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ABSTRACT 

This report discusses the use of the Citizen Alarm System in an 

integrated mode, combining the personal alarm function with a vehicle 

location function. The cost/ effectivenes s aspects of dual usage are inves

t.tgated for alternative deployments in terms of expected cost per criminal 

apprehension attributable to the system •. 

In addition, two operational problems are investigated;rnutual in

terference of radio signals frOln two or more vehicle-borne transmitters 

to a receiver and data rate saturation of the conununication links. 
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1. EXECUTIVE SUMMARY 

The application of the citizen alarm system for vehicle location is analyzed 

in terms of cost/effectiveness and operational feasibility. 

The purpose of the system is to provide a method for the citizen to imme

diately summon the police in the event of a criminal attack. The citizen carries 

a small, compact actuator which transmits an alarm signal by radio upon com

mand to one of a number of fixed receiver-relays. These receiver-relays then 

retransmit the alarm signal along with location information to a control center 

which dispatches a police officer to the scene. The object of the sYlstem is the 

immediate apprehension of the s'l.lspect and protection of the victim. 

An automatic vehicle monitoring system provides timely location data 

along with status information of selected groups of vehicles for such applications 

as police patrol vehicle dispatching, bus scheduling, taxi dispatchil1lg, and truck 

cargo security. Since both vehicle monitoring and citizen alarm systems require 

locational data to be transmitted to a control center, the possibility of using a 

single system for both functions has been considered. 

First, the alternative deployments of the citizen alarm system throughout 

a city are investigated. Chicago is selected for the analysis since detailed crime 

and police data are available by police district for the city. The measure of 

effectiveness applied is cost per apprehension. The expected number of appre

hensions attributable to the system is a function of the violent crime rate, number 

of citizens covered, police response time, and crime duration sta2.istics. The 

cost of deploying the system in a7!1 area is a function of the number of persons in 

the system and the number of receivers in the area. 

Computing the cost per apprehension by police district results in a signi

ficant difference between high crime, high population density districts and low 

crime, low population density districts. Under the assumptions of the study, 

-1-



approximately 86% of the expected apprehensions can be accomplished in 9 

of the city's 20 residential districts at about 33% of the cost of covering the 

whole city (see FigUl:e VI-2). The cost per apprehension is estimated to be 

$1,250 for deployment only within the 9 highest crime districts and $3,320 

for deployment throughout the whole city. 

If vehicles are to share the citizen alarm system for vehicle location, 

it must be deployed throughout the city. It is estimated that approximately 

10, 000 vehicles might utilize a vehicle location system in Chicago. The 

contribution of these vehicle users to the cost of the citizen alarm system 

is as sumed to be such that their total expenditures do not exceed that of the 

least costly alternative system. The latter has been established, for large 

urban areas, to be a radio frequency direct proximity system (Figure V -2). 

Using the costs for that system to develop estimates of the vehicle users' 

contribution to the citizen-alarm system, it is concluded that even with as· 

many as 10, 000 vehicle£' sharing the system with the citizens, deployment 

over the whole city is not as cost effective in terms of cost per apprehension 

as deployment in only the high crime districts. Specifically, as given in 

Table VI-5, the cost per apprehension for the shared system. is $2,930, only 

12% less than the full deployment unshared system and more than double the 

value for the high crime rate area deployment. 

Sensitivities of the results to receiver -relay cost, actuator cost, 

proportion of popUlation covered, and number of vehicles sharing the system 

were investigated. As shown in Figure VI-3, the advantage of the 9.-district 

deployment areas over the 20-district shared deploym.ent remains over the 

range of receiver-relay cost factors from one-half to three (a cost factor is 

a multiplier applied to the base prinlary and secondary receiver-relay costs). 

The conclusions are not sensitive to changes in actuator cost (Figure VI-4) 

in the range from 0 to $50 annually per actuator (base cost is $27). Similarly, 
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the percentage of eligible population who subscribe to the system does not 

affect the comparison between the 9 -district and 20 -district shared deploy

ments (see Figure VI-5). Cost per apprehension for the 20-district shared 

case decreases linearly as the number of vehicles sharing the system is 

increased, as shown in Figure VI-6. Since the cost per apprehension for the 

9-district deployment is independent of the number of vehicles, at some point 

the shared case will become more advantageous than the 9-district case. 

However, over a range from zero to 30,000 vehicles - three times the base 

case - the 9 -district deployment is clearly more cost-effective. 

Chicago was chosen for the analysis because of the availability of 

detailed crime and law enforcement statistics. However, the characteristics 

that yield great differencES in expected cost per apprehension between city 

districts exist in most large cities in this country. Therefore, the conclusions 

of this analysis are generally valid for large U. S. urban centers. 

Two operational aspects of the use of the citizen alarm systetl'l for 

vehicle location were investigated. First, if there are a number of vehicles 

withirl transmitting range of a re.ceiver-relay, there may be contention, or 

mutual interference. The contention probability is a function of the vehicle 

density, transmission range, transmission-duty cycle, and receiver-relay 

spacing. The results, shown in Figures VII-4 a.nd 5, indicate that for a 

reasonable range of values of these parameters there is a significant probability 

of contention. For example, with a 1 % transmission-duty cycle,200 vehicles 

per square mile (less than two per block), and a transmission range of 200 feet, 

the contention probability is 2%, which corresponds to the Department of 

Transportation Automatic Vehicle Monitoring System design goal for vehicle 

communications coverage. Since contention is only one of the factors in the 

communications coverage problem, 20/0 represents a significant level for 

contention. 
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SecondlY1 the data rate generated by the vehicles is considered relative 

to the currently designed citizen alarm system capacity of 300 bits per second 

from each receiver-relay. Given a vehicle density value, the allowable trans

mission range for this data rate (from Figure VU-7) results in a contention 

probability greater than 10% (from Figure VII-4). Therefore, it appears that 

contention represents a more serious problem than does data-rate saturation. 
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II. INTRODUCTION 

Ovel' the past several years the Law Eniorcement Assistance Adminis

tration of the U. S. Department of Justice has been involved in the analysis 

and development of a personal alarm system to be used by citizens to signal 

police in case of c.riminal attack. During this period, they have also been 

involved in the development of a cargo security system utilizing automatic 

vehicle location. 

The citizens alarm system is designed to relay an alarm to the appro

priate personnel and to indicate the victim's lo.::ation within a specified 

accuracy so that the police can respond in time to apprehend the suspect. 

The system involves three principle components: a portable, compact signal

ling device (a radio transmitter), fixed receiver-relay units, and a central 

control station. 

Automatic vehicle monitoring systems are designed to provide timely 

location information on certain vehicles as they travel city streets. There 

are many techniques for estimating vehicle location, some of which have been 

implemented for police patrol and bus scheduling applications. All these 

methods involve three basic functions: generation of location data, transmis

sion of the data to a central control station, and computation and display. 

These functions are essentially the saUle as in the citizen alarm systeUl, with 

the exception of the alarUl signal {although some vehicle location applications 

may include an alarm function}. Therefore, the developUlent of an integrated 

location system useful for both the citizen alarUl and the vehicle location func

tionhas been hypothesized. It is the purpose of this report to document the 

results of a survey and asseSSUlent of the feasibility and cost of an integrated 

location system. 

All of the vehicle location systems developed thus far involve relatively 

costly, bulky, and heavy equipment to be carried in the vehicle. For f:.tns 
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reason it is clearly not feasible to adapt any of these systems to a personal 

alarm application, which requires devices to be carried on the person. At 

present, it appears that the only implementable technique that would allow one 

to comfortably carry an alarm signalling device is an inverse proxinrity system 

such as the citizen alarm system. (In an inverse proxinrity system, the object 

to be located transnrits signals to fixed receivers of known locations which 

retransnrit the signals to a control center. Conversely, in a direct proxinrity 

system, signposts transnrit coordinates to the object, which then retransnrits 

location with an identification code to the control center.) It is quite possible, 

however, for the citizen alarm system primal"y receiver-relays to be used for 

vehicle location, either in a direct or an indirect proxinrity mode. The vehicle 

could transmit its identification to the citizen alar m system primary relays, 

~ust as the citizen transnrits his idelltity when calling for assistance. Alterna

tively, the citizen alar:m. system relays could incorporate low power transnritters 

to provide the vehicle location data, which is retransnritted by the vehicle to 

its dispatch/control center. It is obvious, however, that the direct proxinrity 

mode provides little more in.tegration of the b-vo systems than that of sharing 

the housing ftnd installation for the signpost and primary relay components. 

The total costs for integrating the location systems would be substantially 

greater if direct proxinrity is retained for vehicle location. Therefore, for this 

analysis it will be assumed that an integrated location system will be of the 

inverse proxinrity type. Further, since the citizen alarm system represents 

an inverse proximity system currently under development, the equipment con

figuration is defined in sufficient detail to allow credible cost estimates and 

deployment scenarios. For this analysis, then, the citizen alarm system will 
'. 

be used as the basis for the integrated location system. 

The prhnary purpose of utilizing the citizen alarm system for vehicle 

location is cost savings, since two separate location systems -- the citizen 
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alarm system and the vehicle location system -- can be replaced by the citizen 

alarm system alone. The overall savings then depend upon the cost required 

to enhance the citizen alarm system to accommodate vehicles and the amount 

the vehicle users save by not building a separate system. The assessment of 

the cost effectiveness of integrating the location systems, including the effects 

of alternative deployments, constitutes a major pa1"t of this report. In addition, 

an analysis is made of the operational requirements associated with the use of 

the citizen alarm system communications network by vehicle fleets. The use 

of the system by vehicles will result in much higher data rates than that for 

which it is designed. Thus, the potential problem of contention (simultaneous 

transmission by two or more vehicles) and the impact of higher data rates on 

receiver-relay design must be considered. 

This report is divided into seven chapters. Chapter TIl describes the 

citizen alarm system as currently designed, while Chapter IV contains descrip-e tions of alternative automatic vehicle location techniques. Data on unit costs 

for the systems considered are presented in Chapter V. Life cycle cost estimates 

are then developed. The cost/ effectiveness analysis for shared and unshared 

systems is surru:narhed in Chapter VI. Chapter VII discusses some of the oper

ational aspects of location system integration. 
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ICI. CITIZEN ALARM SYSTEM 

The purpose of the citizen alarm system (CAS) is to provide a TIlethod 

by which persons threatened with a crime of violence such as rape, robbery, 

or as sault can summon police before the onset or at the beginning of the crime. I 

Idea.1ly, the police will arrive in tim.e to apprehend the suspect and prevent 

serious injury to the victim. 

The system as currently envisioned consists of personal actuators which 
r 

transrn.:it radio frequency signals to a primary receiver located within a few 

hundred feet. The primary receiver retransTIlits the signal, along with its 

location code, to a secondary receiver by means of local power lines. The 

secondary receiver then transmits the data via leased dedicated telephone 

lines to a central control station -- generally the police dispatch center 

which dispatches a police patrol car to the location. 

The system is designed to be used indoors or outdoors. However, since 

this analysis investigates the concurrent use of the system for vehicle location, 

only the outdoor configuration will be considered. The density of primary 

receivers dictates the location accuracy since the location uncertainty is largely 

dependent on the distance between detected signals. 

The actuator is a compact battery-powered device using large-scale 

integration (LSI) technology. It is designed to be worn on the wrist or as a 

pendant. The coded signal is transmitted on a 452 MHz carrier frequency, 

with a tenth of a milliwatt output power. A design goal of 50% probability of 

detection at 500 feet has been established. The signal consists of 32 bits 

transmitteu at a rate of 500 bits per second. The alarm transmissions of 15 

repetitions oithe coded signal occur after a two-second dela.y and last one 

second. After a 30-second interval, the transmission is repeated. 

The primary receivers continuously monitor for the presence of alal.'m 

signals. When a signal is detected, the user identification data consisting 
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of 256 bits (8 words) are stored in the primary receiver. Each primary receiver 

is polled in time sequence by the control center and when an alarm signal is 

present, it is transmitted to the control center via the secondary receiver. 

To indicate the presence or absence of an alarm signal to the receiver, 

a two-bit code is used. Communication between the primary and secondary 

recei. vers is over 110 volt, 60 cycle commercial power lines, using a carrier 

frequency of 206 KHz. The carrier frequency in the reverse direction is 302 

KHz. A maximum of 128 primary receivers can be interfaced with a single 

secondary receiver. However, in practice the ratio is much less; in fact, 

for street deployment, it is assumed to be ten to one. 

The control center receives the data, checks for errors, deternri.nes 

the location of the primary receiver, decodes the user identification, and 

displays the resulting cll3 .. ta in a usable form. A minicomputer is used to 

store the pertinent data, translate the location and identification codes, and 

perform the polling operation. The polling is performed independently on 

each dedicated line to a secondary receiver using a single timing pulse at a 

rate of 75 bits per second. When a receiver-relay is polled, it tran smits a 

four-bit status word consisting of a start bit, two status bits, and a stop bit 

at a rate of 300 bits per second. 

If an alarm signal is detected during the polling, the computer stops at 

the appropriate time slot in the next polling cycle and extracts the data from 

the receiver. To minimize the probability of false alarm, two out of three 

successive polling cycles must result in an alarm before the syS:: em acts upon 

it. 
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Figure III-l depicts the information flow for the system. The telephone 

line carrier frequency is given as 1200 Hz and 2200 Hz since the modern is 

designed to operate in a duplex mode allowing either frequency in either direc

tion. 

Use of this system by vehicles would require a vehicle-borne device that 

continuously transmits the vehicle identification code. The primary and secon

dary receiver-relays would perform the same function as in the citizen alarm 

system. Polling could be performed in a similar manner by a central compu

ter. The control center would route the vehicle data to each separate user 

where it would be analyzed and displayed. 
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IV. AUTOMATIC VEHICLE MONITORING SYSTEMS 

A. APPLICATIONS 

The auto:matic vehicle monitoring systems discussed in this report are 

designed to provide timely location data on specific sets of vehicles in an 

urban environment. Possible users include :police patrol vehicles, buses, 

taxis, and commercial trucks. 

1. Police 

Location data can be of use to police in reducing response time for 

patrol vehicles. Generally, patrol vehicles are assigned sectors to patrol. 

When an incident occurs, the patrol vehicle for that sector is assigned if it 

is available. If not, a vehicle from another sector, preferably an adjacent 

one, is assigned. This procedure results in certain inefficiencies since the 

patrol vehicle assigned to a sector :may be further from an incident in that 

sector than a patrol car in an adjacent sector. If .the vehicles I locations are 

known to a finer degree of accuracy than by sector, the closest available ve

hicle can be assigned to an incident, thereby reducing response time. As has 
2 

been shown , response time significantly affects the probability of apprehen-

sion of the suspect. 

In addition, vehicle location in conjunction with a silent alarm could be 

useful in enhancing officer safety. An endangered patrolman, either within 

or outside r.ds patrol vehicle, could covertly sigrlal the dispatch center which 

could then assign ali assisting officer to the appropriate location. Of course, 

if the signalling officer is outside his vehicle, some additional search time 

may be required but at least the search area would be diminished because 

the location of the officer's vehicle is known. 

Automatic vehicle monitoring may also be useful for improving patrol 

supervision as it provides management with information of the location and 

status nf each patrol vehicle at aU times. 
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2. Buses 

Urban bus companies can use location systems in a variety of ways to 

improve operations. These include scheduling, security, reduction of the 

reserve fleet and supervisory personnel, and the automatic collection of 

operational data. 

As any urban bus rider can attest, buses on a given route tend to bunch 

up, thereby leaving large gaps in the arrival times at a bus stop. This prob

lem could be alleviated if the central dispatcher knew the location of the buses 

as they travel their routes. He could then transmit commands to the bus 

drivers to adjust their schedules to achieve the desired headway gaps. For 

example, a bus that is behind schedule may be instructed to skip stops or a 

lightly loaded bus may be directed to pass a more heavily loaded bus that is 

behind schedule. Alternatively, a reserve bus may be sent in to fill a gap. 

These procedures would result in a better service and possibly increased 

ridership. 

Every bus company maintains a reserve fleet for use in case of break

down or delays in the regular fleet. By instantaneously reporting such occur

rences, an automatic vehicle monitoring system could eliminate much of the 

total duration of buses out of service, thereby allowing a reduction in the 

reserve fleet. 

An automatic vehicle monitoring system could be useful in improving the 

security of the bus driver and passengers by use of a silent .alarm activated by 

the driver. The alarm signal would be transmitted to the bus dispatcher who 

would note the location and notify police. 
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Automatic vehicle monitoring could also be 'Used to collect data on bus 

operations and maintenance. Such data might include records of breakdown, 

fuel consumption, tire mileage, etc., which can be used for preventive main

tenance purposes. Many bus companies now record this type of information 

manually. In addition, data could be collected on travel times and number of 

passengers for various routes which would be useful in evaluating existing 

schedules. 

3. Taxis 

Most of the taxis in large urban areas are radio-dispatched, but there are 

many problems with the dispatching process. It is generally acknowledged 

that drivers are often reluctant to inform the dispatcher of their locations, 

preferring to cruise the streets rather than accept radio-dispatched assignments. 

The procedure that the dispatcher goes through in determining the closest 

e available taxi to a customer is often tim.e-consurning and inefficient in terms of 

use of the radio spectrum. Much of the time it does not result in assigning the 

closest available taxi. Automatic vehicle monitoring could alleviate these prob

lems since the location and status of each taxi would be known to the dispatcher. 

The practice of taxi drivers not using their meters for certain fares and 

not reporting the income to the taxi company is thought to be quite prevalent in 

some cities. This problem could be alleviated by use of automatic vehicle moni

toring with location capability in conjunction with devices that detect the presence 

of passengers. 

Further, automatic vehicle monitoring could enhance driver and passenger 

security in the salne manner as described for buses; that is, a silent alarm with 

a location system. 
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4. Commercial Trucks 

The fourth application of interest is cargo security for commercial 

trucks in an urban environment
3

. Cargo losses for such vehicles are quite 

high; in fact, trucking industry officials estimate their direct cargo losses 

from theft to be on the order of $2 billion each year. A cargo security system 

utilizing vehicle location and vehicle status indication is intended to reduce 

loss from hijacking or from theft of a portion of the cargo. Location data can 

also provide information useful in intercepting a hijac!k;:ed vehicle. Further, 

location can be used, along with status data on the cargo compartment, to 

determine if unloading occur s at an unauthorized location. 
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e. 

B. SYSTEM REQUIREMENTS 

An automatic vehicle monitoring system to be used for vehicle applica

tions such as those discussed above must have the following capabilities. It 

must be able to cover a complete city, which implies a maximum of 480 square 

miles (Los Angeles). It must be able to locate vehicles travelling random 

routes and must be effective in high rise areas and regions of significant elec

tromagnetic interference such as railyards, industrial plants, steel bridges, 

etc. Finally, it must attain a level of accuracy commensurate with the most 

stringent requirements of the users. 

The accuracy requirements vary among users. Some police departments 

require a 950/0 probability of attaining an accuracy of 50 feet, primarily £01' 

reasons of officer security. Others require no more than a quarter of a mile 
4

• 

For the cargo security application discussed in Reference 3, one city block is 

as sumed. The U. S. Department of Transportation in a recent RFP £01' devel

opment and testing of automatic vehicle monitoring systems for urban buses, 

requires 300 feet with a '950/0 probability. 

For purposes of this analysis an accuracy of one city block with 950/0 

probability will be assumed as representative of the requirements for all appli

cations considered. 
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C. ALTERNATIVE SYSTEMS 

The purpose of this study is to evaluate the utility of an integrated location 

system that would serve the needs of citizen's alarm users and cargo security 

systems. It is therefore necessary to investigate alternate vehicle locations in 

order to establish c~mparative costs, etc. to determine how much vehicle users 

ITlight be willing to contribute to a citizen's alarm system. The amount of the 

contribution is established by estimating the least cost alternative. 

There are a variety of techniques for automatic vehicle monitoring, sev

eral of which have already been implemented. Cost comparisons were made of 

seven alternative techniques in a previous Aerospace study of automatic vehicle 

location systems for police patrol operations
5

• The techniques compared in 

that study, and briefly summarized here, included: 

- Radio frequency direct proximity 

- Magnetic direct proximity 

- Dead reckoning with computer m.apping 

- Dead reckoning with direct proximity 

- LORAN C time differencing 

- Pulse trilateration time differencing 

- AM phase time differencing 

In a radio frequency direct proximity system, signpost transmitters 

placed at intervals along the roadside continually transmit coded signals contain

ing location data. As a vehicle passes one of these signposts, the signals are 

received, decoded and, along with a vehicle identification code, retransmitted 

to the control center via a mobile radio channel. 

Magnetic direct proximity techniques involve coded arrays of magnets 

buried under city streets. Each vehicle contains a device which sen'. .. es the 

array as the vehicle passes over it. The location code is then transmitted 
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along with the vehicle code to the control center. 

The two dead reckoning techniques evaluated use magnetic compasses 

and odometers to provide position information relative to a specific location. 

One of the techniques uses direct proximity signposts to periodically update 

the dead reckoned position, while the other Uses a computer mapping teclmique 

to provide continual correction of the dead reckoned position. 

The three time differencing techniques involve differences between the 

times of arrival at a vehicle of radio frequency signals from three or more 

sources. As shown in Figure IV-I, the locus of points rep:resenting a constant 

distance or time difference between two sources is a hyperbola. Two pairs of 

sources yield two hyperbolas with the vehicle at their intersection. 

The LORAN C method involves use of the existing LORAN navigation 

transmitters, augmented by additional transmitters to enhance the signal-to-e noise ratio in urban areas. The tra.nsmitters, which operate in the 100 KHz 

band, send synchronized pulses from which time-of-arrival differences can be 

computed. The AM phase technique utilizes the signals of commercial AM 

radio stations. One station is selected as the master and the other two are syn

chronized with respect to it. The vehicle unit measures the differences in 

arrival times by determining phase differences. 

The pulse trilateration method operates with a single transmitter and a 

group of receivers. The signal, which c.onsists of 900 MHz pulses, is received 

by the vehicle and retransmitted to the fixed receiver sites. The differences in 

pulse arrival times at the receiver then yields the hyperbolic coordinates of the 

vehicle. 
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Location accuracy in t.he direct proximity system depends upon. the 

spacing of the signpost transmitters. With a simple system using a single 

power level, the location accuracy is equal to the distance between adjacent 

signposts. However, it is possible to use several power levels which result 

in several signal overlap areas to create phantom signposts between two actual 

signposts, using the radiation pattern characteristics of high frequency RF 

transmitters. Taking boundary effects into account, the ratio of regions to 

signposts is about 5 to 1. Thus, an RF direct proximity system can attain a 

location accuracy of one block with one signpost for every five blocks. 

The vehicle unit contains a receiver, decoding unit, storage and output 

registers, and communication interface with the mobile radio transceiver. 

5 
The study referred to above compared the seven techniques on an annual 

cost-per-vehicle basis for a range of vehicle quantities al1.d several values of 

area covered. Since the study was concerned only with police patrol cars, the 

maximum number of vehicles considered was 1,000. For this analysis, however, 

quantities on the order of 10, 000 are assumed (police vehicles, buses, taxis, 

and cargo trucks are included in the vehicle population covered). Therefore, 

the cost comparison of the police patrol vehicle study was extended to include a 

larger number of vehicles. 

The costs can.be separated into three categories: vehicle-related costs 

which cover the vehicle-borne equipment; area-related costs whi ch cover such 

equipment as signposts and RF mapping; and fixed costs for the transn:llttars and 

the control center computer and display. A single control center was assumed 

in the patrol car analysis. Table IV -1 reproduces the annual cost estimates 

for the seven systems. 
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TABLE IV-I. AUTOMATIC VEHICLE LOCATION 
SYSTEM COST SUMMARY 

ANNUAL COSTS 
Per S9,. Mi. Per Vehicle 

,Direct proximity (magnetic) $576 $ 440 

Direct proximity (RF) $840 $ 260 

Dead reckoning with mapping $1,260 

Dead reckoning with proximity $ 18 $ 830 

LORAN C $130 $ 580 

AM Phase Lock $ 60 $ 430 

Pulse trilateration $152* $ 470 

*Approximation from straight line fitted to the cost data. 

Fixed 

$ 47,360 

$ 47,360 

$ 92,000 

$ 47,360 

$177,360 

$ 51,360 

$ 64,360* 

A graph of these data is shown in Figure IV -2 for an area of 200 square miles 

and vehicle quantities to 10,000. The location accuracy is 300 feet with 950/0 

probability. The dead reckoning system wit..~ mapping is not shown as its cost 

lies wholly above the $1,000 per vehicle value. A fixed cost for the vehicle

borne equipment is assumed with no adjustment for lower unit cost for larger 

quantities. If a learning curve factor were to be included, it would serve to 

decrease the cost of each system for high vehicle quantities but the relative 

positions of the curves would remain the same. 

It is evident that the RF proximity technique is the leas t co stly 

for vehicle quantities above 1, 000. This is true because the relatively large 

area cost is pro-rated over a large number ofvehic1es, allowing the low vehicle 

cost to dominate. The AM Phase Lock system is least costly for small vehicle 

quantities as its fixed costs are relatively low. Similarly, plots for areas of 
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Figure IV -2: AUTOMATIC VEHICLE LOCATION SYSTEM COST COMPARISON 

1000 Area = 200 sq. m.i. 

dead reckoning with proxhnity 
\ 

800 

-€IT ....... ' 

~ 
.-t 
() 

• .-i 
...c:l 600 t- \\. \. LORAN C 

I Q) 

N :> 
w 
I I-i 

Q) 
p... 

\- :=== Puls e trilateration 
+l Magnetic direct prexim.ity 
Ul 

AM phase lock 0 
U 400 
~ 
§ 

I 
RF direct proximity <l:! 

200 

o 2000 4000 6000 8000 10,000 

Number of Vehicles 



100 to 400 square miles show the same results with the crossing point between 

AM phase lock and RF proximity occurring at about 450 vehicles for 100 square 

miles and 1800 vehicles for 400 square miles. That is, RF proximity is least 

costly for vehicle quantities larger than these values. 

Since the RF proximity system is least costly over the range of parameters 

pertinent to this analysis, it is selected as the alternative automatic vehicle 

location concept to be compared with citizen's alarm system. 
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V. SYSTEM COST ESTIMATES 

In developing cost estimates for the citizen alarm. and vehicle location 

systems, the following assumptions were made. Life cycle cO-sts are used, 

as suming vehicle and personal equipment lifetimes of five years and fixed 

equipment lifetimes of ten years. For mass produced equipment such as sign

posts and vehicle units, the quantities are assumed to be large enough so that 

the production learning curves have leveled off. Costs are estimated on an 

annual basis with no discounting of the future and no inflation factor. 

Table V-I lists the estimated costs for the direct proximity vehicle 

location systems, taken from an Aerospace report on the use of automatic 

vehicle monitoring for police patrol. 5 Table V - 2 lists the citizen alarm 

system costs, based upon discussions with the Compu-guard Corporation. A 

few of the entrie s require further explanation. The estimated acquisition cost 

of a vehicle unit assumed for this study is half that given in Reference 5 because 

of larger number of units involved. The police automatic vehicle monitoring 

application analysis assumed on the order of 1, 000 vehicles, while this study 

assumes la, 000 vehicles as discussed in the next chapter. Both the RF proximity 

and citizen alarm systems involve the attachment of units (transmitters and 

receiver-relays, respectively) to fixed poles such as light standards. The 

yearly lease cost per unit is estimated to be $6. 6 The annual line lease cost 

is $4 per mile per month or $48 per mile per year. 

The use of the citizen alarm system for vehicle location implies that the 

relatively complex vehicle unit consisting of a receiver, decoder, and communi

cations interface can be replaced by a rather simple transmitter similar to the 

personal actuator without the size constraint, using the vehicle power rather 

than its own self-contained battery, and generating signals continuously (with a 

specified duty cycle) rather than actuated upon demand. It is estim.ated that the 

cost of such a unit manufactured in large quantities would be about the same as 

that of the personal actuator. It is further assumed that the installation cost 
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would be about $40. Thus the annual cost, assuming a lifetime of five years, 

is equal to $27 for acquisition and maintenance plus $8 for installation (amor

tized), or a total of $35. 

TABLE V-I. 

RF Proximity Automatic Vehicle Monitoring System 

Cost Estimates 

Vehicle Unit (5 yr. lifetime) 

Acquisition 

Installation 

Maintenance 

TOTAL 

Signpost (10 yr. lifetime) 

Acquisition (installed) 

Maintenance 

Post .Lease 

TOTAL 

Unit Cost 

$400 

100 

70 
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Annual Cost 

$ 80 

20 

40 

$140 

. ., , 
7 

6 

$20 



TABLE V-2. 

Citizen Alarm System Cost Estimates 

Primary receiver-relay (10 yr. 
lifetime) 

Acquisition 

Installation 

Maintenance 

Post Lease 

TOTAL 

Unit Cost 

$180 

45 

Secondary receiver-relay (10 yr. 
lifetime) 

Acquisition 

Ins tallation 

Maintenance 

Post Lease 

TOTAL 

Actuator (5 yr. lifetime) 

Acquisition 

Maintenance 

TOTAL 

Annual Line Leas e 

Co s t per mile 

Control Center (10 yr. lifetilne) 

Proces sor & Display 

Installation 

Maintenance 

TOTAL 

$330 

120 

$73 

$23,000 

1,. 000 

*Annual cost of maintenance contract 
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Annual Cost 

$18 

5 

59 

6 

$88 

$33 

12 

59 

6 

$110 

$15 

12 

$27 

$48 

$2,300 

100 

15, 000 * 
$17,400 
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VI. COST EFFECTIVENESS ANALYSIS 

The first step in the cost/effectiveness comparison of shared and unshared 

utilizations of the citizen alarm system is the determination of the optimal de

ployment of the system in an unshared mode, which allows a basis of comparison. 

The measure of effectiveness used in the analysis is the expected cost per 

apprehension. This measure reflects the capability of the system to allow rapid 

police response to a violent criminal act, the coverage of the system and its 

cost. The cost per apprehension is used to compare the effectiveness of alter

native deployments, and to select an Iloptimal ll deployment. 



A. CITIZEN'S ALARM SYSTEM DEPLOYMENT 

The city of Chicago was selected for the base case as it represents a 

fairly typical urban environment and a large amount of detailed crime and pop

ulation data was available for the city from a study performed by the Operations 

Research Task Force of the Chicago Police Department during 1968-71. 7 This 

report contains the following data by police district, of which there are twenty-

one: 

- Population 

- Area 

- Number of major crimes by category 
(rape, robbery, etc.) 

- Number of police patrol cars 

As stated in Chapter lIl, the primary purpose of the citizen alarm system is 

to enhance the chances of the police apprehending a criminal during (or immed

iately subsequent to) the conduct of a serious crime against a person, i. e., rape, 

robbery, or assault. The timeliness of arrival by police in response to an 

alarm is critical. It is assumed for purposes of this analysis that an alarm sig

nal is sent at the initiation of the crime and the actuators work perfectly. The 

crime duration is as sumed to be a statistical parameter, with equal probability 

for each value between two specified limits. That is, the probability density 

function for crime duration is: 

P = 1 
c ( t) -d--';;;--d-

2 1 

P (t) = 0 
c 

Otherwise 
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where 

d 1 = minimum duration 

d
Z 

= maximum duration 

Very little subst.antive data exists on the duration of crimes. One of the 

few studies in that area was done by Feeney and Weir 8, woo interviewed 93 

robbery victims to obtain estimates of the duration of the crimes. Of the 65 

who were able to estimate the time, two-thirds stated that the duration was less 

than three minutes. For this analysis, it will be conservatively assurned that 

the duration for violent erimes is from 0 to 3 minutes. 

The response time of the police patrol vehicle is also a statistical para

meter, depending upon the vehicle speed, street distance between the vehicle 

and the alarm signal location, communication time delay, and search time. 

Assuming that arrival by police during the execution of a crime is tantamount 

to apprehension of the criminal, the probability of apprehension can be obtained 

from the crime duration and police response time probability distributions. 

Mathematically, this is expressed as: 

where 

co t 
FA = J J 

t=O x=O 
FR(x)dx F (t)dt 

c 
(1) 

P A = probability of apprehension (or timely arrival) 

p (t)dt = probability crime is of duration t to t+dt 
c 

probability police response time is between 
x and x+dx 

Figure VI-I depicts the relationship between the probability of apprehen

sion and the density of patrol vehicles. The average speed is assumed to be 

30 miles per hour (probably achievable using flashing lights and sirens). 
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The search time after the 'patrol vehicle reaches the scene is assumed to be 

about 30 seconds. The utilization rate (average percentage of time a patrol 
7 

car is servicing calls) is 40%. No dispatch delay time is assumed since 

these are urgent response calls. The curve is derived from a computer 

program developed by The Aerospace Corporation 9 based upon an extension 
10 

of a model developed by R. C. I~arson. 

The population base for the system is assumed to be residents of age 

18 and over. The proportion of the eligible population that would subscribe 
11 

to the service is questionable at 'this time. According to a survey of 

households in a high crime area, about 34% would subscribe at an annual 

_~ cost of $50 or more, with another 3% joining if the pr,ice were between $26 

and $49. Approximately one-third of these households' would obtain actuators 

for their children at a one-time cost of $20 each. Responses to other proposed 

actuator costs were not given nor were the ages of. the respondent fa:rnily 

members. 

It is likely that the number of persons in the syste:rn will depend upon 

a number of factors including the demonstrated degree of effectiveness of 

the system, once deployed. It is estimated for the purposes of this study 

that 10% of those eligible would subscribe over the long range. The sensitivity 

of the cost/ effectiveness results to this parameter is discussed in the latter 

part of this chapter. 

The number of crimes for which the CAS is applicable deperx:l s upon the 

crime rate in the area of application, the population with CAS actuators, the 

probability of actuation by a victim who has a CAS device, and the proportion 

of violent crimes that occur outdoors (in the current scenario). The expected 

number of apprehensions (E ) per year in a given region resulting from CAS 
.A 

use is expressed by: 
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or 

where 

EA 

EA 

N 
P 

P 
u 

R 
vc 

P 
co 

= PAENC 

= P N P R P A p u vc co 
(2) 

= expected number of violent crimes per year for which CAS 
is used 

= number of pers,ons in the region age 18 and older 

= proportion of eligible populaH-:m with actuators 

= violent victimization rate (crimes per year per person) 

= probability crime occurs outdoors 

The annual cost of the system is giverl by: 

(3) 

CpR = annual cost per primary receiver 

NpR = number of primary receivers 

CSR = annual cost per secondary receiver 

NSR = number of secondary receivers 

C
L = annual cost of leased lines 

CA = annual cost of an actuator 

NA = number of actuators 

CCC = annual cos t of the control center 

The number of actuators is a function of the eligible population and the 

proportion subscribing to the system. 

= N P 
P u 
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Further, since the population age 18 and over is about 680/0 o'f the total 

population, Equation (4) becorn.es: 

= O.68NP 
u 

where N is the total population. 

(5) 

As noted earlier, there are assurn.ed to be one prirn.ary receiver-relay 

. per block, 144 blocks per square mile, and ten prirn.ary receiver-relays for 

each secondary. Fu.rther, one control center is assurn.ed per district. 

To dei..errnine the leased line mileage frorn. the secondary receiver-relay 

to the control center, consider an area one mile square with the control center 

in the center. There are 144 prirn.ary receiver-relays in the square and about 

15 secondaries. By placing these seconJaries judiciously a total line distance 

(following city streets) of 54 blocks or 4.5 miles can be achieved. The annual 

line cost for the one square mile area is then 4.5 times the annual lease cost 

per mile, CAL. 

To approxirn.ate the relationship between area and line mileage, an ern.pir

ical approach was taken. Squares of 2, 4, and 8 receivers per side were consid

ered. The total distances from the receivers to the center of each square are 

4, 32, and 256 units, with a unit representing the distance between adjacent 

receivers. The total number of receivers for the three case~ are 4, 16, an.~ 64 

units. Therefore, the average distance per receiver is 1, 2, and 4 units, re

spectively. This can be generalized to the rule that the average line distance 

per rr>ceiver-relay doubles for each quadrupling of the area. That is, this 

average distance is proportional to the square root of the area. Since the 

nurn.ber of receiver-relays varies directly with area, A, the total line rn.ileage 

varies as A 3/2. The line cost, C
L

, for an area of size A is then the product 

of the line cost for an area of one square mile (4.5 CAL) and the proportionality 
3/2 

factor, A • Combining terrn.s, we have: 
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3/2 
= 4.5 A CAL ( 6) 

Equation 3 for the annual CAS cost for a district of area A and popu

lation N then becom.es: 

(7) 

Table VI-l lists the pertinent statistics for Chicago by police district, 

taken from. Reference 7. District 1, which is prim.arily a business district, 

is not included because with a resident population of 14,000 and approxim.ate1y 

100,000 persons during the daytim.e, its statistics are greatly distorted. The 

crim.e rates, which average 9.54 per 1000 residents for the city, represent 

reported violent crim.es for 1968. It is felt to be m.ore realistic however, to 

use victim.ization rates; that is, estim.ates of crim.es experienced by citizens 

from. interviews of random. sam.p1es of Chicago citizens. For 1973, t.,.e 

num.ber of violent crim.e victim.izations for Chicago citizens age 12 or over 

was 101,892 or 42.0 per 1000 residents, as reported in the U. S. Departm.ent 

of Justice Report on crim.inal victim.ization in the five largest U. S. cities. 12 

Approxim.ate1y 68% of the U. S. residents are age 18 and over. Multiplying 

this factor by the ratio 42.0/9.54 yields the m.ultiplicative factor 3.0 which is 

used to adjust the num.ber of 1968 reported violent crim.es for each district in 

Table V-I to obtain 1973victim.izations for persons 18 years and older. This 

procedure im.plicitly assum.es the proportion of 1973 victim.ization rates to 1968 

crim.e rates are constant over all districts. Wit.h no evidence to the conl;rary, 

this is the m:ost reasonable assum.ption to m.ake. 

The value of the probability of the crim.e occurring outdoors, P , is 
. 12 co 

estimated at 60%, based upon victim.ization data for Chicago. As noted 

above, it is estim.ated that 10% of the eligible persons utilize CAS. 
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Table VI-I. CRIME STATISTICS FOR CHICAGO BY DISTRICT, 1968 

Patrol Car Population 
Distr ict Violent Population Crime Rate Area Patrol Density Density 

Crimes (1000Is) (per 1000 resdts. ) (sq. :mi.) Cars (cars/sq.:mi.) (1000s/sq.:mi. 

1 756 14 54.00 ....... 1 10 -10 -14 
2 5014 155 32.35 4.3 29 6.7 35.94 
3 2272 173 13.13 5.5 27 4.9 31. 33 
4 566 171 3.31 26.3 15 0.6 6.50 
5 844 173 4.88 20.0 17 0.8 8.63 
6 636 162 3.93 16.2 15 0.9 9.98 
7 2516 155 16.23 6.5 27 4.1 23.72 
8 395 234 1. 69 23.6 15 0.6 9.91 
9 639 175 3.65 13.2 20 0.7 13.29 

10 2690 170 15.82 7.2 24 3.3 23.59 
I L1 3393 124 27.36 4.8 25 5.3 26. 11 VJ 
-J /' 12 2280 126 18.10 6.3 16 2.5 20.06 1 

13 "- 2202 141 15.62 5.2 23 4.5 27.36 
14 771 181 4.26 7.8 20 2.6 23.35 
15 1001 19.7 5.08 11. 9 18 1.5 16.49 
16 201 206 0.98 28.4 11 0.4 7.25 
17 \279 170 1. 64 10.5 12 1.1 16. 13 
18 . 506 133 18.84 4.2 22 5.2 31. 29 
19 979 198 4.94 5.7 25 4.4 34.72 
20 1149· 289 3.98 11. 6 30 2.6 24.83 
21 2074 129 16.08 5.0 23 4.6 25.81 

TOTAL 33, 190 3480 9.54 225 425 1.9 15.47 



Applying the 1973 victimization rate factor 3.0 and the values given above 

for P and P , yields the :following relationship for expected number of appre-
co u 

hensions: 

= 0.18 N P
A vc 

where N is the number of reported violent crimes. 
vc 

(8) 

The probability of timely arrival, P A' for each district, based upon 

the patrol car density, is obtained from Figure VI-l. The se probabilities 

are presented in Table VI-2 along with the expected number of apprehensions 

per di'strict computed from Equation 8, the cost per district based on 

Equation 7, and the cost per apprehension per district. The total annual 

number of apprehensions attributed to the CAS, 3040, represents about 3% of 

the number of violent crimes committed in the city in one year. 

Taking the districts in order of increasing cost per apprehension, a 

cumulative curve of cos t expended vs. number of apprehensions can be developed 

as in Figure VI-2. It is clear from this curve that the initial districts yield a 

relatively high return for the money and as more districts are included the mar

ginal return decreases. There are several factors that combine to cause thi s 

phenomenon. First, certain districts have much higher crime rates than others. 

Generally, these same districts have much higher popUlation densities resulting 

in lower cost per person since receiver-relay cos ts are functions of areas cov

ered. In addition, these high criIl1.e districts generally have more patrol cars 

per square mile, which results in a quicker response time, thereby enhancing 

the probability of apprehension. For example, of the ten highest crime rate 

districts in Chicago, eight are also in the group qf tel1 highest popUlation density 

districts and all of the ten highest patrol car density districts are in the group 

of the ten highest population density districts. 
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Table VI-2. COST AND APPREHENSION STATISTICS BY DISTRICT FOR CHICAGO 

Probability of Number of CAS Cost per 
District Timely Arrival Apprehensions Cost A ppr ehens ion Rank'~ 

2 .65 586.6 $ 365,200 $ 623 1 
3 .60 245.4 416,200 1,696 7 
4 • 15 15.3 735,400 48,065 18 
5 • 19 28.9 639,400 22, 125 14 
6 •. 20 22.9 560,000 24,434 15 
7 .58 262.7 398,000 1. 515 5 
8 • 15 8.9 808,200 90,800 19 
9 • 17 19.6 537,200 27,400 16 

10 • 50 242. 1 436,300 1,802 8 
11 • 61 372.6 315,800 848 2 

I 12 .46 188. 8 342,000 l,811 9 w 
-.D 13 .58 230.0 353,000 1,535 6 

14 .45 62.9 465,600 7,450 11 
15 .30 54. 1 557,600 10,307 13 
16 • 10 3.6 833,200 231,440 20 
17 .21 10.5 486,600 46,340 17 
18 • 61 275.2 323,300 I, 174 3 
19 .57 100.4 465, 100 4,630 10 
20 .45 93. 1 721,900 7,754 12 
21 .58 216.5 327,900 1,515 4 

TOTAL 3,039.7 $ 10,087,900 $ 3,319 

':< According to cost per apprehension 



FIGURE VI-2: CAS COST/EFFECTIVENESS FOR CHICAGO 
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Using complete coverage of the city as a basis, approximately 860/0 of 

the apprehensions are made in the nine highest crime rate districts which rep

resent 330/0 of the total expenditures. This point represents a knee of the curve as 

the cost per appl.'ehension for the tenth ranked district (number 19) is more than 

double that of the ninth ranked district (number 12). Therefore, it appears that 

the most cost-effective deployment of a citizen alarm system in Chicago would 

be to cover only the nine highest crime rate districts. 

It may be of interest to note that of the $10 million annual cost for the 

fully-deployed system, 630/0 is for the actuators, 320/0 for the receiver-relays, 

20/0 for the communication lines, and 30/0 for the control center equipment. For 

the nine-district deployment ($3.3 million annual cost), the percentages are 

730/0 for actuators, 210/0 for receiver-relays, 10/0 for communica.tion lines, and 

50/0 for control center equipment. 
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B. COST ANALYSIS OF AN INTEGRATED SYSTEM 

Integration of the citizen alarm. system. with a vehicle m.onitoring system. 

im.plies that the system. m.ust be deployed throughout the whole city since the 

vehicles, which m.ay include buses, taxis, trucks and police patrol cars, can be 

expected to travel in all parts of the city. The contribution by the vehicle 'Users 

to the cost of the system. is assum.ed to be such that the total cost to the vehicle 

users is no greater than the total cost of the least cost autorn.atic vehicle m.oni

toring system. alternative. 

In order to deterrn.ine the least cost alternative, a typical vehicle profile 

was assum.ed for Chicago. Recall from Chapter IV that probable users of an 

autom.atic vehicle m.onitoring system. included buses, taxis, police patrol vehi

cles, and local com.m.ercial trucks. Table VI-3 lists the estim.ated num.ber of 

vehicles in each category for Chicago. 

TABLE VI-3. 

Vehicle Quantities for Chicago 

Num.ber Data Source 

Police Patrol Vehicles 500 Reference 7 

Buses 2,500 Reference 13 

Taxis (radio-dispatched) 2,000 See Below 

Trucks 5,000 Reference 14 

TOTAL 10,000 

The total num.ber of taxi licenses for Chicago is 4,600. 15 It is estim.ated 

that approxim.ately half of these are radio dispatched. The estim.ate for local 

corn.rn.ercial trucks was extrapolated from. data taken from. the Motor Vehicle 

Manufacturer's Association .Publication, "1974 Motor Truck Facts, II which 

listed truck registration by state and by application - - construction, wholesale! 
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retail, utilities, services, for-hire, personal, and other. In addition, the per

centages of trucks in each category that belong to fleets of twenty or more was 

given. Since truck registration was not cited by city except for the District of 

Columbia, the Washington, DC figures were used and extrapolated for Chicago. 

Wholesale/retail trucks were considered as candidates for cargo security sys

tems since they are most likely to have cargo stolen. Further, only those trucks 

in fleets were considered since fleet owners are most likely to be able to af.:ford 

a cargo security system. There are 3, 000 wholesale/retail trucks registered 

in the District of Columbia, of which approxim.ate1y 40% are estimated to be in 

fleets of twenty or more. Assuming the same number of commercial trucks per 

capita. this results in about 5, 000 commercial fleet trucks for Chicago. 

It is recognized that these estimates of fleet vehicle quantities are very 

rough, especially for taxis and trucks. However, exactness is not critical to 

the forthcoming analysis. In fact, as will be sh01Nll, doubling .the number of 

vehicles in the system does not alter the conclusions. 

Referring back to Chapter IV, recall that the least costly automatic vehicle 

monitoring system for more than 1,000 users in a city the size of Chicago is the 

RF direct proximity systeln. The cost elements for this system include signposts, 

vehicle 1.mits, and control center equipment. If the vehicle users are to utilize 

the citizen alarm system rather than implement their own direct proximity system, 

they will realize a savings by having cheaper vehicle units ($35 per year for CAS 

vs $140 per year for direct proximity) and by no longer requiring the RF signposts. 

The control center costs are assumed to remain the same. The total signpost 

cost for the city of Chicago is taken to be $130,000 per year. This is derived by 

assuming 144 blocks per square mile, 225 square miles of area, one signpost 

every five blocks (see Chapter IV), and $20 per signpost per year (see Chap. V). 
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This annual savings of $130,000 plus $105 per vehicle can then be con

tributed to the citizen alarm. system. as a fee for use of the system.. This has 

the effect of m.aintaining the sam.e annual cost for the vehicle users and reducing 

the cost to the citizen alarm. users. If the fee were higher than this, the 

vehicle users could im.plem.ent their own system. and save m.oney. Therefore, 

this am.ount represents the rr.axim.um. reasonable fee for use of the CAS. Table 

VI-4 presents the breakdown of costs in calculating the fee. The question is 

then: Does the resulting reduction in cost m.ake the citizen alarm. system. suffi

ciently cost effective to warrant deploym.ent throughout the city? 

TABLE VI-4. 

Vehicle/Citizen Cost Sharing 

Num.ber of Vehicles 

Differential Cost Per Vehicle 

Total Vehicle Cost Difference 

Signpost Cost 

TOTAL ANNUAL FEE 

10,000 

$105 

$1,050,000 

130,000 

$1,180,000 

As presented in Table VI-2, the total ann.ual cost for a citizen I s alarm. system. 

deployed throughout Chicago would be $10,087,900. The costs to the citizen 

alarm system. with and without sharing by vehicle users are given on Table VI-5, 

along with the results for the nine-district deploym.ent discussed above. 

-44-



Annual Cost to Citizens 

No. of Persons Covered 

Annual Cost Per Person 

TABLE VI-5. 

CAS Cost Comparison, Chicago 

Without ,Sharing 

9 districts 20 districts 

$3,277,700 $10,087,900 

88,800 235,700 

$36.90 $42.80 

No. of Apprehensions Per Y~ar 2,620 3,040 

Cost Per Apprehension $ 1,250 $ 3, 320 

With Sharing 

20 districts 

$8,907,800 

235,700 

$37.80 

3,040 

$ 2,930 

Note that the cost per apprehension for the nine districts is less than half that for 

all 20 districts of the city even when the system is shared with as many as 10,000 

vehicles. It is concluded that deploying the system. throughout the city and sharing 

it with vehicle users is not cost-effective compared with the option of deploying 

the system only in the high crime, high density districts. 

It is, of course, possible that other factors (e. g., political) m.ay impact 

on the decision of where to deploy a CAS resulting in deployment throughout a 

city. If such is the case, two operational aspects of sharing tre system with 

vehicle users should be considered. A brief discussion of these operational 

problem areas is presented in the following chapter. 
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C. SENSITIVITY ANALYSES 

This section treats the sensitivity of the cost/effectiveness results to 

variations in several of the input parameters including receiver-relay cost, 

actuator cost, percentage of eligible population using the citizen alarm system 

and number of vehicles sharing the systeln. 

Figure YI-3 presents the cost per apprehension as a, function of the pri

mary and secondary receiver-relay costs for the two alternative deployments 

with and without ve,hicle sharing. The absissa is in terxns of a cost factor with 

1 representing the costs ertirrlates used in this .report, 2 ,representing a doubling 

of primary and secondary receiver-relay costs, etc. It is evident that varying 

the receiver-relay cost does not affect the conclusion that system deployment 

over nine high crirne districts is Significantly more cost/ effective than deploy

ment throughout the city, even when shared with 10,000 vehicles. In fact, as 

the receiver-relay cost increases the cost/effectiveness differential also increases. 

This is true because the lower crime districts are also generally districts with e 
lower population densities resulting in IlXlre receiver-relays per capita and per 

violent crime. Increasing the cos t of the receiver-relays then increases the 

cost per apprehension more in the 20-district deployment than in the 9-district 

deployment. 

Next, the sensitivity of the results to the annual cost per actuator is 

investigp. ted. This variable is involved in two ways. First, the actuator cost 

is part of the total system cost given by Equation 7. Also, the cost contribution 

of the vehicle users as shown in Table VI-4 is a, function of the actuator cost 

under the assumption that cost of the vehicle-borne signalling device would be 

about the same as the personal alarm device. The contribution, CC' is: 

C C :: Ny (140 - C A) + Cs (9 ) 
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FIGURE VI-3: SENSITIVITY OF CAS COST/EFFECTIVENESS TO RECEIVER COST 
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where N~ = number of vehicles 

C A = annual cost per actuator 

Cs = cost of the direct pro:ximity signposts 

Therefore. as the actuator cost is increased, the contribution by the vehicle 

users decreases. This is the reason for the slight difference in slope of the 

two 20-district curves in Figure VI-4. The difference in the slopes between 

the 20-district and 9-district curves is because l:~e nnmber of apprehensions 

per person covered (or per actuator) is :rn.uch higher in the latter case, or, 

conversely, the number of actuators per apprehension is lower. 

The percentage of eligible citizens who elect to subscribe to the system 

affects both system cost and effectiveness. The relationship between effective

ness and this percentage is shown in Figure VI-So The curves for the different 

cases have essentially the same shape, with the Slope flattening out as the per

centage increases. With a small number of persons in the system, the alloca~ 

tion of the fixed cost of the receivers results in higher cost per person. 

However, the crime rate and therefore the number of apprehensions per person 

remains the same, increasing the cost per apprehension. As the percentage of 

users increases, the fixed costs are allocated over more people, so that the 

total annual cost per person approaches the actuator cost. 

Varying the nUInber of vehicles sharing the system increases the contri

bution by these users to the total system costs, as given by Equation 9. The 

plot of system cost/ eifectivenes s as a function of the number of vehicles is 

shown in Figure VI-6. It is evident from the graph that even for as large a 

quantity of vehicles as 30,000, the alternative of cOT ering all 20 districts with 

the citizen alarm system and sharing with vehicles results in a much higher 

cost per apprehension than covering only the nine high crime rate districts. 

-48-



e - e 

FIGURE VI-4: SENSITIVITY OF CAS COST {EFFECTIVENESS TO THE ACTUATOR COST 
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FIGURE VI-5: SENSITIVITY OF CAS COST/EFFECTIVENESS TO PERCENTAGE OF 
ELIGIBLE POPULATION IN THE SYSTEM 
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The effectiveness of the citizen alarm system depends upon the ability 

and desire of the participants to properly utilize it. If people forget to carry 

the actuator or are afraid or unable to actuate it at the appropriate time, the 

effectiveness will be degraded. Similarly, if the police do not respond as 

quickly as possible due to saturation by false alarms or other reasons, or if 

the average crime duration is significantly shorter than the 1. 5 minutes 

as sumed, the hypothesized apprehension rate will not be attained. If for any 

of these reasons the system proves a fraction f as effective as hypothesized in 

the analysis, the cost per apprehension will be l/f times as much as shown. 

Such a change would not affect the comparison between the three cases, however, 

since it only represents a shift in the cost-per-apprehension scale. 

Because of the availability of detailed crime and law enforcement statis-

tics, Chicago was chosen for the analysis. However, it is believed that the 

characteristics that yield the great differences in expected cost per apprehension 

between city districts exist in most large cities in this country. For example, e 
it has been shown 16 that approximately 25% of the violent crimes occur in an 

area containing about 10% of the population of Washington, DC. As in Chicago, 

the highest crime rate areas of Washington also have the highest population 

density. 
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VII. ANALYSIS OF INTEGRATED OPERATIONS 

In addition to cost effectiveness considerations of sharing the citizen alarm 

system with vehicles, there are several operational problems to be resolved 

if vehicles are to utilize the system. This chapter briefly addresses two of 

the most important of these problems to provide an indication of their scopes. 

Technical solutions are beyond the scope of this study, however. 
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A. CONTENTION 

First, the problem of contention, or mutual interference of two or more 

vehicles transmitting to a single receiver-relay, is addressed. Consider a 

vehicle within transmission range of a receiver-relay. Its signal will be inter

fered with if another vehicle is also within range during the same time period 

and if the signals overlap in time. 

Vehicle location signals are al7sumed to be transmitted according to a spe

cified duty cycle. Assume a transmission with a duration of t seconds occurring 

every x seconds. Contention will occur between two vehicles if any part of the 

signals overlap. Thus, referring to Figure VII-I, the second vehicle will in

terfere with the first if the transmission of the second begins at any time from 

t seconds before the first began, t -t, to the end of the first transmission, t 
o 0 

+to Assuming the transmission times are random and the duty cycles the same, 

the probability of contention is simply: 

Zt/x (l) 

The ratio t/x is the duty cycle d. 

If there are n vehicles in addition to a given vehicle, the probability that 

at least one contends with it is: 

P(Cln) = 1 - (1 - Zd) 
n 

(Z) 

Assume one can define a region containing the receiver-relay in question 

so that there is an equal probability of a vehicle being within any small cell 

within the region. Then the probability of n vehiales being within the transmis

sion range is given by the Poisson Distribution: 

where 

Pen) = An 
n! 

-}.. 
e 

}.. = average number of vehicles in the transmis sion region. 
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Figure VII-I: CONTENTION DIAGRAM 
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The probability that a given vehicle I s signal is interfered with is: 

p = '£ P(cln)P(n) 
c 

n=O 

= ~ Art e -'A [I-(I-2dt] 
n=O n! 

Applyin~ the general relationship: 

a'A 
e =L 

n=O 

equation (4) becomes simply: 

-2'Ad 
P :: I - e 

c 

(4) 

(5) 

(6) 

The next step is to compute 'A based upon the expected vehicle density 

and the transmission characteristics. Assume any transmission from a source 

within a radius R of a receiver-relay can reach the receiver-relay and any 

source farther than R cannot. Two types of transmission patterns are con

sidered, a circular pattern which covers all streets within radius R and a 

linearyattern which covers only the streets that intersect at the receiver

relay location. The latter is characteristic of urban high rise areas where 

the buildings provide a tunnel effect of restricting the signal to the streets 

on which the source is located. The former relates to low rise areas where 

the signal may propagate in all directions from the source. These patterns, 

of course, represent gross but necessary simplifications of the actual propa

gation envelope which varies according to the particular environment in the 

vicinity of the receiver-relay. 

The number of vehicles per street mile is equal to the vehicle density, 

o , in vehicles per square mile, divided by the number of street miles per 

square mile, M. For the linear pattern the number of vehicles in a given 
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direction from a receiver with range R, in miles, is R times the number 

of vehicles per street mile. Since the receiver is at an intersection, there 

are four directions to be considered. Thus, the average nlunber of vehicles 

int he transmission region is: 

where 

A = 4R5 
M 

R = transmission range (miles) 

5 = vehicle density (vehicle/ sq. mi.) 

M = number of street miles per square mile 

(7) 

The value for the circular pattern is derived by calculating the street 

length within the circle of radius R as depicted in Figure VII-2. The length 

of the streets that intersect at the receiver is 4R as in the linear case. The 

computation for the streets parallel to the North-South intersecting street is 

identical to that of those parallel to the East- West intersecting street. Simi

larly, each quadrant of the circle is identical. Tbe length, L, within the quad

rant, of the street next to the North-South intersecting street, is: 

L= (R2 _ S2)t 

where 

S = length of block 

Similarly, the length of the next street is: 

L = [R2 _ (2S)2] t 

There are K streets parallel to an intersecting street and within a quad

rant where K is the greatest integer in R/S. 

Combining the length for streets in all f.our quadrants and in both direc

tions yields: 
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K 
A. = [4R + 8 ~ (R2 _ S2k2)-t] a/M (8 ) 

k=l 

where 

K = R/S 

A block length, S, is defined as 440 feet (12 blocks per mile) and street 

length per mile, M, is 24 miles. The values of A. as defined by Equations (7) 

and (8) are plotted in Figure VII-3. The vehicle densities of 100, 200, and 300 

vehicles per square miles. are assumed to represent a typical range of values 

for a congested urban area such as the downtown section of a large city. Note 

that 10,000 vehicles assumed for Chicago in the previous chapter results in 

about 50 vehicles per square mile. Of course, this average throughout the 

city will yield much higher local densities in certain sections of the city. 

Assume a transmission from a vehicle contains the vehicle code, status 

code and a parity bit. As sume fifteen bits for the vehicle codes, which allows 

over 32,000 vehicles in the system and nine bits for the status code (S12 

possibilities). Further assume the 500 bits/second data rate characteristic 

of the current citizen alarm system design, which implies a transmission time 

of • OS seconds. Assuming a vehicle speed of 30 miles per hour, or 44 feet 

per second, and two transmissions between adjacent receivers, which are one 

block (440 feet) apart, results in a S-second duration between transmissions. 

This gives a duty cycle of 0.01. 

There are, of course, an infinite number of combinations of data rate, 

word length, and frequency transmission that result in this value of the duty 

cycle. 

Assuming vehicle speeds ranging from 15 to 30 miles per hour, and two 

transmissions between adjacent receivers one block apart (440 feet) yields a 
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Figure VII-3. NUMBER OF VEHICLES WITHIN TRANSMISSION RANGE 
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duration between transmissions ranging from 10 to 5 seconds. This gives 

a range in the duty cycle from 0.005 to 0.01. The contention probabilities 

for these duty cycles are plotted in Figures VII-4 and VII-5. 

These curves represent the probability that a given vehicle's transmission 

is interfered with under the specific conditions and assumptions. If a standard 

requirement is set, such as no worse than 2% probability of contention,*one 

can establish that for a duty cycle of 0.01 the transmission range must be less 

than 200 feet, even with a local vehicle density as low as ZOO vehicles per 

square mile. In the linear region of the curves, i. e., below 440 feet, the 

relationship between rontennon probability and duty cycle is also linear. 

Therefore, decreasing the duty cycle to 0.005 results in increasing the allow

able transmis sion range to about 300 feet for a vehicle density of 200 and a 

contention probability requirement of 20/0. 

It should also be pointed out that 300 vehicles per square mile is 

only about two p'er block. This density :may often be exceeded at busy intersec

tions, taxi stands, bus terrrrlnals, etc. 

The designed transrrrlssion range for the citizen alarm system is 500 feet 

with a 50% probability of detection. Clearly, a vehicle system with this same 

range would result in significant contention problems, even for relatively low 

vehicle densities. However, if the vehicle-borne transmitter power is decreased 

to a range about equal to a street width, the signal could be detected only as the 

vehicle passes near the receiver-relay. Further, if the receiver-relays are 

placed in the rrrlddle of each block, the intersection traffic problem is dirrrlni

shed. However, with a. decreased range the duty cycle must be increased to 

assure transmission during the period the vehicle is within range of the receiver~· 

relay. 

*The design. goal for communications coverage for the Department of 
Transportation's Automatic Vehicle Monitoring System is 98% successful 
completion of all messages from the vehicles to the communications center 
and from the center to the vehicles. 17 
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.For example, assume a street width of 50 feet and a transmission 

range of 60 feet with the receiver-relay placed along the side of 'the street 

in the middle of the block. A vehicle travelling at 30 mph in the lane 

furthest from the receiver-relay would be within transmission range for 

about 1. 5 seconds. Therefore, the duty cycle should be at least one trans

mission every 1. 5 seconds. For a transmission time of 0.05 seconds, the 

,l'lty cycle is O. 033. At a vehicle density of 300 per square mile yields an 

average value of X. equal to .25 vehicles within transnrlssion range. The 

probability of contention is then about 1. 5%. For a vehicle density of 100 

per square mile it is 0.5%, which implies that one out of every 200 location 

signals for a given vehicle would be invalid. Doubling the maximum allow

able vehicle speed implie s that the time between transmis sion must be halved 

thereby doubling the duty cycle. This results in approximately doubling the 

contention p.;."obability. 

In general, it is evident that contention can present a significant problem 

for vehicle usage of an inverse proximity system in an urban environment. 
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B. DATA RATE SATURATION 

The utilization of the citizen alarm system by vehicles would result in a 

significant increase in the data rate expe:rienced by the receiver-relays. The 

rate depends upon the vehicle density, the number of transmissions per second 

per vehicle, and the number of bits per transmission. The data rate, R
D

, is 

givel by: 

where: 

X. = number of vehicles within range of a receiver-relay 

B = number of bits per transmission 

T s = number of transmissions per vehicle per second 

The variable X. is computed from Equation (7) or (8), depending upon the tran.s

mission pattern in the vicinity of the receiver-relay. 

Figure v.II-6 presents a plot of th·e relationship between the data rate and 

the vehicle density for the linear and circular transmission pattern. The data 

rate at each secondary .receiver-relay can be determined by using a scale factor 

of ten since there are assumed to be ten primary receiver-relays for each sec-

ondary. Figure VII-7 presents curves for values of Rand 6 where the number of 

vehicles per receiver-relay equals six, or equivalently, the data rate from the 

secondary receiver-relay equals 300 bits/second. This rate is the maximum 

that can be accommodated by the citizep. alarm system design previously costed. 

As noted in Chapt·cr Ill, the present citizen alarm system design entails 

a data storage capacity per primary receiver-relay of 256 bits or about 10 

vehicle codes of 25 bits each. At a data rate of 300 bits per second, this 

implies 0.85 seconds to transmit a receiver-.re1ay's data. Assuming ten pri

mary receiver-relays for each secondary, each primary would be sampled 
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Figure VII-6. DATA RATE vs. VEHICLE/RECEIVER RATIO 
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Figure VII-7. CONSTANT DATA RATE CURVES 
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every 8.5 seconds at a maximum. This implies 10 vehicle codes every 8.5 

seconds or 1. 18 vehicles pe.r second per receiver-relay. If each vehicle 

transmits once each 5 seconds, a maximum of 6 vehicles can be accommodated 

per receiver-relay as indicated in Figure VII-6 for a 30-bit-per- second data 

rate per primary receiver-relay. The sampling rate of one per 8.5 seconds 

compares favorably with the once-per-9-second rate assum.ed for the RF 

direct proximity system for vehicle location. 
5 

If we select various R, 0 values from the circular pat',ern curves of 

Figure VIl-7, and determine the resulting value of contention probability 

fro:m Figure VIl-4, we note that these probabilities are quite significant. For 

example, the point R = 500 and 0 = 200 which lies on the curve representing 

data rate = 300, results in a contention probability of about 110/0) which is 

quite high. The point (700, 100) results in a similar value as does (460. 300). 

Similar results are obtained using the linear pattern curves. This implies 

that the contention problem is :much :more significant than the data rate satura

tion proble:m. Of course, if the nu:mber of primary receiver-relays per 

secondary receiver-relay were increased, the data rate from each secondary 

would increase proportionately, resulting in saturation for a lower level of 

vehicle density. 

In addition, the system can easily be redesigned to increase the data rate 

capability -- at additional cost, of course -- while the technical proble:m of 

alleviating contention has not yet been resolved. 
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