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Preface

LYLE SAXTON, MEMBER. |EEE

EN YEARS ago the February 1970 issue of the, IEEE

T RaNSACTIONS ON VEHIcULAR T EcHNoLocy Was dedi-
cated as a Special Issue on Highway Electronic Systems. That
collection of 19 papers was an excellent treatment of the sub-
ject in the early 1970's. Recently, an International Symposium
on Traffic Control Systems was held with the objective of
bringing researchers and users together to review the state of
the art. The symposium emphasized four broad areas, one of
which was traffic control systems hardware. The collection of
papers presented in this subject-emphasis area is the most cur-
rent and comprehensive review presently available. As such, it
seems quite appropriate that a Specia Issue of this Trans-
actions be published.

The reader will find the format of this Special Issue orga-
nized around three general topics:

, o traffic control systems hardware,
o driver information and motorist aid hardware,
« advanced systems hardware.

Each of these three subsections is preceeded by a resource or
overview paper which was invited and authored by an expert
in the field. The remainder of the papers resulted from a Call
for Papers for the symposium and were grouped into these
three subsections as appropriate.

It is interesting to review briefly the progress and changes in
emphasis that have occurred during the past decade and to
note their impact on possible future directions. Perhaps the
first observation is that overall emphasis areas remain essentialy
the same. The 1970 issue dealt with such topics as vehicle
detection, communications, route guidance, automatic vehicle
identification and location, traffic control systems, and
automated control. Ten years later, you will find this subse-
quent issue dealing with these same general areas and providing
an updated status report.

A second observation is that, in general, the field accept-
ance and implementation of modern traffic control hardware
and systems are proceeding moderately slowly. Perhaps this is
to be expected when involved in a socioingtitutional area
which is characterized by an immense number of miles of
roadway and vehicles, multiplicity of independent operating
agencies at the local and State level, and perennial shortness of
funding which has been severely aggravated by inflation and
petroleum shortages. Clearly, there is a need for decisionmakers
to maintain considerable emphasis and funding on the research,
development, and implementation of traffic control systems if
the benefits of improved traffic control are to be realized.

A third observation in reviewing this Special Issue is the re-

Manuscript received January 21, 1980.

The author is with the Systems Development and Technology Group,
Traffic Systems Division,. Offices of Research and Development,
Federal Highway Administration, Department of Transportation,
Washington, DC 20590.

lationship of traffic systems technology to the broader state of
the art of electronics and control. For example, the introduc-
tion of and advancements in microprocessors, digital com-
puters, communications, and video processing technologies
have fostered similar advances in traffic control systems or
subsystems which utilize these elements. While this is not
surprising, it does support the broad payoff of developments
in these more basic areas. Similarly, it points out the need for
knowledgeable people in the traffic control field that can
rapidly recognize and apply the broader advances in elec-
tronics, control, and communications to the specific needs
of the highway transportation system.

A fina thought relates to the obvious global and strategic
changes which have occurred since 1970. The 1960's have
sometimes been referred to as the “golden years of R&D;”
and, indeed, the perspective at the beginning of the 1970's
was different from today. Gasoline was viewed as plentiful and
comparitively inexpensive, highway speeds were higher, and
vehicles were larger and more powerful. The motorist was
generally concerned with getting “there” faster and with less
congestion and frustration. As a result, R&D was oriented to-
ward the reduction of congestion, improvements in driver
safety and decisionmaking, plus improvements in driver com-
fort and convenience. The energy crisis, with its specific
shortages of 1974 and 1979, is reshaping the highway system’s
needs and R&D emphasis areas. No longer is congestion re-
duction and improved traffic management just a desirable goal
for the convenience of motorist-it is now becoming critica
as ameans of maintaining mobility while reducing fuel use.
In fact, advanced system concepts such as the automated
highway, which was once viewed primarily as a system for
higher speed and motorist convenience, is now being examined
as a possible means of maintaining future mohility by the use
of guideway-derived electrical power and the virtua elimina-
tion of fuel-consuming stop-and-go congestion conditions.
Traffic control systems will be an increasingly important factor
in dealing with the energy shortage.

| believe you will find this issue timely, useful, and
interesting.

Lyle Saxton (S 58-M’' 62-M’ 68) was born in Vici,
OK, on March 16, 1936. He received the B.S.E.E.
degree from the University of Oklahomain 1959.

He joined the Astro Electronics Division of RCA
where he was engaged in image sensor design and
development for spacecraft. In 1966 he joined the
Goddard Space Flight Center of the National
Aeronautics and Space Administration and was
engaged in the advanced mission system design of the
Earth Resources Technology Satellite. In 1968 he
joined the Traffic Systems Division of the Offices of
Research and Development, Federal Highway Administration. He is presently
Chief of the Systems Development and Technology Group.

Mr. Saxton is amember of Tau Beta Pi and Eta Kappa Nu. Heis a member of
the Specia Committee on Communications of the American Association of
State Highway Officids and past Chairman of the Committee on Com-
munications of the Transportation Research Board.
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Traffic Control Systems Hardware

ARTHUR A. CIMENTO

Abstract-In the past ten years the technology of traffic control has
experienced extensive change. Equipment which was once familiar to
traffic engineers and maintenance personnel has been supplanted by the
new breed of devices using solid-state digital circuitry, sophisticated
multiplexing, and microprocessor logic. The changes in operational
capability and technical performance of systems brought about by these
advances have been widely acknowledged. However, the impact upon the
user isonly beginning to berealized, astraffic engineerslearn to cope with
such considerations as operator training, maintenance, reliability, up-
dating, and expansion. The current developmentsin traffic control systems
hardwar e and the experience that is starting to be collected with respect to
their installation and use are discussed. Technical and nontechnical factors
are discussed and future directions are predicted.

INTRODUCTION

HE DECADE of the 1970's witnessed the technological

transformation of the traffic control community. Spurred
by the pressures of increased demand for mobility, rising costs
of providing new facilities, and growing concerns for fuel con-
sumption, air pollution, and land usage. traffic managers sought
to maximize the effectiveness Of existing streets and highways
through the application of technically sophisticated systems of
traffic control. In North America alone, during the past 15
years, the number of urban communities using some form of
computerized traffic control has increased from less than five
to over one hundred and twenty-five (see Fig. 1). The number
of intersections increased from less than 1000 to over 10000.
Considering the fact that each intersection generally requires
the installation of control hardware, sensors, and communica-
tions, not to mention an amortized share of a computational
and operations facility, it is evident why this aspect of the
traffic control field should be emphasized.

The historical development of traffic control may be viewed
as in the top portion of Fig. 2. With the introduction and
widespread use of traffic control devices in the early 1920's,
the science of traffic engineering developed as traffic managers
sought to utilize these devices in effective ways. Not surpris-
ingly, the technology developed in a parallel and supportive
manner (bottom portion of Fig. 2) with industry developing
and providing the hardware used by traffic managers. As use of
control devices continued, more effective techniques of con-
trol were conceived, and vehicle detection hardware and ana-
log logic emerged on the scene in the 1950's. In the early
1960’s the digital computer began to make its impact in the

Manuscript received June 15, 1979; revised January 4, 1980. This
paper was presented at the International Symposium on Traffic Control
Systems. Berkeley, CA, August 6-9, 1979.

The author Iswith Sperry Systems Management, Sperry Division,
Sperry Corporation, Lakeville Rd. and Marcus Ave., Great Neck, NY
11020.

traffic systems field, and the period from 1960 to 1970 saw
the application and feasibility of digital computer controlled
traffic systems demonstrated in a number of cities around the
world. As interest in these systems grew in the next five years,
the emphasis in research focused on the algorithms of control
and the software application packages adapted to existing con-
trol hardware. While hardware continued to develop with the
use of solid-state devices and integrated circuits, the hardware
design concepts clearly lagged behind the inventiveness of sys-
tem designers.

At this critical point of acceptance and application of digi-
tal control systems, the need for equipment development once
again takes on predominant importance. This importance is
seen from two aspects:

. development of functionally interchangeable equipment
and universally accepted design concepts for use in modern
computer systems;

o the need for a concerted effort in the testing and quality
assurance of hardware to improve the reliability and
maintainability of such systems once installed in a city.

This paper will serve as an overview of traffic control sys
tems hardware, examining current practices and shortcomings,
and stimulating thinking of how and where to improve things
in the future. This paper will not attempt to discuss specific
design features of any manufacturer’'s equipment or alterna
tive design approaches in each equipment area because these
are best left to the individual preferences of manufacturers and
users. Rather, this subject will be viewed from the standpoints
of application in a system and suitability for the user. Conclu-
sions are attempted from often inadequate data, and trends are
generalized from often premature results to stimulate construc-
tive controversy as a means of identifying areas where irn-
provement and development can be rewarding. The basic
purpose, then, can be summarized in the answers to three
questions: What's new? What have we learned? Where do we
go from here?

BACKGROUND/HISTORY

With few exceptions, most computerized traffic control
systems installed in the early 1970's used the available stand-
ard hardware of the traffic industry. Interfacing this equip-
ment with the digital computer was accomplished through the
introduction of specia input/output devices, signal adapters,
or, in some cases, through modifications to the equipment
itself. The wisdom of this approach has been amply demon-
strated by systems installed five to ten years ago that continue
to be operated and maintained at reasonable cost. These sys
tems characteristically used electromechanical or solid-state
controllers, simple dc relay communications over owned or

0018-9545/80/0500-0106%$00.75 © 1980 |IEEE
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Fig. 1. Number of computerized traffic control systems and con-
trolled intersections.

leased telephone lines, and one of the several state-of-the-art
minicomputers operating with a field-supported operating soft-
ware system. With the exception of the computer itself and
the greater quantity of equipment employed, the traffic sys
tem operator could feel relatively comfortable in the familiarity
of his hardware and the traditional sources of maintenance
support. This is perhaps one reason for the response reported
in a recent National Cooperative Highway Research Program
(NCHRP) survey [I] where the functional traffic operation
capability was identified as the most important system design
goal, with reliability, maintainability, and operational manage-
ment given only medium importance.

As system designs became more functionally complex and
sophisticated, familiar equipment was replaced with new de-
vices. The traditional analog circuitry of electronic devices was
supplanted by digital circuitry. The ssimple dc communication
techniques gave way to the more efficient multiplexing tech-
niques of frequency division or time division. Data compression
and preprocessing of field data added yet another complication.
Controller hardware evolved from relatively inflexible pretimed

devices to actuated and responsive devices and ultimately,
to the “intelligent” devices having microprocessor logic and
memory capabilities.

The increasing requirement for data communications in the
more sophisticated systems and the increasing cost of installa-
tion or leasing brought challenging alternatives to the wire-
cable transmission medium. Wide bandwidth media such as
coaxial cable and fiber optics are feasible, practical, and, in
many cases, economicaly advantageous. Even wireless com-
munications using low-intensity lasers have become a practical
reality with unique advantages in certain applications.

The very concepts of system design and architecture have
undergone change. The virtues of a central processing structure
with all data and functions coordinated through a central com-
puter have to be reevaluated in comparison to the distributed
hierarchical and network configurations made possible with
the advent of the microcomputer.

The total cost of equipment for computerized traffic con-
trol systems is a significant portion of the cost of installation
(refer to Table I). Further, the cost of maintenance (including
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TABLE the need for new, more complex, and less familiar equip-
COST OF TRAFFIC CONTROL SYSTEM EQUIPMENT ment.
p— e The technical nature of this equipment will produce new,
T T e T T - T T T, unfamiliar, and possibly impermanent suppliers.
o e Keeping pace with new technology will require training
Pulpment 22 158.7 [37.9 [24.6 |50.8 |35.8 |36.6 47.2 [51.8 |32.0 and the development of new maintenance skills by the

Installation

Number of

Interseetions | 100 | 113 | 214 | 160 | 180 | 128 | 71| 202 [ 118

spares) is generally considered to be proportional to the capital
cost and represents a recurring obligation for the traffic system
operator.

Fig. 3 indicates the trend in cost (as a percentage of the
total installation cost) for the major equipment subsystems
from 1970 to the present. Where the basic technical approach
has remained relatively stable (central computer system and
detectors) and where the hardware has matured and suppliers
have been able to produce in quantities, the general cost trend
has been a decreasing one. By contrast, the changes in control-
ler technology and communications have produced increasing
trends. Starting with the early 1970’s, the increased sophisti-
cation of this equipment has been accompanied by cost in-
creases (very significantly in the signals and controller area).
However, recent indications show a downward trend in rela-
tive costs as these areas stabilize. Note that, since the middie
of the 1970’s, the cost of the basic signal and control hardware
has dominated the total cost of system equipment.

From this brief background the conditions affecting the
future direction of research and application become apparent.
They are as follows.

e The increasing sophistication of systems will result in

user agencies.

o Procurement of new equipment by user agencies will
require new acceptance standards and multiple sources
of supply.

CURRENT STATE-OF-THE-ART PRACTICES

Computerized traffic control systems are generally con-
sidered to include five major subsystems:

e detection or surveillance subsystem, which includes the
basic vehicle sensor, and its related electronic signal
processor;

e controller subsystem, which includes the local signal con-
troller, auxiliary signal devices (such as conflict monitor,
flasher, and load relays), wire termination panel, and
cabinet enclosure;

e communications subsystem, which includes the com-
munication medium and transmit and receive units (in-
cluding multiplexing and error checking circuitry) at both
the local and field data processing ends of a link;

e computer subsystem, which includes the central processor
unit, core and bulk memory storage, and associated peri-
pheral devices such as magnetic tape units, card reader,
line printer, etc.;

e operator interface subsystem, which includes operator
command and data entry devices (such as control panel,
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cathode-ray tube (CRT), teletypewriter (TTY) and dis-
play devices (CRT, map display).

All of the approximately 70 systems in active operation in
the U.S. today have each of these subsystems in some degree.
In fact, except for system size (number of intersections and
detectors), there is little apparent physical difference between
systems, despite the fact that they are the products of over ten
different system suppliers. The most distinguishing difference
among the systems is in the functional operating features in-
cluded in their application software package.

It is not surprising that there are physical similarities if the
following are considered.

o Most systems are designed around off-the-shelf equipment
provided by a limited number of traditional manufac-
turers. Even special equipment indigenous to computer-
ized systems (e.g., computers, displays) are furnished by
relatively few suppliers.

e Most systems (until the relatively recent introduction of
microprocessors) have employed the central processing
architecture. Therefore, the distribution of elements be-
tween field and central is essentially fixed.

Major equipment subsystem cost.

o The Federal Highway Administration’s (FHWA’s) research
with the Urban Traffic Control System (UTCS) developed
a number of implementation guidelines that were adopted
in many systems.

The general history of these systems has been relatively
successful, at least after the initial installation difficulties were
overcome. Almost all systems demonstrated performance im-
provements in terms of benefits to motorists and greater
effectiveness for the traffic operating agency. Where a cost-
benefit analysis was performed, most demonstrated a recovery
of initial capital investment in about three years of operation.

Summary of Operational Systems

Tables II and IV summarize the principal features of a
representative sampling of urban and freeway computerized
traffic control systems currently in operation in the U.S. Tables
II and V are similar summaries of urban and freeway systems
in other worldwide locations.

Equipment Evaluation Considerations

For each major subsystem identified previously, there are a
number of alternatives currently in use. The choice of alter-
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native equipment depends on considerations which must be
weighed for each specific application. Generally, performance
and cost are the predominating factors, but frequently one of
the other considerations may be an overriding factor in the
choice. The following characteristics, as applicable, should be
considered in the selection of an equipment aternative.

Performance: This is the ability of the equipment, by its
design nature and functional capabilities, to meet the
requirements of the system as specified.

Reliability: Thisisafunction of the equipment engineer-
ing design. It describes the designed-in ability of the equip
ment to maintain its functiona integrity and continue to
perform without failure or degradation.

Maintainability: An equipment requiring simple mainte-
nance procedures would receive a higher score for this
attribute than one which requires specially trained
personnel, special test equipment, or frequent preventive
mai ntenance.

Ease of Installation: A higher vaue is placed on an equip-
ment which permits simple installation procedures within
reasonable physical confines. Compactness and economy
of specia instalation equipment required are typicaly
valued characteristics.

Damage invulnerability: This is the equipment’s ability to
withstand malfunction due to causes not related to de-
sign, for example, vandalism, hostile physical environ-
ment, or rough handling.

Ease of Procurement: This places a premium on the use
of equipment available from multiple sources within rea
sonable schedule.

Ease of Expansion: These are characteristics of an equip-
ment that allow the expansion of a system or subsystem
with a minimum of disruption and modification. Modular
addition of components or simple extension of chassis
parts are typically valued characteristics.

. Monitoring Capability: Thisisameasure of how well an
equipment can be monitored for malfunction of perform-
ance.

A proper evaluation of the “best” equipment for a given
application requires consideration of al these factors with
appropriate weighting. Unfortunately, the task of ensuring the
best choice of equipment is shared between the system designer
(who develops the specifications) and the system installer
(who furnishes the eguipment). Since most of these attributes

| EEE TRANSACTI ONS ON VEHI CULAR TECHNOLOGY, VOL. VT-29, NO. 2,
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how each type of device fulfills the objectives of the eight
considerations listed above.

CRITIQUE-WHAT HAVE WE LEARNED?

The rate of growth of computerized traffic control systems
throughout the world in the past ten years is ample proof that
we have learned much. From over 100 actively operating sys-
tems in existence, we have learned to install systems so that
they perform in a relatively satisfactory manner. Formal eval-
uations of traffic control systems report benefits which show
that we have learned to operate systems so as to improve traf-
fic movement and vehicular safety. According to a large sam-
ple of opinions, we have learned that operating and maintain-
ing computerized systems requires more resources than anyone
originaly anticipated.

However, very few specifics of the individua experiences of
the various system users have been formally reported. A recent
Ingtitute of Transportation Engineers (ITE) survey [2] asked
users to identify the biggest problem encountered in obtaining,
installing, and/or operating their system. Twenty-five system
users (with systems operational or being implemented) in the
U.S. and Canada responded. The responses did not focus
specifically on technical problems and, as shown in Fig. 4,
were distributed among severa categories. One evident con-
clusion among users is that communications is the single most
troublesome element. This category, however, includes all
communications-related difficulties, both with system hard-
ware and leased line problems of both a technical and institu-
tional nature. From a dlightly different point of view, Fig. 5
illustrates the distribution of installation problems encountered
by one system installer (Sperry Systems Management experi-
ence data) based on the experience with approximately 20
systems.

Difficulties encountered with specification interpretations
and with controllers were significantly high. Communications
also showed approximately the same ratio of problems. It
should be noted, however, that controllers include the adapters
and interfaces with the computer system, and distinguishing
between these problems and communication system problems
is often difficult.

To examine the situation more closely, two sources of data
were available: the operational data collected and documented
by the FHWA’s UTCS system in Washington, DC, from Nov-
ember 1972 through July 1975; and the installation data col-
lected from the Metro-DadeCounty system in Forida from
April 1975 through October 1976. Fig. 6 compares the dis-
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TABLE VI

CONTROLLER

SuBsYSTEMS

SOLID STATE SOLID STATE MEE&ELT&L MICROPROCESSOR
ACTUATED PRE-TIMED PRE-TIMED (170TYPE)
MANUFACTURERS
. L.F.E. TRAFF CONT. YES vES _
. CROUSE-HINDS YES YES YES YES
. SAFE TRANS YES YES - YES
. EAGLE SIGNAL YES YES YES YES
. ECONOLITE YES - YES -
. HONEYWELL YES - YES
MULTISONICS YES YES
o GAMMATRONIX YES YES -
. DATA COMM. SYSTEMS e -~ - YES
RELATIVE USE IN SYSTEMS HEAVY MODERATE HEAVY LIGHT
APPROX. UNIT COST (SK) 515 28 13 48
(INCL. INSTALLATION)
NEMA STDS HAVE LOW COST-SIMPLE

ADVANTAGES MADE MAINTENANCE SOLID STATE TO MAINTAIN - EASY  Je{ EXIBILITY THROUGH
AND INTERCHANGEABILITY | RELIABILITY TO ADAPT TO REPROGRAMMING
EASY EXISTING SYSTEM
HIGHER COST - HIGHER COST THAN | oo ires REGULAR | REQUIRES SOFTWARE

DISADVANTAGES VAINTENAMNCE REQUIRES

MOD. LEVEL OF SKiLL

€-M EQUIVALENT -
HIGHER LEVEL OF

SUPPORT AND HIGH

\AINTERANCE DUE
MAINTERANCE D LEVEL OF MAINT.

TOPARTSWEAR

MAINT. SKILL SKiLL
RELATIVE COMPARISON
. PERFORMANCE G G G G
. RELIABILITY F G E G
. MAINTAINABILITY F F G E
o EASE OF INSTALLATION G G G G
o« OAMAGE INVULNERABILITY | VOISE AND SURGE NOISE AND SURGE 6 NOISE AND SURGE

SUSCEPTIBLE

SUSCEPTIBLE

SUSCEPTIBLE

. EASE OF PROCUREMENT G G F F

. EASE OF EXPANSION P E G G

. MONITORING CAPABILITY G G F G
G = GOOD F = FAIR P = POOR

cause it is a performance characteristic important to operating
agencies. System and equipment specifications are increasingly
calling for reliability demonstrations, and a quantitative meas-
ure of this characteristic is desirable. The concept of mean
time between failures (MTBF) as a measure of reliability isin
widespread use, particularly for military components. It is
valid when a large sample of units is considered and when the
product and operational maturity of the components are such
that failures can be considered random in occurrence rather
than attributable to a design defect.

Consider the failure history of two elements of the UTCS
in Washington, DC (Figs. 7 and 8): the leased telephone line
service and the loop detector electronic amplifiers. These
particular historical data are good because they represent a

long period (33 months) over which the fully installed com-
plement of eqguipment was operated regularly and during
which good records were kept. In both cases the characteris-
tic improvement with time is apparent as is the period of time
for the failure rates to stabilize to a level where they can be
considered random. Based upon similar experience in other in-
stallations, it is possible to generaize a historical profile of
failures for typical traffic control system hardware as in Fig. 9.
Typicaly, the falure rate during factory acceptance testing
decreases as deficiencies are correct and units delivered. As
installation begins, the quantity of units in operation increases
at the same time that field environment conditions are encoun-
tered, resulting in the gradua increase in failures. As the
“infant mortality” failures are weeded out and system condi-
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TABLE VII
DETECTI ON AND SURVEI LLANCE SUBSYSTEMS

INDUCTIVE

LOOP SONIC MAGNETOMETER
MANUFACTURERS DECATUR GEN. RWY.SIG. CANOGA (3M)
SARASOTA AUTOMATIC SIGNAL AUTOMATIC SIGNAL
CANOGA (3M)
SAFETRAN

ICS
STREETER AMET
DBA SYSTEMS

RELATIVE USE IN SYSTEMS HEAVY

MODERATE LIGHT

APPROX. UNIT COST (S)

00-1200
(INCL INSTALL) 500-12

1000-1500 400-600

ADVANTAGES ® GOOD PERFORMANCE

® RELIABLE WHER!
STREET CONDITION
1S GOOD

e CAN BE USED IN
VARIOUS CONFIGURA-

TIONS

€ EASY TQ INSTALL . LOWER iNSTALL COST

tF POLES ARE . ADEOUATE FOR COUNTS.

AVAILABLE *CAN USE LONG LEAD-IN
& NOT AFFECTED BY

PAVEMENT CONDI-

TION

DISADVANTAGES © REQUIRES STREFT

e TENDENCY TO DOUBLE *DETECTION ZONE

1STALLATION COUNT NOT WELL DEFINED
®DIFFICUL f TO REPAIR » OCCUPANCY ACCURACY
POOR
® SUSCEPTIBLE TO

VANDALISM
RELATIVE COMPARISON
. PERFORMANCE G F £
. RELIABILITY G F F
. MAINTAINABILITY G F F
o EASE OF INSTALLATION F £ £
® OAMAGE INVULNERABILITY G F G
. EASE OF PROCUREMENT G F F
. EASE OF EXPANSION F G F
. MONITORING CAPABILITY G F £

G = GCOD F = FAIR P = POOR

tions improve, the failures decrease again, finally stabilizing at
a level indicative of the random failure performance of the
particular equipment as designed. Although the specific time
scale and relative magnitudes may vary with different equip-
ment, the important point to note is that the peak failure
period is often likely to occur during the system acceptance
test and evaluation period. Also, a bona fide MTBF calculation
cannot be made until a year or more following the normal test
and evaluation period.

Since most of the equipment used in computerized traffic
systems is electronic in nature, it is instructive to examine the
component failure distribution of this equipment. Fig. 10 is a
typical distribution of component failures for three typical
electronic equipment used in a current system. These specific
data, as well as similar results from other systems, indicate a
predominance of failures resulting from the use of substandard
or margina electronic components (particularly integrated
circuit chips) and mechanical connectors and sockets holding
components of circuit boards.

Since reliability is such an important consideration, it is
appropriate to consider other ways of rating the reliability of a
computerized traffic control system. Because such a system
can operate in different modes and failures can occur which do
not prevent the system from continuing to operate, the con-
cept of “intersection availability” is worth some attention.
In a simple form, the availability of an intersection can be de-
fined as the percentage of the time (based on component fail-
ure rates and equipment repair times) that an intersection is
able to operate using the first generation responsive areawide
control strategy (or some other acceptable mode). This model
is usefui because it

o describes reliability in terms perceived by the system user
(the motorist),

. normalizes the system as to size, that is, a 25-intersec
tion system can be compared to a 200-intersection
system,

o adlows systems with different architectures and equip-
ment approaches to be readily compared.
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TIME DIVISION FlT:)I?\(/)IL;IIE(;\‘l\(I;Y DIRECT CURRENT
MULTIPLEX MULTIPLEX RELAY
MANUFACTURERS SONEX RFL HONEYWELL
LARSE OEl AMF
SAFETRAN DATAMASTER
RELATIVE USE IN SYSTEMS FREQUENT USE FREQUENT USE LIMITED

IN RECENT YEARS

IN EARLIER SYSTEMS

APPROX. UNIT COST ($)
(INCL INSTALLATION)

$1000 PER
INTERSECTION

$500 PER
CHANNEL

$100-$600 PER
INTERSECTION

. SIMPLE INTERFACE WITH
COMPUTER

. LESS SPACE FOR
REQUIRED EQUIPMENT

*MORE FLEXIBILITY
FOR SPECIAL FUNCTIONS

ADVANTAGES

.SIMPLER TO SERVICE

*MINIMIZES NO. OF
INTERSECTIONS LOST
IF CENTRAL OFFICE
EQUIPMENT FAILS

. LESS SENSITIVE TO
NOISE & LINE
CHARACTERISTICS

e COMPATIBLE WITH
EXISTING SWITCH
GRADE TARIFF

*LOW NOISE
SENSITIVITY

. LOSS OF CENTRAL
OFFICE EQUIPMENT
CAUSES GROUPS OF
INTERSECTION TO

DISADVANTAGES FAIL

. SPACE REQUIREMENTS
MAY BE HIGH FOR
LARGE SYSTEMS

. CONTROL OF ADDED
FUNCTIONS REQUIRE A

. MINIMAL MULTIPLEX
CAPABILITY

. SPACE REQUIREMENTS
MAY BE EXCESSIVE

. LIMITED FUNCTIONAL

. MORE SENSITIVE TO NEW CHANNEL CAPABILITY
TRANSMISSION LINE
CHARACTERISTICS &
NOISE
RELATIVE COMPARISON
. PERFORMANCE G G G
. RELIABILITY G G G
MAINTAINABILITY F G G
EASE OF INSTALLATION G G G
. DAMAGE INVULNERABILITY G G G
. EASE OF PROCUREMENT G G F
. EASE OF EXPANSION G F F
*MONITORING  CAPABILITY G F p
G = GOOD F = FAIR P = POOR

This concept was used in comparing systems using different
communications approaches in a study recently completed for
the FHWA [3] . Table X summarizes the comparison of candi-
dates using this method.

When viewed in this manner, the small difference in relia
bility (or availability) among alternatives for a given architec-
ture indicates that this would not be a major basis for selec-
tion, yet the significant difference in intersection downtime
between architectures clearly indicates one of the magjor assets
of a distributed network-type system. However, central sys
tems have certain functional advantages apart from the relia-
bility issue which may make them more advantageous in many
cases. Also the particular comparison shown was based on cur-

rent practices in central architecture design which can be im-
proved by reducing the sensitivity to failures of critical ele-

ments (e.g., disk drives).

What has been learned is summarized in the following.

« Communications appears to be the single biggest problem
area in the implementation and operation of computer-
ized traffic control systems.

« The newer technologies (e.g., time division multiplexing
(TDM), digital circuitry, microprocessors) are aso the
most susceptible to operating problems (line disturbances,
ambient noise, lightning) and the most difficult to trou-

bleshoot.
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TABLE IX
COMPUTER SUBSYSTEMS

CENTRAL

HIERARCHICAL

DISTRIBUTED

MANUFACTURERS

DATA GENERAL

DATA GENERAL

VARIQOUS MICRO-

HONEYWELL HONEYWELL PROCESSOR MFGS.
INTERDATA INTERDATA
MOO COMP MOD COMP
DEC DEC
RELATIVE USE ON SYSTEMS HIGH LOW LOW
COST DEPENDS ON COST DEPENDS ON
APPROX UNIT COST (3K) 150.250 SIGNAL SYSTEM

GEOMETRY

SIGNAL SYSTEM
GEOMETRY

ADVANTAGES

® EASIER TO ADA®T TO
DIFFERENT EQUIPMENT
COMPLEMENTS AND
SOFTWARE VASIATIONS.

® EASIER TO CHANGE
DATA BASE

* MORE ADVANC D FUNC-
TIONS ARE POSSIBLE

& MAY REFLECT
EITHER CENTRAL
OR DISTRIBUTED
CHARACTERISTICS
DEPENDING ON
SPECIFIC DESIGN

® DESENSITIZED TO
CENTRAL CCMPUTER
FAILURE

DISADVANTAGES

@ LOSS OF CENTRAL
COMPUTER REQUIRES
STANDBY CONTROL
FOR ALL INTER-

SEE ADVANTAGES ABOVE

® MORE DIFFICULT
DATA BASE AND
SOFTWARE CHANGES
® LESS FLEXIBLE TO

SECTIONS CHANGE SUBNETWORK
STRUCTURE AND
DETECTOR ASSIGN-
MENTS,
RELATIVE COMPARISON
® PERFORMANCE G G G
® RELIABILITY F G G
® MAINTAINABILITY G G F
® EASE OF INSTALLATION G G F
* DAMAGE INVULNERABILITY G G P
® EASE OF PROCUREMENT G G F
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TABLEX
COMPARISON OF INTERSECTION AVAILABILITY

Network
Architeetureb
™ W | ToM  w/
Owned | Air Path
Cable Optics

Central Architecture®

TOM w/ [ TOM w/
Owned Fiber
Cable Opties

FOM w/
Owned
Cable

TOM w/
COAX

Intersection
Availability
(Fraction of
Time)

.997349 [.997353 |.996689 |.996689 |.999729| .999439

Intersection
Downtime/yr
(in hours)

23.1 23.0 28.9 2.3 4.9

aBased on use of electromechanical controllers.
b Based on use of microprocessor controllers.

The major sources of equipment problems are apparently
caused by the use of low-grade components (not suitable
to the environment) and insufficient quality control.
Users should redlize, though, that better quality control
will result in higher costs.

Computerized traffic control systems require a reasonable
commitment in maintenance and operating support. This
includes adequate spares and an equipment servicing
routine.

Good record-keeping procedures are more essential than
with previous systems and equipment, as a necessary aid
in systematic troubleshooting and effective system unkeep.

FUTURE DIRECTION-WHERE DO WE GO FROM HERE?

While there has been much technological change in the traf-
fic industry over the past ten years, perhaps the most signifi-
cant transformation has been in the receptivity of traffic
engineers to new and changing ideas. The once traditionally
conservative traffic manager is willing and capable of using the
new and innovative ideas continuously being developed. Having
adopted a progressive attitude, the future direction of traffic
control may be expected to advance as rapidly as the tech-
niques, equipment, and application concepts unfold from any
area, be it in the military and space development laboratories,
the government and university research agencies, or the indus-
trial facilities of manufacturers and suppliers. To illustrate
briefly, consider a few of the new technological developments
and trends that the next ten years will probably see.

Vehicle Detection

A Federal Highway Administration report [4] presents an
excellent summary of the state-of-the-art in vehicle detection.
As noted in that report, the inductive loop detector is curren-
tly the most popular and widely used in traffic control sys-
tems. With installation practices and procedures improving
continuously, this detector is likely to remain in widespread
use in the future with a variety of loop configurations being
adopted for improved performance in given applications.

Government-sponsored research in the last several years,
however, has resulted in several new detection concepts in-
cluding the radio frequency traffic sensor, the magnetic grad-
ient vehicle detector, the self-powered vehicle detector, the
wide area detection system, and the passive bus detector.

The radio frequency traffic sensor was investigated by New
York State’'s Department of Transportation to develop a more
accurate replacement for the road tube as a vehicle counting
detector. It consisted of a battery-powered roadway sensor,
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approximately 25.4 cm (10 in) in diameter and 3.8 cm (1.5 in)
high, and a roadside receiver/decoder. Although an engineering
model was developed and tested, the development of this unit,
was suspended.

The magnetic gradient vehicle detector (MGVD) was
developed by the FHWA as an alternative to the inductive loop
detector and to overcome some of its problems. An MGVD
consists of a transducer that is approximately 2.1 m (7 ft) long
but only 3.8 by 1.3 cm (1.5 by 0.5 in) in cross section and
easily insertable in a roadway slot. A number of prototype
units were built for the FHWA and testing is being continued
by various governmental agencies.

The self-powered vehicle detector is a promising device to
reduce in-street installation costs since it requires no lead-in
but operates with a radio transmission link between the de-
tector and roadside electronic receiver. The detector is a cylin-
der measuring 11.4 cm (4.5 in) in diameter by 36.8 cm (14.5
in) in length and powered by a self-contained battery with a
projected life of one year. Development of this device is being
continued in the FHWA, and 20 prototype units have been
fabricated and will be distributed to a number of states for
in-field operational experience. The FHWA plans to have an
additional 100 units built by several manufacturers to establish
multiple sources for this device.

The wide area detection system is a television detector which
covers a roadway zone of about 106.8-152.5 m (350-500 ft)
in length. The detector can provide volume, occupancy, and
individual vehicle speed on a lane basis, and will operate in
conjunction with a local microcomputer. The feasibility of this
device is presently undergoing demonstration, and a prototype
unit is planned. This type of detector could lead to the de-
velopment of new strategies of control based on the measure-
ment of parameters or characteristics of traffic flow hitherto
not readily measurable in the field.

The passive bus detector is a special purpose detector in-
tended for use in bus priority or preemption systems. It makes
use of a standard vehicle detector loop from which a micro-
processor-based detector package can identify a bus by the use
of signature processing techniques. The FHWA has severa
prototype units built and is investigating the possible demons-
tration in conjunction with the Urban Mass Transportation
Administration (UMTA).

Communications

A recently completed FHWA study examined all applicable
techniques to provide communications for urban traffic con-
trol systems. Although wire cable (whether underground or
aerial and whether leased or owned) will continue to be used
to alarge extent, newer techniques have proven to be both less
expensive and technically superior in many ways. Three com-
munication techniques expected to become more prevalent in
the next ten years are coaxial cable, fiber optics, and air-path
optical.

A traffic control communication system employing coaxial
cable as the transmission medium consists of coaxial cable and
repeater amplifiers arranged as a network connecting a control-
center communication unit with transceivers at each intersec-
tion. The cable and amplifiers have a wide radio-frequency
bandwidth (5-300 MHz) which can handle the traffic control
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communications requirement of any city and can also provide
up to 30 television channels at the same time. Using the appro-
griate filters and amplifiers at the repeater amplifier positions,
the cable can carry signals in both directions simultaneously
by dividing the total bandwidth into two parts, one for signals
toward the intersections and one for signals from the intersec-
tions (a form of frequency division multiplexing).

The equipment and installation costs of coaxia cable net-
works are similar to those of twisted wire pair networks for
pole-mounted, direct burial, and underground construction.
Additional costs are required for the line (repeater) amplifiers
plus their power sources and cabinets. Coaxial cable cost is
similar to twisted pair costs for the smaller diameter 1.0 cm
(0.4 in) coaxia cable, but additional costs are present with the
larger diameter 1.3 cm (0.5 in) or 1.9 cm (0.8 in) coaxial cable
because the cable rigidity may present installation difficulties,
particularly for conduit installations. Some cost advantage
over twisted pair networks results from the fact that twisted
pairs require extensive design and installation efforts to identify,
splice, or connect each wire at every intersection. Coaxial
cable networks reguire only that a single coaxial cable and a
trunk-line tap be installed at each intersection, thus elimi-
nating much of the design, documentation, and installation
costs. Cost of transceivers at the intersection is generally com-
parable to that of twisted pair time division multiplexing
(TDM) units, but the front-end computer and programming
cost is usualy higher than that of typical twisted pair central
communication units.

If an existing or planned cable TV installation encompasses
an appreciable part of the traffic control network, a portion of
the cable spectrum may be leased from the community antenna
television (CATV) operator, thus substituting a monthly leas-
ing cost for cable installation cost.

A fiber optics data link is functionally the same as a data
link using wires or coaxial cable, except that the transmitter
module converts electronic signals into optical signals. The
fiber optics transmission medium is an optical waveguide,
which in the case of a single-fiber data channel, is analogous to
acoaxia cable or, more accurately, a cylindrical waveguide.

The glass fibers are coated glass or plastic having a differ-
ent refractive index from the glass in the fibers. When these
elements are properly designed, light rays entering one of these
clad fibers will be reflected off the fiber walls and will propa-
gate along the inside of the fiber without escaping until they
reach the end. Continuous fibers can be made as long as several
kilometers and can be interconnected by specially designed
connecters where necessary.

Unlike electrical cables, junctions with fiber optics need
not make intimate contact. Radial alignment at cable junctions
is usualy required to be within 1-5 mils, depending on fiber
optics, or bundle diameter, and this tolerance is readily achieved
through the use of standard matched connectors or couplings.

The cost of fiber optics system ingtallation is essentialy
the same as for wire pair cables and coaxial cable. High data-
rate fiber optics cables, however, are smaller and lighter and,
therefore, they are somewhat easier to handle and occupy less
space in a conduit. Since conduit installation cost is the domi-
nant cost factor, the overall cost difference between a fiber
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optics and coaxial cable installation may be insignificant.
Maintenance costs should be similar to those for other forms
of cable communications.

Energy in the optical spectrum (usualy visible or near in-
frared) may be used for the transmission of data through the
atmosphere. This type of transmission has become practical in
recent years through the development of low-cost injection
laser diodes for transmission and light-sensitive diodes for re-
ception. By using a laser in the transmitter of an optical data
link, much greater range and/or signal-to-noise ratio at the
receiver can be achieved compared to using nonchoerent light
sources of comparable input power.

Equipment for traffic control communications consists
of pole-mounted optical transceivers (single or multiple heads)
at each intersection facing their upstream and downstream
counterparts at adjacent controlled intersections, plus a micro-
computer at each intersection for processing the data. Each
bidirectional transceiver acts as a repeater for data being trans-
mitted in both directions and also communicates with the
microcomputer in the controller cabinet via a short cable.

An air-path optical system is feasible where the intersec-
tions to be controlled are physically located such that line-of-
sight paths exist at al intersections. Two wire pairs (leased or
owned) may be used for links which do not have unobstructed
line-of-sight paths, since the data rates used with this techni-
que may be made compatible with voiceband transmission
media and equipment.

Signal Hardware

Signal hardware is probably the most standardized equip-
ment in the traffic control industry. Standards for traffic sig-
nals published by the ITE have been long established and ac-
cepted by both user and manufacturer, and define color, light
output, message size, lens diffusion patterns, and almost every
characteristic of these devices. In spite of this standardization,
a variety of new concepts are entering even this part of the
equipment spectrum.

« Lenses : Lexan polycarbonate plastics are now available as
replacements for glass. This material is very resistant to
breakage and meets the enviornmental and optical re-
quirements of signal hardware.

Heads: Signal heads made entirely of Lexan polycarbon-

ate are now offered by several manufacturers. These heads

are lighter than the aluminum die-cast counterparts and
have colors molded-in rather than painted-on for easier
mai ntenance.

o Dimming: In response to changing ambient light levels,
individual signal heads or entire intersection signalization
can be dimmed to conserve energy.

« Programmed Visibility: Signa displays which tend to con-
fuse motorists can be improved by the use of focused in-
dicators which direct light along a narrow cone visible
only to the motorist intended.

o Turn Arrows: Signal heads that can display a green arrow
followed by a yellow in the same housing permit a reduc-
tion in overall signal height.

« Fiber Optics Fiber optic bundles are being used to illumi-
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nate pedestrian signal messages making it simpler to
fabricate unitsin smaller housings.

Microprocessors

Whether an integral part of a system equipment (eg., a
microprocessor controller or a communication interface unit)
or an element of the data processing structure, the microproc-
essor will become an increasingly dominant type of hardware
in traffic control systems of the next decade. As part of a con-
troller, the microprocessor affords a wide range of applicability
without the need for special purpose modifications (e.g., two
to eight phases, overlaps, dual ring, fully actuated, preemption
skip phase, and so forth) and provides an intelligent local con-
trol when operated independently as an intended mode of
operation or as a fall-back mode.

However, microprocessors will have their greatest impact in
their broader use as elements of distributed or hierarchical
system structures. Because systems will be able to be configured
as modular elements with relatively easy expansion capability,
the concept of systems adaptable to various size cities may, in
fact, become a practical reality.

There is, however, one big specter that looms over this elec-
tronic paradise. If there is no direction or universal acceptance
of these new concepts of traffic control and some degree of
functional standardization, it is likely that the desire for unique-
ness and inventiveness will result in many different designs to
do the same thing. That, in itself, would not be too serious if
the users and operators of systems could be assured that their
unique and peculiar equipment would always be supportable,
maintainable, and replaceable at reasonable cost. Toward this
end it appears essential that a functional standardization con-
cept be considered for the new breed of distributed systems of
the future.

One such concept has been described by Pinnell and Wil-
shire [5]. In this concept four levels of signal control units
are defined as follows:

o Level 1, Intersection Control Unit (ICU): essentially the
local controller with backup capability to provide inter-
section control;

. Level 2, System Control Unit (SCU): a receiving and proc-

essing unit which could operate on detector data and pro-

vide control commands to severa ICU' s

Level 3, Regional Control Unit (RCU): a master level unit

that would supervise and control SCU’'s or ICU’ 5

« Level 4, Command/Control Unit (CCU): the centra level
of control which provides the operator interface, display
and reporting, and overal monitoring functions.

Without restricting the innovativeness of manufacturers, func-
tional interchangeability of units could be provided by a com-
monly accepted definition of each unit as to function and
interfaces.

These, then, are only a few of the trends and issues which
the future portends for the technology of traffic control. What
about the institutional factors which will influence future
practices? For one thing, traffic engineers are becoming more
technically sophisticated and will look for more capabilities
in their systems. Traffic managers will require more and bet-
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ter staffing, and the education and training of personnel will
be an important consideration. An unfortunate conseguence
of good training is a high turnover rate as well-qualified people
find it easier to sell their capabilities in the marketplace.

The increasing numbers and complexity of equipment will
intensify the need for maintenance. Electronic equipment will
predominate in use, and maintenance personnel will be required
to develop more troubleshooting skills.

The nature of the systems and equipment will be such that
many new suppliers will enter the field and many will leave.
The situation is not likely to stablilize as long as the technology
is advancing. Thus the need for multiple sources becomes more
acute.

In this era of rapid technical growth, the need for more and
continued information from the federal government will
increase. Traffic mangers, system users, as well as designers and
consultants will need the kind of evaluated data and nation-
wide experiences that can only be collected and disseminated
by the federal agencies.

Along with this, there will be a continued and intensified
need for government-sponsored research and development.
This will become increasingly important as the technology ac-
celerates and designers and users grow anxious to apply new
ideas without making an adequate analysis and evaluation.

SUMMARY AND CONCLUSIONS

This paper sought to touch upon the issues, both current
and future, involving traffic control systems hardware. If this
broad subject can be summarized at al, it would contain the
following four points.

1) Personal automobile use and vehicular traffic are here to
stay at least through the end of the century. It is still a cost-
effective, convenient, and reliable mode of transportation.
Even impending rising fuel costs and shortages will probably
not significantly impact this trend. It has already been clearly
shown that higher costs can and will be sustained by motorists,
and true shortages will only have a transient effect while sprur-
ring the research for gasoline substitutes. Therefore, we can
expect to see the continued use and growth of computerized
traffic control as traffic managers rely more on this tool to
make efficient use of their streets and freeways.

2) The field of computerized traffic control has advanced
greatly in the past decade. There are over 100 computerized
systems in use in this country today with over 10 000 inter-
sections being controlled automatically and effectively on a
daily basis. The past ten years have seen large technological
changes in the hardware used in these systems, particularly in
the extensive use of solid-state electronics, the gradua transi-
tion from electromechanical and analog equipment to digital
devices, and in the rapid application of microprocessors.

3) Rapid technological changes can pose problemsin atra-
ditionally conservative field where public pressures and govern-
mental constraints abound. Changing technology brings with
it the need for more education and training, more staff person-
nel, more progressive attitudes, and better procurement prac-
tices. At the same time, users may lose the traditional sources
of technical support from long-established suppliers of equip-
ment. Higher levels of skill will be required to operate, main-
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Fig. 11. Projected growth of traffic control systems.

tain, and effectively use the more sophisticated systems, and
retaining qualified personnel will be increasingly difficult.
And, by its nature, technological advancement is accompanied
by obsolescence. New developments spur the desire to keep
up, improve, and enhance; and equipment and techniques that
were new one day are unattractive or even unsupportable in a
short time.

4) While changes are expected to affect all elements of traf-
fic control systems, the most significant will probably occur in
the areas of communications, data processing, and controllers.
Changes in communications technology will require a better
understanding by users of the transmission hardware and func-
tions and, together with controllers, will be the two areas in
which most maintenance impacts are likely to occur. Advances
in data processing will continue and have a significant effect
on system configurations of the future, but changes in com-
puter architecture and processing capabilities will largely be
unnoticed by the user unless the system computer is used for
off-line or background functions.

The growth of computerized traffic control systems over
the past ten years is history, the trend for the next ten years is
only conjecture. Continued growth at the same rate (curve A
of Fig. 11) is possible but problematical as the number of ap-
plications warranting systems becomes fulfilled. This would
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indicate a continuing growth trend but at a somewhat reduced
rate (curve B of Fig. 11). However, by the mid 1980’s a sub-
stantial number of systems will have been in operation for ten
years or more, and a market for replacement, upgrading, and
modernization of systems is likely to occur (curve C of Fig.
11). This assumes systems of this type continue to produce
benefits and are supportable with reasonable resources by traf-
fic operators. The challenge to provide this growth and con-
tinued acceptance of such systems is, in one way or another,
upon us all. The accomplishments of the past ten years should
be evidence enough that the challenge of the future can be met
with equal success.
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The Northeast New Jersey Route Guidance System (RGYS):
Case Study of a Distributed System

DANIEL J. MAYER anD WALTER H. KRAFT

Abstract-The general trend in thecomputer industry today ismoving
from centralized toward distributed processing. Thesametrend isim-
pacting thetraffic-control field and isbeing fueled by the availability of
low-priced microprocessorsin a general environment of increasing
communications costs. The Northeast New Jer sey Route Guidance System
(RGS), now in the final design phase, serves as an example to illustrate the
reasonshehind thiscurrent trend. Oneof themajor decisionsfacingthe
traffic-control system designer concer nstheselection of thecommuni-
cationssystemtobeused between acentral control baseand theremote
controllers/processors. Whereasin the past it waspossibleto separ ate
communicationssystem design decisionsfrom control design decisions,
such separation isnolonger possible. A portion of the decision isoutlined by
which a 1972 recommendation for central control, made aspart of a
surveillance-and-control system feasibility study, wasmodified todis-
tributed control in 1977, during the preliminary design phase of that
project. Five communication alternatives, analyzed for usein the RGS, are
described. Two of the five alternatives, requiring the least expensive
communication-media leasing costs, entoil distributed rather than central
control.

PROJECT BACKGROUND
Introduction

HE NEW JERSEY Department of Transportation (NJDOT)

has organized the Northeast New Jersey Route Guidance
System (RGS) project to protect public investment in major
highways of the northeast New Jersey area. A feasibility study,
performed in 1972, investigated the potential of northeastern
New Jersey for the diversion of traffic around the sites of
incidents that blocked or impeded traffic use of major road-
ways. These incidents have frequently caused costly traffic
delays and secondary accidents. The study defined and set
priorities for viable diversion corridors that were determined
to be economically and institutionally feasible. In 1976,
Edwards and Kelcey, Inc., was selected by NJDOT to design
stage | of the project. The system should be in operation by
1983.

In general, the purpose of an RGS is to increase travel
efficiency by

« better use of existing roadways (transportation systems
management),

« reduction of secondary accidents,

« reduction of fuel consumption,

» decrease in total vehicle emissions as a step toward
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Systems, Berkeley, CA, August 6-9, 1979.
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NJ 07733.
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Ave., Livinston, NJ 07039.

meeting the objectives of the Clean Air Act Amend-
ments of 1977,

« reduction of traffic spillover from jammed highways
onto local streets.

Scope

The initial studies investigated highways of Bergen, Essex,
Hudson, Middlesex, Morris, Passaic, Somerset, and Union
counties. Within the northeast New Jersey area, 12 travel
corridors were investigated. Of these, five were selected as
having the highest priority and were organized into a design
project. This is the current project under discussion and will
be referred to as “stage I.”

Stage | Corridors

The corridors included in the first stage of the project are
as follows:

e corridor A, including diversions among Routes NJ-4,
1.80, and US-46 between the George Washington Bridge
on the east and Route NJ-I 7 on the west;

¢ corridor E, including diversions among Routes US-I, 9
(in the southern portion of the corridor these routes
divide into Routes US-1 and US-9), Garden State Park-
way, and the New Jersey Turnpike between the Raritan
River area to Routes 1, 78;

e corridor F, including diversions among the Garden State
Parkway/Route 1-280 and Routes NJ-3, 21 in the
southbound direction between Clifton (junction of
Garden State Parkway and Route NJ-3) and downtown
Newark;

e corridor J, including diversions among Routes 1-95 and
US-46 between the New Jersey side of the George
Washington Bridge and the northern terminus of the
New Jersey Turnpike;

e corridor M, including diversions among Route US-9
and the Garden State Parkway, across the Raritan
River, between Garden State Parkway interchanges
#123 and #129.

The above corridors are shown in Fig. 1.

Planned System Operation

The roadways of the corridors will be instrumented by
placement of induction-loop vehicle detectors at approxi-
mately one-half mile intervals. These detectors will sense the
movement or stoppage of traffic by measuring lane occupancy.
The detector stations will be served by a communication sub-
system transmitting the data to the RGS computer. The
computer will analyze the data to determine if interruptions
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to normal flow occur. An incident detection algorithm, such
as the modified California algorithm [1], will be used by the
RGS computer to identify possible incident locations. The
computer will assess the capability of alternate routes to
accept the divertible traffic volume and will advise whether
diversion is or is not feasible. If the diversion is accepted,
variable message signs at strategic points in the road system
will advise traffic of alternate roadways bypassing the incident
site. Concurrently, the State Police will be notified of the
existence of the incident. When normal traffic flows are
reestablished following clearance of the roadway, the signs
will be turned off and the diversion terminated.
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Northeast New Jersey Route Guidance System (RGS).

MICROCOMPUTERS AND COMMUNICATIONS
Microcomputers and Distributed Processing

The capabilities of the microcomputer have been available
in higher priced minicomputers for approximately two decades.
It is the decreasing cost of microprocessors and other micro-
computer circuits that is fueling the current trend toward
distributed processing. This trend is particularly evident in
systems that must utilize communication media whose costs
are significant and increasing,

A major part of surveillance-and-control system design
consists of the synthesis of a communication system linking
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the central-control room with widely dispersed loop-detector
amplifiers and variable message (VM) sign controllers. Where-
as in the past it was possible to separate the design of the
control system from the design of the communication system,
such separation is no longer desirable. Various communication-
system options are available to the system designer. Some of
these options require field “ intelligence” that can be pro-
vided by a series of field microcomputers, off-loading both
the communi cation medium and the central computer.

In the case of the RGS, the communication system must
transfer data between 1857 loop detectors, 120 VM sign
controllers, and the RGS computer. The incident detection
algorithm will be using detector data aggregated over 60-s
intervals at each detecting-station lane. Thus field micro-
computers can be used to aggregate the required data and
transmit them to the central-control location once per minute.
The various tasks performed by each microcomputer can be
divided into the following functiona aress:

communication with central control,

communication with local sign controllers,

sampling loop-detector outputs,

processing surveillance data,

diagnosing own operation,

diagnosing communication validity,

diagnosing loop-detector failures,

providing local sign control when communications
fail.

All microcomputers are identical with the exception of
an externally pluggable memory module containing unique
data such as station address, loca VM sign data, and local
loop configuration.

For the purpose of this paper, systems using field micro-
computers to aggregate detector data and to control com-
munication tasks will be defined as “distributed-processing
systems.” All other systems will be defined as “central-
processing systems.”

Communication-Media  Constraints

Each of the communication options analyzed for use in
the RGS consists of a methodology that attempts to maxi-
mize the utility of leased voice-grade (Bell 3002 type) tele-
phone circuits. There are two mgjor constraints imposed by
these circuits:

« a bandwidth’ of about 3000 H,
« alimit of the number of connection points.

Two basic types of voice-grade circuits are available:

. two-wire circuits,
« four-wire Circuits.

Signals on a two-wire circuit share the same physical path
regardless of the direction of the communicated data. Signals

1 A measure of the capacity of the communication circuit (see
McNamara| 2]).
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on a four-wire circuit follow a separate physical path in
eachdirection.

The Bell System [3] recommends the following limits
on the number of connection points to each circuit:

SiX points to a two-wire circuit,
. sixteen points to a four-wire circuit or to a single-
direction two-wire circuit.

Though alarger number of connection points per circuit is
sometimes possible, some Bell companies will not guarantee
the quality of the leased communication circuits unless their
recommendations are followed.

The following discussion of the communication options
is divided into two major option groups:

. central-processing communication options,
« distributed-processing communication options.

CENTRALPROCESSING COMMUNICATION OPTIONS

Traditional Frequency-Division Multiplexing” 3 (FDM)
Arrangement

This method of communication-medium sharing was
proposed in 1972 for use in the RGS. The use of FDM divides
each voice grade circuit into 16 to 24 independent channels,
each sufficient for the purposes of transmitting loop-closure
data. FDM requires one transmitter and one receiver for each
loop-detector amplifier. Thelayout of such FDM communica-
tion systemsis shownin Fig. 2. VM signs requiring two-way
communications may occupy two channels on the circuit.
The front-end communication processor shown in Fig. 2is
necessitated by the requirement to off-load the RGS com-
puter, which must sample each loop at a rate of about 30
samples/s. The scale of the RGS precludes such sampling
by the RGS computer and requires sampling and some data
concentration to be done by a front-end communication
processor (normally computer-based). FDM was the tra-
ditional multiplexing method in the past and is gradually
being abandoned in favor of other methods for various reasons
including:

« the need for one transmitter and one receiver for each
loop-detector amplifier,
« theinefficient useof circuit bandwidth.

Traditional Time-Division Multiplexing (TDM) Arrangement

This multiplexing technique, sometimes used in conjunc-
tion with FDM, divides each communication circuit into a
number of channels by time segments. TDM ismost preval ent
in recent surveillance systems that lack field intelligence. It
should be noted that some data reduction capabilities are
normaly implemented within field TDM units, enabling
relatively efficient use of circuit bandwidth. The layout of
the TDM network required for the RGSis shownin Fig. 3.
The TDM system depicted is limited to six loop-detector

2 Thedivision of acircuit into two or more channels.
3 For more information, see McNamara | 2] .
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amplifiers per TDM unit, and eight TDM units per four-
wire circuit.

DISTRIBUTED-PROCESSING COMMUNICATION OPTIONS
Multipoint Polled Arrangement

In this arrangement up to 15 microcomputers are con-
nected to each four-wire circuit by means of standard 1200
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bit/s asynchronous frequency shift keying (FSK) modems.?
Each microcomputer responds to a unique station address
when polled by the RGS computer. The layout of such a
multipoint polled arrangement is shown in Fig. 4. Since each
microcomputer aggregates data from up to 16 loop ampli-
fiers, each circuit can be used for transmitting data from up
to 16 X 15 loop amplifiers. However, the average number
of loop detectors at any microcomputer location is only

eight.

DSASS Arrangement

Dataphone Select-A-Station Service (DSASS) has been
designed by the Bell System in response to a need they pre-
ceived in the security services industry. DSASS provides a
means for electronically switching leased telephone lines to
provide an exclusive path from a central customer location
and a remote site. DSASS equipment must be leased from the
telephone company. One selector central unit (SCU) is
installed in the customer’s-central-control location to com-
municate with each primary data station selector (DSS),
which is located on telephone company premises, local or
remote. Each DSS has 128 ports that can be linked to the
central-computer port on demand. Secondary DSS units
(normally remote) can be used through any port of a primary
DSS unit for addressability of up to 128 X 128 ports. DSASS
can be used advantageously, in systems that do not use the
full bandwidth of each circuit, as a means to increase the
number of points that can be connected to each circuit be-
yond the six or 16 previously mentioned and as a means of
reducing the number of long-haul lines that must be leased.
DSASS requires 2 modem and a phone-company-supplied
channel service unit (CSU) at each field station. The layout
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Distributed processing: DSASS arrangement.

of the DSASS arrangement required for the RGS is shown
in Fig. 5. The need for four separate four-wire circuits entering
the control center is based on bandwidth requirements. The
DSASS arrangement shown enables the addressing of each
remote station through a DSS, since each is uniquely con-
nected to a DSS port. The function for which DSASS is
contemplated for use in the RGS can also be achieved by
remote concentrators® or regenerative repeaters. However,
DSS units are located on phone company premises and are
serviced by phone company personnel.

Modified DSASS Arrangement

In the modified DSASS arrangement, DSS units are used
to switch among ports that are connected to multipoint
circuits. Once connected to each such port, the RGS com-
puter may poll each station on the circuit as in the multi-
point polied arrangement. The DSS units are used to reduce
the number of long-haul leased lines and the number of RGS
computer ports used. The layout of the modified DSASS
arrangement is shown in Fig. 6.

COMMUNICATION-MEDIA LEASING COSTS

An analysis of the leasing costs associated with each com-
munication option was performed, using the most recent
tariff (published rates) approved by the New Jersey Public
Commission. The lease costs of required phone company
equipment (such as SCU’s, DSS’s, and CSU’s) were included
as part of the media-leasing costs. The costs of leasing the
media required by each communication option are given in
Table 1.
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TABLEI
LEASED-MEDIA COSTS (1979)

Communication Option Monthly ($) Yearly ($)
1. Traditional FOM Arrangement $ 8,665 $ 103,980
2. Traditional TDM Arrangement 5,430 65,160
3. Multipoint Polled Arrangement 3,325 39,900
4,  DSASS Arrangement 5,665 67,980
5. Modified DSASS Arrangement 3,340 40,080

CONCLUSION

On the basis of communication-media leasing costs, the
multipoint polled arrangement and the modified DSASS
arrangement stand out as the least expensive communication
alternatives. The latter has the added advantage of reducing
the number of leased lines entering the control center to four.
This benefit is offset somewhat by the added risk implied,
since the failure of one circuit can result in the loss of com-
munications with 25 percent of the system.

Not surprisingly, both options belong to the distributed-
processing group. A separate analysis of the initial hardware
and engineering costs involved has shown that the distributed-
processing options are also cheaper to implement than the
central-processing options discussed. A decision on the choice
between the multipoint polled arrangement and the modified
DSASS arrangement will be made later this year.
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The Sydney Coordinated Adaptive Traffic (SCAT) System
Philosophy and Benefits

A.G. SIMS anp K. W.DOBINSON

Abstract-Sydney, Australia, just asmany major citiesin theworld, has
seen traffic movement become more and mor e congested despite capital
expenditure on road construction and widening, on public transport
systems, and on traffic management measures. SCAT, the coordinated
adaptive traffic signal system, now being installed in Sydney, offersa
substantial improvement to movement on arterial roads at low cost
thereby enabling usage of the arterial road network to be optimized. An
initial trial on alength of arterial road showed advantagesin journey time
over optimized fixed-time signal coordination of 35-39 percent in peak
periods. SCAT is unique in that it consists entirely of computers and is
totally adaptive to traffic demand. Its communication network provides
extremely powerful yet flexible management of the system. The system,
the system philosophy, and the benefits it is expected to yield are described.
The benefits are not only in reduced delay, improved flow, and decreased
congestion, but also in reduced accidents, lesser usage of petroleum
resour ces, decreased air pollution, and improved residential amenity.

Manuscript received June 15, 1979; revised January 4, 1980. This
paper was presented at the International Symposium on Traffic Control
Systems, Berkeley, CA, August 6-9, 1979.

The authors are with the Department of Main Roads, 309 Castle-
reagh St., Sydney, N.SW., Austraia.

THE SYDNEY TRANSPORT SCENE

RAFFIC on most arterial roads in Sydney, Audtralia, is

at or near capacity on the many radia routes which
extend for 30 km from the central business district (CBD).
Even a minor disruption, such as a broken-down vehicle,
causes a serious disruption to traffic flow, with the resultant
congestion affecting many kilometers of the route. This
traffic congestion which extends through most of the day-
light hours, in addition to its time-consuming delay to people
and goods movement, wastes the scarce petroleum resources,
increases air pollution, and causes traffic to be diverted to
residential streets, reducing residential amenity.

Public transport offers little opportunity for relief as
usage in peak periods has been optimized: 78 percent of
commuters travel to the CBD by train, bus, or ferry [1].
Due to urban sprawl, there is insufficient movement else-
where in Sydney to justify a train system, while few opppor-
tunities exist for the expansion of bus services. Because of a

0018-9545/80/0500-0130$00.75 @ 1980 |EEE
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cutback in funds for urban arterial roads, Sydney cannot
look forward to a comprehensive freeway system, as in
American cities, to ease the situation in the short term. At
the same time, traffic management measures such as clear-
ways, priority roads, bus and transit lanes, median closures,
turn bans, and the like, have for the most part been taken
up to increase the capacity of existing arteries.

This leaves the intersections en route as the ultimate
constraint. SCAT, through the comprehensive coordination
of traffic signals, offers a breakthrough of this intersection
constraint so that usage of the entire arterial road network
may be optimized at all times.

Flow rates, particularly in peak periods, fluctuate over a
wide range extending from free flow to congested conditions.
At the same time, peaks vary in length and traffic will change
routes to adapt to route blockages. Congestion extends beyond
peak periods due to capacity reduction from nonrestrictive
curbside parking on many arterials. The problem is further
exacerbated by the vagaries of weather and the consequent
attraction of the beaches, and by major sporting events. Thus
a rea-time dynamic system of the SCAT type offers the only
effective means of overall coordination of the traffic signal
network.

THE PHILOSOPHY OF SCAT
The System

SCAT s the signalized urban traffic control (UTC) system
now being introduced in Sydney. It is exceptional in that it
consists entirely of computers and it is totaly adaptive to
traffic demand.

SCAT comprises one central supervisory PDP 11/34 mini-
computer at the control center, 11 remote regional mini-
computers (ten PDP 11/34 and one PDP 11/40), and over
1000 microcomputer traffic signal controllers distributed
throughout the 1500 km2 of the Sydney metropolitan area
The central computer also supervises duplicate PDP 1 1/40
computers which control the 150 slave traffic signal controllers
in the Sydney CBD. The distribution of the regional com-
puters, which is determined by the economics of communica
tion, is shown in Fig. 1. Each regional computer maintains
autonomous control of its region.

Communication is via rented telephone lines except for the
Sydney CBD which is connected via dedicated cable. The
interrelationship of the computers is shown in Fig. 2.

The Intersection Computer

The microcomputer intelligence at the traffic signa site
is utilized to process strategic data collected from traffic
detectors, make tactical decisions on signal operation, and
assess detector malfunction. It also incorporates a software
method of cableless link coordination (with 11 plans) through
synchronous clocks; this provides a fall-back mode of opera-
tion that enhances total system security without the need
for dual computer systems.

The Regional Computer

Each regional computer controls up to 200 sets of signals
as interactive or noninteractive systems as illustrated in Fig.
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3. These computers are the heart of the SCAT system. They
implement the real-time operation of the signals by analysis
of the detector information preprocessed by the micro-
computers.

The software and data base are entirely core-resident for
reliability. However, disk units are used for the storage of

the regional computer program and data for reloading
purposes,

a copy of the data for reloading each microcomputer,
miscellaneous data collected for off-line analysis
purposes.

The Supervisory Computer

The supervisory computer does not automatically in-
fluence traffic operation but has the following functions:

outputs traffic and equipment status for fault rec-
tification,

stores specified traffic data for short term or per-
manent record,

maintains core image of each regional computer and
reloads the regional computer if required,

allows central control to monitor system, subsystem,
or intersection, alter control parameters, manually
override dynamic functions, or plot time-distance
diagrams.

The Communication System

To realize the full potential of the distributed intelligence
system based on microcomputers, a compatible communica
tion system was required. The local microcomputers dra-
matically reduce the time demand on the communication
channels and on the regional computer, because they perform
al the repetitive high-speed functions. They preprocess data
and only require information transfers at decision points
which may occur at intervals between 1 and 120 s; this is in
sharp contrast to traditional hardware systems where data
transfers are required at intervals between 20 and 100 ms.

This ability to transfer preprocessed data from local con-
trollers in digital form and the ability to load local computers
with control parameters as digital values from the regional
computer required that the communication protocol resemble
conventional computer-to-computer technology. This com-
munication system, although using conventional 300-bit/s
frequency-shift keying (FSK) hardware, is therefore completely
software controlled. A sample of communication codes used
is given in Table I.

The system is very flexible, powerful, and expandable,
and yields unprecedented monitoring and management pos-
sihilities. A system operator can remotely check any local
controller in fine detail at the regiona site or at the centra
control; its exact state can be seen, all times and plans can be
monitored, and all detector states and demands can be viewed;
in fact, any memory location in the loca controller can be
monitored by a system operator. Data can also be referred
back to the regional or central master for logging or mass
storage. This monitoring capability makes the local controller
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Fig. 1.

“transparent” and enables remote fault diagnosis to take
place. The system operator also has the capability to change
local controller times, fall-back plans, phase sequences, special
facilities, and controller operating modes. If desired, the
operator can manually remote-operate a controller while
continuously monitoring its performance. Selected controller
and detector parameters are continuously monitored by the
central master and operate alarms when a failure occurs.
Hence the communications system is a major factor in
providing a system of high availability that gives extremely
powerful management and diagnostic capability. This is apart
from traffic benefits due to its contribution to signal co-
ordination. In fact, the SCAT system provides a city-wide
street-side data network with distributed intelligence and

v U T C REGIONAL
COMPUTER LOCAT 1ON

Sydney regional computer locations.

spare data capacity for subseguent use in public transport
priority, vehicle locations, route management, etc.

System Operation

The norma mode of coordination is rea-time adjustment
of cycle, split, and offset in response to detected variations
in demand and capacity. Maximum freedom consistent with
good coordination is given to loca controllers to act in the
traffic-actuated mode. The system is designed to autocalibrate
itself on the basis of data received, to minimize the need for
manual calibration and adjustment, and to reduce the amount
and criticality of preprepared data.

For control purposes, the total system is divided into a
large number of comparatively small subsystems varying from
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one to ten intersections (see Fig. 3). This system configuration
is in software. As far as possible, the subsystems are chosen to
be traffic entities, and for many traffic conditions they will
run without relation to each other. As traffic conditions
demand, the subsystems “marry” with adjacent subsystems
to form a number of larger systems or one large system. This
marriage of subsystems is calculated in much the same way as
are the interrelationships between intersections within a sub-
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TABLE1
SAMPLE OF COMMUNICATION CODES
Mnemonic  Code NBOy.teosf M::z:‘g)e Function

Regional Master to Local Controller Command Codes

CLPn 02n 1 1 Call Phase n

RST 020 1 2 Request Controller Status

RDM 054 2 2 Request Demand Status

SSF 040 3 3 Set Special Facilities

RSF 041 2 3 Read Special Faciltiies

STS 100 3 4 Store Time Setting in RAM

RTSn 10n 2 4 Read Time Setting in one of several
Modes defined by n

SPD 110 3 4 Store Plan Data

RPD 111 2 4 Read Plan Data

SPC 112 3 4 Set Plan Change Schedule

RPC 113 2 4 Read Plan Change Schedule

SCT 004 3 4 Set Clock Time

RCT 005 2 4 Read Clock Time

BVO 044 3 4 Begin Volume and Occupancy Counts

FVO 045 3 4 Finish Volume and Occupancy Counts

RDA 051 2 4 Read Detector Alarms

RMEn 120 2 4 Read Memory Location in Page n

RMC 116 2 4 Read Memory Checksum

Local Controller to Regional Master Reply Codes

SST 020 2 2 System Status

CSTn 02n 3 2 Controller Status on Termination
Command

DMS 054 2 2 Demand Status

SFS 040 3 3 Special Facilities Set

TBF 100 3 4 Time Setting Buffer Full

TSSn 10n 3 4 Time Setting Set for Mode n

PDS 110 3 4 Plan Data Set

PCS 112 3 4 Plan Change Schedule

CTS 004 3 4 Clock Time Set

VOB 044 3 4 Volume and Occupancy Counts Begun

VoCon l4n 3 4 Volume and Occupancy of Detector
n + 1 for detectors 1-8

voCln 15n 3 4 Volume and Occupancy of Detector
n + 9 for detectors 9-16

DAS 050 3 4 Detector Alarm Status

MECn 12n 3 4 Memory Contents of-Page n

CSH 115 3 4 Checksum of Memory

system. Thus there is a hierarchy of control that is distinct
from a hardware hierarchy.

The data for each subsystem specify minimum, maximum,
and geometrically optimum cycle length. Four background
plans are also stored in the data base for each subsystem.
Cycle length and the appropriate plan are selected independ-
ently of each other to meet the traffic demand. For this
purpose, a number of detectors in the subsystem area are
defined as strategic detectors; these are stop-line detectors at
key intersections. Various system factors are calculated from
the strategic detector data which are used to decide whether
the current cycle and plan should remain or be changed.

For linking subsystems together there are four linking
plans for each subsystem which define the conditons for
marriage with other subsystems, and which use strategic data
in much the same way as subsystem plans. When a number
of subsystems are linked together, the cycle time becomes
that of the linked subsystem with the longest cycle time.
The combination of subsystem plans, link plans between
subsystems, variable cycle length, and variation of offsets
provides an infinite number of operating plans.

Strategic options are available which provide for the opera-
tion to be minimum delay, minimum stops, or maximum
throughput. These may be either permanent options or can
dynamically change at threshold levels of traffic activity.

During normal operation of the system, the regional com-
puter notifies each local controller of a fall-back mode, which
can be “lamps off,” “flashing,” “isolated,” or “cableless link”
operation. The cableless link operation is the normal fall-back
mode as it provides an effective linking system without the
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need for a master through an in-built software cableless link
program.

Traffic Information Processing

In a real-time system it is vital that the detector data used
in the algorithms be unambiguous, and that it enable more
parameters to be ascertained than is possible from volume
and headway. It should also be recognized that the primary
cause of delay in a system is the phase split and cycle length
of intersections: unless these are first optimized, any benefits
from coordination are unattainable.

If demand/capacity is optimized, then coordination pro-
vides the means to realize that capacity, as well as reducing
delay and stops, by ensuring that platoons will not be frag-
mented by the asynchronous operation of adjacent signals.
The capacity of any traffic lane is not constant, because the
ability to flow at saturation varies due to many factors such
as weather, time of day, parking, pedestrian friction, down-
stream conditions, and type of vehicles.

Simple volume and headway information cannot show the
difference between these variations and changes in actual
demand, and can lead to gross errors in operation. The data
from presence detectors can be evaluated to obtain the in-
formation essential to describe all the flow parameters, but the
detector locations must be in close proximity to the inter-
section so that high correlation exists between the signal
timing and the measurements. In other words, the informa-
tion will only directly relate to the intersection’s capacity
if the measurements are made when the traffic should be
moving at saturation flow with a green signal. Remote detector
locations do not provide this direct correlation, and assump-
tions on intersection capacities must be made.

In the detector data base the highest flow rate recorded is
stored for calibration purposes. As well as the flow rate, the
occupancy that occcurred when the flow rate was attained
is also recorded. Numerous checks are made to discard
erroneous data. This provides the following data relating to
maximum flow as reference data:

1) headway (time),

2) loop occupancy time,

3) space time between vehicles,
4) speed.

It is assumed that maximum flow will occur when only
cars are present and therefore, as loop length and the length
of cars are known, then speed can be calculated approxi-
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mately. The relationship between these first three parameters
is illustrated in Fig. 4.

These data are compared against the cyclic data in the
various algorithms to determine traffic flow status. The
speed/spacing relationship defined by Wardrop [2] and shown
in Fig. 5 is used to determine whether speed, and hence
saturation flow has varied; i.e., if the actual average space
time is less than the reference space time, then speed is less
than optimum and flow rate has decreased.

The space time uniquely defines the actual flow conditions
as illustrated in Fig. 6. By using the reference speed, the
amount of change can be approximated. Neither headway nor
occupancy time are appropriate for this purpose because they
can vary, as illustrated in Figs. 6 and 7.

Where the flow has decreased due to lower speeds, then,
if the decrease is within practical limits, it can be assumed
that this is the saturation flow of the lane due to intersection
factors. If the decrease is excessive it must be assumed that it
is due to downstream conditions.

If the actual average space time is larger than the reference
data, this is interpreted as a reduction in demand. For ail
cycles where flow continues for the whole of a phase in a
lane, it is possible to calculate the average vehicle length by
means of the measured occupancy, the previously calculated
speed, and the reference occupancy. This information would
be included in the algorithm for the selection of phase splits
and is particularly valuable for including a passive bus priority.



SIMS AND DOBINSON: SYDNEY COORDINATED ADAPTIVE TRAFFIC SYSTEM

60}

50
NOTE 1 SPACE TIME CAN INDICATE

- I ONLY ONE SPEED
£
z 40 ) 2 HEADWAY MAY INDICATE
x TWO SPEEDS
3 \
2 30 A\
@ \
\
20 \
N\
N M
\E“'Dm,:4
10 ~ \P(T/ME
~52 -
. . . o .
0 1 2 3 4 5
Seconds

Fig. 6. Space time and headway variation with speed.

6.5 100
8 90
z 12 <8
E17 =701 137m vehicte -~ o 4.5m vehicle
~ >
'g 24 =860
o = 7.6 m vehicle -
230 850
42 240 ————————
o
51 W3apl ‘ l
o 4 T - l
9_20' ’/’/’ !
I
10F |
3 L 1 [ 1
0 400 800

1200 1600 2000
1800

Flow Rate {veh/hr)

Variation of vehicle speed and passenger car unit equivalent
density with flow rate using 4.5-m long detector zone [4].

Fig. 7.

THE COST OF SCAT

The total computer configuration enables a system to be
developed which incorporates advanced concepts at low cost
and which is capable of future amendment without obsoles-
cence. The cableless link fall-back mode saves computer
duplication which not only reduces computer costs by 50
percent but avoids the undesirable complexities of dual
systems.

Component costs are as follows.

Local controller $ 6000
(US$6600)
Regional computer: cabin, computer, and $ 50000
peripherals (US$55 000)
Total capital cost for coordination of $2.8 million

1000 sets of signals excluding replace-
ment controllers (this represents about
10 percent of the total signal installation

(US3$3.1 million)

cost)
Annual rental of telephone lines $36/km
(US$40/km)
Annual rental of telephone lines for $200 000
1000 sets of signals (US$220 000).
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THE BENEFITS OF SCAT

SCAT offers many community benefits through reduction
in travel time, accident reduction, saving in fuel consumption,
and reduced air pollution.

Travel Time

Moore [4], in a study of a trial of SCAT in late 1974 on
Princes Highway, Newtown, 2.6 km of a Sydney arterial,
indicated reductions in travel times compared with optimized
fixed-time, using the Greater London Council’s (GLC’s) com-
bination method of signal coordination, of

s  39.5 percent in the morning peak period,

e 145 percent in the main business hours between
peaks,

e 32.8 percent in the evening peak period.

Vehicles traversed 8.8 X 10° km in Sydney in 1977, of
which 3.1 X 10° km were on arterials that will be covered
by SCAT control. Relating the work of Moore to these latter
arterials, the estimated savings by SCAT control, compared
to the optimized fixed-time coordination of signals, are
40 X 10° km vehicle hours per annum. The latter figure
represents an annual savings of $150 million (US$165 million),
using an average value of $3.75 (US$4.12) per hour for driver
and vehicle time. (This figure was derived from the $2.30
per hour in 1973-1974 derived by Bayley and Both [5]
and updated to 1979). Translated into motorists’ terms,
the saving in delay represents 12 min for the average 13-km
trip (42 min under optimized fixed-time) in the journey to
work on Sydney roads.

Accidents

In 1977-1978, 113 people died and 5800 were injured
in a total of 13 225 accidents on arterial roads in Sydney
that are planned for SCAT control. Moore and Lowrie [6]
showed that signal coordination on arterial roads as compared
with isolated operation reduced accidents by 20 percent,
with right-angle collisions and pedestrian accidents being the
most significant reduction.

Applying the above study to the accident data for 1977-
1978, it was estimated that SCAT’s accident reduction would
save over 1000 injury accidents per annum. Using the average
costing of Bayley and Both [5] for accidents, updated to
1979, of $130000 (US$143000) per fatality, $5400
(US$5900) per injury accident, and $800 (US$880) per
property damage accident, this represents a community saving
of $8.3 million (US$9.1 million) per annum.

Fuel Consumption

Moore [4] indicated that 20-48 percent of stops would
be saved by signal coordination as compared with isolated
operation, with peak periods representing the higher figures.
Johnston et al. [7] indicated that, for each stop eliminated
in travel on an arterial road, 1/40th of a liter of fuel is saved.

By applying these data to the arterial roads to be covered
by SCAT, a savings of 37 million liters per annum can be
projected, or seven percent of the 525 million liters of fuel
used in travel on arterials in Sydney. This is 1.5 percent of
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the total fuel consumption for the Sydney metropolitan
area. At the present retail price this is a savings of $9 million
(US$10 million) annually. To the average motorist this means
a savings of two liters per week in the journey to work or a
saving of $25 (US$27.5) per annum for work journeys.

Air Pollution

The Sydney Area Transportation Study (SATS) {1] in-
dicated that 360 km, or 15 percent, of the developed area
of Sydney exceeded the World Health Organization (WHO)
eight-hour average goal of 9 ppm of carbon monoxide (CO)
in 1971. 90 percent of the CO emission is from motor vehicles.
By the installation of SCAT, the improvements in average
speed estimated by Moore [4] over optimized fixed-time
coordination represents 25 percent overall. This corresponds
to an 18 percent decrease in CO emitted by arterial road
traffic [8].

Considering emissions from other sources and nonarterial
road traffic, the net reduction in CO adjacent to SCAT-
controlled arterials is estimated at 13 percent. With the highest
emission of CO adjacent to. arterials, the expected decrease
in the area of Sydney exceeding the WHO level is 60 km?,
i.e., a 16-percent reduction. This represents a seven-percent
reduction in CO release in the Sydney metropolitan area as
against optimized fixed-time coordination.

Hydrocarbon emissions are not improved to the same
degree. Only 65 percent of the hydrocarbons arise from
motor vehicles. SATS [1] indicated that 35 percent of the
Sydney area exceeded the WHO goal of 0.24 ppm in 1971.

The 25-percent improved speed of travel with SCAT
over optimized fixed-time coordination represents a 12-
percent decrease in hydrocarbon emissions [8]. It is estimated
that this will reduce the total atmospheric concentration of
hydrocarbons in the Sydney region by two percent. The
greatest benefit will be alongside arterial roads, but overall it
will not make a significant reduction in the area above the
WHO goal.

The increase in average vehicle speeds from SCAT does
not decrease emissions of nitrogen oxides; in fact, the 15-
percent expected increase would increase nitrogen oxides
emitted by vehicles on arterials by 30 percent [8]. This is
estimated to increase the area of Sydney which exceeded the
three-hour average goal of 0.1 ppm in 1971 from the six
percent determined by SATS to nine percent. This increase is
not critical from a health viewpoint, but can be significant in
the formation of photochemical smog.

Photochemical smog is a problem in Sydney. Ozone is the
measure of photochemical smog, being one of its constituent
components together with nitrogen dioxide, peroxyacetyl
nitrate, and oxidants. Ozone levels are rising as illustrated in
Fig. 8 for the monitoring station at Lidcombe in the western
suburbs of Sydney [9].

The effect of SCAT on photochemical smog is complex,
as it is derived from combinations of oxides of nitrogen and
hydrocarbons which are affected differently. The predicted
reduction in hydrocarbons by SCAT will reduce the forma-
tion rate. However, the probable attraction of additional
traffic to the arterials by the improved flow conditions will
increase concentrations of emissions along these routes,
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particularly of nitrogen oxides, causing increased local smog
concentrations. The net resultant immediate change in photo-
chemical smog due to SCAT is estimated as minimal. However,
as vehicle emission controls reduce hydrocarbon levels, the
improved travel speeds will become progressively more ef-
fective in reducing oxidant formation and as a consequence
the photochemical smog.

Other Benefits

The improved flow on the arterials resulting from SCAT
will attract traffic from residential streets which are presently
used as bypasses, with a consequent improvement in residential
amenity through reduced air pollution, reduced traffic noise,
reduced accidents, and reduced physical intrusion by vehicles.

Traffic volume data collection and analysis is being in-
cluded as an integral part of the SCAT scheme. This replaces
automatic and manual collection of these data which are
required for road planning and design with substantial cost
savings. SCAT offers a greater volume of original data which
improve the accuracy level of all data. Storage is in math-
ematical model form to obviate the need for large computer
core storage. SCAT also offers a simple low-cost travel-time
data monitoring system for assessing the effects of road
proposals. This is to be added to the system.

SCAT OFFERS A FUTURE

SCAT offers a totally adaptive UTC coordinated network
signal system of high intelligence at low cost. It offers sub-
stantial savings in delay to motorists, principally on arterial
roads, and particularly during peak periods. Its peripheral
benefits in substantial accident reduction, major savings in
fuel consumption, reduced air pollution, and improved resi-
dential amenity cannot be overlooked at this time of grave
concern in these areas. It offers options for data collection,
traffic volume, and travel time data, and for the introduction
of variable message signing, reversal flow of lanes, and who
knows what else—all at minimal additional cost. SCAT is the
UTC signal system for the 1980s.
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Hampton Roads Traffic Surveillance and Control System

JOEL SCHESSER, MEMBER, IEEE, AND DONALD N. TANNER

Abstract-A surveillance and control system was designed and im-
plemented for the Hampton Roads Bridge-Tunnel Crossing connecting
Hampton and Norfolk, VA. The facility is a part of the Interstate 64
subsystem and consists of two bridges at each end connected by two
two-lane tunnels. This system has been operating successfully since
November 15, 1977. The system provides the means for improving
vehicular throughput and reducing congestion, improving the manage-
ment of vehicle incidents and facility operations, improving motorist
information, improving environmental conditions, and improving traffic
data collection. A control room situated in one of the four tunnel ventilation
buildingsisthe nucleus of the traffic management activities. The system
enables vehicle flow control of tunnel access; incident detection, incident
verification, and incident operations management; automatic response to
environmental and overheight problems; hardware monitoring of the
signs, signals, and vehicle detectors; execution of major traffic operations
on the faculty upon operator request; and daily reporting and logging of
system events. Vehicle data are collected and accumulated by the system
and are used for reporting and for performing incident detection and access
control.

Manuscript received June 15, 1979; revised January 4, 1980. This
paper was presented at the International Symposium on Traffic Control
Systems, Berkeley, CA, August 6-9, 1979.

J. Schesser is with the Computran Systems Corporation, 210 State
Street, Hackensack, NJ 07601, Telephone (201) 489-7500.

D. N. Tanner is with Parsons, Brinckerhoff, Quade & Douglas, 1
Penn Plaza, New York, NY 10001, Telephone (212) 239-7900.

INTRODUCTION

HE Hampton Roads Traffic Surveillance and Control Sys-

tem was designed and developed for the bridge-tunnel
facility connecting Interstate Route 64 between Hampton
and Norfolk, VA. The system is fully integrated and combines
five major components: traffic control, safety surveillance,
environmental surveillance, communications, and eguipment
status. Within the system these components provide for

« maximum vehicular throughput and reducing congestion,

« improving the management of vehicle incidents and
facility operations,

« improving motorist safety and information,

« improving environmental conditions, and

« improving traffic data collection.

The system was designed in conjunction with construction
of asecond tunnel for relieving traffic congestion on the 9.8 km
(6.1 m) of eastbound and westbound roadways of Route |-64
between Willoughby Spit in Norfolk and Hampton, VA. As
depicted in Fig. 1, the facility consists of dua two-lane tun-
nels and trestle-type bridges which connect the tunnels to the
mainland. The tunnel portals and ventilation fan buildings are
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situated on two islands. The agency responsible for operating
the system is the Virginia Department of Highways and Trans-
portation Tunnel and Toll Facilities, and staffing is provided
on a 24-h seven-day a week basis.

Prior to implementation of the system and new tunnel, the
facility handled approximately 24 000 vehicles per day in both
directions and had an incident rate of 70 occurrences daily.
Traffic control was maintained using manually operated traffic
signals, stationary signing, police foot patrol on the tunnel
sidewalk, and a manual incident management system.

The design of the surveillance and control for the new sys-
tem involves the use of 75 variable message signs, 137 traffic
signals, automated access control of the tunnels, 76 vehicle
loop detectors, ice and fog detectors, carbon monoxide (CO)
and haze detectors, overheight vehicle detectors, closed-circuit
television, and ventilation fan and electrical power distribution
controls. A control room located in the Westbound Tunnel
North Ventilation Building is the nucleus of the traffic manage-
ment and roadway operations activities. Supervision and con-
trol of the various system elements are maintained in this
room using a control console, a control and map board dis-
play, and two digital minicomputers. These computers are
used for primary and backup operations.

SYSTEM CONFIGURATION

The major components of the Hampton Roads Surveillance
and Control System include both hardware and software.
These elements are designed to provide an integrated operating
system for the facility.

System Hardware

The system hardware consists of traffic control signing, an
overheight vehicle detection system, a vehicle detection system,
an environmental detection system, a closed-circuit television
(CCTV) surveillance system, and central control equipment.

EAST8OUND TunNCe.
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Signing: The various energized signs and signals on the faci-
lity are individually controllable from the control room using
the operator control panel and the computers on a time-divi-
sion multiplexed communications link. These devices consist
of the matrix-type changeable speed limit signs, rotating drum
variable message signs, scroll variable message signs, blankout
signs, traffic signals, and lane-use signals. The warning and
regulatory messages displayed by the signs indicate

e changes in travel lane,

¢ median crossover,

e lane designation and closures,

o vehicle inspection,

o ice and fog conditions,

o speed limit changes,

o traffic movement and channelization, and
e tunnel passing prohibition.

Overheight Detection System: The overheight detection
equipment illustrated in Fig. 2 is designed for sensing moving
overheight vehicles approaching the bridges and tunnels.
Audible and visual alarms are triggered to alert the drivers of
such vehicles to stop at the inspection station located at bridge
approaches for a positive vehicle height check. At the instant
of detection both inspection station and central control room
personnel are alerted by annunciator alarms and by a com-
puter warning message, respectively, that an overheight vehicle
is on the facility. In addition, the inspection stations are equip-
ped with a manual override push button for activating these
alarms.

For both eastbound and westbound directions, primary and
secondary overheight photoelectric-sensing devices project
steady beams of light across the roadway at a height slightly
under the actual tunnel clearance. When this light beam is
broken at the primary detector, alarms are activated for alert-
ing motorists and inspection station and central control room
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personnel. In the event that an overheight vehicle fails to stop
for inspection, the secondary detector will be triggered, and
emergency alarms will be initiated in the inspection station,
the emergency crash truck garage, and the central control
room. Furthermore, this detector will activate a computer con-
trolled shutdown of the roadway to apprehend the violator by
automatically lowering speed limits, displaying warning mes-
sages on the variable signs, and transitioning the lane-use signals
to the red full-stop condition.

Vehicle Detection System: Vehicle presence and speed
detectors of the induction-loop type are located in each lane
of the facility (Fig. 3). Vehicle presence detector stations con-
sist of a single loop detector (1.8 m [6 ft] square) spaced at

approximately 183 m (600 ft) intervals within the tunnels.
The speed detector stations are a pair of loops spaced 7.6 m
(25 ft) apart located at the boundaries of the facility and at
each of the three grade levels of the tunnels.

The computer monitors each loop detector 40 times per
second on a frequency-division multiplexed communication
link for calculating vehicle volume, occupancy, and speed on
the facility. The vehicle occupancy accumulated by the vehicle
presence stations is used by the system for detecting vehicle
incidents in the tunnel. Vehicle speed and volume are moni-
tored for providing access control to the tunnels.

Environment Detection System: The components of the
environment detection system include ice detection, fog detec-
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tion, carbon monoxide detection, haze detection, and wind de-
tection. As illustrated in Fig. 4, ice and fog detection is pro-
vided on the bridges of the facility. Each of the sensors auto-
matically activates audible alarms on the annunciator panel of
the central control board. On activation of an ice or fog alarm,
the central control operator may initiate a computer program
for automatically reducing speed limits on the facility and
displaying ice or fog warning signs.

Carbon monoxide and haze detectors are located within the
tunnels for reducing the effects of automotive emission and
increasing motorist visibility and air quality. Each of the de-
tectors is monitored by a chart recorder on the central control
board in the central control room. When the levels of CO or
haze exceed allowable limits an audible alarm is sounded in
the control room and the operator will select and activate the
proper number and speeds of the tunnel ventilation fans to
improve the environment conditions in the tunnel.

Surface winds are measured from a sensor on the roof of
the Westbound North Ventilation Building and are indicated
in continuous drum recorders in the central control room.
When the winds are such as to constitute hazards for mobile
homes, campers, truck-trailers, and light vehicles, the operator
may reduce the facility speed limits, activate lane-use signals
to shift the traffic to downwind lanes, or prevent vehicles
from entering the facility.

CCTV System: In addition to the vehicle detection system,
a closed-circuit television system is utilized for monitoring
traffic flow on the facility. The CCTV cameras provide for
verification of an incident determined by the loop detectors
by giving visual affirmation of the roadway condition.

The CCTV system consists of TV cameras mounted on the
sidewalk side walls of the tunnels and on 30.5 m (100 ft)
towers located on the tunnel portal islands and on the Wil-
loughby Spit shore, providing traffic surveillance on the bridges
(Fig. 5). The cameras transmit video pictures of the facility

traffic conditions by means of cables or microwave antennas
to monitors located on the central control board and on the
control console.

The fixed focus cameras in the tunnel face oncoming traf-
fic and are located at each presence detector station to view
traffic for approximately 183 m (600 ft). Full-tilt, 350° pan,
and zoom lens cameras are mounted on the towers. The
cameras located on the South Portal Island and Willoughby
Spit Towers transmit the TV signals via a microwave antenna
to receiver dishes located on the tower on the North Portal Is-
land, where the signals from all cameras are transmitted to
monitors on the central control console via coaxial cable.

Central Control Equipment: The facility control center is
located in the North Portal Island Westbound Tunnel Ventila-
tion Building. Management of the system is conducted at this
location via a central control board display, a control console
and operator panel, and two digital computers. Environmental
surveillance systems are also located in this center. The com-
ponents of the control room are depicted in Fig. 6.

The central control board display consists of two sections.
The upper section contains a traffic display panel, recorders
for CO and haze detection, alarm communications for electri-
cal and fan malfunctions, alarm annunciators for ice and fog
detectors, and 24 CCTV monitors for monitoring tunnel
traffic. On the traffic display panel there are indicators for
each of the energized signs and signals on the facility, each of
the presence and speed detector stations, and each of the tun-
nel CCTV monitors. The computer is linked to the traffic panel
and displays the actual sign message on the sign and signal in-
dicators, and the level of the facility traffic congestion is dis-
played on the detector indicators. The lower section consists
of the controls and status indicators for all of the electrical
and mechanical equipment for operating the facility.

The components of the control console and operator panel
are a sign and signal escutcheon control panel, a video terminal
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for access to the computer, a CCTV master monitor with con-
trols for transferring the video signals from the tunnel cameras,
three CCTV monitors with controls for viewing the pictures
transmitted from tower cameras, a digital clock for computer
timing, and sound-powered telephones and an ultrahigh fre.
quency (UHF) radio for communicating with facility opera-
tions and maintenance personnel. The escutcheon panel, which
contains a control push button and indicator lamps for each
sign and signal on the facility, controls the displays on these

devices via computer programming over a time-division multi-
plexing communications link. The traffic operator commands
sign or signal display changes by pressing appropriate panel
push buttons. The computer samples the panel four times per
second and transmits the desired commands to the field equip-
ment. On the panel indicators, actual sign and signal status or
failure conditions are displayed by the computer. In addition,
there is a verification and reset push button on the escutcheon
panel for incident management. The computer video terminal
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provides a means for the operator to initiate computer routines
which automatically transition the signs and signals to prede-
termined messages for handling such traffic maneuvers as lane
closures, tunnel closures, and speed reductions for hazardous
environmental conditions.

The two digital minicomputers are used for primary and
backup operations. The primary computer is a 128 kbyte
machine, and it supports all the surveillance and control func-
tions of the system. This computer monitors the vehicle
detectors for detecting incidents and controlling tunnel flow
access controls, monitors the signs and signals via the control
console and traffic display panel, performs automatic traffic
operations maneuvers, and reports and logs all daily traffic
system events. In the event of a primary computer failure
the backup computer automatically switches into control.
Under backup operation only the control and monitor of the
signs and signals are provided.

Also located in the central control room are the central
communications cabinets. This equipment is used for support-
ing the time-division multiplex and frequency-division multi-
plex communication link between the computer and the signs,
signals, and detectors.

System Software

Computer programs have been developed to monitor and
control the system hardware, evaluate and compute traffic
flow measures, provide for an operator-machine interface, and
report and log traffic data and system events (Fig. 7).

Monitor and Control Software: The monitor and control
software interfaces the control hardware equipment to the
computer surveillance and control programs. The monitoring
and commanding of the signs and signals, of the overheight-
vehicle detection equipment, and of the ice and fog detectors
is performed by this software twice per second over the time-
division multiplexed communication link. In addition, the
panel push buttons are monitored for operator commands, and
equipment status information is put out to the panel indicators
and map display twice per second. This software also accom-
modates the sampling of each loop detector forty times per
second over the frequency-division multiplexed communica-
tions link for calculation of vehicle occupancy, speed, and
volume with high resolution.

All of the data received from this equipment are checked
by software for errors in transmission and validity. In addition,
when a signal or sign display change has been commanded, the
software follows the transitioning of the device to ensure that
the proper status has been achieved.

Evaluation and Computational Software: The evaluation
and computational software is designed to compute the vehicle
flow measurements of occupancy, speed, and volume from the
detector data accumulated by the monitor and control soft-
ware. These measurements are used for detecting incidents,
controlling access of tunnels, and performing detector failure
checks. This software also logs incidents, equipment failures,
overheight violations, and system events.

Operator/Machine Software: The operator/machine soft-
ware was designed to accommodate operator initiation of spec-
ial programs which automatically command the signs and sig-
nals on the facility for handling traffic and operation man-
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Fig. 8. Computer reports—emergency operations routine.

euvers such as lane closures, tunnel closures, and emergency
operations via the video terminal. This software is interfaced
with the command and monitor software to achieve direct
control of each sign and signal. In addition, this software ac-
commodates on-line updating of all system parameters and
sign and signal displays for the special traffic maneuver pro-
grams to achieve real-time adjustment of system operation. An
example of the emergency operation routine is presented in
Fig. 8.

Report Software: The report software produces records of
actual system operation and performance. The detector and
sign status reports are produced on demand by the operator
and summarize the status conditions of the equipment. On a
periodic basis, the 15-min report and detector surveillance test
provides information on the system performance measures of
speed, volume, and occupancy for selected or all detector
stations. The daily report, which is compiled at midnight, tab-
ulates all the daily events and includes a summary of the 15-
min traffic volumes for each lane on the facility. The daily re-
port is presented in Fig. 9.
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Fig. 9. 24-h report. (a) Computer reports—24-h traffic volumes. (b)
Communications and detector failure summary. (c¢) Operation and
environmental logs summaries. (d) Overheight, detector, and sign
log summaries. (Continued on next page.)
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Fig. 9. Continued.
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TABLE |

A. TUNNEL ACCESS CONTROL SCROLL SIGN DI SPLAYS

Normal Di spl ay
Control Display
Restriction Display

Renormal i zation Display -

STAY I N LANE
PAUSE HERE THEN CC
STCP

RESUME SPEED

B. TUNNEL ACCESS CONTROL DECI SI ON RULES

Transition Deci sion

Tunnel vol ume increases
to 1300 vph

Normal to Control
Di spl ay

Tunnel speed decreases
to 40kmh (25 nph)

Control to Restric-
tion Display

Tunnel vol une increases
to 1400 vph

R
Tunnel speed decreases
to 16kmh (10 nph)

Restriction to
Control Display

Tunnel vol une decreases
to 1350 vph

AND
Tunnel speed increases
to 32km'n (20 nph)

OR

Five minutes of elapsed
time in restriction

di spl ay
Control to Tunnel vol ume decreases
Renor mal i zati on to 1150 vph
Di spl ay AND

Tunnel speed neasures
to 48knin (30 nph)

Renor nal i zati on
to Normal Display

Tunnel Queue Cccupancy
decreases to 20 percent

Remar ks

Tunnel traffic flow
degrades from stable
to unstable flow.

Tunnel traffic flow
degrades from un-
stable to forced
flow.

Tunnel traffic flow
i nproves from forced
flow and i s opera-
ting within restric-
ted stable flow.

Tunnel traffic flow
inproves fromrestric-
ted flow and is
operating within
stable flow.

Bridge traffic flow
is operating within

stable flow

SYSTEMOPERATION

The system is an integrated combination of hardware and
software and has been designed to perform the functions
necessary to operate a surveillance and control system for the
tunnel-bridge complex. These functions are categorized as
automatic, semiautomatic, and manual control operations.

Automatic Control Functions

The automatic functions of the system consist of the ac-
cess control of the tunnel, overheight detection, and hardware
failure monitoring. The system provides automatic control of
access to each tunnel by comparing the volume and speed ac-
cumulated at the speed detector stations in the three grade
levels of the tunnel against preset thresholds. The system de-
termines whether to adjust or display control and warning mes-
sages on scroll signs located at the tunnel approaches. The de-
cision logic for the access control algorithm is based on the al-
gorithm developed for the Lincoln Tunnel in New York City
[I1 and is presented in Table I. From this table we can see
that the algorithm closely follows the level of traffic flow to
initially control and possibly restrict motorist access to the tun-
nel. The algorithm logic is designed to be conservative since
flow must improve significantly before a positive control ac-
tion is taken. Each of the algorithm thresholds may be ad-
justed on-line to provide responsive tuning.

As previously described, the computer monitors the over-

height equipment, logs all violations, and automatically initiates
a controlled shutdown of the lanes where the overheight vehicle
was detected.

Each of the signs and signals are monitored continuously
for failures to respond due to the malfunctioning of the com-
munications link or the energized sign equipment. When either
of these failures are determined the software illuminates the
failure indicator on the sign push button on the escutcheon
panel, and a failure message is logged on the system console
for diagnostic purposes. The operator has the ability to clear
the failure indication by attempting to command the sign or
signal using the escutcheon panel. If the failed device is operat-
ing properly, the failure indication will be extinguished and
the normal operations will be resumed. If the failure persists,
the failure indication will be relit and a new failure message
will be put out.

The vehicle loop detectors are continuously checked for
proper operation. The software monitors the detectors for ex-
cessive spurious detector activations (detector chatter), con-
tinuous loop activations (a closed loop), and no loop activa
tions (an open loop). When any of these occurrences are de-
termined,a detector failure message is logged on the system
console and the detector indicator on the display map is ex-
tinguished. The system continuously monitors detector opera-
tion and will automatically clear the failure indication when
proper operation is restored for a I-min period. A message log
is shown in Fig. 10.
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02/12/79 07:37:27 EMERGENCY 5 OVR/CGO
UZ7T2779 OB:15:4> EMERGEWCY 3 OVR7CGO
02/12/79 0B:23:43 EMERGENCY € DVR/CGO
0Z7TZ7TS UB:ZA 32 INCONT AT 1§
02/12/79 05:00:57 OVERWGT 4
0271271y O9X02YS?  SMERGENCY  ~5 UVR7CGO
02/12/75 05:03:55 SIGN NUMBE 1055 SIGN FAIL
V271277 I5:08¥z3  STGN WUMBE 1055 ST3N FATL
02/12/7% 09:10:00 SIGN NUMBE 1055 SI1GN FAIL
02712779 UFiIE:.8 EMERGENCY 7 UVR7TEO
02/12/79 09:22:52 SIGN NUMBE 1055 SIGN FAIL
0Z/T277% D9;25:55 SIGR AUMBE 1055 SIGN FAIL
02/12/79 09:34:45 SIGN NUMBE 1055 SI1GN FAIL
0Z/12775 US:3IT:1%  SIGN WOMBE TOS5!SIGN FAIL
02/12/79 10:02:28 FOG 6

02712/79 10:03:035 STGN NUMBE 1005 COMM FAIL
02/12/75 19:05:08 SIGN NUMSE 5007 COMM Fall
02/12/79 1D:03:13 SIGH NUKBE 1003 COMM FaAlL

Fig. 10. Computer reports—events log.

Semiautomatic Control Functions

The semiautomatic functions of the system include incident
management for the tunnels, environment surveillance, and
traffic maneuver operations. These functions are established
by automatic system detection of adverse traffic operating
conditions, operator verification of these conditions, and
operator initation of special sign and signal control displays for
aiding and warning motorists.

The incident management system for the tunnels on the
facility consists of the following three elements:

e automatic detection of incidents,
o visual verification of incidents, and
e preset automatic response routines for handling incidents.

The detection of incidents is accomplished using an algo-
rithm based on the modified California incident detection al-
gorithm [2]. Occupancy is calculated for each detector station
in the tunnel. When the occupancy at a station is significantly
higher than the occupancy at the next downstream station, an
incident is assumed to have occurred and the operator is alerted
by alarm. An incident message is logged on the system console
indicating the station upstream to the incident, the detector
indicators corresponding to the stations closest to the incident
on display map are flashed, and an indicator associated to the
CCTV monitor nearest to the incident is illuminated. Upon
receiving this alarm, the operator is able to verify visually the
incident using the CCTV monitors. In addition, the CCTV
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cameras located on the towers are used to verify incidents lo-
cated on the bridges and the approach roadways.

If the operator verifies that an actual incident has occurred
a special computer routine is implemented to change automati-
cally the sign and signal displays for closing down the portion
of the roadway affected by the incident and warning oncom-
ing motorists. The operator indicates this routine by using the
video terminal operator/machine interface or by pressing the
incident verification push button on the escutceheon panel.
In addition, a UHF radio message is transmiited to the appro-
priate crash truck shelter for issuing emergency vehicle aid to
the disabled motorist. If a false incident alarm has occurred
the operator resets normal operation by pressing the incident
reset push button on the escutcheon panel.

The computer system monitors the ice and fog surveillance
equipment and automatically puts out a message on the sys-
tem log when these conditions are detected. In the event that
these conditions constitute hazards for motorists, the operator
may initiate special routines using the video terminal operator/
machine interface to display hazard warning signs and reduce
speeds automatically.

When the air quality in the tunnel becomes poor, the oper-
ator may activate additional tunnel ventilation fans or increase
the fan operating speed. Air circulation in each tunnel is con-
trolled by a full transverse ventilation system consisting of
eight two-speed supply fans and eight two-speed exhaust fans.
Using the fan controls the operator may select, on the lower
section of the control board, the proper number of speeds of
the fans to improve air circulation in the tunnel.

All traffic maneuvers and tunnel operations may be per-
formed using the video terminal operator/machine interface
routines. These routines, which are easily requested by the op-
erator, automatically implement sign and signal displays for
the following:

e emergency operations,

o single-lane operations,

» single-tunnel operations,

o return to normal dual-tunnel operations,

e icef/fog operation, and

e return to normal roadway operations.

Manual Control Functions

All sign and signal displays may be individually altered
using the operator escutcheon panel. This control is maintained
during primary and backup operations. The operator selects
the desired sign displays by pressing the individual sign push
button and the associated sign command. The system issues
the command and then illuminates the desired display on the
panel push button indicator for the sign. When the actual sign
display matches the desired command the appropriate map
indicator for the sign is displayed.

The electrical and fan equipment are controlled using the
switches and indicators on the lower section of the control
board. Power for the tunnels is obtained from two independent
substations of the Virginia Electric and Power Company located
on the Hampton and Norfolk sides of the facility. The power
is switched using the board controls to assure continuous oper-
ation in the event of power outages from either station.
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CURRENT OPERATIONS

The Surveillance and Control System has been in complete
operation since November 15, 1977. Since the installation of
the system and construction of the second tunnel, traffic op-
erations and procedures have been adjusted to reflect the al-
ways increasing and changing traffic flows on the facility. This
section outlines the current traffic operations on the facility.

Traffic Volumes and Accidents/Stoppages on the Facility

Current traffic volumes on the facility average 62 000
vehicles daily. A volume profile of a typical day is presented in
Fig. 11. In the peak season, daily traffic volumes climb to
80 000 vehicles. This yields a 160 percent increase in average
daily traffic and peak daily traffic. Stoppages have increased
on the average by 100 per month. However, actual vehicle
accidents have decreased by an average of one accident per
month (almost 12 percent).

Although traffic volumes have greatly increased, the num-
ber of accidents and stoppages per average daily volume has
decreased by 70 percent (Table II). During the peak summer
months the actual number of stoppages is less than the number
prior to system operation since the long backups are no longer
experienced.

In addition, the nature of the accidents experienced on the
facility has changed. In the past, rear-end collisions were the
most common during stoppages or backups. This type of ac-
cident now occurs less frequently since the traffic control
system warns the motorist well in advance of the congestion
ahead and provides time for lane changing or stopping. Pres-
ently, most of the accidents are single-vehicle accidents occur-
ring late at night, often involving tired or intoxicated drivers.

T T
w

v v
2z 13

Typical traffic volume profile.

IS s 17 /5 19 o a7 3t 13 2y
HOURS
TABLE II
COMPARISON OF ADT AND INCIDENTS SINCE SYSTEM
IMPLEMENTATION
1975 1978
Yearly ADT 23,794 62,190
Peak Daily Volume 36,000 80,600
Stoppages Per Month 175 275
Accidents Per Month 8.5 7.5

Incident Management

The system provides detection of actual vehicle stoppages
and very slow moving vehicles in the tunnel. Certain of these
slow moving vehicles, such as oversize trucks and cranes, re-
quire special escort through the tunnel at off-peak hours of the
day. Tracking of the slow moving vehicles is essential, since
they may break down or cause other stoppages, and warnings
to approaching motorists must be accommodated. On some
occasions during periods of heavy traffic and hot weather
there are as many as five stoppages in one tunnel at the same
time, the majority of them being caused by the one initial
stoppage.

Traffic Maneuvers

The traffic operations maneuvers performed by the video
terminal operator/machine routines are very effective and easy
to change for various traffic conditions. These routines are
used extensively and allow the operators to set up traffic con-
trols in a fraction of the time required normally. Two advan-
tages of these plans are that they insure that all the signs and
signals are set to the proper message every time regardless of
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who is setting up the operation, and since each operation is
logged on the system console reference may be made to the
condition of the roadway signs and signals during the day.
These records have not been used in any court actions; how-
ever, the police have used this information for their reports.

Automatic Access Control

As previously described, the access control of the tunnel
was initially designed to regulate the flow of traffic through
the tunnel with the messages “PAUSE HERE THEN GO’ and
“STOP” on the scroll signs at the entrances to the tunnels.
With traffic entering the tunnels from a high-speed Interstate
approach roadway, these messages were confusing to the mo-
torist and were a potential cause of accidents. Until the algo-
rithm thresholds are adjusted properly for this facility, the
messages “ TRAFFIC CONGESTION AHEAD” and “PRE-
PARE TO STOP,” respectively, were substituted. Currently,
the algorithm is being tuned to reflect the actua traffic condi-
tions at the high-speed approaches.

CCTV System

The CCTV system has proven to be one of the most useful
tools of the traffic control system. By providing the operator
with a full view of the actual scene of trouble, lengthy and
sometimes confusing radio conversations are eliminated. The
CCTV system alows quick verification of any incident detec-
tion alarms and alows the operators to locate the trouble
accurately.

The tower cameras located on the portal islands and Wil-
loughby shore provide the operators with a complete view of
the facility. The ability to zoom out great distances is especially
useful when troubles occur far out on the approach bridge or
when operators try to distinguish which approaching vehicle
tripped the secondary mainline overheight detectors. In addi-
tion this allows a view of the top side of the vehicles for spot-
ting objects which the inspection station personnel are not
able to see.

UHF Radio System

The UHF two-way radio system allows complete communi-
cation between all personnel regardless of their location on the
facility (bridge, island, tunnel, etc.). Since al of the patrol
personnel have portable radios, this alows the operators to
direct all operation via radio anywhere and anytime on the
project.

Overheight Detection System

The overheight detection system is a most critical and im-
portant component of the traffic control system. The reliabil-
ity of the system is determined by the correct adjustment of
the overheight detectors. Currently the overheight violations
per month amount to 20-30 vehicles, and approximately 80-
100 are stopped at the inspection stations prior to approaching
the facility. This system can detect objects as small as 89 mm
(3.5n) at speeds as high as 88.5 km/h (55 mi/h). All detectors
are currently set for a height of 4.166 m (13 ft 8 in) to 4.172
m (13 ft 8 #4in). The actual clearances are 4.3 18 m (14 ft 2 in)

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. VT-29, N0.2, MAY 1980

for the westbound tunnel and 5.629 m (16 ft 6 in) for the
eastbound tunnel.

Environmental Monitoring

The ice and fog monitoring equipment used in the system
have not carried as much importance as other equipment, such
as the overheight detectors. This is mostly due to the fact that
the facility is staffed 24 h a day with personnel located through-
out the facility to observe such problems. Although environ-
mental monitoring is not considered critical, the environ-
mental signing is used greatly during inclement weather.

Equipment Maintenance

To test motorist response the lane-use controls on the bridges
were replaced with 30.5 ¢m (12 in) horizontally mounted traf-
fic signal heads using 150 W bulbs. Since the new signals were
installed, obedience of the signals has doubled. Listed below
are estimated percents of maintenance effort required for the
various equipment types.

Percent of Time Required

Equipment Type for Maintenance

Scroll 30
Speed 20
Drum 5
Lane control signal heads 1
Blank outs 2
Communications equipment (cmu) 5
Control board and console 5
Computer and peripheral equipment 5
Environmental detection equipment 10
Loop detection equipment 3
Overheight detection equipment 10
CCTV 5

Total 100

SUMMARY

The Hampton Roads Surveillance and Control System has
greatly improved the safety of traveling public on the bridge-
tunnel facility. The system provides for maintaining traffic
operations for efficient and effective use for motorists and op-
erating personnel, and has been designed to be adjusted con-
tinually to reflect the changing traffic flows on the facility.
The closed-circuit television system, in conjunction with the
computer controlled surveillance equipment for vehicle de-
tection and environmental detection, significantly adds to the
safety of the facility by alowing better coordination of oper-
ation by viewing actual events.
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Signal Systems Without Cables

FRANK T. HARTLEY anpo EDWARD F. CLEARY, MEMBER. IEEE

Abstract-A method is presented for achieving many of the benefits of
linking isolated signalized inter sections into systems without incurring the
costs of either cable installation or leased communication channels. The
method may be considered an interim step where traffic responsive systems
are planned or asthe final solution in situations wher e responsive systems
are not warranted. The method employs a microprocessor together with an
accurate clock whose stability is based on electrical service frequency under
normal conditions and on a quartz crystal and battery under power failure
conditions. The traffic advantages include all those- attributed to sys-
temization but not those of traffic responsive operation. Other advantages
include the initial cost, well below that of cable installation, and an excellent
record of reliability and low maintenance costs. Development of similar
devices in the U.S. is reviewed briefly with a Limited amount of cost
comparison against the Australian unit. The equipment described offers a
quicker and less costly means for setting up multiprogrammed signal
systems either on an interim or permanent basis. The technology is within
the current state of the art and should be applicable in many areas,

particularly for arterial commuter routes where signal spacing is much

greater than in central business district (CBD) situations.

INTRODUCTION

VERYONE is familiar with the green-yellow-red sequences

of traffic signals. The control of traffic relies heavily on an
amost instinctive response when a green-to-yellow transition
occurs. This transition is effected by an intersection controller;
with vehicle-actuated equipment the duration of each phase
may be influenced by the presence of waiting vehicles and the
number of vehicles with the right of way. It is less well known
that during peak travel periods in heavily trafficked areas there
is frequently a large number of vehicles present and, therefore,
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the otherwise effective vehicle responsive sequence regresses to
a fixed cycle system.

Any road system has a limited capacity to carry traffic; this
can sometimes be increased in a number of ways other than
widening the road to provide more lanes which is usually very
expensive and often politically impossible. However, if the
traffic can be moved more quickly from source to destination,
the capacity of the road is increased, just as more water will
pass through a fixed size pipe if the speed of flow is increased.

The objective then becomes to increase the speed of flow of
the traffic on the road. A number of tools are available to the
traffic engineer to help in achieving this objective. One of the
tools is to eliminate the major cause of delay by eliminating
the intersections, i.e., build a freeway. Obvioudly, this ap-
proach is not practicable in the majority of cases, so the com-
promising begins. The causes of delay are attacked, turning
movements are provided with special lanes or prohibited where
this is not possible. Medians are built to reduce the side fric-
tion by reducing the unrestricted entry points to the road.
Finally, the operation of the intersections is made as efficient
as possible through the use of vehicle-actuated control and/or
systems.

The history of systems is aimost as old as the history of
traffic signals. The need to establish a constant relationship of
the timing of consecutive traffic signals on a particular route
became obvious as soon as there were two or more signals
within close proximity of each other. The earliest attempts
involved cable linking the traffic controllers. There was no
choice, for the controllers were driven by induction motors
whose speed was a function of the voltage which drove them.
The controllers either operated on a “run and dwell” principle
or were equipped with a bucking coil which kept them running
at a more or less constant speed.

Technology was advancing even then, and the synchronous
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motor was applied to traffic signal controllers. The first cable-
less linking was achieved: a 60-s cycle remained a 60-s cycle as
long as the power frequency was constant, and the time rela-
tionship between al signals in a system remained constant as
long as there were no power interruptions. In today’s lan-
guage such systems would be classed as labor intensive, for any
widespread power outage required a visit to each controller in
the system to reset the time relationship (offset) manually.
Furthermore, only one offset could be established and
mai ntai ned.

The need for more programs led back to cable linked sys-
tems, athough there was a brief period when a radio was
utilized as the linking medium. Many types of systems have
been developed and applied, al of which offered multiple
programs and a multiplicity of ways in which to choose the
most appropriate program. Traffic engineers were not satisfied;
there were and are many complaints of too much cost and
questionable benefits. In addition, new problems arose that
were not susceptible to solution by the systems now in use, or
the solutions were to costly.

Technology was again on the move, driven in part by traf-
fic engineers trying to find more cost effective equipment to
solve their problems. A great deal of work was done in Great
Britain on methods of linking without installing cable. Some of
the early work involved the transmission of control intelli-
gence through the power network which supplied the energy to
operate the signal. This approach was abandoned and a new
one launched utilizing the power line frequency as a time base,
a very stable time base comparable to the synchronous motor
driven clock.

Several years ago, the Department of Main Roads, New South
Wales, Australia (DMR, N.SW.), designed a cableless linking
unit called the mains actuated synchronous control of traffic
(MASCOTT). Thisunit included a matrix of switches which
could be used to set up a plan (and plan change schedules) for
a particular intersection. When the Road Traffic and Safety
Authority (RoSTA) of the State of Victoria decided to em-
ploy cableless linking they found that the cost of the MASCOT
units had escalated and that some of their components were
not available; some redesign was therefore required. At this
point the possibility of using a microprocessor was considered
and it quickly became clear that a more powerful unit could
be produced at a significantly lower cost.

The primary function of the linking unit is to guide an in-
tersection controller in accordance with prestored plans. Facil-
ities for setting up and changing plans are a secondary function.

The objectives of this paper are to examine the features,
cost, and traffic management capabilities of the ITERRA
cableless linking system and then to compare the ITERRA
with other eguipment which has since become available. The
ITERRA is believed to be the first device which embodies
microprocessors in a practical cableless linking application.

THE ITERRA SOLUTION
A Traffic Plan

A single traffic plan covers a period of time and a set of
related intersections such that the flow of vehicles through
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INTERSECTION

PLAN LENGTH

SECONDS

DISTANCE (100 meters) [meters x 3 26: feet]

Fig. 1. Traffic plan chart.

those intersections is essentially the same during the entire
period. A chart can be ruled off with lines spaced in propor-
tion to the distance between the intersections, as in Fig. 1.
Any given speed may then be represented by a sloping line and
the arrival time at each intersection of a vehicle proceeding at
that speed can be read directly from the chart. The plan
length and the length of constituent phases determines the re-
mainder of the plan. Note that the plan starts and ends si-
multaneously at all intersections but the phase times are offset
by varying amounts from the beginning of the plan. The plan
is repeated continuously until replaced by the start of a new
plan.

While the traffic flow may be the same Monday through
Thursday, flow on Fridays and on the weekends is likely to be
different. Late shopping or other regular events can also affect
the pattern. Therefore, it is desirable to specify the combina-
tion of days to which the plan applies.

Linking Unit Functions

The linking unit is designed to work with any vehicle-
actuated or fixed cycle intersection controller. The traffic
plans are stored in random access memory within the unit with
the start times separated from the other plan data so that one
plan can be used to cover several periods. Up to eight plans
and 16 start times can be stored. The day combination is stored
with the start time as seven separate bits so that any one of
the 128 possible day combinations can be expressed. The link-
ing unit maintains a day counter and a time of day clock in
seconds, minutes, and hours. Every second the unit starts a
new cycle or phase. Every minute it checks for time to start
a new plan, and every 24 h it updates the day counter.

Time Maintenance

The clock operates from the supply or power line fre-
quency with a backup battery-driven crystal oscillator for
power failure periods. The supply frequency is highly accurate
over a 24-h period, though it will run behind in peak demand
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periods and catch up during off-peak hours. Time is set into
the supervisor unit with a 1-s accuracy and transferred to the
linking unit with an accuracy of one-fiftieth of a second (50
Hz).

The battery is kept charged from the power circuit and will
operate the oscillator, seconds counter, and random access
memory for at least 48 h, after power failure. The second
counter (with a capacity of 72 h) counts the seconds for the
duration of each power failure, and this count is used to up-
date the real-time clock when power is restored.

It should be noted that it is not important that time be ab-
solutely correct but only that it be the same at related inter-
sections. The supervisory unit provides this accuracy by estab-
lishing a constant zero time base and transferring this datum to
each ITERRA when setting them.

Auxiliary Features

A facility which is selecting traffic plans by time reference
must incorporate some means of accommodating the time shifts
involved in changing to and from daylight saving time. Simi-
larly, there is a need to accommodate other irregular events
such as public holidays and special sporting features.

Often controller operation requirements change through
the day and from day to day. Signalled right-turn movements
may operate only with tidal traffic flow; turning movements
may be banned or a pedestrian controller may be tumned off.
Thus there is a need for a variety of plan dependent output
latches.

Daylight Saving Time: Along with the internal time register,
a flag is kept to indicate whether that time is daylight saving
time or standard time and whether it should be changed at the
next transition from day 7 to day 1. Twice each year,up toa
week in advance, someone must visit each intersection to set
up or delete this flag to cause the change between standard
time and daylight saving time.

Special Days: Along with the plan time there is a byte that
indicates to which days a plan time applies. The eighth bit in
this byte is used to designate that this time plan applies to
special days. Any one or more days must be marked as special
days up to seven days in advance. When a day marked special
(i.e., “day 8” specified) arrives only the plan times designated
for special days will apply.

Output Latches: Along with each plan number an output
code may be specified. This output code is decoded and, if ap-
propriate, is presented as a continuous signal on the
appropriate output line or lines. There are six such output
lines, the state of which is maintained for the operational
period of the plan.

Environment

The linking unit is designed to work directly with vehicle-
actuated controllers incorporating flexible progression facili-
ties. However, outputs suitable for the more general intersec-
tion controllers can be obtained by adding an interface relay
board.

The two major environmental hazards are heat and dust. All
components in the unit are rated for a temperature of at least
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Fig. 2.

85°C. The unit is mounted inside the intersection controller
housing. The units are coated with a plastic membrane to
prevent interference from any dust particles.

TRAFFIC CONSTRAINTS OF FIXED TIME
COORDINATION

To keep the phase or movement sequences of any series of
traffic signalized intersections in synchronism, they must all
operate such that the cumulative time required to service all
movements (and inter-green times) at each intersection is the
same. This time duration is called the cycle length. Each signa-
lized intersection has its own preferred cycle length which is
required to service the traffic flows on conflicting approaches.
As the conflicting traffic flows at different intersections are
generally at variance, the preferred cycle lengths for a series of
signalized intersections will likewise vary. The intersection re-
quiring the longest cycle time must then determine the cycle
length of the synchronized series (unless large queues are
tolerable) and the remaining intersections are thus required
to run a cycle length of longer duration than preferred.

A universal cycle length is the first constraint placed on a
coordinated series of signals over their isolated operation. In
Fig. 2 a typical example of the variation of traffic flow with
time of day is presented. Such fluctuations in traffic flow can
be reflected as fluctuations in the preferred cycle length for
each intersection. Where only one cycle length is available, traf-
fic requirements will not be accommodated most of the time.
Such mismatches between demand and service cause increases
in delay and aggravate congestion. The severity of the con-
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straints can be reduced by deploying several different plans,
each matched more closely to particular traffic conditions.

The benefit of such multiple plans must be balanced against
both the cost of their generation and the cost of a plan selec-
tion scheme. Resolving this cost utility of multiple plans and
their selection is the second constraint placed on coordinating
a series of signals.

Traffic signals interrupt and compact groups of vehicles
which, after being given the right of way, disperse as they pro-
ceed down a road at a rate related to driver behavior, road con-
ditions, and ease of overtaking. Fig. 3 illustrates the compac-
tion of vehicles into platoons and their dispersion as they pro-
ceed down the road.

The closer signalized intersections are spaced and the more
constrained are drivers on a road, the less dispersed are the
vehicle platoons. Adverse timed arrivals of vehicles at a coordi-
nated intersection are also exacerbated by traffic turning into
the main street from upstream-controlled or uncontrolled in-
tersections. Coordination of a series of signals is only possible
where there is a marked periodicity (clustering) in vehicle ar-
rivals from neighboring intersections. In fact, if vehicles are
fully dispersed so that their arrival rate at an intersection is
constant over a complete cycle, then there is no advantage in
providing the right of way at a specific time. Dispersion of
vehicle platoons is the third constraint placed on coordinating
a series of signals.

Intersection layout is a physical constraint on a traffic sys-
tem. Intersection separation and required offset times are re-
lated through vehicle traffic speeds. Heavy turning movements
and multiple direction coordination complicate the choice of a
designed progression speed which at best is itself constrained
by congestion or statutory limits. The requirement for reason-
ably constant progression speeds over fixed and possibly non-
symmetrically spaced intersection networks is the fourth con-
straint on coordinating a series of signals.

Resolution of the conflict between traffic vying for the
right of way has been described as being handled by the pro-
portional segmentation of cycle length. It is sometimes desir-
able that particular classes of vehicles be given preferential
treatment over the general traffic mix.

Such classes of vehicles might be emergency vehicles, public
transport vehicles (buses or trams), and perhaps commercial
vehicles. Emergency vehicles, by virtue of this classification,
usually veto the requirements of all road users and are thus a
special case. Passive assistance can, however, be afforded to
public transport vehicles and/or commercial vehicles if their ef-
fective progression speeds between intersections are different
from the general traffic mix and coordination is designed
around their more specific requirements. Dynamic assistance
can also be given to a specific class of vehicle, provided it is
uniquely identifiable, by the manipulation of a flexible pro-
gression mode of operation. This scheduling of preferential
treatment may be the fifth constraint to synchronizing a series
of intersection controllers.

TRAFFIC MANAGEMENT CONSIDERATIONS

The implied assumption underlying any traffic regulation is
that the network is not saturated. By improving general traffic
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Fig. 3. Platoon dispersion.

mobility, through coordination or any other means, more traf-
fic is attracted to a route. Congestion increases, perhaps even
to saturation level, and in a traffic management sense the net
effect is unstable and self defeating.

If, alternatively, the improved capacity for a network cb-
tained by coordination is not passed on to general traffic but
applied to the preferential treatment of public vehicles, such a
conflict is avoided. In such a case, general traffic is afforded
the same mobility it had prior to coordination (or less by de-
sign). Thus driver routes remain unchanged while public vehi-
cles have improved mobility and perhaps the potential of at-
tracting more passengers. Hence the existing congestion level is
maintained, the system is stable and, if anything, the tendency
of drawing passengers to more mobile public vehicles will be
beneficial in reducing private vehicle volumes and produce a
net increase in general vehicle mobility.

APPLICABILITY OF MULTIPLE PLANS AND
THEIR SELECTION BY TIME

The traffic regulation afforded by fixed time intersection
controllers is degraded markedly as the actual traffic densities
on the various approaches deviate from the expected traffic
densities for which the stage duration (signal phases) and cycle
length were determined. As platoon dispersion and progression
rate are both functions of traffic density, the staging of offsets
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for a coordinated series of signa controllers will also be in
error in relation to the deviation between design and actual
traffic density levels.

The large variation in traffic density depicted in Fig. 2 clearly
illustrates the futility of deploying only a single plan for co-
ordination. If smaller and smaller time intervals are used over
which a particular coordination plan is required to operate,
then less discrepancy will exist between actual traffic density
and the capacity of the coordinated network to accommodate
it.

If the relationship between traffic density and time of day
is consistent from day to day and/or week to week and the
variance in traffic density is not great compared with the aver-
age vaue for the design interval, then time is a sufficient and a
most convenient criterion on which to select plans. It is a con-
venient criterion because accurate time can be kept at isolated
sites without the need for any cabling, any rea time vehicle
detection (strategic or at isolated intersections), and any equip-
ment or technique for selecting the optimum preset plan to
regulate existing traffic.

High traffic demand means variability in density is low, asis
the potential for platoon dispersion. Generally, arterial roads
carry predictable tidal traffic at high density levels and are
thus potential candidates for cableless linking systems. Light
traffic demand generaly means that variability in density is
high, as is the dispersion of vehicle platoons. Isolated intersec-
tion vehicle-actuated control is the most suitable means of
handling the light, variable, and dispersed traffic experienced
on arterial roads in the late evening and early morning.

Coordination of plans and isolated intersection vehicle-
actuated operation, selection by time, provides a considerable
part of the potential traffic management benefits of more
elaborate traffic responsive systems. It is thus a most appro-
priate first stage in implementing signal coordination systems.

COSTS
ITERRA

It was stated earlier that a microprocessor cableless linking
facility could provide a more powerful unit at lower cost than
a hard-wired unit. A major factor in achieving this cost reduc-
tion was the separation of the facility for setting up or changing
plans from that of the linking units [I] . By splitting these two
roles into separate systems a much smaller number of super-
visor units could be built, even at higher unit cost, with a resul-
tant saving.

The production costs of the linking unit were almost one-
third the costs of an integrated unit produced in equal num-
bers, and one integrated unit would have cost about ten per-
cent more than the supervisor unit in equal quantities. For
even small ratios of linking units to supervisors the savings
available from role splitting are very dramatic.

In comparison with the MASCOT, estimated to cost about
$2000, this ITERRA unit sells for about $800 plus supervisor
units as required. Maintenance costs are also reduced by role
splitting, because only the very reliable linking unit is used in
the field and it is easily replaced. Also, ho one can tamper with
the plans set up in alinking unit without a supervisor unit.
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General

Transportation consultants require about $1500 per inter-
section to collect traffic data and develop three separate coor-
dination plans. However, such plans (generated by the traffic
network study tool (TRANSYT) [3] or equivalent methods)
are required with any fixed time coordination scheme and
therefore can be considered as a fixed cost.

The ITERRA linking units can be directly coupled to con-
trollers, configured for flexible progression, for a hardware
cost of $800 and an installation cost of about $100. Other
vehicle-actuated and fixed time controllers require an interface
unit costing $160. Thus for a cost of about $1000, existing
intersection and pedestrian controllers can be incorporated
into multiplan fixed-time coordinated networks. For arteria
routes and heavily trafficked networks, the major benefits ob-
tainable from vehicle responsive coordination are derived from
a cableless coordination scheme. Quotations from conventional
traffic systems suppliers for vehicle responsive coordination
of several arterial routes in a large metropolitan area were
more than 1000 percent greater than those associated with an
ITERRA based cableless linking system.

The magjor disadvantage of cableless coordination is the
monitoring necessary to ensure that none of the equipment is
malfunctioning and that the plans in use remain appropriate.
These disadvantages can be overcome, in part, by good main-
tenance practices, particularly a good operational maintenance
program on the part of the traffic engineering staff.

The cited disadvantages are in part the reason that cableless
linking is a first stage in traffic management and leads, at a rate
that can be afforded, to “vehicle responsive” coordination.

CONTINUING DEVELOPMENTS

The concept of cableless linking has not exactly taken the
world by storm, but there are unmistakeable signs that it has
arrived. In Australia, for example, most traffic signal con-
troller manufacturers were developing units designed to be a
plug-in controller module and hence an integral part of the
controller. Some development in the U.S. appears to be directed
along the same lines, although the units now available are of
the stand-alone type. The microprocessor-based controllers are
particularly susceptible to the plug-in module approach and
these designs are sufficiently new to permit modification to
accommodate the linking units as modules.

Where the linking unit is included as part of the original
microprocessor controller design, there are opportunities for
significant cost savings. For example, the controller’s display,
memory, and power supply can al play dua roles by serving
both the controller and the linking unit. As the evolution of
the microprocessor continues, the units become more flexible
and more powerful. The newer units now include a clock as
part of the microprocessor rather than a unit on another chip.
One manufacturer was able to redesign one model of his traffic
signal controllers to use only ten major integrated circuit chips
rather than the 30 required before the advent of the new
MiCroprocessors.

Another interesting application note is the use of the link-
ing unit as part of a distributed multilevel system (DMLS)
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CENTRAL COMPUTER
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traffic control system. The hierarchical structure shown in Fig.
4 is an example of such a system. The linking unit would be
housed with or built into the local controller. The role of the
linking unit would be to receive, store, and utilize for control
purposes data transmitted from a supervisory computer. Se-
cond, the linking unit would function as a fallback supervisor
for the local intersection controller, providing plan changes
based on time of day criteria during periods when the central
computer was off-line or when a communications link failure
occurred.

QOther Devices

Information is currently available on two devices being
manufactured in the U.S. One is called a time base coordination
unit (TBCU) while the other is designated an intersection man-
agement system (IMS); both are microprocessor-based cable-
less linking units.

The TBCU is a product of Eagle Signal and probably repre-
sents a transfer of technology from Australia to the U.S. It is
not known whether any of these units are in actual service
other than on a test basis. According to the published specifi-
cations [2] the TBCU is capable of storing nine different plans,
any one of which can be selected up to 150 times during a
seven-day week. This sounds very much like the ITERRA
specification.

The IMS is a product of 3M (Fig. 5), and again it is not
known whether any of the units are actually in service. This
unit boasts a yearly clock, which is to say, an infinite clock.
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Fig. 5. Intersection management system (courtesy of 3M Company.

According to the published specifications [4] it can implement

e up to 99 plan changes per day,

e 16 day plans,

e 200 day plan events (turning on school signals, No Left
Turn signs, etc.),

o five week plans,

e one year plan,

e 30 exception days to the year plan (holidays, special
events, etc.).

At least one other U.S. manufacturer is known to be deve-
loping a cableless linking unit in conjunction with a keyboard
entry microprocessor controller. It is understood that the plan
storage will be a part of the controller and the linking unit will
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be a simple plug-in module whose principal function will be
a seven-day or one-year clock. The exact installed price of the
U.S. units is not known, but the TBCU and IMS are believed
to be in the $1000 to $2000 range.

CONCLUSION

The traffic constraints caused by fixed cycle coordination
of a series of traffic signals have been discussed. The ITERRA
linking unit features have been expounded, along with an ex-
planation of how their development provides a most effective
and flexible coordination facility.

Known U.S. units have been compared with the ITERRA,
based on published specifications, and were found to be direc-
ted to the same objective. There is reason to believe that paral-
lel development is occurring in other parts of the world, par-
ticularly in Great Britain. The most significant point made is
that, by providing the major part of the potential benefit of
vehicle responsive coordination systems at a fraction of the
cost, cableless coordination is the most responsible first stage
in traffic management.
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On-Line Vehicle Classification

J. J. REUMERS

Abstract—For various applications it is useful to automatically divide
vehicles passing a point into several categories. For the method described
two inductive loop detectors were nsed in each lane. The shape of the
bottom of a passing car can be assessed by examining the detector’s analog
signal. This signal, called the ‘“signature,”’ is sampled and fed into a digital
computer, which calculates the vehicle’s length and some shape factors.
The passing vehicles can be separated into five categories: 1) passenger car,
2) delivery van, 3) truck, 4) truck-trailer, and 5) truck-semitrailer. To
develop and optimize the method, a ‘“learning set”’ of 1400 signatures was
obtained from known vehicles. To investigate the effectiveness of the
method, a “‘test set”” of 950 signatures was gathered. By the use of the
classifiers which were found with the above procedure, an on-line program
in assembler code was written for a PDP-11/20 minicomputer. The
determination of the class can be carried out in approximately 500 us after
a vehicle passes the detector. A trial with the on-line system gave very
satisfactory results.

INTRODUCTION

INCE THE FOUNDING of the Automatic Traffic Systems

Laboratory (ATSL) in 1969, vehicle detection has been a
continuing research project. As a result of this research, we
found that the inductive loop detector, with its loop under
the road surface, is relatively reliable and requires little main-
tenance. In the usual setup, this detector gives a digital signal
that indicates the presence of a vehicle over the inductive
loop. If we place two loops at a short distance from each
other, we can calculate the speed and length of each passing
car with the two available digital signals, although the
accuracy of this method leaves much to be desired.

Fig. 1 shows the configuration of the measuring points
that are installed on motorways in The Netherlands. In the
following formulas times are expressed in milliseconds (ms)
and distances in meters (m). The speed and length of the
passing vehicle are calculated by using the formulas

2500
= 1
v pagurs m/s (1)
-0 31
L= —15= 5—
1000 v—1.5 Py 25-15 m. (2)

The length of the car can be used to recognize that car at
the next measuring point. For the automatic incident detec-
tion system, which is under development at the ATSL, it is
important that a vehicle which passes by a measuring point can
be recognized at the next point. This is necessary to define
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Fig. 1. Standard measuring point.

and control the adjustment of the system. Unfortunately,
this calculation of length is not sufficiently accurate, for
errors up to 20 percent can occur. Therefore, a method has
been developed to obtain more information from an ordinary
loop detector. The digital output signal is not suitable for
this purpose, so we paid attention to the analog output signal.
This signal, which is not yet present at every standard detec-
tor, gives information on the influence exerted on the loop
detector by the metal of the passing vehicle. The magnitude
of this signal depends on the percentage of the loop which is
covered by metal and the distance between the metal and
the loop.

Observations of the signal by means of an oscilloscope
showed clearly that the shape of this signal gave indications
about the type of car that was passing. Fig. 2 gives an over-
view of the five types chosen for the classification system
with the signals to match. This signal is called the “signature”
of the car. Especially with trucks and truck combinations,
the characteristic parts of the vehicles such as axles and tow-
bars can be recognized. It is obvious that the detector *“‘sees™
only the bottom of the vehicle, so that the top of the car, the
load, etc., cannot be examined. Some existing systems for
vehicle classification use axle detectors, but these are placed
on the road surface and are thus submitted to excessive wear

(11, [21.
THE CLASSIFICATION METHOD

To separate the five classes, some characteristics of the
signature are taken into account.

0018-9545/80/0500-0156 $00.75 © 1980 IEEE
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Class Typical signature

iy

1. passenger-car

R

2. delivery-van

3. truck

LA

4. truck with trailer

AN

5. truck with semi-trailer

JAN
JAN
S
AV
J N

Fig. 2. The five classes.

Length of the Signature

The first and main signature characteristic is its length. This
length, unfortunately, depends not only on the length of the
passing vehicle, but also on its speed. Because the measuring
point has two detectors, we can measure the speed from the
time £, — ¢, (Fig. 1). The time length of the signature is

L+15 L+15
ts=— 10° = 5 (ta—11).

3)

The time ¢, — ¢#; is known, so the time f, can be normalized
to a speed v* = 25 m/s by using the following formula (¢, * —
t1* = 100 ms):

100
H—1

4)

t*=

t, =40 (L+1.5).

In this way the length of the vehicle can be obtained from the
length of its signature. This length is used to recognize trucks
(class 3). A vehicle belongs to class 3 if

352, <512, (5)

Top of the Signature

The second characteristic which is used for the distinction
between passenger cars (class 1) and delivery vans (class 2) is
the “flatness” of the top of the signature. The magnitude of
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the signature for delivery vans is also often less than that for
passenger cars.

However, then the problem arises that the magnitude
depends on the lateral position of the vehicle, so that the
signature of a car that is driving partially outside its lane is
lower than normal. The magnitude also depends on the loading
and spring action of the car. Therefore, in the classification
system first the mean value of the signature is calculated to
relate the maximum of the signature to this mean value. The
separation between passenger cars and delivery vans is obtained
by first calculating the ratio of the maximum to the mean and
then seeing if this value exceeds a certain boundary value. In
that case the vehicle is a passenger car; otherwise, it is a
delivery van. The boundary value depends on the length of
the passing vehicle.

Minimum of the Signature

The third characteristic which is used for separating a
truck-trailer (class 4) from a truck-semitrailer (class 5) is the
minimum value of the signature that appears approximately
in the middle of the signature. In the case of a truck-trailer
this minimum is very low because the towbar between the
two parts of the vehicle has very little metal and is not very
close to the loop.

Now the mean value of the signature is also calculated to
compare the minimum with this mean value. The minimum
used is the absolute minimum between 25 and 75 percent of
the signature, to eliminate the local minimums that some-
times occur on the trailing slope of the signature. After local-
izing the minimum the ratio of minimum to mean is calculated.
If this value does not exceed a given boundary value, the
vehicle is a truck-trailer; otherwise, it is a truck-semitrailer.
The boundary value here is also dependent on the length of
the vehicle.

DEVELOPMENT OF THE METHOD

The system described here has been developed after the
investigation of a large number of vehicle signatures. The
class to which each signature belonged was known. The
signatures were gathered near the motorway, and each signa-
ture was completed with a code that indicated the type of
vehicle measured. The category was determined by an ob-
server who only registered the signatures of cars that could
easily be classified. The distinction between passenger cars
and delivery vans was sometimes difficult for the observer
as well as for the classification system. Also, the distinction
between delivery vans and small trucks was in some instances
arbitrary.

Comprehensive measurements were carried out for the
development and the optimization of the classification system.
The first series was the so-called “learning set.” The separation
parameters were optimized by using this learning set. The set
contained over 1400 cars, divided into the different classes.

After the first optimization a second series of measure-
ments was carried out, forming the so-called “test set.” With
this test set the parameters found were checked, and the
results indeed corresponded to the results of the learning
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set. These two sets are referred to as the “‘off-line measure-
ments.”

THE EQUIPMENT

The inductive loop detectors used are part of a measuring
system also used by the Ministry of Transportation. The
detectors are positioned on the A 13 motorway between
The Hague and Rotterdam, and are connected with the lab-
oratory computer room by means of a multipair telephone
cable. The detectors are manufactured by Kurt Weisz, type
Prodata DFA 73. This detector has an output in which the
analog signal, the signature, is available. The signal is super-
imposed on a dc voltage, which must be eliminated first. To
make the signature suitable for a digital computer, the signal
is sampled with a sample time of 16 ms and, after that, con-
verted from analog to an 8-bit binary value (1 byte). The data
from one vehicle come in as follows (Fig. 3):

e header= 3774

e code: the class of the vehicle (only relevant for
off-line measurements);

e offset:  the dc voltage at time #;;

e f, —t;: the time that determines the speed of the
car (unit = 1 ms, so > 36 km/h (22 mi/h);

e samples.

For the off-line measurements (visual) the data are recorded
on punched tape for processing by the computer. For on-
line measurements the data are fed directly into the computer.

THE CLASSIFICATION PROGRAM

If the classification system is going to be a part of a larger
incident detection system or some other real-time system,
it is important that the results be available as quickly as
possible, and also that the program not require too much
memory space. Therefore, the program is written in assembler
language Macro-11 for the minicomputer PDP-11/20. During
the collection of the samples some data are processed in order
to save calculation time:

e the sum of all samples Zs;,
e the number of samples n = Zi,
o the maximum of the incoming samples.

The collection of samples and times is controlled by the
digital signals from the two detectors (Fig. 3). The classifica-
tion starts at time z4. The length of the vehicle must be
determined first. This length can be calculated from the
number of collected samples. This number » is normalized
to the already mentioned speed v* = 25 m/s:

. 100
L—1

(6)

The sample time is 16 ms and the normalized speed is
25 m/s, so one sample of the normalized number of samples
corresponds to a length of 0.4 m. The length of the car plus
the length of the loop is

L+15=04n* m. 7
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Fig. 3. Incoming data.

Trucks

If 22 < n* < 32, the vehicle comes under the category
of trucks (class 3).

Passenger Cars and Delivery Vans

When n* < 22, the value maximum/mean has to be cal-
culated, i.e., max (r/Zs;). All terms are present, so this calcu-
lation can be carried out immediately. Now the value found
must be compared with the boundary value in order to classify
the vehicle into class 1 or class 2. For each n* from 10 to 22
the boundary value can be found in a table.

Truck Combinations

When n* > 32, the value minimum/mean has to be calcu-
lated, i.e., min (#/Zs;). The minimum is not present and has
to be determined. The program now searches for the absolute
minimum between 1/4 n and 3/4 »n. When the minimum
is found, the calculation is carried out, and the value is com-
pared with the boundary value in order to classify the vehicle
into class 4 or class 5. For each n* from 32 to 60 the bound-
ary values can be found in a table.

Fig. 4 shows the flow diagram of the classification system.

THE OUTPUT RESULTS OF THE CLASSIFICATION
PROGRAM

The already described part of the program is the nucleus
of the system. If the classification system is part of a bigger
system, only this part is used. During development and as a
separate system, several kinds of outputs are used.

Lamps

First, five lamps are connected, which indicate the class
of the passing vehicle.
Printed Output

Next, a number of data of the passing vehicle can be
printed out:

sequence number,

class determined by the program,
length,

speed,
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search minimum

0

B = MIN
Zsi

Fig. 4. Flow diagram.

e class according to human observer (only in offdine
process).

Plotted Output

Third, and this was very important for the development
of the system, there is the feature which provides the graphic
display of the classification by means of a plotter (Fig. 5).
The horizontal axis displays the normalized number of
samples n*, which is a measure for the length of the vehicle.
The ordinates n* = 227 and n* = 32* divide the plane into
three parts.

In the left partition lies the domain of the class 1 vehicles
(passenger cars) and class 2 vehicles (delivery vans). The
vertical axis displays the value of 4 = 128 (maximum/mean).
For every vehicle of this length the system calculates n* and 4,
and every vehicle is represented by a point in this left
partition.

The line drawn from left to right is the best possible line
dividing class 1 and class 2. If the point representing a vehicle
is above the line, then the vehicle is considered to be in class
1, below the line in class 2.

In the off-line learning process the class determined by a
human observer is known, and now the points representing
passenger cars are displayed as crosses, while those repre-
senting delivery vans are displayed as squares. A faulty clas-
ification is immediately visible as a cross lying under the
dividing line or a square above it.

Passenger cars and delivery vans with a length greater
than n* = 21 come under the class of trucks. Trucks are dis-
played in the middel partition 22 < n* < 32. Now the maxi-
mum value of the signature is displayed along the vertical
axis. At the moment, this value is not used for classification
purposes. The trucks are displayed as triangles. A faulty classi-
fication is visible as triangles lying outside the middle partition
or crosses and squares within.

The right partition is the domain of the truck-trailer
(class 4) and the truck-semitrailer (class 5). The vertical axis
displays the value of B = 256 (minimum/mean). Through this
partition the dividing line is drawn between class 4 and class 5
vehicles. Points under the dividing line are considered class 4
vehicles, those above as class 5. In the off-line process the
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Fig. 5. Plotted output (example).

VERICLE CLASSIFICATION DATA : N51103
X = ACTUAL CLASE
Y = CALCULATED CLASS
NI I 1 I 1 1 1
I\ 1 1 1 2 1 3 I L] 1 5 I TOTAL 1
IX \ 1 1 I 1 1 1
I11 24 1 11 21 el el 25 1
r———
121 21 i6 I 81 e1 [ 18 1
i31 11 131 43 1 [ el 57 1
1&1 v I 81 a1 2e I 21 22 1
151 e1 21 51 21 36 1 43 1
+e——t
H 1€es 1
e ———
N YI 1 1 I I 1 1
I1\1 1 I 2 1 3 1 4 1 5 I TOTAL 1
IX NI 1 1 1 I I 1
111 ~ I 4.8 1 - 1 - I - I 2.5 1
ot
12T111.1 1 - 1 - I - 1 - I 111 1
131 1.8 I22.8 1 - 1 - I - I 2¢,6 1
4
141 -~ I - 1 - I - I 9.1 1 8. 1
161 - I - I111.6 1 47 1 - 1 16.3 1
t=———t
I 65.1 1
o —————
P(ERRCR) = €5.1 % /5= 13.¢ 2
VERIAELES :
TRUCKS : LOWER BOUNDARY = 22
TRUCKS : UPPER BOUNDARY = 32

Fig. 6. Error matrix (example).

class determined by human observers is displayed as a square
for class 4 or a cross for class 5. Faulty classifications are
now immediately visible.

Error Matrix

Finally, there is a printed output giving a survey of the
errors made in the off-line process (Fig. 6). The first matrix
shows the number of errors, while the second displays the
percentage. Below that, the mean error percentage is printed
out.

OPTIMIZATION OF THE PARAMETERS

The parameters used for the separation of the five classes
are optimized with the learning set. To keep the program as
fast as possible, the calculations for the separation are very
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VEEICLE CLASSIFICATION DATA : LEARN

X = ACTUAL CLASS
Y = CALCULATED CLASS
IN YI I 1 s 1 1 1
INI 1 I 2 I 3 I 4 1 5 I TOTAL I
IX \I I I 1 I I 1
+———
11 584 I 29 1 1 eI eI 613 1
am——
121 20 I 1490 1 11 21 el 161 1
131 31 201 3521 e 1 €1 398 1
b
141 01 g1 11 121 1 21 124 1
—-——
151 e 1 e 1 21 71 1951 286 I
d——— +
1 1404 1
o ———— +
N YI 1 1 I 1 1 1
IN1I 1 I 2 1 3 1 4 1 5 I T0TAL 1
Ix \I 1 1 1 1 1 1
R N
111 - I 4.7 1 - I - 1 - 1 £.7 1
+—— +
121124 1 - 1 &6 1 =~ 1 = 1 13.8 1
I
131 g 1 7.4 1 - 1 - 1 1.5 1 9.7 1
141 - I - I .81 - 1 1.6 1 2.6 1
Is1 - 1 - 1 1.9 1 3.4 1 - 1 531
+——— +
1 35.1 1
A ———— +
P(ERROR) = 35.1% /5= 7.¢ %
VARIABLES :
TRUCKS : LOWER BOUNDARY = 22
TRUCKS : UPPER BOUNDARY = 32

Fig. 7. Error matrix of learning set.

simple. In addition, the number of vehicles in the learning
set (1400) is too small to develop a complicated separation
system, because each point of the dividing line is defined by
only a few cars.

Distinguishing between class 1 and class 2 caused many
errors, so that much attention has been paid to this separation
system. Unfortunately, each change in the separation system
produced a more difficult calculation, while the number of
errors did not decrease. This latter symptom could be due to
the large sample time (16 ms) and the inaccuracy of the
samples (8 bit). Further research should prove whether a
more accurate sampling system gives any improvement. The
errors as a result of the learning set are shown in Fig. 7 and
the results of the test set in Fig. 8.

SPEED OF OPERATION

The program with all the possibilities of output is too slow
for a real-time environment. Providing for all tables and output
buffers takes a lot of time, but the slowness of the plotter
and the lineprinter determines the speed of the classification
system. When the system is used as a part of a bigger system,
for instance an incident detection system, only the nucleus
of the program is maintained.

The interrupt routine that is started each time a sample
is entered has a run time of 70 us. At time ¢4 the classifica-
tion starts. The process time is about 100-750 us, depending
on the length of the vehicle.
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VERICLE CLASSIFICATION DATA : TEST
X = ACTUAL CLASS
Y = CALCULATED CLASS
IN Vi 3 1 1 b 1 I
INT 1 1 2 103 1 4 1 5 I TCTHL I
1X \1 1 1 1 1 s __3
111 3721 20 1 eI eI g1 382 I
121 10 1 66 1 e 1 ¢ 1 1 7€ 1
o +
131 31 14 1 243 1 ¢l €1 26¢ I
P + ——
141 81 61 91 €e I e 1 (23
+ -
151 21 ¢ 1 g1 €1 1281 134 1
o o e e et b e e e e e P o ————— e e
1 e !
b ———— .
I\ YI 1 1 1 1 1 H
INI 3 1T 2 1 3 1 & 1 5 1 TOTALI
1% \I 1 1 1 1 1 I
111 - 151 1 - 1 - 1 - 1 2.4 1I
+ + + +
12112 1 - 1 - 1 - I - I 13.2 1!
+ +
1371 1,11 853 1 =~ 1 - [ 2.3 1 &7 1
————r +
141 - 1 - 1 =~ 1 - 1 =~ - 1
151 - 1 - 1 - 1 45 1 - 1 &.5 1
— + +
I 3.5 1
e ————

P(EARCR) = 31.5% /5= 6.3 %

VARIABLES :
TRUCKS : LOWER BOUNDARY = 22
TRUCKS : UPPER BGUNDARY = 32
Fig. 8. Error matrix of test set.
SOME REMARKS

The system that has been developed offers a fast separation
into a limited number of classes and can be easily implemented
in a mini- or microcomputer. Perhaps a reduction in the
number of errors can be achieved by increasing the sample
frequency and the number of bits per sample. Then the
dividing criterion can be refined, but only at the cost of speed
and memory usage. Problems will arise, especially in 8-bit
microcomputers.

An extension of the number of classes is possible, but this
also leads to a lower speed, while only a limited number of
vehicles will end up in the new classes. Some other classes
could be bus, passenger car with trailer, etc.

In optimizing the separation, all errors are treated equally.
It is possible to attach a weight factor to each error, so that
some errors are taken into account more then others. The
total percentage is then found with the formula

Pt =), ap,. @)

Before this method is implemented, the consequences of each
possible error should be considered in order to define a signif-
icant weight factor. It was not done for this system,

The complete program has been tested with an on-line
measurement. A video camera was pointed to the road and
the passing vehicles were visible on a video monitor. The



