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1. INTRODUCTION

The objective of this study program was to evaluate the potential
applications of terrestrial radio determination (TRD) systems and to re-
late the requirements of such applications to the numerous specific
techniques available for implementing TRD. The primary goal was to
assist the Department of Transportation in formulating a rational, long-
term policy in this area with respect to research and development programs,
the support of demonstration systems, the establishment of national
standards, and regulatory matters. A particular aspect was to investigate
carefully the possibility of satisfying the requirements of multiple TRD
applications with a common system.

In the conduct of the study, an extensive literature search was
made and the large number of applicable reports located were carefully
reviewed, the principal operational TRD systems were visited, and con-
tacts were made with potential users and suppliers of TRD and mobile
digital communication equipment. A number of applications have been
identified in which an automatic vehicle locating capability appears to
be cost effective, including police dispatching, fixed route and dial-a-
ride bus systems, taxi dispatching, aircraft navigation on an airport
surface, and truck dispatching and security. These applications are
fully discussed in Section 2. With a TRD system in place, numerous.
secondary applications might also become economically feasible, but
it has been assumed that the initial TRD installations must be justified
by the benefits received by the primary users listed above.

TRD technology has also been reviewed and analyzed as it applies
to various applications. Under most conditions, any of the basic TRD
techniques now available appear to be capable of providing adequate
accuracy for the AVM and AVL applications discussed in Section 2. Ex-
treme accuracy requirements or difficult operating environments can, in
most cases, be handled by a combination of techniques. TRD technology

is discussed in detail in Section 3.




It should be noted that TRD techniques will normally be employed
as part of a computer-based command and control system and that the
integrated functioning of the overall system must be considered in
selecting the TRD component and in evaluating its cost effectiveness.
In particular, we have found that providing adequate digital data com-
munication capacity and coverage to service multiple users will probably
be the limiting factor in the performance of most systems, consequently
a substantial effort has been devoted to analyzing the communication
requirements of each of the primary applications. In Section 4, the
limitations of current mobile data links are identified, and several methods
for correcting such deficiencies are suggested.

Conclusions and recommendations are given in gection 5, and the

Appendix describes the visits made and other contacts.



2. POTENTIAL TRD APPLICATIONS, REQUIREMENTS, AND BENEFITS

Several comprehensive reviews of potential TRD applications have al-
ready been published, e.g., by the Orange County General Services Agency
(Reference 4), the Institute of PUblic Administration and Teknekron
(Reference 5), the Mitre Corporation (Reference 6), and the Jet Propul-
sion Laboratory (Reference 7). We will concentrate in this section on
those applications which we believe have the greatest potential payoff,
i.e., police dispatching, bus transit systems, taxi dispatching, aircraft

navigation on an airport surface, emergency services, and truck scheduling

and security.

2.1 Police Vehicle Dispatching

1) Response Time. The principal benefits derived from a knowledge

of vehicle locations in police work are reduced response time, greater
officer safety, reduced radio channel congestion, and a reduced require-
ment for supervisory patrols. The most important of these is reduced
response time since it results in a higher apprehension rate, it sometimes
prevents a non-criminal incident (.g., family argument) from escalating
into a criminal incident (assault/murder), and it increases a victim's
chances of survival if emergency medical service is required. Moreover,

a community's opinion of its own police department is greatly enhanced

by prompt responses to complaints. Conversely, the reputation suffers
when the poliee are slow in arriving, especially on priority calls. Al-
though it is difficult to prove, disrespect for the police probably en-
courages a higher level of criminal activity than would otherwise be the
case. The recent sharp rise in crime in Montreal during a police "slow-
down" indicates that criminals are not unmindful of a department's current

state of effectiveness.

2) Apprehension Rates. Several attempts have been made to guantify the

value of reduced response time (References 8, 11, 12, 15), but, in our
opinion, the data available is still insufficient to support a firm con-
clusion.

Data collected by Isaacs (Reference 11) in Los Angeles are shown in

Figure 1. Any point on the curve represents the percentage of arrests in
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all cases with response times less than the specified value. This plot,
however, is based on only 70 criminal incidents for which both patrol and
communications center response times happened to be available. The actual
arrest rate on calls in Los Angeles (14%) is much lower than the plot would
indicate. The trend, lower response time producing a higher arrest rate,
is as expected. Of the 4376 calls for service involving a possible crime
analyzed by Isaacs, only 1614 (37%) actually resulted in a crime report.

Of these crimes, 227 (14%) were cleared by an arrest and 95 (6%) were
cleared by other means, i.e., a total of just 20% of the crimes reported
were cleared. Figure 1 shows 40% to 60% of the crimes in the sample being
cleared by an arrest. This implies that the sample included a dispro-
portionate number of crimes against persons, for which the apprehension
rate is much higher than for crimes against property.

On the 4,376 calls examined by Isaacs, the communications center
average delay was 5.17 minutes (std. deviation 9.09 minutes), but on a
subset of emergency calls the delay averaged only 2.11 minutes (std.
deviation 3.90 minutes). On a small sample of 265 calls, the patrol re-
sponse time averaged 5.23 minutes (std. deviation 7.67 minutes). Of these,
160 calls were ranked as emergencies and for this subset, the average
patrol response time was 3.8l minutes (std. deviation 5.29 minutes). If
the data on the 265 calls is taken as being typical of all calls, then the
average overall response time in possible crime incidents is 10.4 minutes
(std. deviation 11.9 minutes). For incidents in the emergency category,
the average overall response time is 5.92 minutes (std. deviation 6.57
minutes). -

Some arrests are not the result of a call to the police followed
by the dispatching of a patrol car to an incident. Often the officer
in the field observes criminal or suspicious activity himself, chances
upon a wanted person or stolen vehicle, or is notified directly by a
citizen that a crime has been committed. When such cases are added to
the radio call cases, Isaac's sample of crime reports increases to 1905
of which 482 (25%) were cleared, 336 by arrest and 146 by other means.

Of the arrests, 304 (90%) were made by patrols and 32 (10%) by detectives.
About 25% of the patrol arrests, however, were people previously identified

in a detective followup. As shown in Figure 2, almost half of all arrests
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are made within 2 hours of the crime, and 223 of the 336 arrests (66%)
were at the scene of the crime or in the vicinity. Significantly, 91
arrests resulted from an officer observing suspicious activity directly.
The clearance of cases with unnamed suspects is low (181 out of 1556 cases,
or 12%) and most of these resulted from on-scene arrests. About the only
effective strategy for this important category of crime is to get to the
incident quickly and to increase the amount of preventive patrolling.

Once the crime is committed and the criminal has left the vicinity, there

is very little chance of apprehension.

3) Response Time Data on CAD and AVL Systems. Since a number of factors

contribute to the overall response time, the emphasis should be on an
integrated system design which attempts to reduce all of the delay com-
ponents. The introduction of a single improvement, such as AVL or computer-
aided dispatching (CAD), taken alone, is often not sufficient to produce
a significant improvement in apprehension rates. The implementation of
the Boston cabD system, for example, has only reduced the average overall
response time to priority calls from 9 minutes to 8 minutes. In St. Louis
in 1975, the overall response time in District 3, where AVL (FLAIR) -
equipped vehicles were operating, was 8.54 minutes. In the previous year,
without FLAIR, the response time in that District had been 9.02 minutes
(Reference 9).

In smaller cities, dispatching innovations have produced more signi-
ficant benefits. The Huntingtcn Beach CAD and street address data base
has reduced the response time for emergencies to 4.5 minutes (Reference
1). Nearby Santa Ana is similar in population and area to Huntington
Beach, but it has no computer aided dispatching. The emergency response
time there is 6.4 minutes. In Montclair, California, the installation of
a signpost AVL system and pushbutton status reporting reduced both the

dispatch delays and the vehicle transit times as shown in Figures 3, 4,

and 5. Montclair is a compact city (population 27,000; area 5.2 Square miles)

with an easily traversed street grid. With AVL, 83% of the total response

7
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times were 4 minutes or less (Reference 10). The average travel time
with LOCATES was 1.9 minutes, whereas without LOCATES, it was 2.9 minutes
(Reference 15).

4) Simulation Study of the Effect of AVL on Travel Time. In a classic

simulation study (Reference 13), Larson compared the average travel time
obtained by two dispatching strategies in a hypothetical precinct composed
of 9 one-mile squares:
a) Strict center-of-mass dispatching, i.e., the exact positions

of the 9 patrol vehicles and of the incidents were not

considered in selecting the nearest unit. Each vehicle on

breventive patrol was assumed to be at the center of mass

of its assigned patrol sector and each incident at the

center of mass of its sector. If just completing an assign-

ment, a vehicle was assumed to be at the center of mass
of the sector in which the incident occurred.

b) Nearest car dispatching with AVL supplying perfect location
information on each car. Cars completing service were
assigned to the nearest waiting call if a queue existed.
The geographic and functional model used by Larson is rather specific,
but it indicates roughly the reductions in response time that can be a-
chieved by AVL techniques. Cities are usually sub-divided into supervisory
units called precincts or districts, which in turn are sub-divided into
patrol sectors. A single dispatcher may handle the patrols of several
brecincts but only rarely is a car from one precinct assigned to an in-
cident in another precinct. The basic functional unit and queue, there-
fore, is at the precinct level. In New York City, there are 77 precincts
and over 700 patrol sectors, i.e., about 9 patrol sectors per precinct.
Larson's 9-sector model, therefore, corresponds functionally to a typical
New York City precinct, although a one square mile sector is somewhat
large for an urban police department. The 79 Patrol sectors in Boston,
for example, range from 0.15 to 1.6 square miles in area. The average
size is 0.57 square miles. On the other hand, Huntington Beach has an
area of 26.5 square miles divided into 12 beats, i.e., 2.2 square miles
per beat, whereas Montclair averages 1 square mile for each of its 5

beats.
11




Larson's simulation results, with and without the AVL capability,
are shown in Figure 6. Utilization factor is the fraction of time that
the patrol cars are on assignment. In the middle range of utilization
factors (0.3 to 0.7) where police systems operate most of the time,
the availability of vehicle locations reduces the average travel time
by 0.5 to 1.0 minute. Under near-saturation conditions (p=.95), the
simulated AVL system reduces travel time by 2.5 minutes, but most of this
decrease is due to the strategy of reassigning cars to the nearest in-
cident when a queue exists. Larson generalizes these results as follows,
"In a command of typical size (for example, 9 sectors) the reduction in
mean travel time caused by car position information is not particularly
large (usually less than 20 percent, depending on the utilization factor) ."

As the utilization factor increases, Larson's data also indicates
that the fraction of assignments which are inter-sector increases almost
in proportion. To illustrate this, at a utilization factor of 0.75 in
the AVL simulation,the fraction of assignments out of a car's own sector,
on the average, was exactly 0.75. With strict center of mass dispatching.
the wrong (i.e., not the nearest) car was assigned to an incident 20%
of the time at this utilization factor and each of these errors, on the
average, increased the distance travelled by 0.4 miles (1.6 minutes at
15 mph).

5) System Integration and Push-Button Dispatching. Some analyses of

AVL systems stop at this point and conclude that a mere 10-20% reduction
in average travel time is, at best, a marginal justification for imple-
menting such systems (References 9,14). The AVL, however, makes possible
additional improvements in the dispatch process, which would produce

much more significant benefits and could lead eventually to push-button
dispatching. With an automatic telephone-address data base, computer-
aided dispatching, and automatic vehicle location, we feel that the
dispatch delay in emergency cases could be reduced to about 15 seconds.

The total response time in such cases would be largely determined by

12



7 -+ < 7
Strict center -of-mass Ve
dispatching, first come- -
6 first serve reassignments — 6
Average
patrol 5 / T | ;
car /
travel time /
(min.) 4 = ,/ 4
T A~ Perfect AVL system
3 -nearest incident 3
ﬁ/ reassignment
2 2
1 1

0.0 01 02 03 04 05 06 07 08 0.9 .o R
Utilization factor

*Travel speed assumed to be 15 mph
*Approx. 900 calls for service were generated in each simulation run

Figure 6 Relationship between Patrol Car Travel Time and
Utilization Factor (9-Sector Hypothetical Command)

13

E——— T —



the vehicle travel time, and this could also be reduced by more sophis-
ticated dispatch strategies and force deployments made possible by AVL
and CAD. Without any increase in manpower, it appears to be feasible

to achieve an average total response time in police emergency cases of
less than 3 minutes. The technical and procedural improvements necessary

to reach this level of performance are discussed below:

a) Incident Detection and Reporting to the Police - The widespread

adoption of the 911 emergency code will save time by eliminating the

need to look up telephone numbers before requesting any emergency services
(police, fire, medical, etc). Opening police call boxes for public use
has been suggested. Victim—actuated alarms are highly effective and these
could be relayed directly to a vehicle; burglar alarms are also effective,
but they have a high false alarm rate. The obvious tactic of increasing
the number of patrolmen on duty is limited by economic constraints, but
the use of one-man instead of two-man cars would enable a department to
circulate more patrols in the community and reduce the average travel

time to a reported incident. The safety factor intrinsic in the two-

man car could be retained by dispatching two or more cars to every po-
tentially hazardous situation. These constitute a small fraction of all
calls for service. A communications net could be set up which incorporat-
ed taxicab, bus, and truck drivers as part of the crime detection and
reporting system, with the drivers getting enhanced protection for them-
selves as a side benefit. When a citizen contacts the police department
by phone, queue delays should be minimized by having a sufficient number
of incoming trunks and complaint clerks to handle peak loads. Larson
(Reference 13) has observed saturated systems in which up to 40% of the
calls incurred delays of 30 seconds or more. An automatic call dis-
tributor is required to assure that calls are handled on a first come -

first served basis to minimize the possibility of a long wait.

b) Complaint Clerk Functions - According to Larson, the average time

to gather and record information about a complaint (names, addresses,

incident description, etc.) is 20 to 30 seconds, although some complaints
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stretch out to 2 minutes or more. The precinct and patrol sector cor-
responding to the address must be looked up and the complaint slip trans-
ferred to a dispatcher. Using the old manual conveyor belts, the transfer
operation alone took 5-10 seconds. In St. Louis, the clerk writes up

the complaint on a polygraph and the information is copied simultaneously
at a dispatch post. The complaint clerk also makes the critical de-
cision of assigning a priority to the incident. Mistakes could be seri-
ous and, for that reason, St. Louis employs fully qualified police
officers as complaint clerks. 1In computer aided dispatch systems (CAD),
the clerk enters the information received directly into the computer

via a keyboard, using an alphanumeric display to check the entries and
correct mistakes. The computer automatically verifies the address,
assigns a case number, and looks up the corresponding precinct and sector.
When complete, the complaint information can be transferred without de-
lay to the appropriate dispatcher's display queue. One additional
improvement is possible in the complaint clerk's operation. An auto-
matic telephone-address look up can be provided which makes the address
of the phone from which the call originates available immediately.

The Chicago Police Department now has this capability.

c) Dispatcher Functions - If the dispatcher has a queue of complaints

waiting to be serviced or if there are no precinct vehicles available,
an incoming complaint may not be acted upon immediately. Larson states
that dispatcher saturation delays "vary from a few seconds to a few
minutes, but they rarely exceed 10 minutes." In some cities, patrol
force saturation (no cars available withir the precinct) frequently
causes delays of more than a hour. 1In servicing a complaint, the dis-
patcher selects a unit to assign (usually the sector patrol, if it is
available) and verbally transmits the address and other pertinent in-
formation about the incident to the unit. Typically, the transmission
lasts only 10 to 15 seconds, although sometimes lengthy descriptions
must be passed on to the patrol and these are time consumning. If the
sector car is not available, further delay is incurred trying to find

the nearest available vehicle from another sector. Since patrols spend
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a substantial fraction of the time out of their own sectors, keeping
track of their movements and status, and trying to assign the nearest
available car to a given event is a major part of the dispatcher's work=
load. Computer aided dispatching (caD) reduces this workload to a degree.

The Huntington Beach CAD system may be taken as typical. It provides
the dispatcher with two computer-generated displays:

Car Status Display (Figure 7) - Communications data and the
status of all cars (available, enroute, at scene, investigate,
to station and out of service) are listed along with the
number of the case assigned to each busy car and the number
of incidents in each beat which have not yet been serviced.
Car status is updated automatically on the basis of status
reports transmitted from the vehicles via their digital

status entry units.

Incident Display (Figure 8) - The information entered by the
complaint clerk on the case being processed is displayed
along with the corresponding reporting district, fire box
number, and beat number. The dispatcher enters the vehicle
number of the unit he decides to assign to the case on his
keyboard, whereupon the computer automatically transmits all
the information in the complaint to the designated car, where
a teleprinter produces a hard copy. Below the action area,
the same display has a table of assigned, but unresolved cases,
categorized by incident type, and a table of all unassigned
incidents with abbreviated details on each. Any case can be
transferred to the action area by the dispatcher by typing in

the case number.

The implementation of an automatic vehicle location (AVL) system
at the Huntington Beach facility gave the dispatchers the following
additional assistance. A color TV monitor is provided with the loca-
tion and status of all police vehicles superimposed on a street map of
the city. Zoom capability enables the dispatcher to view areas down

to a half mile square. When a case is placed in the active area of the
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¥ DISPATCHER INCIDENT DISPLAY

064 09:30 17342 COLEDO APT:1038B RD 272 FB 53 BT 05
ACGI'\'NF:‘lilé\cBERFILL MARVIN P ADD: PH:714 830-2113
SGN:

4 - 454- - -
W50R PRI. 3 MINOR INJURY TO MAN WHEN HIT BY CAR

______ .

T 0 L E W v P R M X c
039 042 044 045 046 047 048 049 050 051 052 053 054 056 057 058

# TYPE P TIME -—--7o-- ADDRESS----=--- -INTERSECT ST- APT#RD# FB BT DEPT
063 211 -1 09:29 15211 BEACH - 233-21-03 P
065 901T-1 09:35 CINDY -GRAND 425-01-05C
060 415 -2 09:20 19232 BEACH - 280-29-01 P
061 594 -3 09:23 17201 ADAMS 321-69-08 P
062 459 -3 09:27 GOLDEN WEST  -MC FADDEN 231-23-08 P

Figure 8 Huntington Beach Incident Display
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incident display by the dispatcher, the AVL system automatically places
the location of the incident at the center of the display and zooms in
to an area which contains a minimum finite number of available patrol
units. The selection of the nearest unit or units for dispatching is
then carried out with the aid of this situation display. A similar AVL
display is incorporated in the St. Louis FLAIR system (Figure 9). r

After reviewing the various aids available to the complaint clerk
and the dispatcher, we have concluded that push-button dispatching is
now technically feasible. With CAD, AVL, Digital Data Links, and mobile
teleprinters, a complaint clerk could dispatch a patrol by push-button
immediately after entering the incident address, thereby getting the
nearest available vehicle on the way 10-15 seconds after a call is
received. The full details of the case could be transmitted to the car
en route after the complaint form had been completed. Meanwhile, how-
ever, the vehicle is in transit. With an automatic telephone-address
lookup, the dispatch could be made even sooner on the assumption that
the call is from a phone in the vicinity of the incident. Pushbutton
dispatching, of course, would profoundly alter the role of the present
dispatcher. He could devote more time to the tactical management and
support of field units, for example, by sending backup patrols where
needed, by redeploying his forces dynamically to cover unprotected
areas, and by supplying information on hazards, stolen wvehicles,

warrants, etc. as required to assure the safety of his men.

d) Travel Time - For calls within a given sector of area A, Larson
(Reference 13) has derived the following approximate formula for average
travel time (T):

2
T283v /K 'y

This result assumes that the patrol cruises randomly throughout the
entire area and that, in responding to a call, it proceeds along an E-W,

N-S street grid at an effective speed V, which is not a function of the

*FLAIR is a registered trademark of the Boeing Company.
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direction of travel. Incidents are assumed to occur with equal probability
in all parts of the sector. A plot of travel time vs. sector area is

given in Fiqure 10 for various values of speed.

6) Reducing Travel Time, If, with pushbutton dispatching, the dispatch

delay can be reduced to about 15 secénds, the dominant component in
overall response time becomes travel time. Larson's simulation results
in Figure 6 show that closest-car dispatching made possible by AVL
reduces the average travel time about 0.50 to 1.0 minutes depending on
the patrol system's utilization factor. Emphasis must be placed on
reducing the response time in emergency cases (crime-in-progress, acci-
dents, officer in trouble, etc.) and for this class of cases, the fol-

lowing steps could be implemented:

a) Preemption - Adopting a procedure whereby an emergency can pre-
empt a non-priority call, i.e., if a patrol is busy on a non-
priority case, it can be reassigned to an emergency. Since
emergencies are a small fraction of all calls for service, this
rule would quarantee that practically the entiré patrol force,
including the sector car, would be available for an emergency
assignment. At high utilization factors, sector cars are
frequently busy or out of their own sector and the dispatcher
is often forced to assign a car from a remote sector to a case.
The average travel time under such circumstances will be much
greater than that predicted by Larson's formula. In Boston,
for example, the average travel time on priority one incidents
is 5 minutes, although with an average sector area of 0.57
square miles, Larson's formula would lead one to expect a value
of only 2 minutes at 15 mph. The difference is due to the large
number of inter-sector dispatches. When no cars in the precinct
are available, the incident is placed in queue until a patrol some-
where in the precinct completes its current assignment. Queue

time, in this case, is added to travel time.
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Figure 10 Average Travel Time as a Function of Sector Area and Effective Speed
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b)

c)

7)

One-Man Cars - Given the same total police budget, the use of
one-man instead of two-man cars almost doubles the nunber of
patrol units, which effectively halves the sector area (A) in
Larson's formula and reduces the average travel time by a factor
of 0.7. The risk associated with one-man cars can be partially
alleviated by always dispatching two vehicles to a potentially

hazardous case.

Dispatch Strategy - A great variety of sophisticated dispatching

strategies and force deployment techniques are made possible by
the CAD and AVL systems ancd these can be used to reduce travel
time and to prevent queues from forming in any precinct (Reference
13, 16). For example, adjacent sector cars can be coordinated

in the following way. If a car in one sector becomes busy, a

car in any of the adjacent sectors can be moved to a fixed posi-
tion on the boundary line between sectors. 1In this position,

it is able to respond more quickly to subsequent calls in either
its own or the neighboring sector. If the precinct gets too

busy to cover all the sectors in this manner, additional vehicles
can be sent into the area by the watch commander. These vehicles
can be transferred from less busy adjacent precincts or from a
special tactical force specifically created to alleviate momentary
overloads in all the precincts. The object of these strategies

is to always have a vehicle available in each sector which can
respond to an emergency call. If this is done, the average travel
time for emergency cases will be the value predicted by Larson's
formula. Beyond that, a city can only reduce response time by
deploying more patrols. This costs money, a resource which

most municipalities are short on today.

Benefits of Reduced Response Time, We have hypothesized that, with

CAD, AVL, Digital Data Links, and mpbile teleprinters, pushbutton dispatch-

ing can be implemented and that this will reduce average overall police

response times to less than 3 minutes. What would be the benefit of such

an improvement? Using a simulation model of the dispatch and apprehension
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process, the Aerospace Corporation has produced the plots shown in Figures
11, 12, and 13 for the cities of Montclair, New Orleans, and New York respec-
tively. The "dispatch delay" in their model is the time from the initiation of
the crime to the time a car is assigned. A 5-minute "dispatch delay"
in the Aerospace plots would be equivalent to a 3-minute crime and a 2-
minute dispatch delay as we have defined the term. This assumes that
the victim calls immediately after the crime has been committed. A 0.5
minute "dispatch delay" would only be possible if the victim triggered
a direct alarm as the crime commenced and the necessary information were
relayed almost immediately to a patrol. The push button dispatching
performance discussed in this final report would, in Rerospace's terms,
be equivalent to a 3-minute crime followed by a 911 call and the complaint
clerk transaction, i.e. a "dispatch delay" of roughly 3.5 minutes. The
dashed line on each of the graphs represents our estimate of how push-
button dispatching would perform in the Aerospace simulation model. Aside
from the fact that the model produces the correct arrest rate (approximately
20%) for Montclair, New Orleans, and New York City under present operating
conditions in those cities, there is no experimental evidence that it is
valid for shorter response times. Our use of the Aerospace results to
assess the benefits of pushbutton dispatching, therefore, is tentative.
With this reservation kepPt in mind and retaining the present car density,
Figure 11 predicts a change in the arrest rate in Montclair from 0.21 to
0.37 (+76%). Figure 12 predicts a change in the arrest rate in New Orleans
from 0.24 to 0.40 (+67%). Figure 13 predicts a change in the arrest rate
in New York from 0.21 to 0.29 (+38%). If these predictions are valid,
the introduction of pushbutton dispatching would clearly be very cost
effective. Note, however, that the improved performance is not due to
AVL alone, but to the combined effect of AVL, CAD, digital data link,
and mobile teleprinters operating as an integrated pushbutton dispatch
system.

Crime related incidents, in practice, are not distributed evenly
over a city"s area, consequently patrol vehicles are usually more con-

centrated in the high-crime, high-demand-for-service zones. In Boston,
24
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for example, car densities range from 6.6 vehicles per square mile in Dis-

trict One to 0.6 vehicles per square mile in District Eight. Counter-

balancing this, to a degree, is the fact that response speeds tend to be

lower in the busy Districts and utilization factors higher. Ultimately,

a2 definitive judgement on the benefits of shorter response times must be

based on more adequate experimental evidence. The data, analyses, and

simulation results we have seen to date however, lead us to believe that

an increase in arrest rate of about 50% can be achieved in most cities

with pushbutton dispatching. This benefit by itself would more than

justify the investment in AVL, CAD, digital data link, and mobile tele-

printers required to implement such a system. In addition to improved

apprehension of criminals, other important benefits have been identified:

a)

b)

c)

d)

Enhanced safety for officers in the field. Emergency status
signals via data link combined with location information
make it possible to send assistance to an officer in trouble
immediately. The ability of officers to quickly access
comprehensive central data bases for information on vehicle
registrations, criminal records of individuals, and hazards
associated with an incident address enables them to exer-
cise extra caution when the situation calls for it and to

do their job more effectively.

More complete, more accurate, and more timely record-keeping
and monitoring of police operations will improve the real-
time management of patrol forces and the allocation of re-
sources. Patrol sergeants, in particular, would probably

be better able to exercise their supervisory functions at

a dispatch console than by cruising their precinct. Red

tape is a substantial fraction of each officer's workload;
any decrease in this activity adds to the time available for
more important tasks. Dispatcher and complaint clerk work-
loads are likewise reduced. Coordination of multiple vehicles
would be easier.

The use of digital data links and mobile teleprinters will
decrease voice radio channel congestion and will enhance
message security and accuracy.

Faster response time is a benefit not only in crime-related

cases, but also in medical emergencies and incidents, such
as family arguments, that might escalate into crimes.
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8) AVL Requirements for Law Enforcement, Having concluded that there

are worthwhile benefits to be realized from the application of AVL to police
mmmdmdemlwﬂm&wemnuu&msmdﬁtMAWrmumMMS
imposed by such systems. The primary parameters of interest are accuracy,
update rate, coverage, and cost. Data link requirements will be discussed

in a separate section.

a) AVL Accuracy - In Figure 6, the average patrol car travel time as a
function of utilization factor was presented for two dispatch techniques

simulated by Larson (Reference 13):
1. Strict Center of Mass Dispatching

2. Perfect resolution AVL with a car reassigned to the nearest
incident when a queue has formed.
The simulation model was an array of 9 sectors, each one mile square,
representing a typical precinct. Larson also ran tests on the same model
for various levels of AVL resolution. The resolution was specified as
a fraction (0) of the sector length, which in his model was one mile.
The extra travel times for values of 0 of 0.25, 0.15, 0.10, and 0 (perfect

resolution) are given in the following table.

Table 1 Car Locator Resolution and Dispatch Error Characteristics (9-Sector hypo-
thetical command; utilization rate 2=0,0)

Strict Center-of-Mass

Dispatching 0=025 o=0.15 0=01 o=0y9
Probability of dispatch
error 0.27 0.23 0.17 0.11 0.0
Average extra travel
distance, given dispatch
error 0.31 0.23 0.15 0.12 0.0

Unconditional average
extra travel distance 0.084 0.053 0.025 0.013 0.0

Note: Distance units are sector lengths = miles, Each table entry is based on a simulation
run in which approximately 900 calls for service were generated. Dispatch error occurs if
the assigned unit is not the closest available unit to the scene of the call, The “extra
travel distance” is the difference between the distance traveled by the dispatched unit
and the travel distance of the closest available unit. Here, o = resolution (miles) of car
locato. system,
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To relate the table with Figure 6, we note that the average extra travel
distance imposed by strict center-of-mass dispatching is 0.084 miles.

At 15 mph, this is equivalent to 20 seconds of extra travel time, which
is exactly the difference between the two plots on Figure 6 at p=0. The
strategy of preempting a car on a non-priority case to cover a priority
case makes nearly all cars available for ar emergency call. In terms

of the model, this is equivalent to a utilization factor of zero for
emergency responses, SO the p=0 case is significant.

The table above can be extrapolated to cover an array of nine square
sectors having any arbitrary sector length simply by scaling (multiplyirg)
the extra travel distances by the chosen sector length. The result of
such scaling is plotted in Figure 14.

The most significant aspect of Figure 14 is that for small sectors,
e.g. £ < 0.5 miles, the average penalty in extra travel distance is not
great, even for center-of-mass dispatching. To jllustrate, the nine patrol
sectors in Boston's District 1 {downtown) have an average area of 0.15
square miles. This is equivalent to a 0.39 mile by 0.39 mile square
(2060 ft. x 2060 ft.). As indicated on the graph, the average extra
travel distance relative to a perfect AVL system is only 175 feet with
center—of-mass dispatching. At 15 mph, this extra distance adds just 8
seconds to the average travel time. Averages are somewhat deceiving.
What actually happens 73% of the time is that the correct car is selected.
For these incidents, there is no penalty in extra travel distance, since
the nearest car has been dispatched. In the remainding 27% of the in-
cidents, however, the car selected is not the nearest car. The average
extra travel distance for these cases is 0.12 miles (0.31 x 0.39) or
638 feet. At 15 mph, the extra distance adds 29 seconds to travel time.
Thus,in roughly three out of four cases with center-of-mass dispatching,
the correct vehicle is selected regardless. In the fourth case, the
vehicle chosen is not the nearest one and a significant average penalty
in travel distance and time is incurred. Averaged over all the dispatches,

however, the penalty is not great. We conclude, therefore, that in the
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downtown areas having the smallest patrol sectors, the error in vehicle
placement relative to the true position should not fall outside an area
roughly equivalent to the sector area. In more precise terms, given a
minimum sector area of 0.15 square miles, a circular error probability
of 1200 feet with a 95% confidence would assure an acceptable average
level of penalties in travel time, i.e., less than 10 seconds.

A second criterion often used in setting AVL accuracy requirements
is the ability to quickly locate a patrol vehicle in trouble. The street
map of downtown Boston shown in Figure 15 with four concentric location
zones indicates the problem. The C.P.E. radius of 1200 feet (outer circle)
is clearly inadequate for search purposes; the hunt for a patrol in
trouble could take almost a half-hour in this area. The zone defined
by the inner circle (C.P.E. radius of 400 feet), on the other hand, could
be completely searched in less than 2 minutes. We believe that a 400 foot
C.P.E. (95% confidence) is adequate for searches in downtown areas.

Some police departments set very stringent accuracy requirements on
AVL based on the need to locate cars in trouble in the downtown environment.
Dallas, for example, wants a C.P.E. radius of 75 feet for a stationary
car. The Los Angeles specification is that 95% of all positiocn determina-
tions must be within 300 feet of the correct location. The Jet Propulsion
Laboratory AVL study (Reference 14) takes the dimension of half a city
block as the required accuracy. Under this rule, Los Angeles, with 166
blocks per square mile, has blocks which average 410 feet on a side,
hence would require a C.P.E. of 205 feet (95% confidence). New York City
with 240 blocks per square mile would require a C.P.E. of 170 feet accord-
ing to J.P.L. In the open street grids of Orange County, three Chiefs
of Police believe that 800 foot AVL accuracies will be required, but the
general consensus is that 1000 feet will be adequate for a county-wide
law enforcement system (Reference 1). The Urban Sciences Study on Boston
(Reference 8) specified an A.V.L. accuracy of 300 feet for locating a
vehicle in trouble, but only 750 feet (95% confidence) for routine dis-
patching. The Polhemus review of AVL requirements in New York State

(Reference 4) concluded "that whether the event is for police, fire,
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Figure 15. Comparison of C.P.E. Radii with the Street Map of Downtown Boston
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or ambulance services, repeatability on the order of 200 to 250 feet
would be quite acceptable. In urban areas, and in particular case areas,
greater resolution is necessary with a level of repeatability on the order
of 130 feet being reasonable."

Perhaps it is a mistake to impose the stringent accuracy requirement
of finding a vehicle in trouble in the downtown area on the entire AVL
system. A possible altermative would be to develop special equipment for
homing in on vehicle or walkie-talkie emergency transmissions at close
range. We will withhold judgement on this suggestion until a reliable esti-
mate of the cost of providing 100 to 400 foot AVL accuracies in the

downtown environment has been obtained.

b) Update Rates -Update rate requirements for police AVL systems are
closely related to position accuracy requirements in that car motion during
the update period can place a vehicle a considerable distance away from

its last reported position and increase the chances of an incorrect assign-
ment. In effect, vehicle motion during the update interval increases

the dispersion of position estimates relative to the true position, hence
the distance travelled should be a small fraction (say 20%) of the position
accuracy desired. First of all, we assume that a vehicle in which the
emergency button has been activated will be at rest, hence the 400 foot
C.P.E. requirement for finding a car in trouble is not the accuracy speci-
fication to use in setting the update interval. The correct model is

an unassigned vehicle on patrol (10-25 mph) for which, by our estimate,

the desired C.P.E. (95%) in position is 1200 feet. A general relation-
ship for update interval is:

.2 CPE

max. update interval = v

where V = Avg. patrol speed in ft/sec.

Thus, in areas where the patrol speed averages 10 mph, the update

interval should be about 16 seconds and where the patrol speeds are 25
mph., the update interval is reduced to 6 seconds. Actually, an accurate

position determination is only necessary just prior to an assignment.
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If there are no incidents awaiting service, a standby update period of
60 seconds would probably be acceptable. A reduced update rate during
standby conditions makes more capacity available for other digital
messages transmitted on the same channel. Furthermore, when a call for
service is received, it is not necessary to update the location of the
entire fleet. Only those cars in the precinct from which the call is
received will be involved in the dispatcher's choice, hence only their
locations need to be updated. It is the polling of this smaller group
of vehicles that should require no more than 6 to 16 seconds, depending
on patrol speeds, as indicated previously. A group of cars that has
been polled in response to a call for service need not be polled again
during the current fleet update period of 60 seconds.

Another approach to analyzing position update requirements was pre-
sented by the Jet Propulsion Laboratory in Reference 14. 1In this study,
an exponential distribution of vehicle speeds was assumed with a median
speed of 15 mph. The tradeoff between polling interval and the accuracy
of the AVL technique employed is shown in Figure 16 taken from the JPL
report. To illustrate the use of this plot, an overall position accuracy
of 300 meters (984 feet C.P.E. at 95% confidence) requires an AVL device
accuracy of 270 meters and an update interval of 10 seconds. The over-
all accuracy diminishes rapidly if the polling interval goes above
10 seconds, but it does not improve appreciably if the interval is less
than 10 seconds.

In reviewing the update interval requirements set for various AVL
systems, we find that they range from 1l.25 seconds (Boeing FLAIR) to the
poll-on-demand technique in effect at Huntington Beach (Hoffman). Boeing's
high update rate is dictated by the need for their dead reckoning and map
matching algorithm to detect turns quickly, otherwise a vehicle can be
placed on the wrong parallel street. Huntington Beach uses one UHF
channel for both voice and AVL position reports, with voice having
priority. For this reason, AVL loading is kept to a minimum by only

polling vehicles prior to a dispatch.
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In Montclair, a position report is transmitted to the dispatch
center automatically when a vehicle enters the coverage area of the
next signpost on its route. The update rate, therefore, is determined
by the spacing of the signposts and the speed of the vehicles. As shown
in Figure 17, the street grid of Montclair is based on a 2400' x 1200'
block, so signposts at the intersections are 65 to 33 seconds apart at
25 mph.

The Dallas AVL system being developed by Hazeltine will have a
maximum update interval of 10 seconds, with the condition that there
shall be at least one update for every 300 feet travelled by any one
vehicle. The Los Angeles multi-user demonstration system (transit
and police) will require each vehicle to be updated at least once every
40 seconds, with a design goal of one update per vehicle every 25 seconds.
The Urban Sciences study on the Boston AVL system (Reference 8) concluded
that vehicle positions should be monitored every 30 seconds on the average,
with the ability to monitor selected vehicles more frequently if nec-

essary.

c) AVL Coverage - AVL coverage requireierts for law enforcement appli-
cations are very much situation dependent, ranging from small cities
to entire states. The following table of actual or suggested police

systems, presented in order of increasing area, indicates the range of

applications.
Area Population Number of
Jurisdictions (square miles) (1973) Vehicles
Montclair, California 5.2 27,000 15
Huntington Beach, California 26.5 146,400 54
Boston 46 618,000 273
Montclair, Ontario, Upland, Chino 50.2 143,000 62
St. Louis €l.2 558,000 436
Chicago 222.6 3,173,000 1561
Dallas 265.6 816,000 479
New York City 299.7 7,647,000 1858
Los Angeles 463.7 2,747,000 1622
Orange County (25 cities included) 784 1,697,000 545
New York State 49,576 18,214,000 8800%*

*800 State Police Vehicles, 2500 rural local police vehicles, and 5500
urban local police vehicles.

37



CITY OF MONTCLAIR

SAN JOSE

MORENO (&

ARROW

&) e
2 7:! e {4} ()
) \[ G
O, ) (9

G‘B
PALO VERDE (1)— ()—
4 JK o rg IS
SAN BERNARDINO ﬂ% @) @ \Tj 2
i L
BENITO —Q.,_ Jﬁg ﬁg
1208 X 2416’ €
ORCHARD (29 57 —%b %‘ ég
& i S
KINGSLEY T Do \:@
@
4r|\ - /
\ L p
HOLT (@ Wr 75 W’}
FIRST Q?ﬁ ﬁg
FIFTH J\gf @i
<« g [ g -4 2 Z
2 | 2 < (=) [e]
o 4 [} o z 7}
Z - 3 > £ g
w [
@ E E 3 >
3]
-3

Figure 17

Placement Of Wayside Emitters In Montclair

38



d) AVL Cost Requirements - The tendency of police departments committed to

a greater degree of automation is to proceed on a piecemeal basis by
implementing CAD, mobile data terminals, or AVL separately. The order
of procurement varies from department to department. St. Louis and Mont-
clair installed an AVL system first. Huntington Beach started with CAD
and mobile data terminals, later adding an AVL capability. Boston in-
stalled CAD, but not mobile data terminals or AVL. Several cities such

as Oakland, Kansas City, Cleveland, and Minneapolis fitted their vehicles

with mobile data terminals, which are used primarily to access a centralized

data base, but have not yet procured a CAD system.

Generally, the benefits received from the installation of AVL, CAD,
or MDT alone are marginal. Expenditures are much easier to justify on
the basis of a totally integrated system, one capable of push-button
dispatching and extremely short response times. As discussed previocusly,
a 50% increase in the present arrest rate appears to be achievable if
overall response times can be reduced to less than 3 minutes. Such per-
formance is feasible with a combined CAD, MDT, and AVL system that per-
mits push-button dispatching.

This does not imply that the total effectiveness of a given police
force can be increased by 50%, because the police perform many useful
services that are not crime related. Speed of response, on the other
hand, is advantageous for a variety of non-criminal incidents, e.g.
medical emergencies and family quarrels. We conclude, somewhat heuris-
tically, that a community would probably be willing to spend 25% more
to support its patrol functions, if, thereby, a 50% increase in arrest
rate could be achieved and response times could be reduced below 3 minutes.

The total annual cost of opérating a one-man patrol car 24 hours a day
is about $100,000 (salaries, maintenance, fuel, administrative overhead,
etc.) and a 2-man car costs twice as much, i.e. $200,000 (References 1,
8, 9, 10). A 25% increase in the support level for patrols therefore,
is equivalent to $25,000 per year for each one-man vehicle and $50,000
per year for each two-man vehicle. If one assumes that the entire

investment in CAD, MDT, and AVL equipment must be amortized in 5 years
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at 7% interest, then the maximum acceptable capital investment as a
function of the number of cars in the fleet is plotted in Figure 18.
A fixed annual maintenance cost, estimated to be 5% of the intial capital
investment, is included in the annual charges. Superimposed on the plot
are a few actual or estimated system costs, which, in most cases, are an
order of magnitude lower than the acceptable maximum. The three operational
systems (Huntington Beach, Montclair, and St. Louis) were all prototypes
for the respective vendors, and presumably, the costs will decrease for
comparable equipment in time. The final conclusion is that integrated
CAD, AVL, and MDT systems could be provided that would be cost effective
for a wide range of police departments. The key assumption requiring
further validation, however, is that such systems will reduce overall
response time to less than 3 minutes and that the reduction will in-

crease the arrest rate by at least 50%.

2.2 Taxicab Dispatching and Security

The taxi dispatching problem is similar to the police dispatching
problem, the objective being to select the nearest available car to
answer a call. Under present procedures, the correct vehicle is often
not assigned and, as a consequence, fleet operating expenses are higher
than necessary.

In the last comprehensive traffic survey in the Eastern Massachusetts
region (Reference 17), the following breakdown of taxi txips on a typical

weekday was given:

INTERNAL TAXI TRIPS BY BUSINESS PURPOSE

Average Weekday - 1963

BUSINESS PURPOSE NUMBER OF TRIPS PER CENT
Home Base 13,595 7.3
Personal Use 300 0.2
Taxi Stand 17,224 9.2
Pick-up Passenger 65,864 35.2
Discharge Passenger 88,042 47.0
Pick-up Article 612 0.3
Deliver Article 675 0.4
Cruise 311 0.2
Other 460 0.2
TOTAL 187,082 100.0
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Of the 88,717 trips to discharge a passenger or deliver an article,
66,476 (75%) were initiated by a dispatch operation. In the remaining
25%, the passenger presumably boarded the vehicle at a cab stand or hailed
a passing cab. At the time of the survey, the City of Boston had 1525
registered taxis and the remaining 78 cities and towns in the Massachusetts
Bay Transportation Authority area had 1473 taxis. The total fleet of
2098 taxis served a population of 2,614,522, i.e. there was one cab for
every 872 residents overall and one cab per 404 residents in Boston it-
self. Nationwide, a ratio of one cab to every 1000 people is a reason-
able average. There are 262,000 taxicabs in the United States serving
3361 separate commrunities. Most cabs, however, operate in the big met-
tropolitan areas (New York City 11,977, Washington 8500, Chicago 4600,
Los Angeles 985, etc.).

In 1973, taxicabs transported 3.4 billion passengers on 2.2 billion
trips. Cabs covered a total of 13.4 billion miles during the year.
Passenger revenue was $3.9 billion compared to $1.7 billion for bus
and rail carriers corbined. The employment level in the taxicab in-
dustry was 494,000, although, because of the high turnover rate among
drivers, a total of 1.2 million persons were employed over the entire
year.

In 1977, Boston has exactly the same number of registered taxi-
cabs (1525) as in 1967. The largest fleet (Checker) dispatches its
cars from 23 key locations (stands) scattered throughout Boston. The
location closest to the pickup address is first determined by the
dispatcher, and then a call is sent out for the top Checker cab at that
location to respond. If there are no Checker vehicles at the stand,
the dispatcher must broadcast the pickup address and ask for "bids."

No driver is supposed to submit a bid unless he is within 3 minutes

of the address, but this restriction is often violated. The first
driver to submit a bid gets the assignment. Since ten or more drivers
may attempt to bid on a call, there is no guarantee that the first
driver to respond is the closest vehicle. Even when a taxi at one of the

23 dispatch stands is assigned to a call, there is a good chance that
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some other available vehicle in transit is actually closer to the pick-
up point. After a driver has dropped off a passenger or package, he

is supposed to go to the nearest of the 23 dispatch stands and wait

for a new assignment. Cabbies, however, will often move to another
stand if the activity is low at their current location.

The distribution of all 350 reserved taxi parking spaces (stands)
in downtown Boston is shown in Figure 19 (Reference 18). One possible
vehicle location technique would be to number these stands and have the
drivers transmit the number corresponding to their location to the dis-
patch center, along with status updates. The dispatcher could enter
this information manually into a computer or, in a more sophisticated
system, the driver could enter it directly via a mobile keyboard and
digital data link. If the pickup address specified in a call is entered
by the dispatcher, the computer can automatically select the nearest
available taxi from its file of vehicle locations. As can be seen from
Figure 19, taxi stands are spaced very close together in certain down-
town areas and it would certainly be acceptable to designate such clusters
by a single number or to sub-divide the whole area into small zones.
Referring to the street map of downtown Boston in Figure 15, it appears
that roughly a 800' x 800" zonal grid would be required in the most
highly developed sections of the city for taxicab dispatching. The
accuracy of any automatic vehicle location technique used for taxicabs
should be comparable to this requirement, i.e., a C.P.E. of 400 feet
with 95% confidence. Since vehicles are generally at rest while awaiting
a new assignment, position updates could coincide with driver-initiated
status changes, except when the emergency button has been activated.

In the latter case, periodic position updates would be necessary.

The advantage of AVL over stand locations is that it provides a
means of locating any vehicle quickly in the event of a holdup or an
attack on the driver. a foot-actuated emergency button would be re-
quired, as well as a vehicle~to-base digital data link which could be
monitored directly by the police dispatch center. Aas stated previously,

there is a natural symbiotic relationship between taxi operators and
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the police department that has never been fully exploited. In Boston,
for example, the taxi fleet is five times larger than the police fleet.
The use of taxicab drivers to detect and report crimes-in-~progress,
suspicious activity, and accidents would greatly enhance the effective-
ness of police operations. 1In return, the police could provide the
drivers themselves with much better protection if taxicabs were equipped
with AVL and a data link monitored at the police dispatch center. Typi-
cally, there are between 700 to 800 taxicab holdups or beatings in Boston
annually, and there have been 8 murders of taxicab drivers ir recent
years.

Technically, it seems to be quite feasible to combine the dis—
patch operations of all the city's cabs in a single system and to
eliminate the present wasteful duplication of personnel and equipment.
The company or independent operator selected by a customer would be
identified by the trunk line on which the call is received. The central
computer would select the nearest vehicle from that company's fleet and
Present this information to the dispatcher, who would assign the de-
signated car to the call over the proper voice channel. The benefits
to the police of a taxicab patrol auxiliary may be sufficient to justi-
fy their subsidizing the central elemerts of the system, leaving only
the mobile equipment to be purchased by the cab owners. The functions
of a taxicab system would be much simpler than those of the police systems
discussed in the previous section, but the economic constraints are more
severe also. In the Boston area, we have been told by Mr. Ted Kline,

Editor of the Taxi News Digest, a cab must average about $60 on the meter

per shift to make the operation acceptable to the owners. A fleet cab,
typically, is out for two 10-hour shifts per day, although an owner-
operator might drive only one shift of 10 to 14 hours duration. A vehicle
averages 100 miles per shift, half of which are paid miles, half unpaid.

A fleet cab which satisfies Mr. Xline's income criteria, therefore, gen-
erates about $43,800 in revenue operating two shifts for 365 days each
year. Of this amount, the drivers receive 65% in direct and indirect
compensation and the mileage-related expenses (amortization over life of
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car, gas and oil, maintenance, accident insurance, tires, batteries, etc.)
total about $11,600 per year. A new taxicab costs $4300 and a cab pur-
chase loan is generally paid off over a 30 month period. The vehicle
odometer, typically, records 60,000 to 70,000 miles each year, but because
of the large amount of idle time, the engine probably "travels" about
100,000 miles per year.

With AVL and computer-aided dispatching, we believe that the
average number of unpaid miles per shift can be reduced from 50 to 20.
This would represent a 30% reduction in the mileage-related expenses or
$3480 saved per vehicle per year.

Based on the current pricing of police mobile equipment, providing
AVL, status/emergency keys, and data link should require an investment
of about $2000 per taxicab. The centralized CAD facility serving all
1500 vehicles in the City of Boston should cost less than $1 million
because the functions and requirements are much less stringent than
those for police CAD systems. Thus, if $3480 can be saved in operating
expenses per vehicle per year, the total required investment of $4,000,000
would be more than paid off in one year. The mobile equipment could be
expected to have a useful life of at least 5 years, and the central
facility, a life of 10 years or more. These rough estimates indicate
that an integrated CAD and AVL capability for taxicabs would be a pro-
fitable investment for the owners just on the basis of minimizing un-
productive mileage. No attempt has been made to quantify the additional
benefits of such a system, i.e., enhanced protection for drivers; over-
all reduction in dispatching expenses due to the consolidation of functions
in one facility; augmentation of police functions by having cab drivers
report crimes-in-progress, suspicious activity, and accidents; reducing
the cab component of urban traffic and air pollution; fuel conservation;
better data on the geographic and temporal distribution of taxicab de-
mand enabling owners to allocate their resources more efficiently; de-

tailed operational data for supervisory and record-keeping functions.
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2.3 Fixed-Route and Dial-A-Ride Bus Control

1) Fixed-Route Headway Regulation. There are three potential bene-

fits from the application of AVL to fixed bus routes; reduced headway
dispersion, greater driver security, and increased efficiency in exer-
cising supervisory functions. The first of these improvements would in-
crease customer satisfaction in a number of important ways. For example,
one of the most uncomfortable aspects of utilizing a bus is waiting at
a stop to be picked up, especially in inclement weather (rain, sub-zero
temperature, etc.). Customers tend to remember the occasional long delays
under such conditions and not the average delay. A high dispersion in
headway increases the probability that a long pickup delay will occur.
The same factor adversely affects customers who are operating under a
time constraint, e.g., those who must punch a time clock, attend a
scheduled meeting, or catch a train. If a bus line has a high dispersion
in headways, passengers cannot accurately predict how long a given trip
is going to take, hence must allow a generous margin of safety by starting
the trip earlier or must resort to a more reliable form of transportation.
When a long gap occurs between vehicles, the first bus to appear
after the gap is often crowded because it has picked up the extra people
who have accumulated at the previous stops. A bus operating at 160% of
its seating capacity does not provide a comfortable ride for its passen-
gers and chronic crowding undoubtedly diverts potential customers to
other travel modes. If the passenger load were more evenly ‘divided among
the buses assigned to a route, overcrowding might be prevented, but
large headway variations cause a significant fraction of the vehicles
to be overloaded. Moreover, the well-known dynamic instability of a
bus string tends to make every bad situation worse, both with respect
to passenger loading and increased trip time.
Customer satisfaction (or dissatisfaction) can only be quantified
by relating it in some way with the public's choice of travel modes.
If improvement in service leads to a higher utilization of the transit

system relative to private automobiles, important environmental objectives
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are achieved (less traffic, reduced air pollution, fuel conservation,
etc.)and the economic position of the transit system itself is strengthened,
especially if the increased patronage occurs during the off peak hours.
However, modal choices are based on a complex matrix of factors (References
19-23) which include trip time, cost, car ownership, economic status,
comfort, convenience, trip purpose, time-of-day, trip distance, privacy,
etc. Evidence indicates that the door-to-door travel time of public
transit relative to the automobile is the dominant factor in the choice

of travel modes. In general terms, if the trip time by transit is equal

to the trip time by automobile, the public transit mode will be selected
by about half the trip makers. If transit takes twice as long as the
automobile, only 20% of the work trips will utilize transit and these

are probably people who have no viable alternative. However, if transit
takes half as long as the automobile, about 20% of all trip makers will select
this mode (see Figure 20).

Unfortunately, a reduction in headway dispersion has no direct
bearing on average trip time by transit, it merely increases the prob-
ability that the actual trip time will be approximately equal to the
average trip time. For this reason, it is not possible to claim that
a reduction in headway dispersion by itself will lead to a specific
gain in the number of people utilizing public transit, even though cus-
tomer satisfaction would clearly be increased by such an improvement.

More precise adherence to schedules, however, will permit the use of
shorter layover times and,thus,will result in reduced headways and shorter
trip times.

Layover times at each end of a bus route are usually set vith the
object of preventing delays that develop in one trip from carrying over
into the next trip. To illustrate, we will use data collected by Ward
and Houpt (Reference 24) on the Dudley-Harvard route of the Massachusetts
Bay Transportation Authority. This route is 3.7 miles long (one-way)
and a round trip during the peak morning hours (7-9 a.m.) is scheduled
to take 56 minutes, including a 6 minute layover at Harvard. The time

interval between successive buses (headway) is 6.5 minutes and the lay-

48



PER CENT OF PERSON-TRIPS DIVERTED TO RAPID TRANSIT

2 T i T
[ -
|
.- |
i l
: NOTE
. i FOR EXPLANATICN OF CURVE
o \ NUWBERS SEE EELOW
| i
i
45
1
\1
\
Ty
T —_——
; |
° ox 04 os os -] 12 14 e e 20 22 24 ze 28 30

TRAVEL TIME RATIO

CURVE
NO. CURVE DEVELOPED BY YEAR
1 Washington, D, C. Mass 1958
Transportation Survey
2 Chicago Transportation Usage 1957
Stuﬁy
3 Chicago Transportation Usage 1957
Stuﬁy
4 San Francisco Transportation 1959
Technical Committee
5 Southern New Jersey Rapid 1959
Transit Study
6 Metro. Toronto Planning Board 1958
and Toronto Transit
Commission
7 Metro. Toronto Planning Board 1958
Toronto Transit
Commission
8 City of Seattle N.A2
9 U. S. Bureau of Public Roads 1956
10 American Association of State 1957
Highway Officials
11 American Association of State 1957

Highway Officials

TO BE USED WITH

Tn'%s of all T)g)es Potentially Divert-

able to Rapid Transit

Work Trips to and from CBD and
QOutlying Areas

Work Trips to and from CBD only

All Trips of Interest to San Francisco
Rapid Transit to CBD (All Orien-
tations, All Times of Day,
Purposes)

All Trips of Interest to Southern New
Jersey Rapid Transit

Peak Period Transit Trips of all Types
Divertable to Rapid Transit

Off-peak Period Transit Trips of all
Type Divertable to Rapid Transit?

All Trips of Interest

All Vehicular Trips of Interest to
“Interstate” Freeway System

All Vehicular Trips of Interest to
Urban Freeways

All Vehicular Trips of Interest to
Urban Major Streets

IThe two Toronto curves (6 and 7) are time-differential (time-saved) curves, rather than,
time-ratio. Therefore, the only plottable points are at 1.0 time-ratio {zero time-differential).

2Not available.

Figure 20 Typical Transit and Highway Diversion Curves - Rapid Transit
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over time at Dudley is 9 minutes. Thus, a bus could be up to 6 minutes
late on the Dudley-Harvard leg and still leave Harvard on schedule on

the return trip. Similarly, a bus could be up to 9 minutes late getting
into Dudley and still leave for Harvard at the correct time. As a rough
rule of thumb, if the measured errors relative to the fixed schedule on

a given route are normally distributed with a standard deviation of O,
wehw%rﬂmsmudmathﬁtm.Wudmd%wtbmdmntm
dispersion in headway for buses arriving at Harvard was 6.3 minutes. In
terms of the dispersion in schedule errors (0), headway dispersion is
given by 202 . From this, one would deduce that the dispersion in
schedule errors (0) is 4.5 minutes. Ideally, therefore, there should be a
9 minute layover at both Harvard and Dudley to allow buses to get back on
schedule after a run in either direction.

Obviously, the layover requirement entails a substantial loss of
transit efficiency. During the morning peak hours on this route, 15
minutes out of each 65 minutes, on the average, are spent on layovers,
i.e., each bus is non-productive 23% of the time. Stated in another way,
the same transportation services could be provided by 8, instead of 10,
buses assigned to the Dudley-Harvard route, if layovers were eliminated
during the peak hours. Conversely, the 10 buses could be retained and
shorter headways and trip times provided. According to Mr. Richard
Barker, the Supervisor of Surface Line Scheduling for the MBTA, layover
times for the entire bus system average 24.4% of each bus cycle over one
full week of operation. On the busy routes, which employ most of the
MBTA's 1200 active buses, layover time could be decreased in direct pro-
portion to a decrease in headway dispersion. Providing a rest period
for drivers between runs is not essential during the short peak demand
times in the morning (7-9 am) and evening (4-6 pm). Drivers get an
ample opportunity to rest during the off-peak hours.

The daily utilization of buses in Cleveland is shown in Fiqure 21,
(Reference 20). As with most urban systems, the size of the fleet and
the nunber of drivers is determined by the capacity requirements of the

morning peak load. To handle the morning and evening peaks, many drivers

50



9961 ‘PUET®AST) ‘sjuswairnbey juswdinby 3Tsuei] -7z @an8tg

Wy Wy
v € Z | QNIlI Ol 6 8 L 9 & v € 2 L NONIIL OO 6 8 L 9 6§ v
Y o}
8 IT_J ..Lll. Y3 ] A o
0s }
ovl H Ir Hrr._H_ .
001 001
t LA LISNVYL Q1dvY ve r
ost 0s1

T = ___
|
o T Y
ooz = &ul 002
0s2 0s2

00€ = = 5w — - oot
osE j -M..LWI A 7 : 0sE
ooy -.. ooy
osy - = 1 osy
005 L = E 00s
o0ss i [ . : 0s§
009 A u 009
059 4—. - . 059
0oL _._ 1 - 0oL
osz | 9961 -QN loquiadaq jo sy ._Jr..n”hl - 0S¢
[l
008 008
- sc—um& H.P:z_: m— >ﬂ —.I S3TILH3A 1V TYLO0L rlr_|—. 058
** | DIAYIS HI STDIHIA e
oss | WIOISAS §isuni] pupjaae]) 228 .

0001 0001

51



work split shifts, for example, four hours on, four hours off, and four
hours on. BAny reduction in the number of buses and drivers required to
service the morning peak would reduce the entire bus transit system op-
erating budget almost in direct proportion.

On the less busy routes having longer headways, e.g., 20, 30, and
60 minutes, passengers rely on the fact that a bus will pass a given
pickup point at a given clock time, say, 13 minutes after the hour and
the half-hour. Service is too infrequent to simply go to the stop at
random and wait for the next bus to appear as is done when headways are
less than 10 minutes. Layover times on such routes, therefore, are de-
termined more by the need to synchronize starting times with the clock
than by the need to correct for headway dispersion. This requirement,
which sometimes leads to excessive layover times, could be avoided by
issuing a printed timetable to passengers utilizing each route.

In the Metropolitan Boston area, the MBTA operates 199 bus routes;
the average travel time is 21.6 minutes or 43.2 minutes per round trip
with no layovers. Mr. Barber's estimate that 24.4% of each bus cycle
is spent on layovers system-wide implies that the total layover time on
a 43.2 minute round trip would average 13.9 minutes, or roughly 7 minutes
at each terminal. If layover time could be reduced to 5 minutes per
round trip, the utilization factor for each active bus would increase
from the present 75.6% to 89.6%. Such a development would permit 84%
of the current bus fleet to provide the same level of service. In 1975,
the operating expenses of the MBTA bus system totaled $86,180,000; a 16%
reduction in this budget would constitute a $13,789,000 annual benefit.

Another area in which AVL might reduce the operating expenses of
bus transit is in the supervisory functions. A significant number of
transit employees work as starters, pointmen, mobile supervisors, and
dispatchers whose principal task is to keep the buses on schedule. In
the MBTA system, schedule checking is primarily the responsibility of
149 starters, stationed at the principal terminals, and 5 traffic checkers.
Other field forces like the barn supervisors and mobile inspectors, are
mostly occupied with trouble shooting. In recent years, budgetary re-

strictions have reduced the number of en-route checkers or pointmen
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drastically in all transit systems. In 1952, for example, the Chicago
Transit Authority employed 400 mobile and stationary supervisors, but

by 1973, only 208 were employed to monitor 2350 buses on 135 routes.

With centralized monitoring of bus positions via data link and computer-
aided headway control, it is probable that the performance of bus transit
systems with respect to schedule adherence could be greatly improved and
that the field personnel now responsible for this function could be re-
placed by a small number of centrally-located dispatchers. If these
dispatchers exercise control-by-exception, i.e., only concern themselves
with off-normal situations, and if the drivers themselves are given peri-
odic updates on their headway or schedule deviations, so that they can
initiate corrections, we estimate that a single dispatcher might be

able to supervise up to 120 vehicles. If this estimate is correct, a
total staff of about 30 dispatchers would be adequate to handle the MBTA's
1200 active buses around the clock. With centralizeé control, therefore,
the 154 starters and traffic checkers used at present by the MBTA could
be replaced by 30 dispatchers, a net reduction of 124 employees. At
$25,000 per employee (salary, fringe benefits, etc.), this reduction
represents an annual benefit of $3,100,000.

Driver and passenger security is a third area in which AVL techniques
would yield benefits. Activation of an emergency button in the vehicle
would alert the police department to the problem (robbery, assault,
medical emergency, vandalism, etc.) ané would pinpoint the exact location
of the bus originating the alarm. The previous discussion of police re-
sponse times indicates that assistance to the driver might be provided,
on the average, about 3 minutes after he activates the alarm.

Over the 1972-74 period, there were 462 cases of assault on MBTA
drivers that resulted in Workman's Compensation awards (medical ex-
penses, sick leave, etc.) and, on some Boston routes at that time, drivers
were refusing to operate without a police escort. Many less serious
incidents are never reported. Dandrea (Reference 27) has estimated that
in 1974 assaults and vandalism in the bus system cost the MBTA about
$365,000. A far more important effect, however, is that the perceived
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level of risk influences the operators' pay scale. If they feel that
they are in physical danger, the drivers will, quite properly, demand a
level of compensation commensurate with the risk. Another major factor

is the effect of violence or rowdyism on transit patronage. Anyone who
considers the bus or subway system unsafe, most likely will resort to
another travel mode, regardless of the cost or extra inconvenience. These
factors cannot be quantified, but they are real and they are important.

As in the case of the taxicab fleet, bus drivers can be trained to
Serve as a police auxiliary, reporting crimes-in-progress, suspicious
activity, accidents, wanted persons, etc. Two-way radio communications
with the dispatch center or, perhaps, with the police department directly,
would be essential to discharge this function properly.

Dandrea (Reference 27) has identified other secondary benefits that
would accrue to the MBTA from installing two-way voice/digital communi-
cations equipment in the entire bus fleet and a central communications
processor. In brief, these benefits are derived from making more accurate
and comprehensive on-line data available to the MBT2 management regarding
passenger loading, trip times, maintenance problems, schedule adherence,
and bus availability. Much of the data required for periodic schedule
updates, according to Dandrea, could be collected automatically with
such a system instead of sending traffic checkers to each lecading point
to record data manually. The result would be more efficient schedules and
better utilization of vehicles and drivers. The allocation of costs among
the 79 towns and cities included in the MBTA area is also determined, in
part, by passenger counts and Dandrea's proposed system would provide
more accurate inputs to that process.

What are the functional requirements for an urban bus transit system
like the MBTA? With respect to AVL accuracy, the dominant factors appear
to be headway control and the ability to locate a vehicle in the emergency
state quickly. Taking the Dudley-Harvard schedule as typical (3.7 miles
in 25 minutes), buses average about 9 mph or 790 feet per minute. Only
three of the MBTA's 199 routes have rush hour headways less than 5 minutes;
5 to 15 minute headways are more representative of the busiest routes. At
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9 mph, a 5 minute headway is equivalent to a 3950-foot spacing between
successive buses. For control purposes, the error in vehicle positions
should be no greater than 10% of the nominal spacing, i.e., a CPE (95%
confidence) of about 400 feet is indicated. Based on previous discussions
of police and taxicab requirements, this accuracy is also adequate for
locating a vehicle in trouble in a highly-developed downtown area.

Update requirements are not severe in a fixed-route bus system
as long as successive vehicles in a bus string are updated at approxi-
mately the same time. The relative positions determine what control
actions, if any, must be taken to correct headway or schedule deviations.
Periodic position updates of, say, one per minute should be adequate
for this purpose. A vehicle in the emergency state, however, should be
polled more frequently. The area covered by the MBTA system is 1022
square miles.

In summary, the application of AVL and digital data link techniques
to fixed-route bus control and monitoring appears to be cost effective.
For example, if the per-vehicle costs were $3000 and the central process-
ing and control facility were to cost $2,000,000, the total capital in-
vestment for the MBTA's 1200-bus system would be $5,600,000. Such an
investment would be recovered in less than a year by the 16% reduction
in the number of peak-hour buses and drivers required. The key question,
which must still be answered by an experimental demonstration, is whether
a practical headway control system can be devised which will actually
permit such a reduction. Headway control utilizing AVL information has
been attempted in the transit systems of Hamburg, London, Paris, Zurich,
and Chicago. The only significant data available to us concerning these
installations, however, is from the Hamburg operation (1152 buses, 24
routes). The headway deviation there was reduced by 50% and 25 reserve
buses were eliminated because of the improved regularity of the service.

Within the next two to three years, a major demonstration of the appli-
cation of AVM techniques to transit and para-transit fleets is planned
in the Los Angeles area by the Urban Mass Transportation Administration

(Reference 43). This experiment, involving the monitoring and contrel of 225
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buses of the Southern California Rapid Transit District operating on fixed
and random routes, will be extended in time to include a limited number of
other vhicles such as police patrols, delivery trucks, and taxis. A 1972
UMTA experiment for improving schedule maintenance and safety on 60 fixed
bus routes of the Chicago Transit Authority was unsuccessful because of
a large number of reliability problems with the equipment utilized, which
although evenually solved, adversely affected the results (Reference 44).
Prior to awarding the Phase II contract for the design, development,
and deployment of the Los Angeles multi-user AVM system, a preliminary
Phase I evaluation of four competing vehicle location sub-systems was con-
ducted in Philadelphia in early 1977. The candidate systems were Loran-C
(Teledyne), RF signposts (Fairchild and Hoffman), and pulse tri-lateration
(Hazeltine). The objective was to ascertain that the vehicle location
technique chosen for the Los Angeles experiment would operate satisfactorily
and within specifications in an urban environment. The results of this com-
petitive evaluation have been published by the D.O.T. Transportation
Systems Center, and are discussed in Section 3.2 (page 98). An earlier
comparison test of competing AVM technologies was conducted in Philadelphia
in 1971 under UMTA sponsorship, and is documented in References 45 and

46. The 1977 Philadelphia tests are described in Reference 59.
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2) Dial-A-Ride Bus Control. The main purpose behind the Dial-A-Ride

concept is to provide the door-to-door service characteristics of taxi-
cabs at a fare that approaches public transit fares. Lower costs per
passenger result from the fact that several persons can share the vehicle
at the same time. It is assumed that the demand will be sufficient in
the area served to create coincident trip origins and destinations that
can be satisfactorily accomodated by a set of piecewise-linear vehicle
pathg. If such is not the case, Dial-A-Ride reduces to ordinary taxi
service, but with higher-than-ordinary taxi expenses.

In the original concept analysis carried out at M.I.T. (References
30, 31), it was concluded that "Dial-A~Ride does not require an AVL system
to make it viable, but such a system would increase the efficiency by an
average of 10 percent for all system sizes. That is, the same level of
service could be provided with 10% fewer vehicles." Without AVL, the
scheduling system only knows each vehicle's exact position when the
driver reports via data link that he has picked up or dropped off a
passenger. Between reports, the system merely knows that the vehicle is
in transit between the last pickup/dropoff point in sequence. If the
distance between successive points is small, i.e., the trip demand density
is high, the uncertainty with respect to vehicle positions is not great.
However, if the distance between successive points is large, significant
errors in estimating a vehicle's position are possible, e.g., it makes
a great deal of difference whether the vehicle first proceeded East-West
or North-South on the street grid in travelling to the next pickup/dropoff
point. When a vehicle must be selected by the dispatch computer to provide
service to a new origin-destination pair, position errors may result in
the assignment of a bus which is not closest to the pickup point, thereby
generating excess mileage. On other occasions, the assignment may cause
a vehicle to back-track, which annoys the passengers already on-board.

According to Professor Nigel Wilson of M.I.T., the Rochester Dial-
A-Ride Demonstration Project has encountered a lower demand density than

expected and, as a consequence, the average distance between successive
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pickup/dropoff points is greater than anticipated (1.5 miles). Further-
more, drivers are quite casual about when they transmit a pickup or drop-
off signal to the dispatch computer via data link, and this adds to the
uncertainty in vehicle positions. 1In Professor Wilson's opinion, it is
virtually impossible to effect a rendezvous between a Dial-A-Ride vehicle
and a fixed route bus for transferring passengers without AVL position
information.

A 10% reduction in the number of vehicles required to provide a given
level of Dial-A-Ride service would be a more than adequate justification
for installing AVL equipment in the DAR fleet. Assuming a 5-year amorti-
zation period at 7% interest and an annual maintenance expense equal to
5% of the initial capital investment, a $1000 installation of AVL equip-
ment in one vehicle would result in a $295 annual charge for 5 years.

The cost per vehicle~hour for operating a Dial-A-Ride bus has been esti-
mated as $12.50 (Reference 30), hence the cost for one full year of
operation for one bus (l2-hour day) would be $54,750. Therefore, if a
fleet of N vehicles were to adopt AVL, 10% of the fleet could be retired
at an annual saving of $5475 N, but the installation of AVL equipment

in the remainding 0.9 N vehicles would result in a yearly expense of

(.9 N) (295) or $266 N. The benefit-to-cost ratio of utilizing AVL in

a Dial-A-Ride bus fleet, consequently, is twenty, a reasonable investment
by any standard.

No study, to our knowledge, has been done on the accuracy requirements
of AVL in a Dial-A-Ride system. The accuracy should be sufficient to
minimize the assignment of wrong buses to calls, to avoid back-tracking,
and to locate the vehicle quickly if the driver transmits on emergency
signal. In the police and taxi applications, we have seen that the latter
is the most stringent requirement,leading to a C.P.E. specification of
400 feet (95% confidence). On the basis of his simulation studies and
the Rochester experiment, Professor Nigel Wilson believes that a 600-foot
accuracy would be adequate for DAR bus scheduling. Position information
is not critical until a new origin-destination pair must be assigned,

and, even then, only the potential candidates for the assignment need to
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be located exactly. At other times, an overall fleet update period of
one minute would be acceptable.

Dial-a-Ride AVL coverage areas would vary from small cities to metro-
politan areas such as that served by the Massachusetts Bay Transportation
Authority (79 cities, 1022 square miles). The DAR experiment currently
being run by the Rochester Regional Transit Service operates in two se-

lected areas:

a) Greece - population 55,000 - area 10.2 square miles

b) TIrondequoit - population 48,500 - area 11.6 square miles

Other DAR experiments have been conducted in Haddonfield, N.J. (12,500
population, 1l square miles, 10 buses), Santa Clara County (1,150,000
population, 200 square miles, 40-75 buses). Numerous variations of
demand-responsive transit have also been implemented (Reference 30),
including over 50 small, manual Dial-A-Ride systems. In spite of all
the activity on DAR demonstrations, the most critical question is not
whether AVL should be included as part of a Dial-A-Ride installation,
but whether Dial-A-Ride itself is a viable transit concept.

It is obvious from the declining patronage and growing operating
deficits over the last 30 years that classic transit (rail rapid and
buses) is at a competitive disadvantage relative to the automobile trying
to serve the dispersed origin-dispersed destination trips characteristic
of today's metropolitan areas. It is also obvious, however, that the
dominance of the automobile in urban travel leads to some undesirable
side effects, e.g., excessive energy consumption, rush-hour traffic jams,
air pollution, a large number of accidental injuries and deaths, a dis-
proportionate allocation of urban space to roads and parking facilities,
and the exclusion of a significant portion of the population who are
non-drivers. The young, the aged, the poor, and the disabled lack
adequate access to an automobile. Furthermore, if the family car is used
to transport one member to work, other licensed drivers in the family

are deprived of its use during that member's absence.
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Nonetheless, unless a trip origin and destination are in the vicinity
of rapid transit lines, the automobile is almost certainly the fastest
and most convenient mode for any given urban trip. The average cost of
operating a private automobile in an urban environment (fuel, insurance,
depreciation, maintenance, etc.) is about $1500 per year or $4.10 per
day. Referring to the results of a comprehensive measurement of trip
making in the Eastern Massachusetts Regional Planning Project shown in
Table 2 (Reference 17), we note that the 1,070,000 automobiles in the
region were involved in 4,440,000 vehicle trips, i.e., the average auto-
mobile went on 4.15 trips per day. At the current cost of car owner-
ship, therefore, one vehicle trip represents an expenditure to the owner
of about $1.00. On trips to the urban core, there is an additional expense
of $1.50 to $2.50 for parking. Rapid transit and bus fares in the im-
mediate Boston area are both set at $.25 per ride, so it would appear that
transit has a distinct price advantage over the car, especially on trips
to the core area. In fact, however, the fares collected by the MBTA
contribute only 25% of the total cost of operating the system. Including
public subsidies, the true cost of a one- or two-mode trip by transit
is $1.00 to $2.00, which is comparable to the average cost of an auto-
mobile trip.

The precipitous increase in fuel prices in recent years and greater
concern over energy consumption and the degradation of the urban en-
vironment have created an urgent requirement for innovations that will
make the transit modes more competitive with the automobile, especially
in the critical area of trip time. In general, if transit time is equal
to automobile time, transit will get about half the trips, but if transit
takes more than 50% longer than the automobile, transit will only attract
customers who have no other choice. Refer to Figure 20 in the preceding
section, which shows the effect of travel time ratios (transit trip time
divided by automobile trip time) on the modal split between cars and
transit as estimated in eleven different studies.

In spite of the need for viable alternatives to the car, Dial-BA-Ride

experiments, such as Rochester, have not yet established that this
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Table 2

Weekdaf' Person Trips in Eastern Massachusetts

Regiona

Planning Project (1964 Measurements)

Number

Internal Person Trips

Auto Driver 4,444,000
Auto Pass. (Occupancy (1.43) 1,907,000

—_— e
Auto Internal Total

School Bus Passenger . 364,000
Subway/Streetcar Pass. 438,000
Bus Pass. 565,000

Train Pass. 53,000

Transit Total

Truck Passenger
Truck Driver
Taxi Driver

Taxi Passenger

Internal Person Trip Total

External-Internal Person Trips

Auto Driver 325,000

Auto Passenger (Occupancy2.1) 357,000
Auto External-Internal Total
Truck Driver External-Internal Trips

External-Internal Person Trip Total

Through Person Trips
Auto Driver 27,000

Auto Passengers (O.ccupancyz .45 38,000

Truck Driver through Trips

Total Person-Trips in EMRPP Area
(Avg. weekday)

Percent of

Total

Person Trips

6,351,000

1,420,000

11,000
875, 000
190, 000

69,000
8, 916,000

682, 000
38,000
720, 000

65, 000
_3,000
68,000

9, 704, 000
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technique can compete with the private automobile with respect to

travel time, convenience, and cost. Wilson has presented some prelimi-
nary results for tests last year in the Greece sector involving 7-9 com-
puter-dispatched vehicles (Reference 32). After three months of testing
and software refinement, the average wait time for customers demanding
immediate service was reduced to 23.4 minutes and the average ride time
was 18 minutes (Total time 41.4 minutes). For customers who called

in advance to be picked up at a specific time, the deviation from the
desired pickup time was 7 minutes (Std. Deviation). At the end of the
test period, daily ridership was up to 462 and vehicles were averaging
5.1 passengers per hour. 1In previous testing under manual control,

the DAR system had carried a peak daily load of 1000 passengers. Ori-
ginally, fares had been set at a flat $1.00, but, in later experiments,
a graduated fare scale based on zones was introduced ($.75, 1.25, and
1.75).

To assess the effect of a higher demand density, a one-day test
was run in September, 1976, with demand artifically augmented by a group
of volunteer riders. During the two-hour peak period, in which 133 pas-
sengers were served, vehicle productivity increased to 9.8 passengers per
hour, but wait times for immediate-service customers averaged 35.4
minutes and ride times were 22.9 minutes on the average (Total 58.3
minutes) . Perhaps even more discouraging was the large dispersion in
pickup times (11.4 minutes), i.e., the time interval between a request
for service and pickup, from the customers viewpoint, was unpredictable
and, in that sense, the system was considered unreliable. At the pre-
sent time, pickup delays have been reduced to about 18 minutes (average),
but vehicle productivity remains at a low level (5 passengers per hour) .
Dial-a-Ride service now operates 8 hours per day in both the Greece and
and Irandequoit test sectors using only 3 to 5 vehicles in each sector.
Subscription service, however, is available 12 hours per day. Bus
speeds average 16 mph. including the 5 to 10 stops per hour made by

each vehicle.
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The question of primary interest in our study is whether the
Dial-A-Ride transit mode is to be taken seriously as a potential user
of AVL techniques. The failure of the Santa Clara DAR experiment
(Reference 33) and the marginal performance of both the Haddonfield and
Rochester DAR experiments (References 30,32) indicate that Dial-A-Ride,
as presently conceived, is not a practical transit alternative. However,
after examining the evidence, we have concluded that, with appropriate
operational, institutional, and marketing changes, a viable para-transit
mode could be developed which might attract up to 30% of the trips made
in most urban areas. This mode would accomodate and integrate all of

the following trip formats:

1. Many-to-many (private), i.e., taxi
2. Many-to-many (shared ride) i.e., Dial-A-Ride

3. Many-to-one (shared) where the destination might be
a school, a place of work, a shopping center, a
rapid transit station, a special event, a child
care center, a medical care center, a senior citizen
center, airport, etc.

4. One-to-many (shared) inverse of item 3
5. Fixed Route Bus Service
6. Rail Rapid Transit Trunk Lines

7. Delivery of Parcels, Documents, Letters, Etc.

The ultimate test of such a system would be its performance relative to
the automobile; as shown in Pigure 20, a travel time ratio of about
1.2 would be required to divert 10 to 30% of the car trips to transit
under various circumstances. The Rochester Dial-A-Ride mean level of
service objective (2.5) was quite inferior to this, hence that system
attracted less than 1% of all person trips within the Greece sector.
[Note: mean level of service is defined as the mean of the system
service time divided by the mean direct driving time]. Reliability of
service is almost as important as trip time in attracting customers.
Specifically, dispersion in scheduled pickup times should be of the
order of one minute and waiting times for immediate service customers

should consistently be 5 to 10 minutes or less.
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That part of the system which operates in the many-to-many or
many-to-one mode should be organized as a taxicab, not as a transit,
service, with the driver's compensation being proportional to fares
collected. Fares, in general, should vary with the type of service
provided, e.g., a many-to-many (private) ride would cost considerably
more than a many-to-one (shared) ride. The many-to-many services do not
appear to be economically feasible unless vehicle operating costs are
approximately equal to that achieved in the taxicab industry ($6.00 per
vehicle hour). This figure includes the driver's compensation, of course,
and it would not be possible at transit pay scales.

In any given urban area, the natural inclination would be to start
with a limited number of vehicles operating in the paratransit mode and
to expand the fleet size gradually with increased public demand for ser-
vice. Unfortunately, because of the enormous trip-making activity in
all metropolitan regions, there is always the danger that the initial
fleet will be overloaded immediately, causing the level of service to
degrade and potential future customers to become prematurely disenchanted
with the capabilities of the system. The collapse of the Santa Clara
DAR experiment was a classic illustration of an insurmountable start-
up problem (Reference 33). The Rochester experiment is a less hopeless
situation, but it, also, is a good example of the double jeopardy in
which small scale transportation innovations are placed. If the service
offered is too good, too many people will be attracted to it, the initial
system resources will be overtaxed, the system performance will deteri-
orate, and the users will become alienated. On the other hand, if the
service is bad to begin with, the innovation will be rejected by the
public forthwith. It is virtually a no-win situation in which the
strategy is to provide a service that is neither too attractive or too
unattractive, price being an important factor in controlling its
usage. To illustrate the problem, we examinedthe trip demand potential
that existed in the Rochester-Greece sector prior to the start of the
experiment there. The Rochester-Genesee Regional Transportation Authority
estimated that the Greece test area generated 56,000 intra-city trips

per day by all modes. The peak hour usually has about 8% of the daily
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trip total, which in this case would be 4480 trips. The test area was
10.2 square miles, so the peak demand density was 439 trips per square
mile per hour. Figure 22 shows the many-to-many simulation results ob-
tained by Wilson in 1971 (Reference 31), with Greece data added

(dashed lines). Wilson's results indicate that for the area of Greece,
18 vehicles would be necessary to provide a mean level of service of
2.5 if the demand density for DAR service were only 12 trips per hour
per square mile (2.7% of the total demand density during the peak hour).
Since only 5 to 10 DAR vehicles were available for the initial series
of tests, it is clear that if more than about l% of the intra-Greece
trips had switched to Dial-A-Ride, the system would have saturated and
levels of service would have deteriorated. Figure 23, also based on
Wilson's simulation studies, shows that under conditions of a constant
demand density (25 trips per square mile per hour or 5.7% of the total
demand density during the peak hour), the number of vehicles required
to improve the level of service goes up rapidly below a value of two.
Fortunately, the vehicles are more efficient in carrying many-to-one
Oor one-to-many passengers and a substantial percentage of the trips in
Greece are in these categories. For example, two shopping centers
generate roughly 33% of the intra-Greece trips, and Kodak Park, a very
large industrial site, is located in Greece.

We have spent a great deal of time discussing the prospects of
Dial-A-Ride and other paratransit modes mainly because such applications
might well be the predominant users of AVL equipment in a metropolitan
area. A quick estimate of the potential number of paratransit vehicles
required to service the Eastern Massachusetts Regional Planning Project
area, for example, was 12,000. Surprisingly, the number of taxis, MBTA
buses, school buses, and private buses in the EMRPP area is already
a substantial fraction of this figure.

In a recent article (Reference 42), Alan Altshuler, Professor
of Political Science and of Urban Studies and Planning at M.I.T. and
formerly Secretary of Transportation and Construction for the Common-

wealth of Massachusetts points out that "the American political system
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strives, wherever possible, to accommodate new demands without disturbing
existing policies and behavior patterns. This approach to political
problem-solving tends to minimize conflict." As a consequence, "the
ideal innovation is one that consumers will buy voluntarily in the market
place, at a price high enough to cover its cost .... BAmerican politicians
are drawn inexorably to technological innovation as a path to problem
solving with minimal disruption of existing social arrangements and
behavior patterns. Where technology is unable to do the job, the system
often appears woefully ineffective."

The national transit industry has had an operating deficit since
1963 and, by 1975, the deficit had reached $1.7 billion. Roughly 40%
of all federal aid for urban transportation now goes for transit purposes.
Federal transit assistance in FY 1977 totalled $2.5 billion, a 19-fold
increase over the 1970 level. Altshuler states, "Yet the transit share
of urban travel has continued to decline. The automobile accounts to-
day for about 97.5% of all passenger miles of travel in urban areas, up
from 83% in 1950 and 93% in 1960. One can reasonably estimate, on the
basis of numerous studies of urban travel demand and of consumer response
to transit improvements, that the automotive share will remain at this
level or increase slightly even if no additional highway capacity is
constructed over the next several decades.” Altshuler cites a recent
study by the Office of Technology Assessment that concluded that doubling
the transit vehicle mileage operated each day throughout the nation would
generate only a 20 to 40% increase in ridership. Eliminating transit
fares and holding service levels constant would generate a 50 to 70%
increase in ridership. Altshuler concludes that if both policies were
combined that, at best, transit patronage would double. This would
only raise the transit share of urban travel to about 5% and it would
entail a tripling of public spending for transit purposes by all

levels of government. "Because of the growing sense of the limits of
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conventional highway and transit programs, there has recently been an
upsurge of interest in more innovative means of solving the problems of
urban transportation." These include improved traffic management techniques,
para-transit services such as dial-a-ride, regulatory measures to force

the development of safer, less polluting, more fuel-efficient automobiles,
and auto travel disincentives (gas and parking taxes, higher tolls, etc.).
"Demand responsive transit services, efforts to promote carpooling and
van pooling, and increases in conventional transit service coverage, how-
ever, seem likely to attract only very small numbers of patrons in the
years ahead," according to Altshuler. There is a distinct possibility that
Altshuler's last conclusion may be in error. The issue is sufficiently im-
portant that we have recommended in Section 5 that an urban test bed be set
up to assess the ability of good paratransit service to divert trips from

the private automobile.
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2.4 Emergency Medical Services

Functionally, the assignment of an ambulance to an emergency medical
case is similar to the dispatching of police vehicles. Minimizing the
time spent on the dispatch operation, the trip to pick up the victim, and
delivery to an appropriate medical facility are of the utmost importance.
Approximately 600,000 Americans die each year as a result of heart
attacks and another 100,000 are killed in accidents. Many of these
fatalities could be prevented by prompt medical attention. The arguments
presented in the discussion of police command and control systems for
push-button dispatching and AVL, therefore, are also applicable to ambu-
lance command and control. The requirements for medical emergency and
police dispatching are so similar, in fact, that it is clear that the
two systems should be combined where possible. An integrated medical
and police dispatch facility, in which both services share a common
address data base and dispatch computer, is currently in operation in
Boston. Often, of course, events like automobile accidents and fires
require all three emergency services, police, fire, and ambulance.
Coordination would be facilitated by the use of a single dispatch center
and overall operational efficiency would be enhanced.

At first glance, it is not obvious that AVL would be a useful re-
quirement for ambulances, since such vehicles are usually stationed at
a specific location like a firehouse. In Boston, however, the Department
of Health and Hospitals, not the Fire Department,is responsible for em-
ergency medical services and the 8-12 ambulances on standby have no
pre-assigned locations. Not infrequently, an ambulance that has just
completed a run, but is still on the road, is the most suitable vehicle
for a new assignment. To illustrate, the Emergency Medical
service of the Watertown (Mass.) Fire Department recently answered
five successive calls over a period of three hours without once returning
to the firehouse. The new Federal Ambulance Specifications (KKK-a-1822,
issued January, 1974) and more strict state supervision of emergency
medical services (e.g., Massachusetts Ambulance Law and Regulations
passed in 1973) have reduced the number of vehicles qualified to offer
Class 1 emergency service. As a consequence, those vehicles which do

meet the more stringent current requirements operate at a higher duty
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cycle and are on the road a greater percentage of the time. The trend
toward delivering patients directly to the hospital best equipped and
staffed to handle their specific difficulty will tend to produce longer
vehicle trips and more time spent on the road.

Perhaps the most compelling argument for equipping emergency vehi-
cles with AVL, however, is the ability to exercise effective control
over a large number of mobile units in the event of a major disaster such
as an earthquake, plane crash, large-area fire, or act of war. Many
vehicles from outside the afflicted area would be required to provide
the necessary medical, fire and police services. The dynamic allocation
of these resources as well as the control of local vehicles, would be
greatly facilitated by up-to-date position and status information on
each unit. Of even greater importance, however, would be the prior
coordination of emergency communications so that effective disaster re-
lief could be provided to all urban areas by the surrounding region.

As in the case of police operations, the use of AVL by emergency
medical services is only practical as part of an integrated system with
computer-aided dispatching and digital data communications. Information
concerning each case should be entered as received by phone into the
computer via a keyboard/display console. The computer could automatically
check the validity of the address and maintain an up-to-date record of
ambulance locations and status, and hospital locations, facilities, and
status to assist in the choice of an appropriate point of entry for the
patient. As soon as enough information is received to select the nearest
available ambulance with the proper equipment and staff to handle the
case, the medical dispatcher should have a push-button dispatch capability
so that a vehicle can be sent on its way while he is recording the re-
maining data. Additional information will be received from "first re-
sponders" or from the ambulance crew after they have examined the patient,
and this too should be incorporated in the computer file on the accident
and made available to the hospital selected as the point of entry. Some

agencies are even planning to telemeter patient data such as electro-

71



cardiogram signals from the ambulance en route to the hospital. The
medical dispatcher should also have access to police and fire department
support units and private ambulance services as backups for the first-
line emergency vehicles. Because of the limited number of Class 1
ambulances available, the dispatcher's initial task might be to get

a trained "first responder" to the scene quickly to attempt to stabilize
the patient's condition before the arrival of the Emergency Medical
Technicians in the ambulance. First responders are also helpful in
evaluating an emergency situation first-hand, thereby assisting the
dispatcher in assigning the proper resources. The first responder in

many cases is a police officer, although with proper training, lifeguards,
bus drivers, taxi drivers, and firemen could be equally effective in

this role. There are many more police vehicles, buses, and taxis in a
given metropolitan area than there are ambulances, hence, fast response
times should be possible. In a survey conducted in 1973, the Massachusetts
Department of Public Health found that only 196 of the 1092 vehicles

used as ambulances in the State meet today's standards. At that time, 31
vehicles had direct radio communications with a hospital and less than
one-third of the ambulances carried all nine essential pieces of equipment
(suction, oxygen, resuscitation equipment, splints, long and short spine-
boards, first aid and obstetric kits, and ambulance cot). Only 761 of

the 13,000 ambulance attendants in the State were trained at the Emergency
Medical Technician (EMT) level. The present objective of the Massachusetts
Office of Emergency Medical Services is to have 9,000 trained EMT's to
staff the Commonwealth's ambulance services and an additional 37,000 persons
with enough first aid training to be classified as "first responders".

The situation has improved dramatically since 1973 due to a number
of federal and state programs to upgrade ambulances, personnel training,
communications, hospital emergency facilities, coordination between
agencies, record keeping, and public awareness. To the outside observer,
in fact, the parallel efforts in this field could themselves be co-
ordinated more effectively. Both the Department of Transportation National
Highway Traffic Safety Administration and the Department of Health, Education,
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Welfare (EMS Division) have programs to support emergency medical services
at the state and local level. While the Law Enforcement Assistance Ad-
ministration of the Justice Department is providing funds for centralized
police dispatch facilities, the Department of Transportation is doing the
same thing for fire and emergency medical dispatch facilities. The Coast
Guard is responsible for EMS for vessels in coastal waters. The Federal
Communications Commission exerts an indirect influence on efforts to
coordinate emergency services by its power to allocate radio channels.
Further overlapping of responsibilities exists at the state, county and
local levels. Civil Defense, National Guard, and military organizations

are active participants in disaster relief planning.

2.5 Aircraft Movement on an Airport Surface

The advent of Category 3 landings and takeoffs requires, as a pre-
requisite, a method of navigating aircraft and avoiding conflicts on
the airport surface under Category 3 visibility conditions. The prevention
of conflicts between aircraft on the ground, of course, has always been
a primary ATC objective. We believe that two of the AVL techniques
discussed in this report, multilateration and Loran-C, can satisfy the
surface navigation requirements of aircraft in restricted visibility
and that it is appropriate to include this application in the evalua-
tion of AVL costs and benefits.

The prevention of conflicts on the airport surface is a classic
AVL problem. The tower controllers require a real-time map display
showing the positions of all moving vehicles on the taxiways and runways
in order to direct traffic effectively under restricted visibility con-
ditions. Of particular importance is keeping the active runways free
of vehicles during landings and takeoffs. A number of serious accidents
have occurred in recent years (Chicago O'Hare, Boston Logan, Canary
Islands Tenerife, Tel Aviv, etc.) involving takeoffs on an obstructed
runway. Under Category 1 (220 ft. ceiling, 2600 ft. visibility), Category
2 (100 ft. ceiling, 1200 ft. visibility), and Category 3A (visibility
700 f£t.) conditions, pilots can detect nearby aircraft and vehicles

visually, so a location accuracy specification of 400 feet (C.P.E. 95%)
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would be entirely adequate. However, under Category 3B conditions (150
ft. visibility), they would have to rely primarily on AVL data displayed
in the cockpit for conflict avoidance and general guidance on the taxiways.
As can be seen in Figure 24, the taxiway network of a major terminal such
as Kennedy is complex and it would be rather easy to get lost under
Category 3 conditions. In Category 3C (zero visibility), the pilots would
be totally dependent on AVL information for collision avoidance, for
surface navigation, and even for keeping the wheels of the aircraft on

the taxiway. A typical taxiway is only 75 feet wide, whereas the

wheel spacing on a 747 is 36 feet. Taxiway tracking, therefore, would
require an AVL accuracy of less than 20 feet C.P.E. (95%). This is by

far the most stringent accuracy specification on AVL that we have
encountered, comparable to the requirements for the navigation of vessels
on certain inland and coastal waterways.

A major element of the FAA's future Upgraded Third Generation ATC
System is an all-weather capability for surveillance, guidance, and
control of aircraft on the airport surface. Since 1972, the D.O.T.
Transportation Systems Center has been engaged in an effort to specify,
design, and develop new equipment to satisfy the FAA requirements. For
surveillance, TSC has selected the Bendix Geoscan technique which employs
ATCRBS transponder replies from aircraft and multiple, fixed receivers
for accurate position location and vehicle identification. Two or more
phased-array antennas must be installed at each airport so that aircraft
can be interogated individually and located by trilateration from their
replies. The cost of a complete system, including four Geoscan antennas,
displays, and computer, suitable for a major airport has been estimated
as $600,000. It is probable that a LORAN-C minichain in each majoxr
metropolitan area could be used to locate aircraft with comparable
accuracy on an airport surface, position data being sent via data link
from the aircraft to the tower. Since the chain could also be utilized
by other agencies (police, ambulance, busses, etc.), this solution to the
surface surveillance problem appears to be more cost-effective than the

special-purpose Geoscan system selected by TSC.

74



improvements described in Reference 50.

Note: Items (D) thruO refer to recommended

Figure 24 Taxiway Network = = Kennedy Airport



2.6 Truck Dispatching and Security

In 1972, there were 19,747,000 trucks in operation in the United
States generating about 245 billion truck-miles of travel (Reference
56). All but 5,283,000 of these vehicles were small pickup and panel

types. As the breakdown below indicates, there was a great diversity

of uses:
Agriculture 4,258,000 trucks
Forestry and Lumbering 187,000 "
Mining 77,000 "
Construction 1,693,000 "
Manufacturing 443,000 "
Wholesale and Retail 1,875,000 "
For Hire 770,000 "
Personal Transportation 8,122,000 "
Utilities and Services 1,995,000 "
All Other 327,000 "

19,747,000

Since the discussion of AVL applications has centered on metropolitan
areas, we will only consider the user categories which are character-
istically urban (Manufacturing, Wholesale and Retail, For Hire, Utilities,
and Service). These users employ 5,083,000 trucks or 26% of the total
truck fleet.

The approach taken was to survey truck operations in a specific
urban area (Boston) which were typical of the various categories of
users and to evaluate the potential benefits of an AVL capability
applied to each mode of operation. The benefits, in general, were

of three types:

1) More efficient use of trucks and manpower
2) Security

3) More effective supervision of drivers

The economic profile of the trucking industry as a whole can be
indicated by a few general statistics (Reference 56). Of the 2071
billion ton-miles of domestic intercity freight carried in 1972,

22.7% was carried in trucks compared to 37.8% by rail, 16.3% by inland
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waterways, 23% by pipeline, and .2% by air. However, motor carriers
of property regulated by the Interstate Commerce Commission, which
handled only a fraction of the highway ton-miles cited above, generated
operating revenues of $18.7 billion in 1972. In contrast, the operating
revenue of railroads was just $14.15 billion, of water carriers $.55
billion, and of pipelines $1.34 billion. The operating revenues of
motor carriers of property with a payroll and not subject to ICC regu-
lation (local and intra-state carriers and carriers of certain exempt
agricultural commodities, fish, etc.) was $7.8 billion. About 100,000
long-haul trucks are operated by independent owner-drivers , most of whom
hire themselves out to the big, government-regulated freight companies
and haul whatever they are assigned. BAbout 20% of the independents how-
ever, are involved in produce hauling. It is estimated that the in-
dependents are responsible for about 40% of all inter-city truck traffic.
In addition, of course, there are a large number of trucks operated by
private firms which are not for hire, but which are employed in the
movement of inter-state and local freight associated with the organi-
zation's business. When this category of trucks is included, the
nation's highway freight bill for 1972 probably totalled about $65 billion.
Some 1,085,000 people were employed in trucking and warehousing in
1975, 41.7% of the total direct employment in the transportation industry.
The Class 1 motor carriers dominate the segment of the industry
under ICC regulation. The 1525 carriers placed in this category in 1972
generated 80% of the operating revenues collected by the 15,000 Class
1, Class 2, and Class 3 firms. The Class 1 fleet in 1972 had 56,000
trucks, 148,000 truck tractors, and 327,000 trailers. At the other
extreme, the 62,924 for-hire establishments with a payroll and not sub-
ject to ICC regulation were predominantly small, local firms engaged in

the following activities.

Number of Operating
Activity Establishments Revenues (Millions)
general freight 10,947 $1,692
household goods 7,891 287
sand and gravel 10,661 1,269
trash and garbage collection 8,292 945
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Operating

Activity Establishments Revenues (Millions)
package or parcel delivery 1,410 $ 155
agricultural products and other 10,812 1,182
ICC exempt commodities
mail, contract 2,685 200
timber 1,878 192
other commodities 8,348 1,171
62,924 $7,793

Two Class 1 common carriers serving the Boston area, McLean and
St. Johnsbury, were contacted to determine if any aspect of their opera-
tions might benefit from an AVL capability. Both firms have a local
terminal where freight picked up in the region is collected and loaded
onto their long-haul trucks. Conversely, inter-city freight dropped
off at these terminals is transferred to local delivery trucks and
distributed throughout the metropolitan area. St. Johnsbury, the biggest
carrier in New England, has 75 to 100 radio-equipped pickup and delivery
trucks operating out of its Cambridge terminal and servicing the entire
Eastern Massachusetts region. According to Mr. Collins, the manager of
the terminal, about 75% of the local truck stops are pre-scheduled and
the remaining 25% result from customer pickup calls during the day. 1In
the latter cases, AVL would enhance efficiency by enabling the dispatcher
to assign the nearest truck to each pickup. The line-haul trucks operate,
for the most part, on a regular schedule along an ICC-authorized route
from terminal to terminal. Their position in transit can usually be
estimated with reasonable accuracy on the basis of their departure time
from the previous terminal. St. Johnsbury takes special precautions with
high-value cargoes, such as providing an escort, and hijacking has not
been a serious problem for this firm.

McLean is a large Class 1 common carrier with extensive operating
rights in North and South Carolina and the northeast quadrant of the
United States. It operates over 65 freight terminals. The one located
in Stoneham, Mass. serves the Metropolitan Boston area with a fleet of
46 pickup and delivery trucks, all but 9 of which are radioc equipped.

Mr. DiSantis, the manager of the Stoneham terminal, estimated that less
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than half the truck pickups each day are prescheduled and that knowing
the location of the vehicles would help the dispatcher to select the
best truck for a given pickup. At one time, the McLean dispatchers tried
to keep track of truck locations via voice reports on the radio channel,
but this task became too burdensome as the fleet got larger and systematic
monitoring was discontinued. Mr. DiSantis was especially enthusiastic
about the use of AVL to provide more effective supervision of drivers.
They are on their own and scattered over the entire Metropolitan Boston
area. The company is very vulnerable to employee abuses, which can cut
productive effort by up to 50%. According to Mr. DiSantis, automatic
vehicle location is a capability which is "sorely needed" in the truck-
ing industry. McLean protects high-value loads by having the driver
report his status to the dispatcher at regular intervals. At present,
hijacking does not appear to be a major problem for this firm.

To get a more comprehensive view of the hijacking losses sustained
by local truckers, a visit was made to Mr. Leslie B. Morash, President
of the Transportation Security Council of Massachusetts, who provided
us with statistics collected by his organization from newspaper clippings.
According to this source, the total loss in 1976 in New England due to hi-
jacking, theft of loaded vehicles, and armed robbery was $3,516,806.
There were 108 incidents during the year (72 private, 36 common car-
rier), 11 drivers were kidnapped, and armed robberies occurred at five
terminals. In 1975, the losses totalled $2,594,461 for 100 incidents
and in 1974, they came to $4,386,610 for 98 incidents. Since these
figures are based solely on newspaper reports, they may be incomplete
and the magnitude of the losses could be inaccurate. Unfortunately,
more reliable data is not available. Insurance claim reports assembled
by the ICC for class 1 and Class 2 carriers in 1973 showed the loss levels

indicated in the following table:

United States % New England %
Shortages $60,263,000 88.12 $1,559,000 72.95
Thefts/Pilferage 6,357,000 9.30 255,000 11.93
HiJack 1,764,000 2.58 323,000 15.12

$68, 384,000 100% $2,137,000 100%
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If shortages are assumed to be caused by employee theft, then the theft-
related losses listed above constituted 58.8% of all the insurance
claims paid to Class 1 and Class 2 carriers in 1973 in the United States,
but these losses amounted to only .6% of their total sales. At the
other extreme, the Aerospace Corporation claims that the average annual
loss by hijack or theft of trucks engaged in urban pickup and delivery
service is $1950 a year. Another survey by the Senate Select Committee
on Small Business in 1972 placed the total cost of cargo theft in the
United States at $1.5 billion a year, $900 million of which occurred in
the trucking industry, but 85% of this loss, typically, was internal
theft by employees (Reference 57).* In the opinion of personnel in the
Major Crime Unit of the Massachusetts State Police, 60 to 75% of the
truck hijackings may also involve employee collusion. If this is the
case, a driver-actuated alarm system, by itself, cannot be relied upon
for protection.

The lack of authoritative data on the extent of hijacking losses
makes it difficult to evaluate the potential benefits of a protective
device based on AVL techniques. If the Aerospace estimate of $1950
in losses per pickup/delivery truck per year is correct, however, then
cléarly the investment of a comparable sum in protective equipment is
worthy of careful consideration.

The ability to assign the nearest truck to a pickup and to super-
vise the drivers more effectively are additional benefits that would
be of significant value also. Mr. Morash, who is also the President of

the B.N. Corkum Transportation Company, stated that with proper monitoring

*If this estimate is accepted, then the total nation-wide loss due to
hijacking and overt theft was 15% of $900M or $135M annually. Con-
versely, if the New England losses, which averaged $3,500,000 per year

in 1976, 1975, and 1974 according to the Transportation Security Council
of Massachusetts, are assumed to be 7.1% of the national total (as in-
dicated in the ICC 1973 figures), then the total domestic loss due to
hijacking and overt theft would only be $49,176,000. With the data
available, therefore, we conclude that the actual total loss in the
1972-73 era was somewhere between $50 M and $135 M per year.
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the productivity of his drivers could probably be increased by at least
10%. If it takes $35,000 per year to operate a pickup/delivery truck
(driver, gas, oil, maintenance, amortization, etc.), then a 10% boost in
productivity would be worth about $3500 per vehicle per year. If a 10%
gain in productivity could also be realized from optimizing pickup assign-
ments, an additional benefit of $3500 per vehicle per year would be
achieved.

A different type of pickup and delivery is provided by the Central De-
livery service of Boston. They have 40 radio dispatched vehicles which
are employed for fast pickup and delivery on a 24-hour-a-day, 7 day-a-
week basis. Deliveries are made anywhere in the state, although 90% of
their business is inside Route 128, the circumferential highway around
Metropolitan Boston. An IBM card is punched for each customer call and
these are posted on a status board by the dispatcher under the name of
the driver assigned to the call. By keeping the cards in proper sequence,
the dispatcher has a rough idea of where each driver is and where he will
be in the future. The dispatcher's task is not merely to assign the
nearest vehicle to a pickup, but also to combine all the deliveries to
a given area in one vehicle. Mr. Brooks, the operations manager of the
service, believes that AVL techniques combined with computer aided dis-
patching would be very helpful. The value would be even greater to the
parent company in Washington, D.C., which operates a fleet of 200-300
vehicles with nine telephone clerks and three dispatchers handling

several thousand calls a day.

The United Parcel Service, on the other hand, operates its 200 vehicles

in the Boston area entirely on a pre-scheduled basis. Each driver has
a fixed area in which he makes deliveries in the morning and pickups
in the afternoon. The vehicles are not radio equipped. Ninety stops
would be a typically daily schedule for one truck. In this mode of
operation, AVL would be of little value unless security or supervision
of drivers were problems of consequence and this does not appear to be

the case.
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The Boston Post Office serves 26 cities and towns with a fleet of
1100 vehicles utilized for mail delivery, mailbox pickups, parcel post
delivery, intra-city transfers, and supervision. Inter-city mail trans-
fers are now carried out by contractors using tractor-trailer combina-
tions. Almost all vehicle movements are based on fixed routes and pre-
determined schedules, so the value of knowing vehicle locations at all
times is not great. The ability to supervise the drivers more closely
is a possible worthwhile benefit according to Mr. John Moran, Manager
of Vehicle Services for Boston. Security is not a problem!

Service firms* employ a large number of trucks in every metropolitan
area. We contacted a typical firm, the A.W. Ashton Company, which operates
a fleet of 11 radio-dispatched trucks in its electrical contracting
business, to check on the applicability of AVL techniques. The Ashton
mobile units, for the most part, remain inside the Route 128 circum-
ferential and whenever they transfer from one job to another, the central
dispatcher is notified. A large numbex of calls for emergency service
are received each day which must be assigned to units already in the
field. On the average, however, each unit only handles about 4 jobs a
day. With a fleet of this size (11 vehicles) and a small number of stops
per vehicle (4), the task of keeping track of the location and status
of each unit can be readily carried out by the central dispatcher.
AVL or CAD systems do not appear to be cost effective for a business
of this size, but sharing a metropolitan area AVL service with other
users might provide a low-cost means of supervising the operations
of numerous small fleets.

The utility companies all have large truck fleets employed in

routine installation and emergency repair work. New England Telephone

*plumbing, heating, electrical contracting, telephone, power, gas, septic
tank service, carpentry, refrigeration, air conditioning, uniform
rental, linen supply, laundries, locksmiths, road service, TV repair,
dry cleaning, copy services, vending machines, burgular alarm service,
messenger service, armored car delivery, ticket delivery, film
proceésing, newspaper distribution, auto parts distribution, diaper
services, flower delivery, air freight pickup and delivery, etc.
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operates a total of 8500 trucks, but the foreman in a given area, such as
Cambridge or Boston , has only a small number of emergency vehicles under
his direct control. Most telephone trucks, except in the rural parts of
New England, are not even radio equipped. Under normal conditions, a
vehicle crew starts out with a pre-determined sequence of jobs every

day, and reports via phone to the local foreman after each job is com-
pleted before moving on to the next site. This control system appears

to be adequate except in disaster situations (hurricanes, ice storms,
floods, etc.) where emergency assignments must be made to vehicles al-
ready in the field and where a large number of outside trucks are often
brought into the disaster area to assist the local crews. The inescapa-
ble conclusion, however, is that if New England Telephone has decided that
two-way radio is not worthwhile, then it is unlikely to install AVL
equipment in the near future. We were told by Sgt. Fickle of the
Huntington Beach Police Department that the Los Angeles Telephone

Company was interested in AVL to provide security for trucks that pick-up
pay phone money. Apparently enough collectors have been robbed in that
area to make the consideration of AVL monitoring worthwhile. As in the
case of truck hijacking, however, employee collusion is probably a

factor in a significant percentage of the "robberies."

The Boston Edison Company operates 400 to 500 trucks dispatched from
eight locations scattered about the Metropolitan Boston area. Each super-
visor is in direct radio contact with his trucks, but when outside trucks
are brought into the area to assist the local crews, they are accompanied
by radio-equipped Edison vehicles for relaying messages transmitted on the
Edison channels. Supervision of crews is largely carried out via radio,
although occasionally a supervisor will personally visit a job site. Mr.
Paul Ardito, a manager of repair and maintenance crews for Boston Edison,
was interested in the application of AVL techniques for the coordination of
emergency services and for supervisory functions, but he was unwilling

to make a judgement without having firm estimates on cost and performance.
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3. LOCATION TECHNOLOGY

During the course of this study, the various operational or proposed
methods of terrestrial radio determination (TRD), particularly automatic
vehicle location (AVL) and monitoring (AVM), have been identified and
studied to the extent of available information. Two operational AVM
sites were visited (the St. Louis and Huntington Beach Police Departments),
contacts were made with the manufacturers of these and other types of
TRD equipment, and the extensive literature in this field was carefully
reviewed. Also, important new comparative test results in the urban
environment for three of the four basic TRD system types became avail-
able in June, 1977, as a result of UMTA/TSC-sponsored tests in Philadelphia.

Except for some in-~house data obtained in tests of a Loran-C re-
ceiver conducted as a thesis project under the contract, the discussion
is based on results obtained by others as published in the technical
literature or in report form. 1In line with the contract directions of
looking ahead toward possible future widespread use of TRD techniques,
and in particular toward common, multi-user systems that might serve a
variety of requirements, the emphasis has been on determining and setting
forth the general characteristics of the various location techniques in
such matters as accuracy, capacity (number of position determinations
per unit time), coverage area, and cost. Some of these factors are inter-
twined with the communications question, as will be discussed in Section
4. The present discussion concerns only the basic location technology.

Section 3.1 below discusses general system issues of TRD technology
including comments on factors that have affected system choices in systems
to date, definitions of centralized and de-centralized systems and user
requirements, brief review of the characteristics basic to TRD technology
classes, and hybrid systems, i.e., use of more than one basic TRD techno-
logy in a single system. Section 3.2 discusses the results of recent (1977)
test results for four AVM systems in Philadelphia (including three of
the four basic TRD techniques), and Section 3.3 describes the results of
some tests made by M.I.T. on a Loran-C receiver as part of the present
project.

Section 3.4 represents some final observations on location technology.
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3.1 TRD System Considerations

1) System Choice

Choice of the best TRD system for a given application depends, of

course,on what one is trying to do, how much one wants to pay for it,

and existing TRD facilities (e.g., Loran-C coverade, proximity devices,
etc.) that may already be available in the operational area of interest.
Up to the present, most TRD applications have been in virgin territory in
which there were no existing facilities to consider. Also, each TRD
system has been primarily planned and installed by a single user. Thus,
each application has installed a complete system, including the position
determination component to meet his own needs and without particular
reference to other possible needs in the same area.

The diversity of technologies is well illustrated in the literature
(References 1,2,6,7,15), and an almost random selection from then is evident
in the few existing or planned installations to date. For example, the
Chicago Transit (Monitor-CTA), the Montclair Police, and the Huntington
Beach Police installed signpost (proximity) systems (References 44,10,1), the
St. Louis Police have a dead-reckoning system (References 9,25), and the
Dallas Police are in process of installing a wideband pulse-multilateration
system. Two signpost systems, one pulse multilateration system, and one
Loran-C system are currently in contention for the Los Angeles bus trans-
it installation, which includes requirements for some random-route capa-
bility (References 43 and 59), and Loran-C is under consideration for the
New York State Police (Reference 4). Finally, a phase-locked AM-Broadcast
AVL system is about to be tested with a truck fleet in ILos Angeles as
an anti-hijacking aid (Reference 26). This diversity is typical of a new
technology (AVM) and, of course, has been influenced by the states of
development, costs, and relative performances of the various approaches
at the time that each procurement decision was made, as well as by the
requirements set forth by the procuring agencies, which were quite di-

verse in nature, particularly in regard to AVM coverage and accuracy.
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An interesting aspect of the history to date regarding Loran-C is
that none of the present operational AVM systems are in areas of the U.S.
that had Loran-C coverage at the time these systems were procured, thus
it was not a viable option for those systems. With the expanded coverage
now going in on the Gulf Coast (7/78), the West Coast (1/77), and the
Great Lakes region (2/80), only the band of states roughly between
Nevada and Nebraska will be without Loran-C coverage by 1980 (3 to 5 addi-
tional transmitters have been proposed to £ill this gap, but have not yet
been authorized). The expanded coverage and the recent improvements in
Loran-C technology (better transmitter timing and low-cost receivers)
make Loran-C a contender for many more locations, as evidenced by its pres-
ent consideration for Los Angeles and New York State. However it must
still compete on a performance basis in individual applications decisions.
As will be described, it has not demonstrated itself to be the most accurate
of the present technologies in the urban environment and may lose out on
that count for particular requirements. On the other hand, its inherent
coverage capabilities over broad reaches of the U.S. commend it for wide-
area applications that are just beginning to be evolved, and hybridization
with other TRD technologies and/or installation of local mini-chain Loran-
C transmitters can help it to meet high-accuracy requirements in critical
locations.

The issue of system choice will of course continue, but its nature
will be continually changing as technologies improve, as TRD applications
(and therefore installed facilities) increase, and most particularly,
if actions taken at the national government level push TRD technology in
a specific direction, as has happened in the standardization of Loran-C

for marine navigation in the Coastal Confluence Zone.

2) Centralization vs. De-Centralization

From a technology viewpoint, TRD systems can broadly be divided into

two classes: centralized systems (those in which a central location is

involved in some way in determining the positions of participating mobile

units), and de-centralized systems (those in which a mobile unit
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can determine its own position without communicating with any other loca-
tion). From a needs viewpoint, TRD systems can also be either centralized
(a central location wants to know where each participating mobile unit

is but the units do not need this position information), or de-centralized
(only the mobile units are interested in their own positions, e.g., for
navigation). These two viewpoints form a matrix with four intersections
such that either centralized or de-centralized TRD technology can be used
to fill centralized needs, assuming communication capability in either
case. Similarly, although de-centralized needs would normally be met

by de-centralized technology (i.e., one in which mobile units can de-
termine their own locations independent of any central system), they

can also be met by centralized TRD technology if one is willing to depend
on a central-to-mobile communication link for position information at the
mobile units. Thus in characterizing TRD systems as centralized or de-
centralized, it is useful to distinguish between the means of position
determination on the one hand, and the information flow on the other.

It is important to note that centralization may reduce costs and/or
improve performance in a TRD system, even when the information needs are
decentralized, and basically de-centralized technology is employed. For
example, Loran-C may be operated in any of the four modes described, de-
pending on how the signal processing to convert time differences to
position information is distributed between the mobile units and the
central location. Stand-alone capability in the mobile units obviously
requires replication of position signal processing in each mobile unit.
The AVM systems based on Loran-C that have been proposed restrict in-
vehicle processing to establishment of time differences (TD's), which
are then communicated to the central location for further processing to
yield position information. Since central processing can include a
larger data base on known local anomalies, differential corrections
from a monitor receiver (also possible without central processing --

Ref. 28), inclusion of other data (e.g., proximity devices), and map
matching with a road or waterway network, greater position accuracy is

practical than with in-vehicle processing. Also, a centralized processor

87



can cost less than the sum of the individual processors when any sub-
stantial number of mobile units is involved. Thus even when centralized
information needs do not exist or are only secondary in nature, there
still may be great advantage in using centralized processing of Loran-C
TD's and communicating the resulting position information back to the
mobile units. As soon as centralization is applied, however, the issues
of capacities and response time arise, as determined by communications

and data processing.

3) Basic TRD Categories

TRD technology and specific systems have been extensively described
and analyzed in recent literature (e.g. References 1,2,6,7,15), and there
is therefore no need to redevelop such detailed information here. For
purposes of the present discussions, it is useful however to review the
four basic types of TRD systems (in terms of the way in which position
information is determined), with some general comments on their modes
of operation and relative capabilities in various system measures of

interest.

a) Hyperbolic Navigation Systems (e.g., Loran-C and Omega)

This class of systems transmits synchronized signals
continuously from multiple locations such that by
measuring time or phase differences for two pairs of
transmitting stations, a mobile unit can locate him-
self at the intersection of two hyperbolic lines of
position (LOP's). Conversion of time or phase dif-
ference data to LOP's on the earth's surface is by use
of tables, overlay maps, or direct computation. This
may be done in the mobile unit, or, as previously dis-
cussed, measured time or phase difference data may be
transmitted to a central location for position determi-

nation.

The basic hyperbolic TRD system has no capacity limit

in terms of mobiles that may determine their own positions
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from the transmitted signals. In centralized use, capacity is
determined by mobile~base communications and centralized data
processing. Note however that since there may be any number of
bases, each working with its own group of mobile units on a
separate communication channel, capacity in centralized use is
also in principle unlimited, so long as there can be more than

one "central”.

By nature, hyperbolic systems operating at low radio frequencies
(10-100 kHz) provide continuous coverage over very large areas,
except in specific locations where the signals are shielded

from reaching a mobile unit, e.g., in deep natural canyons,

in high-rise urban areas, inside tunnels, etc. Baselines for

the Eastern U.S. Loran-C chain, for example, are measured in
hundreds of miles. Of all the system types, they seem to offer

the most cost-effective way of providing basic TRD coverage

over the whole U.S. or regions thereof, at least from the point

of view of the number of fixed installations required. As

will be evident in later discussions, hybridization with other
techniques may be necessary to augment the basic coverage in
difficult spots and/or to meet accuracy requirements exceeding |
the capabilities of the basic system, but the costs of such
augmentation would be part of specific user systems. Unfortunately,

the difficult spots also tend to have the highest traffic density.

b) Multilateration Location Systems

This class of systems also uses multiple fixed antenna sites,
but operates cooperatively with one mobile unit at a time.

The usual arrangement is for the mobile unit to transmit a

tone (phase system or a pulse signal) ,which is received at
multiple fixed sites (three, minimum). Each receiving site
measures time of arrival (or phase) against a synchronized
reference, and transmits this data to the master site for com-
putation of the position of the mobile unit. The mobile trans-
missions are at definite times as determined by synchronizing

signals from a master fixed-site transmitter. Mobiles
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may be addressed singly for response, Or in groups in a time-

slotted arrangement.

Since a multilateration system can work with only one mobile
unit at a time (in a time-multiplex manner) when measuring
position information, its capacity is determined by the time

per position measurement and the desired update rate for each
mobile. Once the capacity 1limit of a system has been reached,
additional capacity in the same geographical area requires in-
stallation of one or more additional systems operating on dif-
ferent frequencies. Some facilities, such as sites for antennas,
could of course be shared for installation purposes, but not

much else.

Multilateration systems operate at high frequencies and do not
provide the area coverage of hyperbolic navigation systems.
Tone-phase systems, which do not seem to be much in favor these
days, are authorized to operate on 25-kHz land-mobile radio
channels in the 25-, 50-, 150-, and 450-MHz bands, and pulse
systems, which require much wider bandwidths (up to 8 MHz), cur-
rently are authorized to operate only in the 900-MHz region of
the spectrum (Ref. 61). Propagation range for good performance
is such that system baselines are limited to perhaps 20 miles
maximum (in the 1977 Philadelphia tests of the pulse-trilatera-
tion technique described in Section 3.2, receivers were sited in
a triangle 6.5 miles on a side). Thus a given multilateration
system can probably cover an area about 30 miles in diameter at

best.

¢) Proximity Location Systems

This class of location systems depends on having a large number
of dispersed wayside location devices such that when a mobile
unit is within a certain distance of a wayside device (i.e..

in proximity), it either obtains an identification number

from the wayside device (a direct promixity system) or the
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wayside device obtains the mobile unit number (an inverse
proximity system). The transmission between the mobile
unit and the wayside device may use radio, optical, or
magnetic induction techniques, and may be one-way or two-
way. In two-way proximity transmission, the responding

unit may be either active or passive in nature.

Mobile unit position is determined by sending the mobile

unit and wayside device identification numbers resulting

from proximity transmission to a central location by radio

(or by land line in inverse proximity systems). In one
current proximity system (to be described in Section 3.2), the
mobiles are able to determine three different radii from

each wayside transmitter on the basis of signal strength, and
the transmitters are adjusted so the third (lowest-level)
zones from adjacent transmitters overlap. The additional in-
formation on the detection zones thus defined is also trans-

mitted to the base in this system.

Capacity of a proximity system depends on the type of proxi-
mity device used and the organization of information flow.

For example, continuously transmitting radio wayside devices
(signposts) may be used by any number of mobile units (just
like a hyperbolic system), and capacity is limited only by
mobile-base communications and data processing. As in hyper-
bolic systems, multiple bases may operate independently, each
with its own group of mobile units, and capacity is thus in
principle unlimited. On the other hand, an inverse proximity
system can have only one base and group of mobile units. Two-
way, responsive proximity transmissions are subject to satura-
tion and/or interference effects when more than one mobile unit

is in the vicinity of a wayside device.

In comparison to hyperbolic and multilateration systems, which

determine the exact vehicle location at all times (subject to
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measurement error), proximity systems quantize position to the
signpost spacing, with an uncertainty equal to the effective
radius of the proximity detection, and may provide no direct
coverage between the detection zones around each transmitter,
which may be up to a mile apart. Thus it is common in proximity

systems to incorporate some features of dead-reckoning systems

(see below) to interpolate between signposts. However, the
three-zone proximity system referred to above is usually laid
out so that coverage is continuous, with quantization equal to
one-fifth the transmitter spacing. If 300-foot accuracy is
required on a uniform basis, transmitters must then be spaced

no more than 5x300 = 1500 feet apart.

Since the number of proximity devices needed for area coverage

is proportional to the square of the coverage radius, and in-
versely proportional to the square of the spacing, it can be
quite large for high accuracy requirements over substantial
areas. For example, 1/4-mile spacing everywhere in the Greater
Boston area (inside Route 128) would require roughly 2/3(ﬂx112) <
(1/4)2 = 4,055 devices (about 1/3 of the circle centered on
downtown Boston is water). The number required for fixed-route

applications (e.g., bus routes, or interstate highways) is a

linear function of route length.

d) Dead-Reckoning Systems

This class of systems depends on each mobile unit having on-
board devices to measure travel direction and distance such
that its ground track from a starting point can be determined,
and thus its present location. While in principle dead reckon-
ing permits a mobile unit to determine its position independen-
ly, the instrumentation type and quality needed for really
accurate, long-term dead reckoning (e.g., as in aircraft in-
ertial navigation) is impractical for terrestrial position de-
termination uses. Also, error accumulation is roughly propor-

tional to distance traveled. Thus, a terrestrial dead-reckoning
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system needs to be corrected at frequent intervals by some
other means of position determination in order to maintain
reasonable accuracy. This is most easily accomplished in a

centralized system.

For example, the Boeing FLAIR dead-reckoning AVM system now
operational in St. Louis measures vehicle wheel rotation and
compass heading incrementally and transmits this information
every 1.25 seconds to a central location where it is matched
against a street map and automatically corrected (if necessary)
each cycle to keep the calculated vehicle position on the street
network. An error may, of course,be made if the correction pro-
cess picks the wrong street after a turn, and thresholds are
therefore set on the amount of position correction permissible
before the vehicle position is declared in doubt. Such vehicles
must then be reinitialized by going to one of a number of loca-
tions established for this purpose. At present this is a manual
operation requiring cooperation of the vehicle operator but could
be made automatic by installing proximity devices at the reiniti-

alization locations.

The capacity of a dead-reckoning system employing central track-
ing is limited only by the communications and data processing
functions. In the FLAIR system described above, for example,
the present communications capacity is 200 vehicles per 25-kHz
radio channel, and the data processing capacity per computer

is 1000 vehicles. FLAIR would use five radio channels for a
1000-vehicle system in its present implementation (Reference 62).
These of course are parameters of a particular system based

on a philosophy of sending incremental motion information at

a very high update rate (every 1.25 seconds for each vehicle).

A different configuration with some on-board processing might
change these numbers, but probably not very much. I1f messages
were sent less often, they would have to contain more infor-

mation.
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The coverage of a dead-reckoning system can in principle be

as large as desired, but there are some practical considerations.
Because of the error accumulation problem in odometer data, some
means of frequent along-track correction must be available, and
this is usually based on the event of turning from one street

to another. This works well in a high-density urban area for
vehicles making frequent turns, but becomes more of a problem in
areas of less street density where vehicles may travel for miles
on a straight road without any turns (e.g., on a suburban freeway).
Thus the tracking problem becomes more severe as the coverage of
a pure dead-reckoning system is extended outward from the urban
core. Hybridization with proximity techniques could, of course,
aid in this regard. The data base required for map matching
also grows with the area covered, which must ultimately place a
practical bound on the coverage area of a single system. A dead-
reckoning system does not differ from the other TRD techniques

in this regard whenever exact travelway identification is re-
quired, but the other techniques can operate with less detailed

information when such identification is not required.

4) Hybrid Systems

In the preceding section describing the four basic position location
technologies, some references have been made to hybrid combinations among
them. This subject will be further expanded upon here.

As previously described, dead-reckoning inputs are usually added in
proximity systems to interpolate between wayside transmitters. They may
also be added in hyperbolic and multilateration systems for the purpose
of track smoothing, i.e., to improve the estimate of a vehicle's position
as a function of time. Both hyperbolic and multilateration systems are
subject to propagation anomalies and measurement errors which tend to be
random in nature as the mobile unit moves about. Thus additional infor-
mation about the unit's actual movements can be helpful in reducing the

effect of these errors.
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Another problem with hyperbolic and multilateration systems is that
there may be locations in the service area that are shielded such that
received signal strengths fall below usable margins, or have high local
man-made noise levels. A mobile unit's position cannot be measured
accurately so long as it remains in a shielded or noisy location, or may
not be measurable at all. Shielding has proved to be a problem in the
high-rise areas of cities, and under overhead structures such as elevated
roadways, and noise may come from power lines, electrical transit lines,
etc. Proximity devices may be used as "gap fillers" in such locations,
with or without added dead-reckoning inputs, or dead reckoning may be
used alone (it is assumed here that even though location signals are
shielded, mobile/base communication is still possible, which is usually
the case).

A further accuracy improvement technique that is inherent in proxi-
mity and dead-reckoning systems, and that can also be applied in hyper-
bolic and multilateration systems, is map correlation. Unlike the air
or sea situations in which a plane or ship may move freely, land vehicles
are generally constrained to move on a street or road network or other
defined pathways (e.g., alleys, parking lots, etc.). Thus, measured
position data can be compared with possible paths, and off-path data
corrected to the nearest path. Note that this does not help along-path
errors, but these are not usually as critical, i.e., it is usually of
more interest to know which path a vehicle is on than exactly where it
is on that path. (2&n exception would be fixed-route bus AVM, where the
path is known a priori and the critical parameter is position along the
path). Along-path errors can be corrected in map correlation whenever
a vehicle makes a turn into another path, so long as the system accuracy
is such that it is clear which path has been turned into. This is the
origin of the common criterion for maximum allowable system measure-
ment error (20) in urban AVM systems as less than half the short di-
mension of a typical city block.

In addition to direct map correlation, other techniques may be

applied in data processing to reduce the effect of random errors in
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position measurements. If a mobile unit is polled at regular, frequent
intervals for position data, a moving-average track vector can be calcu-
lated using a suitable smoothing algorithm that takes into account the
physically feasible changes in unit position between updates. This can
be done on the basis of basic position measurement data alone (e.g.,
Loran-C time differences), or as previously discussed, can be augmented
by data from dead-reckoning sensors on the mobile unit.

Finally, "stable" propagation anomalies of two types exist in long-
range hyperbolic systems like Loran-C and Omega. One of these is due
to slow changes in propagation velocities over the paths from the trans-
mitting stations to the operating AVM area, which may be several hundred
miles in length. The effect of this type of error can be removed by
using a fixed monitor receiver and correcting all system measurements
by the changes in its output, i.e., operating differentially (Reference 28).
It is also possible to improve Loran-C in this regard (and in signal
strength) by installing a local mini-transmitter to substitute for one
of the standard Loran-C chain transmitters, or by installing a complete
local mini-chain.

The other type of propagation anomaly is quite local in character,
perhaps restricted to locations within a few feet of whatever is dis-
torting the field pattern of the hyperbolic system signals (e.g., power
lines, trolley .tracks, etc.). Such local anomalies can be mapped and
corrected for in the data reduction.

As an example of the extent to which hybridization is being carried
in AVM systems to achieve accuracy goals in the urban environment, the
system architecture proposed in 1975 by the Teledyne Systems Company
for a Loran-C based system is of interest (Reference 29). Teledyne uses
differential correction and map correlation as relatively standard
techniques for Loran-C AVM. For difficult signal locations they have
devised "augmentors”, which are proximity signposts, each transmitting
a unique identification code (the augmentor transmissions are on a
channel in the HF radio band, 72-76 MHz, and each vehicle must have
a special receiver). A vehicle receiving an augmentor transmission
reports the identification code so long as it is in the proximity of

26



the augmentor, causing the central system to shift automatically from
Loran-C to proximity processing. If necessary to achieve accuracy goals,
Teledyne may also include vehicle sensors (odometer readings and a turn
sensor) for path interpolation, and/or a low-power minichain Loran-C
transmitter for the service area. Each of these options contributes

its share towards error reduction, and,of course, to system cost. 1In
Reference 29 (a 1975 study), Teledyne states that 300-foot accuracy
everywhere in the city of Philadelphia would require all the options,
but that the local minichain transmitter (a costly item) and the vehicle
sensors could be dispensed with in a 1000-foot system. In the recently
conducted Philadelphia tests for TSC/UMTA to be described in a later
section, Teledyne used all of the above-listed options except a turn
sensor. The test requirements included accuracy goals of 300 feet (95%)
and 450 feet (99.5%).

The two present operational AVM systems (St. Louis and Huntington
Beach) are not hybrid systems -- the former is a pure dead reckoning
system (St. Louis) and the latter is a multi-level proximity system
providing continuous coverage on the basis of five signal-level zones
between each pair of proximity transmitters. As has been mentioned, it
appears that one aspect of the operation of the St. Louis System, the
manual re-initialization of "lost" vehicles, could be improved by hybridi-
zation, i.e., use of proximity devices at reinitialization points (Ref.
62; see also the St. Louis visit report in Section 8 of the Appendix).

The accuracy requirements of the Huntington Beach Police Department are
800-1000 feet over most of the city, 500 feet in special areas (Reference 1,
Vol. 1, p. 2-154). At this level of location accuracy requirement,
additional inputs would be of little use. In fact, as described in Section
3.2 following, the same proximity-only system deployed in Philadelphia
achieved 242-foot accuracy (20) in the random-route portion of the recent
UMTA/TSC tests. Of course, the signposts were more closely spaced in

Philadelphia because of the 20 accuracy requirement of 300 feet.
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3.2 The 1977 Philadelphia Tests

1) Introduction

Under Phase I of the UMTA/TSC program to install an AVM system in
Los Angeles for bus transit use, including some random-route experiments
(Reference 43), four contractors tested different AVM systems in Philadelphia
in the first half of 1977 (Reference 59). The four systems tested were a
Loran-C system (Teledyne Systems Co.), a wideband pulse-trilateration
system (Hazeltine Corp.), and two signpost proximity systems (Fairchild
Space and Electronics Company, and Hoffman Information Identification,
Inc.).

The results of the tests and comparison to the specifications for
Los Angeles are well described in Reference 59, however some observa-
tions on the results are developed here.

Because of the temporary nature of the test site, three of the con-
tractors did not install communications or data processing systems,
but employed data recording in the mobile vehicle for later processing
by pre-certified programs. Thus, the communications functions of these
systems (Teledyne, Hoffman, and Fairchild) were not tested. The
Hazeltine system, on the other hand, required temporary installation
of the central synchronization transmitter and fixed receiver sites,
and since communications time slots are part of the system location
transmissions, the two-way communications functions of the Hazeltine
system were,in essence,tested along with the location functions. For
the Hazeltine system, the time-of-arrival data were recorded at Central,
again for later off-line processing.

None of the tests seems to have gone off letter-perfect on all counts,
in some cases due to system or test equipment equipment problems of one
sort or another, and in other cases due to lack of provision in the data
reduction software for certain operational conditions. Thus the TSC
report lists both the raw test results (in some cases both before and
after a hardware change), and "edited data results"”, in which known

faulty data and/or poor data due to correctable system problems have
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been eliminated. The report presents no conclusions about or among the
various systems -- it simply describes the systems, the test procedures,

and the results.

2) The Los Angeles Accuracy Requirements

The basic requirements for the Los Angeles system are position loca-
tion accuracies of 300 feet (95%) and 450 feet (99.5%) defined at both
a subsystem and a systems level for both fixed-route and random route, and
time-point accuracies of 15 seconds (95%) and 60 seconds (99.5%). In both
cases, the 99.5% (30) limit is imposed to limit the frequency of very
large errors. In addition, a coverage specification limits average
error on any 0O.l-mile segment of any route to 450 feet to ensure that
there are no pockets of poor (or no) performance. The TSC report tabulates
all results, both raw and edited, against specifications, which was the
purpose of the tests. The present discussion is not as concerned with
these particular comparisons as with the configurations, and relative
performance of the three basic system types in this most recent test
of various techniques under identical conditions in a difficult environ-

ment.

3) The Tested Systems

The systems tested in Philadelphia were all hybrid in that each used
combinations of basic location techniques in order to meet all of the
various system specifications. It is interesting that the 1l5-second
(95%) time-point specification raised special problems compared to a
pure location specification. For example, every system found it necessary
to locate a proximity device at each time point in order to meet the
time-point accuracy requirement of the fixed-route tests.

Every system except the Hazeltine trilateration system used odometer
data for interpolation and/or path smoothing, and one (Fairchild) added
steering angle sensors and two-dimensional dead reckoning (with an on-
board microprocessor) in the random-route tests because of the extremely

small detection area of its "sharp” proximity devices. It thus might be
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more fairly termed a dead-reckoning system, with precision (6-20 feet
along-track) updates whenever a vehicle passes a proximity device. Hoffman,
on the other hand, operated entirely with its complete-coverage, five-

zone proximity system in random-route, but used odometer data for inter-
polation between time points in the fixed-route tests. This was because
the proximity devices at the time points were too far apart (about one

mile) to provide proximity zones sizes meeting the location accuracy re-
quirements. Additional proximity devices could of course be used, as they
were in Hoffman's random-route tests, but economics apparently favor
odometer interpolation for fixed-route operation.

The Hazeltime system relied entirely on pulse trilateration for
location in both random-route and fixed-route, and used "sharp" signposts
only to meet the time-point requirement for fixed-route operation. It
is apparent from the test results, however, that their signposts were not
as "sharp" as Fairchild's. Fairchilds unedited results were 1 sec. (95%)
and 2 sec. (99.5%), whereas Hazeltine's results (edited) were 15 sec.
(95%) and 30 sec. (99.5%).

The Teledyne Loran-C system used proximity signposts (called Aug-
mentors) for two purposes: to meet time-point requirements (as previously
mentioned), and to fill in locations where the Loran-C signals were too
weak for location operation, primarily in the high-rise areas. Odometer
data was also employed for path interpolation and smoothing, and in
the case of the fixed-route tests, to improve the accuracy of the time-
point detection. This was done by adjusting all augmentors for a fixed
initial detection range (54 feet) and generating a time-point signal
when the test vehicle had moved 54 meet from initial detection. A tem-—
porary low-power mini-chain slave was also installed 40 miles west of
Philadelphia to provide a strong