

was performed by the Jet Propulstion Laboratory (JPL) for the National Science 

Foundation (NSF). As originally conceived by NSF and JPL, the AVM Syste:ns 

study program would include the following three phases: 

Phase 0 

Phase I 

Problem Definition al1.d Derivation of AVM System Selection 

Techniques (in this Report). 

Critical Research and Verification of the Efficacy of AVM 

System Selection Techniques Through Computerized Systern 

Simulation. 

Phase II Proof of Concept Experiment Deluonstrating the Effica.cy of 

Selected AVM Systems in Urban Environments. 

In b:rief, the Phase 0 research was concentrated in three areas: (1) 

Compilation of a broad information base on AVM technology and urban char­

acteristics, (2) adaptation of computerized analytical techniques needed in the 

AVM System selection proces s and in cost benef!.t trade -offs, and, (3) applica­

tion of AVM System selection process by manual iteration to small, medium 

and large model citie s. 

Frequent reference is made in this Report to "AVM techniques" and 

"AVM Systems!'. The tel'ln "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 SOlne automated fashion. 

1 



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 from the existing literature, including: (1) Various 

vehicle location sensing technique s, (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 Ad~isory Committee (UGAC). 

Several computerized analytical techniques were developed. City models 

repre sentative 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 conflguration was also developed. Algorithms 

were developed to estimate the accuracies achievable by a large variety of 

AVM systems using the probabalistic distributions for three independent var­

'iables: (1) vehicle speed, (2) inherent accuracie s 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, lnedium and large cities. Preliminary analyses 

of the accuracies achievable with various AVM systems were also performed. 

Various AVM system configuration options were developed, and promising 

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

2 

B. PRELIMINAR Y CONCLUSIONS 

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

viewpoint of the prospective AVM system user, the traditional clas sifications 

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 I s 

needs would be better met if vehicle monitoring classifications were based on 

system element types and functions as follows: 

Class 0 

Class I 

Class II 

Class III 

Class IV 

Manual Monitoring. No AVM 

AVM. No modification to the urban environment. 
(existing RF links) 

AVM. Autonomous signposts throughout urban area 

AVM. Sparsely distributed special RF sites 

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 kro
2 

(40 mi2 ) 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 frOln moni tored signpost syetems. None of 

the Class IV systems produced a cost beneiit for the cities studied, generaHy 

because the rental rates on telephone lines raise the equipment costs 

excessively. 

4. A.VM System accuracies greater than technique accuracies. In 

general, the 950/0 total system accuracy cap be expected to be significantly 

greater than the inherent accuracy of the location sensing technique. Usually 

the system accuracy is no less than three thnes the inherent technique accuracy. 

3 



5. Vehicle polling intervals determine AVM system accuracies. It 

appears that the polling interval will dominate system accurii1.cy and that the 

polling interval can only be shortened at the expense of RF resources de(Ucated 

to AVM purposes. Because of the present and predicted future demand on RE' 

resources, this is one area that demands optirnization. 

6. Crit~al res<:_arch required f~~veri£ication of selection technique. 

The :results of the first phase of the AVM study effort shou.ld be used with 

caution and should not be construed as specific recommendations at this point. 

The second phase of the analytical \vork 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 

Enforcement Assistance Administration (LEAA) and/or the Department of 

T ral1sportation (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 aud 

DOT and making the analytical tools available to the city for use in the dt!sign 

of the experiment. 
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ill. CLASSES OF AVM SYSTEMS 

A. CLASSIFICATION RATIONALE 

Traditionally, AVM systems have been classified in the literature 

a~c.ording to the !uethod used to locate the vehicle within an urban area~ R E.;cog­

mZlng that all AVM systems have certain clements in cornmon and that sortw 

systenls have unique clements, an al-:.ernate classification scherne 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 follo\'.:ing 

groupings of system elements suggested the classification schem.e: 

Functional Elements Common to All AVM Systems 

(1) Existing communications system .. 

(2) Vehicle polling subsystem. 

(3) Landline data links. 

(4) Telemetry data/polling handler. 

(5) Telemetry link (cornmon to most). 

(6) In-vehicle e quiprne nt, such as data pl'ocessor, telemetry data 

encoder, polling processor, and signpost sensor. 

(7) Vehicle location computer. 

(8) Information display subsystem. 
\ 
'. 

Functional Elements Unique to Specific AVM Sy.stems"- .. ...., 
-.~ .. 

(9) AutonolUOUS signposts; signpost sensor in vehicle (Clcl.'s;§,II). 

(10) Fixed synchronized RF transmitter sites (Class ill). ~' ... " ..... '-. 

(11) Monitored signposts; vehicle senSOl' 011 signpost (Class IV).~"""''''' 

A discuesion of each of these AVM functional elements follows: 

5 
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1. Existing communications system. As a practical consideration, AVM 

dystems will probabl y be integrated with the existing voice communication and 

vehicle polling RF links, e specially for the telemetered location data between 

the vehicle and the dispatch center. 

Z. Vehicle polling subsystem. This interrogation device or procedure 

enables the vehicle location computer (VLC), described in Element 7, to know 

which -v,)'dcle 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 (Ekment 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 flites. 

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 (E!ement 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 n1.ay 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 
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6. In-vehicle eguipment. Depending on the AVM system, some or all 

of the four following device s may be carried in the vehicle: 

a. Vehicle data processor. This device receives raw vehicle 

location data either from the officer or from signpost sensors. It does what­

ever data processing is done on-board, then adds the vehicle 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 subsystem. .This device indicates to the 

diRpatcher where the vehicles are currently located (or were when last polled). 

It Inay 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 nlay range from a sLmple print~r to an elaborate electro -optical device 

supported by a computer. It should be n"Oted that the display subsystem is vir­

tually independent of the location technique used. 

7 



9. Autonomous signposts used in Class II AVM. Each autonomous 

wayside or buried signpost has a location ID and rnust be r~cognizable and 

readable by the signpost senSor in the vehicle. The signpost telemetry link to 

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

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

These RF sites are a relatively sm.all number of special-purpose trans111itters 

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. 01' noise correI2;.tion. 

Some of these sites rnay also receive retransm.itted signals from the rr,onitored 

vehicles. 

11. Monitored signposts used in Class IV AVM. Each monitored \vayside 

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

ID data received and also identify its own location to the central collection 

station. These signposts may sense vehicle n1.otion. or they may detect pulsed 

light, infrared, or ultrasonic signals or receive RF signals through buried 

antennas. 

B. A VM CLASS DESCRIPTIONS 

The vehicle location systeln classes, based on their physical impact on 

the urban environment, are shown in the following list and are described in 

greater detail in subsequent paragraphs and accompanying figures. For ref­

erence, the traditional vehicle location classifications a~<e noted as indent\.1.res. 

(1) Class 0 Manual Monitoring. No AVM 

(a) Piloting 

(2.) Class I AVM. No Modification to Urban Environment (Existing 

RF Links) 

(a) Officer Update 

(b) Dead Reckoning 

(c) Navigation (Using Existing RF Beacons) 

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

8 

(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. Cl as s 0 Manual Monitoring j No AVM. This bas eline (piloting) clas s is 

included in the listing of vehicle location techniques purely for comparative 

purposes. In Class 0, the location lnonitoring 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 01' digital 

connuunications between dispatcher and vehicle. 

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

systems require the installation of certc.in equipment in the cc;lT'..n1and center 

to accomplish the automation of vehicle monitoring. All AVM system.s also 

require the installation of some device in or on the Inonitored vehicles. But 

systems in Clas s I require nothing further, though they perforce utilize RF 
resources. 

DISPATCHER 

DISPLAY 
MANUAL AIDS 

EXISTING 
NAVIGATION A 

OR COMMERCIAL 
AM RADIO STATION 

__ RADIO 
STATION 

A 

.--~~/y~ . ? //. ~ 
URBAN H:"IRONMENT L--_____ FLEET VEHICLE . 

Figure 1. Class 0 Manual Monitoring, No AVM 

9 



A typical Class I AVM configuration is shown in Figure 2. Each AVM command 

center must contain a display subsystem, a vehic;1e location computer, a 

vehicle polling subsystem, and a telemetry data/polling handler, which are 

described in Section IV. Each vehicle requires iocation sensors, a data pro-

cessor, a telemetry data encoder, and a polling processor. Class I AVM 

sys \-ems are based upon a variety of location techniques and algorithrns which 

include the following: (a) Officer update technique s, 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 

doe s not require the installation of fixed location refe renee equipment in the 

environment. (c) If the AVM systems use existing navigation beacons or 

AM broadcasting stations, they are also included in Clas s I because the 

required stations are as sumed to be part of the urban environment. 

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

The defining characteristic of Class II 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 center. 

DISPATCHER 

DATA 
LINK 

TElHi£TRY DAT tv 
POLLING 
HANDlER 

URBAN ENVIRONMENT 

EXISTING 
NAVIGATION 

OR COMMERCIAL 
AM RADIO STATION -;;~~ '~ EXISTING AM 

RADIO 
STATION 

flEET VEHICLE EQUIPMENT 

Figure 2. Clas s I AVMj No ~vlodi£ications to Urban Physical Environment 
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The location information provided by thE' signposts to the vehicle may be either 

an identification code or the geographic coordinates ofthe location. Since the vehi­

cle location accuracy provided by systems in Class II is dependent upon signpost 

spacing, greater accuracy can be achieved in critical areas by locally increa­

sing the signpost density to one per intersection or per lane. A typical Class 

II systelu configuration is shown in Figure 3. Signpost systems can be li
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 environment, 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 Held and special-purpose fixed sites, it is in Class III .. 

4. Class III AVM with sparsely distributed ~pecial RF sites. This AVM 

class includes those systems that require the installation of a :relatively small 

number of special purpose fixed RF sites, where a "fixed sHe" either broad­

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

DISPATCHER 

DATA 
LINK 

TELEMETRY DAT Ai 
POLLING 
HANDLER 

AUTONOMOUS 
SIGNPOSTS 

(THROUGHOUT CITY) 

A ,~/ 
---

~~,'is#X;~}~Rgii./'I'-. ~~s~~~:g~ 'ii':: ': ,;,~\ 
'7'".... ~,,{f.l\ f\ 

----fL =- D\-'-->_-:=~ /, 
LTRASON"iW WCODED STRIPES 0 0 ~ 6=: 

URBAN ENVIRONMENT FLEET VEHIClE EQU,I-MENT 

Figure 3. Class II AVM; Autonomous Signposts Throughout Urban Area 
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Data links in the environment are required to maintain synchronization for 

triangula,tion or trilateration purposes. Since the number of fixed sites is 

relatively sluall, these data synchronization links could be microwave rather 

than landline. Figure 4 shows a typical Clas s III configuration. It is optional 

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

the existing conrrn.unication system or through the special ~purpose RF sites. 

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

5. Clas s IV AVM with monitored signp~sts throughout urban area. 

Systems in this class contain monitored signposts installed in strategic wayside 

or buried locations throughout the covered urban area £01' 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 

con1111unication systeln but uses telephone lines, which luay make this class of 

AVM systerns very attractive for some applications. A typical Clas s IV 

system configuration is shown in Figure 5. 
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IV. VEHICLE LOCATION TECHNOLOGIES AND COSTS 

A. PROVED A VM 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 thos e 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, d0nsely distributed autonomous signposts; Class III AVM j 

sparsely distrib~ted special transmitting/receiving fixed RF sites; and Class 

IV AVM, densdy distributed momtored signposts. In Table 1, the proved 

vehlcle location methods are listed by AVM Class along with estimated costs 

'(as of 1974) for unique system-required equipments installed in each vehicle 

and at each signpost or special fixed site. 

1. Functional diagram. correlating various AVM techniques. In order 

to make equipment and cost comparisons, afunctional block diagram combining 

the elements that make up all of the AVM techniques was generated. This block 

diagram (Figure 6) demonstrates the equipment and functional commonality 

amo,ng the various techniques. In most techniques, the functional elements can 

also be physically identical, such Cl;s the location/vehicle ID / status register. 

Variations in costing such elements are due to other factors, such as achiev­

able location precision, fleet size, and amount of status telemetry desired 

which all affect register length but are technique independent. 

Figure 6 illustrates the numerOUS optional methods available for 

performing the vehicle location function which make AVM system comparisons 

difficult. For example, the various Class I techniques can either process the 

location data on the vehicle or transm.it the raw data to the base station. In 

the Class III techniques, the vehicles may be polled either through the norm.al 

2 -way radio or through a special telemetry link used ivr vehicle location 

purposes. 
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Table 1. AVM Classes, Systems and Costs of Functl'onal 
Elements Installed 

r--A-V-M-C--la-s-s-a-n-d-S-Y-st-e-m--------~-:E~te~m~e~:n~t~c~o~s~ts-,~$:-,-------------------------~-E--------------­
lement Costs, $ 

I AVM Class and System 
VehitJe Fixed Site 

Class O. Man,ual Monitoring. No Augmentation of 
Veh!de Location Information 

Class I. No MOdifications to Urban Envtronment 
(EXIstIng RF Links) 

(1) Officer update systems -- -- -
(a) Keyboard entry 120 0 
(b) Stylus map 2535 0 

, 
(2) Dead reckoning systems - -

(a) Two accelerometers 500 0 
(h) Two v~locimeters - --

Laser. orthogonal 715 0 
Laser Icolnpass 80S 0 
UI trasonic 485 0 

(l') OdOlneter Icompass -

Vehicle ! F,xed Site 
Class n. Autonomous Signposts Throughout 

Urhar Area 

(1 ) Active signposts - -(a) Radio beacons -- --Low frequency 145 165 
Citizen band. VHF 145 145 
X-band beacon 160 275 

(b) Ultrasonic signposts 170 160 
(c) Optical. infrared 170 ., 

Cd) 
ISS 

Buried antennas 135 12.0 
(2) Passive signposts - -(a) Buri~d Magnets 95 110 

(h) RefieeHvc patterns - --
Coded on Signposts 580 85 
Coded on roadway llS 125 

(el Buried re sonant loops 135 95 - Class ill. Sparsely Distributed Special RF Sites 
Magnetic compass l85 0 (1) Trilateration systems 
Gyro compass -- -- 0 (a) Phase TOA 

(3) Navlgation, - --existing beacons - -- NarrOW-band 100 5.000 
(al OMEGA systems Wide-band 2.965 11.000 - - (h) Pulse TOA 

Differential 1580 
1.435 14.500 

0 (c) Interferometer. noise 885 ? 000 
Relay OMEGA 455 0 

(ll Triangulation systems -- --
(bJ LORAN (A. C. or D) 

(a) Rotating beams (HONORE) - -- -- (b) Direction finding 
Differential 50 2.7.500 2.680 0 Class IV. Monitored Signposts Throughout Relay LORAN 505 0 Urban Area 

(cl DECCA System. 1010 0' {l)Radio receivers -- -(d) AM Broadcast stations' 365 
{a) Wayside 13S 260 0 ~ 

(b) Buried antennas 145 265 
(2) Ultrasonic receptors 185 280 
(3) Optical. infrared detectors 185 2,70 
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CLASS III 
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fM 
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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 heavil y on 

whether or not equipments requiring digitial cornmunication have already been 

installed. 

2. Technical and cost parameters. Virtua1l1y every technical perfor­

mance and cost estimate parameter of a particular vehicle location technique 

is system-dependent. The AVM system accuracy, tne numbers of fixed sites, 

the message length!!, the data rates, the base station computing, the infonua­

tion displays, software, and RF channel requirements are all functions of the 

particular application. Some functional eleluents and performance factors can 

be determined to a lirnited extent, such as the cost and coverage radius of the 

various signposts, RF beacons and traffic presence sensors in Classes II, III, 

and IV; and also the cost and minimum message requirements of the vehicle 

sensors and data processors in Class 1. 

In order that cost estimates could be made for. the various AVM tech­

niques, extremely simplified block diagran1.S of the unique functional elements 

associated primarily with the vehicle location process were developed. That 

is, only the vehicle sensor and AVM fixed site's associated with the particular 

technique were considered. These cost figures accompany each of the descrip­

tions and considerations of the method in the following section. 

B. AVM COST CONSIDERATIONS 

In addition to the costs associated with the vehicular and fixed site 

functional elements required fo:[' the basic location process, there are the 

costs of yearly maintenance and vehicular radio additions or modifications for 

transmitting and receiving AVM signals. Estimates of the vehicular costs 
j, 

(a!:i'of 1974) for each class of AVM are presented in Table 2. In this table, 

the radio cost and the radio modification columns represent optional choices. 

That is, the radio modification cost is not applicable where a separate radio 

for AVM signals is selected. 

The costs for fpced sites equipment, installation, operational mainten­

a,nce, data link, and m.ileage charges per luile per month are sUffiluarized in 

Table 3 for Classes II, III, and IV. 
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Table 2. Vehicle Equipment Costs~:~ for All AVM Classes ____________________________________________________ ~~~~and Systems 
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Table 3. 
Fixed Site Costs~:~ for Class II, Ill, and IV AVM Systems 
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Additional costs acsociated with each AVM technique when configured as 

a system are the base station costs and the vehicle polling system costs, given 

in Table 4. The base station is assumed to include the vehicle location compu­

ter, the peripherals, the dispatcher displays, softv,rare, and yearly operational 

l'naintenance. 

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

straightforward multiplicative process of determining the total cost. to equip 

all vehicles in the fleet with the appropriate AVM sensor, data processor, 

vehicle polling equiplnent, and radio modification; motorcycles are not consid­

ered. If a separate radio link is deelDed necessary for AVM purposes, then 

this additional cost m.ust be added. 

If the vehicle fleet has already been equipped with digital message entry 

devices (DiMED), keyboards, hard-copy printers, gas -plasma or c:.athode -ray 

displays, then SOlne of the functional elem.ents required for an AVM system. 

hcwe been established. Prior installation of digital message equipment was 

not considered in the costing of vehicular equipment . 

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

only in Classes II, III and IV. In determining the system costs, the UlllDber 

of installed units must first be determined. The design algorithms for fixed 

sites are dependent on the density distributions of intersections, road segm.ents, 

and lanes, and on the area to be covered . 

Most of the Class II AVM techniques that rely on radio ID signals are 

configured and costed on the basis of one autonomous signpost per intersection. 

The exception is the HF signpost which is configured on the basis of one unit for 

each four intersections because of the greater coverage radius. The reflective 

pattern signs techniques require two installations for each road segment because 

of the geometry constraints between vehicle and sign, whereas the traffic 

presence sensors require one installation for each road seglnent because of 

the nature of the norn'lal installation. Buried loops and Inagnets require an 

installation per lane in each road segn'lent. In addition, each installation is 

actually a multiple installation; i. e., there must be sufficient loops or magnets 

to provide adequate coding for each road segm.ent. 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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Table 4. 
~:, fAll AVM Classes and Systems 
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The number of loops at each lane segment was that sufficient to provide a 

unique base -2 code for each road segment. The number of magnets used is 

half this value since spaces can be used to provide approximately half the 

coding bits (magnet for llone", space for llzeroll). 

Since the Class III synchronized RF sites are more sparsely distributed, 

their numbers are estimated on the basis of urban area for the selected phase 

and pulse time -of-arrival techniques. The radius of coverage for narrow-band 

and pulse systems, based on prior tests and experirnents, is set at 5 km 

(3 miles). In addition, the requirernent that, wherever possii"Jle, four or more 

antennas sho1..ud cover the given area is imposed. This procedure provides 

data for lea~)t-squares computation as opposed to the analytic II flat earth II solu­

tion of v<;hicle location. The wide -band antenna coverage radius is set at 11 km 

(7 miles), b?sed on prior tests. Design algorithms were established from the 

rectangular model cities data as follows: 
. km2 

N b f b d d 1 . -_ 6 + area In um er 0 narrow- an an pu se SItes 10 

. k 2 
Number of wide-band sites = 4 + area4~ m 

The number of fixed sites in the southern California UGAC cities was 

deterrnined from geometrical gridlined overlays superposed on outline maps 

of the cities. The outline and site locations for the cities are depiCted in figures 

that accompany Part 2 of this Report. A minimum number of fixed sites for 

noise correlation and direction finding was established, recognizing that this 

number is probably insufficient for all but the smallest cities. 

ClaGs IV rrlOnitored signposts were configured and costed on the same 

basis as the equivalent Class II devices. Telephone line rental is, however, 

included in the site co sts where applicable as the line should be considered an 

eqnipment cost as opposed to an operation cost. 

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

the basis of both urban area coverage and fleet size. The station1s computer 

costs were estimated on the basis of area, and the software costs were based 

on fleet size. This separation of cost elelnents is only partially defensible. It 

is assumed that a minicomputer is usually used to support the AVM function 

with varying amounts of bulk storage (disc) to accommodate the city map for 

output display. 
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Exceptions are in the Class III time-of-arrival (TOA) methodtl, 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 m~re 
vehicles per unit time and the need to accommodate a large number of inputs in 

real time. The software estimate based on fleet size is also difficult to justify 

totally. Much reliance w':\.S placed on prior work. estimates and on the judge-

ments of systems analysts. 
Three eshmates each of base station COlnputer and software costs were 

made based on model city parameters for small, medium and large cities. 

For the UGAC cities, the costs were determined based on the urban areas and 

the total fleet size, excluding motorcycles, using linear interpolation. 

Display equipment costs are included in the base station costs on the basis 

of the actual number of dispatchers in the case of UGAC cities. For the model 

cities, the costs are estim.ated on the basis of 1 display console for each 50 

vehicles or less. 

4. Installation costs. Equipment installa.tion costs were obtained by 

ll:1.ultiplying the cost per unit vehicle and the cost per fixed site installation by 

the appropriate :lUmber of units. Toegether with the base station installation 

cost, they rnake..ip the tabulated total co st. A constant co st value is as sumed 

for the base statioll, which is a rounded average value of prior estimates Il'1ade 

in conjunction with AVM deomonstration tests. 

5. Operation and maintenance costs. The estimates of 0 - M costs for 

equipment installed in vehicles, at fixed sites, and the base station are based 

on experiel1ce values for both mobile and fixed equipments. In the base station, 

the principal cost element is for operation and maintenance personnel. Three 

persons (o:ae per shift) were assumed in all AVM techniques to provide software 

support or equipn'1ent service, Although this assumption may not be justifiable, 

it 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 

aftel: the initial installation. 
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V. VEHICLE POLLING AND LOCATION PERFORMANCE 

Four classes of veh' 1 II' lC e po lng are considered for AVM S t 

(
1) S ys em"'" 

ynchronous, (2) Commanded or rd' . Command c ' , an om access, (3) Synchronous with 
apabLllty, and (4) Volunteel" or contention All f 

I

, . our techniques are 

generally app 1cable to Class I and II AVM S ystems. Synchronous pollin a d 

synchronous with con1mand are us d . , g n e malnly In Clas s III S ste F 
IV monitored signpost systems h' hI' Y ms. or the Class 
., ' W lC use and hnes, polling by radio is not 

appl1cable In the context used in th' d " 1S escrlptIon. 

All polling techniques are suitable for half d 1 (b 
on the same frequenc ) b t h - up ex ase station and vehicle 

y, u w en the base station rela s all ' 
or when each vehicle mo 't 11 Y vehlcle transmissions 

Ul ors a other veh' 1 th 

can only be used on full-duplex (base and ve~~c~:'on :i:f:::~o::qt:::ct,ech)niqUe les • 

1. Synchronous polling. In this technique each vehicle t 
dat~ at a preselected time within the fleet polli~g ransmits locatwn 
veh,cle keeps track of th t sequence. Equipment on the 
its time to respo des art of the sequence and internally determines when 

n occurs. The cos;" of the vehicle polling equipment installed 

(as of 1)/74) is about $270. 

2. Synchronous wlth comma d b T base statlOn t' .' n capa 1 lty. This polling technique allows the 
o mod1fy the posltlOn of each vehicle in the p 11' 

cost of th h' 0 ,lng sequence. The 
e ve 1cle equipment installed is about + 365. 

3. Commanded or random access polling. In thl's d - - technique, the base station 

This tech-s~n s a request ,to each vehicle whenever location data is required 

mque lS the most flexible but requires more 'lse . , of available RF time. 

4. Volunteer polling Th' , __ ..=:.:..::...::.:::.-.t~:':':~i..:' 1S content1on method requl:t"es that each 

determine whether the channel is "clear" before· . 

vehicle 

The cost of transmitting. 

vehicle equipment installed is about + 170. 

These vehicle polling techniques 

d 

' . were evaluated with both a si'tnple one-tl'm~ 

ra io message tra -, nsmlSSlon and with redundant transmissions where 
message lS sent twice Th d' , every . • e 19ltal message rate is set at 1500 bps. Where 

eqUIvalent RF channels are assumed M ' a channeL spacing of 25 k.Hz is used. 

essage lengths are about 20 bits, or t' occupy about 15 millis ec transn~is Sl' on 

lme. Delays 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 COSTS OF 
. PROVED AVM TECHNIQUES 

Costs and performance parameters of 36 
operational or proved techniques used for auto­
matic vehicle monitoring (AVM) are described 
iwd illustrated in this section. Schemes that are 
primarily intended for vehicle identification, such 
,is those used i.n 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 
system element types and functions: Class 0 
Manual Monitoring, with no augmentation of loca­
tion information; Class I AVM, with no additions 
to the urban environment; CIa s s II A VM, using 
densely distributed autonomous signposts; Class 
III AVM, using sparsely distributed special 
tritnsmitting/receiving fixed RF sites; and 
Class IV AVM, using densely distributed mon-
ito red signpo sts. Estimated special eqUipment 
,md installation costs are as of 1974. 

,\. Class 0 Manual Monitoring. No AVM 

This is the baseline vehicle location technique 
"i!idnst which other systems should be compared. 
A manual monitoring system consists of a dis­
patcher, an existing real-time communication 
;;ystem, and a fleet of vehicles. The dispatcher's 
lcnowledge of vehicle locations depends upon v~ice 
communications with the officers in the vehicles. 
Even in the manual vehicle monitoring class, there 
"re several options that affect both performance 
,inri costs. The dispatcher can, for example, rely 
strictly upon his knowledge of each vehicle's 
de:;ignated location or patrol area and its subse­
quent assignments. Alternatively, he can use 
,,,,me of his RF resOUrces (channels and air time) 
to interrogate and obtai:t:l actual vehicle locations 
vneall y. 

A relatively wide range of options is available 
to the dispatcher for use with Class 0 non­
.iutomated vehicle monitoring. The simplest 
visual location aid is just a map on which the 
assigned beat ared.S are permanently marked, the 
dispatcher relying on his mem.ory to locate the 
vehicles on the map. Numbered magnets <)1' 

lights may be used which may be updated man­
ually to augment his memory. Elaborate electl'O­
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 
an.d !leet efficiency is increased by up to 7%, per­
mlthng a reduction in fleet size and in operating 
costs. 

'1 
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B. Class I AVM. No Modification to Urban 
Environment 

1. Officer update. Vehicle location data mav 
be encoded automatically by means of manually 
opera.ted devices insta.lled in the vehicle, such as 
keyboards or stylus maps. 

a. I<::eyboard entry. This manual data 
input technique for providing automatic vehicle 
location data at the base requires the officer to 
ent e l' some code 0 l' identifying nume rical 
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 particula l' 
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 suitable 
fflr thts technique. The AVM system accuracy 
is dependent on the code used; that is, either 
(1) the nearest intersection if only streets or 
intersections have codes, (2) a particular block 
on a street if each segment is coded, or (3) the 
location in a block if street segment is followed 
by address digits of closest property parcel. 
The automatic computational requhement is it 

table look- up function to translate the code to a 
geog l'lphical location. While this AVM tech­
nique is low in cost, pal-ticularly if a digital 
mes sage entry device (DiMED) is already 
installed, it is extrem'ely slow and requires much 
memorization 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. 

$45 $40 
DECIMAL TO 

IO-DIGIT BINARY OR 
KEYBOARD TONE 

GENERATOR 

W/DIMED W/O DIMED 

VEHICLE EQUIPMENT 0 $85 

INSTALLATION o $35 

Fig. 1-1. Class I AVM Officer l!pdate 
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 



a.s pa.rt of a transmission 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 cm (8 x 10 in. ) portion c)f a 
7. S-minute U. S. Geological Survey topographic 
map (scale 1 :24000) would cover an area of 6 x 
4.8 km (3.6 x 3 mil. If this information were 
encoded by 5 binary bilS (l in 32) on each axis for 
a iO-bit location code, then the location could be 
achieved within a rectangle of about 190 x 150 
meters (hOO x soo ft). Ey increasing the encoding 
to 12 bits or using a map with half the scale, the 
size of the vehicle's location rectangle could be 
decre,Lsed by one-half in each di.mension. 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 slation 
('ompllt,~tion reqdrement is a table look-up func­
tion to tr<tnslate the code to a geographical 
loc,ttiQn. 

., .. ..... 
•• ~ ~" •••••• , ' ••• f • 

::::::,;::;:;;;:'::: R 

~~ 
X-REGISTER 

ULTF-ASONIC STYLUS MAP 
52500 

$35 

CONTROL 
LOGIC 

VEHICLE EQUIPMENT $2500 

INSTALLATION $ 35 

Fig. ,1-2. Class I A VM Office r Update Option, 
Using Stylus M1,P 

2. Kinematic sensors. Changes in vehicle 
location m,LY 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 
cOlnputations can be performed on-board the 
vehicle and the results transmitted to the base 
station, or the o',ltputs of the accelerometers can 
l,e encoded and transmitted directly to the base 
statiol1. 

A U-turn made at a speed of 10m/ sec (23 mph) 
in a 4-lane street about 18 m (60 feet) wide is 
about the limit of vehicle turning performance. 
This tUl'n would result in about a O. 8-g indication 
of lateral motion for just over 3 seconds. If the 
accelerations are sampled and transmitted every 
O. 03 second, then the 16 data bits each time 
would lead to a data i'ate of 4800 bils/sec. Based 
on personal rapid transit studies, the "comfort" 
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zone of vehicle operation is in the less than 0, Z-g 
range. If most accelerations experienced by the 
vehicle are maintained in this O. 2-g region, then 
a 10/0 full-scale error during a low-g maneuver 
causes these nOl:mal measurements to be in error 
by 4% or more. 

b. Orthogonal laser velocimeters. This 
kinematic sensor teChnique is based on prior 
work by C. 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 fo rward velocity of the vehicle, 
but also that velocity component which occurs 
during turn s and is at a right angle to the fo re­
and-aft motion. All portions of the vehicle which 
are not located on the turning ax:'s experience 
some side Velocity during a turn. The sign and 
magnitude of this velocity component is a function 
of the distance from and location with respect to 
the turning axis. 1£ both forward and side veloci­
ties are me'loured 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 pattel'l1 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 lase r 
light through a diffraction grating and then to a 
photodetector, a signa Can be derived with .'3. fl'e~ 
quency that is a direct measure of the velocity of 
the reflecting surface. The velocity measured is 
that at right angle? Lo the ruling s on the grating. 
Two photo detector" and two gratings with the 
rulings at right angles provide the means to mea­
sure the two components of motion of a single 
laser spot. Investigators in the cited work 
(Ref. 1) indicate that a lasei' velocimete 1'1 s 
dynamic range is of the order of 2500 to 1 and th.,t 
the maximum and minimum measurable velocities 
are primarily a function of the rulings on the 
grating. For example, a vehicle velocity range of 
so m/sec to 2 cmlsec (llS mph to 0.05 mph) 
could be accommodated, and turning rates of O. (i 1 
radian/sec (O. 6 o/s) could be detected. Maximum 
data bit rates of about SOOO/sec for speed and 
lOO/sec for turr,ing may require in-vehicle 
computation. 

c. Ultrasonic velocimeters. The use of 
ultrasonic waves for intrusion detectors, motion 
sensors, and distance measuring is well esta­
blished. The dopplel' frequency shift of a reflec­
ted sound wave irom the road surface can form 
the basis of a velocimeter {Fig. I-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 example, 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%. 
1£ 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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Fig. 1-6. 
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Fig. 1-11. Class I AVM Relay LORAN 
Navigation System 

e. DECCA. The DECCA system (Fig. 
1-12) is a continuous-wave phase-difference tech­
nique in which each transmitter operates on a 
different, but harmonically related, signal to 
other transmitters. The location is determined by 
sim·.lltaneous reception and comparison of the 
phase of the signals. Since the LOPs determined 
by the phase nteasurements 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 
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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 
relatively low-cost in-vehicle eguipment to syn­
~hesi~e a new common frequency. These three 

,ldenhcal frequencies can be made relatively phase 
c,oherent. Virtual hyperbolic patterns of naviga­
hOnal LOPs are generated by the !:iignals received 
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from each pair of AM stations, These LOPs. can 
serve as the basis for a reliable AVM system 
(Fig. 'I-B). A vehicle's slarting position i.s 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. C las s II A VM: 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, lR, ultrasound. or magnetic. 
The vehicle is equipped wi th 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 VHF to 
X-band (10 GHz), require the equipment shown in 
Figs. 1-14, 1-15. 1-16. Elevated locations for 
the signposts are usually selected to achieve a 
larger coverage area, freedom from blocking by 
large vehicles, and to lessen the probability of 
vandalism. Vehicle It,cation accuracies of the 
Class II AVM systeme. are a function of the radius 
of influence and density of the signposts, and 
similarly the message repetition rate ix'om the 
post must increase as the radius of influence 
decreases to ensure complete message reception 
by a fast moving vehicle. 
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Since ,tctive electronic signposts require som(' 
primary power source, difficulties may be encotll'­
tered in'general applications if reliance is 
placed on either street lighting ClrcuitS or yraHic 
signals. In some applications. alte rnaLe l';owe l' 
sources will be necessary. Options other than 
utility power ;1re long-lived batteries. solar, and 

radi.oisotope sources. 

2. Ultrasonic and photo 01' lR sig,ppostS. 
PIt l'a.s

onic 
and light radiation are pas sible p rac­

tical approaches to the message Unk to avoid 
fu rthe r RF congestion and inte de rence to othe r 
services. The ultrasonic waveS (Fig. 1-17) are 
similar in length to X-Band RF (less than 1 cm). 
and "hotn" antennas can be designed for focusing 
sound to a desired coverage area. The flashing 
light approach (Fig. 1-18). either visible or 
infrared. is also a practical short-range infor­
mation transfer method. Both of these techniques 
are. however. somewhat hindered by weather con­
ditions, particularly fog. rain, and wind. 

3. Buried active antennas. The buried antenna 
appNach using existing tr,;]fic-pres ence sensor 
loops as electronic signposts (Fig. 1-191 is cur­
rently being tested in S;in Francisco and NeW York 
as a to 11 autho rity billing technique £0 l' equipped 
buses. In these systems, the antenna {buried 
lOOp} interrogates continually and receives 
responses from instrumented buses so that the 
buses may be billed for toll fees without having to 
stop. The use of traffic sensor loOps as antennas 
is iii practical implementation for electronic sign­
posts and has an added advantage in that weather­
proof enclosures and power ;ire available in the 

traffic signal controller. 
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receive a response - less in the case of the road 
pattern than the wayside sign. 
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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. Glass III AVM. Sparsely Distributed Special 
RF Sites 

This class of AVM systems encompasses those 
vehicle location techniques of the trilateOration 
rho-rho (range-range) and triangulation theta­
theta (angle-angle) types with sparsely distributed 
RF sites primarily intended for me~ium or small 
urban area coverage, 7 km (4 mil to 11 km (7 mlJ 
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 elf time differences 
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Fig. 1-23. Glass 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 ma;y 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 fr'equency 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 ttilateration methods 
used 2.7 kHz and approximately 18 kHz frequencies 
whose phase patterns repeat at 111 km and 16 krn, 
respectively. These AVM systems have been 
termed narrow-band (Fig. 1-24) and wide-band 
(Fig. 1-25) since the first can be accommodated 
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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 the angle of 
arrival of the vehicle signal leading to 
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Fig. 1-28. Glass III AVM Direction 
Finding from Special RF Sites 

E. Glass IV AVM. Monitored Signposts Through­
out Urban Area 

This class of AVM techniques is an inversion 
of the Glass II autonomous wayside or buried 
signposts and removes the data collection link 
responsibility from the vehicle. In Glass 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 Glass 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 Glas s 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 use..! on moni­
tored signposts (Figs. 1-31, 1-32). 

In Glass 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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II. VEHlC LE POLLING AND 
LOCATION PERFOR>'1ANCE 

A. :vehicle Polling Techniques and Costs 

Four general classes of vehicle polling are 
('onsidered for AVM Systems: (I) Synchronous, 
(2) Commanded or random access, (3) Synchro­
nous with command capability, and (4) Volunteer 
or contention. All four techniques are generally 
iipplicable to Class I and II AVM systems. Syn­
chronous polling and synchronous with command 
are usc>d mainly in Class III AVM systems with 
sparsely distributed special signposts. Volun­
teer polling is usually considered only for iow­
density Class II autonomous signpost systems. 
For the Class IV monitored signpost systems 
which us eland-line s, vehicle polling by radio is 
not applicable in the context used here. 

All of the polling techniques are suitable for 
half-duplex (base station and vehicle on the same 
frequency), but when the base station relays all 
vehicle transn1issions or when each vehicle moni­
tors all other vehicles, then volunteer polling can 
only be used c,n fun-duplex (base and vehicle on 
different frequencies). 

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

A modification of the Volunteer polling method 
only allows location data to be transmitted as a 
precursor 0: brief interruption of voice trans­
missions, bul this techllique has limited applica­
tion. Interrupted speech as a technique in other 
polling methods relies on very short transmit on­
off-on sequences for a vehicle currently using 
voice when another vehicle responds with data. 

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

2. Synchronous with command capability. 
This technique allows the base station to modify 
the position of each vehicll~ in the polling 
sequence. The additional functional elements (or 
the command option are shown in Fig. 1-34 con­
nected by dashed lines to the elements required 
for synchronous polling. 

1-1 Z. 

VEHICLE EQUIPIVCNT ($165 + $4n) 

INSTALLATION $40 

fAST TURN-ON I 
SQUELCH MODIF $50 

Fig. 1-33. Vehicle Synchronized Polling for 
AVM Classes 1, II, Ill. 

--- COMMAND 
CHANGE 

I 
I 
I L __ _ 

VEHICLE EQUIPNCNT 1315 + 140 

INSTALLATION S 50 

Fig. 1-34. Vehicle Commanded Polling for 
AVM Classes I, III III. 

3. Commanded or random access polling. 
Commanded polling requires that the base station 
send a request to each vehicle whenever location 
data is required. This random access technique 
is the most flexible but requires substantially 
more use of available RF time than the synchro­
nous method or the synchronous with command 
capability. The elements required for the com­
manded polling method are shown in Fig. 1-34. 

4. Volunteer polling. This contention method 
of sending location data requires that each vehicle 
determine if the channel is "clear" before trans­
mitting. A mechanization is shown in Fig. 1-35. 
Some technique of providing a random delay in 
each vehicle after determining that the channel is 
clear and before translTIitting is usually necessary 

to preclude certain vehicles from dominating the 
channel. 

EXISTING 

VEHICLE EQUIPMENT $130 + $40 • 

INSTALLATION $30 

Fig. 1-35. Vehicle Volunteer Polling for 
AVM Cl,,"ls II Systems 

D. Yphicle Polling and RF Link Evaluations 

nou;'~~i~)ee ;~hicle polling techniques: Synchro-
IRA.N ,0 unteer (VOL), and Random 
• " D) or commanded were evaluated with both 
" slmple one-tirne radio message transmission 
'1nd wlth ~edundant ,transmission, where ever 
message lS sent tWlce. In all Cases the dig,r 1 
message rate is set at 1500 bps Wh' ; a 
lent RF chann 1 . ere eqUlva-
of ?5 kH' e s are assumed, a channel spacing 

4 Z IS used. 

r t ny ~~lays in the polling processes will tend to 
. e. uce e number of vehicles which can be 
dCICommodated by RF h 
th," dela an . cannel. Therefore all of 
turn~on ~~ma:e ~:'P;d lnto one parameter called 
III A V . , 11" Y two of the Clas s I, II and 

. 1 M techmques were evaluated in both the 
~:ho~ and,;:dundant modes of the three polling 
w. £ s. e range of turn-on times examined 
raa:ge r?~~fifcr 3 secon~, in five steps. This 
of full-du 1 en~ to e,shmate the performance 
cuits relJi~: :'a~lOl~ Wld th sep<l;rate antenna cir-
mech' a a - uplex Wlth electro-
th a~lcal antenna transfer relays. Tables 1-1 
po~fUg 1-5 are compilations of the vehiCles 
incl~de~er second per RF channel. Each table 
the 1500 ~ theoreti:a~ maximum entry which is 
in th 1 ps rate dlvlded by the number of bits 

e ocation lTI I 
techniqu' essage. ncluded under Class II 
locat' es are slTIall and large entries as the 
numblon m:ssage length is a function of the 

data ::e o:r~:ir;::rent~d intersections, therefore 
areas Si th or oth slTIall and large urban 
are n~t nce e Claas III techniques in general 
method ame~ble to volunteer (VOL) polling 
class. ~Alno ~L calculations were made for this 
finding a ;0, Wlth the exception of direction 
ponder t n nar~ow-band'phas'e location, trans­
does n'ot"1?e rat~lO equipment is required which 

aVe e same order of delays. 
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Table 1- 3. V"hides Polled/Second/RF 
Channel For O. 03-Sec Turn-On 
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Tabl" 1-4. Vehicles Polled/Second/RF 
Channel For O. I-Sec Turn-On 
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Table 1- 5. Vehicles Polled/Second/RF 
Channel For O. 3 Sec Turn~On 
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Message lengths of most vehicle polling tec~­
niques are about 20 bits or occupy about 15 mll­
liseconds or less of transmission time at the 
selected bit rate. Turn- on time 6 of this, order 

'11 therefore reduce the achievable polhng rate 
:- less than half the theoretical value. Turn-on 
times quickly dominate the polling rates at values 
above O. 03 second. 

Class IV AVM systems, with monitored si~n­
posts, do not require radio polling. T~e v~hl?le 
polling function is replaced either by l,lne fmdmg. 

, used in "normal" telephone serVlce, or by 
as 1S "1' II to find an a continual scanning of party 1nes , 

A 

"off-hook" indication on one of the party h,nes 
that one of a group of signposts has some lnfo~~a­
Hon to forward regarding the ID of a fleet veh1c e 
that is passing its vicinity. 

C. Location Performance Parameters 

Several technical performance paraT?eters, of 
individual vehicle location techniques, mC,lud7ng 
accuracy, quantity of location data, and flx time, 
affect both the design and expected performance 
of complete AVM systems. Accuracy of the loca­
tion infcrmation is the param~ter ,,:,hich usually_ 
elicits the most interest. Thls. ulhT?ate achiev 
able accuracy for a given techmque 1S, I:0we~er, 
almost always degraded when the techDlque l~ 
configured into an AVM system;' The re~uchon 
in location accuracy is caused by the vehlcle: s . 
motion, the delay in vehicle-to-base transm1s S1on, 
the con'lputer processing time t.o relate t,he d 
vehicle data received to a physlcal locahon, an 
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I,he delay in displaying the location on a map or 
other computer output device, In dead- reckoning 
systems, the location error is cumulative, and 
tlw accuracy is proportioned to a percentage of 
the distance travelled (% dist). 

The amount of location data which must be sent 
to or from the vehicle is another parameter that 
affects performance. Not only is it a function of 
the location technique, but also of the number of 
vehicles in the system, the area of the urban 
coverage, the density of streets cr intersections 
ill the area, and the dirnensions of the urban area 
ill each direction. The quantity of location data, 
t.Jgether with the polling technique used and the 
,,"v<iilability of RF channels, determines the delays 
in r('ceiving vehicle data at the base, which in turn 
afft'cts the AVM system accu racy. 

Another parameter is the "fix" time require';: 
f,r the vehicle to receive Or generate whatever 
I'.;.W dat<l. is required [or the new location to be 
determined elsewhere, which is prirnarily tech­
uique dependent. Similarly the inter'.'"l between 
f'tlt:cessive messages from the vehicle is also 
technique dependent. That is, no new "location 
information will be fo rthcoming until a definite 
time period or travelled distance has fllapsed or 
has he en accumulated. 

A tabular compilation of four location per­
f<'rmance characteristics has been developed 
from several sources such as test data, prototype 
d,'monstraUons, and performance estimates by 
t}!}l:l r.ystem developers and other evaluators. 
Tn Table 1-6, the performance values for the 
h<..di')fi accul'acy or radius, the amount of 
10< "tion data, and the fix time parameh·rs are 
listed for the four AVM classes and 36 systems. 
\n explanation of each parameter follows: 

1. Accuracy. This tabular entry represents 
either the estimated or test-result accuracy of 
v<,hide location for Class I and Class III AVM 
:'.'{stems. Since the accuracy cannot always be 
st.\ted as i1 single value, a range of values is 
given in some cases. In the case of Class II 
,u:d. IV signpost systems, the term accuracy is 
llnppropriate, and the term radius is used. 

2. [,tadius, In Class II, III, and IV A VM 
systems, this radius figure represents the esti­
milted coverage of the individual signpost or the 
specidl purpose fixed site. 

3. Fix time, This value is the time in seconds 
rr!quil'ed for the vehicle to receive or generate 
new location data, In Class I AVM systems, the 
fix time is determined by the updating rate of the 
v~hicle sensors or the repetition rate of ~he navi­
gational aid. In Class II orTV systems, t~e fix 
time is a comparative number only and repre­
sents the time interval required such that a vehicle 
near the signpost will receive at least two location 
messages while moving at a speed of 50 m/sec 
(113 mph). In Class III systems, the fix time 
represents only the time of transmission of a 
location signal from the vehicle to the special 
RF site. 
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4. Location data. This tabulated number 
represents the minimum quantity of raw data 
required to locate an individual vehicle. In 
Class I AVM dead-reckoning methods, the loca­
tion data figure is the combined number of bits 
required to represent a change in vehicle position 
lo the indicated accuracy. In Class I navigation;d 
aids, the figure is either the number of bits 
required to indicate the time or phase differences 
of the received signals or the actual RF bandwidth 
(BWl required in the relay !lystems. In Class II 
or IV AVM systems, the location dala value is the 
number of bits required to uniqu,'ly identify each 
signpost or each vehicle, respectively. The 
Class III location data is the RF bandwidth 
required for the lone, pulse, or noise locatiol\ 
signal. 

III. URDAX CllARACl EHISTICS TIlAT 

AFFECT AV1\l COSTS 

A. City Model!:ara~~E,~E~,~y1\I System 
Design 

In order to develop a basis fol' AVM SyAt~'m ('ost 
comparisons, itwas necessa"yto establish baseline 
system design parameters applicablE' to each tech­
nique. To nlake these designs somewhat realistic, 
three model cities were developed, based on the 
populations and physical parrtmeters of the seven 
repr('sentativ" UGAC cities in Southern C"Uforni'l. 
Characteristics of the small, medium, and large 
model city are given in Table 1-7. The justifici1.tiotl 
or rationalization for the model city parameters 
and th ... other factors considered in the system 
design are as follows: 

1, City Shape.. One characteristiC" of the 
model cities that is difficult to justify is shape. 
In this Repo rt, the assumption is made that the 
cities are rectangular with a 2-to-l aspect ratio. 
The development of most cities either along a 
river, railway, or coastal harbor usually results 
in one tlimension being significantly greater than 
the other. The choice of a rt'ct.lngle is believed 
to be more realistic than the square 01' circul.~r 
city scmetimes chosen. 

2, Urban area. The areas chosen for the 
three city models ~re 10, 100, and 1000 km2 
(4, 40, aml 400 mi ), which compal'e with 
Montclair and Monterey Park as the smallest 
cities; Anar eim, Pasadena, and Long Beach as 
the medium cities; and Los Angeles and San Diego 
dS the large cities. (See Part Two of this Report, 
p. 2-1.) 

3. Population, The populations of the model 
cities are based on population densities in the 
actual cities, which averafle 3000 peoRle per 
square kilometer (7800/mi ). 

4. Vehicle fleet size. Two classifications 'of. 
vehicles are assumed for each city. These are 
the patrolling vehicles and the total number of 
instrumented vehicles. An assumption is made 
that one-half the £leet is patrolling while' the 
remainder is involved in investigation. 
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Table 1-6. Location Performance Parameters for All AVM Classes and Systems 

Technique 

CLASS I AVM 

r'l:eyboard update 
Stylus map update 
2-Accelerometers 
Laser velodmtr 
U ltr asonic velo 
Compass /odometer 
Compass/laser vel 
Cmpss/u-sonic vel 
OMEGA navigation 
LORAN navigation 
DECCA navigation 
AM-Stations nav 
DiH OMEGA nav 
Diff LORAN nav 
Diff AM-Stations 
Helay OMEGA nav 
Helay LORAN nav 

CLASS II AVM 

Buried res loops 
Reflecting signs 
Reflecting road 
X-Band signposts 
HF, VHF signpost 
LF Signposts 
Light/IR post 
Buried magnets 
Ultrasonic post 
Traffic sensor 

CLASS III AVM 

Nar-hand FM phase 
Wid- hand FM phase 
Pulse T-O-Arrival 
Noise correlation 
Direction finder 

CLASS IV AVM 

Traffic loops 
Wayside radio 
Photo/IR detect 
Ultrasonic detect 

A ccuracy or Radius 

---
Accuracy 

10-100 m 
30 m 
2% dist 
0.5% clist 
3% dist 
1% dist 
O.6~i, dist 
o. 8% dist 
1600 m 
0.4 m/km 
0.5 m/km 
150-250 m 
160 m 
120-400 m 
ISO-2S0m 
ZOO-600 m 
800 m 

Radius m 

10 
10 
3 
12-100 
15-100 
100 
30 
10 
20 
10 

-"-"."" -" ---""--'''-~- ---- - - --- - --" ~--"-"~--. ~ .. 
A-::curacy 

800-1300 m 
1000-1500 
100 m 
100 m 
3% dist 

-. 
Radius, m 

10 
100 
30 
20 

--

Value used, 
(m) 

(3,~) 

(30) 
(34) 
(13) 
(40) 
(20) 
(15) 
(17) 
(1600) 
(160) 
(200) 
(200) 
(160) 
(400) 
(250) 
(SOD) 
(800) 

---
--
--
--,--
--
--
--
--

. --.-~~--->--,-.~-" -_. -.~~-

(1000) 
(1200) 
(100) 
(100) 
(700) 

--
--
--
--

Location Data, Fix Time, 
bits or BW sec 

----t-"~-'---» 

6- 20 bits 2- 5 s 
14-20 '3 
14 0.3 
16 0.3 
14 0.3 
14 o. '3 
14 0.3 
14 0.3 
27 3-10 
'12 0.06-.2 
30 0 
12 0-3 
27 3:'10 
32 0.06-.2 
21- 32 t)- 3 
3 kHz BW 3-10 
10 kHz mv 0.06-.2 

.. 

10-18 bits 1- 2 s 
la- 18 1-2 
10-18 1-2 
9-17 1-2 
7-15 2- 5 
9-17 1-2 
9-17 1- 2 

10-18 1- 2 
9-17 1-2 

10-18 1-2 
' , -- -<-." -~ -'--~-'~-'~ .. ~-"~.". 

_c_ 
- - --~-~-- --.-"'---~.~." 

'3 kHz B\V 0.015 H 

15-40 kHz 0.01 
10 MHz 0,0001 
5-10 MHz 0.001 
3 kHz 0.2-1 

N/A 1- 2 s 
N/A 1-2 
N/A 1- 2 
N/A 1-2 

---~----'-
~ ,.;-

. ___ ~_,~~c _ 

Table 1-7 Model City Parameters That Affect AVM Costs 

Param,~t~r Small Medium Large 

Area. km2 10 100 1000 

Dimensions, km 2.2,><,4. S 7.1 x 14.2 22.3 x 44.7 

Vehiclea, patrol/total S/10 50/100 500/1000 

Intersections';' 350 3500 3S000 

Hoad segments X lanes 1600 16800 168000 

Road distance, km 125 124S 124S0 

Telephone lineS, km 83 828 8275 

Population 30,000 300 , 000 3,000,000 

';'Based on 25/75ro ratio of 50/30 blocks/km2 in the urban area. 
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5. Intersections, The number ofintersections 
in each city is based on two busfness area street 
densities. They al'e based on actual measure­
ments of randomly selected areas of the UGAC 
cities. and the values ,':dsumed are 30/km2 for 
75% of the area and 50/,km2 for 250/0 of the area. 

n. 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 
citvaverages. 

7. Telephone line distance. Class IV AVM 
systems require land line monitoring; and for the 
purposes of comparison, an equal division of 
sensors is assumed of up to a maximum of 100 
sensors for each phone "party" line. These 
party lines are assumed to parallel the long 
street·, 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 
eSfwntially flat without "blind" radio areas or 
special areas that might unduly affect any particu-
lar technique. . 

9. Rrtdio. The only information sent from the 
v(>hid(' in this comparison is that required for 
loc<'ltion, either as a binary message or equiva­
l(mt HF bandwidth for the Class I, II, and III 
svstems. Radio modifications are also assumed 
to <'!lab Ie automatic message transmission. 
AdriiLionally, transmitter turn- on stabilization 
tinw, squelch delay, and antenna transfer are 
as::;lln1ed constant at several values. 

In. Model city AVM cost and periormance 
summaries. Tables 1- 8 through 1-16 summarize 
th(! AV.M systt'm cOsts in each of three model 
cities, small, medium, and large, for each of , 
thirty six location techniques and for three polling 
methods. 

a. Small city summary. The costs of all 
AVM techniques in the small city model are 
dominated by the operation-and-maintenance 
(O-M) cost with the result that there is a great 
similarity in total costs regardles s 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). 

b. Medium city summary. The costs of 
AVM Class I in the medium city model show an 
increase which is almost all due to vehicular 
equipment. The Class II costs increase by a 
greater factor due again to signposts. The site 
costs of the buried resonant loops are substan­
tially higher than those of any othc)' Class II 
technique because of installation costs. The 
more sparsely distributed RF posts, either HF 
01' VHF, do not impact the total cost to the exte.nt 
of the techniques which use a post at each inter­
section, In the Class III techniques that require 
pulse or widebam: equipment, the vehicular equip­
ment accounts for about one-third the total cost. 
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In Class IV techniques, the telephcll1e line rental 
which -is included in thc' site cost ill the primary 
cost Iactor (see Tables 1-11,1-12,1-13). 

c. Large cit>: summary. The AVM costs in 
the large model Clty show tnt; same trend with 
Class II techniques (save for two exceptions) 
costing some 2 to 4 times the Class I techniques 
and about twice th(~ CORt 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, 1-16). 

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). 

13. Small Model City AVM CQst Summary 
Tables 

Table 1-8. Small Model City Parameters 
Used in AVM Cost Analysis 
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l' able 1- 9. Small Model City 
AVM Cost Summary 
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C. Medium Model City AVM Cost Summary Tables 

Table 1-11. Medium Model City Parameters 
Used in AVM Cost Analysis 
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Table 1-12. Medium :vrodel Citv AV~l Co~tSumnvl"Y 

1-18 

,,:,; 
'f, ' 

-' 
'il tLtF'i)tl( ''iF-', 

• i" i'£tl.l'. r;r'r· 
'l ' .. H ')"'1' 'fL" 

l:'J'_,nl Ttl' 
LH' fI~- I '[l 

'f' . ". I!" l'~ i 
,'!t·'.\; 

... ~ tif' 
:!t t.l~H 
-iii h.T1J.t.·, 
,I- f-. ,ntj .. 11 

~I:t r, l' 'I- ~t~ 
• I! ·f. Hll~:'rrto 

I-r~tl\ ':tl£'~H 
f'll,i'l l'_ f.HH 
'-.CtJ l! 
. II~H.:' j;.£ • I..!.'('f_ 
F'tFl-((Tltll. .• : It:-.N;" 
o;r·"'i..EJ:TIH\i r.;·iJRil 

:'H!i:! f-I,'"T 
HFl llHF' F 1.1:1' 
Lf ft';',1' 
L t,':'Hr 1~I<- r'(I'~T 
.. 'fIo!£Z1 rtft&ll(T: 
01. Tf.'tC,(lfHf f'L' _ T 
Trt-\FFti. :t!l'~,DF 
j LH ... ;, 111 
;iHF'-!'tiU!t Fll ):.'Ht-t:,E 
HI.D,-rHtlr~ ttl fHH:£ 
hIL·':·[ !,,(pHP~lIlHL 
IWl;[ (OPPE'LIHINi 
~IIHCn1Jfl f lH~E~ 
,:LN':'''; l·t 
T~'Hrf"t( lOOV, 
tlff;;I;)E FflDtO 
F-14(iT1J,I~P :'ETfCT 
IJLtj:'"AS-ii!il( ~[Tt(;T 

, ' 
" 

I:' 

I_ 

I. 
I 
1'_ 

I. 
1: 

1 1 
~ . .., } '" 'I':' 

.," 

I, 

... " 

;~: I: 

~,..:' 
' ... ~. 

R 

Table 1-l3. Medium City Vehicle Polling 

,_ i n! '!" 

I t ~ 'f " ' 

~ I "~ l .:. '. ~-

:,.1 

" ,,. 

, ",I 

'. ',t 

'.1·· 

li t •4 1'1t 'd'-,., 
I'" II! ' d r , • 

, 4" •. J;. ~,! 

!- ••• 

1,.f 

.1· ._. " 
:1 

'.l 
,I· 

I·. ", 

" .,' 
",-1,1 

j '. 

,'Il'lh!,r 
"ll Ft4!<' 

,._" 11.' 

.. ~'" 

, ... .' 

' .. 

',/,.1 

' •• ,f 

~"Il'-, ... 
%j..p ..... ' 

,1 
; ,.I. 

:1· 
1· 

;1 • 

,1. 

I,' 
.t. 

1·,' 
1.,· 
: ~ • t 

:;. 

.J 

;1. 

:!. 

1', L,r~': .. ~fodel City AV M Cost Summary Tables 

'5.':\'.1" 1-14. Large Model City Parameters Used 
in AVM Cost Analysis 

·,t" I:, ,.1)1) ',.('UriF'E' It I LE~ .. 
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:·[COII:' SHIFT 11Hl. 500 
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THIP:J SHIFT mn. soo 
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Tabl-,} 1-14. Large Model City Parameters Used 
in AVM Cost Analysis (Coht'd) 
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Table 1-15. Large Model City AVM CostSummary 
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IV. AVM SYSTEM ACCURACIES 
AND COST BENEFITS 

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 
100 sely refe rred to as II random route" systems 
because the techniques have the capability of 
vehicle location anywhere within their surveil­
lance areas. Classes II and IV are called "fixed 
route" systems because the locati.on capability 
exists only in the vicinities 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
niques, Classes I and III are subject to another 
location error, which is the shift in the moving 
vehicle I s po sition 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 bt: ied signpost. This 
info rmation is the be st available until the time 
that the vehicle enters the sensing radius of 
another signpost. A measure of this uncertainty 
in location is required to dete rmine the" inherent" 
accuracy of the signpost AVM techniques. This is 
particularJy 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 rea':loning is valid cnly if every passage 
through instrurnented intersections by all vehicles 
is known. If the polling technique or RF channel 
loading is such that this data frequency cannot be 
assured, then the achievable accuracy is not as 
well known. A tutorial treatment of the less 
dense signpost placement by Markov, or random­
walk, processes is included in Part Three of this 
Report. The ana.lysis technique leads to a pre­
diction of the mean and variance of the distance 
traveled by a vehicle starting at an unsensed 
intersection before it passes a sensed intersec­
tion. The results of this technique for various 
signpost densities are as follows: 

Ratio Mean Variance 
(Sensed/Unsense~ 

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 
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successive pollings of the vehicles and by the 
compntation 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 nsed 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 velo city distribntion 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 
cnrves that either the polling interval Dr the inher­
ent error can quickly dominate the achievable sys­
tem accuracy if eitner 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 f01:" 

le~,s than 100 and greater than 1000 meters are 
repetitions of those shown and can be derived with 
subtraction or addition of a nnit constant on both 
axes (equivalent '0 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 A VM system in a 
locality is estimated by a step-by-step proces!', 
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 l'adio 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 accu­
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 A VM system. One of the approache s 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 iu known 
and the" close st" 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 
clo:;;est located vehicles. The conclusions of this 
approach are generally that a vehicle location 
accuracy of about 1/5 the beat- side dimension is 
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Fig, 1-36. Vehicle Polling Intervals vs 95% AVM System Accuracy 

~uffieient. Additionally the service improvement 
1S found to be about 7% for the locator system dis­
patches versus the "center of mass" or beat 
vehicle dispatches. 

The more recent study of Doering (Ref, 4), 
ho~eve~, compares response time performance in 
a sltuatton 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 A VM . Do ering's study indi­
eate~ that, in the area studied (the city of Orlando 
Flonda), 34 vehicles in the AVM fleet where the ' 
accuracy is 240 meters (800 ft) would provide a 
:esponse time which would require 35.8 vehicles 
tn a non-AVM fleet. Extrapolation of the curves 
pre~ente~ by Doering indicates that 8 to 10% fewer 
veh1cles m an A VM system fleet with perfect 
(0 feet) ac' curacy can provide the same response 
performance as the larger number of vehicles in 
a non-AVM fleet. Extrapolation in the direction 

t
Oh£ less accurately known location, indicates that 

er . l'ttl· ' 1 e.1s 1 e tmprovement in response time with 
~~~tton accuracies ~f 450 meters (1500 ft) or 
,j e. It may be cOlTIcidental that this value is 
~bout ?,3 k;m (0.2 mile), which is 1/5 the average 

eat, slde dImension in the Orlando simulation 
studIes A plot £ th . .. AVM '. 0 e mCrease requtred m a non-
t' vehtcle fleet to equal AVM vehicles response 
Ime performance versus accuracy shows a lin-

early deere' I 
d aSlng va ue as the AVM accuracy 
ecreases. 
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, For the purposes of this study, a 7~, increase 
in eific~erlcy is assumed for a perfect AV~'.'! sys­
tem, Wl.th the percentage decreasing linearly to 
zero a,t anAVM 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. 

.F~r ma:cimurn and minimurn deployments, the 
effICIency mcrease assurnption yields different 
values for the same AVM technique accuracy. In 
c.ases where ~he minim urn deployment is substan­
h.ally lowe r than the maximum, the apparent beat 
SIze may be increased to the point where an A VM 
tech~ique which yields no efficiency increase with 
max unum deployment may display a marked 
improvement in response. Additionally, the mini­
murn d.eployment 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, ;,btained from the 
beat dimension and system accu::-acy, 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 



saved with minimum deployment exce'ed~ that for 
maximum deployment with a given te<:hn1que. 

3. Estimated 5-year cost savin~'l Th
1

e
1
;-year 

saving calculation, presented in Ta es -
th h 1-20 is an attempt to place a dollar value 

roug , . h . ht' t 
on the efficiency increase Wh1C :rllg tn urn 
indicate possible choices of candldate AVM sys­
tems. The calculation assumes that e.ach. car. 
saved is worth $150,000 annually, whlch 1S pn.­
madly salaries and overhead (as of 1974). Th1s 
is an average value for a I-man car bas,ed on 
5 salaries and 1000/D overhead. T?e savtn~ for 
small, medium, and large cities lS astralghtfor­
ward multiplication of the maximum of th~ cars 
saved times the annual value of the car mmus 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 I-lH. Medium Model City Cost Benefits 
from AVM System 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 ?-M cost .. 
The calculation is performed for a glVen techmq.ue 

1 if a car saving is indicated, and the result 1S 
on y I t' , 
presented regardless of. sig~ .. N~ calcu a lon 1S 
performed if no car sav1ng lS 1nd1cated. 

A simple summation of savings .rat~er. tha~. a 
present worth of an anuity calculation lS Justifled 
on the basis that it is less speculative and might 
be more nearly crn'rect if salaries rise at a per­
centage rate which exceeds the rate of return that 
can be realized on 5-year municipal investments, 
The 5-year saving estimation is presented solely 
for AVM system comparison purposes. 

Table l-r9, Large Model City Cost Benefits 
from A VM Systems Using One RF Channel 
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Table 1-20. Large Model City Cost Benefits 
from AVM Systems Using Two R S' Channels 
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M 
V. COMPUTER PROGRA~'S FOR 

A;:\ALYSES OF AVM !,\'EEDS 

The cost estimates for the AVM techniques are 
in almost all cases precisely that - estimates as 
of 1,974. They have the additional shortcoming 
that large-sc3.le production is assumed, which 
accounts for the gene rally low system cost 
amounts, Therefore, additional studies are nec­
es~ary to refine these estimates in view of the 
rapidly changing technology and costs. 

Although the cost estimation procedure for A VM 
svst"m5 in model cities is a valid technique, it 
d;e, not take into account the individual differences 
of real cities. That iB, the system engineering 
aspect where the vagaries of a particular city and 
ope rational methodology are cons ide red has not 
been included. The A VM system cost estimation 
an,j particularly the performance estimation and 
ref'lltant estimated savings are essentially ave rag­
im; nncesses. Since each city differs in details 
rr;JlU 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 sl\ch as those pre­
sentuci in Part Two. 

An ind ividualized an ... 'ys is for a particular city 
req'iires the two following steps: (1) Synthesis of 
.\y\~ "ystems corresponding to each of the desired 
concepts as they would be configured for the physi­
('aI, political, and cost e::tvironment of that city, 
and':':) evaluation of the effects of each of those 
systemf'. The process of synthesizingaparticular 
AV;,f "ystem :.s a straightforWard but tedi.ous task, 
requi ring detailed technical knowledge that may 
not be readily available in real cities. It can be 
made easily available, however, by the develop­
ment of an A VM system synthesis computer 
pro !l; ram, as is described later. The expected 
effects can then be assessed by using the resultant 
systems in a system s irnulation computer pro­
gram, which is described in more detail in 
Secti;m B. Since thes~ two programs were 
planned to be developed in Phase One of this A VM 
Systems Study project, they do not yet exist. 

A. AVM System SyntheSis Computer Program 

The synthesiS program will be based on design 
algorithms, equati.ons, cost estimates, and theAVM 
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 estimatiun 
equations for various reporting intervals or sign­
post densities, and life-cost equations. A prelimi­
nary concept of the basic elements of the AVM 
s~stem synthesis computer program is shown in 
F1gure 1-37. A concept of the operations sequence 
in using the synth(~sis 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 
S,Ynthesls Program. The syntheSiS program will 
£~rst summarize the data provided from the input 
flle. ~he purpose of this step is to provide t,he 
user w1th an opportunity to review the input 
before at:tually running the synthesis program. 
Ta~le 1-22 lists some of the parameters that will 
be mCluded 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 
<.tty. Some of the data may he fairly exten-
5ive, for example, geocoding data or DTI\l£ 
file type information which df'scribes the city 
street/block system in detail. For informa­
tion of this type a cQmputer-readable data file 
will be used. An auxiliary program, separafe 
from the AVM system synthesis program. will 
be developed to facilitate the interactive 
d".velopment of the data file. 

Step 2. The synthesis program will read the 
CfiiTaITle and dete rmine the A Y!\.1 system con­
figurations suited to the city, If any data is 
missing or incomplete, the program will 
indicate which systems cannot be evaluated and 
provide an opportunity to modify the data HIe. 

Step 3. The program ,\'1ill present basic com­
parison data for each system configuratiun 
option, 

Step 4. After selecting the viable configura­
tion options) the program will shift to a 
"trade-off" or compromise mode in which the 
us~r 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 

C tty name: AAAAAAAAAAAAAAAAAAAAAAAA 
Area monitored: XX.X sq. miles 
Maximum X and Y dimensions: XX. XX mi. by 

XX. XX miles 
Stret't 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-IIH, HH-HH, HH-HH 
Number of dispatcher consoles: N 
Utilization factor by shift: FFo/r, 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 j DECCA? : 

Y-N 
AM stations in area: K--, 1,V--, K--, W--

2. A VM ConfigUration options for AVM Sys­
tem SyntheSis. Each 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, 
"present value. "$XX XXX XXX (These figures 

1-23 



------
COMPuTE 
FIAED SITES 

COMPUlE 
f- COMM, LINKS 

REENTRY 
NEW TECHNIQUE ---' TRADEOFF 

PARAMETER CHANGE -

IMPLEMENTATION COMPUTE 

AND 
COMMENT 

COMPILE COSTS 
EQUIP 

- INSTALL 

PLAN CASH-FLOW, f----
- SITES f-' LIFE-CYCLE, 

"'0" YR VEHIC LES PRESENT WORTH 

.----_ .. -
AVMDATA 
BASE COST- f­
PERFORMANCE 

INPUT DATA 
SASE ('?DATE 

J 

CONFIG~E 
AVM 
SYSTEM 

SELECT 
DISPLAY 
OPTIONS 

O-M 

CLASS I, III 
"-- ACCURACY 
".---- MEDIAN"~ 

TILES ESTIMATES 

CLASS II, IV 
DENSITY; 
ACCURACY 
ESTIMATE 

RF CHANNEL 
I..-. REQUIREMENTS 

SYSTEM 
ACCURACY H~ 
DISTRIBUTION 

COMPUTE 
CAPITAL OUTLAY 
COST-BENEFIT 

COMPUTE 
EFFICIENCY 
ACCURACY 

- AVM CITY 
OPTIONS 
DArt FILE 

TO 
SIMULATION 

Figure 1-37_ Concept for AVM System .3y1 aesis Computer Program 

,,-ill be for comparison purposes only. A 
breakdown followS:) 

One-time costs $XX XXX XXX 

(development, conversion, facilities) 

Installation co sts $XX XXX XXX 

Hecut'ring costs $XXX XXX per year 

(operations, maintenance, training) 

Heplacement $XXX XXX per year 

(equivalent a:mual payment at 100/.: year) 

Upgrading costs 

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

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

Signposts ) 
$ XXX plus $ XXX per year (each 

Vehicle equipment 
$ X XXX plus $ XXX per year (each) 

Telephone mileage 
$XXX XXX plus $XXX XXX per year (each) 

b. Resource utilization estimate~ 

Radio channels required: XX. X 

Microwave or dedicated telephone 
lines needed: XXX 

Computer memory estimate: 
XXX XXX bytes 

c. Performance estimates. 

Median location accuracy: XX ~t 
(effective polling rate = XX vehtc1es/ 
second) 

Fraction of fleet with error 

less than_ft: XXo/c 

less than_it: XX% 

less than_it: XX% 

d. Comments. Design features and oth?r 
relevant considerations will be noted. Typtcal 
comments that rnight apply 1;0 specific systems 
are as follows: 

"Vehicle status is monitored". 
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"Field unit alarm capability is present". 

"Polling procedures are inflexible" . 

"Shared usage by several agencies would 
be difficult to implement". 

"Effect of weathe l' on performance expected 
to be small". 

"Fleet locations easily monitored by 
public" . 

"l;;ach 90 vehicles monitored requires an 
additional radio channel". 

"Sensors may require protection from 
vandalism" . 

e. I.!:2de-off potential. This portion of the 
output will identify Significant trade-off possibil­
itieb and the potential outcome that could result 
from those trade-offs. The trade-off relation­
shipF will be accessible during Step 4 (Table 1-21) 
of the rrogram. Typical trade-offs that might be 
possible for all or some of the systems are these: 

Location accuracy vs n',mber c,f radio 
channels (via the polling optior. and rate). 

Computing at the command cente r vs com­
puting on-board the vehicles. i This affects 
t.he costs and accuracy V$ radio spect)'um 
trade-off. ) 

Display characteristics vs COil;'. (These 
trade-offs may be indep;::lldent of the other 
descriptors of the system.) 

Locatkn accuracy vs cost (via the spatial 
rl,)nsity of signposts, the number of fixed 
sites, etc). 

f. Cnst benefit estimate, A preliminary esti­
mate ui efficiency increase with AV:\1 will also be 
anJUtput. The cost benefit estimate will be 
del'ived from the estimated increase in efficiency 
and -la.ta such as that listed below: 

l-'atrolman average salary: 
$XX, XXX per year 

Patroln1en required for each vehicle: N 
Support personnel for each vehicle: N. N 
Uverhead on salaries: PP~ 
Replacement cost of vehicle: $X, XXX 
;v1aintenance 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: 

?\umber of vehicles saved by shift: X, X, X 
\' ehicle cost saving equivalent: $XXX, XXX 
AVM capital inve stment equivalent, 

10 yr: $XXX, XXX 
5 yr: $XXX, XXX 

The information provided by the AVM system 
synthesis program will not in itself provide suf­
ficient justification for selection but will be a 
very important first step that eliminates obvious 
non-compE\titive techniques and allows for more 
detailed consideration of the viable technique s. 
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B. A VM System Simulation Compute I' Program 

Much work has already been done by others in 
regard to A YM simulation (see Bibliography). 
The intant 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 A VM systeln accuracy estimation. 
P rio l' AVM simulation wo rk has investigated the 
overall comn1and 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 " .. "rang dispatcheil." 
A ",vrong dispatch" results ,,,hen the closest 
available vehicle is not the one directed to 
respond to the call for service. This incorrect 
action results from nat knowing precisely the 
vehicle locations, and thus the entire system 
performance is degraded owing to tmnecessary 
distance travelled and tin1e consunled in respill1d­
ing to calls fo l' service. 

In these prior simulations of the command and 
cont 1'01 functions, the investigato rs assigned 
values such as a 95 percentile value of a radial 
error of X feet! ) the AVM system aCC\lracy. 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 mobility routine or driver 
scenario. Then, in order to test thl~ systenl 
response to a call for se t'vice, 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 rn.isleading for all but 
those techniques that use very short intervals 
behveen vehicle location detern1inations, Short 
interval interrogation of location' J not a requisite 
mode of operation in many AVM techniques and is 
impractical or inappropriate in others. 

A more realistic approach to AV:V! accuracy 
simulation is io model the actual vehicle location 
process, including the expected or appropriate 
polling technique and taking into cons ide ration the 
time lapse from the last location determination, 
the motion of the vehicles, and the resultant 
effect on closest cal' deternlination. 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 A \,M system concept. The exact nature 
of this uncert a.inty 0 l' mod ification to the exact 
location may also be a function of .nher factors 
in addition to time. These factors may be vehicle 
speed, physical location at time, of interrogation, 
distance travelled since last location, or distance 
traveJ1ed since last signpost proximity·update. 
These factors will be explicitly considered by 
the AVM shnulation 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 program. Simulations 
that sum the absolute values of the differences 
in X- and Y -distances from the vehicle position 

I.. 



to the 10 cation of the call £0 l' as s istance give a 
correci solution only for idealized rectangular 
cities. Geocoded descriptions of the coverage 
area will allow an accurate measure of distance 
in each instance, since the optin~um trevel routes 
can be used in the simulation. 

The adv<wtage of using the more accurate AVM 
simulation models is thai a more realistic 
appraisal of the expected increase in efficien-::y 
can be determined. In addition, the possible var­
iations in system configuration that affect per-
fa rmance parameters of the entire system can be 
investigated with the assurance that the influence 
ofi-he 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 vf;hicles into the cover­
age area; and the re-establishment of the position 
of "lost" vehicles in relative location techniques. 
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 A VM 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. 

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

1. COST BE:-JEFIT'5 OF AVM SYSTEMS 
FOR SEVE!': CITIES 

t\. El!.tionalp for Sdection of UGAC Citi,,~ 

In orcif'r that a 0101"1' realil:ltk appr;ds;;l of 
tht' ,.·o~t5 ant! ('xpected p.'rforrnan('{' of AV:-"1 Sys­
tell]', ("u1r! bl' ('stirnat.!d, iJolic(' d('partnwnt 
r(,!)!·",r"nL,th't's fron) sl.'\'pral citit.·s \'1."'1',' invitt·rJ 
top.irlidpate in a User Group Advisory Commit­
tee \" ,t\el d,,'.:ot'",! to studying AVM technololl;it·S. 
A spt (,f nirlP crit<-ria wal:l (,,,t:lblished for st'ledina 
typkal ::oouthern California citiel:l for the (J(~AC 
stud" ;';OIlW critel'ia "re ohvious and were est"b-
!is};.:': !',,:' time and f'( onomic ('ol1sid('rations, 
",hil. '.,thers were ;Jrrh'ed at by heuristic pro­
.~f'''fi''', In this listing, the future t,m:o,' is ufied 
tJt'C;illcC' the critpria wer,> estahlishNl bdore city 
tit.l,·,! ',n beg;H1. A brief rationalp\ls presented 
",::th """h .:rih·rion, to wit: 

III Citv Siz,('. Citi('8 in three catef!ories, 
'r lese than 20 sq miles, lto) Iwtween 20 an,i 

un ,;q mil,'s, anrl (cl greater than 100 sq 
, .;)c-", will be solie-itE'd to deterlnine th" 
';-,;,) ,,:t 0,1 urban areas to be cov(,red bv 
.. ;,1 Systems. . 

:.'.1 0::,,::!raphyITop~raphy. El:lspntially flat ~s 
".,·11 II" hilly <lrea", in thl' (ornmllniti,'s art' 
';""il'"b\" t~ as,'),'rtain the ,'ff(>cts on A\-i\l 
\" ,·,tho;!;; as "'''ell af1 th,> ,'orntnunic1\tion dat;). 

I I !'I'i'ld,tic,n Ihmsity'Land U",:, These cri­
:-;--;[\''fll'e closc'lv alli(>r'l; and "gric'ultural 
-,t't'as, industri~l centers, ,iI1rJ suburbiln as 
\' , n as high- ris(, residpntial flreas should 

) part of tht' cities. This criterion will 
,,:i:ninatp those citil'f1 forn1ed to he whollv 
:,,~ l'i ,-n1tl1ral or industrial :l.!'(·ilS for tax < 

,..;, l'!rH!H~ Si~(~s. Th(' inc!'us;o!1 of hiuh- ri:w 
~---rnetropolitan, 10\\- riP e busin~s s (h's s 

t~"n I,,-In stories), rnixed business and 
!""'id"nt:al, and suburban areas is desir"b!,> 
tn m;tt('h and ext('nd prior :'\ V:\l ,vork and to 
i:)( l'.lde the pffects of these structur(;, distri­
lmt LOns on thE' conul1unication links. 

,-:i! P)')J:llation. Cities with populations of 
!.:. more than 1.000, oon, (bl betwpen 
2en,noo and 1,000,000, and i('j less than 
2·:', OilO will be solicited. These numh('rl:l 
art.' ;u'bitrary and are not firn1. but the pop~ 
'.ll.,tion son1ewhat determines the size of the 
n::I'1icipal )!overnment. It iOi f(·lt that this 
,'rit.:-rion is desirablE' as diffl·ring go~'erninL( 
hr",\i,'s willrequirl> AVId information to dif­
t"" :',;nt degret>s. Additi onally, the partici­
;};'!~':; in the user group will probably have 
':iffl~rent authority within their city govern­
l'rh'utS as a function of population. It is 
belil'ved, that those from smaller cities 
may be closer to the policy making level 
than those from major cities. 

(6) Wil~ingness to Cooperate. This is an 
Ob'lOUS but important criterio!). and is 

2-1 

rliffitult to ass\.'ss ht'forehand. It is ('sspntia1 
because the partidp,1nts will 11<' r~'quil'erl to 
furnit>h data about tllf'ir dt\' as w"l1 :<s bl'itu!; 
regul<lr in nwt'til1)! atLl'nda~c('. 

(7) Pill''''''')£! or Contertlpl.tting A\'~f. This 
crit(~rioll I.:q~~-arv·~~toa--;;~$tir-;: f;n!llt~ .1cti".·~' 
interest in tllP study (:ffort. 

ii<) Closp to JPL. Econon1k ,'on;;iderations 
require this ,ritt'rion sin •• : pxpt'nsp lnonit"; 
are not availahh- in tlw gr;,nt for tIlt.< partici­
p::mts, Additionally, regular frf~q\1('nt nwd~ 
in,,;; are required and ,-'xt<'l15Lt' tr<'l':el tiltH' 

\<;(,u1<1 lJ,.. an :"lditional exp,'l1>''' to th" THlrtid­
pating city. 

\ 91 }.iust Have PubliC' Safety Dep<irtmt·nt. fhis 
is an ohdo'lS and perhaps trivial r('q'.lir"­
ment, but is n('cessarv to elhninate thos" 
dth,g that contract for policl: Sl'rvj, PS \\ith 
<moth"r gOH'rnment ag "n,'y. Th,<se citil'f1 
",-,ould prcbahly fail Criterion (7\ as w(·l1. 
1'his criterion is a t1<1tltral out)!l'o'l,vth of th" 
principal thru!>t of the propnst'Cl work v:lii( h 
will focus on public !:lafd'," ",,·hide location, 

:-Jone of tll<.' foregoing criteriCl \\ere intendl'd 
to prt-c!llde pl1rticipation by go,'ernnwntal boclif's 
nth .. r than cities, sllch as counties. By criterion 
iM), only Los Angl'l{"s <In,1 possibly, 8;ln Herll;1l'­
(lin a , \' vntura, and Hivprsi,h, counties could h3'\'<' 
bc{'n considerNl. 

::ie,'en cities '.n're splN,ted which mf't the 
1ll:1 ioritv of the crit('ril1. Small cities v.d't' 

!I. 1 ( ',[tela'ir and ;"lonterey ParI,. ~!ed~llm citips 
selectE'd v.-ere P,'lsadena, Long Beach, and 
:\JDheim. The largp cith·s ,', ('1'" San Diego and 
Los A!1gples. 

Senior polin' officer:; from I'ach of thl'sl' 
cities participated in the UGAC anr! provided 
information conc{~rning poli('(~ oper<1tions and plans 
as wdl as statistic",l data for the indh'idual cith·s. 

B. ParanH·ters U;;pd in ~\,;"f Cost Analyses 

E:'(ch lJGAC city had different modes of 
operation :md requirements regarding the imple­
nH'htation of AV~I systems. For example, souw 
police departments operate on a three-shift basis. 
whil,. othprs use the tpn-four plan where th(, 
offin>rs work four 10- hour days in sequenc e. In 
responding to calls for ser~'ke, sorne police 
departments use only patrolling vehicles while 
ut!wrs dispatch the plain colored (i. ('., pastels) 
in l'NlponS e to citizen calls. The inclusion of 
n1otorcyc1es, either t\VO- or three-wheelers, in 
the AV!l.1 system was planned by some cities, but 
not by others. In the main, however, there is 
sufficient commonality of par;:;meters to allow for 
automation of the AVM cost and performance 
estimatjon procedul'es. 

1. Number of vehicles in the fleet. Th<, 
total number of vehic les to be instrum(mted is the 
basis fnr th" cal' cost estimates. 1v1otorcycles 
were not included because a satisfactory digital 
message capability for motorcycles does not y<.,t 



't V phicl(.s which in gl'n('ral do not. respond 

t
PXlS 

1'1 . f()" "n~"":it'(' were also not included. Th(' 
[} (a h • ~,. f h' 1 by 

n' 'I xitllllrn and min~n1urn nurrlbt'1' (J ve lC et~ 
;;j';ift vas d<'tprmined and normali:,erl to a ' rep-
. h' . t' This p'lxampter IS necessar) to 
c ift opt'r;! Ion. "." 
~;Pt('rmine vehide polling intervals. 

.) Cit" arl'a street rnile..:,'lgl', nurnber of 
~. J J' Th' 'nform--

lntt'r",,(.tions and road Sl'grrH,·nts. , IS 1 ", 
--""--'--~-·-----...,.--d 1 bv the' 1'l'prt.,;;entat1'll'S for thl 
1.IOll waf; provl ('l , . ", ' 

;'(ii\L riti(';;. Thl' \wat art'a IS an unportant " _ 
. l' 1 " ! 'n the A\~l system acrU lJ;lr;lrIll't('r 'F llC 1 1B U5(,( 1 
;"':«'y ('stimatic<!', hut no standard or cornm~ b 
n:"thnd of dl,tl'1'm~n,ing this para~1,('t~r coul'bt~d 
f ,1 'n son1(' C1t1.eS the beats ,,1'(' corre , 
0111,'" J • 'h ' In other c the 

"ith tho erinw reporting tee mquc. , "" 1 1 ' 
1:";lt~1 ~il'(' periodically readjuHted as dl'tern1~'lN )y 
thp :1';\,rlge nurnber of '''chides deployed ,on ,,)ar-

t ': J'r "lift,; The' beat 5i7.c parameter 15 ;,n 
H 1l <i ,." ", • I' t' y th£' respc-nse-:j",rjptl\'ndenL vtlrlahlt' In pr('( lC In·.. , h' , 

• , , 'ld WIt 1 "l','en 
tirrH' inmro·.'t·nwnt that snou r aCl rue .' "', th' 
["c'lLion' a\Turacv ,'a1\1e. For the purpo"e,~, ~t 15 

"tudv tlw \H'<1t Hi"" was Flaced at the. valhl,c.s 
,. , " , " h 't' area --'r t e I1\ln1-l'P<-;lllting {ron) ,llvHiIng t ,. Cl 'i' "', 1 
I ,~ of \".,hi.-1('s ,jpploy"d. This aY~'raj!.e "<1 ue 
H tl' 011 ("tnnnt IH' wholly iustiflt'd whel" for 
:,·;"unlp , ' '1 49' r' 

1 . lJP'lt;; "'11''-' fron1 t) bloc ,5 to sqi.1a L 'l'xanlp l:>, ", ~t J 0-

mil,s in si/" ,,8 tlwy do h San DIl·gO. 

'" ;-';umllt'r of signposts or fixed sites" , 
• J 'I'hn "I'''t,(1 sil(' enumer<1tlon paranL t.t l' l','q'!ll't'(lo , .•. ~ , , 1 

, :, ". II' d 1\' AV1'.! syst('n1s was ch'ternlln('( 
III LI.t:-;}< dn . th n1bt'r t>f 
from tlw data sunnlil'd. ('oncern1ng e nu t. I 

'\ 1 t 'Where the pc'-
int('rsl'ctions or r\\)ac segnwn s'.' '. th' 
'11'''11l' wac: d,·pendpn~ (,n the nunlbl,r ot lan('s l.I

t 
"t 

' 1 ' 1 f? 4 I eS pt'r s rl'e S!'~lll<'nt, th" a\'praj!': va ue o~. an 't' 'For 
:.,'~n1t'nt wa;.; :lRSUnKc1 as in the model C1 l(,S.· I 

the eLlS;; III AV)'1 tf!dmiqul's" the pl~(,l'me~t ~ndl 
of tlw nnmiwr of wieldy distrIbuted f~xed sl~~bh 
l't,quirl'd was (!l'tt'rlllined by an algol'lthnI W l~ 
\\',1" nnlv a functio)l of ehe ~rea in tIle mod~l {lty 
e'1tinl<1tions. The boundancs and shape 0 l~ ,~, 
F~';:\C citit's sl'erlwt! tt, eli.' tate a nIOI'(' re<1 :~ ~c 

Y • ,I' ]'lounrbry (".ltllnp n1<1pS of ,-<1ch ( Ity 
"llprO,'1. .. . 1 CE'nlent 
\"t'r,' Pl't>p~lred, atv1 tht: rnost oJ;ltlnlunl p a, '_ 
,,1' ! "ricl'rt'prpsentini:. tIw spanngs for n~l'l 0\\ 

l) ~ llrl ~!'l'i ",id,·-ln:H! "ntefll1a s was dl'ternuncd. 
" '" .. 'h t ld be nE'Ct's-

['hI' nlinitll'lnl l1tllnber of S,ltc's t a wou ,,' 
sal'Y "",'18 t}Wl'(,h\' rletprrninNl. "T,he, :ls,s:llnp~lOn~ 5 
n1"rl .. \,:prl' that t1ll're w!'re n" chff1cult RF area, 

11 . " dC!I't;on'!1,('ovt'r'lg(', a 1ld that ,\ th"t '\0'1 ( r"qUlr, a ,< ci1 
"." !'. 't III b' pl'lcpd wh('1'(' lwpded regal' , ess t 1 Xt'( 51 (), COl ( \. ~ . . I 

, n,v"otl'!'," R,.'trtlcture, 01' geographlcd 
{I!' 7nnln~, \;."_0 t-

l' ,·;;trictions. 

4. Costin)! Ero('(~dure for A \' :\,1, Syst~I:'Sl in 
l'GAG cities. ThE' costing of the ,ar1~t;,S A"v)', 
svstl'm confh;urations for the UGAC Cll:~es \vas 
': II' "hed throuoh the use of the API. computer 
ac con1p " . ..... t Three) The 
proJ,;rarnrning langu<1ge (sec ~ar . "'. > 

~'()sts of ,;(.hidE' equipn.cnt, hxed Sites, ,bas~d . 
"'luipments, and polling eIE'ments were store 1n 
th, t, ble form by t,~chnique and cost ,,:tegory 
l.l, ' ,t 11 t'on operatIOn and 

( ." pqulpnlent, Ins a a. 1, . 
t;. ).;. , • bl f rms the cost 

maintenance). 'flus aSsen1 alZt' 0 " h 
l ~ta 'lase The various paranwt('rs lor eaC 
(,,' ,', • d . ribed manner 
U(;AC city '-I.re dlsn stor~ mit prt'sc 
a$ €ullo\vs: 

11) U':ban area in square mih-s. 

(ZI Ea st to West .,xlent in mile s. 

(" North to South t'xtt'nt in miles. 

(4) Hoad mileage. 

(i;1 Number of inters('ctions. 

(6) Number of road segments. 

(71 ,;\lumber of vehicles in AVl\1 flt'et. 

(8) NumllE'r of motorcyd.'s. 

(QI \laximum number vehidl's deployed in fir"t 
shift, 

(I ()! ivlinimurTl nunlber ot' vehicle s d('ployed in 
first shift, 

(111 Maximunl number of vehic IE'S deploYNl in 
second shift. 

(121 \linirnunl numlH,r of vehiclt's deployed in 
second shift . 

(loj lI.iaxinmnl numb,,!r of ,phicles deployed ir, 

third shitl. 

I 141 ~!inim\lm number of vehides ch'ployed in 
third shift. 

(1 "\ "lumber ,)i di,.;pat.:h('r consoles. 

Iii,' ;';umber oi small coverap,e (or narrow hatl,-!I 
Class III AV)'1 sites. 

i 1', 01un1her of wid,' cO';"rag,' (wide-bandl 
Class III /\.\'1\1 sites. 

Tht. cost L'stimatt's las of 10 741 art' ('(:m­
'1, I into ti,e cost catt·gories afte>:, rnultipl-ZlUu 'j\" 

pi l ( "th '1'."1'1' 1S ' , "V the appropriate parameter. . e prog < ' '1 . ," 
" 'I beino reallY a programnled desk ca ('u!a~ 
sln,p E', "" , , h t' 1 for 11f r -
t "'th automatic input. r e 1''1 lOna e ' 
i!.~~'l~~ling '\\'as to a\'oid a re~ititious pro~'l',du,r" of 
" lcul;lt'n".' finl' cost categorI(,s <1nd obtamw," 
ca. , , ,.. ":\.' t h' ('5 ln 'he 
thrpE~ totals for each of ?,t) A\ . ~ ,ec nl~u . " Y~',l'fv 
s(,\'en lTGAC and three modd CltwS am. to ;;11., 1, 

future' cost estin1ations. 

c. De~criptiollS and Slln:marv An~"s of 
UGAC Citips 

In Se(,tions II through YIII, outline n1<1p,;, "i 
. . d 1 1'th d et 01' '"d each UGAC city are prese,nte a ong w \\1 

l'sting of ('ach city's phl'sl,'al paramete~sJ A . d 
c'~st summaries, v(~hic1E' polling cyde. tl.rrles, ;'In 

, t f th(' A\,:\'l system ;1CCuranes and 
,·stlDla es 0 ""' 1 t d iti '5 
,,_ (',,1' cost savings. The se .... en .,e e~ eel', , 
. Y."A h' long Beach :\.fontdall', :-"'10nt(,re) wert' na E'ln1, J"' 1 
Park, Pasadena, San Diego, and Lo,S Ange es~ 
Thirtv- six techniques in the four A"" M c1as se, 

, h't Each of the ,<c'ven 
were investigated for eae C1 y. 't'on 
dtie s was treated as an entity, with th£' exc~p; 'ts 

f 1 os Angeles which was evaluated for eac (l. 1 
0.,. AddT n lly bt'c·use 
IOUI' geographical bureaus. 1 10 a " " 
of the la~{Ye number of \'ehic1es deployed 111 thl 
cities of San Diego and the four Los Angelt·s , d 
bn1"'aus, the system accurade~ ... ,,:re det~rml1:~at 
for shorter cycle tinles or pollmg Interva s. 
is, more tha~ one RF channel (half-duplex) ',',as 
allowed for these areas. 
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Tn this Section the summary analyses f?r 
. . , 1 1 compal'lson 

each UGAC city aloe based so e Y on a , ted 
of the estimated 5-year saving and the eE'hma 
costs (as of 19741 of particular AVJ:..,1 systems. 

The 5-year saving is predicted on only one factor 
of AV~1 performance, namely response time 
impro\,t>ment. There are many oth~r aspects of 
AV\1 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 
discus~t'd in the following summary descriptions. 
CompletP tabulations are given in Spets. II to VIII. 

1. Anaheim, CA. This city might be ehar­
acteri7pd as a break-even city with response time 
imprm'pment such that cost savings just equaJ 
AV:!\1 costs, but only for the dead-reckoning tech­
niques in Class I. Anaheim is slightly smaller 
than th,' medium model city (see Part Onp, 
Sect. III I in both area and fleet size, and the cost 
summary indicates Class I system costs for the 
dead-red,oning techniques of about $280,000. The 
5~year saving is about $300,000 for a magnetic­
compa$ s 'odometer system with a system accuracy 
of 50 te, 7'5 meter s. 

'The Class II AVM systems which indicate 
some "ar saving are the wide-spaced signposts 
and buried magnets. The accuracies achievable 
are roughly 250 meters and 50 to 75 meters, 
respecth-ely. The cost of the Class II wide-spaced 
signposts is about twice the saving, while the 
buried !'nagnets may cost four times the 5-year 
saving. 

rhe most accurate Class III and all Class IV 
systt>ms resulted in car saving, but the cost saving 
was ne;!atiye. (See Sect. II.) 

~.~ Long Beach, CA. The same AVM tech­
niques aR in Anaheim are viable in this city, but 
becausp the dty is slightly larger in area with a 
substantiall y bigger vehicle fleet, the costs are 
about $5fJ, 000 more for the Class ~ dead­
reckon~ng techniques. The 5-year savings are 
lower, about $160, ODD, because the maximum 
deplovt1"(>t1t considered is le,s than in Anaheim. 

There is a large difference between Anaheim 
ant:! Lon£.'. Beach in the C las s II AV M systems as 
Long Beach has almost four times the road mile­
age and dlmost twice the number of intersections. 
Long Bp'lch is unique in having a large number of 
named dNlicated alleys in the central area which 
results in an intersection density of l44/km2 {400 
per squi!re mile). This factor causes thp 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, 1"tt the 5-year figure is well below the 
systems C()st. If the high central density were 
redUced to a more reasonable value, the disparity 
between cost and saving would lessen to the point 
where tlu, saving would be half the cost. 

Th,' pulse TOA Class III technique and all 
the Class IV systems indicated car savhlgs, but 
cost ~avings were negative. (See Sect. III.) 

3. Montclair, CA. In this city, the dead­
reckoning techniques of Class I AVM and most of 
the techniques in the other classes indicate car 
savings primarily because system accur'acies are 
ver'( high. This is a direct resu,lt of a very short 
polhng cyclp time. The 5-year savings for all 
systems that indicate a. saving are negative and 
eXceed a "loss" of $200,000. The car savings are 

in the order of 50fa of th~ deployed vehicles (4 to 7), 
that is, 0.2 to 0.4 cars. 

Despite the fact that Montclair has a widt·­
spaced signpost AVM system installpd and oper,l­
tional for over a year, this analysis indicates th,1t 
the cost is substantially greater than the saving. 
The reason this analysis is faulty in this casp is 
that Montclair does not have either a computpr in 
the system nor the operation <1nd maintenancp 
(0-:-'1) pl'rsonnpl indicated as required for all 
systems. 

The system accurac'y indicatpd for thp wide­
spaced Class II signposts is about 250 meteI'll, 
which is quite close to that achieved in Montclair. 
The installed system has an arcuracy of 0.2 kr.l 
(1/8 mile) with slightly fewer signpoRts. The 
system costs are ~uite similar for the techniqlte if 
the O-M category is omittpd ($60l( versus $71 KI. 
(See Se ct. IV.) 

4. Monterey Park, CA. Car Ravings are 
indicated for all classes of AV:-'1 in this city, 
Again as in the othE'r small city, or small model, 
the cost saving is near zero or negative. This 
city, because of the great differencp between 
maximum and minimum deployment and short 
polling cycle shows a greater car saving when 
fe".:er vehicles are deployed. If the O-M costs 
were greatly reduced, the 5-year saving would 
exceed the costs. (See Sed. V.) 

5. Pasadena, CA. This city is roughly 
half-way between the small and medium models. 
Again a car saving is shown in all AV:-'1 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.) 
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6. San Diego, CA. In this city, virtually 
every AVM technique indicates a positive 5-year 
saving. The Class I dead-reckoning techniques 
system costs are exceeded by the estimated 
savings, and the Class III costs are close to the 
savings. This result occurs decpite th(' poor sys­
tpm accuracies caused by relatively lQng polling 
cydps. There is a substantial car savings because 
the averaging of beat areas leads to results in 
which apparent response time il'nprovements 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 
involved were not considered, The reduction in 
beat dimension would cause a decrease in apparent 
response time improvement. 

In an attempt 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 wete uniformly increased by about 
$1. 8 million to the point where the cost of the 
buried magriet system was equalled, as were the 
costs of the Class III pulse TOA system, by the 
cost saving. (See Sect. VII.) 

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



(Central, South, West, Valley), which range in 
area from 130 to 500 km2 (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 we re performed for 2 and 3 
RF channels for the A VM 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. VIII.) 

II. Anaheim, CA, City AVM Cost 
Benefit Analysis Tables 

Table 2-1. Anaheim, CA, City AVM Physical 
Parameters 
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Figure 2-1. Anaheim, C.A. AVM Pulse or 
Narrow-Band Anten: , Locations 
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Figure 2-2. Anaheim, CA, AVM Wide-Band 
Antenna Locations 

Table 2-2. Anaheim, CA, AVM Systems 
Cost Analyses 
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Table 2-3. Anaheim, CA, AVM Polling Cycle 
Min/Max Times 
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III. Long Beach, CA, City AVM Cost 
Benefit Analysis Tables 

Tl,b!e 2-5. Long Beach, CA, City AVM 
Physical Parameters 
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Figure 2-3. Long Beach, CA, AVM Pulse or 
Narrow-Band Antenna Locations 
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Figure 2-4. Long Beach, CA, AVM 
Wide-Band Antenna Locations 

Table 2-6. Long Beach, CA, AVM 
Systems Cost Analyses 
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Table 2-7. Long Beach, CA, AVM Polling 
Cycle Min/Max Times 

C,'CLC TWE I~ SECOtlDS TO POLL I1AX AND MIN UNITS DEPLOYED. 

CU1$S I 
TECHIHOUt: 

~rvllOARD 

STYLUS I1f\P 

Z-ACC£LEPCt1ETEPS 

LASEP VELOC/HTP 

UlTPir,QIHC VELa 

CCt1PASSrOllOt1l:TEP 
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CI1PSSrU-SOOlt UEL 

OI'£CA 

LOOAN 
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Table 2-8. Long Beach, CA, AVM 
Accuracies and Cost Benefits. 
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IV. Montclair, CA, City AVM Cost 
Benefit Analiilis Tables 

1/2 
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Figure 2-5. Montclair, CA, AVM Pulse or 
Narrow- Band Antenna Lc-cations 
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Figure 2~6. Montclair, CA, AVM Wide-Band 
Antenna Locations 

• 
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Table 2-9. Montclair, CA, City AVM 
Physical Parameters 

El'6T IJEST DI::'TAnCE H:' 2.3 IIIlE': .• 

110PTH -:.OUTH DISTANCE IS 2.5 I1IlES. 

TOTAL POAD 11ILEAGE IS 6, IUlE:; •• 

THE IIUILSEP OF WTEPSECTIOHS IS 338. 

fHE ESTHtATED NUt'lBEP OF POAD SEGtlEIITS 1'::. 506: 

THEPE APE 10 CAPS HI THE FLEET. 

,ilCI THEPE APE 0 IlOTOPC'I'ClES. 

THE 11UIlBEP OF IJEHIClE~:; ON EACH SHIFT IS: 

rIP;T SHIFT IlIn. 4 

!ECOIC) ':'HIFT 11A::. 5 

;CCOIID ';HIFT 11111 ... 

THIF'D:.HIFT mil. r' 

THE ilUI13EP OF DI::;PATCHEPS I~; 1 

THE CIT',' ilOUL':) PEC'UIPE :.: IHDE+BAIID OF' 

PULSE AtlTEtHIA SITE~; AIID 5 IIAF'POIJ I:AHD 

1"11 AllTEtlllA S1TE~. FOP 7' AIIP :.: I1ILE PAD IUS CO"EPRGE. 

Table 2-10. Montclair, CA, AVM 
Systems Cost Analyses 
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T;l.ble 2-11. Montclair, CA, AVM Polling 
Cycle Min/Max: Times 
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Table 2;~ 12. Montclair, CA, AVw.. Accu,racie's 
and Cost Benefits 

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

Table 2-13. Monterey Park, CA, City AVM 
Physical Parameters 
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Figure 2-8. Monterey Park, CA, AVM 
Wide-Band Antenna Locations 

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 
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VI. Pasaden,a, CA, City AVM Cost Benefit 
Analysis Tables 

Table 2-17. Pasadena, CA, City AVM 
Physical Parameters 
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Cost Analyses 
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Figure 2~9. Pasadena, CA, AVM Pulse or 
Narrow-Band Antenna Locations 
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Table 2-20. Pasade-na, CA. AVM Accuracies 
and Cost Benefits 
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VII. San Diego, CA, City AVM Cost 
Benefit Analysis Tables 

Table 2~21. San Diego, CA, City AVM 
Physical Parameters 
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Figure 2-11. San Diego. CA, AVM Pulse or 
Narrow-Band Antenna Locations 
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Figure 2~ 12. San Diego, CA, AVM 
Wide-Band Antenna Locationa 
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Table 2~22. San Diego, CA, AVM 
Systems Cost Analyses 
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Accuracies and Cost Benefits with 
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Table 2-25. San Diego, CA, AV1\1 
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Table 2-30. Los Angeles, CA, Central 
Bureau AVM Accuracies and Cost Benefits 
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Figure 2-14. Los Angeles, CA, AVM 
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Table 2" ,)Z. Los Angeles, South Bureau 
AVM Physical Parameters 
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Table 2- 35. Los Angeles, South Bureau 
AVM Accuracies and Cost BenefitR 

with One Radio ChaIll.el 
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Table 2- 36. Los Angeles 1 South Bureau 
AVM Accuracies and Cost Benefits 

with Two Radio Channels 
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Table 2- 38. Los Angeles, West Burea\l 
AVM Physical Parameters 
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Table 2- 39. Los Angeles, West Bureau 
AVM Systems Cost Analyses 
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Tabl~' 2-40. Los Angeles, West Bureau 
A VM Polling Cycle Times 
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Table ~-41. Lus };ngeles, West Bureau 
AVM Accuracies and Cosi. B"nefits 

with One Radio Channel 
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Table 2-42. Los Angeles, West Bureau 
AVM Accuracies and Cost Benefits 

with Two Radio Channels 
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Table 2-43. Los Angeles, West Bureau 
AVM Accuracies and Cost Benefits 

with Three Radio Channels 
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Table 2-44. Los Angeles, Valley Bureau 

AVM Physical Parameters 
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Table 2-45. Los Angeles, Valley Bureau 
AVM Systems Cost Analyses 

, '" I ~ 1'1' r 
.- "til · . ..: ... lH::I1L 1:,.F-: 
I." t{: l'tI.,lJtprff' 

'. H ·.qH!,~ I 'EL'_, 
;lFt-i: 1) .. klllErrF­

"'11"EF If[L 
.":' <'~,1I1( 'Ill 

,Ill '.I!" 
1',le 

" /1TL.ri': 
.. r'-t 11!.:U1 
.. :,'~. Lt.i'Hlj 
~,~ r, 1"111- ;,TA. 
~~lH', ,-,nf!~H 
Ft,lH! lllFHII 
1:!-t • .,:' 11 
~ :';-'1E':t ~!~ 4 ll.!DF":, 
HHrl~Tnl':' '~,bll'::' 
FtTiE(TIt~l::' F-':;f~.J 
-:M~I) ~·"J:,T 

HI". HHF' l'(t::T 
I..t Ft);T 
I...!:'HT { ... ~ H\'~,T 
r,UF U:rl IfA(Me:T'~ 
1.11. T~ASOrn( Pti<:.T 
Y;'8fV!( ·;.EllSOP 
(Lt~~;. III 
ttHf·'-;"FlIiD fll PHASE 
l,n:,-!;ftH;J F'll F'Hfi$~ 
F U";( T -O-A?' IIJAL 
li'}I,E ':ORPELATlOII 
JI.ECTlOII fltlDEP 
"CUIS.·3 II) 

n~fnC LOOPS'! 
Hti'l';.lJt Pft!lIO 
FH40TO ! -f< DE'TEl".l 
tJL TPBSOIIlC "ETECT 

I ""Ii ... ,:. iJt 

:TE': ~fI~£ ITt;·T 

. .'. 

" 

.:"'" 1,.:C(lO 
':..1 ~:;:.)O 

1Q i'0633 
1S 1617'6 
~:~ tt'?23 
,,4 120~e 

'" 

:(f 12';:--~ 
~J) 
::(1 
21) 
)0 
::0 
2.~t 
<00 
Jet 
~O 

':1) 4091 
~O J40& 
,;;'0 1"'19 
.. 0 1"'1:$ 

.;;.;"41:­
::"44 
.::.~."'~ 

.. ,:,l~' 
;":";. 

;'J3:; 
.:: ?t.~ 
H;S 
;,t5b7" 
4308 

~32Bl 
2252~ 
1.:22';;-
14~':'""', 

~E! .. :,~ 
:;--t2 
..15'?t, 
~~~I~ 

?:US:. 
2~8'5 
':;500 
5t.;'::5 
4~;::t, 

Z5281 
C;''?SZ? 
1.1225 
14}7'6 

~~~t:~ 
4:'4~; 
4':.';:';' 

: . ..;.;­
~·005 
2'~;,-

:i2~ 

Table 2~46. Los Angeles, Valley Bureau 
AVM ~olling Cycl.e Times 
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PART THREE. ANALYTICAL TECHNIQUES FOR ESTIMATING AVM SYSTEM ACCURACY 

Joseph E. Fielding 

I. VEHICLE LOCATION ACCURACY FOR CLASS I 
AND III SYST EMS 

In this Section, an algorithm is described which 
can be used to determine the system accuracy of 
Class I and III automatic vehicle monitoring (AVM) 
systems as a function of the appropriate system 
parametel·s. Some of the resultant cumulative 
probability density functions (cdry) are also pre­
sented, which can be interpreted as the fraction of 
th(' fleet for which the error is less than or equal 
to y. Th{~ flow chart sho\::n in Fig. 3-1 is a brief 
outline of the vehicl<! 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, € 0' is defined to be the 
distanc e between the vehicle' 5 actualloc ation and 
the location determined by the AVM system at the 

lStart J 
. *--- , 

i Obtain stand.ard deviation of lnltcrcnt er(or in )( and Y dlreCtlOns
J
' 

~~-----------------.-----------------

obtaLn po-lUng interval and computation time 

and m~an of spt'cd density (L:nct.ton 

Yes 

Obt,sin th~ flrst tv(?nty (h"\ints of the abscissa 
for the cumulative distribution of AVH system errors 

(Sec Figure 2) 

-c~"",~pu-'-' -£o-r-t-~-N-jtY po{nt~s -th;~~-.'-iv-e-I 
,-----1'1 probability distrlbution of AVM s),sten errors 

Obtain t'.trot)' additional points of the llbscl.;ssn 
for the- cumubtl,.vc d's~ribP,Jtlon or A\'}f system error's 

Ye. 

Fig. 3-1. Main AVM Accuracy 
Analysis Program 

I 
from the ~rven :~,;i.bUti,,;;o-;-8'it.'~t;; 1 
rand('l1Jl ut:'tplu o( in~trcnt errot', ttltIC' stnee lut 
pollins, -,peed aC vehicle, _nd dlrtctlon or vehicle 

- <J~ .. ~_._._) 
c-lcohte slmulat.ed AVH system 

Hf(lr resulting (roal the Above value. I 

Ac~;;t;-Z;-;;;;-;;~iUQl by ~·~71.;;th~· ~l~atf'd· i 
101M 'YHem errol' ...,tth t .... cnty poInt' 

on .b.d .. ., or C'UClUlatlv~ dhtdbutlon (un\!tlon 

, __ --:-_....,.-.,:---:-..,...J _________ ~ __ "" . ____ "' 
COIl'Ipute t:$tlaultCi oC the euoulat1.ve rto),abJJttlt" .It the twenty points 
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GOClpUU :the number of U'IIlph'B nr-l'dco tQ. "nauTt ae~eptable ~ttot'i 
1" the ,bloW{\- (''''mutative prob.llb"Uti.u for a given c","Cldetltt!' Inti!'tval 

Fig. 3-2. Computation of Cumulative 
Distribution Function 

instant of polling. Inherent {'rror is assumed to be 
consistent with a Rayleigh distribution, i. e •• 

(
E 0)2 

:= EO -1/2 T 
0- 2 e 

As time passes, the vehicle's location changes 
by a distance of (s ' t) and a direction e. (See 
Fig. 3-3.) The random variabl.e 6 is assumed to 
be uniformly distributed. Its probability density 
function is denoted by pte)' and is equal to 1/(211') 
between -IT and n. 

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

f(s) 

3-1 

(FO. 6 03::0 

'" )Ae- AS O<s<M 

to oth~rwise 
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Fig, 3· 3. Error in r<nowledge of 
V(,hlc1C"s Location 

Th<'re is a ursent!' probability FO, associated with 
z('ro sp('('d. Bvt'.Vl','1l spt·eds Zl'rO 0 and maximum 
!\i, thp spl'pd is distribuWd exponentially. The 
paranwter A is Sl·t such th.at tha fraction of vehicles 
stopp<'d, FO, plus thp fraction whose speed falls 
Iwtwt't'n 0 and maximum spl'eci M sums to 0.99. 

Tlw last of the AVM systl'm paramC'ters is time. 
Aft,~r the location of tlw vehicle is determined, 
th,'rl' is a dday b(·for(· the information becomes 
available. This dday is referred to as computation 
time, '1' C. Thus, if the symbol T denotes the 
polling: interval, the probability dellsHy function 
glt) is a uniform distribution over the time interval 
TC through TC ;. T. 

B. Derivation of Accuracy Analysis Algorithm 

Probability distribution functions have been 
ddinl'd for EO' e, s, and t, and from Fig 3- 3 the 
actual ('rror in tht' knowledge of the vehicle's 
location, ~. is: 

TIl<' distribution of errors is given by: 

cd:y " Prob (e :s y) " JJj] R <I>(e 0) get) • 

f(s) pee) dO ds dt dE o ' 

wht;re R is the region such that E ::: y. Due to the 
complexity of R, it is not practical to evaluate this 
intt'gl'al analytically or by numerical quadrat'ur",. 
Thl'r<liore a Monte Carlo integration of cdfy is used. 

Tht' Monte Carlo integration generates values 
for the four random variables, EO' s, t, 0 and 
uses these variables to calculate e by the above 
formula. By checking whether E S Yl for 
i:: 1, ". I 20 I when the n's are a pre- specified array 
of points on thl~ abscissa, it is possible, if enough 
trials a.re run, to determine an accurate estimate 
of th(~ cumulative distribution function, 

The methodology used to generate the random 
variables Eot s. t and e involves generating four 
uniform variates onlO, 1J: q. 1'2, 1'31 r4' In­
verting the cumulative density functions leads to 
the expressions needed to calculate the desired 
variables: 

t " TC + r2T 

f~n (l-r~) 
o ~ 1'3 ::: FO 

s ::: FO < r3 s 1 

l 
-}" 

0 " (2r 4 -1) 

Of primt' conCern in thl' lv'tonte Carlo integration 
is the numb,'r of trials need,~d to ensure an accept. 
able estimate of the probabilLtit~s that ( ::: Yi. If Pi 
denotes the real value of cdfy for a partic\llary ¥i. 
then the process becomes a long sequence of 
Bernoulli tr ials with Pi equal to the probability of 
success (i. e. 1 that E S n). Since the number of 
trials will be "large", the Bernoulli distribution 
can be well approximated by the Gaussian distri­
bution with mean, ).l. '" P 
Standard deviation. 

where n ::; number of trials, and Pi has been re­
placed by p for simplicity. 

Since the distribution of the number of t.rials 
for which E 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, cdfy, is less than some 
specified maximum value, E) to be at least C, the 
so-called "confidence level". That is. a fraction 
C of the distribution must be contained within the 
interval p - krr thru p ;. kcr (Fig. 3 -4). Thus, a 
value of C determines a value for k. In addition, 

~ v; 
~ o 

ilL-__________ -L ________ ~\----.... 
p-k" P ptkcr 

FRACTION OF TRIALS FOR WHICH E ~ Y 

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

r ,. 
) 

to ensure an acceptable absolute error, E, it is 
required that the interval ktT be les s than or equal 
to E: 

k tT $ E. 

Substituting the expression for the standard devi,l­
tion l) into this last l·quation gives 

which may be rewl'ittt'n 

2 2. n ~k p{l-p)/E 

This value for 11 repres ents tIlt' ml111mun1 nUltl­
bd' of trials needed to ensure an absolut., error of 
1"ss than E with conf~dence C. A 1.argLr valu" of k 
implies that a larger fraction of the gaussian dis­
tribution will be containpd within tht' int(,rval 
p ;b k 0", thus leading to a higher con£idenc(~ C. Ho .... v­
t'Vl'r. a larger k requires an increased numlwr of 
trials in order to satisfy th(' error criteria. 

The accuracy algorithm sp'ccifies the maximum 
allo\vabh' error E, and tht, required confidf;'nce 
interval C. Th(' progl'anl proceeds to run 1000 
trials, and Pi is then estimatpd as 

(number of tim,'s (<: .yi)/lOOO for i"1, .•• , 20. 

Th"se approximate valul's of Pi art' used to caIcu­
lat'; the n,quired number of trials, n, need(,d to 
dlsure (with confid,~nce C) that nom' of the error 
tl:rms will be gn'ater than the maximum allowabl,· 
trror E. If n is found to be less than 1000, no 
mor,· runs are required and thl' calculation of (n, 
t:dfy) is complete. However t if n is gn~att'r than 
l(Jl10, additi.onal trials are nl'edt'd. 

In order to prevent an l>xcessive number of run"" 
if, t"rms of conlputer time, a constant :::-;:MAX is 
introduced which sprv,·s as thl' maximum allowable 
nl!llllJl'r of trials. Thus, if it is det\~l'mim'd that 
mor,' than 1000 runs art' needed, the algorithm will 
proc('ss additional trials until the error kr111S al'~' 
sufficiently srnall or until the maximuln allowable 
nl1mher of trials is reached, whichever comes first. 
In the case where the number of trials reaches 
:-:~dAX, the resulting errors using the improved 
l1stimates of the Pi's are calculat(,d. In thl) actual 
ex('cution of the program, the number of trials is 
almost always ext(~ndcd to :::-;l\1AX with resulting 
errors on the order of 0.005. 

The accuracy program is interactive, the user 
bdng free to set tht· s ys tem parameters of variance 
in inherent error, polling interval, computation 
time, fraction of vehicles stopped, and the "maxi­
mum'! vehicle speed. The program then computE'S 
thl' mean of the exponential speed distribution such 
that 99% of the probability is included bl'tWCl'n 
spt·(,ds 0 and maximum speed M. The program '~'J 
specifies the 20 values to be used along the absci;;sa 
of the cumulative distribution function of AVM sys­
ten1 errors, These values are determined as a 

function of tht! variance of the inherl'nt error as one 
can assume that the variance or system errors is 
somewhat correlated with this pal'amE:tel'. The in~ 
tent is to covcr the full range from O. 0 to 1. 0 ofthc 
cumula'tive distribution function. As a safeguard 
agains t failure of full coverages, the program allows 
the us er to calculate the cumulativ~~ distribution 
function for 20 additional values of y when' th,' U:Wl' 
specifies th(~ initial lJoint and the intl.·rval between 
points. This option for additional points can bl' 1'('­

peatcd as many times as the USer desil'l's. Aft('r 
thl' cumulative distribution function is computt!li, 
thl' USl'r may l'('set thl' systenl pa~anwt\·l's, and the 
pl'ocess of determining a nl'W cumulativ(' distribu­
tion function is repeated. 

C. Results of AVM System Accul'<1.q':. Analysin 

Th\, algorithm d'Jscrib.,cl ilt tIw pn·vious Se(:tiOll 

was l'xt,rcised by running 42 casE's, ,'ach on" with 
a uniqu(' s ct of thL' input paramL'ters, whpr., 

SIGMA 

T 

FO 

.standard dl'viation of inhvl't'nt l'n'Ol' 
in :< and y dir.~c tions 

Polling interval 

C()n,~mtati.on tim(' 

Maximum speed 

Fraction stopppd 

Originally, all combinations of the following· param­
<,tel' values were to 'l(' run, 

SrGr-.1A T TC !'-1 
(meter s) (seconds) (S (,conds) (mt>t('rs/sc'c) 

0 2 0.01 40 

100 10 0.1 dl 

lOUD 60 

12.0 

jOn 

which \vould hav,· l'l'quired 60 caSeS. How<,ver, 
after the first 14 runs, it b('l:al~lt' l'vidpnt that th" 
A VM system {'rror was stabl(· ',)1' conlputation 
times in th., range 0.01 to O. \ st'c()nrl. 

1-'0 

0 

A valut· for th(' standard c1.t'viation of thl' inherent 
('1'ror of Z('ro serveS as a bc,<lndal'Y condition for 
inherent accul'acy of AVM hal'dwart! systems. 
Estimates of system error using SIGMA equal to 
zero represents thl' accuracy to be exp(~cted if on~~ 
invests in extremely accurate hardware systems in 
terms of pinpointing location, assuming thc.·re is no 
motion. At first glance, a maximum speed of 
60 ml'ters/second (134 miles/hr) might seem a 
little high; however, the speed of the vehicles of the. 
fleet is assuml!d to be distributed exponentially. 
Thus. u.very small fraction of the fleet is tl'aveling 
near maximum speeds; om,-half of the fleet is tra\'~ 
eling at a speed of hess than (maximum speed/6) or 
22.3 miles/hr. The fraction of car$ stopped is set 
at 0 because the algorithm is designed to sp('cifi~ 
cally test system accuracy assuming moving vehi· 
cles. Later, if individual users need results that 
reflect thl,h mode of operation, thl'y can supply a 
non- zero value for this parameter. Tht, effects 
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(,f cr dngcs in the above variables on AVM system 
accurac y follows. 

No modeling effort is necessary to determine 
whdher systl"m accuracy will improve or deterio­
rate given the direction of change of any input 
variabl t~. As tht! varianc e in tIw inherent error, 
tht' polling inte..rval, the computation time, and thl' 
maxinlum sp~,ed incrt'ase, systpm accuracydeterio­
raLt·s. IIowtN('r, the designer l·pquires a more 
ddailed knowledge of the interaction between thest' 
syskm paramet('l'S and AVM sysh'm accuracy. He 
is fac(,d with an accuracy constraint such as 80% 
of tIl!' vehicles must bt' locatt'd to within 150 meters. 
In ordt',l' to satisfy this constraint, he must be 
awar .. of tIll' con1binations of system paramdl'rs 
that can nwd his r{·quirenwnts.r he above analy­
s is provides this information. What it does not 
pr(Jvid,· is l.nforrnation for thl' designers' next step, 
which is to ddc·rminp tht> proper balance with 
r"spvct to inllt·n·nt accUl'acy, polling int('rval, 
and computation firn" sc) as to n1inimize cost as 
wd1 d.S satisfy accuracy constraints. 

Ih" bl'st accuracy results arl' obtained whl'n 
.'i!CiMA is sd ('qual to z(.rtl, With SIG:t\1A zero and 
polling interval equal to l seconds, 80% of the fl(·pt 
is locakd to within 20 m\'t<'rs and this is not 
strongly dt'pl'nd,'nt on maxinlUnl speed or COlllputa­
lioll timv. As the polling intprval is increased to 
to 10 sl'conds, HO';, of th.· flvet is locah·d to within 
{''.l rndvl's at ltlaximutn s{)(,['d of 40 nwtl'rs/s('cond 
<:mel to within 105 nwtf'l'S at 60 mctt'rs/second, 
'I hus, as polling int(·rval incr('aSeS, accuracy 
fH'colllPS lllOl'(' ch'p('ndpnt on nw.ximunl spI,ed. 
Again, tIll' accuracy is not dl'pt·ndent on computa­
tion tiUH·. Tabit· :~-1 pn'st'nts similal' r .. sults for 
ill<, r(·mainci· r of thv casl.'S with SIGMA l-qual to 
z .. ro. TIlt' abov(· tl'l'nds cOlttinut', that is, as th~' 
polling intvrval incrl'as t'S, th(, 80';:, distanc e grows, 

rable· 3,1. \,,·hide Location Accuracy at 
flO'::, L,'vd for SIG!\1A ~ 0 Mders 

T (!,CC ) Ie (""~ ) M ~ml·tcrs/s"c ) Accuracy (meters) 

2. .01 40 15 

2 .01 60 20 

;' .1 40 15 

.1 60 22 

10 .01 40 65 

10 .1I1 60 105 

1lI .1 40 70 

10 .1 60 ltJ:> 

00 .01 40 420 

60 .01 60 620 

bO .1 40 420 

IJO .1 60 620 

120 .1I1 40 820 

120 .01 60 1350 

300 .Ul 40 2100 

30t! .01 60 3080 
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the dl'pendence on maxinlUnl speed increases, and 
accuracy is not depvndent on computation time. 

Table 3-2 presl'nts similar data for the case 
SIGIvIA equals 100 meters. With a polling interval 
of 2 seconds, 800/" of the vehicles in the fleet arc' 
located to within 180 meters. Tht· trends evid<.'nt 
in th{, SIGMA equal zero cases can al:30 be seen b 
Tabl(: 3-2. On(~ major difference is that, in this 
cas e, the change in accuracy as polling int('l'val 
incrt'as es fl'om " to 10 s('conds is rather insiglli­
ficant. Thus, if the system hardwan .. has a stand­
ard deviation for inherent accuracy in the X and 
y direction of 100 mt'ters, then Httle would be 
gained by specifying a polling intl'r'lal Shol·tt:r th •. n 
lOs ,'conds. In comparing the results of ~.cabl (. 3·1 
and Tablt· 3~2, it is apparent that th,' accuracy L·f 
a SIGMA" zero system is not significantly bl'ttt.'r 
than a SIGMA" 100 meters system when the pollin!:! 
interval is gr (later than 60 seconds. Thus, if a 
sophisticated hardware system in tt,rms of inhercl!t 
error is installed, it requires a short polling inter­
val to realize significant benefits. 

The most striking difft'rence between the caSt!S 
with inhl'l'l'nt t'rror equal to 0 and 100 mt·ters and 
the case with inher(!nt t,rro1' equal to 1000 meters 
(Table 3- 3} is that the interval between the mini­
mum and maximum accuracies is much more con1-
pact in the 100 meter case. In general, one can 
conclude that as th~~ rt>solution in inherent error 
deteriorates, the system is less dependent on th(· 
remaining parameters. The accuracy figure in 
Table 3-3 for polling intervals of 2, 10, 60 and 
120 seconds are significantly higher than the cor­
responding values in Tables 3-1 and 3-2, while 
the accuracy at a polling interval of 300 seconds is 
of the same order over all three Tables. 

These results presenting accura('y estimates 
for AVM system errors can serve as a tool to bl~ 
used in AVM system design. 

..... 
, . ~ i 

~;~ 

Tablt, 3- 3. V('hicle Location Accuracy at 80% Level lor SIGMA = 1000 Meters 

T (St'c) TC (S('c) M (mt·tl.ts/St.c) Accuracy (mett'rs) 

2 .01 40 1790 
2 .01 60 1790 
2 • 1 40 1790 
2 , 1 60 1790 

10 .01 40 1795 
10 ,01 60 1810 
60 .01 40 181' 0 
60 .01 60 19~O 

120 .01 40 2210 
120 .01 60 2500 
300 .01 40 2985 
300 .01 60 3500 
300 . 1 40 2780 
300 • 1 60 3650 
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II. :V1ARKOV CHAIN MODEL OF VEHICLE LOCATION BY MEANS OF 
. PROXIMITY SENSORS FOR CLASS II AND IV SYSTEMS 

Marvin Perlman 

On(' approach to aut.)matically locating specified 
vI,hicles in an urban area involvt·s the employment 
of proximity sensors. The proximity ~ens.ors 
(which nlay be activp or passive,) are d1strLb~ted , 
throughout a given an'a. Once :nstalled, the POSl­
tion of a s ('ns or is fixl'd. A veh1cle, properly . 

, d will intl'ra('t with a sensor when the d1S-equlppe , h' . th' n 
tance between tht;. vehicle and t Ii' senso:: IS W1 1 

ore'scribed limits. Interaction results 1n com­
~unicating the identity of the vehicle and the loca­
tion of the sensor to a central syste~ .. Not con- , 
sidered in this analysis are the proximity sensor s 
characteristics, the required equipment for the 
~ehicle, or the mean::; of communicating to the 
central system, This analysis pr~sents a ~a~kov 
chain model of the interaction of fLxed pro.xlmlty 
sensors with moving vehicles whose locations are 
to be monitored. 

A. Classifications of Finite Markov Chains 

1. Cone epts and definitions. ~ stochas tic 
process is any s,'quence of experi~efts amena.blli' 
to probalistic analysis. A stochastLc\ process l~ 
said to be finite if the set of pos~ib1e ;,o'7tcomes 1S 
finite. An indept;.nd-:nt process 1S a fll,mte sto­
chastic process whe1'e knowledge of tl1e outcome 
of any preceding experiment in no way\ affects ,the 
pn'diction of tht' outcome of the pr('sel~t expertment. 

A finite Markov chain process is a 4inite sto­
chastic process where knowledge of tht\ outcome of 
the immediate past experiment does aHect ,the pre­
diction of tht; outcome of the present expenme.lt. 
Furthermor€c, the dependence of the ou:,come ?f 
each E'xperiment on t~e outcome ?f the l!r:un€cjl-
at ely pn,c.:ding expenment only 1S the sam~ ~t 
each stage of successive experiment~., A flnlte 
Markov chain is characterized by a flmte set of 
states {sl. s2, .•. ,sn}' The stat~ Qf a Markov 
chain is th" outcor'.'''' of the last expenITlCnt. Thus 
a Markov chain is itl one and only one state at a 
given tilne and advances from one state to anot~er 
(or remains in the same s.t~t~) in accordilnc~ ,wlth 
a priori transition probab!ht!es. The trans1tlOn 
probability Pij is the probability that the (Markov 
chain) process will move fro~ state ~i to si.:. and 
P'· depends only on s·, Assoc1atedwlth eVI!?y 

lJ 1, 't' b ordered pair of states is a known tranS1 lon pro a-
bility. An n x n transition p~c:bability m~t,r:x P 
contains as entries the tranSltLOn pr~bab1~lttes 
correspoI'.ding to (~ach of the respective n ordered 
pairs of states as follows: 

sl 5 s 
2 n 

5). Pn P12 PIn 

52 P21 P22 P2n 
P 

Each row in P compris{'s a probability l'vent space 
such that 

P .. ~ 0 
lJ 

and 

n 

2: Pij::: 1 
j ,;1 

for all i, 

for every i 

The transition pr obability matrix P and an initial 
(s tarting stat€' completely descr ibe a finite M'1.rkov 
chain process. 

2. R~lar Markov chains. !'- Markov chain 
is definedto be regul'!E if and on~y ~f after,n steps 
(i. e., experiments) for SOlne n, It IS poss1ble for 
the process to be in any state regardless o~ the 
starting state. The entry pi!1) in pn (:he. ~t power 
of the transition matrix) 1S Jthe prob.lb1~lty that , 
the process is in state Sj after n steps gLV:n that it 
started in state s i. A regular Markov ;ham h~s a 
regular transitior: ma~rix P s,;ch that P cO,nt~lns 
only positive entnes (l. e., p~,) > 0 f~r all 1, J). 
P may be tested for regularH~ by notmg whether or 
not the entries in p2, (p2)2, (p4)2, ... are 
positive assuming P has one or more 0 entry. 

Example 1. Given the following (proba­
bility) matrix 

s1 s2 s3 s4 

s1 0 1 0 0 

52 0 0 1 J 

P c 

s3 0.5 0.25 0 0.25 

s4 0 0 0.5 0.5 

2 4 ' kl Successive squaring of p, P , P , . , '. qUlc y 
results in large powers of P. When testing for 
reg;;.larity, tile actual values of the, ~nti:ies need ~ot 
bl-~ deterlT'..ined. Denoting each pos1tive entry by x 
a~':.d each zero entry 0 gives 

o x o o 

o o x o 
p .. 

x x .0 x 

o o x 
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p2, p4 and p8 arc, respectively 

x x 

x x 

x x 

and 

/xx 

Ix': : L x x x 

Thus P is a regular h':.nsition matrix. 

3, Ergodic Markov '::1., lns. A Markov chain 
Io defined to be ergodic if .. n(;only if it is possibll' 
fnr thE' process to go h:'om l·very state to every 
other state. Clearly a rt'gular Markov chain is 
?lways ergodic. However, an ergodic Markov 
chain is not necessarily regular. That is,' for 
every n, pn contains some 0 e.ntr ies. However, 
I'n for different values of n, will contain zeros in 
different locations. As n increas es, the pos iHons 
of the zeros change cyclically. In this case, thl' 
chain is termed a cyclic Markov chain. Thus an 
ergodic Markov chain is either cyclic or regular 
but not both. 

Example Z. Given the following transi­
tion matrix 

51 s2 s3 54 

s1 0 1 0 0 

52 0.25 0 0.75 0 p 

53 0 0.25 0 0.75 

s4 0 0 1 0 

01' 

0 x 0 0 

x 0 
p x 0 

0 x 0 x 

0 0 x 0 

vdwre x denotes a positive entry. For evc'I) n > 0,' 

x 0 x 0 

pn 
0 x 0 x 

x 0 x 0 

0 x 0 x 
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For odd n > I, 

o x o x 

x o x o 
o x o x 

x o x o 

Starting in an Odd-numbered state (sl or s3), tlw 
process is in an even-numbered state \ s2 or 54) 
after an odd number of steps, and in an odd. 
numbered state after an even number of steps. 

Pin Exa-nple 2 is an ergodic transition matrb: 
which is nonrl>gular. The process characterized 
by P is a cyclic (ergodic) chain. 

4. Absorbing Markov chains. An absorbing 
~ in a :;"larkov chaln is one v.:hich cannot b(~ left' 
once entc·red. An absorbing Markov chain is a 
Markov chain that has at least onl' absorbing state, 
and from every nonabsorbing state it is possibh' to 
nlOve to an absorbing stat<' (in one or more steps). 
Th" 11OnabsorbLng states (of an absorbing chain) are 
known as transient stat"s. The transition nlatrix P 
of an absorbing chain has entries p .. :;: 1 for each s. 
that isabsorbillg. 11 l 

Example 3. The following tr:msition 
matrix ch.-racterizes an absorbing chain 

sl 52 s3 s4 s5 

sl 1 0 0 0 0 

52 0.5 0 0·5 0 0 

p= s3 0 0.5 0 0.5 0 

s4 0 0 0.5 0 0.5 

s5 0 0 0 0 1 

Stat(;'s s1 and s5 are absorbing; whereas, states s2' 
s3 and s4 are transient states. 

5. Classification of states. The states of 
any given r.larkov chain can be partitioned into 
equivalence classes. An equivdence class conl­
prises either an ergodic set of states or a transient 
~ of states. Once the process enters an ergodic 
set, it remains in the set. Once the process }(laves 
a transient set, it never reenters the set. 

If a chain has two or more ergodic flets of states 
but no transient sets, th" chain in effect is a com­
posite of two or more unrelated chains. Each of 
the unrelated chains consists of a Single ergodic 
set and may be treated separately. Without any 



loss in generality, every ergodic chain (regnlar 
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 
rderred to as a unit set. 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 " c onununicate1! with every other 
state in the set. The process, however, moves 
toward the ergodic sets when the chain contains 
transient as well as ergodic sets. 

B. Prop('rties of Absorbing Markov Chains 

1. Canonical Form of P and pn. The tran­
sition matrix P of an absol'bing chain can always 
be arranged to have the following canonical form 
(by relabeling states) 

The submatrix 1 is an .e x Q identity matrix whos e 
entries are the transition probabilities for every 
ordered pair of absorbing states (si' Sj) where 

I 0 if i :f j 

P = 
ij 1 if i = j 

The subnlatrix Q is an m x m matrix whose entries 
art;' the transition probabilities for every ordered 
pair of transient states. Ihe submatrix R is an 
m x.e n~atrix whose entries arc the transition 
probabilities for l'very ordered pair of states 
(Si, so) where s' is a transient state and Sj is an 
absor~ing stat,_ .. l The submatrix 0 is an Q x m 
nlatrix whose entries are zeros corresponding to 
thl' zero transition probabilities of n~oving from 
any absorbing state to any transient state, powers 
of P have thp canonical form 

Note th<.>t the expression for M is a matrix 
equation. 

Theorem 1. In any finite Markov chain, 
regardless of the initial (starting) state, the proba­
bility that the process is in ergodic state after n 
steps approaches 1 as n ,!;pproaches infinit/. (A 
proof of Theoren~ 1 appears in Ref. 1.) 

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

for any ordered pair of transient states (si' Sj)' 
This gives the rate at which p(!l) approaches O. 

lJ 
n 

Every entry in Qn in the canonical for,m of P 
of an absorbing chain approaches 0 as n lncreases 
without limit. 

2. Fundamental matrix. The fundamental 
matrix of a.M. absorbing chain is defined as 

Note that 

2 n-l 
I+Q+Q + ... +Q 

and since Q ;0' I and lim Qn ::: 0 
n-co 

1 2 n-1] [I - Qr = lim [I + Q + Q + ... + Q 
n-co 

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

(1 ) 

The submatrix M in pn as n approaches infinity 
may be expressed as 

M :;: [1 - Qr 1 R :; NR 

The fundamental matrix N has the following 
probabilistic interpr etatlon. 

(2) 

Let uC~) ;;: 1 if the process starts in transient 
state s1 ~hd is in transient state Sj after k moves. 
Otherwise u{,l).)::: O. Let tCl})denote the' 'lumber of 

1J " 1), t t t t' times the process lS :n trans1e,nt s a e Sj, s ar mg 
and during n moves glven that 1t started in tran-
sient state si' Thus 

t\?) ::: u~?.l+u~~) + .•. +u~?) 
1J 1) 1J lJ 

Th(~ probability that the process is in transient 
state Sj after the kth move is 

p(u~~) ::: 1) c: q~~) 
lJ lJ 

given that si is transient and the starting state. 
The mean of u(i~) is 

m(u\~) ::: 1 . q~~) + 0 . (1 - q1~J~) 
lJ 1) 

The mean of tCl}) is lJ 

m(t~?)) :;: q~?) + q~~) + . q~?) 
lJ lJ lJ 1) 

the i, jth entry of 

Q(O) + Q(l) + ... d n ) 

where Q{O) :;: I. 

Then 

n" 1) 
= lim r.n(t~~)) 

n-a:l lJ 

:;: (k) 
qij 
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if 
1 ~ 
\ ; 

I; . th ' ,th 
It:, e 1, J entry of the fundamental matrix 
expressed in (I), The value of nij is the> mean 
number of times the chain is in transient state s, 
given that it started in transipnt'state s' and con~ 
tinues until the process is absorb('d (i.~., reachl'S 
an absorbing state). 

3. Statistics on tht' number of times the 
process is in a transilmt statl'. Let Vi denote the 
number of steps (includ1!lg the' original position) 
bdor(' absorption/given the starting state is S'. If 
5i is in an absorbing state, then v' ::; O. Give~ that 
tbl? absorbing chain contains a tra~sicnt set denotC'd 
by T. and si is a transient stat(> if and only if 
siJt.T (i. (~ .• si "is a member of" 1'). Thl'n 

m(v, ) 
1 (3) 

which is the i th row sum of the fundame>ntal matrix 
)I. Each row sum of N appears 1n the m x 1 column 
vector 

0' :;: NC 

where C is a m x 1 column vector whose entries 
art' all I' s. 

The variance of the function Vi is 

where 

2 :: m(v,) 
1 

(Note that the original position is necessarily 
included in the expression for m(vr).) 

Continuing, 

(4) 

L Pij + L Pij m(vi
2 

+ 2vi ) + Pij 

Sj ¢ T Sj E T 

2 [m(v, ) + 2 m(v,)] + 1 
1 1 
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The braces denote a column vec :or wher(' each 
entry corr(>sponds to a different value of 1. 

Therefpre. 

2Qa + C 

2HQCt + NC 

= 2NQa + a 

Since 

N::: I 
1- Q 

N - NQ ::: I and NQ:= N - I 

and 

2 
{m(v

i 
)} = 2[N - IJex + a 

= [2N - I]ex 

Fin<l;lly., the variance of Vi for each 1 expressed as 
entnes in m x 1 column vector is 

:: [2N - IJex - ex 
sq 

where Cl'sq results from squaring each entry mlvi) 
in CI' shown in (4). 

Example 4. A particle moves a unit ciis­
tance along a straight line. Given that it is in si, 
it moves to s1+1> one unit to the right, with prob­
ability 0.5, or to state s1-1' 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 sl and Ss are 
aboorb~~g. and s2. s3, and s4 are transient, The 
probablltty matrix appears in Example 3. Reor­
dering the rows and columns gives the follOwing 
canonical form: 

sl 1 0 0 0 0 

55 0 1 0 0 0 

p = s2 0.5 0 0 0.5 0 

s3 0 0 0.5 0 0.5 

s4 0 0.5 0 0.5 0 



~~~==-=-~-=--=---=~--~------~ITr!,,------------------------------

Th(, fundamental matrix: is 

1 0.5 

N = [1 _ Q)-l = 2 1 

1 L5 

Thus, for exarnple, if the process starts in state 
52' the ~ number of time it is in state s2, 133 
and S4 is 1. 5, 1 and O. 5,respectively. 

Furt!1ermore, 

since 

and 

lim M " NR 

as shown in (1) and (2). 

In exan1ple 4 

R= 

and 

Ei 5 

NR= ~
'75 0'~2 

0.5 0.5 

0.25 0.75 

Hence, for example, if the process starts in state 
S2, it will be absorbed in state sl with probability 
0.75 or in state s5 with probability 0.25. The row 
sums of NR are necessarily 1 in accordance with 
Theorem 1. The mean number of steps before 
absorption including the original position for each 
transient starting state appears in a as shown in (4). 

The mean number of steps before absorption is 3 if 
the process starts in S2 or s4; whereas, it is 4 if 
the process starts in s4' 

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

[2N - I] IX- IXsq 

from expression (5). In example (4) 

The mean number of steps before absorption is 
greatest for starting at s3' However, the vari­
ance is the same for each starting transient state. 
(Note that when the variances are quite large com­
pared to the corresponding entries in IXsq' it indi­
cates that the means are unreliable estimates for 
that particular chain.) 

C. Model of Absorbing Markov Chain for 
Clas s II and IV Sys terns 

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

Given that a vehicle starts at any given inter­
section (sensed or unsensed), what is the mean and 
variance of the number of blocks the vehicle moves 
until being sensed? Once the vehicle is s ens ed, a 
new experiment begins. Thus, between sensings, 
an uncertainty exists as to the vehicle's location. 
This is reflected in the magnitude of the mean and 
variance of the number of blocks the vehicle moves 
between sensings. 
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. .The numb:r. ~f sensors, their layout, and tran­
~ltlon pr~babl~ltles b~tween orthogonally adjacent 
l~t~rs eC~lOns IS r equll'cd a priori information. 
Unl!ornuty of deployment of sensors assumes 
unbIased routes. Random movement of the vehicle 
corresponds to unbiased routing through the sensed 
area. Thus the direction of travel of a vehicle 
fran: an in.ters:ction will be in anyone of four 
pOSSIble dll'ectlOns with equal probability. 

If o~"'. were to incorporate a different transition 
probabIlity for each of the four possible dil"l'ctions 
the nur:nber of states in the Markov chain model ' 
would lncrease fourfold. Each state would be 
associated with a pair of labels. The interser:tion 
,:?tere.d would be designated by one label and the 
~lrl'ctlOn fro.n: which it was entered by the other. 
Such.~ ,translhonmatrix would be meaningful if the 
trans~tLOn probabilities were accurately known. 
That l~, the ~robability that a vehicle upon leaving 
a,parhcular l.ntersection will go straight, make a 
Idt .turn, a.rIght tu~n.or a U-turn is a priori infor­
n~atLO~. WIthout thIS Information, equiprobable 
~lrectlOn of travel (to any of the four adjacent 
Intersections) is assumed. The resulting statistical 
accuracy establishes achievable bounds on the 
system's accurllcy. 

Returning to Fig. 3-5, only the subarea 'with 
labe~ed inter~ections need be considered. Bound­
ary mte~se:tlons (of the subarea) act as reflecting 
?o,:ndanes In the Markov chain model. A vehicle 
:n mter~ ection 1 corresponds t~ the process being 
In tranSIent state 1. The tranSItion probability 
f~om state 1 to the intersection due North is 0.25. 
S.Lnc: t~at intersection has the sar.'le relative loca­
tion m ItS subarea as does intersection F in the 
s;rbare,:, unde;r discussion, an upward move (due 
~orth) IS equIvalent to a reflection to intersec­
~lon F. Identical sensor layouts for all subareas 
IS clearly required. This permits the use of a 
small trans~tion matrix (25 x 25 in Fig. 3-5) for a 
M?-rkov chaIn model of an entire area where 
fr:1nge e£fects are neglected. Intersections labeled 
WIth c~aracters are sensed and are associated with 
absorbIng states. Unsensed intersections are 
l,:,beled wIth numbers and are associated with tran­
s7ent states. The reflection properties of tran­
SIent boundary intersections are apparent in the 
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submatrices Q and R in Figs. 3-6 and 3-7 
respec~ively. (No~e that states s1 and s ~re 
reflectmg boundanes in Example 2. ) 4 

Th'e matrix Nand coluran vector!! IX = NC and 
[2N - I] C(- O(sq were computed on an IBM 36{1/65, 
The components of IX and IX s rounded Lo 3 dedmal 
places are: q 

1 

2 

3 

5 

6 

a = NC = 

1 :> 3 

1 1.667 

2 2.667 

3 1.667 

4 1.667 

5 1.667 

6 1.667 

7 2.667 

8 1.661 

9 1.667 

10 2.667 

11 1.667 

12 1.667 

13 1.667 

15 

16 

1.667 

2.667 

1.G6~ 

5 6 

a = sq 

2.778 

1.111 

2,778 

2.778 

2.778 

2.778 

7.111 

2.778 

2·778 

7·111 

2.778 

2.778 

2.778 

2.778 

7.111 

2.778 

8 9 10 11 12 13 14 15 16 

(\ .25 0 0 0 0 0 0 0 0 0 0 0 0 o o 

.25 0 .25 0 .25 0 0 Q 0 0 0 .2~ 0 0 0 0 

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

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

o .25 0 a 0 0 0 000000000 

o 0 O. 0 0 0 0 0 (> .25 0 0 0 0 0 0 

7 0 0 0 .25 0 0 0 .25 .25 0 .25 0 0 a 0 0 

8 

9 

10 

11 

12 

13 

14 

15 

16 

o 0 0 0 0 0 .25 0 0 0 0 0 0 o 0 o 
Q Q 0 0 a 0 0 a 0 .25 0 a a 0 0 o 
a 0 0 0 0 .25 0 .25 .25 0 0 0 .25 0 0 0 

o a 0 0 0 0 .25 0 0 0 0 0 0 0 0 0 

o 0 a 0 0 0 0 0 0 0 0 0 0 0 .25 0 

o 0 0 a a () 0 0 a .25 0 a 0 a 0 0 

a 0 0 0 0 Q 0 a 0 0 0 COO .25 0 

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

o 0 0 a 0 0 0 0 0 0 0 0 0 0 ".25 0 

Fig. 3-6. Submatrix Q of Absorbing Chain Model 
for Monitored Subarea in Fig .. 3-5 

I 
!~ 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

ABC D E F G H J 

• 25 0 .25 0 0 .25 0 0 

o 000 0 0 0 0 

o .25 0 .25 0 0 .25 0 

.25 0 .25 .25 0 0 0 0 

o 0 .25 .25 .25 0 0 0 

o .25 .25 .25 0 0 0 0 

0000000 0 

o 

o 

o 

o 

o 

o 

o 

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

o o o 

o o o 

o o o 

o o o 

o o o 

.25 .25 0 .25 0 

000 o 0 

o 0 .25 .25 .25 

o .25 .25 .25 0 

o 0 .25 .25 0 

o 

o 

o 

o 

.25 

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

000000000 

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

Fig. 3-7. Submatrix R of Absorbing Chain Model 
for Monitored Suban'a in Fig. 3-5 

Thus, starting in a transient state or an unsensed 
intersection, th(~ 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 
state (1 through 16) is 1. 778 which are the entries 
of 

[2N - I] Q' - Q' sq 

Since 1. 778 is a fraction of 2.778 and 7.111 (the 
distinct E'ntries of Q'sq), (.:1(' means given in Q' are 
reliable estimates for the layout in Fig. 3-5. 

Notl' that the proba1;lility of being sen,sed ..:annot 
be computed. The probability of being sensed by 
a sensor in the same relative location as say B 
(Northeast corn,'r of a subarea) can be detern"lined 
from NR. See Exa=ple 4. 

The ratio of sens ed intersections tothe totalnu=­
ber of intersections in a =onitored area is of inter­
est. In Fig. 3-5, 4 sensors are each sharing 4 
subart'as. These are sensors at intersections A, 
B, Hand J. Thus the total nu=ber of sensors per 
subarea for 5 (interior) + 4 (each shared by 4 sub­
areas)/4 or 6. The total nu=ber of intersections 
per subarea is 9 (interior) + 4 (each shared by 
4 subareas)/4 + 12 (each shared by 2 subareas)/2 
or 16. Thus the ratio of sensed inters ections to 
total intersections is 3/8. 

f 
---.----1 . 

__ 3_f-HC._r--if_.- 5' 

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

Consider a =onitored area with identical sub­
areas as shown in Fig. 3-8 where the ratio of 
sensed intersections to total intersections is 3/9. 
Its associated sub=atrices Q and R appear in 
Figs. 3-9 and 3-10, respectively. For complete­
ness the funda=ental =atrix N = [I - Q]-l corre­
sponding to Fig. 3-8 appears in 'Fig,. 3-11. The 
entries are rounded off to 3 decirnal places, 

The =ean and varianc<.l of the number of blocks 
a vehicle moves before detection starting fro= 
each of the unsensed intersections 13 2 and 2, 
rE'spectively. 

1 

2 

3 

4 

5 

6 

7 

8 

1 2 3 4 5 6 7 8 9 10 

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

• 2 5 0 0 . 25 0 0 0 0 0 0 

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

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

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

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

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

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

9 0 0 0 0 0 0 .25 0 0 .25 

10 0 0 0 .25 0 0 0 0 .25 0 

Fig. 3-9. Sub=atrix Q of Absorbing Chain 
Model for Monitored Subarea in 

Fig. 3-8 
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1. 

1 

2 

3 

4 

5 

6 

7 

8 

ABC D E F 

.25 0 .25 0, 0 0 

o .25 0 .25 0 0 

.25 0 .25 0 0 0 

o 0 .25 .25 0 0 

o .25 .25 0 0 0 

o 0 0 .25 .25 0 

o 0 .25 .25 0 0 

o 0 0 .25 0 .25 

9 0 0 .25 0 .25 0 

10 0 0 0 .25 0 .25 

Fig .. 3-10. Submatrix R of Absorbing 
Cham Model for Monitored Subarea 

in Fig. 3-8 

2 

6 

10 

2 6 1 8 9 10 

1.073 0,29 0,0"1 0.089 0,(:>4 O.OM.< Q,311 0,026 0,083 (1,021 

0,287 1.15 0,Q06 o.311 ;.OS3 Q,C2i, ~,c8·, Q.rn 0.C24 O.CC6 

0.021 0.083 l.CT3 0.311 0.083 0,;1 J.~~1 o.~.?~ o.o::~ 0.0'.;& 

0.077 0.308 O.O~3 1.1fj6 c.jQIj o.c;~~) (J. )~:. ij.\77 O.Ol~ c.~,Cj 

0,021 0,083 0,00'; 0,311 1.15 O.c.;, ",Oe7 0 .. '" 0,0;>4 0,0. c 

0.006 0,024 0 ";:11 .... ". 0.311 

O~'J03 C.01.? :;.r'77 :J.::~4 O.JLI 'Zl.r>j :.l:'{' 0 . .:")3 ~.3,)S 0.011 

0.006 O.O;:;j o.c",;, o.ce, ':).':9 c.~!33 ·1.:11 1.(:13 0.;:·83 o.oa 

0.00(\ C'.O'24 O.C:l c.cS) ::-.:J:'~ c..cS' 0'.311 1"). '.:·-f 1.15 0,287 

0,021 O,CS) 0.0;" 0, )11 0,(83 .J,:;;l. Q,aS·, v,O,l o,"~ 1.073 

Fig. 3 -11. Fundamental Matr ix N 
Corresponding to Fig. 3-8 
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PART FOUR. AM BROADCAST AND BURIED LOOP FEASIBILITY ANALYSES FOR AVM USE 

G. R. Hansen 

r. VEHICLE LOCATION BY :~1E;ANS OF' AM 
BROADCASTING STATION CARRIER SIGNALS' 

Carrier signals of commercial AM broadcast­
ing stations can be used as the source of vehicle 
location information .. :, As in well- known navi~a­
Hon systems, the- signals radiating from pairs <If 
stations will form an hyperbolic grid or coordin<1te 
system, and vehicles which are equipped with 
phase-lock r(>ceivers and phase repetition counters 
can \c(>ep track of thE' location of the vehicle in this 
hyperbolic coordinate grid. This information is 
then periodically transmitted to a central command 
base where the transformation from hyperbolic to 
geographic coordinates is performed, and the 
actual location of the vehicle is determined and 
displayed. 

A. Introduction 

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

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

" 
The AM broadcast vehicle location technique 

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

Vehicular equipment consists of at least three 
phase-locked loop receivers to extrac.: the .carrier 
.c 

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

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

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

B. Hyperbolic Location Principles 

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



If the receiver is at one side or the other, of the 
bisector, the signal from the nearer :ransmltter. 
will arrive at some finite amount of tlm~ before the 
signal from the farther source. If the slgnals are 
continuously Itransmitted, t:1e phase of the nearer 
will lead the phase of the farther. Another locus of 
constant tim'a or phase difference can be generated 
by maintaining the same difference in distance 
from the re':eiver to each transmitter. , The curves 
for constar,'; time or phnse difference wlll be con­
focal hyperbolas that are symmetric al:'ou.nd the 
bisector (flee Fig. 4-1). 

A line-oi-position (LOP) can be determined 
relative to a pair of RF transmitters ?y noting t~e 
time difference in the arrival of the slg~lals, wh;ch 
corresponds to one of the hyperbolas. rhere wlll 
be ambiguity as to which branch of, the hyperbola 
represents the true LOP. 1£ the SIgnals are con­
tinuous wave and only the phase differences are 
determined, the degree of LOP ambiguity increases 
many-fold since the phase pattern is repeated 
whenever the cumulative distance change to the two 
transmitter s equals one wavelength. The resolu­
tion of the ambiguity is described later. 

If the two stations art. transmitting on slightly 
different frequencies, the relative phase between 
the carriers will change cyclically at a rate ~e­
termined by the difference in frequency •. Thls rate 
will be the same anywhere that the two slgnals can 
be received. If the locus of lines of con~tant phase 
difference are now considered, they agam ~om­
prise a family of confocal hyperbolas, but mstead 
of being stationary, they wi1~ sweep, through the 
area covered by the two statlons (F1~. 4-2). The 
hyperbolas, as a function of time, wlll tend to 

Fig. 4- 2. Apparent Motion of Hyperbolas J?ue to 
Slight Difference in Two Signal Frequencles 
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form acutely around the station radiating the higher 
frequency and then move toward the lower fre- . 
qllency station; straightening as they reach the mId­
point, then curving around the lower ,frequency .sta­
tion and then vanishing on the extenslon of the lme 
joining the stations. A. receiver capabl~ of coun:­
ing the passage of hyperbolas 1"epresentmg a par­
ticular phase difference will accumulate the same 
count in the same time interval regardless of t,he 
location within the service area of the two statIons. 

l! the constant phase difference counting ~e- , 
ceiver is positioned in .a stationary hyperbohc fteld, 
no counts will be accumulated as long .as th,e re­
ceiver's location is fixed. If the receIver 1S moved 
in such a manner as to cause the difference in the 
distances to the two stations to change by one ,:,ave­
length, then one count will be accu~u~ated. Sll"?­
ilarly, in a moving field, a one-umt dIfference ;n 
counts will be accumulated by a stationary receIver 
as compared to a receiver that is moved by a wave­
length distance difference. 

The AVM system based on ,AM broadca,st signals 
is discrete as opposed to contmuous locatIon sys­
tems in that the intersections of hyperbolas form a 
grid which can be transfor.med into sp~cific urb.an " 
area locations correspondlng to these Intersechon.·. 
Interpolahon between grid line~ i~ not used. ~hen,­
fore it is somewhat like a prOXImIty system WIth 
the hyperbolic intersections taking the pI,ace of 
physical devices or signposts located at mtersec­
tions 01" at fixed points. Continuous system~ pro­
vide somewhat uniform coverage of th,e serv.Ic~ 
area and allow any geographical loca.tlO,n~ WIthm 
tbis area to be determined to some llm1t:ng pre­
cision dictated by the technique. The gnd de­
scribed by the intersection of the 'hyperboI,as allow" 
the actual geographical location of the vehIcle t~ bp 
somewhere within the hyperbolic triangle descnbed 
by the coordinates of (l. particular triad ver,tex. 
The dimensions of this triangle are a .f,:nctlon of 
the distance to the foci of the two famlhes of hyper­
bolas and also of the wavelength of the common frt.>­
quency. In most contim',ous AV,M systems, the 
precision diminishes with the dIstance from th~ 
fiducial points. In the AM Broadcast hyperbol~c 
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 1"efer to the a1"eas between 
adjacent hyperbolas of const,:nt P?ase as lanes. 
These navigation lanes vary In WIdth fror;n 1.5 to 
15 km, depending on the frequency used m th~ sys­
tem, and the principal goal of the~e meth.od~ IS to 
maintain a vehicle's location preCIsely wIthln a .se­
lected lane. In cont1"ast, the AM broadcast vehIcle 
location method utilizes much narrower (e. g. , 
o 15 km) lanes and keeps track only of the ID num­
b~r of the hyperbola of constant phase.diff;:enc~ 
that the vehicle has crossed and in whlch \..:uectlon 
the hyperbola was trave1"sed. Therefore, t?e 
location precision is a function of the lane wIdth. 
and will vary with the distance from th: AM stahon 
pair. This system is intended for use m met~o­
politan areas and adjacent suburbs of rathe~ 11m­
ited size compared to the much large1" serVIce . 
a1"eas of navigation systems. Since AM hansmlt­
ting sites are usually loco .ed near the outskirts of 
the ar.ea they serve, the divergence Of. the hyp~r.­
bolas and the consequent loss in locahon precIs10n 
can be held to reasonable values. 

In many prior studies and developments con­
cerned with emergency vehicle location problems 
(see Bibliography), a general goal has been to pro­
vide a location capability 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 hyperbolic coordinate 
system from AM station signals, these signals 
must be transformed to a common frequency which 
is phase coherellt 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 floe­
quency should therefore be a multiple 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 
thereforE". phase-coherent with the original AM 
carriers and effectively change the radiation from 
I.'ach of the AM stations to the common frequency. 
A virtual hyperbolic pattern is generated from 
Pitch pair of AM stations received; and if the AM 
lignals were phase coherent, the pattern will be 
stationary in space. It is then only necessary to 
measure the phase differences and COU!),t the num­
ber of times the phase pattern has repeated as the 
.... ehicle 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 

placed in each vehicle. The computation of loca­
tions is l'eserved for the central command b;:.se 
where the location information is desired. 

It is immaterial whether the hyperbolic grid 
pattern is fixed or moving as far as the location 
process is c;:oncerned. If fixed, then only tht' 
counts accumulated by moving receivers are nec­
essary to determine the new positions from the ole!. 
If the grid is moving, then the difference in counts 
between the moving receivers and a stationary rt'­
ceiver is all that is required. Besides the magni­
tude of the counts, it is also necessary to know the 
"direction" of passage of the hyperbola of constant 
phase diffel'ence. The hyperbolas always move 
from the higher frequency source toward the lower 
frequency. If the hyperbolas are stationary, the 
vehicle's movement toward one source will tend to 
increase the apparent frequency !:rom that sourCe 
while decreasing the frequency of the other. 
Therefore an assignment can be made as to whi('h 
direction is to be called a positive count and which 
a negative count. 

C. Vehicle Equipment Requirements 

A block diagram of one of the receivers to he 
installed in the vehicles is shown in Fig. 4-4. 

V 530 TO '600 kH, 

530 TO '600 kH, 

1--__ 10UPo{)N 

COUNTERS 
SYNC (;KT 

E'ig, 4-4. Phase-Locked Loop AM Receiver 
on Vehicle for Hyperbolic AVM Technique 

Three of these receivers are required for each 
vehicle. A conventional RF amplifier is used to 
provide selectivity and gain of the desired AM sig­
nal applied to the phase detector of the phase-lOCk 
}c'QP (PLL). The voltage-controlled oscillator fre­
quency in the PLL is adjusted to run at the same 
frequency as the AM station carrier. The oscilla­
tor uutput is divided by a variable modulus counter 
(+ 53 to 160) so as to produ<'e 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 

Fig. 4-3. Change in Receiver Location 
from Hyperboli.:- Area 5-9-5 to 10-2-7 

spacing of the hyperbolic patterns is a fundion 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 

as the reference input to the phase detector of the 
frequency multiplying PLL. A 1 MHz voltage­
controlled crystal oscillator is phase-locked to the 
5 kHz reference by dividing the oscillator frequen­
cy by 200 to produce a second 5 kHz signal which 
is compared to the reference. Therefore, the 1 
MHz signal is phase-lOCked to the AM carrier fre­
quency so that the phase relatiIJnship between the 
1 MHz and the carrier is repeated at least every 
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53 to 160 cycles of the AM carrier. 

Three such receivers, each tuned to a different 
AM station, will produce th1"ee separate 1 MHz 



signals. !;'ach phase-coherent with the appropriate 
AM carrier. 

Th(' roblpm then rl:'mains to determine ,the ,ID 
numberPand dil'ection of the hyperbola t~~\lS e~~er 
traversing or being traversed by the ve Ie e. 
statc·d reviously. the measuren:ent of th: fr:quen­
~y diffrrence and the determinatlon of WhlC~ IS th!;' 
rpatt'r frpquency are required. The,techmque 

;el('cted to determine th!;' frequen~y d,lffe{e~~ehand 
also to yield information as to whl('h IS t e Ig er 

, t u e an up- down counter or lov.:er fr equency IS 0 s. '1 
in whi, h one frequency provides inerementmg pu -
ses and the oth!;'r decrementing pulses., The state 
of the counter should then indicate the Integra~ed 
frequency difference between the two [reqUen~les 
which is the algebraic sum of the hyperbola 0 

constant phase difference traversed. 

Tht' up-down counter must respond to every in­
("rementing and decrementing pulse because al:y 

lse missed will displace the measured locabon 
b~ ~ne unit in the hyperbolic grid. In order to ,pre­
vent the unC'ertainty in the up-down coun~er whIch 

auld bl:' caused by the simultcneous arr1val of up 
:nd down pulses. resynchronizati~n, of the 1 MHz 

u1.,es was required. A synchromzll1g frequen~y 
~t least four times the frequency to be counte~ 1S 
required to assure that no pulse is lost or sp,ht. 
The logic for resynchronizing to 4.192 1-lliz :s 

h ' 'F' 4 5 The logic discards both mcre-s o\ .... n 1n Ig. -. " 
menting and decrementing pulses whl,ch ~re mputs 
to the same up-down counter and arnve In the saIne 
synchronizing interval. 

Fig. 4- 5. Up- Down Counter s Sync ~ogic 
for Hyperbolic AVM Techmque 

Each of the three counters in the receive~ main­
tains a count which is the integrated algebraIc su~ 
of the apparent frequency differen~e ?etween a pa!_ 
of AM stations each nominally radIatrng ~t the co 

f Part of this frequency dIfference mon requency. h t 
is due to the AM stations not being phase co eren 

(i. 10'., not exactly on the ass,igned frequency) 
part is due to vehicular mobon. 

D. Vehicle Location Method 

<lnd 

If three AM stations, A, B, and ~, are moni­
tored (Fig. 4- 3) and the transformat,lon of t~e card' 
riers yields three common frequencl~s fa. ~, an 
f then the three counters in the vehIcles wIll ,ac­
c~mulate counts N in a time t in accordance wIth: 

N 
a = (fa - fb)t + Vab (f)t x F(x,y).;. C 

= (f - f )t + Vb (f)t x G(x, y) .;. C b c c 

::: (f - f )t + V (fjt x H(x. y) .;. C 
c a ca 

C = 3 x 109 m/sec 

where f is the common frequency, V is the vehicle 
velocity component parallel to the baseline of th: 

, , nd F G and H are general equatlOns statlonpall', a " 'I' 
of the second degree (describ}n); the t~ree faml les 
of hyperbolas) in terms of X an~ Y v:hl~h are ,~he 
geographical location of the vehlcl~ In an arbItrary 
orthogonal coordinate system. T~IS syst~m of 
equations does not yield an expliCIt analyhc solu­
tion for the 10C'ati;m in terms of X and Y. It dO,es 
indicate the separability of the counts due to slIght 
differences in the commCJn frequency an~ th~ 
counts caused by vehicle motion. Countmg IS neg­
ligibly influenced by the difference in frequency of 
fa, fb, or f c • 

At the base, the loc~tion process i~ initializ,ed 
b first receiving the actual geogr~p~~cal locatIon 
( ,y X d Y) of the vehide and the InItIal content of 
In an N N d N ' re the three cou;'t~rs (called ai, bi, an CI, -

t ' 1) The coordinates in X and Y and the spec lYe y • t t t of 
counter states are stored. The r.oun er s a es 
the stationary receiver are also stored at the sa,me 
, t t An explicit calculation is then made usmg 
Ins an. • d' t f th AM the X- Y location and the COOl' ma es 0 e, , 
stations which yield the location of the vehIcle l~ 
terms of the parametric families of the hyperbo as. 
Each hyperbola in each family is numbered" an~ 
the results of this calculation give the locabon m 
three integers which represent the nearest hyper­
bola of each family. 

Subsequent locations are determined by receiv­
ing the current state oj' the three counters ,from the 

h " Fir st the initial state of the vehIcle 
ve lc.e." h t t t and 
counters is subtracted from t e r.urren s, a e, 

d the change in the state of the statIonary 
secon , , , 1" t' to the receiver counters (from the imba lZlng 1me , 
current time) is determined and s~btracte~ to YIeld 
the change in each of the hyperbollc coordlnate~ 
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 

, d hanges in X and Y so that the calculated requue c, h b I' rd' 
new position will have the same yper, 0 lC coo 1-

nates as those determined for the veh1cle from the 
current counter states. This method was chosen 
over an analytic technique as it yields a "~ost d 
likely" solution in less time than an analytIc, metho 
which has the additional disadvantage, of haVIng 
several pairs of coordinates as solutlOns. 

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 hyperbolh., coordinates shOUld be a con­
stant plus or minus one. Additionally, for loca­
tions near the vertex (the one AM station common 
to each hyperbolic family), the algorithm may be­
come divergent and another set of coordinates 
should be used. 

E. Accuracy Analysis 

All AM broadcast stations in the United Stateo 
operate on assigned carrier frequencies which are 
multiples of 10 kHz -tn the frequency region be­
tween 530 and 1600 kHz. The FCC requires thCLt 
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) f l /f2 = (n + p)/n, where nand pare, 

both integers. 

The carriers could be said to be phase-coherent in 
th'lt 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 possiblf' to syn­
thesize another frequency, which is also a multiple 
,of 10 kHz which is phase- coherent to each of the 
<,arriers within the area. 

The 10 kHz can be multiplied to another fre­
qllency, say 1 MHz, which will be phased coher-
(~nt with the original car riel'. Since the FCC allows 
;1 frequency t()lf.'rance of 20 Hz, the synthesized 1 
:\lHz signal will have a tolt'r~nce of: 

(2 1 ±X Hz = ±20 Hz 006 Hz)/f Hz, where 

f b the AM carrier frequency. 

Therefore X can vary between 39 and 12 Hz, de­
pt'nding upon the frequency of the AM broadcasting 
carrier. It is therefore possible that a pair of AM 
stations could cause a beat frequency between the 
t\\O "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 ca't'rier being off 
frequency and thereby causing the 1 MHz to be 
sli~htly 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 
e:-''Pected 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 
ann up to 2 meters some 60 km away from. either 
station and therefore nf'gligible. 

F. System Data Requirements and Polling 
Intervals 

System considerations determine how much in­
formation is needed frorn 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 
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to determine locations. If the polling method 
allows any or all vehicles to tr'l.vel at maximum 
speed and still be located to the ultimate precision, 
the inf'Ormation flo\,- 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 trans­
mitting. An adaptive polling technique whereby 
high- speed vehicles are interrogated at much 
shorter intervals and where average and sl"",vly 
moving or parked vehicles are infrequently sam­
pled is quite easily mechanized. The simplest 
polling technique requires that the central control 
transmit incrementhg pulses (tones, or tone 
bursts) to all vehicles which count and accumulate 
these incremental signals. 'When the number of 
signals received matches the number 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 vehide which had 
been immobile could,~equest inclusion in the next 
polling sequence by responding with an appropriate 
signal regardless of the command not to send data. 

The amount that the A~l carri,'rs 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 A!\1 sta­
tions could cause an 80 Hz beat frequt'ncy in the 
synthesized 1 MHz signals which would cause a 
total count. of about 288,000 per hour to be aecu­
mulated. A vehicle eruising at '3C km/hr along the 
baseline of a station pair would accumulate a count 
of 200 pN 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 r e­
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 preaITlble, 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 eould con­
servatively accommodate 1200 bit/sec, then 24 
vehicles could be interrogated and located each 
second. Again using the DOT requirement, 820 
vehicles could be loeated 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 maximum). It should be r('al­
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 from each vehicle 
could be reduced by about two-thirds if the AM 



stations being utilized for location maintained phase 
coherency. A stationary location pattern would be 
generated. and the up-down counter lengths could 
be reduced substantially as onty 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 cammon 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 to be used for 
day and night operation. 

G. Computer Simulation Programs 

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

Table 4- 1. Ve hicle Location Simulator 
Program, LOCATE 

':'lCft~r[lll? 
9 L(lC.r:r 

ttl X.c .. "fX:;\X:;( 11 
(2) lr.·'dt.<;.".'i(11 
0] D-loa 
["] X-7M!) 
[~J Y-!1(1) 
(el n,/,-! 
[1] tJ~{( (x .... x:O ... 1:)., (1·Y.'1;-2) ,O.S 
(oj D'D,PC! 1 
(0 J C,~-3,0 
[101 ~rl.! ~ ]-t (X-~sr £ 1\ IU! L 1\- (X-XS(lllIDCl J) 
r 11) ,.,c ... ( 0 t (c:'n( 1 leLM_'[ 11). (.$.4:'[ ~ '-c:.~r 3) )11300 
(1)] U[ £ )o( (1-Y:(£ llID[& ll-C (7-1,,(1]) I U(l]) 
(13 J CY.[L )-(~[L 1-~(1) ).c)[ L ltrctJ, j 
(14] ""£-lo:"r.·£+1) 
(151 IJFlJ .. ( (f/A-~1" (tl!h~» .. (+i(A~.'l»· 2 
(tC 1 AX"{ (C+III'I4.CJ').t t-/n-:2»-( t tJ:J7iCJO~<+1"4!t:t) 1) 'DEil 
(171 bY"( {{ +JA. 2) 10 (t IPkCJ:»-{ (-+ J.t-n).-( ... "J! xcr.,» 'DEil 
(10] X-X-AX 
riO] Y·Y-hY 
(101 .flF .. ({ ".\X) >1 0 lv( C\ 61» 10) I 
(211 OIV-X ,Y 
(121 t/lef' x MIO 'I ARE: I ;OLD 
(231 'AX ,tfrD ~1 AJI.~lld.r-v,(r",r> 
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generator called PIG (Table 4~ 2) were written to 
test the location method. A SETAUP program 
(Table 4-3) was also written which stores the loca­
tions of the AM stations in the arbitrary coordinate 
system and determines the lengths of the baselines 
connectillg 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 
Los AngeLes Civic Center; KNX (l070 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 iJ,re: KFI-KNX 31 
kmi KNX~KMPC 35 km; and KMPC-KFI 51 km. 

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

"New)' 
v Ot.ll PIG %2 

(11 la"zl.1s .. UC .. DD .. CtR .. Cn1' .. IJ .. n:4.3~0 
(.1 X-Zl[ I)·OLD( 11 
[31 y_u (71-0LDP) 
(_1 xn-n.n .X3 
[51 1';-11,12,13 
(Co] DC"( «( X·X$) .1)"t( (l·r!').2».0. 5 
[11 /In-(DC(' 1-DC[ 1 ) 1, (DC01-0CC 21) • (DCCI ].DC(ll) 
[a) 110-/10 qoo 
(91 t.M'''Ct300 
"oj crn-Ur:a.I,AI!.O,5j 
ell; 'OLD COUIlTF.1I I!A::: t :CTfl 
(12) :-X-!2[I) 
(1)) y-i-ZH 21 
(111) DD"{ ((X·XS).2) t (Cr·r .... ).2) ).0. 5 
"5) /1II-(DU(2 ]-DO( 1]). (PD(3 )-00(2]), (Dnn )-OD( l) 
liS") :m"lWt'lCO 
(17) cR,?"l(:1tItLAtltO.S) 
[1 B 1 IIIEII COU:ITEII IS: 1 :CRT 
(un V .. CllT-CTR 
[20) 'CilA.UGE HASt 1;11 
(21) Q-(O.(JI(l]),(-II[Jll).'OO 

" 

Table 4-3. AM Broadcast Station Locations 
and Baseline Lengths Program, SETAUP 

qssnUrCllv 
v !1ETAUP 

[1 J C ..... ;: .. p.A .. n .. 3f10 
(2) 'GC!' X AND 1 paR CACII OP TIIREE All STATIOI/'; III /'STt:RS, , 
[lJ c.(J 
[oJ Xl>C[I] 
(51 X,-C(l) 
(6) lj-C(S] 
[1J 11>C[21 
[al n-c[ol 
[9] n.C(6) 
(10) A+( (X1+X1).1). «X3tn) '1). (tn.Xl)") 
[11 J D+( (11.11) t2). (( YJ.12 )t2), «(J1<13).,) 
[121 E+(X2-Xl). (XJ-n), (Xl-Xl) 
(13) ,+(12-11). (YJ-12). (n-YJ) 
(11;) L"'l 
(1$) REICeL )+( \ELL}.,l.(F[L)'1».O, 5 
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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 sllch 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 "re calculated and the integral differ-' 
ence determined. The difference represents the 
counts that would be accumulated 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 technique 
whereby the deltils of X and Y which would satisfy 

, 

1····" 
the change in counts of the hyperbolic coordin t 
i'tre calculated and added to the initial location~ es 

H. Conclusions 

A vehicle location method for Use in metro 01' 
tan areas is available. which uses the caI'r' p ,1-

1 ' f . ler Slg-
na ln orn:atlOn f~om three currently operatin AM 
broadcastlng stahons located near the urb g, 

t T d an perlm-
eel's. wo a vantages of the method are that (1) 
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dedicated transmitters for location purposes are 
;tot requ~red and that (2) the phase~lock-loo coun 
l~g recelVers installed in the vehicles are ,P t­
slVe . .' T~e math~matical technique for veht~l:xpen­
loca,b?~ lS relatrly simple and requires only that 
~he lnlbal ~o~a ~, be known. While the technique 
lS not exphclt, location can be determined with 
adequate, accur:,cy to the precision implied by the 
geometnc conflgurations of the AM stations used 
and the frequency of the synthesized signal used 
for phase comparison. 



--------------------
II. VEHICLE LOCATION BY MEANS OF BURIED LOOPS>:' 

Lawrence J. Zottarelli 

With the exception of the cut-to-fit de':..elopment 
method the evaluation of the buried loop"> AVM 
system'requires as a bi?sis some mathematically 
analytic relations. Since such relations do not 
seem readily available in the open literatu~e, an 
analytic approach was developed to determlU~ the 
effects of loop spacings, dimensions, and helght 
above roadway on RF signal detection and on iden­
tHication of the vehicle's location. 

A, Relationships of Three-LOOp Vehicle 
Location System 

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

1. The XMTR and RCVR are sufficiently re­
mote from each oth",r so that direct mutual 
inductance is of secondary importance, 

Z, The buried loop is tuned with a capacitor 
to tht. vehicle transmitter frequency, and 
the buried loop resistance is directly pro~ 
portional to the number of turns. 

.~, The loops are in an isotropic medium. 

T RCYR 

BURIED 
LOOP 

I 

I 
~ 

I 

t 
NBL 

I 

I(T) := XMTR CURRENT 

K1 ~ XMTR!BL COUPLING 

K2 " RCVR!BL COUPLING 

NR "RCVR TURNS 

NT '" XMTR TURNS 

NBL '" BURIED LOOP TURNS 

RBL .. BL RESISTANCE 

vEHICLE 

Fig. 4- 6. Configuration of Vehicle
l 
s 

Transmitting and Receiving Loops 
Relative to Buried Loop 

XMTR 

1. Analytic Relations of Loop Mutual 
Inductances 

(1) The magnetic flux lines cp coupling 
the buried loop (BL) due to the XMTR 
current I(T) at point P is 

where 

(Z) 

(3) 

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

coupling, and NT :: XMTR turns. 

The voltage E coupLed to the buried 
loop with width W is 

EmJT) :: NBL dil>BL/dt :: 

W· K
l

' NT' N BL' Ip' cos(wt) 

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

IBL(T) = EBL(T)/R BL :: 

[K
l
' NT' N BL' W·lp ' cos(wt) JjRBL 

(4) The flux lines coupling K2 the RCVR 
due to the buried loop is 

substituting 

il>RCVR (T) ::: 

[-K
1

• K
Z

' NT' (NBLl?· W·lp ' cos(wt)ll 

RBL 

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

E RCVR ::: NR dil>RCVR/ dt :: 

EKi 1<,2.' NT' NBL NR' (W Ip)2, sin(wtU! 

R LOOP 

allowing now the resistance per turn 
(R/turn ) 

R :: (R/turn)'NBL loop 

QED: E RCVR =[-K(KZ'NT·NBL'NR' 

(W Ip)Z. sin(wt}]/{R /turn) 

l,'U. S. Patent 3, 77Z, 691, "Automatic Vehicle :Location System." 
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2. Comments. The reasoning involved in 
deriving thp- relationship permit the geometrical 
and electrical aspects of the solution to be separa­
ble and simply multiplicative. If E rcvr is to be of 
the form MdI I dt then: 

Mequivalent becomes [1< I" Kz' NT' NR• NBL' (WIP)J/ 

(R/turn) 

and 
I(t) becomE'S IP cos(wt) 

B. McgnE'tic FiE'ld 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: 

).1ethod: 

(I) A i'ectangular loop of wire of length 
L and width W, with the lane width 
equal to the buried loops length. 

(Z) The loop is in a free- space plane 
(of x, y, z rectangular coordinates) 
having equations z ::: O. 

(3) The loop has a DC current of 1. 

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

(5) The linkag E) 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. 

(1) Decompose the loop into four linear 
segments 

(Z) Apply the Biot Savart law from each 
segment to the point of interest 

(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 loops. The pro­
grams LOOPS and CARCUP are written in the 
Stanford Artificial Intelligence Language, "SAIL, 't 
which is an extended ALGOL 60. 

1. "LOOPS" and "CARCUP" Programs. 
The "LOOPS" program is used to find (1) the 
XMTR/RCVR direct mutual coupling, (2.) the self 
inductance of a loop, and (3) the direct coupling 
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between the Buried Loop and the XI\lTR 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 "LOOPS" 
run twice. Both of the programs hit...-€, Input/Output 
in common. 

a. LOOPS Program. This program 
(Table 4-4) asks the user: (l) if he wants more 
detailed information, (Z\ to specify "how many 
steps," or data points, (3) where is ,hi starting 
point of the pickup loop and what size is the loop 
(in terms of XMIN, X)"lAX, YMIN, YMAXl and how 
high above the buriec1100p (in terms of Z), (4) to 
spl"cify the aspect ratio of the buried loop, K. 

The LOOPS program calculates and prints out 
the mutual inductance for the number of data 
points specified.. Each successive data point rep­
resents thl! mutual inductance of the buried loop 
and pickup loop moving along the positive Y­
direction (along the roadway 1a,'1e) by 1/10 of its 
length (i. e., (YMAX- YMIN)/lO). The mutual 
i,lductance is in relative units. To find the answer 
in henrys, multiply the answer by half the lane 
width (in meter s), 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: (ll if he wants more 
detailed i.nformation, (Z) 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 lClop (in terms of 
XTMIN, XTMAX, YTl\/P'~, YTMAX, ZT); also 
where is the starting pomt of the RCVR loop and 

Table 4-4. LOOPS Program for Mutual 
Inductance of Buried/Pickup Loops, 

and Sample Run 

.T'fPE LCOF';,.';Al 
01)1 f')~1 EEljIN' l.OOF:" 
'01)1 '!i1) ifIlEt::'HF.t HITE'I:;EP f> 1 T. ,I"CJ:.fP.; 
ooztJIJ JlHF~EF' 11.1< IIH; 
1)1)3-f')t:t DEFttlE' FF'=:' 1':·" t~ .. .; 
OlJ4(nj FEAL. :,·.·'t11h,.·NH··.',~·,MIN'tl'h .. { .·jEt~r. tt4'J;..t1.£,~~tIl·E.A"'·EF .. r.t;,t!V,"t 
:}/)'5(11) GtHI" tL. ,fJ~H'v,F ,E<>,T .ti,t:':"I~ ~ .tIC; 
00'5'5(' :TRltiG n; 
000£;1)« OUr:TI"( ~I'O ',0'.' 1\II-1(1T lIOTE: n,'FE It! ElTHEP IE'': GP NO FOll-OI,EO n 
CAP wET) "); 
OO?OQ 
OOs:O:!) 
o.O":<Q(} 
01000 
011 O~ 
1)1~011 

01300 
(0141)'1 
OI'3~Q 

0160(" 
017Q(I 
01'3(1(1 
01~OI) 

OZOO!i 
oatO(l 
QZaOO 
08:;;0(, 
OZ400 
DaS;)" 
OZ600 
OZ700 
O.?81)t1 
O:~9Q:Jj 
03000 
03100 
03.00 
03300 
03.00 
oz."Soc. 
030600 
03~SO 
03?OQ 
03900 
03900 
O~QM 
041 Oil 
O~ZOO 

IF ItiEH/,.;l..b····,,'e::;.. 1HEtf OIJT~TP~ ., 
THE. p~tHO:E OF 1'Ht':' Ft:QGt:FlN 1:. TO (flLCfJl.HTE 'T.HE HEE; ~Ff1CE 

~ELFtTlVE COIJFLJNt~ EET1~EEN TIIIO F'L.HT F1.I'f riOll rCFLHllfiF' FECTHtII';UlH~ 
LOOP: OF MIFE.THE :lLE: OF J"Hll;H it;;:E FAFfll.lEL 10 THE ':COFDINATE 
fr"',E;:: DF ;:'EFPt1HCE"~ IT to;. 10 'i.E o,P!:'LtEIt ltt R'HOKOTlVE '!EHl(LE 
LOCATIOH HEt1t:E T~e: TEM!J~ OF THE FCL.tC'HW3- rHTFO{,I,:(TlOtl. 

THE lAIIE: WttlTt'i J'.' Thg '. t.lME;trl[Jrttrl~£ U='tiF- LEti,;TH J'; 
THE ' .. IIl!:1;EJ':tOhqr;E·'.~~THN1,. Dl:1';t,>:e i.ETI~EEt1 LOCI"": to: 't'HE 
: Dlr"!Eff'; ICh. rH;; (EtlTE? OF THE !IJ~ lErr LOGF I; I1T r.OOI?DItIATE~ 
0,1),[1. THE JJ1t,TH Cl~ THE -nIRIED lOGF IS THE ltill€ IJUITH. 

r, 1:' THE H:~EtT J;'FtTlO Of Tr\~ l'J~lEII LOer.- \t}lVIH MVlt,ED BY 
lENGT, .. n ~ 

~~MHh';M';")<IMtli.'JI1Ft\ t'ETERMI~,E THE :.rLE: H~lD LOC-FlTION OF THE 
PICt'llP LOOF'. 

FILl. [NFUT DJl1Ettt lC~i: I'1P"E to tiE ItOFl1FoU:tD TO HALF THE LANE 
WIDTH. 

HOI.) 11A~4'( -:TEP":; a;>EFEPS TO t1fJ'v'U1(; ThE P{("t'UP LOCF' AL.ONG 
THE LAhE LEHI;TH. GEhEF"HlL'i AI,lA',' Ft:OM r.HJ\E THE bt'i'" tEn. LCCF) .B.V 
1 ~10 OF' TH~ F1C:FUF L.G~~ LEtl'''Tk At.!. n.IEtt CfllCIJLttTEW(O IT: 
NCiFJ1ALl::ED "! D1F-ECTlmf COUFtIW; FFOt; ThE BIJI"-JED 1..0CF'~ 

THE FPltlTCt'T [~ THE ,:ALt:'.\L,HTEL I=-LI.,.. rr. FELATI'/£ FLO:' I, 'ilT~ 
AIm OF :f.,;CCE::t"E :TEFFltt<:;:". 

TO FIND THE ACTUAL FLU" ttl VOLi :;ECOtiDSJMIJLTlF'l..Y THE. DATA 
BY THE FOlLCil"lING FACTCP: 

<t\HLAW:;. IdtDTH--eHC, lQt c-7») 
WHEPE 1 1: THE BURIED LOCP 1;\.LI<J:EftT Itt At1PS 
JJHEFfE THE LMHE l.,lIDTH 1$ IN NETER:"~"F'n 
OIJTSTR-C"Htlt,t t1AN.V S.TEP~ w}t 
9 .... ' I O+~ FEAL:-eANf l; r"IIi,:Ht"L. "tF" J i.l. CL,r:TP't.FF·l 
FEGtr! 
FEAL R~FA't· 'It \ \I) 1 i 
OIJT:jTR(·"':MIH::.") ;"rtW"F.E'flL -SCRli' <:r'""tNCH!.fL) • .tP"'.:. CIJT':TRl j:F>:' 
OIJT:ni'(".x'1A~~") ;~:Mh·-.( .. t:EHLSC~tH ('ST" IriCHl.Jl> ,111:;/0,) l O'JT";TRff:':); 
OUT:;TR''''')11Ili=:''' i"·l1Iti+Pc:ftL:t~Ht{'S.'1""tNr.H\.IL" ,~P\<' 'll O\JTS"TR-t F~)- ~ 
OI,fr~TR( "YMA',;=:"~ ;Yf'lFi ":-fEML:'Ali~ ($Tfo INCHI.1L ) ,f.r;~ 1; our~ TRtP~) J 
XtXMIHiXA"<>'J1t1X-)(MINp 1 OJ 



~~ '~l' ~1.hcVl,..:..,. ... ~...-,.-.~,.":.~'...w.~",..-~~'''''oti,.,.,.. ..... ",~~.,,.,.>t>'''''''''''''''!'~'''''''''')-''''-'''''''''''' , 
.;{ 

j 

i 

. , , 

Table 4-4. (Continued) 

'V~VMHtn R" (·/1"1fl· ........ Ml H\ I" \ 0 ~ 
i'Etlfl~'f N 1/i.'(A.r, t 

04)00 
(J",4(.(1 
04~(d'. 

(l41;:t(fI:' 
0410(1 
04~lJfJ 
04~(") 

04q~~1 
O~OOV 
O~lllr) 

00;;.;;0(1 
Q'S~O:(, 

05400 
O~~IJQ 
O':.~QI). 
1)~:'fII) 

I)~"'-rl') 

f}'S~l'>t~ 

fJ60'}(' 
O?tCl(f 
~)~::()O 

fJ6'(J(J 
064t'lLJ 
06~1"1 
0': f;I f)!.I 
O';~Sf) 
Q6700 
fJ6&orJ 
O€,Cj'I)t) 

(I:" {.I ,) \I 
1):'1'J''.t 
"c':O'. 
073')(1 
0741)1) 
OJ'":iOO 
Oct ov 
0770(1 
on;"o 
07"~(·n 
OBtl"dj 
~Slqu 
0.3': u ,:; 
1J..J';<ti(, 
~:S>4U(t 

03'50'" 
\)~, ... ,,!-(I 

l~(d :"1 ,O ... rd 
ot.fT':" tpr "':jlt" "l:"~EflL :~AlI" ':T"1UI','H\.\~ 'H I~):; \ ~ ClJt·r.T~r.Pf'); 
E'+-~1~;}"'1 {I"'I: our: rp' .... "".- , H +-FEflL :t:flIH 7T"UtCHI.!I...J ,Ir: .. ); CI.IT:)TP(PF1; 
E: ,IT ~"IHFOFEF' ~Hlt 
bEGIH 
H'C( Er,I.lF E U':; 
BEGirt 
A~(~>H)a .. o·;"'l) I 
c .. ( 'jH J Hi+-I '(-f I; 
A,.'I ... t;':.lHal1:c .. ,Yt" .,,;.; 
ltt~''''-l)'c';IH'~' ... ,. :1; J 
Ffo(e:"'(l(t"'AA~1'(.~ ,1G",'E+':C+HA"f( .15); 
H.tE.r,I,"'Bf:'rt.o;., Iii",' E-I't.:(+EP"t< .5); 
P .. tA ·e,f.fiti'.',.t-!, F'-i-j: ,~,; 
f(-,. ... fB t(+t~.,·.c-D H.~ h}; 
t. ... (C (E"'(': -, '.'''1< IftH '6 I; 
M ..... (Il·fe;.Iirl •.• r-1' IHfl F'; 
B::+. F .. f;--'\..H\ ', • .,H ... A; 

[tiD; 

f?O(ED\_l~E FUJ.-:(lj!=; 
IEr,.tt~ 

::EtFOFNA'fI 1 'Ji;:' j f 
lJH1LE y 6E.\i ·t .... tH RI1!.\ ~ lE.O ~ ittlO- ' ~~9;'~J+1"il~fl) hO 
EEGIIf 

WHILE '; 13EQ :"'MtN Htj!i:-: LE('! •. 'MA,< .. {.,,?~9)-~··;H)) DO 
BEG1H 

!:r:; T"T+'E:f""·~,+·A. 

EHr·: 
.... e ~l ... T ; .... Io-:·Nnlt'f··l+)Al-:. .. ~H n~{1 

Etltij 
IJH1LE J LEI) ,~< 1 Of DO 
EEGtti 

WHILE "J+10<:'( no 
~EGIH 

0 ... 0.',,( t]: ["'1+( 

Efit" 
OOT:TPcC'v'E(O ,\ 1 
OHHJ .... ;+t; IF '1 t10t! Cj);::; I} n{Eti OIJT:n:·,.F'n+-J 

1}~;A}" 

E"~' 
EH'(I1 
Ft.f) ·':'.tF' 
Etlt,tEutd 
EM(\- 'LQtlPt·, 

~J. HII l..G~r::.: ':f,' 

VO «:II,! .I,o!t1ttT tIOH.: ,r'IFE I" EITHEF ",E: or. 110 FOi_L01,1E"!' t·, (FIF' F'E1, 

rHE. PI)~HL£ OF lHl: HC,~r;.Mr, t 10 LH ... O., .... .,lF. l~E .f~EE ':~A(E _'" 
fe:LflTl~'E (CHFL1'4(. H'n,~Et( T!,I~ F'i,tiT 1: 1 •• T rtrtl '_OFLH~I~F f=.~(~HIiG1J~H 
tOPV OF I, tH', THE :nE: t!F ',lI-iFH _H~E fHt::;..[.t.~l TO T~:, J~~ .... H'lhl1rE 
ft E; CF" f.EFH:ttOl-E'. IT r: TO!E H~~LtE!' 1ft HI.JTCI":C1~',E \EHiU.E 
l.O':hTICt-4 Hr::Wf Tkt:: TEUCF OF THE FClLCI·uHl l'5. ltiHorll~(TIO~. 

'\1~ \.J~HE. t.~ttliH t: ThE .. Dl!1ttl: 1m. ;'1'1;; Lt"ttl£ U:NI:oTH I., 
THE: t1tHEh-tCflaHE ',EF-TIt:HL r,I:TAfI(E tEn:tEH~L~OF: t= tHE ... 
:: IrWEtI~ lC·.~ THE ':EItT'E~ CF THr: !i.'FltI' .. LOCU= 1: HT t.OOF=Ltl'iftTF~ 
~'Iil.'.'. 'fHt \,I\t.tH O~ "H"E !1.IFtEtl t.OtlP ... L T ... e LHItE MID:H; " 

r 1:. THF': H~F-EI.'t F·ftTtO [iF TH'Z I,I.*FtEI.' LeaF ,MIDfH (,UI_,ED Fl 

LE~~;~~~/NH. • ,t-llh •• ,",PI t,El£t'tHHE thE: H!E: Hrlr, LO':ATlot1 OF THE' 

PI~~t l~~~;-~llt~Efl:tow H~E TO IE HCiFt1At.I:ED TO HftLF THE LfltI€ 

Ml~g~'tt~lh :TEF';: H.FE:F': TO 110', WI~ T.He PI(ld)F' LOOJ:. FlLOflG 
THE L"k"f LE!t';'TH,,~£r~nAtl·' Hl,HI HOM Alr::':~>TH~ nj,"IE~' tO~F~ t, 
1 11J OF TJ..tE, f 1'. ',I~ lCO':: LEttl:''):H HH!, T\.1EH \.'"'t"r.tt.K\EtH'~ I't .. 
liOFMHI..I:n : r'lJ::FrtCh "G!I~LtN'~ C~O!1 111;:' H:~lE.rl ,LOul=. ~ 

TI1~ HlrHD,-,T I: T .... e. '.~!!'"I.'lHHrk F"1. 1.t It-! F-t:LATl\-E fll) l,.1l1tT. 

AIi~O.c~l;llr:'·j~;. !·¥'~'.I~:E~~.~t'\t, "OtT :E(Ct.V It'I.!,.TlFt·~ THe !'fHH 

L 1HE,.~~~~~' ~~~,.~_I\~~.~~, ~ ,t,~ .' t""- .. · .. : 
'.lHFj:,E 1 1 TH~ 11.+1£'1, d'·.J (l)f.}.:.flf Itl t<f"j; 

,,'H~\'oE T'i'\F l.Mhf I .. n:'J.t : .. lr, (·1ETH· 
1"10',' eM'l, lE~ 11,.< 

11JH-;.' 1 

.tlH <' 1 • I)"'~ 

.. to,:,,,,:. 

.l-oz.jI~ 
-.In,,. 
-.46." 
-4ZIJ'5. 
-.1 O~ 
- .~Z:t .. )1- ~ 
-._HIIH-l 
- .~7Z.;1-t 
.... l''';.:,:y,.\ 
.. • 14e;'-1 
-.103.\'1-1 
-.B3!o~~a 
-.6t;1:;l-2 
-.'S3'::,lI",2 
-.-43'5~-2 -. ~~f),,-~ 
-.~(lt"'-.a-
-.~'SS.;'l-a 
-.Zlj""'-~ 

.1(1';'.y~ 

.1 o.:-·~':' 
.... l;;'S.;.l 
-.4(11 
-.17.9 
-.9'.50i' .. 1 
"."S.;.~.v-t 
-.30:0))"1 
-.2'5!',il--l 
-.\et~-l 
-4 t34.i'-t 
-.l(l.?iI-t 
-.19';'~-G 
- .6.'3':·;'-2 
-.'511 ..... ,: 
-.,H-a-i·-2 
-.3J7.j)-':; 
-.291·i'-'; 
-.2.)";"·'il-2 
-.a11~-.? 

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

and Sample Run 

.TYPE CARCUP.~AI 
OUt¢.0 BEGltt "CA~CUP" 
oozoo ItITERIIHL I NTEGEP , E~ IT • "OFER • I 
OQ'30f) ltlTEGER r,JfO~:fJ,E:R"; 

~~~~g ~~~~tl~,~~~~~!~*~~~:~ ,'rTI1U1.j'TMA:< ,YEHDf:'~ 1YA IA ,Fie,D ,E ,flFt ,BB rCC.II 

thF1 
00600 
00700 
Goano 
00900 

G ilH,1< ,L. "'., .t(~C ,P tp. ,T ,s: ,·,E~ tt~D , ... PM1H t~ ,FMA:""·I~t11t1t'fPMP.'-: ,;:T ~7.R ¥ 

~:Ef1L ::11I1h'rMHtr: tlf1:o{; 

~G~;~g( ~~~ ','OU IJHNT NOTES; <TYPE Hi EllHEJ::' YE]: OF' 110 THEN CTl.P FEr 

~\;~~ IF W(HI"l e'YE<:;" THEtf O'.n~TR/"TO F'"!tlD THE kCTURL C!JTPI,JT VOLt";, l'I 

I.'LTl"PI-Y THE NHFi 1:', THE fnt I (lhITlU,: 
0110') _'''T.litL.Hc;..'((ll)lf''';-~ •• 'LHtic: t..1t"n~ ':'ll';'~tL'.f,.!I~'."IFtZ'·"l 
Wt.'T ~. ~ 

OIZO') 
01 'iI)Q 
1)141)') 
fJ1~V(j 

OH·(II} 
i)1;'(1l', 

fJ1801.1 
019(>1) 
(l';:(tO" 
(\.:,l(I;J 
(j,:'Zf)(' 

f)t;.(!!r 
')J:-Hld 
0'='5('''' 
0.21;>1),:' 
j;'2;'~"J 
')2~·(lr 
O::~.f(l,) 

·.I~(I:,j' 

0:'10',' 
(13;,201_' 
\J?:.W!I 
(1::4(1.(, 
O:,'5fj3) 
03~')t.· 
(I?-':" 0 '-I 
(I:.; ')~L 
(';:;HI1J 
f).tHb(, 
041 (1(1 

0<$':(11.' 
1}41fH..I 
044/jfl 
~!<4'5(\(' 
M~{fn 

0470(1 
1'I48·.llI 
P4900 
O~O"i) 
0510'1 
O'S~Ofj 
O'S~O!J 
0541)(,1 
(I'S'Sf)'J 
05';06 
1)~':"Il!J 
O~t?ljj) 

OC;9~'J 
Ot;(}tI,) 
%10i] 
O~200 
1\63'0(' 
(16.4(11) 

06500 
0661)f) 
0671)(, 
O?13.0(l 
ObtJu') 
07(1)11 
O1'10tl 
0;-200 
07300 
07400 
1)7'5(1" 
07':'(I(t 

0770iJ 
0'7$')1} 
07~OI) 
OSQI)r; 
0811;·0 
OSH,IJ 
1)'3"3.)0) 
09"4(10 
0;1,00 
OSoSOO 
03700 
08900 
n.3~;'}'). 
090(1) 
0910(, 
1)'9201}. 
O~'3i)O 

O~41)" 
W'51J(\" 
O~.;OO 
09700 
0980'J 
O'?SWo. 
li)O~H< 
1010a 

4-10 

IJHE~~ ;:. tillf'!fH' OF TUHI': 011 THE Tf;Htt:I'il TTEF LOOP 
Ni>\" c; HtJIHE.F Or TIJ~tc OF! nu: Hlf:,lED t.OOF 
1tF- =" tiI .. :·ttEF OF Tf.U:rC O<f lHE FE': IEI.-'Ej; L.CCF 
Lf1tlt nIt< fH t: 111 rtETEP: 
\J "'" a.F 1·;-
F ::r. T';M!t:MnT~F= FFEnI.lEh'=.Y . HE~T: 
IP :#- THE PEM~ n;Atf:~l1TTE.F CI.,HEItT 
'':..IN, ~T) :;; ·IO~.' H1'2.l,J !~K~T 
R =- THE f'EF TU~H FE:t~Tf1W£:F THE. H~lED l[.':(jp 
• t: IrEYt!IE, • = NI.1L TJFL'" t = TO THE f'OIIe'P OF 
"3,PF ~ ~ 

aUT:r~ ·'HCI.11·!t=,h: :TEF:: ..• ; 
'"I_I II.!., r;(f1l:01f" i :T-ltl(H"L' ,iF!')"; QI.1rTF'· Ff': 

lEG"'" FEHl.. t-tf.'Ff,,' v[lt.-!);~eHL RF=ln1', l.l(lt·(' ... ·:.~J: 

QIJT:TP, ·".Hiltt=-· .i·.nlttl~i-E.~l.:".hH •. 1dh<:}-f,l"r""" 'It CjI.,11':T' 
[Jt.fT:T~' :TrlH':" ;'n~~ _;'f.;,,-:(.;~.·,:r"Jli.-l-,i"~'.!~"·; C,.'r~TF 
OI)T:T;;:< ",Tf1it{;::" '~jTf'lrtl";;:E" ... :(~rt' :1 .. 1· lq ... I.;r. Itf=t ,; (>I)T:1" 
(]IJr:Tr:; j ",·Ttl;!.. '=~ .; I 1"111 "':eHL :':';11' • :T ... }tt(l.j\"L "t::~"" .1. tl,yr:. r~' " 
D'.IT:n·t '.:oT:"" :::PFEAl :Cfir", :T .. lll(H!.l" 'IE'I .; 0 1

• r:u,· ~F .; 
QUT:TPt': Hllf.~' ";'.f<'Ml~ .. f;Et1L:Cf,"··:T ... ltl("'I.IL·,!F. ',1' Q!.tT:TP''- ") 
OI.,T :TF" ' . ,'!'It.. =' I;' t=Mfi' : .. f;Ef11., :(fiflt f: T ... ltKhh·l ,_lFt<',; 0t.,1 . i~" .. 
our: T~I . 'a:;NHI=' " ; ,J::f1lh .... r;:fAL :CAH" : t ... WOo,!>.!.., .H: ~ ,; our: TH ,. .. ~ 

g:~t~~~~: ::~:~~' :~;~ !~~~~:~ ~~~~~ ;~~r;;t~~~.~l.r:li~~IL ; 'g~ ~;~ ~~;~. ~~' ~ 
OIJT:T~1 .. ~ :"' ,H .. f;£FiL:I;f,H' < ; T".ltj' "'1 J... • ,E'~ .. : till!: Tf" FF ' I 
E"tT .. ~lJfi=aF(F' .. -I.'; 
f£.GIh 
F'FO(H.I .. f:.E hi:; 
BEI~IIi 

/1"". ·: .... 1 • a .. , -1'; 
1:.( ',-1'10", ;tI ... ~ '1'-1 I; 
AA"'t·..;+1·td\(C .... '\· ... \.HZ;. 
St ... ..; ... 1 )l,:';r.D .. .&:'i-J. .. te; 
F"(E...-DU"'f1ri'tt .5. iG ... • E-+I;C"AA· t· .~,); 
H+'CE"nV.F'B')1'C .'SiUt,,'E"CC+'i!ID1'( .'SH 
PHA' (E+ftA) )"I-O"F+t:· G); 
R .. -f!i.tE+t't< ••• '-II H.-:;·!1); 
L':'(C (E ... CC .... ·-f Hi'H I~" 
M"-1;D • E+(ID ..... f_£ 'H+f1 ~ ,; 
EZHF'+f?+L+11 \.,~,tt-·fFtr 

END; 

PI?OCEIIUF Eo FLI.I. .CUF- ~ 

B~~~r:L£ Y GEt} 'diltl AND '.' I,..E(t ~',,'E!irl-' .~~'.'." .• ' ,fl'" t)O 

EE.~~t:LE x GEQ Af'tlH Rrlli .~ lEQ ( :',MH,,-r .'~:'~ .H;.;A·'·' LO 

BEGIN 
~t:; Tt-T+B::;:, ... ;·,+,I'H 

ENDi 
\Ie: )"'T ;:-:":'M[IH', +-'i ... ·t'R~ : ... -: ... , ;r ... n 

EH1H 
WHILE J LEI;' ':-10' La 
.BEG-ttl 

\oIHlLE (,.) .... 1(\, I LO 
BEGIN 

OtO+VC 1 HI.,.. 1-+1 
EUDi 

W[ I ... l0J~r.IC 1"'103·01 
o,.(d)~.I+l ;I",.H 

END: 
EHI'; 
::,1.1 U,JtHt.E :: LEt. «(,-~} !1J: 
~EGIN 

uc::::l .. t; 
Z+:+1 

EtlD; 

~:,:';t~i;,;~~~.;' TMk"- Tt1ltt Ft"0!'1TtHtn',·t; .. ,"t'TMA .-·,TMIti' 10; 
ye,flD-f>.YTM lrt+'(A"I~' ;YMI!i,..YTM 11'1; ;M1N"~ TMl H ~ · .. f'lA· ....... il"lFt .... j 

E"";:TtZLJ,..t U"l; 
F't.I)"CUF! 
T .. I';$+1 ;o"l"Ol 
~:4,."'~n1t( ;: .. Ft"'(XF+ttt::-:~FI1Iti ',r t O;"''''iF.Mtrt;YENt'''\'FMIN+'rA·O; 
"'rt .. IYFi~lR<-·I·Hlltt., p);.tIIH"·jFI1Hlt; MJt{ .. '.H1JtH·:Mt1., ...... FNH.; 
S'",'::Pl.:!l; ... \ ;J+-I; 
l="LU; ;CI~\f: ~ 
':ETF(]PHHr~ 13,:hH"U 
'i.HHLE I LEO -.0-0:-' DO 

EEGIN 
OUT~TR(CVE"~C r ;r-); 

IF ~l HOD 5).=0 tHEN OIJT$TF(PF'H 
h·1+1 

END; 
Eun:ENIJ.I 
EI1D 'CAptU~-

Table 4- 5. (Continued) 

.RUtl CARCUP. ,AI' 

DO YOI} ,t,!AtiT r.tCT~~ c' ... ·PE Iff EllH!::? t'E~, or; tiO THE:ii u,p r::ET). YE~ 
TO :ltIn THE fI(TI~"'I:'. QIJTP~T VOLT: ~ MIJ14 TlFLY THE' rJATR it'!' THE ~Ot.LOfdll~; 

(:j~iP.tL. .HI;., (l t Of r_. "1 a· LF1tlr I<lIDTI-I '.:.) ... ~) '1'.2>+0",1':}U IF fi. • ~ ttl' L'T J i P 

NT = tfUM£!ER OJ=" TU~If~ OB THE: TI=t1U:MlTTEF' l.OOP 
HEL = NllMIER OF TIJPtl: ON THe 8UPIED Loa. 
NR = NUMBER OF' TlJPH~ ON THE RECIEVEP LOOP 
LANE LII DTH 1$ IN NETER, 
tl = e.pt-F 
F 1: rRAtf~MITTEP FREOIJEf'lCY OiERT=) 
IP = THE PEAr TRAtt:MITTE~ ClIHEtIT 
SIWIJn 0::. YOU VtiOM I,.IHAT 
R = THE PER TURN FE:I :TiltiCE DF' THE LUPJED LOCP 
." ::. llEVlDE, • c 11ULTlFL'(, l' $0 TO THE FOIJEft' OF 

H[J!Jl MAllY' ~TEPS ~o 

,.:nnt1,;.4~ 
XTt1A:<:1.S5 
·r'TMItl=<-.05 
YTMA:""'.Q'S 
:T= .1 

KRMl:N<::-.5S 
:<RI1A,><;::::.,..4:i 
YFlNHi=-.O':i 
YRMf1X=.O'3 
ZR=.l 

.119,-1 .Ilq·'-1 • 12Q .• -1 

.1ZH' .. 1 .1':'~~-1 .12~v .. t 

.1i?S·;t-l .130~-1 A 13':;'.)1-1 

.140·i'-1 .143~-J .14'~-1 

.159.v-1 .163.-1 .169.-1 

.181~-1 .185~-1 ,16a.-l 
... tS9lt-l E.ND OF SR1L EXf..ctJT[ON. 

.. 120;1-1 
.1~-;:~·"'1 
, 134·'-1 
.150~-1 
.1.2;>-1 
.191~-1 

• tZO~"'j; 
.1.:;,:;,v-1 
.1~7,i'''1 
... 1-::4,""1 
.In.;>-I 
.191,)1-1 

what is its size and how high above the buried loop 
fin terms of XRMIN, XRMAX, YRMIN, YRMAX, 
ZR), (4) to specify the asp<'ct 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 buri"d loop by movir,g 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.) descl'ibe the area 
swept out by the motion of th<, 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. 

6.X (XMAX-XMIN)/10 

6.Y = (YMAX- YMlN)/lO 

The swept-out area is divided into portions 
having dimensions t:.Y by (XM,AX-XMIN). There 
are (10 + "how many steps") portions. The mutual 
inductances al'e 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. 

Th.:- CAR CUP program sums the corresponding 
10 successive portions of both XMTR and RCVR 
and multiplies tht)m together to get the overall 
mutual inductances. There are two main subrou­
tine procedures used to calculate the !nutual induc­
tances, BIZ and FLUXCUP. With ;I."espect 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 inter action with adjac<'nt 
coplanar loops. The results seem to favor loops 
havmg aspect ratios of::: 1. However, the pra("tical 
aspect of packing the buried loops as densely as 
possible is a primary consideration. At any r'atc, 
if K is greater than O. 02.5, a cent.er-to~ center 
spacing of the buried loops of greater than 4 x h: 
(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 RCVR direct coupling. II'it is 
presumed that the XMTR and RCVR loops "ought to 
be the same, II then the results '5eem to favor loops 
having aspect rati,,:;. ::: 1. That is, the loops should 
be rectangular and have their "small ends H pointed 
toward one anothp.r. The XMTR and RCVR on the 
vehicle are small compared to the buried loop. 
The choice of their aspect ratios has a limit to 
avoicl extending beyond the buried loop. 

At any height, se-nsors having !nore 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 thp buried 
loop. The variation between these limits is 
about lO';;" 

If a sensor loop is placed lower than thc' opti­
mum height, it results in OVl'rcQupling and rela­
tively high nols l' signal, thus also reducing buried 
loop packing density. This is most pronounced 
for buried loop aspect ratios much great<'r than 
pickup loop size. XMTR and RCVR coils of 
differing shapes will function and may pl'rmit 
thrve-loop systl'ms whl'1" eby the smallest moving 
coil n1.ay be r:nade the optimal fOl' si.gnal to "noise" 
ratio. 

3. Expected real-life signal levds. The 
following configurations and conditions are as­
sumed: (1) Roadway with lane width Ze = 3 meters, 
(2) buried loops with asp<'ct ratio K = O. land 
separated by 4 x k xQ , (3) pickup loops (XMTR 
and RCVR) having sides P '" O. 11" height Z = O. 1R, 
and separated by £. (4) All loops have 10 turns 
each of #27 wire and resistivity of 1. 36 ohm/meter. 
(5) The transmitter is producing 100 kHz at 1 amp 
peak. (6) Self-inductance of buried loop 495 
microhenrys. (7) Mutual inductance of two buried 
loops 20.2.5 microhenrys. (8) XMTR/RCVR sel£­
inductance 7.87 microhenrys each. (9) Direct 
mutual inductance of XMTR and RCVR 0.0045 
microhenry. (10) Three-loop system maximum 
mutual inductance 1. 24 microhenrys. (11) Voltage 
signals produced by XMTR/RCVR direct coupling 
2. B mY cos wt. (12.}. Voltage signals produced by 
three-loop system -0.78 mV sin wt. 
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4. Comnwnts. Thl' dir ect coupli"~ of the 
cansmLttC'r and rl'c .. iver produces a v(,l~age at thl' 

rl'C dver of contant peak amplitude. having th(' 
transmittt'r frn;upncy and shift,·d in phas

l
' by 

+90 dc):\rl'('s, The thr<·c-loop syst('ITl respons
p 

cnvelop.: is a function of the vehicle speed. The 
output frpquency is shiftf'd 180 deg1'('l'5 with 
respl'ct to th<' input current frequency. 
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