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SUMMARY 

Aerospace Corporation is currently conducting a program to develop 
o 

equipment for reducing the incidence of 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 motor transport was about $900 million. These crime 

costs :1.ave 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 estiInated 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 efpense,g 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 bf goods to the consumer. 

As part of this LEAA-sponsored program to develop 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 ana 

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

* The Senate Committee on Small Busines s estimated that $1. 47 billion was 
lost during 1970 to cargo theft. 

ix 

c~:rgo protecHJn system.. It also made use of in-depth discussions with law 

enfore~ment a.no truC:::k:Ln.g experts in identifying operational, technical, and 

cost. requirem~fit&1\. 

As a :J:'esult of these activities, a syst~.r:K'). cOrIt':ept was defined which 

could incorporate all functions essential to providing cargo protection in 

trucks. The concept stresses modularity and as such l't co'mb' . h , , lnes ln erent 

cost benefits associated with large quantities of simple parts with the 

advantages of flexibility, since modules can be configured for a large variety 

of appU.~ations. An added benefit of the c6ncept is that its flexibility makes 

it compatible wHh a wide variety of :J:'elated systems (for status reporting, 

billing. dispatching, etc.) and also makes it useful for many diverse applica­

tions (taxicabs, buses, and public safety vehicles). It is estimated that . . , in 

its most simplified form .. , the equipment as sociated with each vehicle would 

be in the rang('-' of cost that trucking companies currently incur for mobile 

radio equipment, It is furthe r estimated that savings from reduced cargo 

loss would more than pay for this equipment, 

x" 
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CHAPTER I. INTRODUCTION AND OBJECTIVE 

A. Itltroduction 

This report defines a concept for a truck anti-hijack and trailer 

security system which resulted from a LEAA -sponsored task under the 

Equipment Systems Improvement Program. The aim of the task is to reduce 

the incidence of cargo theft in the trucking 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 Inost trucking 

firms operate on very low p.rofit margins, cargo losses due to thdt repre-

sent a very high percentage of after-tax profits, in some cases up to 

50 percent. 

A Department of Transportationtstudy 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.$l inc rease in operating revenue 

usually provides only a $0.02 inc rease in cal'rier profits. These figures 

have led a number of trucking companies, industry associations, and govern­

ment agencies to exert efforts to reduce cargo theft. While large trucking 

companies can afford elaborate security services, such as large staffs of 

private police and the use of cars and h~licopters for surveillance, small 

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

ttl Proceedings of the 1973 National Cargo Security Conference", U. S. Dept of 
Transportation and the Transport Association of America, Washington, D.C. 
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There is no equipment available at present t\o meet the trucking 

industry's needs for comprehensive cargo protection. Equipment and devices 

currently being sold or planned are constrained by' eithe r exclusive applica .. 

tion to preplanned l'outes (for the Avcon or the Nelson Trucking systems) by 

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

by limits in range (for the "electronic license plate" system). What is needed 

is equipment that is high! y ilexible in its applic ation so that it c an be applied 

to many different k1.nds of operations in various trucking companies. At the 

same time, there m.ust be a uniformity in design and construction so that 

per-unit costs can be kept low. It must also be portable, so that only thosl.' 

trucks carrying high-valu,e cargo need be equipped and automatic, thus pre-

venting normal trucking ol,;>erations from being disrupted. 

The Aerospace cargo protection task was inithted in December 1972. 

In June 1973 a feasibility dE.\rnonstration 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 it 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 

a:ttd suggestions made during these meetings led to a more precise statement 

of system requirements and functions. The meetings were supplemented by 

attenda.nce at a number of conferences and seminars dealing with cargo loss, 

transportation security, and vehicle identiIication. 



From these efforts has emerged the concept of a portable, Iriodular 

set of system elements that can be configured in a variety of ways to accom­

plish numero'.lS tasks at minimal cost. The system will provide the user 

with options for performing vehicle disabling, random route location, parked 

trailer protection, and other functions a.t 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 syste.m. 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 sac rificing efficiency. 

It is planned to address each of these areas in 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-traUer protecti'on, vehicle disabling, and 

control of access to cargo. 

3 

An esse:ntial goal of the program is to achieve low cost to the trucking 

compar:Ly while :maintaining a high level of system effectiveness. This goal 

will be met by ~!stablishing the following design objectives: 

• 

• 

TID design the system in the form of simple, general-purpose 

m,odules, each ot which can be produced in large quantities at 

101'W cost. 

To design the system so that it will readily interface with 

e:lCisting vehicles' and dispatchers' equipment with a minimwn 

rrlodificaHon 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 fOlo operation, 

4 



CHAPTER II. 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 requirements 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 empha.;;izes 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 

cannot be expected to reduce their oWn efficiency with excessive security 

expenses. Therefore, cost of purchasing and operating a loss.-prevention 

system must be offset by the contributions such a . system makes to company 

profits. 
"t 

In general, theft-related cargo losses 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 of the 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 order 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 

5 

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 $10,000 to $15, 000 per year. Since an averag~ 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 radio system. Many trucking companies currently equip 

their trucks with radio transceivers, each costing from $800 to $1,000 to buy 

and a.bout $100 per year to maintain. These transceivers are mainly for 

administrative use and provide no p:rotection 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 

attracti ve to the trucking industry. 

B. Random Route Location 

Use of a random- route system in trucking operations has effect 

both in hijack prevention and in cargo recovery. Planning of a hijack opera­

tion nec es sitates prior knowledge of the vehicle 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 

6 



also includes rapid concealment of the vehicle or the unloading of its ca,rgo, 

and recovery is critically dependent on a minimum search time by inter-

cepting law enforcement vehicles. A random-route locator 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 
,9 

an answering signal. The interrogator would obtain range and bearing infor-

mation from the homing signal 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 req1lired interrogator-search time based on an assumed system range of 
"t 

0 0 5 miles. The missing truck was assumed to be within a circle of a given 

radius (based on time elapsed since its departure from a known location). 

Two search methodologies were considered: first, a relatively slow (30 mph) 

search of a grid patte rl.L; second, a high-speed search (90 mph) in a continuous 

spiral starting from the known departure poin'c. 

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

we re known to be within a circle of radius lO mile s, the high- speed search 
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take abDut 8 hours (worst case). The figure further shows the advantages to 

be gained when the transponder is used in conjunction with a random locator. 

Even if the locator system were able to position the missing vehicle within a 

circle of only 1 mile, search time would be reduced to a few minutes. 

c. Communi,c ation 

The system must not require high usage of the communication channel: 

land mobile communication channels are in critically short supply and prior-

ity usage is as signed to emergency and public safety vehicles. Ideally, the 

locator system should be such that the vehicle would transmit only when an 

alarm situation was encountered or when queried by the dispatcher. The 

transmission should be a short, voice-bandwidth signal containing position 

information or data from which vehicle position could be computed. 

The success of the system is highly dependent upon the integrity of 

the communica,tions link between the truck and its base station. For this 

reason, it is to be expected that the communica.tions system will be a target 

for hijackers. Probably the most vulnerable part of the communications 

system is the vehicle antenna. Its prominent position and physical weakness 

make it likely that it would be attacked in a robbery attempt. 

These factors led the project staff to investigate the feasibility of 

equipping vehicles with low-profile antennas, which could be made unobtrusive 

and possibly "hardened" against attacks. Field tests were run on two low-

profile antennas - -the loop-monopole antenna (hula hoop) and a multiturn loop, 

mounted on the roof of a panel truck. Test results presented in detail in 

Appendix A show that the loop-monopole antenna can meet operational 

requirements. 

9 

D. Range 

The system should supply broad area coverage. Most trucking com-

panies operate on a city-wide basis, so that their area of activity. would 

normally extend from 50 to 400 square miles. In this cont4;:xt, a system 

that may be adequate in a confined area (less than 50 square miles) would 

not have wide application for hijacked truck location. 

E. Hijack Detection 

The system must provide an alarm indication when it detects unauth-

orized intrusion into the driver's cab or into the cargo compartment. Since 

control of vehicle status is exercised by the dispatcher, the dispatcher can 

function only as long as the communication link between the vehicle and the 

base station remains intact. In situations where high-value cargo is being 

transported, the commlmication link can periodically be tested either auto-

matically or through established operational procedures. 

The system must further provide an alarm indication when it detects 

any deviation from a planned route. Discussions with police and trucking 
"t 

security officers have revealed that experienced hijackers devise methods 

for gaining entry to the vehicle without being detected. It is also conceivable 

that these hijackers could hold the driver hostage and force him to make the 

correct responses to dispatcher queries. In this situation, detection of the 

crime could be made only from observations of vehicle movement. Wide, 

unexplained deviations from the normal route, or unscheduled stops, would 

alert the dispatcher that a robbery was conceivably in progress. While this 

technique can be employed in a limited fashion with a single odometer 

10 



\'·e 
lIelapsed distance" locator, its full utilization requil-es 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 



CHAPTER Ill. CONCEPT 

The general concept consists of installing a low-coat, multipurpose 

cargo protection unit on each vehicle (truck or trailer) selected for carrying 

high-value ca:tgo. These units will be portable "packages" configured specifi­

cally for the particular application. 

So that installation of these units will be simple and fast, a large 

segment of the radio-equipped vehicles in a trucking fleet will be provided 

with interface attachments. Such attachments will be very low cost and will 

allow the anti -hijack ','package" to be installf'ri quickly on any selected vehicle. 

The "package" will consist of the electronics to provide position 'determination. 

vehicle status control, hijack detection, and data communication interface. 

The package may also provide for vehicle disabling as a user option. Further­

more, the package will interface with the vehicle communication and power 

equipment, door sensors, and antenna equipment. If desired by the user, the 

package may also be connected to engine equipment specially installed to pro-

vide for the disabling function. Provisions can also be made for the installation 

of an autonomous communications and p'ower package. 

It is envisioned that the electronic package will consist of several 

modules, each providing for such specific functions as hijack detection. 

vehicle location, engine disabling, etc. The types of modules chosen for a 

given application will depend, of course, upon the functions needed for that 

task. For example, the module for vehicle location may consist of either a 

simple preplanned route lo£ation sensor or a random route locator. In either 

13 

case, the interface would be the same, so that modules could be used 

interchangeably. 

The heart of the vehicle's electronics is the data control module. 

This module provides logic to dete rmine when the sensor data should or should 

not be interpreted as a hijack attempt. It also controls data transmission to 

and from the dispatcher. The data control module defines certain states 

or modes in which the vehicle functions: for each state, the vehicle may per-

form specific functions and operations. If the vehicle deviates from these 

functions, the dis patcher is alerted and can prepare to take action. For 

example, if the vehicle is in the mode defined for terminal or loading oper-

ations, it may be parked and maneuvered at will. The doors may be opened 

and closed without generating an alarm. If the vehicle electronics detected 

excessive movement, however, (indicating that the truck is being driven from 

the terminal) the control module would initiate an alarm sequence. 

The inherent flexibility of the data control module makes it adapt-

able to the use of programmable logic operations. timing sequences. and 

other techniques to reduce false alarms and to detect tampering. A pos sible 

logic sequence could also prevent status. changes being made without dis-

patcher approval. Before a truck with a high-value cargo could leave the 

tern'linal, the driver would request the dispatcher to put the truck in an "arm" 

mode, a condition in which the truck may move but the doors may not be 

opened. At the delivery point the driver would again contact the dispatcher 

and request a "safe" condition. This state would allow the door s to be opened 

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 

14 



immediately cause the control module to transmit vehicle location, identification 

and status. The dispatcher could obtain the sa,me information by addressing 

the unit. 

Each data control module will have an identification number. When 

the module is installed in a truck, ~his number will identify the truck to the 

dispatche r. All commands from the dispatcher to the vehicle will use the 

number to differentiate between this truck and all othe r trucks in the fleet. 

The module may have switches that enable the installer to match the unit ID 

code with the nurnbe r painted on the roof of the vehicle. This would facilitate 

correlation between the monitoring of the radio t:t'ansI'Xlis sions from the truck 

and visual surveillance from an aerial "'-:JhiclE~. 

When the vehicle unit is to be u,.sed to p:··o vidi.~ cargo protection on a 

parked trailer, the normal mobile radio (-)qul.p1'ne.nt will 'be unavailable. In 

this case the unit will be configured with the ~.(Hit~(\n of 2. J:J:1odule to provide 

power and communications capabilities. In tbd.fJ configuration ~he unit will 

sense trailer motion, vibration, or door openings. If intrusion or tampering 
"I' 

is detected, an alarm transmission will he init:taj~ed. This transmis sion will 

be llow power and will be intercepted by a loca.l rece:J.ver, Ir.'()m ':'Ihere it will 

be relayed to the local police and/or security fore.:::. ~,'he vehide unit will 

also respond to interrogations from the local unit to vel"iiy thf: security ,of 

the trailer. Sirn.i1arly, the vehicle unit may be equipp!;~d w,ith a high-power 

transceiver where a protected trailer is beirlg drawn hy- a tractor unit which 

has no commutiications equipment. 

IS. 



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 personnel to detect a 

hijacking event and to arri ve quickly at the scene. In addition to trucking 

fleet operators, police and .fire departments, municipal services, public 

utilities, taxi fleet operators, and othe l' 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 Clf the 

widest possible user population should be a primary objective in designing 

any approach to the problem. Such an approach would r.educe cQst by increas-

('. ing volume and would also .minimize possible interference between competing 

sysf"!!ms. 

Personnel invol ved in this project have investigated and evaluated a 

nutnbel" of automatic vehicle locatio,n, systems. Since cost is the ove rriding 

concern to trucking companie s, this factor was used as a ba.sis for co:mparing 
"t 

various location systems. Costs are necessarily relative since they a.re 

functions of fleet size, coverage area, accuracy, and similar factors. The 

comparisons are reasonable, however, since any assumptions of valuets 

related to these factors we re applied consistently to each case. 

Position dete.nnination systems were divided into four functional cate-

gories. Table I lists the systems based on vehicles receiving signals from 

fixed transmitters and measuring time differences between these signah. 

Since discrete values of time delay between transmitters define hyperbolas, 
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Table 1. Relative Costs for Hyperbolic Position Determination 
Systems for Truck Location 

RELATIVE COST 
System -

Per Vehicle Bas e Station Other Comments 

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

LORAN High High Very Requir es installation of 
High transmitter systems for 

each major population 
area 

Omega, High High Ocean/"ir 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 llavigation systems as Decca, 

LORAN, and Omega. The systems require locating large, complex, expen­

sive, special-purpose transmittel's within rarlge of the vehicle receivers; and 

the signal processing functions require vehicle electronics th~t tend to be 

expensive. Operation in urban areas must be assisted by placing reference 

receivers at frequent intervals through.out the area to enable 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. 
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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 r.ely on measurements made of vehicle transmissions. These measure-

ments are made simuli:3.neously by several fixed receivers and may deter-

mine eithe r time -of-arrival or direction. The time -of-arri valor trilatera-

, tion technique is more expensi ve but also more accurate than the direction-

finding or triangulation technique. Both techniques have the disadvantage of 

requiring each vehicle iIi the fleet to transmit for a pe riod of time sufficient 

to allow receivers to provide a measurement. For a pulse-type trilateration 

system, the requirement is particulal'ly unfC3:vorable since the transmission 

must be very wideband (lO MHz). 

In gene ral, it may be said that trilate ratioq is too expensi ve in its 

present state of development and requires too much dedicated bandwidth to 
of 

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 comrnon 

occurrence. Both methods would require extensive development before they 

could be implemented in truck~ "\g 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 
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 Ln 
. 

terms 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 

System 

Signpost 
Transponder 

Signpost 
Transmitter 

Table 3. Relative Costs for Proximity Position 
.D;~termination Systems for Truck Location. 

RELATIVE COST 

Per Base 
Vehicle Station 

Other of Comments 

Signpost Cost + Requires high-.capacity 
Low Low Data Collection data link from each 

Network + interrogator to central 
Central computer 
Computer 

Signpost Cost Densi ty and spacing of 
Low Low depends upon signposts can be 

density and selected to individual 
area of municipalities I 
coverage requirements 
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shown in Table 4. These approaches illustrate the various tradeoffo 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 
, 

expensi ve. At the other extre:me is the concept which puts only the basic 

co:mpas s / odomete r 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 comrrmnication for data transfe r. Both of the se factors 

severely li:mit the approach to relatively large fleets that have priority 

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

Table.d. Relative Co sts for Dead-Reckoning Po sition 
Determination System for Truck Location 

RELATIVE COST 

System Per Base Other Comments Vehicle Station 

Compass/ Medium High - Requires high capacity 
Odometer or data link from vehicle 

to base station 

Differ ential 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 I degree. The differential odometer provides 

measurements of rate of change in heading angle, and these errors 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 diffe renti~l odomete rs in a dead - re ckoning s ys tem, but· all 

systems showed an accumulation of heaJing 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 wHh 

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 Traile r 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-

went, and equipment existing in the operating environment and which can be 

used (with some modifications) to as sist 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. For a small fleet relatively simple 

base-station components will suffice. The signal decoder and display unit 

coupled vvith a printer and wall map. such as was used in the demonstration::' 

system, should be adequate for a large portion of the trucking indl~,stry. The 

equipment could also include a polling feature tha.t 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(36 58-02) -I, The Aerospace Corporation, July 1973. 
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rate so as to obtain vehicle 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 co st for equipment needed to implemeI1t this configura­

Hon 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 deli ve ry stops (requiring dispatche r atten­

HonL 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, proces s 

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 as signed route. Such 

a computer with its associated 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 mayor 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 we re not considered critical, the 

vehicle may contain only the odometer and signpost transceiver 

module for position location. 

25 

Vehicle equipment modules that would be included in a,ny configuration are 

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

sensor module. 

• The data control and status module controls the system opera­

tion and make s a11 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, threshobhng, and 

processing will take place in the module. 

The location-sensor module accepts data from one of several 

sources and converts these data to vehicle location information 

for subsequent transmisi3ion 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 i.ystem in the location module. Output 
~ 

from each of these units is a unique code that identifies the loca-

tion of the transceiver. When this code is received it is stored 

in the location module, and the odomete r counter is re set. 

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 numbe r of proximity WlitS (and henc e, the system cost) may 

become exc es sive. In the se 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 monitoring 

(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 of 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 signals are detected coherently, and 

difference counts are derived between pairs of carrie rs 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 contt.Lin sensors for detecting unau­

thorized tampering with the system (removal of the vehicle unit, severing of 

interfac e 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. 1£ 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 of this type would be designed 

with a safety override to prevent accidental operation when the vehicle was 

in motion. 

The cargo-accountability module 1's a general purpose capability 

which allows data input to the control and monitor module regarding the 

quantity and condition of the cargo. This feature makes provision for future 

extension of the system to incorporate cargo security functions. 

G. Wayside Equipment 

-r 
The wayside equipment consists of a number 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 

mogifications to this unit 'Will make it suitable for use as a local alann detec-

tor. The unit 'Will be plac ed 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 
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control and status unit will transmit an alarm via the vehicle proximity unit 

rather than through the mobile radio. 

D. Exi sting Equipment 

This category includes equipmenl; that is not directly part of the sys-

tern but which supports the system ope ration. In particular I the AM broad-

cast stations I modified to produce stable carrier signals I would be in this 

category. (This equipment is discuf, sed in more detail in Appendix D.) 
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As part of the a,nalysis effort, costs of various system approaches to 

truck location were evaluated. This analysis revealed that, for a given 

system accuracy, the two overriding flarameters affecting system cost are 

fleet size and coverage area. The three most promising locator concepts 
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were examined for various fleet sizes and coverage arl:las. These concepts 

were: high-density signpost, hybrid dead reckoning, and AM phase lock. 

The last two concepts were assu,med to be supplemented by a low-density 

signpost array. In this analysis a high density system is defined as one 
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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-r. 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 

e£fec tive. This is due to the :':>w cost of vehicle equipment using this 
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three per square mile), a high-density signpost system is the most CO,st 

approach. 

For very small fleets, the figure indicates that a hybrid dead-
, 

>-... reckoning system plus low-density signposts would be the most inexpensive -U 
0 

approach. In this case the higher costs for vehicle equipment is more than 
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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 O. 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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technique. As before, the large coverage area mitigates against high-density 

signposts. Furtherrnore, lower costs for AM phase-lock vehicle hardware, 

relative to the hybrid d-aad -re ckoning approach, offset the higher base - station 

costs associated with the 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. 

1£ 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 freq~encies would be $40,000. The cost of AM phase-lock equip­

ment (vehicle -location module) would be about $300 for each vehicle. The 
"1" 

size of the trucking companies under consideration would postulate a simple 

manual procedure for position-fixing, and the base -station cost would be 

about $1 , 500. 

Additional vehicle hardware fo r handling function$ 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: 

1. 

2. 

3. 

4. 

5. 

6. 

Item 

As signed po rtion of signpost 
(10% of $10, 000) 

As signed 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) 

Location modules 
(10 x $300) 

Total Cost 

C.ost 

$ I, 000 

$ 4,000 

$ 1, 500 

$ 1, 500 

$ 2, 500 

$ 3,000 

$13, 500 

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

loss associated with operating a fleet of 30 to 49 trucks for one year. 
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CHAPTER VII. CONCLUSIONS AND PLANNED DEVELOPMENT 

The concept definition report has documented the maj,or findings and 

results of the Truck 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 I including 

identification and analysis of approa.ches that are most cost effective for 

tru~king 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 accomplish 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-ac!uate,d alarm 

• A sophisticated automatic truck or trailer protection system 

including vehicle location and automatic status maintenal'lCe 

• Some intermediate configuration. 

During the remainde r of FY 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 
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subcontract. The subcontract will involve 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 gener,al 

cargo-protection and accountabihty 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 monopoLe whip antenna commonly 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 inoperative in the 

event of physical attacks by as sailants. 

Loop Monopole - The loop monopole antenna is shown photographically 

in Figure A-I, and schematically in 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 ground which tunes the antenna to resonance at any frequency 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 predominately vertically polarized 
't 

with the ground plane in a horizontal plane. The vertical Helds 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, displacement current 

through the tuning capacitor and from the electric field betwee~ the loop 

and the ground plane. A second capacitor (C 1) was added in series with 

the center conductor of the feed line to provide a convenient meallS for. 

adjusting impedance to a 50-ohm level. 
. ~ 
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Figure A-I. 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 Fo rd panel truck, providing a g round 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. Ii'or 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 

-;../4 monopole: VSWR = 1. 40 

Examination of Figure A-3 shows that the loop-rrJ.onopole gain is from 1. 0 to 

2.0 dB or, as an average, 1. 6 dB below that of the quarter-wavelength monopole. 

Since the antenna structure is electrically small, it has narrow-band 

impedance characte ristic s, 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 series of VSWR measurements was made to determine the feasi-

bility of tuning the resonating capacitor C 2 to change the operating frequency 

within the 150 to l70.MHz band and without tuning the impedance adjustment 

C
l

, Results are given by the VSWR vs. frequency plots of Figure A-5, These 

results show that only C 2 need be adjusted to cover the 150 to 170-MHz band, 

and C 1 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 shoulde r-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 >-/4 monopole ar e 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 '/1./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 omnidirectionality (±.1. 0 dB) and has remarkably good 

efficiency considering its low profile. The gain is approximately 1.6 dB 

lower than that of a '/1../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 

,:cKing, H. E., "Investigations of Body-Mounted Antennas for Law Enforce­
ment Applicat~on", The Aerospace Corporation, Electronics Research 
Laboratory, Report No. TOR-0073(3653-01)-2, June 1973. 

42 



.8 
.' , 
'J 

the loop-monopole fit within a cavity and protected by a dielectric window. 

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

LOOP 
HORlioNTAL 

Figure A -6. Azimuth Pattern and RelaHve Gain of 
Multiturn Loop Mounted on Roof of Truck 
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APPENDIX B: AM PHASE-LOCK HYPERBOLIC SYSTEM 

Z en -c 
I- Z 
en 0 -,I-

-c 
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This section defines a concept for vehicle location based on measure-. N 
I-en 

I- .1-
ments taken on local AM radio broadcast station signals. The basic objecti.ve 

is to locate a vehic Ie by measuring the range difference between the vehicle 
f7-~ 

.en -c 
~g 

I--c 
,,0 

and three or more local AM broadcasting stations, as shown in Figure B-1. -0::: 
I-m 

To establish a stable hyperbolic pattern, one selected AM station will have &::t 
I--c 

its transmitter carrier frequency stabilized 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 $6,000 

. 10 11 and $8,000 and having a stability of one part ln 10 or 10 per day. 

(" ,e 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 pos ition relative to some initial starting pos ition. 

Z LI.. 
1.&1 0 l: en- ::;:, -cl-
m-C ....... ~ 

I- Ll.. z en l:_ 
>..J 

A. System Definition 

The principal error source which 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 mag'nitude 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 -I-
on the order of 3 microseco.r;·~.s but can sometimes be as large as 15 to 20 ~ 
mic l':'oseconds. If this were also true at broadcast frequencies, it would 
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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; therefore, resultant errors could be much less than 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 er rors due to propagation problems. 

This problem remains to be investigated more thoroughly. 

There are various ways in which one can configure the propos ed 

system .. Figure B- 2 is one embodiment *. Basically, three simple AM 

receiver channels are always tuned to three different AM broadcast 

station !requencies. The output of each AM receiver is sent to narrow­

band, pha'se-lock loop (PLL) which, in effect, strips away the audio 

side bands and locks on to the main RF carrier. In addition, the phase-

lock loops are ~ocked in such a manner as to yield a clean output signal at 

10 tilDes the input frequency. ** This permits simple measurements of 

time differences of one tenth the interval of one RF carrier cycle. One 
or 

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

This channel is similar to the other two except that the phase-lock loop is 

set to divide by factor on the order of 100. The output of the reference 

chan.nel 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. 

**It is important to note that the PLL is operate:! very narrow band and 
thereby provides a memory (coast) function to eliminate momentary 
signal excurs ions and fade problems. 

47 

STD AM 
AUTO ANTENNA 

~7 

FVl 
AM _ .. .. RCVR No. 

FV2 AM --. 
RCVR No. 

FVR AM .. .. RCVR R 

PLL No. 1 
~ ~ 1 'FV1 x 1.0 

PLL No.2 
~ ... 2 FV2 x 10 

PLL R 
~ ~ FVR -+ 1.00 

No.1- 12 BIT --.. XMTR-
COUNTER ... 

RCVR , 

tSTROBE 

' AND 
FORMAT 

GEN ,... EXAMPLE: 
GI CORP 

No.2 12 BIT AY -5-1013 ... $8.80 COUNTER ... 

tSTROBE .* TO/FROM 
STROBE VHF-UHF 

TRANSCEIVER GEN ... 
!} 

~ 5.5 KHz 

Figure B-2. AM Phase Lock Locator Block Diagram 
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Figure B-3. Timing Diagram AM Phase-Lock Locator 
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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 operated 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-kIn radius from 

base station and 20-meter resolutions, N is 2000. A l2-bit counter including 

parity is suggested. Once initialized at a known location relative to base 

station, countel"S No. 1 and No. 2 never stop but are read out (strobed) at a 

specific point in time tN defined by the reference AM station; thes e points 

t are in synchronization with base station readings. 
N ' 

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. Th is process results in a unique vehicle location plus one ambi­

guity. The ambiguity can be easily eliminated 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 trans lated into the amount by which the length of the string changes. 

The distance values can then be us ed 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 s orne known location by first ins erting the correct 

number into the counters then immediately connecting the counters to their 

PLL. As the vehicle moves, or due to instabilities, thes e 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 millis econds. Thus, polling 

could be done at a rate of about 60 vehicles per second. 

The actual vehicle-locating operation would be done manually using 

a simple graphical procedure or a small computer could be interfaced 

directly with the communications link to automatically calculate the locations. 

An attractive option would be to have the base station VHF /UHF 

communications receiver automatically sense the absence of a.ny conversations 

on the air and ins ert rapid polling signals in between ordinary vehicle -bas e 

conversations'. In this way one could use the existing communication channels 

and not require a special channel for vehicle location. For example, using 

this inte1'leaved 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 

communication channel time. 

The practicality of the proposed system will depend a great deal on 

th.e 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 

sy§tem are available today in low cost integrated circuit modules. For 

instance, relatively sophisticated precision phas e 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 equipment should be about $300, 

excluding the communications transceivers. One could use the VHF or UHF 

transceivers already in the vehicle. A tso note that the system I 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 
T 

take account of frequency instabilities in the loca 1 oscillator. The entire 

sYl3tem 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 subsequently COl"!"ected except by some form of 

re - initia lization. 

The cause of a phase-lock loop losing lock or slipping cycles is due 

to the presence of noise along with the input signal. In general, a signal-to­

nois e 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-
T 

inary estimates Can be made of expected performance. 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 shift~ due to vehicle 

motion should be less than O. 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 dE M. The average signal power received from a 

1 MHz, 50 kW transmitter at a distance of 100 miles is a~out -64 dEM. 

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. 

Analysis* has shown that a signal-to-noise ratio of 10 dB would 

re~lUlt in a mean time to unlock of 10
6 

seconds for a first order loop with a 

40 Hz bandwidth. 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 highly unlikely except in cases where 
~ 

the truck spent long periods of time in tunnels or other enclosed, well-

shielded areas. For these cases, signposts could be positioned at key 

locations to automatically provide reinitialization to the counters. The 
" 

signposts could also be located at terminals and other areas' 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 fr.om 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 first 

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 wi thin 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 pas sing the signpo st 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 info,rmation 

will be stored in the truck until it is interrogated by the base station or 

until the truck encounters an "alertll or Iialarmil 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 radi'o transmis sion approaches. An 

additional consideration is that the us e of acoustic devices in the vehicle 

would constitute a "mixingll 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 roadbed, however, which 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 othe r 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 les s than O. lO 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 of circuitry 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 frequ~ncies. 

These advantages are offset 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 

ver,y 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 neces sary. 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 o.ocation 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 impl~ment" has good error ,rejection characteristics, and can be 

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

reliable mes sages bas ed on .strong signals are received. 

5. Data Format. As a minimum, each message transmitted by 

the signpost must contain signpost ID and/or location. In addition the 

message may contain start and stop bits, synchronization codes, parity 

check bits, and error correction codes. The addition of ancilla ry data 

increases the reliability of tral'lsmission but at the cost of complexity and 

added expens e. 

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 i~ not present. 
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False dismissal is the situation whereby a ligitimate signal is present but 

is so weak in relation to noise and interference that the receiver does not 

detect it. A high threshold in a receiver will reduce false alarms but will 

also increase false dismissals. The threshold setting is a compromise which 

requires careful analysis of the transmis sion link chal'acteristics. A 

reasonable (though arbitrary) requirement would be that, on the average, 

a vehicle should not encounter a message error more than once per month. 

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 with<'ut pas sing 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 eVfiry two 

miles. U' the truck were making delive~ies to side streets in the area. the 

maximum distance between signposts would be four or five miles. 

The minimum required transmitted power for a signpost is a function 

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

between signposts. For a simplified "first cut" analYJis, the configuration 

shown in Figure C-2 can be assumed to represent the signpost arrangement, 

Figure C -1. Low-Dens ity Signpos t Db; trib'.ltio:1 
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Figure C-2. Simplified Signpost Configuration 
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From signpost ".'\." there are four signposts 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 thes e other 

signposts can be expected to contribute an interfering signal toa receiver 

in the vicinity of signpost 11 A" . If the transmitter frequency is 150 MHz, 

the free-space path a,tcenuation from these other signposts (assuming 

isotropic antennas) would be: 
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Distance 

1. 0 Mi. 

1" 41 Mi. 

, 2.0 Mi. 

2.24 Mi. 

2.83 Mi. 

Attenuation 

80 dB or 10-8 

84 dB 0 r 4 x 10 - 8, 

87 dB 0 r 2 x 1 0 - 9 

-9 88 dB or 1. 67 x 10 

-9 89. 5 dB 0 r 1. 1 x 10 

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

receiver bandwidth is 10 KHz, the am~ient noise level in an urban area 

at 150 MHz will be 2 x 10- 10 milliwatts. The effective noise interference 

will be the, sum of the ambient noise plus th~ interfering signals from 

nearby signposts. If the effective trans mitted powe r from a signpost is 

P t ' the total interference in the vicinity of any particular signpost will be: 

2 x 10- 10 + (4 x 10-8 + 4 x 4 x 10- 9 + 4 x 2 x 10- 9 + 8 x 1. 67 x 10- 9 

, - 9 . -10 -8 P 'II' tt + 4 xLI x 10 ) P t or 2 x 10 + (8.18 x 10 t ml lwa s 
~ 

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

becomes: 

-10 -8 2xl0 +(1l.58xl0 )Pt 

At difl,tances of several miles in urban areas, the path attenuation 

values for free spaces conditions become unrealistic. The figures do 

illustrate sO,me of the system design considerations however, and an 

overall interference function of 
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will be used as a reasonable approximation. This function is shown graph­

ic,ally in Figure C-3. The graph shows the total interference power increasing 

linearly with 'cransmitter power when the signpost power is greater than 

-20 dBm. For power levels below -30 dBrn, 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. AI: 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 region of interest, the range of the 

system appears independent of the transmitte r 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 

o 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 proces sor makes use of city street maps to fit the vehicle path to 

the street pattern. Major drawbacks to this approach are the expense involv~d 

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 track on a vehicle, sensor data should be relayed back to the base 
"t 

station at least once each second. If each vehicle transmission 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 USt\l'~ 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 

Compas s / Odomete r 

Compass/ Dual Odometer 

Compass/Rate Gyro/Odometer 

All candidate systems employ instrwnents that provide information on the 

direction of travel (heading) and the distance traveled. The instrwnents 

provide an electrical readout which is fed to a simple computing circuit. 

This circuit computes the truck location in X, Y coordinates. This informa­

tion is then available for transmis sion to the central station at specific time 

intervals or on request. 

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

opposing goals becaus'e more accurate equipment is usually more expen­

sive. JUdicious selection of components and system configuration can, how­

ever, frequently lead to optimwn 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 component 

errors on the system location accuracy. The component erro,r 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 Compas s 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 pres sure, speed, and the crown in the road also affect 

accuracy. The single largest source of error seems to be a slippery road 

condition; such as encountered during a rain storm. Errors contributed by 

the odometer itself ~ppear 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 system. 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 O. 07percent random error (one sigma). 

The systelnatic errors were found to be somewhat larger. The test runs 

revealed that the mean diffel'ence 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 dispatcher would simply add the 
~ 

separate segments to determine the current vehicle position. The location 

wit~n 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 

wi thin bounds. 

The only significant instrument consideration is quantization, 

i. 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 sou;rce 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 square root of 

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

lumped into the scale-factor error. A conservative number of O. 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 ~. 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 inexpensive 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 ass'umed 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 oper~tes 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 th.e 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 two wheels. Variations 

in the crown in the road, pressure of the tires, wind direction, truck load 

distribution and wh~~l 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 tthat the ert"or in measuring 

the difference between the distances traveled of each wheel was O. 4 percent 

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

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

and sampling everyone-half second (every 30 feet) the standard deviation of 

the error is O. 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 ~rrors 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 possible sampling frequency difficulties, even at the fastest truck 

speed. 

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

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

are as follows: 

.. . Rate Gyro/Odometer 

• 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: 

• 
• 

Compas s / Dual Odometer 

Compas s / Rate Gyro /Odometer 

In these configurations three measurements are available i i. e., heading 

angle, change in heading angle, and distance traveled. The two measure­

ments concerned with heading angle must be com.bined 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 two measurements are 

combined. The distance traveled error, 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 gyr%dometer 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 odomete r. 

This swnmary 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 s.traight line route is chosen because any othe r route selection will tend 

to decrease the location error for the same distance traveled. Also, at a 

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/Odometer Syst.::;:: The compass error model 

used for the error analysis was a two-paramet.er model. The two parameters 

are the standard deviation of the errors and the correlation coefficient. With 

standard deviation of error asswned to be 10 degrees, the compass measure-

ment would exhibit errors in excess of 10 degrees over 3S percent of the 

time. Ii the correlation coefficient is asswned to be virtually zero, then 

the swings 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 for.mula. 

0" = O"e j S • AS 
xy 

(D-l) 

where 
't 

0" = location err.or standard deviation 
x:y 

O"e = compass error standard deviation 

S = distance t.raveled 

AS = distance b~aveled 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 
Tl"aveled 

2. Miles 

2.0 Miles 

40 Miles 

Location Error 
Standard Deviation 

311 Feet 

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 
Traveled 

2. Miles 

20 Miles 

40 Miles 

Location Error 
Standard Deviation 

32 Feet 

316 Feet 

634 Feet 

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

both the cor.npass and the odometer can be obtained from these two tables. 

The total location error is computed by combining the two error 

effeds by using the root sum square method, which produces the following 

results: 

Actual Distance 
Traveled 

2 Miles 

20 Miles 

40 Miles 
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Total 'Location Error 
Stand.ard Deviation 

103 Feet 

443 Feet 

771 Feet 



". te 
Thus, even with the conservative value for the error-sour'te 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 

correlation, the speed of swing due to the errors is not as violent as without 

the correlation as sumed 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-

tai:ions will be repeated with a correlation coefficient of 0.7. The formula 

for location error can be modified to account for correlated errors as 

follows: 

(
1 + p)1/2 

O"xy = (J' e js · ~ S 1 _ P 
(D-2) 

where p = compass error correlation ~~oefficient and the other symbols 

are as in equation 1. Equation (D-2) is~ in general, an approximation but 

is quite a.ccurate in this particular cas~ 

Using equation (D- 2) the contribution to the locathm error due 

to the correlated compas s error is as follows: 

Actual Distance 
Traveled 

2 Miles 

20 Mile.s 

40 Miles 

" 
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Location Error 
Standard Deviation 

233 Feet 

740 Feet 

1045 Feet 

As before, the contribution to the location error due to odometer errors 

can be added us. ing the root mean square method. The total location error, 

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

Actual Distance 
Traveled 

2 Miles 

20 Miles 

40 Miles 

Total Location Error 
Standard Deviation 

235 Feet 

804 Feet 

1222 Feet 

The correlation of compass errors -obviously has a significant effect. The 

ultimate acceptability 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 decre'7se the heading angle error without significantly increas­

ing the system cost. The compas s measurement and the rate gyro measure-

ment are combined in the computing ci:rcuit to provide an estimate of the 

current heading angle. As mentioned before, the magnitude of both the 

error in estimated heading angle and the error iz: location are effected by the 

choice of aJjorithm used to combine the compass and rate gyro measurements. 

As a starting point a recursive, filteri.ng, a.lgorithm was used. 

'The equation for this algorithm is simply 

~ * * '" e = a9 + (l-a)(~e + e ) n n n n-l 
(D-3 ) 
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where 

~ = heading angle n estimate at time t 
n 

~ n-l = heading angle estimate at time t 
n-l 

~: e = compass measurement at time t 
n n 
}:< 

~e = rate gyro measurement integrated over time 
n 

period t 1 to t . 
n- n 

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. 

where 

CT'_ = e estimated heading angle error standard deviation 

CT'e = compass error standard deviation 

CT' = ~e 
rate gyro error standard deviation 

(D-4) 

This is, in general, an approximation but ~s quite accurate for this speci:fic 

problem. 

The addition of a ra/i:e gyro significantly reduces the estimated 

heading-angle error. Starting with a compass-error standard deviation of 

10 degrees and then adding a O. 08-degree per cycle rate gyro to the sYl:itern 

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 correlated. 

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-

anglp. error but it is not optimal for minimum location error. In effect, the 

magnitude of the location erro,r is effected by mag litude 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 algoritlun of equation (D-3) must be modified before 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 rat.e gyro can 

provide improved accuracy when an alternate algoritlun 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 compas s errors has not been addres sed. 

Another algorithnl for combining compass and rate gyro measurements is 

required if the compas s errors are significantly correlated. Although it 

may be that another sinlple recursive filterinG algoritlun 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 Cdrlo 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. 

The compas s heading errors are uncorrelated (p = 0) and standard deviatiq? 

is 10 degrees (certainly a conservative number). The location errors along 

the route are as follows: 

Actual Distance 
Traveled 

2 Miles 

20 Miles 

40 Miles 

Location Error 
Standard Deviation 

124 Feet 

210 Feet 

447 Feet 

The location error in<;:Iuding an odometer distance errors of O. 3 percent 

\~an be reacl.lly 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 
Traveled Standard Deviation 

2 Miles 128 Feet 

20 Miles 380 Feet 

40 Miles 775 Feet 
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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 Il:l"ror 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 

trallsmitters. 

The cost of implementing a hybrid dead-reckoning system is 

potentially low with respect to the trut::'kborne instrumentation, and the 

overall cost is dependent upon the net signpost transmittE;r cost. The latter 

cost is related to the accuracy of dead reckoning; i. e., truck location 

C\-ccuracy 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 si.gnpost separation, ITT is the allowable standard 

deviation of the location error, ITS is the standard deviation of the heading 

error and S is the correlation distance constant for the heading sen,:.:lor. 
c 

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 6 degrees and, if the error correlation disrance were 100 feet, a truck 

would have t,? 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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