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SUMMARY

Aerospace Corporation is currently conducting a program to develop
equipment for reducing the incidence ofu truck hijacking an” cargo theft.
Nationwide loss to cargo theft in all forms of transporation was estimated
by the Department of Transporation to be almost $1.5 billion in 1970%; the
portion attributable to mctor transport was about $900 million. These crime
costs nave been increasing at a rate of 17 to 23 percent since that estimate
was made,

Figures for direct loss represent only part of the overall cost. The
Senate Select Committee on Small Business estimated that, for every dollar
of direct loss, the cargo carrier and/or shipper loses an additional $2 to $7
in paperwork and manpower for processing claims and conducting investiga-
tions, When these factors are included, total indirect costs of cargo theft to
the economy approaches $10 billion annually, The losses are reflected in
increased operating and transportation expenses to shippers and carriers and
are, ultimately, passed on to the consumer in the form of higher prices.
Therefore, reduction in these losses can be expected, in the final analysis,
to contribute to reductions in the price of goods to the consumer,

As part of this LEAA-sponsored program to cie—'velop the Truck Anti-
Hijack and Trailer Security System, a study effort was performed to define
the system concept. The study effort consisted of detailed economic and

technical analyses of subsystems and components that must be used in any

*The Senate Committee on Small Business estimated that $1.47 billion was
lost during 1970 to cargo theft,

ix

cargo protection system. It also made use of in-depth discussions with law
enforcement a.nd trucking experts in identifying operat{onal, technical, and
cost requirements.

As a result of these activities, a system comgept was define:d which
could incorporate all functions essential to providing cargo protection in
trucks, The concept stresses modularity and, as such, it combines inherent
cost benefits associated with large quantities of simple parts with the
advantages of flexibility, since modules can be configured for a large variety
of applizations. An added benefit of the concept is that its flexibility makes
it compatible with a wide variety of related systems (for status reporting,
billing, dispatching, etc.) and also makes it useful for many diverse applica-
tions (taxicabs, buses, apd public safety vehicles), It is estimated that, in
its most simplified form, the equipment associated with each vehicle would
be in the rang« of cost that trucking companies currently incur for mobile
radio equipment, It is further estimated that savings from reduced cargo

loss would more than pay for this equipment,
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CHAPTER I. INTRODUCTION AND OBJECTIVE

A, Introduction

This report defines a concept for al‘ftruck anti-hijack and trailer
security system which resulted from a LLEAA -sponsored task under the
Equipment Systems Improvement Program. The aim of the task is to reduce
the incidence of cargo theft in the truckiné industry. The usual insurance
policy covering cargo loss includes a large deductible ($100,000), so that
most losses are not covered. Except for unusual large-scale losses, most
transportation companies are effectively self-insured. Since most trucking
firms operate on very low profit margins, cargo losses due to theft repre-
sent a very high percentage of after-tax profits, in some cases up to
50 percent,

A Department of Transportation*study indicates that a $1 reduction in
cargo claims can provide as much as a $0.50 increase in carrier profits.
This can be compared to the fact that a.$1 increase in operating revenue
usually provides only a $0,02 increase i; ca.lrrier profits. These figures
have led a number of trucking companies, industry associations, and govern-
ment agencies to exert efforts to reduce cargo theft, While lafge trucking
companies can afford elaborate security services, such as large staffs of

private police and the use of cars and helicopters for surveillance, small

companies can do little more than improve their locks and hope for the best,

1"'I-’roceedings of the 1973 National Cargo Security Conference', U,S. Dept of
Transportation and the Transport Association of America, Washington, D.C.

S ielua 4 am,

B

There is no equipment available at present to meet the trucking
industry's needs for comprehensive cargo protection. Equipment and devices
currently being sold or planned are constrained by either exclusive applica-

»

tion to preplanned routes (for the Avcon or the Nelson Trucking systems) by

the requirement for engine disabling (as with the ''Load Guard' system) or

by limits in range (for the ''electronic license plate'' system)., What is needed
is equipment that is highly {lexible in its application so that it can be applied
to many different kinds of operations in various trucking companies. At the
same time, there must be a uniformity in design and construction so that
per-unit costs can be kept low. It must also be portable, so that only thosu
trucks carrying high-value cargo need be equipped and automatic, thus pre-
venting normal trucking operations from being disrupted. |

The Aerospace cargo‘ protection task was initiated in December 1972,
In June 1973 a feasibility demonstration of a hijacked truck locator was per-
formed., The demonstration system incorporated features for hijack detec-
tion, vehicle control, and engine disabling, The system was designed for
trucks operating over a preplanned route and i; utilized an odometer as the
location sensor,

The demonstration system was exercised in a series of meetings with
representatives of trucking and law enforcement organizations, Comments
and suggestions made during these meetings led to a more precise statement
of system requirements and functions. The meetings were supplemented by
attendance at a number of conferences and seminars dealing with cargo loss,

transportation security, and vehicle identification.

-t




From thesc efforts has emerged the concept of a portable, niodular
set of system elements that can be configured in a variety of ways to accom-
plish numerous tasks at n;xinimal cost. The system will provide the user
with options for performing vehicle disabling, random route location, parked
trailer protection, and other functions at his discretion, depending upon the
particular task requirements.

While performing the concept definition task, several areas of tech-
nology were identified which require further development in order to meet
the needs of a cargo protection system. These areas include the development

of:

° Rugged, reliable hardware that can be evaluated in actual truck-
ing operations

° Low-cost techniques to locate trucks in urban areas

. Low-profile components, such as antennas, that can be hard-

ened against attack without sacrificing efficiency.

It is planned to address each of these areas.i.n future project efforts,
B. Objective

The objective of this program is to develop a system for determining
when a cargo-carrying truck has been hijacked or stolen and for providing
information on the identity and location of the truck, Since protection of
cargo is the ultimate aim of the program, the effort additionally addresses
itself to concepts involving parked-~trailer protection, vehicle disabling, and

control of access to cargo.

An essential goal of the program is to achieve low cost to the trucking
company while maintaining a high level of system effectiveness., This goal

will be met by establishing the following design objectives:

° To design the system in the form of simple, general-purpose
modules, each ot whicli can be produced in large quantities at
low cost,

® To design the system so that it will readily interface with
existing vehicles' and dispatchers' equipment with a minimum
modificaiion at these interfaces.

° To design the system so that no driver interaction, other than
the normal voice communication with the dispatch center, will

be required for operation,

( D




CHAPTER I. STATEMENT OF REQUIREMENTS

Functions associated with a truck anti-hijacking and cargo accounta-
bility system must meet the requirements of the vehicle owners, the vehicle
operators, and the local law enforcement officers. The reqﬁirements for
any particular application will represent a compromise between the (some-
times conflicting) desires of the various groups and can, therefore, be
expected to vary somewhat in each case. It is this situation which has led to
a system-configuration concept which emphasizes flexibility.

In general, the concept definition study has provided requirements
explained in the following paragraphs.,

A, Cost

Trucking companies are not in the business of crime prevention and
cannét be expected to reduce their own =fficiency with excessive security
expenses, Therefore, cost of purchasing and operating a loss-prevention
system must be offset By the contributions such a'éystem makes to company
profits, |

In general, theft-related cargo lo*sses account for about 1 percent of
the total gross operating revenue of trucking firms. Since about one fifth of
the gross revenue is derived from transporting high-value cargo (that which
is most often stolen), it can be estimated that about 5 percent oflthe gross
revenue from high-value cargo shipments will be lost through theft, For
example, a company deriving $1 million each year in transporting high-value
goods (clothing, liquor, cigarettes, etc.) can expect to lose on the orde;r of
$50,000 in cargo thefts, A system which would reduce these losses by 80 per-

cent would save the company $40, 000, These savings in turn would increase

the company's profits by $20, 000. In order to make it worth the company's
while to purchase, install, operate, and maintain the system it should cost
no more than about $10, 900 to $15, 000 per year, Since an average truck can
be expected to generate from $150, 000 to $200, 000 in revenue per year, the
system should accommodate about 6 or 7 trucks, In effect, the company
could increase profits by investing in equipment costing up to $2, 000 per
year on each truck. This figure is higher than the estimated cost of equip-
ping the trucks in the fleet with a hijack and theft-prevention system that
includes a mobile radié system. Many trucking companies currently equip
their trucks with radio transceivers, each costing from $800 to $1, 000 to buy
and about $100 per year to maintain. These fransceivers are mainly for
administrative use and provide no protection against hijacking. Informal
surveys made by the project personnel have indicated that vehicle hijack
prevention equipment with costs equivalent to mobile radio costs would be
attractive to the trucking industry,.
B. Ré.ndom Route Location .

Use of a random-route system in trucking operations has effect
both in hijack prevention and in cargo recovery, f’lanning of é. hijack cpera-
tion neces”sitates prior kn.owledge of the ve'hicle route and the timetable,
Establishment of a route for use with an elapsed distance-location system
entails preplanning, with its built-in potential for leakage of route/schedule
information. In contrast, the availability of a random-route locator would
enable a determination of route to be made at the time of vehicle departure,
and for route changes to be made in transit, while maintaining a capability

to monitor the vehicle's adherence to the route, The planning of a hijack




also includes rapid concealment of the vehicle or the unloading of its cargo,
and recovery is critically dependent on a minimum search time by inter-
cepting law enforcement vehicles. A random-route loc ator is essential to
the successful intercept mission,

The use of a ""homing'' signal to assist in locating a truck has been
considered by several organizations., In one configuration, each truck would
be equipped with a coded transponder, An interrogator unit, carried by the
search vehicle, would emit a signal addressed to the code of the missing
truck. When the truck transponder recognized this code, it would reply with
an answering signal. 'i‘he interrogator would obtain ra;ige and bearing infor-
mation from the homing s'i'gnal to assist in finding the truck.

This concept is limited in its application, since it does not supply
position fixes directly to a base station. Also, an interrogator must come
within rather close range of the transponder in order to get reasonably
accurate measurements, ~This latter factor was analyzed to obtain estimates
of required interrogator-search time bafsed on an assumed system range of
0.5 miles. The missing truck was assumed to be within a circle of a given
radius {based on time elé.psed since its dep-arture from a known location).
Two search methodologies were considered: first, a relatively slow (30 mph)
search of a grid patterw; second, a high-speed search (90 mph) in a continuous
spiral starting from the known departure point,

Analysis results shown in Figure 1 indicate that, if the missing truck

were known to be within a circle of radius 10 miles, the high-speed search

would require almost 2 hours (worst case) and the low-speed search would

0.5 mi

ASSUMED SYSTEM RANGE

15

TYPICAL CASE

4

————m oA

= = == 30 mph GRID SEARCH
90 mph SPIRAL SEARCH

-] ‘0 < N o

(14) IWIL HOY¥V3S 3SVD LSHOM

o
—

SEARCH RADIUS ([mi)

Transponder System - Search Time from Last Known Location

Figure 1.



take about 8 hours (worst case). The figure further shows the advantages to D. Range
be gained when the transponder is used in conjunction with a random locator. The system should supply broad area coverage, Most trucking com-
Even if the locator system were able to position the missing vehicle within a panies operate on a city-wide basis, so that their area of activity would
circle of only 1 mile, search time would be reduced to a fe\;r minutes, normally extend from 50 to 400 square miles, In this context, a system
Cc. Communication | that may be adequate in a confined area (less than 50 square miles) would
The system must not require high usage of the communication channel: not have wide application for hijacked truck location.
land mobile communication channels are in critically short supply and prior- E, Hijack Detection
ity usage is assigned to emergency and public safety vehicles. Ideally, the The system must provide an alarm indication when it detects unauth-
lbcator system should be such that the vehicle would transmit only when an -~ orized intrusion into the driver's cab or into the cargo compartment. Since
alarm situation was encountered or when queried by the dispatcher. The control of vehicle status is exercised by the dispatcher, the dispatcher can
transmission should be a short, voice-bandwidth signal containing position function only as long as the communication link between the vehicle and the
information or data from which vehicle position could be computed. « base station remains intact. In situations where high-value cargo is being '>
The success of the system is highly dependent upon the integrity of transported, the commmunication link can periodically be tested either auto-
the communications link between the truck and its base station., For this matically or through established operational procedures,
reason, it is to be expected that the communications system will be a target The system must further provide an alarm indication when it detects
for hijackers, Probably the most vulnerable part of the communications any deviation from a planned route, Discussiogs with police and trucking
system is the vehicle antenna. Its pron;inent position and physical weakness security officers have revealed that experienced hijackers devise methods
make it likely that it would be attacked in a robbery attempt. for gaining entry to the vehicle without being deteéted. It is also conceivable
These factors led the project staff to investigate the feasibility of that these hijackers could hold the driver hostage and force him to make the
equipping vehicles with low-profile antennas, which could be made unobtrusive correct responses to dispatcher queries. In this situation, detection of the
and possibly "hardened'' against attacks. Field tests were run on two low- ‘crime could be made only from observations of vehicle movement., Wide,
‘profile antennas--the loop-monopole antenna (hula hoop) and a multiturn loop, unexplained deviations from the normal route, or unscheduled stops, would
mounted on the roof of a panel truck. Test results presented in detail in alert the dispatcher that a robbery was conceivably in progress. While this
Appendix A show that the loop-monopole antenna can meet operational technique can be employed in a limited fashion with a single odometer
requirements. ‘_;

10



'"elapsed distance'' locator, its full utilization requires installation of a
random locator system,
F. Driver Interaction

Trucking company executives have reported a general lack of success
with equipment‘that calls upon the driver to independently perform some

manual operations. This system should not require driver assistance.

11
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CHAPTER III, CONCEPT case, the interface would be the same, so that modules could be used

interchangeably.

The general concept consists of installing a low-cost, multipurpose - The heart of the vehicle's electronics is the data control module.
cargo prctection unit on each vehicle (truck or trailer) selec:ted for carrying This module provides logic to determine when the sensor data shc;uld or should
high-value cargo. These units will be portable ''packages" configured specifi- not be interpreted as a hijack attempt. It also controls data transmission to
cally for the particular application, and from the dispatcher. The data control module defines certain states

So that installation of these units will be simple and fast, a large ~ or modes in which the vehicle functions: for each state, the vehicle may per-
segment of the radio-equipped vehicles in a trucking fleet will be provided form specific functions and operations., If the vehicle deviates from these
with interface attachments. Such attachments will be very low cost and will functions, the dispatcher is alerted and can prepare to take action. For
allow the anti-hijack ''package'' to be installed quickly on any selected vehicle. example, if the vehicle is in the mode defined for terminal or loading oper-
The '"package'' will consist of the electronics to f.sr(wide position determination, ations, it may be parked and maneuvered at will. The doors may be opened
vehicle status control, hijack detection, and data communication interface. | and closed without generating an alarm. If the vehicle electronics detected
The package may also provide for vehicle disabling as a user option. Further- excessive movement, however, (indicating that the truck is being driven from
more, the package will interface with the vehicle communication and power the terminal) the control module would initiate an alarm sequence.
equipment, door sensors, and antenna equipment. If desired by the user, the The inherent flexibility of the data control module makes it adapt-~
package may also be connected to engine equipment specially installed ‘to pro- able to the use of programmable logic operations, timing sequences, and
vide for the disabling function., Provisiofns can also be made for the installation other techniques to reduce false alarms and t; detect tampering. A possible
of an autonomous communications and p.owe'r package., logic sequence could also prevent status changes being made without dis-

It is envisioned that the electronic package will consist of several patcher approval. Before a truck with a high-value cargo could leave the
modules, each providing for such specific functions as hijack detection, terminal, the driver would request the dispatcher to put the truck in an "arm"
vehicle 1ocation, engine disabling, etc. The types of modules chosen for a mode, a condition in which the truck may move but the doors may not be
given application will depend, of course, upon the functions needed for that opened. At the delivery point the driver would again contact the dispatcher
task, For example, the module for vehicle location may consist of either a and request a ''safe'' condition. This state would allow the doors to be opened
simple preplanned route location sensor or a random route locator. In either for driver exit and cargo unloading., During the trip there need be no communi-

cation between the driver and the dispatcher. Any attack on the truck would

13 14
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immediately cause the control module to transmit vehicle location, identification
and status. The dispatcher could obtain the same information by addressing
the unit,

Each data control module will have an identification r;umber. When
the module is installed in a truck, this number will identify the truck to the
dispatcher. All commands from the dispatcher to the vehicle will use the
number to differentiate between this truck and all other trucks in the fleet.
The module may have switches that enable the installer to match the unit ID
code with the number painted on the roof of the vehicle. This would facilitate
correlation between the monitoring of the radio transmissions from the truck
and visual surveillance from an aerial vshicle,

When the vehicle unit is to be used to provide cargo protection on a
parked trailer, the normal mobile radis squipment will be unavailable. In
this case the unit will be configured with the ad:lit.rn of 2 module to provide
power and communications capabilities., In this configuration ‘*he unit will
sense trailer motion, vibration, or door openings. If intrusion or tampering
ig detected, an alarm transmission will l;e initiavred. This transmission will
be low power and will be intercepted by a local receiver, Irom where it will
be relayed to the local police and/or security force. Uhe vehicie unit will
also respond to interrogations from the local unit to verify the security 'of
the trailer. Similarly, the vehicle unit may be equipped with a high-power
transceiver where a protected trailer is being drawn by a tractor unit which

has no commuriications equipment.

15
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CHAPTER IV, EVALUATION OF EXISTING TECHNOLOGY

Vehicle location is an essential function of an anti-hijacking system,
since it enables both dispatcher and law enforcement person'nel to detect a
hijacking event and to arrive quickly at the scene. In addition to trucking
fleet operators, police and fire departments, municipal services, public
utilities, taxi fleet operators, and other types of users are actively inter-
ested in vehicle location, While not all of these organizations are compatible
in terms of vehicle location requirements, filling the general needs cof the
widest possible user population should be a primary objective in designing
any approach to the problem. Such an approach would reduce cost by increas-
ing volume and would also minimize possible interference between competing
syatams,

Personnel involved in this project have investigated and evaluated a
number of automatic vehicle location systems, Since cost is the ove rriding
concern to trucking companies, this factor was used as a basis for comparing
various location systems, Costs are neTcessaril‘y relative since they are
functions of fleet size, coverage area, accuracy, and similar factors. The
comparisons are reasonable, however, since any assumptions of values
related to these factors were applied consisten‘tl‘y to each case.

Position determination systems were divided into four functional cate-
gories, Table 1 lists the systems based on vehicles receiving signals frc;m
fixed transmitters and measuring time dif}erences between these signals,

Since discrete values of time delay between transmitters define hyperbolas,

17

Table 1. Relative Costs for Hyperbolic Position Determination
Systems for Truck Location

RELATIVE COST
System
Per Vehicle | Base Station | Other Comments

Decca High Medium High Requires installation of
transmitter systems for
each major population
area

LORAN High High Very | Requires installation of

High transmitter systems for

each major population
area

Omega - High High Ocean/air navigation
system not suitable for
urban areas .

AM Medium Medium Low Uses commercial AM

Phase- stations, development

Lock needed

these position-determination systems are known as hyperbolic systems.
They include such various air and ocean navigation systems as Decca,
LORAN, and Omega. The systems require lotating large, complex, expen-
sive, special-purpose transmitters within range of the vehicle receivers; and
the signal processing functions require vehicle electronics that tend to be
expensive, Operation in urban areas must be assisted by placing reference
receivers at frequent intervals throughout the area to e;ma.ble local propaga-
tion anomalies at the base station to be corrected.

Hyperbolic systems have been developed for airborne and shipboard
use., Some development has been performed to modify LORAN C receivers

for vehicle use, although the equipment still requires further development.

18
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The AM phase-lock approach provides the dual benefits of low vehicle cost
and low transmitter cost. This system provides relative position from a
starting point, however, and must be periodically re-initialized. It also
requires some development effort, (This concept is discussed in greater
detail in Appendix B.)

The second category of location systems (Table 2) includes systems
that rely on measurements made of vehicle transmissions. These measure-
ments are made simulianeously by several fixed receivers and may deter-

mine either time-of-arrival or direction. The time-~of-arrival or trilatera-

‘tion technique is more expensive but also more accurate than the direction-

finding or triangulation technique. Both techniques have the disadvantage of

requiring each vehicle in the fleet to transmit for a period of time sufficient
to allow receivers to provide a measurement. For a pulse-type trilateration
system, the requirement is particularly unfavorable since the transmission
must be very wideband (10 MHz).

In general, it may be said that trilateration is too expensive in its

present state of development and requires too much dedicated bandwidth to

be useful for trucking firms. The triangulation method, while cheaper, is

too inaccurate even for trucking applications., Direction errors of only
1 degeee would produce unacceptable location errors and, in an urban envi-
ronment, multipath effects make direction errors of 90 degrees a comrmon
occu‘rrence. Both methods would require extensive development before they
couid be implemented in trucki 1g fleets,

The third category of location systems is termed proximity systems.

The two types of proximity systems are the signpost transponder and sign-

post transmitter, respectively. The relative costs of these systems (listed
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Table 2, Relative Costs for Centralized Position . j
Determination Systems for Truck Location. ‘
RELATIVE COST
System
Per Vehicle | Base Station | Other Comments
Trilat- High Medium Very Considerable development
eration High is still needed to assess
accuracy and reliability
Triangu- Medium Medium High Multipath effects result
lation in unacceptable data
accuracy and reliability

in Table 3) point out that the signpost transmitter requires much less in
te\rms of communication capabilities. (This system is discussed in detail
in Appendix C.) |

The fourth category of vehicle location systems makes use of dead-

reckoning techniques. The most prominent approaches in this category are

Table 3. Relative Costs for Proximity Position ‘>
.Determination Systems for Truck Location.
RELATIVE COST
System
Per Base e} C t
Vehicle | Station ther . omments
Signpost Signpost Cost + | Requires high-capacity
Transponder Low Low Data Collection | data link from each
' Network + interrogator to central
Central computer
Computer
Signpost Signpost Cost Density and spacing of
Transmitter Low Low depends upon signposts can be
density and selected to individual
area of municipalities'
coverage requirements
Q)
20
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shown in Table 4. These approaches illustrate the various tradeoffs between
base-station complexity and vehicle complexity. At one extreme is the fully
militarized navigation system wherein the vehicle is self-contained and inde-
pendent. As shown, vehicle hardware in this case tends to be prohibitively
expensive, At the other extreme is the concept which puts c;nl'y the basic
compass/odometer sensors in the vehicle and transmits all sensor data to
the base station for computation and mapping. This approach minimizes
vehicle costs but requires a large base-station expense and a high usage of
mobile radio communication for data transfer. Both of these factors
severely limit the approach to relatively large fleets that haAve priority

claims for channel use, such as large city police departments,

Table 4, Relative Costs for Dead-Reckoning Position
Determination System for Truck Location

RELATIVE COST
Per Base
System Vehicle Station Cther Comments
Compass/ Medium High - Requires high capacity
Odometer * data link from vehicle
to base station
Differential High Medium - Poor long-term
Odometer accuracy
Military Very Low - Not tested for urban
Navigators High operation
Compass/ Medium Low - Further development
R .te Gyro/ work is required to
Odometer verify analytical
Hybrid results
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The accuracy performance of the dual or differential odometer
system suffers from the property that wheel slippage of only 1 inch creates
a heading-angle error of about 1 degree. The differential odometer provides
measurements of rate of change in heading angle, and these error‘s are
accumulated. The error accumulation causes a drift from the true direction
in indicated heading angle, and this significantly increases the location error
magnitude as the distance traveled increases. Several attempts have been
made to utilize differentiil odometers in a dead-reckoning system, but all
systems showed an accumulation of heading error that reached an unaccept-
able level within a short period of time.

An attractive compromise for the truck anti-hijacking location sys-
tem would make use of low-cost sensors and a simple computational capabil-
ity within the vehicle. While this equipment's lower accuracy would not
allow its use in a self-contained configuration, it could be supplemented with
a low-cost, low-density signpost distribution. (This configuration is ana-

lyzed and simulation data are presented in Appendix D.)

-+
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CHAPTER V., SYSTEM DESIGN

Elements which make up the Truck Anti-Hijack and Trailer Security
System are shown schematically in Figure 2. The equipment is shown
divided into subgroups based upon geographical location. Four subgroups
are identified: base station equipment, vehicle equipment, wayside equip-
ment, and equipment existing in the operating environment and which can be
used (with some modifications) to assist in the vehicle-location function.

A, Base-Station Equipment

The function of base-station equipment is to receive and maintain
data on the operation of a trucking fleet, particularly on those trucks carry-
ing high-value cargo. Data consist of vehicle status and location and can be
compared to the planned operation of a particular vehicle, Unexplained
deviations from the plans can be detected by the dispatcher and can be inter-
preted as an alarm condition.

The base-station equipment can vary widely in terms of complexity
and cost, depending upon the number of trucks in operation and the degree of
control to be exercised over each truck, F:or a small fleet relatively simple
base-station components will suffice, The signal decoder and display unit
coupled with a printer and wall map, such as was used in the demonstration®
system, should be adequate for a large portion of the trucking industry., The
equipment could also include a polling feature that would automatically

generate vehicle queries in some predetermined sequence and at a predefined

*N. A, Mas, Feasibility Demonstration of a Truck Anti-Hijacking System,
TOR-D073(3658-02)-1, The Aerospace Corporation, July 1973,
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rate so as to obtain v.ehicle status without dispatcher intervention, Even if a
simplified radio system were utilized for random vehicle location, position
fixing could be a simple, graphical procedure the dispatcher could perform
manually. The total cost for equipment needed to implement this configura-
tion has been estimated to be on the order of $1,500,

In cases where there is a large number of trucks, or where the
trucks make frequent pickup and delivery stops (requiring dispatcher atten-
tion), the base station equipment could be supplemented with a small mini-
computer. Such a machine would be programmed to perform automatically
all position-fixing calculations or procedures and print out the nearest street
locations. The machine would also reduce dispatcher workload, process
location data, and print out summaries of each vehicles' travels during the
day. The computer could provide a hijack-detection capability by automati-
cally checking vehicle position for deviations from its assigned route. Such
a computer with its a.ssocia.ted interfaces and peripherals would be expected
to add about $8, 000 to $10,000 to the base-station cost,

B. Vehicle Equipment

+

Figure 2 shows the vehicle equipment in its most expanded form. In

reality, it would contain some subset of the indicated equipment. For example;

) The vehicle may or may not contain the vehicle-disabling
module.
° The vehicle may contain either the dead-reckoning module or

the AM phase-lock module for position location, but not both.
° If accurate position location were not considered critical, the
vehicle may contain only the odometer and signpost transceiver

module for position location.
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Vehicle equipment modules that wculd be included in any configuration are

the data control and status module, intrusion sensor module, and the location

sensor module.

The data control and status module controls the s-yste‘m opera-
tion and makes all status decisions.

The intrusion sensor module interfaces vehicle hijack sensors
to the data control and status 'module. These sensors may be
door switches, acoustic and proximity detectors, or driver-
response signals. All signal conditioning, thresholding, and
processing will take place in the modulg.

The location-sensor module accepts data from one of several
sources and converts these data to vehicle. location information
for subsequent transmission to the dispatcher. The odometer
count (which is converted to elapsed distance) and the data
obtained when the vehicle passes a proximity unit are the basic
input for the odometer system in the location module. Output
from each of these units is a uniq;e code that identifies the loca-
tion of the transceiver. When this code is received it is stored
in the location module, and the odometer counter is reset.
Whenever the vehicle is queried by the dispatcher, the code of
the last proximity unit passed and the distance travelled since
that passing are sent to the base station. In this way the approx-
imate location of the vehicle can be maintained. The ability of
this configuration to accurately position the vehicle is highly

dependent upon the spacing of the proximity units.
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In situations where a high degree of accuracy over a large area is
required, the number of proximity units (and hence, the system cost) may
become excessive. In these situations, vehicle location equipment can be
employed to provide accurate vehicle-position fixes between‘ signposts,

A detailed analysis of truck anti-hijacking requirements for vehicle
location and of the techniques in use planned for automatic vehicle meoenitoring
(AVM) has identified two approaches that may be suitable for the location
function. These two approaches are indicated in Figure 2 as the dead-
reckoning module and the AM phase-lock module. Both approaches will be
subsequently explained in detail.

Briefly, the dead-reckoning approach makes use cf the linear esti-
mation theory to combine the output of relatively inexpensive heading and
distance sensors in obtaining position. While position error increases with
distance, the increase is relatively slow and enables the use of wide-spaced
signposts to keep the error in bounds. The AM phase-lock approach uses
the strong carrier signals of AM broadcasting stations to form a hyperbolic
location system. The several carrier s;gnals are detected coherently, and
difference counts are derived between pairs of carriers which indicate
position relative to a starting point, This approach also requires widely
spaced signposts to facilitate re-initialization in cases where the counting of
carrier cycles is interrupted by the loss of one or more signals.

The countermeasures module will contain sensors for detecting unau-
thorized tampering with the system (removal of the vehicle unit, severing of
interface cables, etc.). Any detection of tampering will cause an alarm to be

initiated.
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The two remaining modules shown in Figure 2 are the vehicle-
disabling module and the cargo-accountability module., These modules would
be options to the standard package and would be added for particular users
or applications. The vehicle-disabling module would be triggered 'by the
control and status module when an alarm condition was encountered. The
disabling may take the form of engine disruption by interfering with the
ignition or carburetor system., If the system is installed on a trailer, the
vehicle-disabling mechanism may operate on the braking system or on the
tractor hookup mechanism. Any mechanism c;f this type would be designed
with a safety override to prevent accidental operation when the vehicle was
in motion.

The cargo-accountability module is a general purpose capability
which allows data input to the control and monitor module regarding the
quantity and conditiop of the cargo. This feature makes provision for future
extension of the system to incorporate cargo security functions.

C. Wayside .Equi'pment

The wayside equipment consists of a nu;nber of proximity units spaced
at intervals over the geographical area covered by the system. The proximity
unit located externally to the vehicle serves two purposes. When positioned at
selected locations throughout the city, it serves as a signpost that signals the
present position to the vehicle, When terminal protection is required, minor
modifications to this unit will make it suitable for use as a local alarm detec-
tor. The unit will be placed in the terminal and connected to the facility
security alarm system, which is routed either to a private security service or

to the local police department, The trailer unit will be activated so that the

28

L )

—




control and status unit will transmit an alarm via the vehicle proximity unit
rather than through the mobile radio.
D. Existing Equipment

This category includes equipment that is not directly part of the sys-
tem but which supports the system operation. In particular, the AM broad-
cast stations, modified to produce stable carrier signals, would be in this

category. (This equipment is discussed in more detail in Appendix D,)
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CHAFTER VI. SYSTEM APPLICATIONS

As part of the analysis effort, costs of various system approaches to

truck location were evaluated. This analysis revealed that, for a given
system accuracy, the two overriding parameters affecting system cost are
fleet size and coverage area. The three most promising locator concepts
were examined for various fleet sizes and coverage areas. These concepts
were: high-density signpost, hybrid dead reckoning, and AM phase lock.
The last two concepts were assumed to be supplemented by a4 low-density
gignpost array. In this analysis a high density system is defined as one
having a density of at least ten signposts per square mile. A low-density
sighpost array would have no more than one signpost per square mile.

Figure 3 shows results from the effort to postulate a system accu-
racy of 400 feet. The figure indicates that for very large fleets, or
where the density of vehicles in an area is high (greater than about two or
three per square mile), a high-density signpost system is the most cost
effective. This is due to the .ow cost of vehicle equipment using this
approach. .

For very small fleets, the figure indicates that a hybrid dead-
reckoning system plus low-density signposts would be the most inexpensive
approach. In this case the higher costs for vehicle equipment is more than
made up for by reductions in the number of signposts needed.

Figure 3 shows that for intermediate cases (i. e., where vehicle
density is between 0.2 and 2.0 vehicles per square mile), vehicles equipped

with AM phase-lock locator systems would be the most cost effective
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Cost Effectiveness for Various Approaches to

Locating a Hijacked Truck.
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technique. As before, the large coverage area mitigates against high-density
signposts. Furthermore, lower costs for AM phase-lock vehicle hardware,
relative to the hybrid dzad-reckoning approach, offset the higher base-station
costs associated with tlie hyperbolic system. "

To estimate the cost for implementing a truck anti-hijack and trailer
security system, a scenario will be assumed in which a number of small
trucking companies cooperate to install the system in a medium-sized city.

If ten companies each having ten equipped vehicles is assumed, Figure 3

indicates that a locating system using an AM phase-lock locator combined

with a low-density signpost would be the most cost-effective approach.

If the area to be covered extended about 200 square miles, and if
approximately one signpost was needed per.square mile, the total signpost cost
would be $10, 000 for a signpost unit-cost of $50 (including installation). The
cost of equipping four AM broadcast stations with units for stabilizing the
carrier frequencies would be $40,000. The cost of AM phase-lock equip-
ment (vehicle-location module) would be 3bout $300 for each vehicle. The
size of the trucking companies under consideration would postulate a six“nple
manual procedure for position-fixing, and tﬁe base-station cost would be
about $1,500.

Additional vehicle hardware for handling functions of intrusion detection,
data control, signpost signal detection, and interfacing would cost an esti-
mated $250 per vehicle. The basic interface hardware installed on the truck
or trailer {and into which the cargo protection package would be plugged)

would cost an additional $50 per vehicle.
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The final system cost to an individual trucking company would be

as follows:

The total cost figure is roughly equivalent to one third of the expected cargo

Item
Assigned portion of signpost
(10% of $10, 000)

Assigned portion of AM station
equipment (10% of $40, 000)

Base Station Cost

Vehicle interface cost-assume
30 trucks and trailers equipped
(30 x $50)

Basic cargo protection package
(10 vehicles x $250)

Liocation modules
(10 x $300)

Total Cost
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Cost

$ 1,000

$ 4,000

$ 1,500

$ 1,500

$ 2,500

$ 3,000

© $13, 500

loss associated with operating a fleet of 30 to 4Q trucks for one year.

e

@




@

CHAPTER VII. CONCLUSIONS AND PLANNED DEVELOPMENT

The concept definition report has documented the maj'or findings and
results of the T'ruck Anti-Hijack and Trailer Security Program accomplished
through November 1974. Work performed included design and fabrication of
a demonstration system; evaluation of vehicle location techniques, including
identification and analysis of approaches that are most cost effective for
trucking applications; interaction with trucking and law enforcement personnel
and extensive operations; and cost analyses. These efforts have resulted in
the evolution of a concept to provide a large segment of the transportation
industry with effective protection against theft at low cost, The concept is
based upon development of a number of standard modules which can be com-
bined in a wide variety of configurations to a.ccomplish‘ diverse tasks. In
essence, the system can be tailored to the ;speciﬁc need of a particular

trucking company, whether the need be for:

) A very low cost, driver-actuated alarm
) A sophisticated automatic truck or trailer protection system
including vehicle location and automatic status maintenance

° Some intermediate configuration.

During the remainder of F'Y 74, plans are to continue development and
evaluation of the vehicle-location techniques whose characteristics are
applicable to the trucking industry. At the same time, completion of procure-

ment and award activities is planned with regard to a prototype-development

subcontract. The subcontract will in;rolve product design and development,
prototype fabrication, and operational evaluation of an anti-hijack system in
a realistic trucking environment. Contract award is expected in FY 74, and
task completion is planned for FY 75.

As an ongoing effort, system design and component specifications are
being prepared so that the system will constitute an integral part of a general
cargo-protection and accountability system currently under study. The
ultimate goal of the combined efforts will be to provide overall cargo secur=-

ity for the transportation industry in a simple, cost-effective manner.
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APPENDIX A. LOW-PROFILE ANTENNAS

Two antennas were investigated as possible alternatives to the
conventional quarter-wave monol;ole whip antenna commoﬁly'used for voice
communications on commercial and police vehicles. Both loop-monopole
and the multiturn loop have the advantage of low physical profile and can be
concealed so as to be less vulnerable to being rendered inbpera.tive in the
event of physical attacks by assailants.

Loop Monopole - The loop monopole antenna is ‘shown photographically

in Figure A-1, and schematically ih Figure A-2, The antenna consists of a
5.29-inch diameter (C-C) loop spaced 1.0 inch over a ground plane. One
side of the loop is grounded, and the open-end of the loop has a variable
capacitor to grounci which tunes the antenna to resonance at any frequeacy in
the 150 to 170 MHz band. The coax feedline is connected 2. 75 inches from
the grounded side of the loop to achieve the best impedance match.

Radiation from the antenna is pridominately vertically polarized
with the ground plane in a horizontal plane, The vertical fields are generated
by currents on the center conductor of the coax feed, the short conductor
between one side of the loop and the ground plane, displacefnent current
through the tuning capacitor and from the electric field between the loop
and the ground plane. A second capacitor (Cl) was added in series with
the center conductor of the feed line to provide a convenient means for

"

adjusting impedance to a 50-ohm level.
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Figure A-1. Photograph of Loop-Monopole Antenna
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Figure A-2, Schematic of Loop-Monopole Antenna
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Patterns were measured with the antenna assembly mounted on the
roof of a 1969 Ford panel truck, providing a ground plane approximately
67 x 134 inches (0.9 x 1.8). The relative heights of the loop-monopole and corner
reflector resulted in an azimuth pattern cut 3.7 degrees below the horizon.
The pattern was measured at midband, 160 MHz, and results are shown in
Figure ‘A-3. For comparison, a pattern of a A/4 vertical monopole mounted
at the same location on the vehicle and with the same power input is included
in the pattern plot, thus providing relative gain between the two antennas,
Prior to pattern measurement VSWR values were as follows:

loop-monopole: VSWR = 1.34
A/4 monopole: VSWR = 1.40
Examination of Figure A-3 shows that the loop-monopole gain is from 1.0 to
2.0 dB or, as an average, l.6 dB below that of the quarter-wavelength monopole.

Since the antenna structure is electrically small, it has narrow-band
impedance characteristics, as seen by the VSWR vs. frequency plot of
Figure A-4. Bandwidth is 2.5 percent, or 390 KHz, between 3:1 VSWR
points.

A geries of VSWR measurements wé.s made to determine the feasi-
bility of tuning the resonating capacitor C2 to change the operating frequency
within the 150 to 170-MHz band and without tuning the impedance a.djusfment
Cl. Results are given by the VSWR vs. frequency plots of Figure A-5. These
results show that only C2 need be adjusted to cover the 150 to 170-MHz band,

and C1 need be adjusted only for the initial midband tuning.
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Figure A-3. Azimuth Pattern and Relative Gain of
Loop-Monopole Mounted on Roof of Truck
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Multiturn Loop - The multiturn loop consists of 3.5 turns of

0.375 inch wide copper foil wound around a 2.7 x 2.7 x 0,75 inch polystyrene
foam core. It is fed at one end against a metal base plate and tuned by a
variable capacitor connected between the ground plane and opposite: end of
the loop. The antenna was originally developed as a shoulder-mounted unit
for use by law enforcement personnel and has been included in this test
series as a possible vehicular antenna. *

The multiturn loop antenna pattern and gain comparison relative to
the A\/4 monopole are shown in Figure A-6. The pattern was taken with the
range instrumentation as shown in Figure A-3, It is seen that in the more
favorable orientation (antenna horizontal) the peak gain is 10 to 15 dB below
that of the \/4 monopole and the pattern contains 30 to 40 dB nulls.

Conclusion - The loop-monopole mounted on the roof of a truck
exhibits good azimuth omﬁidirectionality (1.0 dB) and has remarkably good
efficiency considering its low profile. The gain is approximately 1.6 dB
lower than that of a \/4 monopole. However, it has the disadvantage of being

*
narrow band. It is expected that special tuning circuits can be utilized for
multiple fixed-frequency operations. The multiturn loop was found to have
low gain and poor omnidirectional characteristics and thus does not appear
to be worthy of further consideration.

It is recommended that if a small, low profile and/or a completely

flush antenna is required, further investigations should be devoted to making

*King, H. E., "Investigations of Body-Mounted Antennas for Law Enforce-
ment Application'!’, The Aerospace Corporation, Electronics Research
Laboratory, Report No. TOR-0073(3653-01)-2, June 1973,
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the loop-monopole fit within a cavity and protected by a dielectric window.

The feasibility of multiple-frequency operation should also be investigated.

Opeedy= \/4 MONOPOLE (refsrence antenna) .

O= MULTI-TURN LOOP, VERTICAL ORIENTATION

MULTI-TURN LOOP, HORIZONTAL ORIENTATION
~~

LOOP
VERTICAL

=
(1]

Figure A-6. Azimuth Pattern and Relative Gain of

Multiturn Loop Mounted on Roof of Truck
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APPENDIX B: AM PHASE-LOCK HYPERBOLIC SYSTEM

This section defines a concept for vehicle location ba:sed on measure-
ments taken on local AM radio broadcast station signals. The basic objective
is to locate a vehicle by measuring the range difference between the vehicle
and three or more local AM broadcasting stations, as shown in Figure B-1.
To establish a stable hyperbolic pattern, one selected AM station will have
its transmitter carrier frequency stahilized using an atomic standard and the
other stations will have their carriers phase locked to the standard. The
atomic standard would be a commercial instrument costing between $6, 900

and $8, 000 and having a stability of one part in 1010 or 1011

per day.
Since each of the AM stations are, in principle, absolutely stable in frequency,
one can measure the range difference between these AM stations and directly
determine present vehicle position relative to some initial starting position.
A, System Definition

The principal error source whic}l must be evaluated and dealt with is
that resulting from propagation anomalies, These anomalies include such
problems as multipath signal summation and direct-path attenuation caused
by buildings and topography. There does not appear to be quantitative informa-
tion as to the order of magnitude of these errors at AM broadcast frequencies
(535 to 160 KHz). There are data at VHF and UHF frequencies which indi-
cate that typical RF energy ensemble delays in large cities are occasionally

on the order of 3 microsecors but can sometimes be as large as 15 to 20

microseconds, If this were also true at broadcast frequencies, it would
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AM Phase-Lock Location System

Figure B-1.




imply errors on the order of 3,000 feet or more. On the other hand, there is

evidence that there is not as much "‘echoing'' at broadcast frequencies as at VHF

and UHF; tvherefore, resultant errors could be much less tl:xan 3,000 feet,
By choosing three (or more) broadcast stations at diverse locations, one can
also have the advantage of space diversity as well as frequency diversity,
and this could significantly reduce errors due to propagation problems.

This i:roblem remains to be investigated more thoroughly.

There are various ways in which one can configure the proposed
system, .Figure B-2 i3 one embodiment*. Basically, three simple AM
receiver channels are always tuned to three different AM broadcast
station frequencies, The output of each AM receiver is sent to narrow-
band, pha'se-lock loop (PLL) which, in effect, strips awa.‘y the audio
side bands and locks on to fhe main RF carrier. In addition, the phase-
lock loops are locked in such a manner as to yield a clean output signal at
10 times the input frequency. ** This permits simple measurements of
time differences of one tenth the interval of one R¥ carrier cycle. One

+

of the three AM receivers is arbitrarily called the reference channel.

This channel is similar to the other two exbept that the phase-lock loop is
set to divide by factor on the order of 100. The output of the reference

chapnel PLL triggers a sharp strobe generator which periodically reads the

% The frequencies and scale factors shown in Figure B-2 are illustrative
only and subject to optimization.

*%[t is important to note that the PLL is operated very narrow band and

thereby provides a memory (coast) function to eliminate momentary
signal excursions and fade problems,
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value of a first and second counter. These counters are driven by the first
and second PLLs as noted in Figure B-2., Figure B-3 shows typical timing
diagrams.

Note that counters No. 1 and No. 2 are opérated in module N mode
and only the least significant characters are retained; N is a function of
maximum resolution and operating radius desired. For a 40-km radius from
base station and 20-meter resolutions, N is 2000. A 12-bit counter including
parity is suggested. Once initialized at a known location relative to base
station; counters No., 1 and No. 2 never stop but are read out (strobed) at a
specific point in time ty defined by the reference AM station; these points
tN are in synchronization,with base station readings.

The system measures the change in path length between a first AM
broadcast station, the vehicle, and the reference AM broadcast system.

This gives a first hyperbolic line of position. . Secondly, the system
measures the change in path length between a second AM station, the vehicle,
and the reference AM station. This gives a second hyperbolic line of
position. This process results in a unique vehicle location plus one ambi-
guity. The ambiguity can be easily elimix-'xated because of prior knowledge

of vehicle position. Computationally, this concept is similar to LORAN

and other hyperbolic position determining systems.

Another way of describing this concept is to imagine a string connecting
the first AM station, the vehicle, and the reference AM station. As the
vehicle moves, the length of this string changes; the system measures this

change. A similar string connects the second AM station, the vehicle and
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the reference AM station. The counts accumulated by the vehicle system
can be translated into the amount by which the length of the string changes.
The distance values can then be used to calculate the magnitude and direction
of the change in position,

A possible system operating procedure is as follows. The system in
the vehicle is initialized to some known location by first inserting the correct
number into the counters then immediately connecting the counters to their
PLL. As the vehicle moves, or due to instabilities, these counters will
change. The base station polls each vehicle periodically via the existing -
VHF /UHF transceiver in the vehicle to determine automatically the reading
of each counter, vehicle address, and other pertinent information. The base
station receives the reply via the vehicle transceiver. A message of about
36 to 48 bits in length will probably be adequate per reply. The entire
inquiry/reply could be done in about 15 to 20 milliseconds. Thus, polling
could be done at a rate of about.60 vehicles per second.

The actual vehicle-locating Opefation would be déne manually using
a simple g‘raphical procedure or a small corﬁputerv could be interfaced
directly with the comrhunications link to automatically calculate the locations,

An attractive option would be to have the base station VHF/UHF
communications receiver automatically{vsense the absence of any conversations
on the air and insert rapid polling signals in between ordinary vehicle-base |
conversations’. In this way one could use the existing communication channels
and not require a special channel for vehicle location. For example, using

this interleaved method, a fleet of 100 vehicles could be sampled on the
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average of every 15 seconds without occupying more than 10 percent of the
¢ommunication channel time.

The practicality of the proposed system will depend a great deal on
the equipment simplicity and cost, as well as on accuracy.' In this connection
it is worth noting that almost all of the component parts of the proposed
syStem are available today in low cost integrated circuit modules. For
instance, relatively sophisticated precision phase lock loops and binary
counters much ionger than needed are available for under $5 each. The
proposed system comprises parallel channels which are essentially identical.
A realistic design goal is to have each channel cost under $50. The
cost of the complete vehicle-mounted equiprﬁent should be about $300,
excluding the communications transceivers. One could use the VHF or UHF
transceivers already in the vehicle. Also note that the system's AM re-
ceivers could probably be simple either narrow-band, integrated-circuit
RF amplifiers or another phase-lock loop. It is not advisable to use a
superheterodyne receiver since in this case one would separately have to
take account of frequency instabilities i;x the local oscillator. The entire
system would be packaged on a card for easy addition to the anti-hijacking
system,

B. System Errors

As long as each of the vehicle phase-lock loops remains locked to its
respective AM carrier signals, the counters will provide valid information
from which the vehicle position may be calculated. Multipath effects on one

or more of the signals will occasionally cause position errors to appear;
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however, these errors will be relatively small and will be bounded. Should
any of the loops lose lock, very large errors will be generated and these
errors will not be subsequentiy corrected except by some form of
re-initialization.

The cause of a phase-lock loop losing lock or slipping cycles is due
to the p‘resence of noise along with the input signal. In general, a signal-to-
noise ratio of + 6 dB is needed for the loop to acquire the signal. If modulation
or transient phase error is present, a higher signal-to-noise ratio is needed
to acquire and hold lock. The signal-to-noise ratio is related to the loop

noise bandwidth. This bandwidth is subject to two conflicting requirements:

° The loop bandwidth must be narrow to minimize the external
noise which enters the loop.
° The loop bandwidth must be wide to enable the loop to quickly

acquire and track the signal,

To illustrate several of the loop design considerations, some prelim-
inary estimates can be made of expected perfofrmance. If a carrier signal of
1 MHz is assumed, frequency variations due to transmitter instability should
be no greater than about 0.1 Hz. Similarly, Doppler shifts due to vehicle
motion should be less than 0.1 Hz, Frequency variations due to multipath
are unknown, however, a reasonable estimate for a loop which could track the
signal under all expected conditions would have a natural frequency of 10 Hz,

Using this figure as a first estimate and assuming a critically dampened loop

filter, a loop noise bandwidth of approximately 40 Hz would result,
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The average noise power expected in a 40 Hz band at 1 MHz is
approximately ‘-110 dB M. The average signal power received from a
1 MHz, 50 kW transmitter at a distance of 100 miles is about -64 dBM.
Of this power, approximately half, or -67 dBM is carrier (assuming 100%
modulation). If the remaining -67 dBM were uniformly distributed as side-
band energy over a 10 KHz bandwidth, approximately (-67 -27) -94 dBM
will appear as interference in the 40 Hz bandwidth of the loop. If a
receiver noise figure for the front end is 7 dB (antenna, cable, preselect
filter, etc.); the noise at the loop input will be -110 + 7 = -103 dBM. The
total noise plus interference at the loop input will be -93,5 dBM and the
overall carrier-to-interference ratio at the loop input will be +26.5 dB.

Ana.lysis* has shown that a signal-to-noise ratio of 10 dB would
result in a mean time to unlock of 106 seconds for a first order loop with a
40 Hz bandwidt‘h. This would be equivalent to less than one cycle slip per
day in continuous operation. Operation at signal-to-noise levels greater
than 20 dB, would make cycle slipping*hig'hly unlikely except in cases where
the truck spent long periods of time in tunne;s or other enclosed, well-
shielded areas. For these cases, signpoéts could be positioned at key
locations to aut.oma.tica.lly provide reinitialization £o the counters. The
signposts could also be located at terminals and other area;frequently

passed by vehicles.

*Andrew Viterbi, '"Principles of Coherent Communication', McGraw-Hill,

1966,
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APPENDIX C: SIGNPOSTS

Signpost systems are generally classified as either passive or
active. A passive system utilizes receivers at fixed locations to accept
information transmitted from vehicles passing a signpost. The location
information is then transmitted to the base station via telephone lines or on
radio communication links. Each vehicle transmits its identification code.
This code is coupled with the signpost location data and is relayed to the
base station.

Two factors complicate the use of passive signposts. The f{irst
factor results from the situation when more than one vehicle transmitter
is in the range of the signpost receiver, The receiver must be sufficiently
sophisticated to distinguish each vehicle selectively and accurately. The
second factor is related to the requirement for a communication network
to relay signpost information to the base station. These factors have mitigated
against the use of passive signpost systems except in special applications.

In an active signpost system, the wayside signpost devices transmit
unique identification codes to passing vehicles for subsequent transmission
by vehicles to the base station. Each vehicle is equipped with a receiver
to accept the wayside post signal as the vehicle comes within range of the
signpost. This signal is then decoded and the address of the wayside post
placed in the vehicle's memory unit.‘

Other information can be recorded in the vehicle at the same time
that location information is collected. This other information can be the

odometer reading of the vehicle when passing the signpost or the time of
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day. The signpost signal could also be used to re-initialize a supplementary
dead reckoning or RF location system. In any event, the location information
will be stored in the truck until it is interrogated by the base station or

until the truck encounters an '"alert'' or "alarm'' condition.

Methods for signalling between the vehicle and the signpost include
electromagnetic radiation (in the form of radio waves, low-frequency
induction or optical methods) or acoustic radiation. Acoustic devices tend
to be larger and heavier than equivalent radio devices. Also, acoustic
devices currently used for traffic sensing are high power and cannot be
battery operated. For these reasons, installation would tend to be more
expensive than the alternative radio transmission approaches. An

additional consideration is that the use of acoustic devices in the vehicle

would constitute a '""mixing" of technologies, which would unduly complicate
the system,

Low-frequency inductive loops are used extensively as vehicle
detectors in traffic control systems. The common method of installation
is to bury them in the roadbea, however, whic?h makes them unsuitable for
trucking company use. Optical methods have generally proven to be unre-
liable due to such environmental conditions as dirt, fog, ice, and snow.
For the requirement of a trucking system, the installation and maintenance
problems associated with establishing a signpost system make all approaches
other than radio transmission impractical.

Among the factors which affect the design of a signpost device

are: range of transmission, frequency of operation, power requirements,
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modulation technique, data format and false alarm and dismissal rates.
Each of these factors will be discussed briefly.

1. Range. The operating range of a signpost is governed by
the receiver sensitivity, the required signal-to-noise ratio at the receiver,
the allowable output power of the transmitter and such other factors as
antenna gain, propagation medium, and noise improvement due to modulation
techniques. In general, at a range of approximately 500 feet, a vehicle may
receive the signal even when it merely passes several blocks from the
intersection.

2. Frequency. In most cases, the signpost will be radiating
at less than 0,10 watts and, therefore, will not require licensing. The
frequency will depend upon the availability of equipment and components,
on the ambient electromagnetic environment, and on the topographical
features of the installation area. At the lower frequencies (e.g., citizens
band - 27 MHz) a large selection ofcircuitry and components is available.
The free-space attenuation also tends to be low at these frequencies.
The average noise power in urban areas increases at low frequencies, however,
and may require higher transmitter powers. Efficient antennas tend to become
large at low frequencies as well,

At higher frequencies (e.g., 1000 MHz and above) highly
efficient directional antennas can be used to avoid interference between
adjacent signposts. Urban noise tends to be much lower at these frequencies.
These advantages are offse:t by the high atmospheric attenuation in these bands
and the high cost and relative inefficiencies of components and circuits which

operate at UHF and above.
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3, Power. The method used for powering the signposts will have
very significant effects on the overall system cost. A battery powered
device will require periodic battery changes but will have a simple and
dependable power supply subsystem and will be inexpensive to install,

A device which requires an external supply will be more expensive to install,
since tie in with the local power companies is necessary. This factor

also puts constraints on where the devices may be mounted. The advantage
for this approach is that maintenance and service expense is minimized.

4., Modulation. The principal function of the signpost is to
transmit the signpost ID (location in the form of a digital message.

While any form of digital modulation could be used, binary noncoherent
frequency shift keying (FSK) is most often used. This technique is

easy to implement, has good error rejection characteristics, and can be

used with threshold detectors to ensure that weak signals are ignored and only

reliable messages based on strong signals are received.

5. Data Format. As a minimum, ei.ch message transmitted by
the signpost must contain signpost ID and/or location. In addition the
message may contain start and stop bits, synchrdnization codes, parity
check bits, and error correction codes. The addition of ancillary dat.;.x
increases the reliability of transmission but at the cost of complexity and
added expense,.

6. False Alarm and False Dismissal. False alarm is the situation

whereby a vehicle receiver recognizes noise or interference as a signpost

signal when, in fact, the signal is not present.
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An example of a low-density signpost distribution is shown in

Figure C-1. Signposts are placed at a density of approximately one sign-

post per square mile. The signposts are located at intersections of major

.

thoroughfares in such a way as to maximize the probability that traffic

through the area will pass signposts. While it is possible to traverse the

area without passing at least one signpost, it would probably require numerous

detours around major intersections. In general, a truck driving at random

through the area on major streets would pass a signpost once every two

miles. 1f the truck were making deliveries to side streets in the area, the

maximum distance between signposts would be four or five miles.

The minimum required transmitted power for a gsignpost is a function

of frequency, required receiver signal-to-noise ratio, range,and distance

between signposts. For a simplified '"first cut' analysis, the configuration
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Figure C-l. Low-Density Signpost Distribution
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Figure C-2. Simplified Signpost Configuration

From signpost "A' there are four signpc;sts at a distance of 1 mile, four

at a distance of 1.4 miles, four at a distance of 2 miles, eight at a distance
of 2.24 miles, four at a distance of 2.83 miles, etc. Each of these other
signposts can be expected to contribute an interfering signal to a receiver
in the vicinity of signpost "A''. If the transmitter frequency is 150 MHz,
the free-space path attenuation from these other signposts (assuming

isotropic antennas) would be:
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Distance Attenuation

1.0 Mi. 80 dB or 1078

1.41 Mi. 84 dB or 4 x 108
2.0 Mi. 87 dB or 2 x 1077
2.24 Mi. 88 dB or 1.67 x 1072
2.83 Mi. 89.5 dB or 1.1x 10™°

if signposts at distances of 3 miles or more are ignored. If the

receiver bandwidth is 10 KHz, the ambient noise level in an urban area

10

at 150 MHz will be 2 x 10~ milliwatts. The effec;tive noise interference

will be the sum of the ambient noise plus the interfering signals from

nearby signposts. If the effective transmitted power from a signpost is

Pt’ the total interference in the vicinity of any particular signpost will be:

‘zx10'1°+(4x10'8+4x4x10‘9+4x2x10‘9+8x1.67x10'9

8

9 10+

+

(8.18 x 10~

+4x1,1x10°7) P, or 2 x 10° P, milliwatts

If signposts at distances of up to 5 rniles are included the interference

becomes:

1 8

2x10°1% s 1158 x 1078 P

t

At distances of several miles in urban areas, the path attenuation
values for free spaces conditions become unrealistic. The figures do
illustrate some of the system design considerations however, and an
overall interference function of

1 8

2x1070% v 2x1078 P

t
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will be used as a reasonable approximation. This function is shown graph-
ically in Figure C-3. The graph shows the total interference power increasing
linearly with transmitter power when the signpost power is greater than

<20 dBm. For power levels below -30 dBm, the ambient noise becomes

the predominant factor.

The long dashed lines in Figure C-3 represent the received signal
power (for an isotrophic antenna) at distances of 100 feet, 500 feet and 1500
feet from the signpost. At distances greater than about 1500 feet from the
signpost, the signal is below the interference level. At a distance of 500
feet, the signal is generally about 10 dB above the interference level. At
100 feet, the signal is about 24 dB above the interference level. A detailed
analysis of the communication performance of the short range link between
the signpost transmitter and the vehicle will yield optimum threshold levels
for the receiver to minimize false receptions. The short dashed line is
indicative of a threshold 20 dB above the interference level. For this
setting the vehicle would not accept signpost information until it came
within approximately 200 feet of the transmitter.

It should be noted that, in the regio;x of interest, the range of the
system appears independent of the transmitter power (i. e., both the signal
power and the interference power increase linearly with signpost transmitter
power). In actuality, the receiver sensitivity will set a lower limit on trans-
mitter power. For example, if the receiver sensitivity is -50 dBm and a
20 dB threshold is required, the transmitter power will have to be at least
0 dBm. The range of the transmitter will be about 200 feet and will not

increase even if the transmitter power is increased.
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APPENDIX D: DEAD RECKONING

A. Conventional Dead Reckoning

The dead-reckoning system is autonomous in that it employs
equipment installed on the truck for determining location rather than depend-
ing on externally provided equipment. Examples of instruments used for
dead-reckoning are a magnetic compass and an odometer. This approach is
differentiated from an alternative dead-reckoning system, which transmits
raw sensor data back to a base station where it is integrated and processed
to obtain position fixes. This system has the advantage in that the base
station processor makes use of city street maps to fit the vehicle path to
the street pattern. Major drawbacks to this approach are the expense involved
with having a sophisticated computer at the base station and the requirement
for having a considerable amount of data transfer. In order to maintain a
continuous irack on a vehicle, sensor data should be relayed back to the base
station at least once each second. If each vehicle transrﬁission required a
50-bit message to include a preamble, vehicle ID, and parity checks as well
as the sensor data, there would be a contribution of about 50 bits per second
from each truck. The average trucking company shares a mobile radio
channel between 20 to 30 trucks. If all the trucks were using the location
equipment the channel would have to handle 1, 000 to 1, 500 bits per second of
data transfer., Requirements for message protocol or polling procedures
would also increase channel usage. Such usage would be impossible for

trucking fleets.
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This technique is suitable for situations where the user can dedicate
a radio channel to carry digital data exclusively. The only use:s in this
category are those who qualify for priority channel assignments by being in
the military or public safety areas.

The candidate dead reckoning systems investigated in this report

are as follows:

° Rate Gyro/Odometer

° Compass/Odometer

° Compass/Dual Odometer

) Compass/Rate Gyro/Odometer

All candidate systems employ instruments that provide information on the
direction of travel (heading) and the distance traveled. The instruments
provide an electrical readout which is fed to a simple computing cir‘cuit.
This circuit computes the truck location in X, Y coordinates. This informa-
tion is then available for transmission to the central station at specific time
intervals or on requeét. .

1. Error Sources. Typically, accuracy and cost are mutually

opposing goals because more accurate equipment is usually more expen-
sive. Judicious selection of components and system configuration can, how-
ever, frequently lead to optimum performance, (i.e., least cost for the
accuracy required), Thus the purpose of this study is to evaluate the poten-
tial accuracy of the candidate systems through an error analysis. The error
analysis is conducted by first determining‘ the influence of the componen£

errors on the system location accuracy. The component error sources
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in turn form the basis for the study. These errors sources are discussed
briefly in the following section,

a. Magnetic Compass Errors. The major source of error

in measuring the direction of travel is distortion of the magnetic field. The
instrument errors due to the compass itself are typically small. The mag-
netic field of the earth contains local anomalies caused by various sources
such as power plants and metal objects, like a passing car. These distortions
are taken into account in the error analysis. Both the magnitude of the mag-
netic distortion and the correlation coefficient are considered,

The correlation is utilized to describe the relationship of field distor-
tion between one point and another. Another source of compass error cor-
relation can, for the most part, be adjusted.

b, Odometer Errors. The major error source in measuring

distance traveled with an odometer is variation in tire conditions. Accelera-
tion and braking cause relative motion between the tires and the road.
Variations in tire pressure, speed, and the crown in the road also affect

*
accuracy. The single largest source of error seems to be a slippery road
condition; suchas encountered during a rain storm. Errors contributed by
the odometer itself appear to be quite small. An odometer distance measur-
ing unit was installed and evaluated in the Aerospace feasibility demonstration
system during FY 73. The characteristics and.performance of this unit was
considered satisfactory for use in an operational system as well as in the
demonstration sysfem. The odometer unit will utilize an electronic wheel
actuator mechanically designed with standard SAE fittings so that it would

interface with standard truck odometer drives. The wheel actuator will be
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connected to an electronic counter to accumulate the pulses from the wheel
actuator. Appropriate gear ratios and calibration procedures will be used
to provide a ratio of 1 count per foot of truck motion.

Data from numerous test runs made by the demonstration vehicle
were analyzed and statistical inferences were made. Repeatability of the
odometer readings were found to be extremely good: results from a
series of 18 mile runs yielded a standard deviation from the mean of 65 feet.
These values represent less than 0.07percent random error (one sigma).

The systematic errors were found to be somewhat larger. The test runs
revealed thad; the mean difference between odometer readings and mea-
surements from the map used in the base station was 995 feet or 1.0 percent.
It is probable that lane changes and freeway access roads, not accounted for
on the map, were major, contributors to the positive bias of the readings.
This bias could be eliminated by marking the map with distance traveled
figures obtained from actual measurements. The measurements would be
made for specified route segments. The dispe:tcher would simply add the
séparate segments to determine the current vehicle position. The location
within a particular segment would be determined-using a planimeter directly
with the map starting from the beginning of the segment. The use of low
density signposts would also be effective in keeping systematic errors
within bounds.

The only significant instrument consideration is quantization,
{.e., the smallest measurable change in distance. Strictly speaking, there are

both random and systematic error sources contributing to distance-traveled
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errors. The largest error source is the systematic error than can be
modeled as an error in scale factor. A scale factor error contributes to
location error that is proportional to distance traveled, while a random
error only contributes an error that is proportional to the s‘quare root of

distance. For simplicity in analysis, all the distance-traveled errors were

lumped into the scale-factor error. A conservative number of 0.3 percent

was assumed for the standard deviation of this error.

c. Rate Gyro Errors. A rate gyro provides a measurement

of change in direction of travel rather than the actual direction of travel
(heading angle) at an instant in time. The rate gyro measurements can be
integrated (or summed at frequent but discrete time points) over a period of
time. This integrated signal is the change in heading angle during the time
period. The heading angle can then be computed by adding the computed
heading angle change to the actual heading angle at the beginning of the time
period. An estimate of the initial heading angle is used if the precise angle
is not known.

The error model of an inextpensive rate gyro is complicated by
the effects of nonlinearities. There are also errors in the scale factor and
changes in the bias. Where possible, known error sources are assumed to
be eliminated by compensation in the computation circuit. In this study all
the residual error sources were lumped together and represented as a
as a single random error source. This random error is assumed to con-
tribute an error with a standard deviation of 0.08 degrees when integrated

(or summed) over a period of 0.5 seconds. This value of 0,16 degrees per
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second is considered to be a conservative estimate of the errors that will

be experienced.

d. Dual Odometer Errors. A dual odometer operates by

separately measuring the rotation of two wheels. The distance traveled is

computed by averaging the two measurements. The change in heading angle

is determined by differencing the two wheel measurements, The accuracy

in the distance traveled can be expected to be the same as for a single

odometer. Accordingly, for the standard deviation of the distance-traveled

measurement error, a value of 0.3 percent is used in this study as discussed

for the single odometer.

The error in the measurement of change in heading angle will
depend on the difference in the tire conditions for the twowheels. Variations
in the crown in the road, pressure of the tires, wind direction, truck load
distribution and wheel slip will introduce errors. For this study, all
the errors in measuring change in heading angle were lumped into a
single random error source. It was assumed that the error in measuring
the difference between the distances traveled of each wheel was 0. 4 percent

of the average distance traveled. Further, it was assumed that the errors

were independent when sampled every 30 feet., Thus, when traveling at 40 mph

and sampling every one-half second (every 30 feet) the standard deviation of
the error is 0.12 feet. This leads to a heading angle error of 1.5 degrees
in 30 feet, i.e., 3.0 degrees per second when traveling 40 mph.

e. Computational Errors, Current available computing cir-

cuits should be quite adequate so that computational errors will introduce
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negligible effect on the location error. The speed of available circuits is
also sufficient to permit the computation cycle to be short enough to over-
come any posgsible sampling frequency difficulties, even at the fastest truck
speed. |

2. Summary of Results. The basic configurations studied can be

portioned into two generic groups. The configurations in the first group

are as follows:

e Rate Gyro/Odometer

e Compass/Odometer

In these configurations there are only two measurements available, one
heading angle or change in heading angle measurement and a distance-
traveled measurement,

The rate gyro measures heading-angle rate of change and, accord-
ingly, exhibits a drift in computed heading angle. The rate gyro is, however,
much more accurate than such other sensors as the dual odometer or a
steering wheel sensor. '

The magnetic compass differs from the rate gyro in that it measures
the heading angle rather than change in heading angle. The magnetic compass
does not exhibit the drift in heading angle as do the dual odometer and the
rate gyro, Because of this drift characteristic the error analysis indicates

that the compass/odometer system performs much better than the rate gyro/

odometer system.
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The configurations in the second group are as:

e Compass/Dual Odometer

e Compass/Rate Gyro/Odometer
In these configurations three measurements are available; i.e., heading
angle, change in heading angle, and distance traveled. The two measure-
ments concerned with heading angle must be combined to provide a
single estimate of the angle. An algorithm for combining these measure-
ments is established before the error analysis is conducted. The exhi=
bit heading-angle error depends on how the t:NO measurements are
combined. The distance traveled ¢rror, on the other hand, will be the
same for these configurations as for configurations of the other group. The
error analysis indicates that the compass/rate gyro/odometer system is
superior to the compass/dual odometer system simply because the rate
gyro error is much less than the change-in-angle error, as measured by
a dual odometer.

This summary of results is simplified by concentrating on the two
strongest candidates; i.e.,one from each of the two generic groups. In
addition,the discussion is limited to a single route‘ configuration. For this
route the truck is traveling at 40 mph in a straight line. The dead-reckoning
system does not use the fact that the route is fixed and the computing circuit
updates the location estimate every 30 feet (every 0.5 seconds in this case).
The straight line route is chosen because any other route selection will tend
to decrease the location error for the same distance traveled. Also, ata

fixed speed an error correlated in time is equivalent to an error correlated
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in distance (space). Thus at fixed speed and direction no distinction need be
made between time and distance correlations.

a. Compass/Qdometer System., The compass error model

used for the error analysis was a two-parameter model. The two parameters
are the standard deviation of the errors and the correlation coefficient. With
standard deviation of error assumed to be 10 degrees, the compass measure-
ment would exhibit errors in excess of 10 degrees over 35 percent of the
time. If the correlation coefficient is assumed to be virtually zero, then
the sw.ings in the measurements would be very fast since the errors are
independent in time.

For the case where the errors are uncorrelated, the contribu-
tion to the location error due to the compass errors can be computed from

the following formula,

Ty = 78 S+ AS (D-1)
where
ny = location error standard deviation
7y = compass error standard deviation
= distance traveled
AS = distance traveled per computation cycle
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The location error for a system with an error-free odometer can be computed

using this formula. The location errors along the route are as follows:

Actual Distance Location Error

Traveled Standard Deviation
2 Miles 98 Feet

20 Miles - 311 Feet

40 Miles 439 Feet

The contribution to the location error due to an odometer error with a

standard deviation 0.3 percent are listed below.

Actual Distance L.ocation Error

Traveled Standard Deviation
2 Miles 32 Feet
20 Miles ' 316 Feet
40 Miles " 634 Feet

The total location error as a result of the error contributions from

both the compass and the odometer can be obtained from these two tables.
t

The total location error is computed by combining the two error
effects by using the root sum square method, which produces the following

results:

Actual Distance Total T.ocation Error

Traveled Standard Deviation
2 Miles 103 Feet

20 Miles 443 Feet

40 Miles 771 Feet
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Thus, even with the conservative value for the error-sourte standard
deviation, this candidate system offers excellent accuracy because the large
swing in compass errors is averaged out,

The compass error can be expected to be correlated. Due to
correlatich, the speed of swing due to the errors is not as violent as without
the correlation assumed for the previous computation. The true nature of
the error correlation as experienced in an urban environment is not currently
known. To show the influence of correlation, however, the previous compu-
tations will bé repeated with a correlation coefficient of 0.7. The formula
for location error can be modified to account for correlated errors as

follows:

xy 6

1/2
o = g JS » AS (.i-.t-S.) (D-2)

where p = compass error eorrelationvcoefficiént and the other symbols
are as in equation 1. Equation (D-2) is, in general, an approximation but
is quite accurate in this particular case,

Using equation (D-2) the cont;ibution to the location error due

to the correlated compass error is as follows:

Actual Distance Location Error

Traveled Standard Deviation
2 Miles ' 233 Feet

20 Miles 740 Feet

40 Miles | 1045 Feet
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As before, the contribution to the location error due to odometer errors
can be added using the root mean square method. The total location error,

taking into account the combined effect of the two instruments, is as follows:

Actual Distance Total Location Error

Travelerd Standard Deviation
2 Miles 235 Feet

20 Miles 804 Feet

40 Miles . 1222 Feet

The correlation of compass errors obviously has a significant effect. The
ultimate acceptabilify of this system seems to hinge on the specific type of
compass errors that are exhibited in a urban environment.

b, Compass/Rate Gyro/Odometer System. The advantage of

including a rate gyro in the dead-reckoning system is that it provides the
opportunity to decrease the heading angle error without significantly increas-
ing the system cost. The compass measurement and the rate gyro measure-
ment are combined in the computing circuif to*provide an estimate of the
current headigg aggle. As mentioned Befo're. the magnitude of both the

error in est.:imated‘heading angle and the error in location are effected by the
choice of alzorithm used to combine the compass and rate gyro melas.ur‘ements.

As a starting point a recursive, filtering, algorithm was used,

The equation for this algorithm is simply

*
6 = ae + (1-a) a0, + 8__ (D-3)

n l)
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where
A . .
en = heading angle estimate at time tn
A . . .
en_l = heading angle estimate at time tn-l
e
8 = compass measurement at time tn
n
*®
A€ = rate gyro measurement integrated over time
n
pe‘nod tn-l to tn.
a = filter gain.

In using this algorithm the filter gain, a, was selected to minimize the
error in estimated heading angle. For this criteria, it can be shown that
the estimated heading angle error can be computed with the aid of the

following equation.

CRNLve e

where
o. = estimated heading angle error standard deviation
+
Tg = compass error standard deviation
T.p = rate gyro error standard deviation

This is, in general, an approximation but is quite accurate for this specific

problem.

The addition of a rate gyro significantly reduces the estimated
heading-angle error, Starting with a compass-error standard deviation of
10 degrees and then adding a 0.08-degree per cycle rate gyro to the system

reduces the standard deviation of the heading angle error to 0.9 degrees,
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However, the magnitude of the location error is not reduced, in fact, it is
increased.

The addition of the rate gyro increases the location error
because the resulting heading angle estimation errors are highly c;arrelated.
Note first that in the preceding calculations the compass errors are uncor-
related. Also the algorithm of equation (D-3) is optimal for minimum heading-
angle error but it is not optimal for minimum location error, In effect, the
magnitude of the location error is effected by magaitude of the sum of the
heading errors, not the sum of the magnitude of the heading errors, It is
this phenomenon that must be taken into account when improving
performance,.

The algorithm of equation (D-3) must be modified befbre the
location errors for a systern with the addition of a rate gyro can be properly
evaluated. The study to date has shown that the addition of a rate gyro can
provide improved accuracy when an alternate algorithm is used. However,
the degree of improvement has not yet been determined. Note that so far the

.
discussion has been limited to a compass with virtually uncorrelated measure-

ment errors,

In the study to date, the problem of using a rate gyro to reduce
the effects of correlation in compass errors has not been addressed.
Another algorithm for combining compass and rate gyro measurements is
required if the compass errors are significantly correlated. Although it
may be that another simple recursive filtering algorithm will make an other-
wise unacceptable system perform within tolerance, this cannot be determined

with assurance until an error analysis is performed for that case.
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C. Simulation Results. A simple computer program has

been developed to simulate the error characteristics of the dead-reckoning
system. A Monte Carlo simulation is employed to propagate the errors that
would be encountered when a number of different trucks followed the same
route. Sample results are shown in Figures D-1 through D-4. For this

simulation the speed of each truck is 40 mph. There are eight trucks follow-

ing a straight-line route. %

The distance traveled errors for this sample run are zero. o
The compass hea;.ding errors are uncorrelated (p = 0) and standard deviation ,.2
is 10 degrees (certainly a conservative number). The location errors along 3

the route are as follows:

Actual Distance

Location Error

140

Distance is measured in feet (40 miles

. o e L1l
Traveled Standard Deviation o 'é. ‘J
2 Miles 124 Feet T=)
)
20 Miles 210 Feet ,
40 Miles 447 Feet R

+

The location error including an odometer distance errors of 0.3 percent

wan be readily added to the simulation results by the root sum square method.

With the odometer errors included the total location errors are as follows:

Actual Distance

Total Location Error

60

40

20

DISTANCE TRAVELED, Kft

Map of Truck Route Used for Simulation.

total) and the truck speed is 40

Traveled Standard Deviation o
=) X
2 Miles 128 Feet § S 8 © & 8 8 8 & & -
- -— — -— — )
~ A
20 Miles 380 Feet ¢ '

1Y ‘JONYLSIC ;
40 Miles 775 Feet &
By

i
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k (measured in feet) are traced and

The sample results shown in Figure D-2 are not in precise

agreement with the analysis because this simulation utilizes only eight trucks.
A simulation employing many more trucks would conform more precisely to
the analytical results, Simulation results do confirm that the systems
studied are feasible provided the ¢rror sources, as modeled, are correct.
B. Hybrid Dead Reckoning

Hybrid dead reckoning refers to truck location using instruments
contained within the truck supplemented by occasional calibration of the
instruments using low density supports. The basic instruments under con-
sideration are an odometer and a compass in conjunction with support
transmitters.

The cost of implementing a hybrid dead-reckoning system is

potentially low with respect to the truckborne instrumentation, and the ‘)

overall cost is dependent upon the net signpost transmitter cost. The latter
cost is related to the accuracy of dead reckoning; i.e., truck location
accuracy between signpost updates. High accuracy of dead reckoning implies
low signpost density and lower signpost cost, ~

An analysis was performed to develop a relationship between maxi-

mum signpost separation and the relevant error parameters. This relation-

ship is as follows:
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where: S is the maximum signpost separation, 7T is the allowable standard
deviation of the location error, 96 is the standard deviation of the heading
error and SC is the correlation distance constant for the heading sensor.

The maximum signpost separation is shown in Figure D-5 as a
function of compass error for several values of compass~-error correlation
distance. In each case the allowable standard deviation of the location
error is held to 300 feet. The figure indicates that if the compass error
was b6 degrees and, if the error correlation distance were 100 feet, a truck
would have to pass a signpost at least once every 8 miles in order to keep
the location error within 300 feet.

The computer simulation (as described) was performing using
a compass error of 10 degrees. This simulation indicated that a 300-foot
location error could be maintained with a signpost separation of up to

15 miles. This result was due to the fact that the simulation assumed an

uncorrelated compass error.
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