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FOREWORD

The papersin this RECORD were presented during one of the special anni-
versary sessions held as part of the commemoration of the Board's 50th
anniversary. Special credit is due Adolf D. May, chairman of the Com-
mittee on Freeway Operations, to whom the Group 3 Council gave major
responsibility for development of the program. His knowledge of freeway
operations throughout the world and the people who are working in this
field greatly facilitated contributions of material to the 2 discussions on
accomplishments within the United States and outside the United States.

In the report of the first discussion, Duff describes freeway operations
outside the United States. Notable progress is reported from West Ger-
many, England, Japan, Italy, and France. Although the extent of the free-
way systems is smaller in these countries than in the United States, many
similar problems are being addressed in ways that operations authorities
will find of interest. Considerable detail is included relative to control
schemes and systems in each of these countries.

For the United States, reporter Wattleworth summarizes operational
experience in several locations, including Houston, Los Angeles, Chicago,
Detroit, and New York City. He presents appraisals of accomplishments
in the areas of improved freeway designs, surveillance and control, secon-
darybenefits of surveillance and control, and improved safety. Among the
benefits from these accomplishments are reduced delay and travel time, in-
creased safety, and improved service to motorists.

A transcript of the discussion between audience participants and distin-
guished members of the 2 panels is included.

Foote discusses accomplishments infreeway operations from the stand-
point of instrumentation and traffic flow theory and reviews the develop-
mental milestones that have made today's advances possible. His percep-~
tive overview leads also to conclusions regarding the path we are likely to
follow toward more automatic real-time systems for surveillance and con-
trol in the future.

Schaefer discusses traffic management systems for freeways and makes
a strong case for the necessity for authorities to operate freeways as well
as to plan, design, and build them. His approachis to state several rather
widely believed ""myths'" about freeways and then to systematically present
contrary views based on extensive experience in freeway operations.
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INSTRUMENTATION DEVELOPMENT AND CONTRIBUTIONS
FROM TRAFFIC FLOW THEORY

Robert S. Foote, The Port of New York Authority

*DURING the past 50 years, freeway operations hag not generally been a major sub-
ject. In the mid-1960's when Cameron and Davis organized their excellent review of
roads and highways for the Encyclopedia Britannica, the subject of operations was the
last entry. In fact, it was just part of an entry called '""Maintenance and Operations."
One of the first entries in that article concerned the Roman roads, and that recalled
an experience that I had while in Italy in 1968,

The Italian autostradas are among the outstanding highway construction accomplish-
ments in the world today. In some cases the mileage consists more of tunnels and
viaducts than of sections at grade. The autostradas generally incorporate the highest
geometric design standards and safety features. It was the end of a 4-day national
holiday when I saw them for the first time, and this magnificent system was littered
for miles with accidents and congestion. This, of course, happens at times on the
freeway systems in every country, but the contrast between the really beautiful road
system and the level of traffic operations that night was especially sharp.

There seem to me to be 2 broad developments responsible for moving the status of
freeway operations from an adjunct to maintenance to a major subject in its own right.
One is the increasing dependence on freeways for travel, especially in urban areas.
The other is the growth in knowledge and systems for improving freeway operations.
This has taken place mainly in the past 15 years. Both of these broad developments
seem likely to continue and to reinforce each other.

Freeway operations in the sense that I am using the term means applying intelli-
gence to the minute-by-minute use of highways and giving the greatest possible service
from the highways to the people who need to use them or are otherwise affected by
them. The ability to apply intelligence depends directly on knowledge about the process
to be controlled and on instruments available for sensing and controlling the process.

The sequence in which this ability is usually developed starts with some ideas or
theories. Then a body of knowledge develops through the conduct of experiments using
scientific instruments to measure and relate causes and effects. Based on this insight,
larger systems of operating equipment are installed. These are justified by the pre-
dictions based on the small-scale experiments of benefits likely to be obtained. More
knowledge then is gained from these larger installations and applied elsewhere. This
is the stage we seem to be in now.

However, many of the accomplishments in freeway operations rest on traffic flow
theory. The rapid development of instrumentation in the past decade has by itself en-
abled the implementation of many relatively straightforward ideas for improving traf-
fic operations on freeways. For example, the ability to sense when traffic on the free-
way is approaching capacity while there is still underutilized capacity on an adjacent
service road enables the diverting of excess traffic to the frontage road. This provides
a great improvement in operations in some cases and, of course, is just plain common
sense,

The role of traffic flow theory in improving freeway operations is not so obvious as
the role of a closed-circuit television system, for example. Traffic flow theory, how-
ever, has made some important contributions, and I believe it will be increasingly im-
portant in the future.

Sponsored by Committee on Freeway Operations and presented at the 50th Annual Meeting.
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The starting point in traffic flow theory was to determine the relationships among
traffic flows, speeds, and densities. Studies of these relationships have led to what I
believe is the basic contribution made by flow theory to operations. That is, to define
quite sharply the concept and characteristics of an optimum traffic operating condition.
This occurs at a density somewhat less than 75 vehicles per mile., Peak traffic often
does not flow naturally in this optimum range but instead tends to become congested
with densities of about 150 vehicles per mile. One of the main purposes of freeway
surveillance and control systems is to increase the proportion of peak time when traf-
fic operates in this more free-flowing fashion.

The concept of an optimum range for traffic flow is certainly not original with the
present generation of traffic researchers and operators. In 1946 a paper on this sub-
ject by Joseph Barnett was published in the ASCE Proceedings. About the same time
the concept was referred to by O. K. Normann in the first edition of the Highway Ca-
pacity Manual. It is implicit in Bruce Greenshields' early hypothesis that speed and
density have a linear relationship, which gives a maximum flow at one-half jam density.

The contribution of traffic flow theorists has rather been to define more explicitly
the form of the relationships among the several variables of traffic flow. They have
done this by analogy with other physical processes, by mathematical analysis, and by
more precise and exhaustive experimentation than was feasible in the late 1940's and
mid-1950's.

Dealing with traffic as a mass process having characteristics of speed, flow, and
density leads naturally to comparisons of traffic behavior with the flow of fluids, One
of the broad fields of activity in traffic research relevant to freeway operations has
been the exploration of this analogy. To the extent that traffic behaves as a fluid, the
relatively complete understanding that is available in the published literature on fluid-
flow characteristics can be applied to understanding traffic behavior as well.

The classic paper in this field was published in 1955 by two English mathematicians,
Lighthill and Whitham, and was titled ""On Kinematic Waves II. A Theory of Traffic
Flow on Long Crowded Roads." They had written previously on the behavior of kine-
matic waves in hydrodynamics and had used this to deduce a theory "'of the propaga-
tion of changes in traffic distribution along...roads." They state, '"The fundamental
hypothesis of the theory is that at any point of the road the flow (vehicles per hour) is
a function of the concentration (vehicles per mile). ... The hypothesis implies. .. that
slight changes in flow are propagated back through the stream of vehicles along 'kine-
matic waves,' whose velocity relative to the road is the slope of the graph of flow
against concentration.”

The shape of this curve tracing the relationship between flow and concentration (or
density) is therefore of fundamental importance. It establishes not only the flow that
will occur at any given density of traffic on a given road but also the wave speed. Light-
hill and Whitham do not specify a particular form for the curve, other than that flow
is zero when density is zero or when there are so many cars jammed on the road that
none of them can move. Between these 2 intercepts of the zero flow line, at some
density that Lighthill and Whitham called optimum, flow would be maximum.

To suggest a formula for this curve, Harold Greenberg assumed the flow of traf-
fic was similar to the flow of a fluid in one dimension. This led to a relationship,
shown in Figure 1, which was continuous and defined over the entire range of density
from zero to jam. It appeared to fit the data available at that time at least as well as
any other continuous formula. Some called this the Greenberg Law, and it led to a
certain amount of dispute. The dispute illustrates the strengths and alsc the weak-
nesses of applying physical analogies to understanding traffic behavior, and it is worth
reviewing briefly here.

When he saw Greenberg's work, Whitham protested that there was no intrinsic
justification for the assumption that vehicles would behave in the same way that fluids
flowing in one dimension behave. The gist of the reply was that there was no intrinsic
reason not to make the assumption, that the resulting curve fit the available data at
least as well as any other continuous model, and that making the assumption had some
useful benefits.
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Figure 1. Flow, q cars/hour, versus density, k cars/mile.

Soon after this dispute we were able to obtain a larger and more precise sample of
flow-density data. Based on this Leslie Edie published a paper proposing 2 separate
equations for the curve (Fig. 2). One would apply at densities less than optimum and
one at higher densities. The main point is that the data showed that the relationship
between flow and density was probably not continuous in the region of maximum flow.
The 2 curves Edie proposed did not meet: The one for low densities went to a higher
value of flow.

This discontinuity in the flow-density relationship is a most important point to ap-
preciate. It became evident only with a large sample of data, the processing of which
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had previously not been feasible because there was not suitable instrumentation. With
the development of an electronic traffic data acquisition system, that bottleneck was
broken. The discontinuity indicates that there are limits in the application of hydro-
dynamics to describe traffic.

A particle of fluid accelerates or decelerates at rates that are determined by factors
external to the particle. Whether an acceleration or a deceleration is called for makes
no difference to the particle. In traffic, however, a vehicle and its driver have differ-
ent mechanisms for accelerating and for decelerating. The perceptions and risks are
altogether different in the 2 cases. Forbes showed experimentally in the late 1950's
that drivers react more slowly to an opportunity for acceleration than to the need for
a deceleration. This asymmetry appears to be related to the observed discontinuity
in traffic behavior at optimum density.

There have been both strengths and weaknesses in the use of the hydrodynamic anal-
ogy to understanding traffic behavior. This analogy has produced valuable insights into
the wavelike propagation of disturbances along a traffic stream. Carrying the fluid-
flow analogy too far, however, tended to mask the discontinuity at peak flow, which is
one of the most significant characteristics of road traffic behavior.

It is significant because it can explain why shock waves develop at a bottleneck and
why flow through a bottleneck is lower when traffic is congested than when it is free-
flowing. Harold Greenberg and another researcher at the Port Authority were first to
demonstrate experimentally that more traffic would flow through a roadway if it were
kept free-flowing than if it were allowed to become congested. One of the major pur-
poses of the instrumentation we have developed since then has been to keep traffic den-
sities below 75 vehicles per mile. Figure 3 shows the contribution this makes.

Figure 3 shows the end result of a cooperative study by staff at the Port Authority
and at IBM in which a computer was applied to control tunnel traffic densities. When
the controlled flow in April is compared with the uncontrolled flow in October, a major
improvement is clear. To determine whether this was possibly due to seasonal effects,
we compared flow in other tunnels for the same 2 periods (Fig. 4). I anything, flow in
April is lower than flow in October.

Another area where traffic theories have made a contribution is in clarifying the
measurement of traffic density, or vehicles per mile. This can be measured by count-
ing traffic flow and dividing by average speed: Vehicles per hour divided by miles per
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Figure 3. Controlled traffic flow in April versus uncontrolled traffic flow in October in the near lane of the
Lincoln Tunnel south tube during p.m. peak.
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Figure 4. Uncontrolled traffic flow in April versus uncontrolled traffic flow in October in the north and center
tubes of the Lincoln Tunnel during a.m. and p.m. peaks.

hour equals vehicles per mile, If both the flow and the average speed are determined
at a point, there is no physical reality to the number derived by this calculation. This
is a confusion that seems to be embedded in traffic analysis. It arises because of the
2 ways in which speeds can be averaged.

As Wardrop pointed out at the Road Research Laboratory in the early 1950's, the
speeds of vehicles can be measured for some time jnterval as successive vehicles pass
a point and then averaged. He called this time-mean speed. Or the speeds of vehicles
present on a length of roadway at an instant can be measured and averaged; he called
this space-mean speed. The dimensions for density are valid only when space-mean
speed is used. This, of course, is far more difficult to measure than time-mean
speed, but that does not alter the fact that densities derived solely from measurements
at a point have no physical meaning. This distinction is important in freeway opera-
tions because density is an important predictor of flow.

These two illustrations of the contributions of traffic flow theory are drawn from
just one branch of the science and only begin to suggest the scope of theory that has
been defined. Valuable work has been done in studies of car-following behavior. Her-
man, Rothery, Potts, Gazis, and others have provided many insights, for example,
into the stability and instability of traffic streams, the role of acceleration noise, and
the relationship between these microscopic views of traffic behavior and the mass flow
studies just described. Statistical aspects of traffic have been explored by many re-
searchers such as Buckley in Australia and Jewell and Haight in the United States.
Queuing theory has many applications in describing traffic operations. Computer sim-
ulation has been applied to the study of traffic flow by a great number of researchers.
Both psychological and simulation studies of driver behavior have been made, and the
work by Senders is especially noteworthy. Nearly all of this has happened in just the
past 15 years, and in that time there has been created an extensive literature that con-
stitutes a science of traffic flow.

Much of this work has been accomplished because mathematicians and physicists
became interested in contributing insights from their basic disciplines to the under-
standing of road traffic behavior. This has resulted necessarily in contributions scaled
to the resources available to the individual researchers and to their interests rather
than to the needs of a coordinated effort to understand traffic behavior. The result has
been to advance some aspects of traffic flow theory faster than others.



Chief among the important questions that still need answers is this: What determines
the capacity of a freeway link? I believe an important part of the answer will be the
description of how drivers process information. There seems now to be increasing
interest in this question and also increasingly sophisticated instruments available for
the researchers. Probably more than the other branches of traffic flow theory, how-
ever, this work did and still does require the development of instruments that force
the state of the art. Instrumentation development has generally played an important
part in the development of traffic flow theory, but this matter of driver information
processing is especially dependent on it.

Full-scale experiments to measure driver reaction times in a range of roadside
environments were reported by Forbes and others in the late 1950's. These used split-
frame photography to show the roadside environment, the positions of the several cars
to which the experimental driver was reacting, and the position of the controls on the
experimental vehicle. Although the films were difficult to read, these experiments
did capture the major variables. Since then considerable strides have been made in
measuring the 3 principal elements here: the roadway, the vehicle, and the driver.
Simulators have been developed by using both movies of actual roadside environments
and TV camera views of model terrains. Vehicles have been highly instrumented and,
in the case of the simulators, controlled movements are generated by computers to
provide varying types of road feel to experimental drivers. The drivers are sensed
for galvanic skin response, heartbeats, breathing, and in some cases brain waves.
Several attempts have been made to measure driver eye movements.

There is still a long way to go in this effort, and the contribution this research will
make to freeway operations is just beginning. For example, one of the most important
elements in research on driver information processing is to determine where the driv-
er's attention is being directed as he moves his vehicle through the road environment.
The instrumentation to measure driver eye movements is still relatively cumbersome,
and its presence may well influence experimental results. The brain-wave instrumen-
tation is particularly liable to this form of error. There is a more serious difficulty
in that, even with excellent measures of eye movement, brain waves, heartbeats, gal-
vanic skin response, and breathing, psychologists are not agreed on the interpretation
of the data. When the experiments are conducted in real driving situations rather than
in simulators, there is a lack of instrumentation for sensing accurately the distance
between the experimental vehicles and objects along the road, such as abutments and
other vehicles. Furthermore, there is need for more research to quantify the infor-
mation content of the actual environment.

These few examples suggest how much remains to be done in developing the basic
scientific knowledge needed for freeway operations as well as for freeway design. This
is certainly a worthy challenge for the kind of technological expertise that was mar-
shalled so successfully for America's space program.

Although much remains to be done in developing instrumentation and knowledge con-
cerning driver information processing, much has already been done in applying instru-
mentation to improve freeway operations. Historically a major focus of this effort has
been to extend the limited-access feature, which is the prime characteristic of freeway
design, by metering the flow of traffic onto the freeway when necessary to prevent con-
gestion on the freeway itself. This work was initially based in part on the Port Au-
thority experiments that I described earlier, but it rapidly developed independently of
the tunnel work. Today, in fact, the kind of improvements we have obtained by keeping
tunnel traffic moving plays little if any part in the benefits being obtained on the free-
ways. Ibelieve there are places where the same type of operation being developed for
the tunnels can also benefit freeways, but this will require more intensive surveillance
and control systems than have been applied to date on the freeways.

The freeway benefits have instead come more from diverting excess traffic to other
roads that are in the corridor served by the freeway and have capacity available. The
access-control systems are also valuable in allocating priority movement to buses. In
places where bus movements are heavy, this can be an output from the control systems
and has an extremely high payoff in moving more people on the freeways with less delay.
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Another major focus of the effort to improve freeway operations has been to sharpen
the detection, handling, and removal of disabled vehicles and other incidents that re-
duce capacity. Such incidents occur every day and often cause a wide variation in the
time required for trips. Now there is increasing attention being given to instrumenta-
tion that can inform motorists about these events and help them to find the best alter-
nate routes.

The development of instrumentation for these purposes has occurred in about the
same time frame as the development of traffic flow theory. In 1959 tunnel traffic flow
control began on a pilot basis. The first major installation of surveillance equipment
was on the John Lodge Freeway in Detroit in 1960 when 14 closed-circuit television
cameras were installed to observe a 3.2-mile section. Shortly after, in 1962, ramp-
metering operations began with a pilot system in Chicago. In 1964 ramp-metering ex-
periments started in Houston as well. A few ramp closures were tried in Los Angeles,
and then in 1966 ramp metering started there too. A few other cities have also con-
ducted experiments and made plans for freeway surveillance and control systems, but
these have been the major actors. I believe the development of such systems in Europe
and Japan has been more recent,

The pace of instrumentation development during this time has been fast. For ex-
ample the automatic stoppage detection system that we are using now at the Lincoln
Tunnel is actually in its fourth generation. We started with an array of electrome-
chanical timers in the late 1950's. Next was a vacuum tube electronic curcuit in the
early 1960's. Then in 1965 we installed a system using solid-state devices but still
wired in a special purpose circuit, Now, of course, we use computers and have far
greater flexibility and logical power. This advance in logic has been paralleled by ad-
vances in reliability and economy. Similar advances have occurred in vehicle detec-
tion and in signal transmission. There are still weaknesses in the instrumentation
available for surveillance and control, but these trends toward better performance at
lower cost are likely to continue.

There will be new forms of instrumentation available soon. I believe the next major
development in instrumentation for freeway operations will be in automatic vehicle
identification. Although the electronic license plate for all vehicles may not be around
the corner, the technology is available now for full-scale testing, 'and the potential
benefits are important in many applications. Apart from traffic control, the wide ap-
plication of automatic vehicle identification can assist motor vehicle administration,
law enforcement, maintenance, planning, financing, and fleet operations. The initial
application for bus identification is being made now at the Golden Gate Bridge, and we
expect to have one in New York in the very near future.

A major theme in the development of instrumentation for these systems has been the
role of television versus digital systems. In pioneering this broad field of traffic sur-
veillance, Detroit researchers set a pattern that was generally not copied in other
areas. Television has been a major element in city street traffic surveillance systems
developed elsewhere during the 1960's, chiefly in Europe and Australia. For express-
way surveillance, however, Chicago went the ail-digital route in 1962, Even today the
Chicago expressway surveillance system makes hardly any use of television. The pat-
tern in Houston and in the tunnel surveillance and control systems has been to use both
television and digital systems. Television is a valuable adjunct to a digital system for
research and also for helping in the policing of roadway operations. I believe that over
the long run it will gradually be phased out in favor of fully automated digital control
systems. This, in fact, did happen in Detroit.

Inherent to some extent in this dichotomy between television and digital systems has
been the role of police and engineers. Where surveillance is a supplement to existing
police traffic operating groups, television has been especially useful. However, in-
creasing demands on police for other functions and their increasing salary costs in-
crease the stress on fully automatic systems.

It seems clear that the main burden of development in this field of freeway operations
will continue to be carried by engineers relying on automatic equipment. We have a
way to go yet before freeway operations can make much use of automatic control theory
that includes prediction and feedback, but I believe that is where we are heading. On
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line, real-time systems will predict traffic demands and will target service levels for
those demands; they will sense conditions that affect the service being given for that
demand; they will alert police wreckers, ambulances, and debris-removal equipment;
they will estimate the probable consequences of alternate control strategies and select
the optimum; they will drive entrance ramp controls, diversion signs, and reversible
lane devices such as lane signals and delineators; they will measure the traffic de-
mands, densities, and delays actually on the system and analyze their own perfor-
mance; they will call automatically for maintenance on defective system components;
and they will learn from their experience. This is the challenge we have, and the abil-
ity to meet it is here.



ACCOMPLISHMENTS IN FREEWAY OPERATIONS OUTSIDE
THE UNITED STATES

J. T. Duff, Great Britain Department of the Environment, London

*THE HISTORY of motorways or freeways began in Italy in 1924 when work started on
the construction of some 50 miles of autostrada from Milan northward to the Italian
Lakes. This road included the essential features of modern freeways save one; it con-
sisted of a single carriageway carrying traffic in both directions. In Germany, con-
struction of autobahns commenced in 1934, and here it was pushed ahead much more
vigorously. By 1937, 950 miles were open to traffic and a further 1,100 miles were
under construction, Today the autobahn system comprises at least 3,000 miles. In
the United States, some short lengths of freeway were constructed in the 1930's, and
the development of the great system of long-distance turnpikes commenced in 1940
when the 160-mile Pennsylvania Turnpike was opened to traffic., Freeways are now

to be found in many other countries, including Holland, Belgium, France, Switzerland,
Japan, Australia, and Latin America.

The main differences between freeways in the United States and those in other coun-
tries arise from the difference in size and the difference in the degree of motorization.
Thus, the nearest rival to the United States with its 40,000 miles of interstate routes is
Germany with some 3,000 miles of freeways. Few cities outside the United States have
extensive networks of urban freeways with the exception of Japan where there are some
90 miles or urban freeways in operation in the Tokyo and Osaka-Kobe areas. Where
traffic volumes are comparable, the operational problems tend to be similar through-
out the world and, because of the free interchange of ideas, the approaches to their
solution tend to follow a common pattern.

When freeways were first built, it was generally thought that the superior geometric
design made it unnecessary to use signs, signals, and other control devices (except,
of course, for direction signing and lane lines). Experience of operation, particularly
in recent years with volumes of traffic growing and some roads working to capacity,
has shown that these roads pose their own special operational problems that are likely
to call more and more for the use of sophisticated surveillance and control equipment.

On rural freeways the high-speed operation can lead to dangerous conditions during
emergencies and when road works are being carried out. Emergencies include weather
conditions such as fog, snow, ice, accidents, and other incidents that result in vehicles
becoming stationary on the traffic lanes. On urban freeways, in addition to the dangers
that can arise during emergencies and road works, the high volumes of traffic can
quickly lead to serious congestion and delay. These conditions can be aggravated by
the fact that urban freeways, because of the high cost and difficulties of land acquisi-
tion, are sometimes built to less generous standards than the rural freeways (e. g.,
narrower medians or absence of hard shoulders). Apart from road works and emer-
gencies, the sheer volume of traffic coupled with more frequent interchanges often leads
to operational difficulties at peak hours. It would appear essential, therefore, that
very early notification should be given to the police or other authority of any abnormal
traffic condition so that prompt action can be taken to deal with the cause of the trouble
(including other action associated with it such as calling of ambulance and fire services
for accidents) to prevent additional traffic from pouring onto the road while it is blocked

Sponsored by Committee on Freeway Operations and presented at the 50th Annual Meeting.
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or obstructed and to warn drivers on rural freeways of dangers ahead. The basic re-
quirements of such a system are as follows:

1. Warning of abnormal conditions and information on the nature of these conditions
should be obtained automatically and continuously and returned to some central police
post where full communications are available to enable appropriate action to be taken;

2. The warning should preferably be an audible one so that continuous watching of
a screen or display is avoided;

3. Information on the exact location of the incident and its nature should be pre-
sented visually by means such as an illuminated display map or closed-circuit tele-
vision; and

4. A centralized control system should be available for remote operation of warn-
ing signs on the freeway and its approaches. These signs will warn drivers of the in-
cident and reduce the traffic coming onto the freeway while it is obstructed both to pre-
vent queues from building up and to allow emergency vehicles to operate.

The various systems that have so far been tried or proposed may be broadly classi-
fied into ramp control, corridor control, and freeway control to achieve optimum flow
and to deal with emergencies. These can be used singly or in combinations, and ex-
amples of all are available outside the United States. This general report deals with
recent progress in the following countries outside the United States: West Germany,
England, Japan, Italy, and France.

WEST GERMANY

As in other countries, traffic on the German freeways is increasingly characterized
by high traffic flows and in particular by regularly occurring high peaks. Studies have
been carried out to see whether the safe and efficient handling of these peaks can be
influenced by control measures in order to obtain optimum flow. Optimum flow in this
context has been taken to mean (a) that the spacing and speeds of the vehicles along the
road are such as to permit maximum safety and capacity; (b) that, in the event of an
unforeseen obstruction of a carriageway or lane, the vehicles can be diverted before
reaching the obstruction so that major holdups can be avoided; and (c) that drivers are
advised by remotely controlled signs and signals about the traffic conditions on the
road sections ahead and about any hazards likely to be encountered so that they can
adapt themselves to the situation in good time.

Trials have taken place with a gset of variable, remotely controlled signs and sig-
nals on a 20-mile section of the Munich-Salzburg Autobahn (1). The system is capable
of imposing variable speed restrictions, depending on the momentary traffic volumes;
providing advance warning of accidents on the section ahead; and diverting traffic
through one of the autobahn exits to the all-purpose road network. The first two are
achieved by remotely controlled variable signs of the roller-blind type capable of giv-
ing the following indications: 100 km, 80 km, 60 km, END OF SPEED RESTRICTION,
and ACCIDENT AHEAD.

These signs are installed at intervals of just more than 1 mile. The traffic diver-
sion is obtained by means of 2 signal bridges that span the carriageway at intervals of
about 1,200 ft on the approach side of the junction exit and show, for each lane, a sign
indicating the diversion, together with colored-light signs for the control of traffic on
each lane. The control center is also equipped with closed-circuit television (6 cam-
eras) so that critical sites of the trial section can be observed.

The traffic is surveyed by visual observation on site or by the closed-circuit tele-
vision, and the changeable traffic signs are operated manually in accordance with ex-
perience., The variable speed signs are switched on to show a speed of 100 km/hr
when the traffic flow in one direction (on 2 lanes) is expected to reach about 2,000 cars
per hour. The signs are changed to 80 km/hr when this rate of flow is actually reached.
Speed studies indicated that when no speed limit was shown some 35 percent of car
drivers exceeded 100 km/hr (about 70 mph) and some 90 percent exceeded 95 km/hr
(about 60 mph). When speed limits were shown, almost no drivers exceeded 110 km/
hr. When 100 km/hr was shown, 38 percent exceeded 95 km/hr; and when 80 km/hr
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was displayed about 8 percent exceeded 95 km/hr, The results also showed a reduc-
tion in the standard deviation of speeds from about S = 14 km/hr to S = 7 km/hr.

The effect of the signs on capacity was also studied. Higher flows were measured
when a speed limit was displayed, and nearly all the flows of more than 2,000 vehicles/
hour were obtained when 80 km/hr was displayed. However, this was to be expected
because this was the basic criterion used for displaying the limits.

For a given traffic flow, the proportion of shorter and more dangerous time gaps
(those less than 1.5 sec) was reduced. A reduction in speed coupled with a reduction
in the standard deviation would be expected to reduce accidents. The comparable car-
riageway in the opposite direction was not equipped with the variable signs, and a sig-
nificantly greater number of accidents and more severe ones were in fact observed on
this section than on the trial section,

In view of the favorable results obtained with this trial, it has now been decided to
equip other heavily trafficked autobahn sections with changeable traffic signs. It is
also proposed to install detectors to assess the traffic situation by comparison with
programmed traffic data in order to arrive at a more objective decision for operating
the signs.

Investigations are being carried out on the following: control of ramps, distribution
of traffic over alternative routes, and use of acoustic signal transmissions to influence
driver behavior and route choice. So far as ramp control is concerned, a length of 8
miles of the Hannover-Cologne Autobahn near Kamen has been chosen for a trial in 1971,
Six loops are to be used for flow measuring. So far as distributing traffic over alterna-
tive routes is concerned, a system of fixed diversions covering the whole autobahn net-
work has been devised for use when a section of autobahn is obstructed by reason of an
accident or other emergency (g). The diversions that run parallel to the autobahn are
marked by special detour signs carrying numbers. The routes start at a given access
point and lead via federal or rural roads to one of the following access points. The
signs are blue with a white U, number, and arrow and are placed at all intersections
along the U-route. A section of the Frankfurt-Heidelberg Autobahn has been chosen
for a trial in 1971 of remotely controlled variable guide signs, with the object of im-
proving flow and capacity of the autobahn by diversion to other stretches of autobahn.
Loops will be used to measure traffic flow, but the diversions will be brought into op-
eration by manual judgment.

Aural communication equipment has been developed and demonstrated by the German
firm of AEG-Telefunken of Hannover (3). There are proposals for a trial on a 20-mile
length of the Hannover-Cologne Autobahn. Buried loops are fed from a multitrack tape
recorder. The signals are received on a receiver and a loudspeaker mounted in a ve-
hicle, and for trial purposes about 10 percent of regular commuters would be provided
with receivers. Messages initially would relate to emergency traffic situations only,
and as many as 3 repeats of 20 to 30 sec each with a 5-sec interval are envisaged. The
language problem might be overcome by using a different carrier frequency for each
language.

ENGLAND

In England 2 trials were made with remotely controlled signals in the early 1960's,
one on a rural length of freeway and one on an urban length. The rural system was in-
stalled on 24 miles of the Motorway M5 in Gloucestershire. It comprised 22 signs
about 2 miles apart on both carriageways. The system is still in use.

Each sign contains alternative messages—SKID RISK, ACCIDENT, and FOG—in
letters 1-ft high. One or more of these messages can be shown at a time, and they are
always accompanied by the message SLOW. For example, if an accident occurs on a
slippery surface, SLOW together with SKID RISK and ACCIDENT would appear on 2
or more signs in advance of the accident. In addition flashing amber beacons are dis-
played on the signs when they are in use.

The signs are about 11 ft wide and are mounted on steel platforms behind the hard
shoulders with their tops about 12 ft above the level of the road. They are designed so
that the messages are practically invisible until the lights are switched on. The bril-
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liance of the lighting is regulated automatically to suit prevailing conditions. Control
of the signs is exercised by the police from their headquarters at Hindlip Hall using
Post Office telephone lines. A simple switch operation selects the message to be dis-
played and the sign on which it is to appear. A supervisory system is incorporated to
give an alarm if there is any discrepancy between the message or sign called for by
the control or if a spurious indication is given.

Police decisions on the warnings to be given are based on information received from
patrols or from the public over the motorway telephones. Experiments are also tak-
ing place on the automatic detection at various points along the road of fog and icing
conditions and automatic reporting of this information over the existing signaling sys-
tem in order to reduce the time taken to display and cancel warnings.

The use made of these signs is as follows (the percentages do not add to 100 as on
some occasions more than one message was displayed):

Times Average Signs Used
Displayed Duration Each Time
Message (percent) (hours) (avg)
Accident 43 1.7 2.1
Skid risk 42 5.0 4.7
Fog 23 5.7 6.4

The effect of the signs on vehicles exceeding the speed (fast vehicles) and the re-
duction in the proportion of fast vehicles is as follows:

Item 40 mph 50 mph 60 mph 70 mph

Daylight, percent

Fast vehicles, without sign 41 13

Fast vehicles, with sign 26 5

Reduction 36 61
Darkness, percent

Fast vehicles, without sign 91 71

Fast vehicles, with sign 39 33

Reduction 59 54

The urban system installed on the London end of the Motorway M4 had blank-out
signs using neon tubes. They had the message M4 CLOSED—USE A4 and were re-
motely controlled from Hounslow Police Station. Detectors on the Motorway M4 and
on the slip roads gave early warning of abnormal traffic flow, and the information was
displayed on a mimic diagram at the control center. This system was replaced in
March 1969.

At the end of 1966 the decision was made to equip the whole motorway network of
1,000 miles with remotely controlled signals to deal with emergencies. Three systems
are at present in operation (M4 Severn Bridge, M4 Metropolitan, and M1/M18/A1(M)
in the West Riding of Yorkshire) on approximately 80 miles of motorway. Systems for
a further 400 miles are on order and due for completion during 1971. The motorway
network will eventually be controlled from some 30 police control centers connected
to 6 computer centers. All the computers required (12) are now on order.

Both of the trial systems described used worded signs and were controlled over
telephone circuits from police stations. Motorway M4 signs were erected on the me-
dian and nearside verge and also on gantries spanning the carriageway on the elevated
section., Additional signs were sited at strategic positions on the all-purpose roads
approaching the motorway. These signs suffered from several disadvantages: (a) they
could only be used for emergencies sufficiently serious for the motorway to be com-
pletely closed; (b) being only advisory in nature, many drivers ignored them; and (c)
because each sign had to be individually fabricated, replacement of broken or faulty
signs took a long time. Motorway M5 signs are sited on the nearside verges of the
motorway at intervals of 2 miles and cover about 24 miles of the road.
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Consideration of the 2 trial systems showed that to tell motorists the nature of the
emergency and its severity requires impossibly large signs for motorway conditions.
Those on Motorway M5 do not indicate the severity and only show three of the possible
situations that may occur (e.g., split loads probably present a more frequent hazard
than fog). Accordingly, for the permanent systems the alternative has been adopted
of telling the motorist what action is required of him, namely, the appropriate speed
or lane, or both, to use.

The design of the new signals has been governed by the following considerations:

1. Conspicuousness—This has been secured by the use of 4 amber lanterns that
flash in pairs to call the driver's attention to the fact that the signs are in use. These
lanterns have a clear daylight range of 1,500 ft. The flashing is in the vertical direc-
tion as for the temporary warning lights.

2. Adaptability—The use of a 13 by 11 lamp matrix allows the presentation of a
wide variety of symbols. For simplicity of control, the number of symbols has been
limited to 16, but changes within this number can easily be made.

3. Economy—All variants of the basic signal (for urban and rural use) are assem-
bled from the same components, thus securing the benefits of large-scale production.
In use, the signal consumes less than 150 W,

4, Reliability—There are no moving or exposed corrodible components, and all
electrical components are underrun. Both the matrix indicator and the lanterns are
sealed against the entry of dust and water. The indicator can be removed from the
signal and replaced by a new one without the aid of tools in less than 1 min, thus the
minimum of maintenance work has to be done on the motorway.

The urban signals, as used on Motorway M4, also include 4 red lanterns that can
be flashed horizontally in pairs when it is necessary to stop motorists. The lamps in
the indicator matrix can be dimmed at night by sending the appropriate control word
from the central computer. Heaters can be switched on to prevent the indicators from
icing in cold weather.

The initial systems have used a sign with a matrix of 13 by 11 lamps. For data
transmission purposes, the number of symbols has been limited to 16. Future sys-
tems are to be equipped with matrix signs in which the individual lamps have been re-
placed by fiber optics. These signs have a number of advantages including the possi-
bility of using colored symbols by placing a small filter glass between a lamp and the
fiber optics. (The sign has one lamp per symbol.)

At the control center the operator is provided with a typewriter on which he types
a simple instruction for a given aspect to be shown on a given sign. The computer then
automatically plans the ""sequence' of signals to be shown and prints the proposal on
the typewriter. After checking the proposal the operator then presses a key, and the
computer actuates the required motorway signals. The typewriter thus provides a
timed permanent record of every system operation. This record includes the following:

1. Instructions from the operator;

2. Signal sequence proposed by the computer before the signals are actuated (a se-
quence is defined as a set of signals that, as the driver moves, show progressively
more restrictive indications followed by the ROAD CLEAR indication);

3. Aspect shown by each activated signal in the system; and

4. Details of any system failure.

The use of a computer as the master controller enables a high degree of automation,
and the system is programmed so that the police operator needs only to give instruc-
tions as to the message to be displayed on the sign immediately prior to an incident.
The computer determines what other signs need to be illuminated to cover slip roads,
to provide advance warning and countdown, and to give the all clear beyond the incident
and what messages are to be shown on them, The instruction is conveyed to the com-
puter, and as soon as the necessary analysis has been completed the computer causes
the proposed sequence of signals to be printed out on the teleprinter after it first checks
that the address is genuine and the message is a valid one. Operation of a further
"actuate' key causes the corresponding instructions to be sent out to illuminate the
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signals on the motorway. The operator can at any time obtain a printed record of the
condition of the motorway signals.

The new systems employ the latest solid-state techniques for high reliability and
are designed to control automatically a number of responders or outstations (20 on
Motorway M4) situated at intervals along the motorway. Each responder controls a
number of signals, of the matrix type described earlier, each of which can display a
number of different messages. The responders are connected to the central computer
via 2 pairs of telephone lines (one to enable control messages to be sent from the com-
puter to the responders and thence to the signals, and the other to enable the state of
the signals to be returned to the computer). The functions of the responder are to de-
tect and decode instructions from the control center; actuate the signals in accordance
with these instructions; and advise the control center that the instructions have been
obeyed or, if for any reason they have not been obeyed, to alert the control center and
report the nature of the defect.

Only 2 pairs of lines are necessary for the complete system because all the control
and reply information is transmitted in digital (binary) coded form (i.e., a sequence of
1's and 0's). Each sequence or "block” of information consists of 19 "bits" (a 1 or a 0).
The control and reply words are made up as follows:

Control Word Reply Word
Function (bits) (bits)

Word synchronization 3
Parity (allowing checks to be made

w

before action is taken) 1 2
Address of responder 6 6
Information 9 8

Total 19 19

With 6 bits allocated to the responder address, the system has capacity to control
as many as 2° - 2 = 62 responders.

The output from the computer is used to modulate a voice frequency transmitter
centered on a frequency of 2,520 Hz, A zero level transmits a frequency 120 Hz above
the band center, and a one level transmits a frequency 120 Hz below the band center.
The reply information is similar but centered on a frequency of 2,040 Hz. A mainte-
nance telephone uses the frequency band below 1,600 Hz.

In addition to the teleprinter and computer, the control center includes an illumi-
nated mimic diagram that enables the operator to see at a glance which signals are in
use and a television monitor that enables him to see along the motorway by means of
the remotely controlled television cameras. The mimic diagram has 1 lamp per traf-
fic signal; the lamp is illuminated when the corresponding signal is in use., When a
STOP signal is shown, the lamp on the mimic diagram flashes to give a more striking
indication.

The main sources of information providing the inputs to the system are the emer-
gency telephones situated along all motorways and, in the case of urban sections, loop
detectors placed in the carriageways. The loop detectors are interrogated at regular
intervals (about 7 sec) to determine the speed bracket of the vehicles passing the de-
tector and, in particular, the presence of any queues. If these or other potentially
dangerous situations are found, the appropriate time and space sequence of legends
will be displayed automatically along the motorway. There will, of course, be long
periods when no emergencies requiring signal operation occur. During these periods,
the computer will at 5-min intervals check all responders and signals. In this way
most faults will be detected and cleared before they have any effect on the operation
of the system.

Signals erected on the verges or central reserve contain an accelerometer in the
signal driver that operates if the equipment is struck by a vehicle. These accelerom-
eters are also interrogated at 5-min intervals,



15

The Elliott 903 computer used in the London M4 system has 8,192 words of core
storage and associated peripheral equipment that includes a 250 character/sec, 8-bit
tape reader and a 110 character/sec tape punch. The computer has been programmed
to (a) ensure that any very restrictive signal aspect, such as a low speed or STOP,
cannot be displayed without adequate advance warning to drivers; (b) provide the op-
erator with maximum flexibility to display on any signal the aspect he considers is re-
quired to control the traffic situation at any time; and (c) prohibit the display of con-
tradictory aspects on adjacent traffic signals and speed aspects in excess of an exist-
ing fixed speed limit.

The control console has been designed to accommodate 2 operators; the layout of
the panels has been so arranged that one operator can reach all controls comfortably.
Two pull-out dials and 2 jacks for telephone handsets or headsets are fitted below the
front of the desk top. Urban systems also include closed-circuit television coverage
of critical sections. The M4 system has 4 cameras and 2 monitors. The mimic dia-
gram provided in all control centers shows the layout of the motorways and interchanges
and the positions and address numbers of the signals. Lamps on the London M4 sys-
tem mimic are as follows:

Purpose Color

Lamps that are associated with loop detectors on the

motorways and that light up if the detectors are oc-

cupied continuously for more than 5 sec White
Lamps that are illuminated whenever the correspond-

ing signal on the motorway is actuated, e.g., when

a signal is set to STOP, the associated red lamp

flashes Red
Four lamps that are associated with a secret type of

diversion sign having the legends M4 CLOSED—

USE A4 on the all-purpose road approaches to park-

way and airport interchanges Blue
Four lamps that are associated with the 4 television

cameras and that light up when the associated cam-

era has been connected to a monitor Green

Current systems, in all cases, rely on a human operator to interpret the informa-
tion received from various sources and to initiate action. The computer interprets
the human decision and performs the actual operation. With more sophisticated and
reliable detection systems, it is likely to become increasingly possible to eliminate
the human operator and achieve completely automatic operation.

The use made of the signals during a 4-month period in 1970 on the 2 systems is
given in Table 1. The 2 motorways are, of course, quite different in character, the
M1/M18/A1(M) being rural and the M4 being partly rural with heavy commuter traffic
including an elevated section of substandard design. Excluding use for road works,
signals were in operation on the M1/M18/A1(M) Motorway for an average of 0.7 occa-
sion/mile/month lasting 2.85 hours on the average while those on the Motorway M4
were in operation for an average of 5.9 occasions/mile/month lasting 0.64 hour on the
average.

The number of times and duration of display of different messages are given in
Table 2. On the M1/M18/A1(M) Motorway, fatal and serious accidents were reduced
from 18 to 12 in comparable periods of 7 months. On the Motorway M4, the position
is complicated by road resurfacing that has been carried out since the signals were
installed. During a period of 3 months prior to the resurfacing total, accidents fell
by 18 percent (compared with the corresponding 3 months before signals were operat-
ing). A comparison of injury accidents in the 6 months following resurfacing with those
in the corresponding period prior to installation of the signals is given in the following
(the reduction in this case may be partly accounted for by the improved surface):



Injury Injury Accidents per

Section Accidents 10°® Vehicle-Miles
Elevated
B 36 1.16
A 18 0.58
Change, percent -50
Open
B 47 0.5
A 27 0.29
Change, percent -43
Both
B 83 0.66
A 45 0.36
Change, percent ~46
TABLE 1

USE OF SIGNALS

M1/M18/A1(M) M4 Metropolitan
Reason Times Duration Times Duration
Used (hour) Used (hour)
Traffic
Accident 44 41 27 16
Congestion 2 1% 4 9
Road works 78 677 114 287
Vehicle stranded 14 5 265" 95
Vehicle shedding load 17 7 7 4
Other 2 Yz 6 35
Subtotal 157 732 423 446
Weather
Visibility 49 282 ki . 8
Ice-frost-snow 37 73 13 52
Rain - = =] =
Wind 13 101 - -
Other - = = —
Subtotal 99 456 20 _60
Total 256 1,188 443 506

2The elevated section of M4 has no hard shoulders

TABLE 2
USE OF MESSAGES

M1/M18/A1(M) M4 Metropolitan
Message
Displayed Times Duration Times Duration
Used (hour) Used (hour)
Speed indication
10 mph - - 54 26
20 rmph 8 48 168 121
30 mph 11 43 67 40
40 mph 33 197 19 39
50 mph 33 314 10 41Y%,
60 mph 31 128 . A
Subtotal 146 730 319 268
Divert - - 4 10
Stop
1 lane 73 274 91 200
2 lanes 37 184 28 17
3 lanes . = _1 S
Subtotal 110 458 124 238

Total 256 1,188 443 506
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JAPAN

Reports have been received from Japan on 388 miles of rural freeway and on 91 miles
of urban freeway. Locations and mileages are as follows:

Area Mileage

Urban
Tokyo 45
Osaka-Kobe (Hanshin Expressway) 46
Subtotal 91

Rural
Tokyo-Nagoya 216
Nagoya-Kobe 119
Tokyo-Fujiyoshida 53
Subtotal 388
Total 479

All freeways are equipped with variable-message signs to deal with emergencies.
Unlike the British system where the decision has been made to tell the driver only
what action to take, the conciseness of the Japanese written language makes it possi-
ble to tell drivers both what action to take and the reasons for it being necessary. De-
tails of current systems and future proposals are given in the following.

Rural Freeways
The scale of the problem may be seen in the following:

Trips Accidents Breakdowns
per per per
Freeway Day Day Day
Tokyo-Nagoya 114,000 7.8 172
Nagoya-Kobe 124,000 7.0 132
Tokyo-Fujiyoshida 24,000 1.5 24

On the Tokyo-Nagoya Freeway, congestion occurs 6 times in 10 months due to ex-
cess demand and 12 times in 1 month due to accidents and breakdowns for an average
duration of 43 min. Ramps are often congested on Sundays. Particular sections of
the Nagoya-Kobe Freeway are often congested at morning and evening peaks. Conges-
tion occurs on the Tokyo-Fujiyoshida Freeway in a 2-lane 2-way tunnel 2 km in length
when volume exceeds 25,000 vehicles per day. In addition to accidents and breakdowns
due to normal causes, temporary closures of through lanes occur on these freeways
about 5 to 6 times a month in the winter. Most incidents are reported from the emer-
gency telephones that are provided on eac}} side at 0.6-mile (1-km) intervals. The in-
terval is reduced to 650 ft (200 m) in tunnels.

Control of traffic on these rural freewalys is exercised by means of variable-message
signs. Information is obtained from the emergency telephones, from radio patrol cars,
from toll areas, from closed-circuit television installed in long tunnels, and from ve-
hicle detectors. Details of the variable-message signs are given in Table 3. The
equipment and signs installed on the 3 rural freeways is as follows:
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Variable-Message Sign

Emergency Television  Vehicle
Freeway Telephones I II 1O IV V Cameras Detectors
Tokyo-Nagoya 789 40 44 19 20 O 66 48
Nagoya-Kobe 157 1 7 0 0 11 0 135
Tokyo-~Fujiyoshida 146 0 11 3 8 3 0 10

Fairly elaborate traffic control was introduced temporarily on the Nagoya-Kobe
Freeway during the EXPO-70 period. On-ramp traffic regulation, route guidance sug-
gesting that drivers change lanes or detour, and compulsory off-ramp diversions were
employed. Research has started into the methods and equipment required to control
rural freeways in the future to cope with the much more frequent congestion expected.

TABLE 3
VARIABLE-MESSAGE SIGNS ON RURAL FREEWAYS

Sign
Type Where Used Type of Information
Row Message
I On ramps Traffic conditions on Top LANES CLOSED; LANES REDUCED;
freeway SLIPPERY; CHAINS; DRIVE WITH
CARE; SAFE SPEED 50, 60, OR
70 km/hr
Middle  Location
Bottom  ACCIDENT; ROAD WORKS; DIS-
ASTER; FIRE; FOG; SNOW; ICE;
HEAVY RAIN; STRONG WIND;
CONGESTION
11 Expressway approaches Traffic conditions ahead Upper CAUTION; LANES CLOSED
to an interchange of next interchange Lower ROAD WORKS; ACCIDENT; CON-
GESTION; DIVERT HERE
I Open sections of ex- Weather conditions (op~ Upper REDUCE SPEED
pressway in moun- erated automatically Lower FOG; ICY SURFACE; ACCIDENT
tainous areas by detectors)
v Entrances to tunnels Traffic conditions in Top IN THE TUNNEL
the tunnel Middle REDUCE SPEED; DO NOT ENTER;
USE RIGHT LANE; USE LEFT
LANE
Bottom ICY SURFACE; ACCIDENT; FIRE;
ROAD WORKS
v On surface roads Traffic conditions on

the expressway

Urban Freeways

The Hanshin Expressway is an urban freeway system in the metropolitan Osaka and
Kobe areas of Japan. The present length of the system is 46 miles, and an additional
34 miles are to be added by 1975. In the metropolitan area of Tokyo there are at pres-
ent 45 miles of urban freeway and this netw