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Systematic, well-designed research provides the most
effective approach to the solution of many problems facing
highway administrators and engineers. Often, highway
problems are of local interest and can best be studied by
highway departments individually or in cooperation with
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly
complex problems of wide interest to highway authorities.
These problems are best studied through a coordinated
program of cooperative research.

In recognition of these needs, the highway administrators
of the American Association of State Highway Officials
initiated in 1962 an objective national highway research
program employing modern scientific techniques. This
program is supported on a continuing basis by Highway
Planning and Research funds from participating member
states of the Association and it receives the full cooperation
and support of the Bureau of Public Roads, United States
Department of Commerce.

The Highway Research Board of the National Academy
of Sciences-National Research Council was requested by
the Association to administer the research program because
of the Board’s recognized objectivity and understanding of
modern research practices. The Board is uniquely suited
for this purpose as: it maintains an extensive committee
structure from which authorities on any highway transpor-
tation subject may be drawn; it possesses avenues of com-
munications and cooperation with federal, state, and local
governmental agencies, universities, and industry; its rela-
tionship to its parent organization, the National Academy
of Sciences, a private, nonprofit institution, is an insurance
of objectivity; it maintains a full-time research correlation
staff of specialists in highway transportation matters to
bring the findings of research directly to those who are in
a position to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway depart-
ments and by committees of AASHO. Each year, specific
areas of research needs to be included in the program are
proposed to the Academy and the Board by the American
Association of State Highway Officials. Research projects
to fulfill these needs are defined by the Board, and qualified
research agencies are selected from those that have sub-
mitted proposals. Administration and surveillance of re-
search contracts are responsibilities of the Academy and
its Highway Research Board.

The needs for highway research are many, and the
National Cooperative Highway Research Program can
make significant contributions to the solution of highway
transportation problems of mutual concern to many re-
sponsible groups. The program, however, is intended to
complement rather than to substitute for or duplicate other
highway research programs.

This report is one of a series of reports issued from a continuing
research program conducted under a three-way agreement entered
into in June 1962 by and among the National Academy of Sciences-
National Research Council, the American Association of State High-
way Officials, and the U. S. Bureau of Public Roads. Individual fiscal
agreements are executed annually by the Academy-Research Council,
the Bureau of Public Roads, and participating state highway depart-
ments, members of the American Association of State Highway
Officials.

This report was prepared by the contracting research agency. It has
been reviewed by the appropriate Advisory Panel for clarity, docu-
mentation, and fulfillment of the contract. It has been accepted by
the Highway Research Board and published in the interest of an
effectual dissemination of findings and their application in the for-
mulation of policies, procedures, and practices in the subject
problem area.

The opinions and conclusions expressed or implied in these reports
are those of the research agencies that performed the research. They
are not necessarily those of the Highway Research Board, the Na-
tional Academy of Sciences, the Bureau of Public Roads, the Ameri-
can Association of State Highway Officials, nor of the individual
states participating in the Program.

NCHRP Project 3-6, FY ’63
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Library of Congress Catalog Card Number: 65-60013



FOREWORD

By Staff
Highway Research Board

This interim report will be of particular interest to traffic engineers and to highway
administrators responsible for traffic operations. The research reported here is
concerned with the effects of sToP and YIELD signs on traffic operation and safety.
The report will contribute substantially to existing knowledge and understanding
of the proper application of sToP and YIELD signs and the results to be expected
from their use. The research agency studied present practices in the control of
intersections with such signs. Through controlled research, the agency has filled
several gaps in the knowledge of this area. Detailed procedures for further studies,
including both data collection and analyses, are described. Also suggested are ways
to expand the studies from individual intersections to adjacent intersections and
complete street systems.

Little research had been conducted in the past to determine the anticipated
effects on capacity, operations, and safety from the use of the sTtop and YIELD
signs in ‘a traffic network. As a result, only very general policy statements could
be proposed for warrants and installation of sTop and YIELD signs.

This interim research report describes the parameters involved in a set of
pilot studies conducted in the Chicago area to determine the effects of sTop- and
YIELD-sign installations. They include speed, volume, gap and lag acceptance,
travel time and delay, safety, headway distribution, route choice, and driver actions.
The methods of data collection included time-lapse photography, enoscope speed
studies, manual counts, driver questionnaires, and travel studies conducted with
Greenshield’s drivometer.

The pilot studies deal with the evaluation of the parameters for individual
intersections, the measurable effects from control on adjacent intersections, and
travel route pattern changes that developed from the new installation or change
in type of traffic control device. Statistical analyses of the data were made. The
results were also compared with findings from research conducted by others.

A section of the report is devoted to a review of traffic simulation on electronic
computers for at-grade intersections. From the review, recommendations are made
for further study of a number of desirable components of a simulation model which
would be used in a later stage of research.

The research conducted during the first phase of this contract was to develop
techniques and procedures through pilot studies. It was further reasoned that some
preliminary relationships would arise from the results of the pilot studies. The
research agency will proceed to conduct studies to evaluate stop- and YIELD-sign
controls. These studies, carried out from their offices in several regions, will be



designed to gather data on a set of parameters which were selected on the basis
of the first-phase work. Emphasis will be placed on obtaining basic operational
characteristics which are universally applicable. It is anticipated that the research
will result in recommended criteria for the installation of these traffic control devices.
It is also- anticipated that the findings will provide the traffic engineer and the
highway administrator with an understanding of the expected operational advantages
and deficiencies of these devices in the traffic network.

Although the sToP and YIELD signs are but two of many traffic control devices
which may be studied, they are of particﬁlar interest because of their widespread
use, low initial cost, and ease of installation. Documenting the effects ‘of these
in the traffic system will provide an important contribution to the field of traffic
engineering.
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SUMMARY

EFFECT OF CONTROL DEVICES ON
TRAFFIC OPERATIONS

INTERIM REPORT

The increasing need for more efficient use of urban streets led to the creation
of this project, whose purpose is to study the effect of specified control devices
on operation of individual intersections and on operation within a surrounding
street system. The ultimate goal is to gain information usable in developing
warrants to guide engineers in the placement of these controls. The first stage
of the study, reported here, is a pilot investigation to determine efficient methods
of study and to derive some preliminary, relationships concerning the operation of
intersections with YIELD control and two-way sTOP control, and the effects of
these controls on a system of streets. ‘

The study is divided into two parts—the effect of sTop and YIELD control
on (a) individual and adjacent intersection operation, and (b) operation along a
traffic corridor. ‘ .

The study of individual intersection operation is based on the theory that
because the driver need not stop at a YIELD sign in every instance, he has some
advantages over similar situations with stop control. The driver approaching a
YIELD sign can adjust his speed so as to arrive and proceed through the intersection
without stopping. If he does not stop, he can arrive at the intersection sooner and;
by passing the control sign at some initial speed greater than zero, complete his
maneuver quicker than if he had stopped.

Five intersections in suburbs in the Chicago metropolitan area were chosen
for study. In two cases, where controls were changed as part of the study, before-
and-after studies were performed. Each of the intersections is located in an urban
street environment. The traffic on either the major or the minor street does not
exceed a two-way volume of about 400 vph. The speed limits on the study streets
are about 25 or 30 mph. Items (parameters) chosen to describe operation at an
intersection included volume of traffic, vehicular speeds and deceleration-acceleration
characteristics, delay to minor-street vehicles, spacing of vehicles as they arrive
and depart from the intersection, size of the opening between vehicles on the major
street that minor-street vehicles move through (or refuse to go through), and
accident and driver obedience characteristics. Field measurements of these param-
eters were made through the use of time-lapse photography, stopwatches and
mirror devices (enoscopes), and manual volume counts.

The study of operation along a corridor is based on the theory that drivers
have their own personal criteria for choosing the path they follow, and that the
placement of traffic control devices (specifically sToP signs) has a major effect on
these items. The criteria suggested as being important include overall travel time,
distance traveled, stopped-time delay, driver actions (steering wheel, brake and
accelerator movement), and vehicle dynamics (speed and direction changes).

A corridor consisting of two parallel arterial streets 0.3 miles apart and
1.5 miles long was chosen for investigation. Traffic volume along each of the
two major streets running the length of the corridor is in the range of 400 to
700 vph during the peak period.



Field measurements were accomplished with (a) an instrumented vehicle
(the Greenshield drivometer), (b) a driver mail-back questionnaire, and (c)
manual volume counts.

The study also included review of a number of computer simulation projects
which have been used to simulate the operation of an intersection. This was done
in order to evaluate the usefulness of this technique for this project, and to develop
guidelines for conducting such a study if it should be warranted.

Minor-street drivers generally will move through openings of 20 sec or
greater on the major street 100 percent of the time. For openings below this size,
there is a greater probability that a minor-street driver will accept the initial
opening (lag) of a given size in the major-street traffic stream under YIELD-sign
control than under sTop-sign control. Having rejected a lag, however, there is
less probability that the driver at a YIELD sign will accept the immediately following
opening (gap), than if he were at a sTop sign. This overall characteristic results
in a smaller delay per vehicle under YIELD control than under STOP control, at
the volumes studied. At one intersection the total delay was found to be about 2 to
3 sec less per minor-street vehicle with the YIELD-sign than with sTOP-sign control
in conjunction with major-street volumes approaching 300 vph. A study of a
number of intersections showed almost no difference in stopped-time delay with
either control in conjunction with a major-street flow rate of 100 to 200 vph.
At rates of flow on the major street approaching 400 vph, the stopped-time delay
per minor-street vehicle under sToP control was found to be 5 to 6 sec greater
than under YIELD control.

The gap and lag acceptance characteristics of drivers are complex phenomena
which are affected by a number of factors, such as differences occurring between
lag acceptance and gap acceptance, traffic volume on the major street, speed of
traffic on the major street, character of the major street relative to the minor street,
sight distance available to minor-street drivers, and time of day.

The type of control at one intersection was found to have little effect on the
speed of approach at the next intersection. The deceleration characteristics of
vehicles approaching either control did not differ to within about 100 ft of the
control, but sight distance restrictions were found to play an important part here.

In general, at the volumes studied the vehicles arrived in a random manner
which could be closely predicted by the mathematical Poisson distribution; the
presence of a YIELD or STOP sign did not seem to alter this randomness.

YIELD signs were found to decrease overall accident experience at previously
uncontrolled intersections. No similar information was available to compare sTop
and YIELD control. When the YIELD sign is placed against the street having the
heavier of the two flows, there is an increase in disobedience over the condition
with proper application of the control device. A voluntary full stop is not a
popular practice, regardless of the control studied..

Upgrading of the priority along a length of roadway, by removing STOP signs,
can increase the quality of flow along the route by decreasing delay, speed changes,
and running time. This change causes an attraction to the upgraded route relative
to the alternates available. However, the streets intersecting the improved roadway
can be adversely affected.

Computer simulation to study intersection operation with various control
devices would be a useful project. In order to conduct such a study the immediate
need is for field measurements of traffic characteristics which can be programmed
into the model to develop effective simulation. Some of the characteristics are
indicated in a preliminary form in this report.



CHAPTER ONE

INTRODUCTION

NATURE OF THE PROBLEM

The growth in ownership and use of motor vehicles since
1946, and the prospect of even greater increases in the
future, have alerted public officials to the problem of
providing adequate facilities for the safe and expeditious
movement of traffic. Governments at all levels are spend-
ing large sums for transportation studies, in anticipation
of the need to spend much greater amounts for future
improvements.

The problems in cities and metropolitan areas have
already reached major proportions. More than 45 per-
cent of all vehicle travel in the United States in 1961 was
on urban streets which comprise only 12V percent of the
total highway mileage (7.03).* Each year, proportion-
ately more travel originates in suburban areas; as of 1960,
about one-half of the people in urban areas lived in subur-
ban communities surrounding central cities (7.04).

Inasmuch as urban transportation systems are planned
with emphasis on auto travel, it becomes increasingly
important to insure the optimum operation of the system.
Theréfore, detailed study should be given each element
to gain complete understanding of its operation and its
relation to each of the other elements.

One very important component is the control system for
at-grade intersections. The major effect on surface street
operation occurs at these points.

Every driver would like to proceed as he pleases through
the street network from his origin to his destination.
Because his path crosses that of other vehicles at inter-
sections in the system, however, it is desirable to minimize
the chances that the potential intersection of vehicle paths
will result in collisions.

The paths of two vehicles can be separated by either
time or space. When a few vehicles are distributed over
a relatively large number of streets, the separation in time,
due to low probability of interference, usually obviates any
need to control the intersection points. When street use
becomes more intense, however, the probability of time
separation by chance becomes smaller. When the severity
of the problem justifies it, vehicles can either be separated
at intersection points by space (grade separation), or
rules can be established to force a time separation. The
rules are applied through traffic control devices, starting
with the give-way-to-the-right rule and proceeding over
a wide range of controls from YIELD signs to traffic signals.

The degree of control should increase with increasing
probability that time separation will not occur by mere

* Numbers in parentheses refer to corresponding reference numbers in
Appendix C.

chance. Therefore, the rules change from those requiring
restriction of one or two streams (YIELD and two-way
sToP) to those requiring restriction of all intersecting
streams (four-way stop and signal control). In many
cases, restrictions on all streams are necessary because
control of just one or two would put such burdens on the
controlled flow as to be intolerable.

Drivers do not always use controls as intended. Ques-
tions also arise as to whether a positive control is better
than one which is less positive. Questions are asked such
as: “Is a four-way stop safer than a two-way sTop?”
or “Is there really any difference between the YIELD
sign and the sTOP sign?”

It is important that the engineer know which control is
best for a given intersection condition. However, only
meager information is available concerning controls below
the level of traffic signals. Therefore, the overall objec-
tive of this study, as set forth in the Project Statement, is
“to better identify the effect of specified traffic regulatory
devices on intersection capacity and operations, and the
system of traffic facilities.” Once this type of knowledge
has been gained, it will be relatively easy to develop sound
criteria for use in the application of these devices.

INITIAL OBJECTIVES

It was decided, after detailed consideration of the purpose
of the project, that the first stage should consist of a series
of pilot studies on unsignalized intersections, with particu-
lar emphasis on analyzing YIELD and two-way STOP con-
trols. These studies would develop information for organ-
izing and conducting a second-stage study designed to
produce an integrated theory on the effect of unsignalized
controls on operation at intersections and in street systems.

Rather than placing emphasis on obtaining conclusive
results on intersection operation, therefore, the policy was
to test a number of methods of measurement and a variety
of approaches, each of which seemed useful. The objec-
tive of these pilot studies was to obtain valuable infor-
mation as to the most accurate and efficient methods of
measurement, as well as to determine the parameters best
suited to the purposes of the project. This experience is
to be applied to detailed research during the second stage.

It was also reasoned that some indicative results would
be obtained as a major by-product of the first-stage work
and that they could be used to form a set of preliminary
relationships. Obtaining such relationships would be use-
ful not only for further testing on this project during the
second stage, but also for investigation by other interested
researchers.



CHAPTER TWO

GENERAL THEORY

UNSIGNALIZED INTERSECTIONS

The operational rules at unsignalized intersections require
more interpretation on thc part of the driver and more
activity, skill and alertness than at signalized intersections.
In order to study the control of unsignalized intersections,
an attempt must be made to consider fully the driver
behavior aspects of the operation since there is more inter-
play " between drivers than at signalized intersections.

Another important characteristic of unsignalized inter- .

sections is that the rate and instant of arrival of vehicles
is of major importance, because it is vehicle presence in
the crossing stream that determines what the driver in an
approaching vehicle does. ‘

YIELD AND TWO-WAY STOP CONTROL

Of particular interest during this stage of research is the
comparison of YIELD control and the two-way STOP con-
trol (hereinafter referred to as sToP control).

The background and development of the YIELD sign and
the STOP sign has been recorded in a number of places
(1.02, 1.13 to 1.16, 7.07, 7.16). Both vIELD and STOP
control have been in use long enough that the existence of
such controls and the general type of signs employed is
well known and does not warrant discussion here. Because
the standardization of the general shape and message on
the YIELD sign is of recent date, there are still some
minor variations in the type of sign installed in different
communities. This is discussed in Appendix A, which
includes sketches of the several types of YIELD signs
involved in this study.

In studying the differences in effect on traffic behavior
between YIELD and STOP signs, it is pertinent to refer to
the Manual of Uniform Traffic Control Devices (7.07),
which delineates the general relationship between the two
controls, as follows:

Section IB-5

Many of the conditions covered by the sTOP sign
warrants above can be dealt with by the YiELD signs
with less inconvenience to the public. Use of the
YIELD sign should be considered where sight dis-
tances are adequate and where a full stop at all
times is not necessary.

Section IB-8

Generally the YIELD sign serves a purpose similar
to that of the sTor sign, in that it assigns right-of-
way to traffic on certain approaches to an inter-
section. Since it does not require all vehicles to
stop, it should not be used where visibility limita-
tions or prevailing high speeds or volumes of traffic
make a full stop necessary for safety.

The warrants given for the YiELD and sTop signs gener-
ally deal with specific conditions for application. No spe-
cific volume or delay warrants are given. Accident criteria
are given only in a very general manner.

Further understanding of the differentiation between
YIELD and STOP control can be gained by review of the
legal requirements of the driver at each control.

Illinois law requires that “ . . . driver of a vehicle
shall . . . stop in obedience to a sToP sign as required
herein at an intersection where a sToP sign is erected at
one or more entrances thereto . . . and shall proceed
cautiously, yielding to vehicles not so obliged to stop which
are within the intersection or approaching so closely as to
constitute an immediate hazard, but then may proceed.”
For YIELD control, the law states: “The driver of a vehi-
cle in obedience to a YIELD RIGHT-OF-WAY sign shall
reduce speed of his vehicle to not more than 20 miles per
hour and shall yield the right-of-way to other vehicles
which have entered the intersecting highway either from
the right or left or which are approaching so closely on
said intersecting highway as to constitute an ‘immediate
hazard; but said driver having so yielded may proceed at
such time as a safe interval occurs.” A positive control
is put on the driver at a YIELD sign by a further provision:
“If a driver is involved in a collision at an intersection
or interferes with the movement of other vehicles after
driving past a YIELD RIGHT-OF-WAY sign, such collision
or interference shall be deemed prima facie evidence of the
driver’s failure to yield right-of-way” (7.06). The provi-
sions referred to here are very similar to those found in
the Uniform Vehicle Code (7.15).

It is apparent from the legal requirements that the only
operational difference between YIELD and STOP control is
that at the former the driver has the choice of being in
motion while moving past the control, whereas he must
come to a full stop under sTop control. i

GAP AND LAG ACCEPTANCE AND THE TIME ADVANTAGE

A lag at an intersection control may be defined as the time
interval between the arrival of the minor-street vehicle
opposite the control, and the arrival thereafter of the first
major-street vehicle at the midpoint of the intersection.
A gap at an intersection is defined as each time spacing
formed by successive crossings of the midpoint line by
major-street vehicles, regardless of direction of travel. If
the minor-street vehicle moves through the intersection
before the arrival of the first major-street vehicle, the
driver of the minor-street vehicle is said to “accept” the
lag. If he remains until after the first vehicle passes, he
has “rejected” the lag. Having rejected the lag, he is then
confronted with the gaps between successive vehicles.
Each gap that he fails to move into is also said to be
rejected. The gap through which the driver finally pro-
ceeds is, of course, said to be accepted.

At the YIELD or STOP sign, it is the ability of the minor-
street vehicles to accept lags or gaps, without interference
with the major-street traffic, which directly affects the
capacity and operation of the intersection. Therefore, it
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is of primary interest to determine what the gap and lag
acceptance, characteristics are and to identify the factors
which affect them. ,

As previously stated, the legal definition of the YIELD
maneuver indicates that the major dviﬁerencéis that the
driver can be in motion at the control. This means that a
lag may be accepted while in,motion. It can also include
gaps if the case is éonsidered where the driver times his
arrival to be just an instant prior to the passing of the lead
major-street vehicle, and then moves immediaté]y behind
him to accept the following gap. This is not likely to
occur often. It would be of interest, therefore, to analyze
how this difference affects gap and lag acceptance.

Figures 1 and 2 show two types of time advantages that
the driver has when approaching a YIELD control as com-
pared to sTop control. The first has to do with vehicles
approaching on the minor street, and is the time advantage
gained on the approach because the driver need not
decelerate to a stop if he is not required to yield. The
sebond has to do with vehicles entering the intersection
from the minor street, and is the advantage gained due to
reduced time in the collision zone within the intersection
because the driver can be in motion at or below some
maximum legal approach speed at the YIELD sign when
beginning his intersection maneuver.

Figure 1 shows an example of the first type of time
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advantage. The driver approaching the YIELD sign, hav-
ing observed that no vehicle is approaching to which he
must yield, can continue to approach the intersection at a
speed at or below the legal maximum for the YIELD control.
Therefore, he will arrive sooner than the driver who is
required to decelerate to a stop. The time advantage of
YIELD control will vary with the position of the major-
street vehicles. Two cases arise. For the purpose of dis-
cussion, assume the side-street driver will accept a lag
equal to or greater than L seconds and that the time advan-
tage between arrival at a sTtop and YIELD sign is T,
seconds (see Fig. 1).

Case I—A lag of size greater than zero and less than
L seconds is formed between the major-street vehicle

or STOP control.

and the vehicle at a stop sign. In this case the
sToP-controlled driver will reject the lag. For the
YIELD sign, however, the driver could estimate the
time advantage T,. If T, plus the lag size that
occurred for the stop-controlled vehicle is greater
than or equal to L, the minor-stréet driver could con-
tinue and arrive at the YIELD sign with a lag at or
above L. If T, plus the original lag is less than L,
however, the driver would realize he must yield and,
according to the assumptions used, would decelerate to
a stop just as for a sTOP sign, but he should be de-
layed no longer than at a sTOP control.

Case 1I—The major-street vehicle forms a lag with
the vehicle at a sToP sign greater than L. For this



condition the time advantage at a YIELD sign is of no
significance since the driver will accept the lag at
either control.

This discussion has shown that delay for each vehicle
at a YIELD-controlled intersection operating under these
assumptions is equal to or less than at a similar sTop-con-
trolled intersection. Therefore, the average delay per vehi-
cle is likely to be less at the vIELD-controlled intersection.
The effect of the second type of time advantage, however,
has not yet been discussed.

Figure 2 shows the time advantage to vehicles entering
the intersection from the minor street at a YIELD sign, when
not having to stop. Separate cases are shown for turning
and non-turning vehicles. The examples shown indicate
that the initial velocity of a non-stopping vehicle reduces
the time that the vehicle is in the collision zone from the
corresponding time for a stopped vehicle.

Because the driver confronted with a YIELD control can
be in motion at the time he is opposite the control, he has
the advantage of initial speed (greater than zero) when
entering the intersection. This initial speed allows him to
complete his intersection maneuver in a shorter time than
the vehicle starting from a stopped condition. Consider
the following example for the through vehicle, using
average values.

Let:
Minor-street approach speed to a YIELD control = 15 mph
or 22 ft per sec.
Acceleration across intersection from stopped position =
7 ft per sec per sec.
Width of the major street = 44 ft.
Offset of the control from the curb line = 12 ft.
Acceleration across intersection from approach speed = 4
ft per sec per sec.
Required clearance of crossing vehicles = 2 ft.

Then:
Time to complete maneuver from sTop sign = 3.2 sec.
Time to complete maneuver from YIELD sign (moving at
approach speed) = 1.5 sec.
Decrease in time to complete maneuver = 1.7 sec.

This decreased maneuver time can be thought of as an
increase of the lags by 1.7 sec, which can greatly affect
probability of acceptance of lags in the critical range where
the driver is on the borderline between acceptance or
rejection. This reasoning could apply equally to the turn-
ing maneuver as shown in Figure 2.

This discussion has shown that the added choice avail-
able to the driver at a YIELD sign can affect his acceptance
characteristics favorably, and aid in cutting his delay.
It seems likely that the extent of the benefit will vary with
intersection and traffic conditions.

EFFECT OF VARIATION OF PHYSICAL FEATURES AND
TRAFFIC CONDITIONS

Sight Distance

With clear view of the intersection and its approaches, the
driver on the minor street is able to process information
at an early point in time while approaching a YIELD sign.

This allows him more opportunity to judge whether or
not his time advantage is enough for him to continue with-
out yielding. While approaching the sToP sign, the driver
can consider what his maneuver will be after stopping, so
that he can get started immediately after completing the
stop without requiring any further time to make a decision.
As sight distance is reduced, however, the time available
for these processes is also reduced and the probability
of making a wrong decision increases.

For any given intersection there will be a point of
sight restriction below which some drivers will slow to
gain more time for decision. As the restriction becomes
more severe, it will no longer be possible for a driver to see
a vehicle on the cross street in time to stop safely unless he
reduces his speed below that which he uses between inter-
sections. The speed above which it is unsafe to proceed
is called the “safe approach speed” (SAS). Thus, as
sight distance is reduced, the SAS becomes lower.

Considering this, it is possible to theorize several effects
of sight distance restriction on operation at YIELD- and
sTop-controlled intersections. First, the flexibility the
driver enjoys while approaching a YIELD sign is reduced by
sight restrictions. Such restrictions move closer to the
intersection point at which the driver can fully estimate
his time advantage, thereby reducing the time available
for adjustment of his speed to time his arrival correctly.
For both yiELD and sTOP control, a reduction of the
amount of time available to determine the correct maneuver
at’ the intersection should tend to decrease the probability
of acceptance of smaller lags. At a YIELD control, when
SAS falls below the maximum approach speed to the
YIELD sign which is allowed by law (if such a law exists),
safety, rather than legal considerations, will begin to influ-
ence the driver’s actions. At this point, any reduction in
SAS diminishes the time advantages of the YIELD control
further, until the operation approaches that of a sToP
sign with respect to time advantages and delay.

Traffic Volume

The variation in traffic volume on the major street directly
affects the size and number of headways in a stream. As
this happens, the probability increases that a minor-street
vehicle will have to yield at a YIELD sign. As the volumes
on the major street rise, therefore, the operation at a
YIELD sign will approach that of a sToP sign. -

Furthermore, it has been pointed out that the driver
must process a number of pieces of information while
approaching the control. As volume increases, the amount
and complexity of information requires longer processing
time. Investigation of the effect of major-street volume
on gap and lag acceptance should indicate whether there is
equal effect on operations at YIELD- and sToP-controlled
intersections. Variation in minor-street volume will di-
rectly affect delay at a given major-street volume, when
volumes increase insufficiently to cause queuing. The in-
creased delay to minor-street vehicles, due to 'queuing,
will likely be greater with a given intersection volume
condition at a STOP control than at a YIELD control because
of the greater ability to move vehicles through the YIELD
sign.



Speed

The effect of the speed of major-street vehicles on opera-
tion at YIELD and sTOP controls is taken into consideration
to some extent through measurement of gaps and lags in
terms of time. Vehicle speed is also considered in measur-
ing whether drivers approach within safe and legal limits.
Another possible effect, not readily recognized, may be
psychological: higher speed on the major street might
make the minor-street driver more cautious because of the
probable greater severity of any accidents that might occur.

Safety

Accident prevention is one major reason for installation of
control devices. The philosophy is, “the more ‘positive’
the control, the safer the operation.” Whether or not
this is valid, it seems likely that sToP control presents the
driver with a less dynamic situation than the YIELD control.
At a sTOP sign he can make an unhurried decision as to
acceptance of a lag. sTOP control also provides the major
street with a more positive right-of-way because there is
less likelihood of gross disobedience of a sToP sign than
there is of a YIELD sign. There may be many rolling stops
at a given sTOP sign. Legally this may be important, but
it is not likely to affect operation significantly if the “roll”
is kept below S mph. On the other hand, the greater
dependence on driver judgment at a YIELD control is likely
to result in wider variation in driver behavior and, there-
fore, less orderly intersection operation.

SYSTEM CONSIDERATIONS AT INDIVIbUAL ANﬁ
ADJACENT INTERSECTIONS

Headways

The headway distribution on an open highway is directly
affected by volume level. A system of streets with any
given control configuration, however, will cause redistri-
bution of the vehicles as they flow through the system.
Because distribution directly affects the capacity of an
intersection, it would be of interest to study the manner in
which controls in advance of an intersection affect arrival
of headways at that intersection. If such an effect does
occur, it is theoretically possible to have an infinite number
of headway distributions with any major-street volume.
Therefore, it would not be completely accurate to corre-
late delay, based on gap and lag acceptance, with major-
street volume. 1t might be more realistic to relate it to the
headway distribution.

Volumes and Speeds

Traffic assignments consider a system to consist of nodes
connected by links. A street system can be thought of as

intersection nodes connected by street links. Thus, it can
be seen that the volume through an intersection is deter-
mined by the number of routes served by each leg (link)
of the intersection and the attraction of each of those routes.
Similarly, previous links and intersections have capacity
limitations. If capacities of these street elements are
exceeded, they act as metering devices, limiting the volume
of flow through the intersection under consideration. In
this manner, the surrounding system can affect volumes
through an intersection and thus have a direct effect on
the operation of that intersection.

The speed in a system is affected by such factors as the
capacity of the system, traffic volume, signal timing, spacing
of intersections, placement of controls with respect to
protected routes, and speed limits. The effect of each is
cumulative, and together they act as a combined speed
determinant.” The combination of these factors at loca-
tions prior to a particular intersection acts on the approach-
ing vehicles so as to determine their speed through the
intersection under consideration.

SYSTEM CONSIDERATIONS FOR ROUTE OPERATION

Traffic controls in a system are designed and placed in an
attempt to obtain the maximum efficiency of operation
from facilities serving a variety of travel desires. Certain
routes of travel are usually preferred over others. Ques-
tions arise as to what criteria a driver uses in choosing a
route and what part the controls in the system play in
determination of route choice. Traffic assignment proc-
esses consider only time and distance as major criteria
(together with toll charges, if any). )

The psychological benefits of one route over another
would also seem important. The more esthetic route
might have added attraction. Certain irritants such as
increased tension along a‘route, the number of stops that
must be made regardless of overall delay, the smoothness
of the pavement, and the amount of driving effort all seem
to be likely criteria affecting a driver’s choice. A driver
will usually attempt to minimize distance, time, effort,
tension, and exposure to accidents. As he considers the
alternative routes available to him, he estimates these fac-
tors and chooses the alternative that best meets these cri-
teria. It is apparent that controls along the route will
affect these factors. It would be helpful to determine all
the important criteria that the driver uses and what part
each plays in the overall route choice. The next step
would be to quantify the effect that intersection controls
along the route have on each of these factors. This would
allow prediction of the effect of a system of controls on
route use and operation. It'would be a valuable addition
to the warrants used in selecting and placing traffic controls.



CHAPTER THREE

SCOPE AND METHOD OF STUDY

TYPE OF STUDY CONDUCTED

Study sites were chosen for the particular purpose of inves-
tigating sTop and YIELD control. Emphasis was given to
YIELD controls, this being the area in which there seemed
to be the greatest need for basic research. Field work
on STOP controls was conducted at two-way and four-way
STOP intersections. Studies were also made at a signalized
intersection and at an uncontrolled intersection as yard-
sticks of operation under the upper and a lower limit of
intersection control.

Data were collected to provide information in three
basic areas:

1. The operation of an individual intersection and the
effect of control condition on the operation.

2. The interaction which occurs between adjacent inter-
sections and the effect that a control condition at one
intersection has on the adjacent intersection.

3. The effect which a set of traffic controls has on
operation along a traffic corridor and the route choice
within the corridor.

Field studies were generally designed to obtain the data
required in each of these areas simultaneously. In sev-
eral cases a series of studies was made at the same loc¢ation
but under different control conditions. The use of before-
and-after studies helped isolate the operational effects aris-
ing from the changes by holding most other factors con-
stant.

PARAMETERS STUDIED

One of the major objectives of the first stage of research
was to study the effectiveness of the various parameters
of operation in describing the traffic characteristics of
interest on this project. Each of the major parameters of
intersection flow was investigated to determine its value
for describing’ operation at an individual intersection, be-
tween adjacent intersections, and in a system of streets.
The interdependency of the various parameters was also
considered. The following is a summary of each param-
eter investigated in the study.

Speed

Characteristics which describe the level of intersection
and system operation include speed profile, speed across
an intersection, rate of change of speed, average speed, and
maximum speed. Driver behavior may be affected by
either the speed within the driver’s stream or by the speed
of the cross stream. Studies at individual intersections
have shown correlation between speed and level of opera-
tion. Raff (2.33) found the “critical lag” to vary with
major-street speed but indicated that it was not the only
cause of variation. Matson et al. (7.08) shows a similar ef-
fect in a set of graphs which indicate acceptance of smaller
headways by merging vehicles when there is a lower rela-

tive speed between the merging vehicle and the main-stream
vehicle. Greenshields et al. (2.13) has correlated the
effect of sight distance on approach speed characteristics
at uncontrolled intersections. Kell (1.13) reports a study
which showed higher speed and less deceleration on the
approaches at two intersections where STOP control was
replaced by YIELD control. Homburger (6.20) found
that speed affects the point of decision of vehicles approach-
ing uncontrolled intersections. Studies of travel in a street
system have shown speed (as it affects time) to be impor-
tant in route choice. Heimbach (9.08) has indicated that
speed changes enroute have some correlation with shopping
trip production.

Traffic Volume

Traffic volumes are recognized as an essential parameter
for defining operational levels of flow. Volumes can affect
measures such as headway distributions, speed, delay and
accident rates. The distribution of volumes between minor
and major streets of an intersection with a constant total
volume has been shown to affect delay levels by Kell
(5.11) and Lewis and Michael (5.14).

Gap and Lag Acceptance

Gap acceptance distributions are used to describe driver
behavior at unsignalized intersections. The ability of a
driver to move across or into a gap in traffic greatly
influences the operating level of an intersection under a
given set of conditions. ‘Several attempts have been made
to arrive at a single measure of acceptance: Greenshields
et al. (2.13) measured a minimum acceptable time and
Raff (2.33) measured the “critical lags.” These values
were found to vary by main-street speed, volume distribu-
tion and street width, but no significant correlation was
obtained. The distribution of gap and lag acceptance has
been studied by several investigators: Bissel (5.09)
fitted a set of data to a theoretical distribution, Swerdloff
(2.38) investigated peak vs off-peak characteristics, and
Gagnon (2.12) attempted to determine the effect of follow-
ing vchicles on acceplauce. Blunden et al. (2.04) studied
acceptance of stopped vs moving vehicles and also inves-
tigated the effect of commercial vehicles, main-street vol-
ume and type of headway on the acceptance distribution.

Travel Time and Delay

Delay is useful in describing the level of service at an
intersection or in a system of streets. Also, it lends itself

" to economic analysis. The driver is annoyed by delay;

he is constantly attempting to minimize it. It is useful to
know what the major causes of delay are, and to what
extent each contributes to the total. With such knowledge,
the engineer can evaluate what the overall effect would be
with removal of one of the causes of delay. Raff (2.33)
developed an equation relating the percentage of cars
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(site A) under original

conditions. Circle Denotes lntersection Being Studied

delayed on the side street as a function of volumes and
“critical lag.” Keneipp (2.22) compared delay at inter-
sections controlled by two-way stop and four-way STOP.
Inwood and Newby (1.10) reported delay studies at inter-
sections where sTOP signs were replaced by YIELD control.
Hall (2.14) studied comparative delay with a four-way
STOP and a semiactuated signal. Major and Buckley
(10.54) used queuing theory to develop a formula describ-
ing delay to vehicles entering a traffic stream at an unsignal-
ized point. Kell (5.11), as well as Lewis and Michael
(5.14), has developed delay curves from simulation models
showing effects of major- and minor-street volumes. Aitken
(5.01) obtained results from a simulation study which

WASHINGTON
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, . . MAP
-Figure. 4. Wilmette study site Troffic Signols T -

showed delay to vehicles turning left (British right) into
the . main stream at an uncontrolled T-intersection. Volk
(10.24) studied stopped-time delay at intersections having
two-way stop, four-way sTOP and signal controls. Travel
time and delay in a street network is also a very important
measure of system operation and level of service. This
becomes apparent when considering present traffic assign-
ment methods which use link travel time as a major factor
in determining vehicle paths in a network. Travel time
graphs and contours also aid in pointing out locations
of delay within a system. The amount of time expended
in a given system is one measure of user costs in the
system.
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Figure 5. Intersection at 5th Street and Linden Avenue (site A).

Safety

It is generally agreed that safety is of primary concern in
measuring the operation of an intersection. Accident pre-
vention was the objective when controls were first applied.
An attempt is being made constantly to reduce the number
and severity of traffic accidents. The safety characteristics
of an intersection can also be described in terms other than
accident statistics. Conflicts, various other measures of
exposure, driver obedience, hazardous maneuvers, and
near accidents all may be used to indicate the potentials
for accidents at an intersection. A number of studies
have been made to compare the range of intersection con-
trols from none through complete signalization from the
standpoint of safety. Numerous studies have been pub-
lished of accident experience at intersections with different
control conditions. Syrek (8.28) reported a comparative
study of two-way and four-way sTop control. A Detroit
study (8.23) compared accident rate changes at inter-
sections where YIELD signs were installed at formerly un-
controlled locations. Rice (1.20) compared conflict oppor-
tunities with accident rates at stop and YIELD locations.
Studies of driver obedience to sTopP signs were conducted
by Hanson (2.16), Wilkie (2.40, 2.41), and Jackman
(2.21). 3

Headway Distribution in the Traffic Stream

The ability of minor-street vehicles to move across or into
the major traffic stream is a direct function of the headway
distribution in the stream. A number of studies have
been made to describe the distribution of vehicles in a
mathematical expression, assuming both randomness of
arrival and effects of constrained flow conditions (5.55,
5.59, 10.58, 10.59, 10.61). Little has been done, how-
ever, to determine the effect of controls on the distribution
of vehicles in that system. Aitken (5.01) has simulated
T-intersection operation using vehicle arrival generated by
passing the vehicles through a signal upstream from the
simulated intersection.

Route Choice

The volumes on each link of a street network (determined
by present-day techniques in the traffic assignment process)
are obtained by superimposing on the network the paths
of a number of vehicles moving between various origins
and destinations. This is a close analogy to the actual
situation. The path taken is one of several possible choices,
and is determined by minimizing a given set of travel
criteria. The distribution of vehicles between alternative
routes in and through the system can be used as a meas-
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Figure 6. Intersection at 4th Street and Greenleaf Avenue (site A).

ure of the driver’s opinion of the relative level of service
of each alternative. If all factors could be held constant
but one, the effect of variation of that factor on route
distribution could be measured. Numerous studies in
connection with transportation studies have shown time
and distance to be major factors in determining route
choice. No information could be located, however, on
other possible criteria which might be used by drivers.
On a more localized basis, it would be interesting to deter-
mine lo what extent regulatory devices cause vehicles to
use residential or other secondary streets to avoid such
devices.

Driver Output

The driver can be thought of as a complicated system
which receives a number of inputs, processes them, and
emits outputs in a number of forms. It would be desirable
to measure such outputs as driver tension, blink rate,
steering wheel movements, brake and accelerator applica-
tion, speed changes, and others, and determine how these
are related to operational and physical conditions. Green-
shields (10.46) successfully tested the validity of a quality
of flow index which incorporated travel time and speed
change rates. He later developed an instrument package
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(drivometer and traffic events recorder) which measured
a number of other driver actions and traffic events (6.18).
From tests of drivers having various accident records he
found the more sensitive driver action measures to be (a)
steering wheel reversals, (b) speed changes, and (c)
accelerator actions. Platt (6.28) used the drivometer to
monitor the effects of driver stress and fatigue as reflected
in tracking and speed control. Heimbach (9.08) found
that driver actions obtained from the drivometer can be
used as a measure of effective distance of highway travel.
Michaels (9.14) conducted a study relating galvanic skin
response (GSR) to type of route being traveled. Cleve-
land (9.01) used GSR rate to describe the effect of lighting
changes on the driver.

DESCRIPTION OF STUDY SITES

A number of village, city, and state engineers were visited,
and more than 500 miles were traveled in the Chicago
metropolitan area before the study sites were chosen.

The difficulty in choosing intersections for study was
that traffic volumes, because of the nature of stop and
YIELD controls, are relatively low on the minor street.
It was important to the studies that data be obtained under
a range of volume conditions.
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Figure 3 shows the location of the five project study
sites. The sites chosen had relatively high volumes, lacked
individual peculiarities, and were generally comparable.
At certain of these sites, before-and-after studies could be
made by changing the existing control situation. Appen-
dix A gives a detailed description of each site and an
outline of the study procedures.

Sites A, B and C were chosen for study of individual
intersection operation, as well as effects on adjacent inter-
sections. Site A (Fig. 4), in the Village of Wilmette, a
suburb north of Chicago, consists of four intersections
at the corners of the block formed by Greenleaf Avenue,
Linden Avenue, Fifth Street and Fourth Street. Fifth and
Linden (Fig. 5) was originally an uncontrolled intersection
handling a total of about 415 vehicles in the peak hour
from all approaches. Fourth and Greenleaf (Fig. 6) and
Fifth and Greenleaf (Fig. 7) are viELD-controlled inter-
sections accommodating a total of 460 vehicles and 320
vehicles, respectively, during the peak hour. The other
intersection, Fourth and Linden, has four-way sTop control
and serves 610 vehicles in the peak hour. These four inter-
sections provided information on individual operation as
well as the effect on adjacent intersection operation.

57"

During the course of the study, Fifth and Linden was
converted to YIELD control and then to two-way STOP
control.

Site B (Fig. 8), in the Village of Skokie, also a suburb
north of Chicago, consists of two adjacent intersections.
Kirk and Kostner (Fig. 9) was originally YIELD controlled,
but was later changed to sTop control as part of the study.
Oakton and Kostner was under four-way stop control at
the start of the study but had been scheduled for change
to a vehicle-actuated signal. This change was also carried
out during the course of the investigation. The total inter-
section volume at Kirk and Kostner is about 385 vehicles
in the peak hour. The corresponding volume at Oakfon
and Kostner is about 1,640 vehicles, Data gathered at
this site provided information on individual and adjacent
intersection operation.

Study of the intersection of Kirk and Kostner was carried
out in cooperation with a graduate student working on a
thesis project.* Most of his data have been combined with
further data gathered specifically for this project and re-
ported herein, therefore eliminating need for comparison.
. Ra-d-;al. G., Comparative Effects of “Yield”" Signs and “Stop" Signs

on Traffic Approaching a Through Sitreet from a Side Sireet. Unpub-
lished Master of Science Thesis, Northwestern University, June 1964.
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Figure 7.

Intersection at 5th Street and Greenleaf Avenue (site A).
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(site B) under original
conditions.

However, he did conduct a number of specialized investi-
gations of the operation at this one interscetion. Thesc arc
referred to in Chapter Seven, along with other comparable
studies.

Site C covers the La Grange Park (Fig. 10) and La
Grange (Fig. 12) suburban area west of downtown Chi-
cago. Two separate intersections were studied. Kensington
and Woodlawn, shown in detail in Figure 11, is YIELD
controlled and has a peak-hour volume of approximately
195 vehicles. Cossitt and Ashland is under four-way
sToP control and handles a total of about 875 vehicles
in the peak hour.

Table A-1 (App. A) lists some of the important traffic
and physical features of the individual study intersections.

Site D (Figs. 13 and 14) is in the Village of Oak Park,
directly west of Chicago. This site was chosen to study

S T e MULFORD S A RLARanASARSRARRRARARI
L e e o o L e e s s e e a e a e s s a e s

the effect of sTop control on route choice. Drivers moving
castbvund between Harlem and Austin Avenues chose
routes within the corridor formed by Division and Augusta
Streets. Three intersections along Augusta had sTop con-
trol on Augusta removed to determine the effect on route
choice. At the beginning of the study, Division handled
a two-way volume of approximately 700 vehicles in the
peak hour, while Augusta carried about 550 vehicles.

Site E (Fig. 15), in the Village of Skokie, was chosen
as an alternative in case the “after” study at site D could
not be completed because of weather. Because the site
D investigation was completed, analysis of information
obtained for site E was deferred to a later stage of the
project. The study dealt with the use of alternative routes
in approaching an expressway interchange.
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Figure 9. Intersection at Kirk Street and Kostner Avenue (site B).

DATA COLLECTION AND INSTRUMENTATION

Three types of instrumentation were used to gather field
data in this study—manual, photographic, and instru-
mented vehicle. As used here, manual studies include
all collection efforts requiring personnel to measure and
record data in the field. Some initial testing was made
of the 20-pen recorder, but it was decided that it could
not be used as effectively as other available methods.
Details and use of each specific type of instrumentation are
given in Appendix A. The types of instruments used to
measure each parameter are discussed in the following.

Speed.—Speed profiles were obtained by the use of
stopwatch and enoscope. The enoscopes were placed at
measured distances along a leg of the intersection, form-
ing a set of “traps.” Vehicles were timed across the traps,
and an average speed for each trap was obtained. Such
observations were never made concurrently with filming.
Speeds of major-street vehicles across the intersection were
measured from intersection films.

Volumes.—Peak-hour manual turning movement counts
were taken at each individual study intersection during
the period of investigation. Manual counts were taken by
5-min periods while speed profiles and travel time data
were being collected at each study intersection. No ma-

KOSTNER AVENUE

chine counts were used. Volumes were also obtained
from the films of each intersection., These were used to
determine short period volumes for correlation with delay
and gap acceptance characteristics, as well as to have an
accurate measure of the volume level during each filming
period. During the route study, volumes were taken manu-
ally at selected intersections along the major routes under
study. Counts were also made in connection with the
questionnaire study.

Gap and Lag Acceptance—Gap and lag acceptance
characteristics were taken from the time-lapse photographs
of the intersection. The method used in analyzing the
films is discussed in the following section and in Appendix
B. The acceptance characteristics of each vehicle were
correlated with data on speeds and volumes on the major
street, which were also obtained from the films.

Travel Time and Delay.—Travel time through the inter-
section was obtained by the use of stopwatch and enoscope,
An enoscope was placed on each leg of the intersection
at a point in advance of where the vehicle was first
affected by the intersection. The travel time was obtained
for a sample of vehicles and correlated with the 5-min
volume which was being taken at the same time. Filming
was carried out during some periods when travel times
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study site (site C) under
original conditions.

were being taken. Stopped-time delay, measured directly
from the intersection films, was correlated with the inter-
section volumes also taken from the photographs. A
count was made from the films of the number of vehicles
delayed in order to obtain a measure of percent unneces-
sarily delayed.

Safety.—Accident records of the study intersection cov-
ering several years were reviewed in order to compare
accident experience under various controls. A study was
also made of driver obedience from the intersection films.

Headway Distribution.——Headways of arrival for all
vehicles were measured from the intersection films. De-
parture headways of pairs of non-turning vehicles also
were obtained from the films. The arrival headway and
departure headway of the same pair of non-turning vehi-
cles were compared to determine any redistribution that
might have occurred.

Route Distribution.—A mail-in questionnaire was used
as part of the route study. Its major purpose was to have
the driver trace the route he used while traveling through

<q 1 1 I

the system. Vehicle counts were also made at important
points in the system in order to estimate volume on each
section of roadway under study.

Driver Output.—An instrumented vehicle was employed
for the system study to determine driver actions along the
several routes under study. The vehicle, referred to as
the drivometer and traffic events recorder, was loaned to
the project by its developer, Dr. Bruce D. Greenshields.
A series of instruments attached to the vehicle measure
driver actions and vehicle motions. Two drivers were
used to drive several times over each route under study.
Such items as speed changes, travel time, delay, steering
wheel reversals, brake applications, accelerator reversals
and direction change were recorded on each route.

ANALYSIS METHODS

Analysis was conducted of data on YIELD- and two-way
sTop-controlled intersections only, that on other types of
control being deferred to the second stage of the project.
Certain noteworthy methods employed in the process in-
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Figure 11. Intersection at Kensington and Woodlawn Avenues (site C).

volved use of specialized equipment and techniques, as
well as automatic data processing equipment.

The film analysis was carried out on a modified Kodak
Analyst II 16-mm movie projector, which has a control
box that allows film to be advanced at 2, 4, 8, 12 or 16
frames per second. The film also may be moved one
frame at a time and can be run in reverse as well as
forward. Such control allows the investigator to study
traffic movements in great detail. A record of frames
(time) is kept by use of a built-in frame counter. The
projector is equipped with a mirror and ground-glass
screen, on which it was possible to superimpose a grid for
analysis.

A series of frame numbers was recorded as designated
vehicles crossed lines on each approach to the inter-
section (see Appendix A). On the major street, three
lines were used—(a) an arrival line arbitrarily positioned
50 to 100 ft ahead of intersection so as to be beyond the
influence of the intersection; (b) the midpoint of the inter-
section; and (c) the departure line, another arbitrary
point at a known distance from the arrival line and also
outside the influence of the study intersection. On the
minor street, three other points were designated besides
the arrival and departure locations—(a) the stop line

opposite the control sign; (b) the time at which the vehi-
cle actually stopped, if at all, before going into the inter-
section; and (c) the time at which the vehicle started into
the intersection.

Vehicles on the minor and major streets were num-
bered separately. Times were taken in terms of frame
numbers as vehicles passed the specific points or performed
specific actions. The data were recorded by vehicle on
sheets designed for this study. The method enabled film
analysis to be carried out quickly, without moving the
film backward and forward. It was estimated that film
analysis time was reduced to less than 50 percent of what
would have been required to measure all the data directly
in the more conventional manner.

The data sheets were punched on cards for IBM 1401
computer processing in a series of programs written to
compute a number of characteristics. One program was
developed to obtain gap and lag acceptance characteristics.
The lag was determined from the data by taking the differ-
ence between the instant the minor-street vehicle was
opposite the control and the instant the first major-street
vehicle crossed the midpoint of the intersection. The
interval between the arrival of that major-street vehicle
and the next major-street vehicle, regardless of direction



of travel, was defined as the gap. Each successive crossing
of the midpoint by a major-street vehicle formed another
gap. The final gap for a minor-street vehicle was formed
by the last major-street vehicle to arrive at the midpoint
before the minor-street vehicle proceeded, and the first
major-street vehicle to pass the midpoint after the minor-
street vehicle proceeded. The output of the program con-
tained information on the length of gap or lag in seconds,
whether the gap or lag was accepted or rejected, whether
or not the minor-street vehicle stopped, and the approach
and exit leg of each minor-street vehicle.

Another computer program was written to obtain
stopped-time delay for each side-street vehicle. In addi-
tion, volumes and average speeds were computed as fol-
lows: (a) 5-min volume and average speed, (b) a 10-min

AVE.
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volume and average speed, and (c) an observation interval
volume and average speed.

The 5- and 10-min periods for each vehicle were centered
about the time the vehicle arrived opposite the control.
The observation interval was utilized to measure operation
parameters during the time in which the driver is able to
observe the activity at the intersection as he is approaching
and entering it. It is taken as the time during which the
driver travels from the previous intersection until he moves
across or into the intersection under study. Details on
the definitions of these terms and method of determination
are given in Appendix B.

A third computer program was developed to determine
the headways of arrival and to measure the change in
headways of pairs of through vehicles on the minor streets
which use the intersection. This program is essentially
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a sorting and tabulating process which can be done on

standard data processing equipment.

The general flow diagrams for these programs are shown
in Appendix B. Data from the drivometer films were
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Figure 15. Skokie site (site E)
used for route study. :

punched directly onto IBM cards and listed. From these

data the characteristics of the routes under study were.

found by adding together the corresponding segments from
each test pattern, as measured with the vehicle.



CHAPTER FOUR

RESULTS

The results presented herein are those obtained from analy-
sis of data pertaining to the operation of the YIELD- and
sToP-controlled intersections at each of the project study
sites. Analysis of uncontrolled, four-way sToP-controlled,
and signalized intersection site data has been deferred to
the second stage of research. Although the data are
limited to a few intersections in one metropolitan area,
and in some cases the sample is small, an attempt has
been made to combine data to arrive at indications of
how patterns in operational behavior vary under YIELD
or sTtop control. Each intersection studied was in an
urban area with all the effects of a surrounding urban
environment in play. Therefore, any application of these
results should be limited to these same types of conditions.

The primary aim of this analysis has been to test the
effectiveness of the various parameters studied in describing
intersection operation. The secondary effort was to obtain
some preliminary relationships as guides for further study.

INTERSECTION OPERATION
Gap and Lag Acceptance

The information on the acceptance and rejection of gaps
and lags was taken from the output of the computer pro-
gram discussed under “Analysis Methods” (Chapter
Three). The flow diagram is shown in Figure B-2 (App.
B). It should be noted that in a number of cases the output
showed presence of gaps between 0 and 1 sec. Although
these were not shown to be accepted, several cases occurred
where lags of this size were accepted. The occurrence
of a gap below 1.2 to 1.5 sec is highly unlikely under
normal flow conditions. Also, the acceptance of lags
below 1 sec seems to be unrealistic.

Review of the data and intersection operation revealed
that these cases resulted from two factors. The first is
that the accuracy of the film was limited to the frame
interval of 0.6 sec. Gaps or lags which fell between frames
on the film had equal opportunity of being put in either
the upper or the lower category. The second factor was
the intersection operation itself. Where the small lag was
accepted, this represented only one vehicle out of the
several hundred studied for the particular condition. Cases
such as this were generally a result of some peculiarity of
operation which occurred at this intersection when, for
example, a major-street turning vehicle would stop and
let the minor-street vehicle advance. As a result, the
values between 0 and 1 sec were dropped from considera-
tion. The limitation in film accuracy was accepted as a
cancelling error as there is equal likelihood that border-
line cases will fall in either the lower or the higher group.

The flow diagram of the computer program for deter-
mining gap and lag acceptance (Fig. B-2) shows that
conflicts having certain turn maneuver combinations be-
tween major-street vehicles and minor-street vehicles were
eliminated from consideration. Those combinations cho-
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sen were of the type where there was a possibility that the
minor-street driver was not aware that the major-street
driver was going to make the turn maneuver and, had he
known in advance, might have changed his decision to
accept or reject. Examples of this type of maneuver are
shown and discussed in Appendix B.

It was also decided that analysis would not be made
of vehicles which moved through a gap or lag immediately
behind another vehicle. These vehicles were denoted as
“tailgaters” and eliminated from consideration. Classi-
fication of these cases was left to the judgment of the
observer.

The gaps and lags accepted or rejected by each minor-
street vehicle at a particular control were grouped into
1-sec intervals for analysis. Comparisons between accept-
ance characteristics at YIELD and STOP controls, between
gaps and lags, and between peak and off-peak periods were
made statistically by comparing percent acceptance for
each gap or lag interval. _

The acceptance distributions were plotted and compared
in a number of ways. Figure 18 shows the combined
acceptance distributions for YIELD and sTOoP control,
during both peak and off-peak periods, and for both gaps
and lags. It reveals that a greater percentage of
drivers will accept any size of gap or lag at a YIELD sign
than at a stop sign. This trend holds for all gap and
lag sizes above 3 sec, but statistical significance occurs
only at random sizes.

Figure 19 indicates that for the peak period the previous
relationship holds only above gaps and lags of 7 to 8 sec.
Below this, the trend is reversed so that there is greater
acceptance at a STOP sign than at a YIELD sign. On the
other hand, Figure 20 shows that there is a general trend
in the off-peak period toward greater acceptance at a
YIELD sign for headways above 3 sec. This relationship
is supported by a reasonably high occurrence of signifi-
cance of difference at the 95 percent level of confidence.
The reversal of expected performance which occurs during
the peak period prompted a deeper investigation of the
component factors involved. Gap acceptance and lag
acceptance were tabulated separately and compared. The
effect of peak and off-peak periods on the distribution was
also investigated. In order to review these simultaneously,
the resulting curves are shown together in a reduced form
in Figures 16 and 17: the individual plots of Figure 16
are shown at a larger scale in Figures 18 to 26, those of
Figure 17 in Figures 27 to 32.

Figure 16 provides a thumbnail sketch of acceptance
characteristics in comparing sToP- and YIELD-controlled
intersections. The columns show combined, peak, and
off-peak characteristics, respectively, while the rows show
gap acceptance and lag acceptance separately and in com-
bination. Figure 16-d shows that for the combined peak
and off-peak periods, the gap acceptance at gaps greater
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than 7 or 8 sec tends to be the same at YIELD and STOP
control. Below this, the sTOP sign shows greater accept-
ance of corresponding headways than a YIELD sign. Fig-
ures 16-e and 16-f show the same relationship. It should
be noted that Figure 16-f is limited in sample size and the
curve is not useful other than as a visual aid in locating
the proper points. Figure 16-h indicates that for lag
acceptance during the peak period, there is a trend towards
higher percent acceptance of lags for YIELD control. How-
ever, at lags below approximately 6 sec the acceptance
characteristics at the two types of control tend to be the
same. Figure 16-i shows that lag acceptance during the
off-peak period is higher at a YIELD control than for corre-
sponding lags at a STOP control.

It can now be seen how the curves comparing gap and
lag acceptance at sTop control and YIELD control (Fig.
16-b) cross at size of about 7 sec. When separated by
lag acceptance and gap acceptance the curve for stop
control falls below that for YIELD control when con-
sidering lag acceptance at higher lag sizes (Fig. 16-c).

However, when investigating gap acceptance, STOP control

shows a higher acceptance at lower gap sizes (Fig. 16-h).
The combination of this reversal in relationship causes the
curves for combined gap and lag acceptance to cross.

The occurrence of significance of difference between
percent acceptance of the gaps or lags under different con-
trols and other conditions is sporadic. It is necessary to
consider the trends, therefore, stating for the moment that
increased sample size would either strengthen or dissipate
these trends. The trends pointed out in the foregoing
can be seen on the larger-scale figures.

Figures 17-a, 17-b and 17-c compare gap and lag
acceptance at the stop-controlled study sites. In general,
all three tend to show that for gaps and lags below 9 or 10

_sec there is a higher acceptance of gaps than lags of a-

corresponding size during all periods. Above this size,
and below 4 sec, the curves tend to coincide. This means
that there is a range of sizes at which gap acceptance is
higher than lag acceptance at a sToP-controlled inter-
section. The range is greater for the peak than for the
off-peak period. It should be noted that according to the
manner in which the gap and lag were defined, this is also
a comparison of stopped and moving vehicles, respectively.
Figures 17-d, 17-e and 17-f show a comparison of gap
and lag acceptance at YIELD locations. There is an
obvious trend toward greater acceptance of lags than
corresponding gaps below about 7 sec. This relation-
ship has a tendency to hold also for higher values of gaps
and lags during the peak period, but the small sample does
not allow a statement concerning the off-peak period.
Summarizing Figures 16 and 17, the results show a
general trend toward equal acceptance characteristics of
drivers considering small lags at both YIELD- and sToOP-
controlled intersections during the peak periods. The
similarity disappears during off-peak periods where the

driver at the YIELD control seems to realize an advantage

at all lag sizes below 20 sec. Furthermore, there is a
definite trend toward lower acceptance of gaps at a YIELD
control than at a stop control for corresponding gap
sizes.

The variations of driver gap and lag acceptance exhibited
in the various acceptance distributions discussed in the
foregoing are probably éxplained by such operation fac-
tors as the period of the day, the type of control, whether
the driver is considering a gap or a lag, and the nature of
the crossing stream.

Figures 16 and 17 indicate the suggested effects. The
operational factors seem to cause the relationship dis-
cussed for these figures because of three considerations:
(a) the driver approaching the YIELD sign is in a dynamic
situation while deciding whether to accept or reject an
available lag, and is further faced with the prima facie
law, which states that his involvement in an accident after
not yielding is proof of guilt; (b) the driver, when faced
with a situation requiring a quick decision, will tend to
yield or remain stopped rather than chance involvement
in an accident, but after having some time to adjust to the
situation and to consider the problem, may be bolder in
his actions; (c) a driver approaching a STOP sign appar-
ently concludes that he will not be able to accept short
lags and, therefore, approaches the intersection preoccupied
with finding an acceptable gap.

One plausible explanation of these relationships is that
when approaching the type of major street considered in
this study, a driver during the off-peak periods is not
likely to have more than one vehicle approaching on the
major street. While the driver is approaching a YIELD
control, he must consider that vehicle and decide whether
or not to accept that lag. This requires eye motion to
each approach and then concentration on the approaching
major-street vehicle. The time required to perceive, proc-
ess and make a decision on this information is not as
great as it would be during the peak period, where the
likelihood is that there will be more than one vehicle
approaching on either one or both legs of the major
street. As indicated in the figures, the total peak-hour
intersection volume averaged about 425 vehicles, whereas
the off-peak-hour volume averaged approximately 225
vehicles. The increased processing time, and the fact that
the decision must be made while in motion, tends to lower
the probability of acceptance of that lag. This is con-
firmed in Figures 16-h and 16-i. The trend toward lower
acceptance of gaps at YIELD signs, shown in Figure 16-e
and hinted at in Figure 16-f, possibly indicates that the
driver at the YIELD control needs a longer recovery time
to accept a gap after having rejected a lag. This could be
caused by quick deceleration plus the fact that the driver
has been concentrating on the lag and not giving much
consideration to the gap following. However, if the driver
approaching the sTOP sign is concentrating on the gaps,
having immediately eliminated the lag from consideration,
he is prepared to take full advantage of the gap available
and requires no recovery time. In all cases, it is apparent
that these effects occur only in the. lower range of gaps
and lags. It seems likely that there is some gap or lag
size above which the driver does not feel pressed while
accepting. Above this, the curves for vIELD and sToP
control will tend to coincide. This study indicates that
this point is higher for lags than for gaps.
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Figure 30. Lag vs gap acceptance, YIELD control, combined peak and off-peak periods,

all intersections.

Comparison of gap acceptance and lag acceptance at
each type of control (Figure 17) also indicates that this
reasoning is sound. The curves show that there is gener-
ally higher acceptance of gaps than lags in the lower sizes
with stop control. This indicates the driver preoccupa-
tion with gaps. Furthermore, there is the expected~trend
toward higher accéptance of lags than gaps with YIELD
control. This occurs to a greater extent in off-peak than
in peak periods, again showing the likelihood of the effect
of volume on acceptance characteristics.

It is important to note the variation of acceptance
characteristics between the sites where the data were
obtained. ’

Figure 33 presents the .gap and lag acceptance charac-
teristics for Fifth and Linden, as well as Xirk and Kostner,
while each was under stop control. Figure 34 shows
the gap and lag acceptance characteristics for the inter-
sections of Fifth and Linden, Kirk and Kostner, Fifth and
Greenleaf, Fourth and Greenleaf, and Kensington and
Woodlawn under YIELD control.

Figure 33, comparing STOP control at the two locations,
shows a definite trend toward a lower acceptance of gaps
and lags below 8 or 9 sec at Kirk and Kostner. At gaps
and lags above this, the curves coincide.

Analysis of the relative positions-of the five curves for
viELD control (Fig. 34) reveals some interesting relation-
ships. In the gap and lag range of 5 to 8 sec the curves
for each of the intersections are parallel. Above this
range the curves tend to coincide. Below this range only -
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the lower three curves are defined. The curve which is the
highest of the three at a 4- to 5-sec gap and lag size falls
below the other two by the time the 2- to 3-sec size is
reached.

Inspection of the middle range of gap and lag sizes
shows that Kensington and Woodlawn has the highest
acceptance, followed by Fourth and Greenleaf, Fifth and
Linden, Kirk and Kostner, and then Fifth and Greenleaf.
In the lower headway range, Kirk and Kostner shows the
highest acceptance, followed by Fifth and Greenleaf, with
Fifth and Linden dropping off to zero at gaps and lags
between 2 and 3 sec.

Further data on individual intersections are shown in
Figures 35 and 36 for the two intersections where control
changes were carried out during the course of the study.

Figures 33 to 36 show the effect of the nature of the
crossing stream, as well as of sight distance restrictions.
Figure 33, Fifth and Linden, although showing higher
acceptance than Kirk and Kostner for stop control, has
the greater sight distance restriction. However, Kostner
is an arterial street which is generally protected along its
length and carries a fairly "high volume. Linden Avenue,
on the other hand, is generally uncontrolled and carries a
smaller volume in the vicinity of its intersection with Fifth.

The intersection of Fifth and Linden was uncontrolled
prior to the beginning of the study. However, local drivers
considered Linden to have priority. Figure 34 shows a
similar orientation of gap and lag acceptance curves in
the middle range of headways (5 to 8 sec) for YIELD
control. The two intersections showing the highest accept-
ance rate are those which also show the highest rate of
disobedience to the maximum legal speed of 20 mph
through the vIELD sign. In each case the volumes con-
trolled on the minor street exceeded the volumes on the
major street. The two lowest curves, on the other hand,
have major streets which are generally protected. Kostner
has about four to six times as much traffic as Kirk, and the
volume on Greenleaf is about equal to that on Fifth. The
middle curve is for the intersection of Fifth and Linden.
Linden Avenue, as previously discussed, is generally un-
controlled.

Considering the two extreme curves, therefore, the
highest is at an intersection whose minor street is given
priority at other intersections but is controlled at this one.
It has generally good sight distance. The lowest curve,
on the other hand, is at an intersection where the major
and minor-street traffic are about equal and the major
street is protected in the vicinity of the intersection. Parked
vehicles restrict sight distance on the minor street.

The general pattern is that the driver’s gap acceptance
characteristics varied with the way he thought the inter-
section should be driven. That is, if he believed he should
have the right-of-way, he was bolder, but if he was used
to thinking of the cross street as dominant he was more
willing to yield. To the extent that sight distance was
restricted he was even more cautious when faced with a
decision on whether or not to accept a gap or lag.

Further review of Figure 34 shows some more detailed
possibilities of further interest concerning the effect of sight
distance. In the lower range of headways Kirk and Kost-
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ner, with adequate sight distance, continues to show an
effective advantage with YiELD control. Fifth and Linden,
with limited sight distance, does not show this advantage,
but rather quickly drops to zero acceptance. Fifth and
Greenleaf shows acceptance below all the curves for gaps
and lags greater than 4 sec. Below 4 sec acceptance
remains below that for Kirk and Kostner. As previously
stated, it was noted while conducting field studies that
although no permanent physical features limit the sight
distance greatly at this intersection, parking on the east
leg had a great effect. This was caused by a slight down
grade on Greenleaf going eastbound from Fifth. All-day
parkers, using nearby rapid transit facilities, parked on
both legs of Greenleaf very close to the corner. When
a vehicle approached on either leg of Fifth, it was very
difficult to see vehicles approaching from the east. Thére
was also some restriction to sight distance on the west
due to the parking. In reality, therefore, the sight distance
was greatly restricted. This tends to explain the low
acceptance curve at this intersection.

Figures 35 and 36 give further information on the
characteristics at individual sites. These two figures, com-
paring gap and lag acceptance for YIELD and sTOP control
at the two intersections where the control change was
made, show the general trend toward higher acceptance
at YIELD control. The possible effect of limited sight dis-
tance on YIELD control operation occurs at Fifth and
Linden (Fig. 35) at gaps and lags below 4 sec.

This discussion suggests that several important factors
may have to be considered separately when measuring gap
and lag acceptance. Unless the data are stratified to
separate these effects, an accurate picture of the accept-
ance phenomena may not be obtained. This reasoning
is based on data somewhat limited in scope and sample
size, but it does indicate that further study of these effects
is warranted.

A preliminary investigation was made into a method
for determining if variation of major-street volumes and
major-street speeds affected gap and lag acceptance. This
was carried out by combining the results of the computer
program on gap and lag acceptance with the program on
speed, volume and delay (see Appendix B). This re-
sulted in the data shown in Figures 37 to 40. The gap
and lag acceptance characteristics for each minor-street
vehicle were correlated with the following information:

1. The 10-min minor-street volume centered around
the arrival of the minor-street vehicle at the control.

2. The average speed of major-street vehicles across
the intersection for the same 10-min period.

3. The 5-min major-street volume centered around the
arrival of the minor-street vehicle at the control.

4. The average speed of major-street vehicles across the
intersection for the same 5-min period.

5. The major-street volume during the observance period
of the minor-street vehicle.

6. The average speed of the major-street vehicles across
the intersection for the observance period.

As defined in a previous section, the observance period

is the interval from the time the minor-street vehicle
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leaves the previous intersection to the time it moves into
or across the intersection. It is the period, in other words,
during which the driver is able to observe the activity
within and around the intersection he is approaching.

It became obvious that the volumes for the observance
period are not comparable because of variations in the
length of that interval. Investigation of the results revealed
that a pattern appeared only for the data using the smallest
of the two other intervals. Therefore, Figures 37 and 38
show the results of the volume analysis based on the 5-min
period. The sample size, after this type of stratification,
was quite limited. This required that volumes be put into
two groups—O0 to 20 vehicles in 5 min and 20 to 40
vehicles in § min.

The variation of volume seems to have an effect on the
combined gap and lag acceptance at the YIELD-controlled
intersection (Fig. 37). The trend for sizes of 3 to 7 sec
shows a lower acceptance at higher volumes. On either
side of this range of gap and lag sizes there is no definite
pattern to indicate that the YIELD and sToP controls differ.
The data on stoP control (Fig. 38) are quite limited in
sample size. Although the approximated curves drawn
through the points are different for YIELD and sTop control,
statistical tests show no significant difference. Further-
more, the points do not follow definite trends that justify
preliminary conclusions. '

Figures 39 and 40 show the average intersection speed
analysis for the observance period. Because of the sample
size limitations previously mentioned, speeds were com-
bined in 10-mph groups for 10 to 20 mph and 20 to 30
mph. It must be kept in mind that these curves show
combined gap and lag acceptance.

" The film data were accurate within 0.6 sec. The traps
used for obtaining the intersection speeds varied between
approximately 50 and 80 ft. The resulting speed deter-
mination decreased in accuracy quite rapidly as actual
speeds increased. Further investigations should be based
on a more accurate method of speed determination. How-
ever, in order to arrive at some preliminary measurement
of the speed effect, the speed conditions were grouped as
indicated. Inasmuch as there was no tendency for the
calculated speeds to cluster about the 20-mph border line
between the two groups, it was reasoned that some of the
inaccuracy was cancelled in the grouping, thereby giving
some credence to the resulting relationship. Here again
the results showed a tendency for the YIELD control to be
affected over the middle range of gaps and lags.” The
figures show a definite trend, although not statistically
significant, toward lower acceptance for 20- to 30-mph
speeds than for 10- to 20-mph speeds. This trend is
apparent over the range of sizes from 5 to 13 sec. Above
and below this range the curves tend to coincide. The
pattern for stor control is likewise limited by sample
size. A general trend is exhibited toward lower accept-
ance with lower major-street intersection speeds.

Although limited, the results seem to indicate the major-
street volume and speed may have some psychological
effect on the driver which cause him to adjust his accept-
ance characteristics at a YIELD sign. It is interesting to
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note,‘frc))m the comparison of the individual intersections
and the results just discussed, that a major determinant
of this hypothesized psychological effect seems to be the
general character of the major street.

Travel Time and Delay

Travel times of minor-street vehicles which proceeded
through the intersection without turning were analyzed for
several of the study intersections. The travel time was
taken as the length of time it took to travel from a point
prior to the intersection to another point beyond the inter-
section. The travel times, measured by stopwatch and
enoscope, were correlated with their corresponding 5-min
major-street volumes. Sample sizes for each 5-min volume
group were so small that the data were grouped by hourly
volume. Grouping was done by calculating average travel
times for each hour. The corresponding volume for that
period was taken directly from the manual counts made
at the same time. The distance used as a “trap” for
measuring travel time varied between intersections. The
points at the beginning and end of each “trap” were
chosen by inspection of the speed profiles. An attempt
was made to begin and end the measurement at the point
of maximum vehicle speed. This approximately coincided
with the point of placement of the third enoscope from the
intersection as used to obtain the speed profiles.

Figure 41 compares travel times for through vehicles
on the minor street at Fifth and Linden under YIELD con-
trol and stop control. The distance over which this time
was taken was 670 ft. The travel times are plotted against
major-street volume. The highest major-street volumes
recorded here were approximately 275 vph. The approxi-
mated curves indicate that there is generally a decrease
in travel time of about 2 to 3 sec under YIELD control at
the volumes studied. There is an indication that the
difference in travel time increases at major-street volumes
below 150 vph and that there is a slightly greater difference
in travel time between YIELD and STOP control at lower
volumes than at higher volumes. The general increase is
about 1 sec per 100 vph on the major-street for volumes
of up to about 300 vph. Larger volumes were not studied.
Hypothetically, at lower volume levels a vehicle at a YIELD
control will continue through, without stopping, at some
minimum travel time, but at a sTop control it will take
longer due to the requirement to stop before proceeding
into the intersection.

Defining delay, using travel time as a measure, requires
a number of assumptions as to how the driver would cover
the same distance if there were no cross street. This
“unrestricted time” can then be subtracted from actual
travel time to estimate delay. The resulting quantity in-
cludes deceleration and acceleration delay, as well as
stopped-time delay. A number of methods and assump-
tions have been used. However, the mere fact that such a
variety exists indicates the difficulty of obtaining “absolute”
delay. One major assumption is that the initial approach
speed to the intersection represents the average unrestricted
speed if there were no intersection. Calculation of the
unrestricted time for the through vehicle is directly depend-
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ent on this assumption. It was decided, therefore, not to
estimate a fictitious speed by interpolating a value from
the speed profiles. Instead, it was deemed sufficient for
the purposes of this stage of research to calculate the
delay based on the prevailing maximum legal speed. The
speed of approach, therefore, was taken to be the speed
limit. In effect, this assumes that if the intersection had
not been there, the driver would have passed through the
entire travel time “trap” at the speed limit.

The unrestricted travel time at Fifth and Linden, corre-
sponding to the speed limit of 25 mph for a distance of
670 ft across the intersection, is 18.2 sec for vehicles
proceeding straight through. This has been plotted as a
horizontal line on Figure 41. Therefore, the distance
between this line and the travel time for each control,
in seconds, is the estimated average maximum delay which
can be attributed to this intersection, predicated on the
maximum legal speed and the measured travel times at
each volume within the range studied. Between major-
street volumes of 150 to 300 vph the difference in delay
between the YIELD and sTOP controls approaches a value
of approximately 2.0 sec. For the example used here,
predicated on an unrestricted speed of 25 mph, the average
delay indicated is about 9 sec for viELD and 11 sec for
sTtop control for a major-street volume of 300 vph. In
this case the delay was based on a legal speed limit; but
actually any other horizontal line could be inserted to
meet the desired assumptions for other analyses. How-
ever, the difference in delay between the two controls
would remain unchanged.

Figure 42 shows the travel times for vehicles proceeding
straight through on the minor street at the YIELD-controlled
intersections of Fifth and Greenleaf, and Kensington and
Woodlawn. None of these travel times can be compared
directly between intersections as the length over which
they were taken differed from one intersection to the
other. However, the delays at each intersection can be
compared, as discussed in the following.

It is apparent that there was not enough volume varia-
tion at Kensington and Woodlawn to estimate the effect
of major-street volume on minor-street travel time. Com-
parison of the points with the unrestricted travel time
line shows a variation in average delay between 4 and 6
sec over a major-street volume between 25 vph and
approximately 80 vph.

Travel times were obtained at Fifth and Greenleaf over
a major-street volume range between 15 and 225 vph.
The approximated line tends to rise a total of about 3.5
sec over the range. The unrestricted travel time line
shows a variation of delay between 7 sec and 11 sec at
projected volumes of 0 and 250 vph.

Travel time and delay information for Kirk and Kostner
were studied in detail by Radelat.* The results of those
investigations are discussed in Chapter Five.

Comparison of the intersections under YIELD control
reveals that the delay at Fifth and Greenleaf was greater
than at the other two intersections for the comparable
volumes studied. No comparison is possible between Fifth

* Radelat, Ibid.

and Linden and Kensington and Woodlawn because there
was no overlap of the volume ranges studied.

gl

Stopped-Time Delay '
Figures 43 and 44 show the results of a study of stopped-
time delay. The information was obtained from film
analysis. The data used were the output of the computer.
program for speed, volume and delay. Stopped-time.de-
lays for all intersections were averaged for type of control
and grouped by volume. Major-street volumes based on
both 5- and 10-min rates of flow were investigated.
Little difference was found between the two for the com-
bined results. These were grouped by ten vehicles for the
5-min period and expanded to an hourly rate of flow.
Figure 43 shows that with a major-street volume above
200 vph the stopped-time delay increases rapidly at a
sTOP sign whereas at the YIELD control the stopped-time
delay increases very little. Over the range of volumes
from 175 vph to about 425 vph the sTOP control stopped-
time delay increases from about 2 sec to about 8 'sec.
In the same range, stopped-time delay under YIELD coxii,’
trol increases from about 2 sec to 3 sec.

Statistical tests, performed to determine significance of
difference of stopped-time delay for vIELD control and for
sToP control, respectively, for each volume group show
that for ‘the volumes at which the curves diverged, the
differences are significant.

The operation at lower volumes can be hypothesized.
As the major-street volume approached zero the major-
street interference would become negligible and stopped;:
time delay under sToP control would fall to some constant,
non-zero level. Under YIELD control the stopped-time
delay should approach zero. This would indicate that
there would be some major-street volume level at which
the stopped-time delay under each control would reach
some minimum difference (it is likely that sToP control
will always have at least a slightly higher stopped delay).'
On either side of this point of minimum difference the
difference would increase or stay equal, but never decrease,
and the stopped-time delay for YIELD control would always
remain less. Stopped delay per vehicle would probably
approach the same value for YIELD and sTOP control at
some major-street volume much higher than those studied.

The same information is shown in Figure 44 for the
intersection of Kirk and Kostner alone. Here separate
curves are indicated for both a rate of flow based on a
5-min period and on a 10-min period in order to show
what differences occur. It is reasoned that the 5-min rate
of flow should be a more sensitive indicator because it
more accurately describes the major-street flow faced by.
the vehicle when passing through the intersection. Rela-
tions based on other periods of rate of flow, including a
full hour, should be investigated.

Percent Stopped

As a by-product of the investigation of driver obedience
(to be discussed later) some information was obtained on
the percent of vehicles forced to slow or stop by traffic.
These data reveal that at Fifth and Linden the percent



stopped by traffi¢c increased by about 8 percent in the peak
period and 7 percent in the off-peak period after YIELD
control was replaced by sTop control. A similar increase
occurred during the peak period when the intersection
control was changed from uncontrolled to YIELD control.
However, no effective change occurred during the off-peak
period.

~A change in control from YIELD to sToP at Kirk and
Kostner caused an increase in forced stops of 13 percent
in the peak period and 6 percent in the off-peak period.
+ These results further indicate the advantage that the
driver has at a vieELD-controlled intersection of the type
studied here. It shows that the increased freedom of the
driver to move through the intersection decreases his delay.

Speed of Operation

The results of the data gathered for speed profiles on both
the major and minor streets are shown in Figures 45 to 48
for each study intersection. The values were obtained by
averaging speeds across each “trap” (locations shown in
Figs. S through 11).

. Statistical tests were performed to determine the signifi-
cance of the differences obtained for speeds at the inter-
sections where controls were changed. The results of
these studies are discussed in the following.

Figure 45 shows the speed profiles for through vehicles
on all four legs of the intersection of Fifth and Linden
for each of the three control conditions studied. The
points do not differ significantly in general. The profiles
for the southbound approaches on the minor street indicate
that uncontrolled and yYiELD-controlled vehicles tend to
ébprdach.at higher speeds than stop-controlled vehicles.
In general, as the control becomes more restrictive the
s’peed decreases in the last trap before the control de-
creases. On the northbound approach, however, the vehi-
cles tend to follow the same speed pattern regardless of
control. The speed in the trap closest to the intersection
is about 3 mph lower than the -southbound approach.
These characteristics are probably due to the slightly
greater sight restriction on the northbound approach. As
the intersection control becomes more restrictive, the
speeds of vehicles just leaving the intersection and pro-
ceeding northbound tend to decrease. However, this trend
does not occur for southbound traffic. This difference is
not easily explained with the data available.

" Speeds seldom varied under different controls by more
than 2 to 3 mph in any one trap. Speeds recorded never
averaged below 15 mph within the section of roadway
studied. This, plus some of the unexplainable patterns
that occurred, seems to indicate that a more detailed study
of deceleration and acceleration of minor-street vehicles
is warranted over the section from just prior to, to just
beyond the intersection.

On Linden Avenue, the major street, there was a tend-
ency for westbound vehicles to approach at the same speed
under all control conditions. As they departed there was
an average speed drop of about 3 mph with the uncon-
trolled condition, which did not occur with positive side-
street controls. However, eastbound traffic used lower
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approach speeds with YIELD control on the side street
than with sToP control.

If further study with larger samples continues to show
the differences in approach speeds to be statistically insig-
nificant, the conclusion could be drawn that the type of
control has no effect on speeds of vehicles about 100 ft
ahead of the control.

General review of the shapes of the profiles indicates
that the driver begins to decelerate on Fifth (minor street)
about 200 ft ahead of the control and regains his normal
speed approximately 200 ft beyond the control. This
varied somewhat between types of control. In general,
the yvIELD-controlled vehicle began decelerating at about
the same point or somewhat closer to the control than
the stop-controlled vehicle. Sight distance seems to be
an important factor.

Speed profiles for through vehicles at Kirk and Kostner
are shown in Figure 47. More information concerning
this intersection is discussed in Chapter Five. The data
available on the minor street allow comparison of YIELD
and sToP control on the westbound approach only. Sta-
tistical tests show no general significant differences. There
seems to be no difference in trends of the curves, except
that the profile for sTop control is erratic. The profiles
for the major street also show little difference in operation
except for the northbound traffic leaving the intersection.
This is probably due to the change from four-way sToP to
signal control at Oakton and Kostner between the times
that speeds were taken for YIELD control and STOP control
at Kirk and Kostner. The profile for four-way sTOP con-
trol at Oakton and Kostner would probably have shown
lower speeds for the northbound vehicles leaving Kirk and
Kostner. .

Several items can be noted from the general shapes of
the curves in Figure 47. First, the profiles indicate a drop
in major-street speed across the intersection for each
minor-street control condition. The decrease for each
control is about the same, although the last point on each

-approach shows a slightly lower speed under YIELD control.

Second, the point at which southbound vehicles begin to
decelerate is about 210 ft ahead of the intersection. The
maximum speed is reached about 200 to 250 ft beyond
the intersection. This is true for both control conditions.
The northbound pattern differs with each control condi-
tion. However, this has been attributed to the control
change at Oakton and Kostner, so direct comparison is
not warranted. On the minor street the westbound vehi-
cles approaching the control start to decelerate as soon as
they pass the previous intersection (which is uncontrolled
and about 350 ft away). Eastbound vehicles begin de-
celeration about 125 ft ahead of the srtop control. The
maximum speed of vehicles leaving on the minor street
legs is reached about 100 to 125 ft beyond the intersection.

Figure 46 shows the speed profiles for the intersection
of Fifth and Greenleaf under YIELD control. The profiles
for the minor street have the same general shape for the
northbound minor-street vehicle at Fifth and Linden under
YIELD control. Thé major-street profiles show a slight dip
in speed across the intersection for eastbound vehicles.
Westbound vehicles accelerate continuously from the pre-
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vious intersection to the beginning of the study inter-
section. The drop in average speed on the other side of
the intersection indicates that there has been some slowing
across the intersection. The continuous acceleration is
due to the fact that the majority of westbound vehicles
have turned left from Fourth Street and have proceeded
along Greenleaf, leveling off in speed as the maximum of
about 27 or 28 mph is reached. Figure 46 indicates that
the deceleration and maximum speed points are all located
at approximately 200 to 225 ft from the intersection.

Figure 48 shows speed profiles for vehicles proceeding
straight through at Kensington and Woodlawn under
YIELD control. The deceleration and acceleration of
minor-street vehicles are generally as found for the other
study intersections. However, the profiles are flatter prior
to the beginning of deceleration. This can be attributed
in general to the greater distance between intersections
here than at the other study sites. Furthermore, although
Kensington is the controlled street at Woodlawn, it is the
preferential route at intersections on either side of the
study site. The deceleration and maximum speed points
are generally 275 ft from the intersection. The profiles
for through vehicles on the major street, taken continu-
ously across the intersection because of the short distance
to the adjacent intersections on Woodlawn (about 200 ft),
show only a very slight dip in speed across the intersection.
Otherwise the speeds measured were fairly constant across
the section being measured.

Figure 49 shows the results of a study of turning and
through vehicles at the intersection of Fifth and Linden.
The approaches on the minor street are shown for each
control condition studied. It is interesting to note that on
‘the northbound approach the speed profiles of the turning
and through vehicles are quite similar, whereas on the
southbound approach some variation occurs under certain
control conditions. This is probably a result of the some-
what greater sight restriction to the east for northbound
approaching drivers. The southbound approach shows
that for uncontrolled conditions there is a difference be-
tween speeds of turning and through vehicles. However,
as the control becomes more restrictive the differences
tend to disappear. It should also be noted that for YIELD
control and sToP control the last measured speed prior to
the intersection is generally lower for the southbound
approach than under corresponding control for the north-
bound approach. This is not true for the uncontrolled
condition.

Headway Distribution

Headways were computed from the intersection film data
for two particular types of investigation: (a) the study
of headways of arrival as affected by the control at the
previous intersection; and (b) the study of the redistribu-
tion of headways of minor-street vehicles which resulted
from passage through the control. Details on the method
are given in Appendix A. :

In reviewing the results presented and discussed in the
following, several things should be kept in mind. First,
the study of headways of arrival put out from a control at
a previous intersection are measured one block away from
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the intersection. Thus, the possibility of rearrangement
of headways on the midblock length (which varied between
about 300 and 600 ft) of roadway could easily affect the
resulting arrival rates. Second, this preliminary investiga-
tion did not attempt to determine the effect of crossing
volume at the previous intersection which was interfering
with the stream being measured. The crossing (inter-
ference) volumes at the previous intersections range be-
tween 25 and 900 vph. The magnitude of the crossing
volume generally related to the level of control at the
previous intersection. The stream volumes measured range
between approximately 25 and 300 vph. The two-way
major-street volumes considered in connection with
changes in headways between arrival and departure at the
study intersection vary between 50 and 400 vph. The
turning movements at all but one or two cases were light.

Headways were measured at the arrival line on each
leg at each of the study intersections. The distance from
the control to these lines varied according to the field of
view allowed by the camera. The average distance was
approximately 75 ft ahead of the control, the point always
being set back as far as possible to minimize the effect
of the intersection. It is recognized that the travel on the
length of roadway between intersections may have slightly
transformed headways, because all vehicles do not travel
at the same speed. The distances between the study inter-
sections and their adjacent intersections varied from 300
to 500 f£t.

The measured streams were combined by 50-vph vol-
ume groups over the range between 0 and 300 vph. The
controls at the previous intersections include YIELD, two-
way sToP, four-way sTOP, no control, and those which
were “protected by YIELD or sTtor.” The headways were
summarized in 1-sec increments from 0 to 20 sec, and
10-sec increments from 20 to 100 sec.

Two series of diagrams were made: (a) a graph for
each volume group showing the number of headways for
each increment as the percentage of all recorded head-
ways for a given previous control (Figs. 50 to 57); and
(b) a graph for each previous control showing the cumu-
lative percentages of all recorded headways, compared
with the exponential distribution of an undisturbed traffic
flow having the same average volume (Figs. 58 to 62).

Figures 50 to 54 were studied to determiné the effect
that the control of the previous intersection had on the
arrival rate at the study intersection. A further study was
made to determine whether the arrival rates could be
closely approximated by a theoretical distribution. .

Statistical calculations were made to determine differ-
ences between the headway distributions measured from
each “previous” control. The results of these tests are
given in Appendix B. Where significance occurs between
two controls at the 95 percent level of confidence it is
indicated on the figures with a solid arrow between the
two points. A similar “dashed” arrow is shown where
significance occurs at the 90 percent level of confidence.

There are very few cases of significance above 90 per-
cent confidence. The few cases that do appear do not
follow any pattern. The accuracy of this comparison is
limited by the grouping. Because of the 50-vph grouping,
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‘it is likely that the average stream volumes being compared
between two different controls might be somewhat differ-
ent. This is treated in more detail later in this section.

The study of the type of distribution obtained revealed
that the measured headways vary in such a manner that,
on the average, they closely approximate the average
expected curve derived from the undisturbed Poisson dis-
tribution, which assumes that the vehicles arrive in a
random manner.

The percentages for the theoretical curve (according to
the exponential function derived from the Poisson distri-
bution for undisturbed flow) were calculated for the median
volume of the range being considered. For example,
75 vph was used for the range of 50 to 100 vph. The
curves resulting from these calculations are shown on the
figure with the corresponding volume group. The per-
centages decrease slightly with increasing size of headway.

The formula for the exponential distribution follows the
form

P:exp(—;—:%)x[exp(-,rlfs)—l]loo% (1)
in which
P—=percent of headways with size between ¢ and r—1
sec;
t=headway size (abscissa in the figures);
T—=average headway size (3,600/V);
S=minimum headway (1.5 sec); and
V=volume, in veh per hr.

It can be seen that the measured headways vary in such

a manner that, on the average, they closely approximate
the average expected theoretical curve derived.
' "The cause of the variation in distribution of arrival
headways (Figs. 50 to 54) was investigated. It was first
suggested that it might be due to the relatively small sam-
ple size for each type of previous control. In order to
increase the sample size, all counted headways were sum-
marized over all volumes and controls. In the overall
total histogram (Fig. 55) the magnitude of oscillation
about the exponential curve has been reduced somewhat.
Further study showed that a major portion of the alternat-
ing high and low percentages were due to the particular
method of grouping used. The headways were summa-
rized by 1-sec increments, whereas the film allows meas-
urement from the frames only in multiples of 0.6 sec.
Therefore, some 1-sec increments include two multiples
of 0.6, and others only one.

As an example of how this would smooth out, the
values for each previous control were computed by 0.6-sec
increments for the volume groups of 100 to 150 vph.
Time variation continued to be present because of the
small sample available. The values grouped for all con-
trols and based on 20 films (Fig. 56) show a relatively
smooth fit to the corresponding exponential curve.

To increase sample size even further, an additional
smoothing was carried out on this particular volume group-
ing by averaging successive 3-sec headway size groups.
The resulting curve and the corresponding exponential
(Fig. 57) have a marked decrease in variation, showing

quite a close approximation to the theoretical distribution.

A further explanation of variation arises when con-
sidering the assumption used in applying the undisturbed
distribution. Inspection of the plotted points shows the
variation about the exponential to be larger at smaller
headway sizes than at the larger ones. This is probably
due to the intra-stream vehicle friction at small headways
which is not present at large headways (above about 9 sec).

The second series of diagrams (Figs. 58-62) was also
analyzed in an attempt to determine the effect of previous
control on headways of arrival, and to evaluate the distri-
bution. In each case, the headways of arrival for one
type of previous control, plotted as the cumulative per-
centage of headways for each stream volume group, are
shown in l-sec increments up to 20 sec and in 10-sec
increments between 20 and 100 sec.

Each of the cumulative curves is compared with a corre-
sponding cumulative distribution. It should be noted that
the headways of arrival of several intersection legs having
the same previous control and the same volume range were
combined to produce each curve. The average volume
represented by each curve is not exactly the median value
of the volume range. The average was calculated, how-
ever, and used to compute the exponential distribution.
The exponential distribution based on Poisson’s law is
used for these relatively low volumes in its simple form,
and not modified to include the assumption of the presence
of non-free-flowing vehicles. On the other hand, it takes
into account a minimum headway, which was estimated
to be 1.5 sec. The form of the equation is

P=exp( ——;—_‘2) 100% (2)

in which P’ is the probability, in percent, of occurrence of
headways of ¢ seconds or greater, and the other terms are
as previously defined. The complementary form for finding
headways of a given size or less is

P"=100—P’ (3)

The exponential curves at the different volume levels
start at zero percent for the minimum headway of 1.5
sec, and increase toward 100 percent faster with progres-
sively higher stream volumes. The break between 20 and
30 sec is due only to a change of scale.

Generally the distribution of the measured headways
fits the corresponding exponential curve quite well at the
same average volume. For the different controls and vol-
umes the following deviations can be noted:

1. vyiELD control (Fig. 58)—There seem to be fewer
small headways of up to 6 sec but more between 8 and 11
sec at the lower volume (68 vph).

2. Two-way stor (Fig. 59)—The headway accumula-
tion lies slightly above the theoretical curve.

3. Four-way stoP (Fig. 60)—At the highest measured
volume (216 vph) there are fewer headways smaller than
3 sec than expected, but a greater number fall between 3
and 5 sec. This keeps the accumulation curve above the
theoretical distribution.

4. No control (Fig. 61)—At the highest measured vol-
ume (117 vph) the headways up to 5 sec seem to be more



numerous than expected, keeping the accumulation above
the theoretical curve until sizes of about 15 sec or greater
are reached. v .

5. Protected by YIELD or stop (Fig. 62)—When the
‘measured stream has priority, there seem to be more
small headways of 2 to 3 sec than the exponential distri-
bution would predict for volumes of less than about 100
vph. For a stream volume of approximately 200 vph,
however, the study shows a close fit to the exponential
curve. The numerous small headways at the lower vol-
umes (33 and 74 vph) are presumably due to platooning
of vehicles. This means that for these stream volumes
more vehicles tend to arrive at the minimum headway if
the previous intersection is protected. This effect is prob-
ably even more evident with signals at the previous inter-
section. However, no usable measurements were taken
for this study.

Recalling the conditions pointed out at the beginning of
this section, two characteristics are evident: (a) when
the flow at the previous intersection is “protected” by
either YIELD or sTop control, there is a tendency in the
undisturbed traffic stream to form platoons; and (b) when
the traffic stream passes through YIELD or sTOP control at
the previous intersection, the interruption of the control
and the crossing (interference) volume tends to spread
out the vehicles proceeding at very close headways.

These statements lead to the further conclusion that
intersections farther away in the system, especially those
controlled by signals, have an important effect on head-
way arrivals. The extent to which these other inter-
sections act to control arrivals would be an interesting sub-
ject for later study.

These results indicate that the exponential distribution,
with a minimum headway of 1.5 sec, closely describes the
distribution of headways of arrival from previous YIELD-
and stop-controlled intersections. If further study sup-
ports this finding, it can be of great use in simulation
studies of intersections.

The second major investigation of headway distribu-
tions, comparing headways of arrival and departure head-
ways, was actually conducted as an alternative method to
that just discussed. The objective in each case was to
determine how a control at one intersection affects the
arrival of vehicles at adjacent intersections.

The study of headways of arrival and departure was
made at each study intersection for pairs of through
vehicles on the minor street only. A study was made of
individual headway changes and of headways grouped
by size to form a distribution. These changes were corre-
lated with the major-street volume to determine the effect
that the interference of major-street traffic had on vehicle
spacings on the minor street before and after the inter-
section.

Figures 63 and 64 show the change of individual head-
ways on the minor street for YIELD and sTop control for
two different major-street volume groupings. The change
of each minor-street headway between arrival and depar-
ture (immediately before and after the intersection) is
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shown by a vertical bar located on the abscissa according
to the size of the headway upon arrival. This type of
figure also shows the number of counted headways and
the distribution by arrival size. These particular diagrams
further show that the headway increases or decreases
generally occur in a random manner, not seemingly a
function of headway size. '

It is important to note that the average increase and the
average decrease in each volume group are of approxi-
mately the same magnitude. The average decrease, how-
ever, is slightly smaller because there is theoretically no
limit to headway increase, but there is a limit to head-
way decrease. - This last rule is obvious, because no
headway can be decreased below the minimum headway
sizé of approximately 1.5 sec, indicated by a diagonal
line at the left end of the figure.

The average increase and decrease of headways show
another characteristic. Within the volume range of 0 to
100 vph on the major street, the sToP sign causes bigger
changes of the headway sizes than the YIELD sign (averages
of 4.5-sec increase and 4.1-sec decrease at sTOP control,
compared with 2.65-sec increase and 2.63-sec decrease at
YIELD control). The same result occurs for the volume
range between 100 to 400 vph on the major street (aver-
ages of 6.0-sec increase and 4.7-sec decrease at STOP con-
trol, compared with 3.0-sec increase and decrease at YIELD
control). Considering the crossing volume, another rule
is shown by the average headway changes: The magnitude
of the change in headways between straight through vehi-
cles increases or decreases as the crossing volume in-
creases. For YIELD control it is about 2.6 sec for the 0-
to 100-vph range and 3 sec for the 100- to 400-vph major-
street volume range. For sToP control the changes are
4.5 and 4.1 sec for the 0- to 100-vph range and 6.0 and
4.7 sec for the 100- to 400-vph major-street volume range.

The results of the study of the change of headways in
the form of a distribution by size of the headways of arrival
or departure are shown in Figures 65 to 69. In this com-
parison the change is not considered at each headway as
was done in the previous discussion, but rather by com-
paring the general headway distribution in advance of
and beyond the intersection. This form of the study of
the rearrangement of headways, depending on control and
crossing volumes, could have some importance in work
dealing with system effects on gap acceptance at an inter-
section. All counted intersections were grouped by YIELD
or sToP control and by crossing volumes of 0 to 100, 100
to 200, and 200 to 400 vph. The headways for each
group were summarized in 5-sec increments from 0 to 100
sec. The exhibits show the distribution of headways in
each size group as a percent of all headways (including
those over 100 sec) separately by arrival and departure.

The percentage itself has little meaning, inasmuch as
very different volumes on the minor streets were grouped
according to the major-street volume. The comparison
of arrival and departure is the major item of importance.
There is, hoWever, no conclusive general pattern to the
changes: it is likely that the transformation of headways
happens at random. This would indicate that the de-
parture headways should be random, which agrees with the
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Figure 62. Cumulative distribution of headways of arrival; previous control—pro-

tected by YIELD or STOP.
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Figure 61. Cumulative distribution of headways of arrival; previous control—none.
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results found in the analysis of arrival headways. The
results seem to indicate that, in general, YIELD or STOP
control does not rearrange the headway distribution on the
minor street in any but a random manner at the major-
streel volumes and minor-street volumes between 0 and
400 vph.

Accidents

Accident records of the study intersection were gathered,
tabulated and analyzed to determine if some preliminary
relationships could be found between the accident experi-
ence and type of control. A study was also made of the
obedience of the drivers, based on legal requirements, in
using the controls at the study intersections. The results
of these analyses are given in the following. In some cases,
although the number of reported accidents was relatively
small, the period of coverage was quite long. It is impos-
sible from these data, therefore, to anticipate accurately
the kinds of accidents that will occur or the conditions
under which they are most likely to happen with each
type of control, but they do provide useful information on
overall rates.

Analyses of the intersection films were also made to
obtain data on the obedience of drivers under each type
of control.

All of the intersections studied were in residential
areas with shopping districts nearby. The average daily
traffic ranged from 2,350 to 5,500 vpd. Most drivers
were familiar with the area, being shoppers, or commuters,
or drivers of various service vehicles. During peak periods
commuters comprised a large percentage of the total. In
La Grange Park and Wilmette the major rush-hour flows
were to and from the train stations, whereas in Skokie
they were to and from the expressway. The off-peak and
a portion of the evening peak periods were influenced by
shopping habits and store hours. The high peak-hour
volumes coincided on both major and minor streets during
peak hours, with the exception of Kensington and Wood-
lawn where Woodlawn Avenue traffic had a late AM peak

~ period caused by the opening of local businesses. The

conditions at neighboring intersections, where supplemen-
tal data were obtained, were similar to those at the study
intersections.

Accident records were obtained from the police depart-
ments of Wilmette, Skokie, and La Grange Park for the
following intersections:

Site A—(i) Fifth Street and Linden Avenue—uncon-
trolled
(ii) Fifth Street and Greenleaf Avenue—YIELD
Site B—(i) Kirk Street and Kostner Avenue-——uncon-
_trolled and YIELD
Site C—(i) Kensington and Woodlawn Avenues—un-
controlled and YIELD. :
(ii) Kensington and Richmond Avenues—un-
controlled and YIELD

Kensington and Richmond has not been discussed previ-
ously. It is a yiELD-controlled intersection handling a
total of 200 vehicles from all approaches in the peak hour
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STOP control for major-street volume of 200 to 400 vph.

and is one block south of Kensington and Woodlawn (see
Fig. 10). It was chosen so as to provide information
on safety characteristics comparable with that gathered
at Kensington and Woodlawn. This enabled an analysis
of the effect on safety that occurred from controlling the
major volume at Kensington and Woodlawn. Richmond
yields to Kensington, therefore controlling the minor flow.
The sight distance conditions here are similar to those at
Kensington and Woodlawn.

For this analysis, only accidents which could be attributed
to the intersection traffic and its control were studied.
All accidents were right-angle collisions, including two
with bicycles at Kensington Avenue, except one rear-
end collision on Kirk Street. Several nonrelated one-car
accidents in and near the intersections were disregarded.

Information was available during and after the study
period for intersections where controls were changed, but
it was not used because time between changes was too
short to show significant results. As a matter of interest,
there were no reported accidents at intersections when a
change was made from uncontrolled to YIELD control.
However, two accidents occurred within three months at
intersections changed from YIELD to two-way STOP control.
The first, involving a bicycle, was at Fifth Street and Linden
Avenue. The other occurred at Kirk Street and Kostner
Avenue.

The portion of the police records used related to (a)
time of accident, (b) type (right angle, rear end, etc.),

PERCENT OF

(YIELD control)

0.31

AVERAGE NUMBER OF AVERAGE PERCENT  ,cCIDENTS UNDER ACCIDENTS INVOLVING
ACCIDENTS ON EACH NUMBER OF  DECREASE  ;NpiCATED CONDITIONS VEHICLES ON INDICATED
APPROACH PER YEAR ACCIDENTS AT YIELD APPROACH !
INTERSECTION V5 UNCON- DRY
_ INTERSECTION N s E w PER YEAR TROLLED  DAYLIGHT PAVEMENT N s E w
Fifth Street (N-S)
Linden Avenue (E-W) 3.27 073 291 1.09 4,00 —_ 82 27 200 044 1.78 0.67
(uncontrolled)
Kirk Street (E-W)
Kostner Avenue (N-S) 0.00 2.18 1.64 1.64 2.73 — 100 40 000 1.50 1.12 1.12
(uncontrolled)
Kirk Street (E-W) -
‘Kostner Avenue (N-S) ° 0.41 0.61 061 0.41 1.02 63 100 60 0.28 0.42 042 0.28
(YI1ELD control) .
Kensington Avenue (N-S)
Woodlawn Avenue (E-W) 000 1.85 000 1.85 1.85 — 50 50 0.00 2.16 0.00 2.16
(uncontrolled) -
Kénsington Avenue (N-S) - . _
Woodlawn Avenue (E-W) 0.43 1.00 0.57 0.86 1.43 23 90 70 0.50 1.17 0.67 1.00
(YIELD control)
Kensington Avenue (N-S)
Richmond Avenue (E-W) 0.73 1.09 0.73 1.09 1.82 — 60 80 —_ — —_ —
(uncontrolled) -
Kensington Avenue (N-S)
Richmond Avenue (E-W) 1.09 0.62 0.78 1.40 23 89 33 —_ —_ — —

1 Per million vehicles per year using intersection.

2 Per million vehicles per year.



(c) pavement conditions (dry, wet, icy, snowy), and (d)
intersection control type. These data were analyzed to
see if relationships were present which would indicate any
change in the hourly or monthly pattern of accident
frequency between uncontrolled and YIELD conditions.
The percentage of accidents at various intersections was
tabulated in relationship to frequency of occurrence dur-
ing daylight hours and with dry pavement conditions.

The accident data were stratified according to monthly
and hourly distribution, and by light conditions and pave-
ment conditions.

An analysis was made of the annual accident rate as
affected by change in control (Fig. 70). At three inter-
sections in different communities where YIELD control was
imposed at previously uncontrolled intersections, there was

-a period varying between 15 months and three years after

the installation during which the accident rate was sub-
stantially lower. The former rates were between one
and three accidents per year. This indicates a likelihood
that there is an adjustment interval during which the
driver is quite aware of the new control and is abnormally
cautious.

Kirk and Kostner showed a rate of about 2.5 accidents
per year under uncontrolled conditions. No accidents
were reported for 15 months after change to YIELD con-
trol. Following this initial period, the rate became about
two accidents per year. The overall annual decrease was
63 percent (Table 1).

VOLUME ON INDICATED ACCIDENTS INVOLVING

INTERSECTION , ppRoACH ( MILLION VEHICLES ON INDICATED
ACCIDENTS VEHICLES PER YEAR) APPROACH 2

PER MILLION

VEHICLES N s E w N 5 E w
2.44 0.297 0.297 0.629 0.415 11.02 2.44 4.62 2.63
1.87 0.619 0.608 0.135 0.095 0.00 3,59 1211 17.21
0.70 0.619 0.608 0.135 0.095 0.66 1.00 4.52 .4.27
2:16 0.237 0.319 0.142 0.158 0.00 5.79 0.00 11.69
1.67 0.237 0.319 0.142 0.158 1.71 3.14 4.03 4.63
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Kensington and Woodlawn averaged about two reported
accidents per year under uncontrolled conditions (Fig. 70).
There was one accident almost immediately after change
to YIELD control, followed by a three-year period without
any accidents being reported, after which the accident
rate rose to a level higher than for the previous, uncon-
trolled condition. It should be noted that it is the heavier
flow which is controlled at this intersection. Data were
also obtained for the adjacent intersection of Kensington
and Richmond. Here, the initial uncontrolled condition
produced two to three accidents per year and the number
of accidents became nil for about two years after the
change to YIELD control, but then returned to approxi-
mately the original level. Here again the heavier flow
is protected by the YIELD control. The overall change for
each of these intersections was about a 23 percent de-
crease on an annual basis.

There was a fairly high annual accident incidence for
Fifth and Linden while operated as an uncontrolled inter-
section over a 2V2-year period. Fifth and Greenleaf, one
block north of Fifth and Linden, showed no accidents over
a slightly longer period with YIELD control, even though
cars parked on the major street resulted in pronounced
sight obstruction. '

The accidents plotted by month for the intersections
of Kensington and Woodlawn, Kensington and Rich-
mond, and Kirk and Kostner (Fig. 70) indicate a rise in
the number of accidents during the spring and summer
months (April to September) after the uncontrolled inter-
section was changed to YIELD control. The most notice-
able change in monthly distribution was at Kensington
and Woodlawn where 89 percent, compared to 25 percent
before, of the accidents occurred between September and
December.

When the accidents were plotted by hour of the day and
compared between uncontrolled and YIELD situations (Fig.
71), Kensington and Woodlawn again exhibited a changed
pattern. With YIELD control, the intersection had more
accidents during the evening peak period than when un-
controlled. The changes in distribution on Kensington
may have been largely a result of the major flow being
controlled at Woodlawn, inasmuch as at the neighboring
intersection at Richmond, which yields to Kensington,
there was no radical redistribution. At Kirk and Kostner
there was a similar distribution with two control condi-
tions, but all of the accidents occurred during off-peak
periods. This can be explained by the large ratio of
major-street vehicles present during peak periods, which
inhibited the smaller volume of minor-street drivers from
accepting potentially dangerous situations. When ap-
proaching the intersection during off-peak periods, drivers
observed less major-street cross traffic and tended to go
through the intersection with less reduction in speed.

Even though few accidents occurred, a fairly long period
of exposure was studied. The trends indicate that when
a control is changed there may be a predictable redistri-
bution of the hourly and monthly accident patterns.
Being able to anticipate changes in accident characteristics
would be helpful in developing warrants for placement of
these controls and signs. ' ’
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TABLE 2
HAZARDOUS SPEED INDEX

SAFE APPROACH SPEED (MPH)

APPROACH SPEED
SAFE APPROACH SPEED

INDEX ==

INTERSECTION N S E

w N S E w

Fifth Street (N-S)

Linden Avenue (E-W) 16 17 16
(uncontrolled) ‘

Fifth Street (N-S)

Linden Avenue (E-W) 16 17 16
(YIELD control)

Fifth Street (N-S)

Linden Avenue (E-W) 16 17 16
(sToP control)

Kirk Street (E-W)

Kostner Avenue (N-S) 28 28 24
(YIELD control)

Kirk Street (E-W)

Kostner Avenue (N-S) 28 28 24
(sToP control)

Kensington Avenue (N-S)

Woodlawn Avenue (E-W) 30 21 24
(YIELD control)

34 1.24 1.07 1.49 0.68

34 1.16 1.06 1.41 0.50

34 1.10 1.09 1.41 0.70

24 0.87 0.99 0.78 —

24 0.85 0.90 0.75 0.70

26 0.62 1.18 0.90 0.84

LEGEND

SITE
B on Yisld C
:::,:r::,‘ Uscontrolled YEAR
1964 0
SITE A
YEAR o U
1963. 3
1964 0 = =
1962 2
1963 0 B .
- 1961 ) :
1962 0 u
1960 3
1961 o [!L mla
JFNAMNJI JASONTD 1959 - i
FIFTH AND GREENLEAF \os8 .
YEAR :
196 1957

196 1956

1955

.

JFHAJJASOND
FIFTH AND LINDEN

JFIAIJ_JASOMD
KENSINGTON AND. RICHMOND

YEAR TomaL
SITE B
. 1964 0
YEAR ToTAL
1963 1963 |
0 [
1962 2 1962 u 4
. m |m | mm |m
1961 | 1961 §
[ ] L
.
1960 2 1960
m | m i m | =3
1959 [} 1959 - 0

KIRK AND KOSTNER

JFMAMNM JJ ASOND

KENSINGTON AND WOODLAWN
Figure 70. Yearly and monthly accident history of study site
intersections.

The situation having the highest accident frequency at
uncontrolled and YIELD intersections was under the follow-
ing conditions: (a) daylight hours; (b) wet, snowy, or
icy pavements; and (c) poor sight distance combined with
high approach speeds (Tables 1 and 2). This does not
apply, however, at Kensington and Woodlawn, where
YIELD signs control the major flow of traffic. The inter-
section becomes increasingly accident prone during good
driving conditions. This is probably a result of the over-
restricted driver who becomes disobedient and disrespect-
ful of a control that he believes should be on the other
street.

An index was compiled to show the number of accidents
on each leg on an annual basis. When these were totaled
and divided by two, the average number of accidents per
year for the entire intersection was obtained. The high-
accident approaches to each intersection can be detected
from Table 1.

When the indices for each leg are analyzed, it becomes
apparent that certain approaches are more critical than
others. At the intersections studied, it was found that one
of the legs of the major traffic flow was involved in more
accidents than the other. This is likely to occur at many
intersections. Therefore, it was concluded that the hazard
on each leg should be analyzed separately.

A volume study showed the relationship of major- to
minor-street traffic and revealed those cases where the
major flow was controlled. The hourly volume variations
for each intersection were used to arrive at average daily
traffic (see Figure A-1). From these values, the annual
volume (in millions of vehicles) passing through each
intersection was estimated and an index of accidents per
million vehicles was calculated. Again, the individual



intersection approaches were separated in hopes of finding
accident patterns. These separate indices were computed
by dividing the average number of accidents per year on a
leg by the total number of vehicles passing through the
entire intersection. When added together and divided by
two, the resulting index is an average number of accidents
per year for the intersection. Carrying this principle one
step further, the total average number of accidents per
year on a leg was divided by the number of vehicles per
year in millions, on that approach, to arrive at still another
index. The objective of developing this variety of indices
was to compare one with another to determine the value
of each in describing the accident history and quality of
the intersection.

The intersections of Kirk and Kostner and Kensington
and Woodlawn showed a definite decrease in accident
rate based on intersection volume after a change from
uncontrolled to YIELD-control conditions. Based on inter-
section volume, the accident rate on the north leg of Kirk
and Kostner increased slightly, whereas the other legs
showed decreases. Based on intersection volume, the
accident rate on the north and east legs of Kensington and
Woodlawn rose with the change in control. The investiga-
tion of the accident rate on each leg, based on the volume
on that leg, leads to the same general results. However,
the low volumes resulted in much higher rates.

Where speed data were available, a small preliminary
study was made of a hazardous-speed index developed as
a tool to investigate to what extent the intersection was
accident prone because of the unsafe approach speeds
used by drivers. The index was the ratio of the measured
average approach speed to the safe approach speed (Table
2). When compared with accident records for each leg
of each intersection, a high hazardous-speed index was
found to correlate with a high accident rate for that leg
in every instance. This was especially true concerning
accidents between vehicles on the north and east legs of
Fifth and Linden while that intersection was uncontrolled.
The normal right-of-way rule gave the north leg prefer-
ence. However, the average east-leg vehicle approached
at a speed 8.0 mph greater than the typical north-leg
vehicle.. About 70 percent of the east-leg-north-leg acci-
dents consisted of a vehicle on the east leg colliding with a
vehicle on the north leg.

The speed index may not be meaningful in comparing
safety features of YIELD control with sToP control; the
correlation of the speed index and accident rates previ-
ously seems to hold for each of the control conditions.
It may be that this index in some way reflects the aggres-
siveness of drivers, and with it the accident-prone condition.

Driver Obedience )

Obedience data of minor-street vehicles were obtained
visually by interpretation of the films taken at the following
intersections: , :

" Site A—(i) Fifth Street and Linden Avenue—uncon-
trolled, YIELD, and two-way STOP

(ii) Fifth Street and Greenleaf Avenue—YIELD
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(ii1) Fourth Street and Greenleaf Avenue—
YIELD

Site B—(i) Kirk Street and Kostner Avenue—YIELD
and two-way STOP
Site C—(i) Kensington Avenue and Woodlawn Ave-

nue—yYIELD

Several sections of the Illinois law (7.06) relating to
driver responsibility at YIELD and sTOP signs, which ap-
peared in Chapter Two, bear repeating here with a few
further provisions, as follows:

Uncontrolled Intersections—Vehicles Approaching or
Entering Intersection. “(a) The driver of a vehicle ap-
proaching an intersection shall yield the right-of-way to a
vehicle which has entered the intersection from a different
highway. (b) When two vehicles enter an intersection
from different highways at approximately the same time,
the driver of the vehicle on the left shall yield the right-of-
way to the vehicle on the right.”

Stop Intersections.—Vehicle Entering Through High-
way, Stop Intersection, or Stop Crosswalk. “The driver
of a vehicle shall likewise stop in obedience to a Stop sign
as required herein at an intersection where a Stop sign
is erected at one or more entrances thereto although not
a part of a through highway and shall proceed cautiously,
yielding to vehicles not so obliged to stop which are within

- ANt PN ————
1212 3 456 7T 8 93101MN201 23 45678091010

ACCIDENT COVERAGE
-
6YRS —2NOS.

KENSINGTON AVENUE
2 AND RICHMOND AVENUE
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KENSINGTON AVENUE
' AND RICHMOND AVENUE
" (UNCONTROLLED)

KENSINGTON AVENUE
3 (YIELD) AND
WOODLAWN AVENUE

KENSINGTON AVENUE
2 AND WOODLAWN AVENUE
(UNCONTROLLED)

2YRS - 2NOS.

NUMBER OF ACCIDENTS

KIRK STREET{YIELD)
2 AND KOSTNER AVENUE
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KIRK STREET AND
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Figure 71. Hourly distribution of accidents at study site inter-
sections. )
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TABLE 3
INTERSECTION OBEDIENCE DATA

PERCENT MAKING

PERCENT ENTERING

VOLUNTARY PERCENT STOPPED SLOW . FAST 20 MPH ¢
FULL STOP BY TRAFFIC (<5 mph) (> 5 mph) OR GREATER
INTERSECTION PEAK OFF-PEAK  PEAK OFF-PEAK PEAK OFF-PEAK PEAK OFF-PEAK PEAK OFF-PEAI
Fifth Street and
Linden Avenue 1.0 0.0 20.0 14.0 20.0 35.0 59.0 51.0 1.0 1.0
(uncontrolled) !
Fifth Street and
Linden Avenue 0.5 1.0 28.5 13.5 30.5 25.5 40.5 60.0 - - 2.0 1.0
(YIELD control) ’ } : ; .
Fifth Street and :
Linden Avenue 1.0 3.5 36.0 20.5 57.0 73.5 6.0 2.5 . 0.0 0.0
(sToP control)
Kirk Street and
Kostner Avenue 0.0 2.0 26.0 24.0 33.5 30.5 40.5 43.5 1.0 1.0
(YIELD control)
Kirk Street and . .
Kostner Avenue 8.5 11.5 39.0 30.0 47.5 48.5 5.0° 10.0 - 0.0 0.0
(sTOP control) : )
Fifth Street and ‘
Greenleaf Avenue 6.0 2.5 22.5 16.0 39.0 44.5 32.5 37.0 2.0 2.0
(YIELD control) ’ :
Kensington Avenue and )
Woodlawn Avenue 0.0 1.5 7.0 17.0 30.5 27.5 62.5 54.0 . 13.0 13.0
(YIELD control) :
Fourth Street and . . .
Greenleaf Avenue 2.0 S 16.0 155 S 66.5 S . 31.0

(YIELD control)

the intersection or approaching so closely as to constitute
an immediate hazard, but then may proceed.”

Yield Intersections.—Vehicles Entering Yield Right-of-
Way Intersection. “(a) The driver of a vehicle in obedi-
ence to a Yield Right-of-Way sign shall reduce the speed
of his vehicle to not more than 20 miles per hour and
shall yield the right-of-way to other vehicles which have
entered the intersecting highway either from the right or
_léft or which are approaching so closely on said intersect-
ing highway as to constitute an immediate hazard; but
said driver having so yielded may proceed at such time
as a safe interval occurs. (b) If a driver is involved in a
collision at an intersection or interferes with the movement
of other vehicles after driving past a Yield Right-of-Way
sign, such collision or interference shall be deemed prima
facie evidence of the driver’s failure to yield right-of-way.”

Vehicles were placed in various categories depending on
their behavior at the intersection. In a voluntary full
stop, a vehicle comes to a complete stop in the vicinity of
the control sign, or before the curb line, without having
been forced to do so by cross traffic. A vehicle which
voluntarily slows to a near stop.but maintains motion, at
this point, at a speed below 5 mph, is referred to as having
come to a “rolling stop.” A “stopped by traffic” vehicle
is one which had its progress impeded by the presence of
cross traffic and was forced to reduce speed or make a full

stop. The performance of all other vehicles was classified
according to the speed at which they entered the inter-
section.
peak and off-peak periods. The results of the study are
given in Table 3.

The estimates of speed from the films were rather rough,
and conclusions drawn should be regarded as preliminary.
Furthermore, the decision as to what constituted a com-
plete stop ‘varied with each observer. Nevertheless, the
results furnish interesting comparisons of YIELD and sToP
controls. : : : -

Under uncontrolled conditions at Fifth and Linden,
drivers apparently felt relatively unrestricted. They were
not required to stop and consequently did so only rarely
(about 1 percent of the time). The majority of -the
drivers not stopped by traffic entered the intersection at
speeds greater than 5 mph but less than 20 mph. A large
portion were in the 10- to 15-mph range. Of those vehi-
cles entering faster than 5 mph, 8 percent more did: so
during the peak periods than during the off-peak periods.
This indicates that the peak-period driver is more aggres-
sive than the off-peak driver, even though more cross-
street traffic is present. ' ’

The pattern was different under YIELD conditions, espe-
cially when the major-street volume was equal to or
greater than the minor-street volume. The ratio of volun-
tary stops remained at about 1 percent at Fifth and Linden.

A total of 4,408 vehicles, was analyzed during .



ESTIMATED DAILY

NUMBER OF VOLUME
VEHICLES SAMPLED
MAJOR MINOR AD.T.
PEAK OFF-PEAK  TOTAL STREET STREET
148 125 273 2,880 1,620 4,500
187 220 407 2,880 1,620 4,500
212 200 412 2,880 1,620 4,500
57 252 309 3,345 655 4,000
83 156 239 3,345 655 4,000
565 685 1,250 1,640 1,660 3,300
155 178 333 820 1,530 2,350
1,185 1,185 1,500 4,000 5,500

The percentage was also low at Kirk and Kostner. How-
ever, there was a,slightly greater tendency to stop at Fifth
and Greenleaf. A larger percentage of vehicles entered
the intersections faster than 5 mph under YIELD control
during off-peak than during peak periods. This was pri-
marily the result of greater cross-traffic interference during
peak periods. Thus, the driver on the minor street, realiz-
ing that he might have to yield, was more cautious.

TABLE 4
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At Kensington and Woodlawn and at Fourth and Green-
leaf, the YIELD signs apply to the major flow of traffic. The
peak-period driver rarely stopped unless forced to by cross
traffic. There was a consistent tendency to travel faster
than at intersections where the heavier volume was on the
major street. :

It is of interest to note the percentage of drivers at the
various intersections passing YIELD signs faster than the
legal speed of 20 mph. Where the intersection was either
uncontrolled or YIELD controlled, 1 to 2 percent of the
vehicles traveled faster than 20 mph. There was no sig-
nificant difference in behavior under uncontrolled and
under YIELD conditions. This small percentage appears to
be uniform when the volume on the controlled street is
greater than or equal to the uncontrolled street volume.
However, when the volume of the controlled street sur-
passes that of the protected street, the disobedience rate
rises markedly as the controlled volume increases. Ken-
sington Avenue (the controlled volume) was almost twice
that of Woodlawn Avenue, and the disobedience rate was
13 percent. A dramatic increase occurred at Fourth and
Greenleaf, where the disobedience rate on Fourth Street
was 31 percent. The controlled volume on Fourth Street
varied from three to five times the volume on Greenleaf
Avenue during peak periods. At this intersection only
a small pumber of vehicles entered from the east leg and
most of the west-leg vehicles turned right. Consequently,
drivers on Fourth Street tended to be aggressive, knowing
that the chances were slight that they would have inter-
ference from Greenleaf Avenue traffic. The indications
are that, when the volume of the traffic controlled exceeds
that of the protected flow, the level of disobedience of
viELD-controlled traffic will be high.

Three types of YIELD sign were in use during the study.
At site A the signs were triangular and bore the message:
YIELD RIGHT-OF-wAY. Site B had the new standard
sign recommended in the Manual on Uniform Traffic
Control Devices (7.07), which is triangular and- bears the
simple message: YIELD. At site C the sign was of the
older trapezoidal form, with the message: YIELD RIGHT-OF-
WAY. Although not studied in detail, there appeared

RETURN OF DRIVER QUESTIONNAIRES AT OAK PARK CORRIDOR SITE

BEFORE AFTER

RETURNED RETURNED
QUESTIONNAIRE HANDED HANDED
STATION ouT NUMBER PERCENT ouT NUMBER PERCENT
(a) PEAK PERIOD
Division St. 250 93 37 275 74 27
Augusta St. 392 177 45 425 172 40
Total 642 270 42 700 246 35
(h) OFF-PEAK PERIOD
Division St. 149 54 36 150 46 31
Augusta St. 150 45 30 136 49 36
Total 299 99 33 286 95 33
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TABLE 5
AVERAGE OF DRIVOMETER READINGS BEFORE AND AFTER CHANGE

DIRECTION BRAKE
CHANGE APPLICATION SPEED
SAMPLE SIZE (5° VEHICLE (APPL. PLUS CHANGE
(RUNS) TURN) RELEASE) (4 MPH)

ROUTES DISTANCE
(ALL PEAK-PERIOD) (MILES) BEFORE AFTER BEFORE AFTER BEFORE AFTER BEFORE AFTER
Division Street 1.64 16 7 54.6 67.0 9.4 10.0 103.4 103.8
Augusta Street 1.64 14 14 339 325 11.5 4.8 114.6 66.2
S-route, Division to Augusta: ) .

via Oak Park Ave. 1.9 6 4 97.6 109.1 11.8 8.3 116.7 104.5

via East Ave. 1.9 6 4 103.9 110.0 9.4 8.8 114.4 103.3

via Elmwood Ave. 1.9 6 4 107.2 109.5 8.8 7.8 113.2 100.8

via Lombard Ave. 1.9 6 4 103.2 114.4 9.5 11.5 105.1 111.1

via Harlem Ave. 1.9 6 4 34.6 73.9 9.3 8.4 124.5 98.5

a Significant decrease. P Significant increase.
TABLE 6
QUALITY OF TRAFFIC FLOW INDEX*
AVERAGE
AVERAGE SPEED DIRECTION
AVERAGE SPEED, A CHANGES, B " CHANGES, C "
(MPH) (MPH) (DEG)

ROUTE BEFORE AFTER BEFORE AFTER BEFORE AFTER
Division Street 17.2 17.3 88 90 58 73
Augusta Street 19.2 22.0 97 66 36 41
S-route, Division to Augusta:

via Oak Park Ave,. 20.5 19.2 90 83 94 108

via East Ave. 20.8 20.2 90 85 102 112

via Elmwood Ave. 21.6 204 90 82 107 112

via Lombard Ave. 19.8 17.8 85 89 104 114

ag— __AX1000
a1+B8)1+0)

b Per running minute.



to be no difference in driver behavior attributable to the
design of the sign. Drivers throughout the area have
known YIELD signs for several years and apparently regard
all types the same.

No vehicles were observed traveling 20 mph or faster
on the minor street at the two-way STOP intersections.
There are occasions when the driver will exceed this
speed because he is not aware of the control. Table 3
shows that voluntary full stops are not common, regardless
of whether intersections are uncontrolled or YIELD or two-
way sToP controlled. The number of vehicles coming to a
voluntary full stop under two-way sToP conditions was
only slightly greater than at uncontrolled and YIELD inter-
sections. The large percentage of rolling stops was attrib-

uted to (a) prevalence of local (familiar) drivers, (b) sight

distance restrictions which encouraged drivers to creep
up to obtain a suitable view of cross traffic (especially at
Fifth and Linden), and (c) a lack of interest in the con-
tinued enforcement of the full stop in the Chicago metro-
politan area. If the law is interpreted strictly, 53 to 76
percent of all drivers disobeyed the stop signs. If only
vehicles traveling faster than 5 mph are considered to be
in violation, however, about 5 to 10 percent disobeyed.

TOTAL RUNNING STOP
TIME TIME TIME
(SEC) (SEC) (SEC)

BEFORE AFTER BEFORE AFTER BEFORE  AFTER
342.6 340.5 281.7 275.1. 60.9 65.4
307.3 268.9" 282.4 242.4* 24.9 26.5
342.6 355.0 310.2 305.8 324 51.2°
328.5 338.5 305.9 294.4 22.6 44.1°
317.3 3349 297.0 294.4 20.3 40.5"
344.5 382.9 297.6 300.1 46.9 82.8"°
340.0 342.5 303.5 294.9 36.5 47.6"

CHANGE,
BEFORE TO AFTER
QUALITY OF (%)
TRAFFIC FLOW, O
RELATIVE

BEFORE AFTER TO DIVISION
3.3 2.6 —21 0
53 7.8 +47 +68
23 2.1 — 8 +13
2.2 2.1 — 4 +17
2.2 2.2 0 +21
2.2 1.7 —22 0
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ROUTE OPERATION

The study of the effect of a set of sToP signs along a route
on operation in a corridor in Oak Park (see Figs. 13 and
14) was studied with driver mail-in questionnaires and the
Greenshields drivometer. Data were collected before the
change in controls, and about one month after the change.
The results of this study are discussed in the following.

Questionnaire Study

Before and after the stop-control changes were made,
questionnaires were handed out to eastbound drivers at
two points at the exit from the corridor during a morning
peak and an off-peak period. The two points (or stations)
were located at the east end of the corridor at the Austin
Avenue intersections with Division and Augusta Streets.
Table 4 gives the number of questionnaires handed out at
the two stations, and the number and percentage returned.

The questionnaire returns were first analyzed by com-
bining them to obtain a general idea of the flow character-
istics of eastbound peak-hour traffic through the corridor
during the two study periods. Returned questionnaires
were sorted by station, by peak or off-peak hour, and by
before or after period. The data were then expanded
proportionately to comparable levels of return. Finally,
they were coded and tallied by the route taken through
the corridor.

Assuming that the eastbound motorists passing the two
stations were randomly sampled and that they returned
the questionnaires in a random manner, results of the
questionnaire returns were representative of all eastbound
drivers passing the two stations.

The adjusted questionnaire returns were statistically
tested to determine whether the proportions of drivers
taking the various routes during the before period differed
significantly from the proportion taking the same routes
after the control changes on Augusta.

Several methods of grouping the results of the question-
naire study were tried in order to increase sample sizes
for analysis. These are described in Appendix B. The
method deemed most representative of the real situation
is discussed here. The internal traffic was divided into
several zones and combined with through traffic te investi-
gate the cumulative change in volumes from the west end
to the east end of the corridor.

The results for both Division Street and Augusta Street
are plotted in Figure 72. The Austin Avenue percentages
represent the proportional distribution of motorists moving
easterly past the Division and Augusta Street question-
naire stations during a morning peak period.

Some of the north-south streets which intersect both
Division and Augusta Streets (Harlem, Woodbine, Oak
Park, East, Ridgeland, Lombard, and Austin Avenues)
appear as ordinates on the graph. The percentage ap-
pearing at each of these streets is representative of that
part of the total peak-period traffic on the two streets which
moved easterly past the Austin Avenue stations.

It can be seen that the percentage of traffic moving
along Division Street decreased with the control change
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on Augusta. Also, the traffic on Augusta Street increased
for the most part- after the change. The total shift is
approximately 8 percent toward Augusta. It should be
kept in mind that the nearby Eisenhower (Congress Street)
Expressway (see Fig. 3) could have an influence on
through traffic in this corridor. ’

Further studies were made to explain these findings.
They included a small-scale origin-and-destination study,.
using the questionnaire returns, because origins and desti-
nations obviously would influence the choice of Division
or Augusta Streets as routes of travel.

All trip ends were summarized in seven large sectors
(Figure 73), with sectors 1 and 2 west of Harlem Avenue,

HARLEM AVE.

STATION

AT

_AUGUSTA ST

Figure 74. Origins and destina- STATION
tions of peak-period drivers by

awareness of control change

TOTAL 524

Figure 73. Origins and destina-
tions of peak-period drivers be-
fore and after removal of sTop
67 signs on Augusta (based on
questionnaire returns). )

sectors 3 and 4 within Oak Park, and sectors 5, 6 and 7
east of Austin Avenue; Thomas Street (see Fig. 13)
separated the odd-numbered sectors on the north from
the even-numbered sectors on the south, except for sector
7 which designated downtown Chicago.

Figure 73 shows the number of drivers traveling be-
tween the different sectors who were questioned either on
Division or Augusta during peak periods only, and com-
pares the situation before and after the change of controls
on Augusta. The values shown are unadjusted for relative
sample sizes and, therefore, represent the “raw” data.
It should be noted that very few trips were destined to
downtown Chicago. This can be explained by the prox-

AUSTIN AVE.

TOTAL 250

. (based on “after” questionnaire
returns).




imity of the Eisenhower (Congress Street) Expressway,
which attracts most of the long trips. The trips using
Augusta and Division in Oak Park were generally shorter.
Sector 7, therefore, was included in sector 6.

Because the number of questionnaires returned in the
before and after studies was not the same, the absolute
values of the number of trips cannot be compared directly.
The 274 answers to the before questionnaire represent
about a 10 percent larger sample than the 250 answers
to the after questionnaire.

In Figure 73, some of the trip numbers are circled to
indicate “captive choice.” This means that a driver with
both origin and destination north of Thomas Street prob-
ably used only Division Street, and a driver with both
origin and destination south of Thomas Street probably
used only Augusta Street. The figure shows, however,
that a few drivers detoured and used the more distant
of the two streets.

Drivers going diagonally between sectors 1 and 3 and 6
and 7, or between sectors 2 or 4 and 5, had relatively free
choice between Division and Augusta Streets. The tabu-
lation shows a driver preference for Augusta Street before
as well as after the sTop-sign change. For both the before
and after conditions, the drivers traveling between zones
diagonally opposite each other with respect to the corridor
preferred to travel along Augusta. The preference for
Augusta increased overall, however, after the change in
control. Drivers traveling between sectors 1 and 6 or 7
showed negligible change in their preferences, as did those
moving between sectors 4 and 5. It should be noted that
in these two cases a large percentage was already using
Augusta before the change in control was made. Trips
between sectors 3 and 6 or 7 changed from 64 percent to
82 percent on Augusta, and trips between sectors 2 and 5
changed from 56 percent to 64 percent on Augusta. The
overall shift to Augusta for those routes where a choice
existed was on the order of 25 percent. This analysis
indicates, therefore, that the pattern of traffic having a
choice between the two streets shifted to Augusta as a
result of the improved operation due to the removal of
sToP signs. It should be recognized, however, that the
results are based on a relatively small amount of traffic.

Another important consideration is presented in Figure
74. Each driver was asked if he had noticed the sTop-
sign change on Augusta. Evidently, a large proportion of
the drivers who regularly use Division Street had not
realized that an improvement had been made on Augusta,
even though the change was publicized in local papers.
Those unaware of the change are shown on the right side
of the figure. For example, none of the drivers between
sectors 2 and 5 who still used Division Street knew of the
change of signs. In contrast, almost all of those using
Augusta (20 out of 22) had noticed the improvement.

It is evident from this discussion that, among all drivers
returning questionnaires, many did not have a free choice
between Augusta and Division because of their origins
and destinations, and others did not use Augusta because
they did not know of the improvement.
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Driver comments on the returned questionnaires gave
further evidence of the driver’s reaction to the sTop-sign
removal. These indicated that drivers were definitely in
favor of the improved traffic conditions on Augusta Street.
Among the drivers using Augusta during the peak period
after the change of controls, 40 answered positively that
they had rerouted their trips to Augusta. The number
of drivers changing for each reason was: Removal of
STOP sign, 23; Faster, smoother, 11; Other reasons, 6.
The 11 drivers stating that traffic on Augusta was faster
and smoother also probably meant that this was due to
STOP-sign removal, although they did not explain. Other
reasons were ‘“better route,” “better connection in Chi-
cago,” “better pavement,” “change of scenery.”

There were, however, two drivers who criticized the
change of four-way sSTOP to two-way STOP because:
“Turning into Augusta at four-way stop was quicker and
safer than at two-way stop,” and “Turning left from
Augusta at four-way STOP was easier than at two-way
sToP.”

Although four-way sToP provided some advantages for
minor-street traffic and for left turns from Augusta, it
appears that most drivers preferred the improved through
flow on Augusta provided by the two-way sTOP control.

Volume Counts

During the before and after periods, peak and off-peak
traffic counts were made at key intersections throughout
the study area. The counts obtained at six of these inter-
sections are shown in Figure 75.

It was intended that these before and after volume
counts would provide further information on route choice.
However, delays during the course of the study caused the
after portion to extend to within one week of Christmas.
This, plus extreme cold and bad weather during the period
when volume counts were taken, eliminated any possibility
of direct comparison of volumes. The questionnaire, how-
ever, had been handed out before the bad weather, thereby
making it valid. As indicated in Figure 76, there was an
overall decrease in traffic. The data were probably further
disrupted by patterns of travel occasioned by the Christmas
holidays.

Drivometer Data
The drivometer was used to collect data on stream opera-
tion, driver actions, and vehicle dynamics. Measurements
were made on the anticipated major alternates through
the corridor before and after the change in control along
Augusta. The routes included the two major streets of
Augusta and Division (see Figure 13) and several S-
shaped routes which began at the intersection of Division
and Harlem and finished at the intersection of Augusta
and Austin. The north-south avenues (Harlem, Oak Park,
East, Elmwood and Lombard) connect the west-to-east
sections of Division and Augusta Streets for the major
S-shaped routes.

The drivometer data were automatically processed and
tabulated as discussed in Appendix B. The several runs
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on the same route before or after the removal of the
sTOP signs were averaged. The resulting values for the
important routes and measurements are given in Table S.

Statistical tests were run on these data using the F-test
and a variation of the r-test, and the statistical confidence
intervals of before and after averages were analyzed.

Although many drivometer runs were made through
the area, the sample sizes are still relatively small and
somewhat affected by the habits of individual drivers.
Small differences in the results of the average values are,
therefore, not considered relevant to the influence of sToP-
sign removal in the study of the corridor traffic, as shown
in the before and after conditions.

Table 5 indicates the different units of direction change,
brake application, and speed change. Running time was
subtracted from total time to determine the stopped time.
The values show that there was little change on Division
Street between before and after conditions. The total
time for the run on Division was about 5.7 min. On
Augusta Street, however, a sample (which included some
runs under wet pavement conditions) of 14 runs before
and 14 runs after showed significant reductions in brake
application (from 12 to 5), speed change (from 115 to 66
changes), total time (307.3 sec before to 268.9 sec after),
and running time (282.4 sec before to 242.4 sec after).

It was surprising that the stopped-time delay on Augusta
increased by 1.5 sec. The increase can be considered
negligible, but it was expected that the removal of sTop
signs would cause a significant decrease here. In order to
investigate this a bit deeper, an analysis was made of the
average travel times for the before and after situations
(Fig. 76). Although based on a limited number of peak-
hour runs on dry pavement the figure indicates that the
saving in delay that resulted from the removal of sTop
signs on Augusta was absorbed, for the most part, by
increased delay at the signalized intersections with Ridge-
land and Austin Avenues. In addition, it should be real-
ized that the vehicle had to be completely stopped in order
for it to register as such; therefore, the time spent creeping
forward at sToP signs is not included under stopped-time
delay.

The time saved on Augusta Street after removal of the
three sToP signs amounted to about 40 sec on a 300-sec
run, or an average of about 13 sec per vehicle per sTop
sign removed. This saving was entirely on running time,
and included deceleration and acceleration at STOP signs.
The measurement “time slowed by sTop sign” refers to the
delaying influence of the sTOP signs. A significant differ-
ence was found in these data between before and after
conditions.

Six runs were made before, and four runs after, the
removal of STOP signs on all of the five S routes. The
average values show, generally, slight decreases in brake
application, speed change, and running time. However,
there was a slight increase in direction change and a
general increase in total time due to more stop time.
This is probably the result of longer stopping time on the
minor street at the newly installed two-way sTOP signs
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compared to a relatively quick entry possible at the four-
way STOP control previously present. Analysis of the
north-south sections alone shows that stop time increased
greatly on Oak Park, East, and Lombard Avenues, but not
on Harlem and Eimwood Avenues. Therefore, the increase
in stop time on the S route at Harlem and Elmwood was
due to delay on the west-east sections of the route.

Quality of Traffic Flow Index

A quality of traffic flow index suggested by Greenshields
(6.28 footnote) was used to obtain some preliminary esti-
mation of the combined effect of these parameters. The
index is of the form

- Average Speed X 1,000 (4)
(1 4 Change in Speed) (1 + Change in Direction)

Q

in which Q is the quality of traffic flow index for a given
section of roadway. This index was computed for
peak period data on six major routes through the study
site. The results are given in Table 6.

The rate of change of speed is expressed in miles per
hour per minute of running time. The rate of change in
direction is expressed in degrees per minute of running
time. The factor of 1,000 was employed to bring the
number to reasonable value.

The quality of flow indices fell between 1.7 and 7.8.
There was an increase in Q from 5.3 to 7.8 on the route
along the entire length of Augusta after the removal of
the stop signs. However, the full-length route along
Division dropped at the same time from 3.3 to 2.6. All
but one of the major S-shaped routes held about the same
value for Q, before and after; the path involving Lombard
Avenue showed a decrease from 2.2 to 1.7.

The percentage change in Q is shown for each route
in Table 6. While the flow index on Division dropped
19 percent, the index on Augusta rose 58 percent. It is
not readily explainable why the quality of flow index
should become lower on Division, where no change was
made. It is possible, however, that weather condition
influences the traffic flow index. If it were assumed that
Division represented a control section, the changes in the
quality of flow indices could be related to a decrease of 19
percent as a base value. The result of this assumption is
shown in the last column of Table 6. Augusta now shows
an increase in quality of flow of 68 percent while three of
the S-shaped routes show an increase between 13 and 21
percent. The only route showing a decrease is the S-
shaped path using Lombard, due to larger waiting time to
enter Augusta at Lombard at a two-way sToP compared to
a four-way sTop. Its being greater here than at the other
two points was probably due to the greater volume passing
this point.

The change in the quality of traffic flow index corre-
sponds generally to the change in route choice obtained in
the questionnaire study. It is anticipated that future de-
tailed studies of the system effects of control devices could
be designed to test the correlation between route choice
and a measure of the quality of traffic flow such as that
discussed.
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EVALUATION OF STUDY METHODS AND PROCEDURES

One of the major purposes of the pilot studies conducted
during this first stage of research was to test methods of
measurement and methods of study of intersection opera-
tion. The resulting experience was to serve as a guide in
designing detailed studies during the second stage of the
project. Work has already begun to evaluate fully the
instrumentation, field study procedures, and parameters
investigated for the purpose of organizing the next stage
of research. Some tentative conclusions are given here
as an indication of the general experience gained during
the first stage.

Instrumentation

It was found that time-lapse photography provides an
efficient tool for collecting data on a number of parameters
of intersection operation. The accuracy attainable with
the camera, through variation of filming speed, is sufficient
for the purposes of the project. The major problem with
the use of photography is to find sites which give suitable
fields of view.

The 20-pen recorder can be useful in collecting certain
data required on this project, but to perform the types of
studies where the pens are to be activated manually, ex-
tensive equipment set-ups and field personnel are required.
In these cases, other instrumentation could probably be
found to make the study in a simpler manner.

The use of stopwatch and enoscope to obtain speed
profiles and travel times was found to be a good method
of measurement. The accuracy is limited, of course, by
the observer’s reaction time. It was concluded that the
accuracy was within that desired for travel time studies
and that it depended on the use intended for the speed
determinations, as to whether this method had sufficient
accuracy. Difficulties arose in the method of sampling
when only one or two observers were used to obtai
speeds over several “traps.” :

The major problems with instrumentation arose in con-
nection with speed determination. The speed of 100
frames per minute does not allow accurate speed deter-
minations from the films. Also, the stopwatch and eno-
scope method does not allow accurate determinations of
speed over short traps. -However, speeds could be taken
accurately over short distances from films taken at a speed
of about 300 frames per minute. Other instruments, such
as radar, should be investigated for possible use.

The instrumented vehicle employed in gathering data
on route characteristics and driver action is still in its
developmental stages. In spite of this, it was found to be
a useful device, because it measures parameters not here-
tofore easily obtained and provides the information with
a minimum of field effort. The digital display and photo-
graphic recording mechanism produced some problems,
which apparently can be minimized or eliminated in the
future. Although a digital output is easier to process, an
analog (e.g., graphical) output might be preferable for
some of the measurements. An analog display provides
a better check on the operation of the recording devices

- the variation of different parameters.

and gives an immediate picture of the results of each run.
The disadvantage is that for mathematical analysis the
results must be translated to digital form.

Questionnaires to obtain driver opinion and information
about the driver’s travel habits were found to be a very
useful device. Depending on the amount of funds availa-
ble, the nature of the study being made, and the situation
in the field, the type of questionnaire can vary from a road-
side interview to a mail-in questionnaire. The bias
introduced in questionnaire sampling devices should be
realized when analyzing the results. It was found that
pretesting of the proposed questionnaire can avoid much
misinterpretation of questions.

Study Methods and Analysis _

As preparation is being made for the second stage of
research, the field methods employed during the first stage
are being reviewed and redesigned. One major considera-
tion is the relative efficiency of combining the collection of
most of the desired parameters into one integrated field
study, as opposed to preparing separate field procedures
to gather data on several smaller sets of the various param-
eters. It seems likely that the latter method would be a
more flexible procedure, especially since certain parameters
are measured with specific instrumentation. This would
mean that each intersection would not necessarily be stud-
ied to obtain information on every parameter. In fact,
different intersection conditions may be desired to study
The method of
more individualized studies would then allow this more
independent type of study of each parameter. Specific
field procedures will be analyzed and redesigned as the
specific objectives of the second stage are finalized.

More rigorous statistical sampling procedures can be
employed, basing sample size requirements on the data
obtained during the first-stage work. With larger sample
sizes and a wider scope of coverage, more detailed mathe-
matical analyses can be carried out to investigate correla-
tions between parameters and factors causing their varia-
tion.

Data processing machines and computer analysis were
found to be useful tools in the course of this study. The
use of computer processing should be increased, as it gives
flexibility to the analyses. It was found especially helpful
in tabulating and analyzing data from the intersection film.
Thorough investigation should be given to greater use of
statistical testing programs. Also, consideration should
be given to the utilization of a graphical output routine, as
its time savings would allow a number of different ap-
proaches to be tried.

Parameters Studied

Each parameter chosen to describe some aspect of inter-
section operation has brought out some interesting aspects
of operation under the different control conditions studied.
It is indicated in' the discussion under the recommendation
for further study that most of the second-stage research
should be devoted to the study of intersection operation
toward the purpose of developing warrants for traffic



controls and in the evaluation of capacities. This will
require classifying the parameters into two groups: (a)
those directly usable in determining warrants, and (b)
those of more theoretical interest. Those falling within
the first classification will be sludied in greater detail,
whereas those in the second classification will be investi-
gated further as time and funds permit. This classification
is being carried out at present. It seems likely that gap
and lag acceptance, delay, and safety characteristics should
be included in some manner in the warrants to be devel-
oped. Other parameters will be chosen as deemed advis-
able.

Although many parameters of individual intersection
operation were studied, the different aspects of each would
not all be covered. Some discussion is included here of
the suggestions for additional investigations of certain of
the parameters studied.

For gap and lag acceptance, the difference between
straight through, left-turn, and right-turn maneuvers should
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be investigated, as should the difference when the gap or
lag is formed by near-side or far-side vehicles. Decelera-
tion characteristics of the minor-street vehicles should be
studied in detail within the section about 100 to 150 ft
prior 1o the intersection and should be compared for the
conditions with and without traffic on the major street.
Investigation should be made of the number and types of
hazardous maneuvers and near misses at an intersection
under different controls. A more detailed study of driver
obedience should also be made. In all cases the variation
in these parameters as caused by the physical conditions
at the intersection should be studied. Results of the first-
stage work indicate the character of the intersecting
streets and the sight distance restrictions to be two major
factors.

As noted in the section on recommendations for further
study, the study of effects of control devices on route
operation will require an extensive period of review during
the second stage before the best parameters and methods
of study can be chosen.

CHAPTER FIVE

COMPARISON WITH PREVIOUS STUDIES

This chapter has been included to provide some continuity
between previous work in the field of traffic control re-
search and this project. The major purpose is to deter-

mine if the results of this project lead to conclusions

similar to those of studies with comparable parameters.
A similarity in results would provide support for the con-
clusions of this study because that would indicate repro-
ducibility of the results for other locations. Inconsist-
ency in results would prompt further investigation of the
causes for difference, primarily to identify the factors which
affect traffic.

Rather than cover every study which allowed compari-
sons, a review was made of studies most directly related to
the purpose of this project. In a number of cases com-
parable data were not available on the type of information
collected for this study.

INDIVIDUAL INTERSECTION OPERATION
Gap and Lag Acceptance

Raff (2.33) conducted a study of lag acceptance at several
sTop-controlled intersections in New Haven, Conn., in
1950. The results of lag acceptance for two of his inter-
sections are shown in Figure 77, with the corresponding
curve for this project.

The definition of lag used by Raff differed slightly from
that used in this study. He defined the arrival of the

major-street vehicle as the time it reached a point opposite
the curb line entering the intersection, whereas on this
project the time of arrival was measured to the midpoint
of the intersection. The difference means that lags meas-
ured by Raff are about % sec shorter than corresponding
lags as measured herein. This assumption is based on
an average minor-street width of about 30 ft, and a major-
street vehicle speed of 20 mph. The curves taken from
the data by Raff, therefore, have been shifted to the right
by V2 sec to provide a more direct comparison.

Intersection A is in an industrial section and has build-
ings relatively close to the curb on all four corners. Inter-
section C is in a residential area, where the sight distance
is much better than for intersection A. Information was
not sufficient to quantify the sight restriction.

Two things are apparent from Figure 77. First, at the
controlled intersections a greater lag acceptance is indi-
cated for intersections A and C than for the intersections
studied in this project. Second, intersection A, with greater
sight restriction, shows a higher acceptance rate than
intersection C. This is the opposite of the conclusions
drawn in this study. Raff makes a tentative suggestion
that “the side-street driver at an intersection of this (severe
sight restriction) character is likely to accept shorter lags
than he would want at an open type of intersection.”
Although a similar relationship was found for the study
of gap and lag acceptance at the two sToP-controlled
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intersections of this study (see Fig. 33), the sight restriction
at Fifth and Linden was not excessive. In fact, the more
logical reason for this occurring was given as the character
of the major street relative to the minor street. Back-
ground information is inadequate for a similar comparison
of the streets involved at intersections A and C. Quite
possibly differences in the type of driver being measured
caused the differences in results. In any case, this com-
parison indicates that more detailed study of the effect
of sight restrictions and geographic location is warranted.

Swerdloff (2.38) studied gap and lag acceptance at
two intersections in Skokie, the suburb where sites B and
E (Fig. 3) were also located. Figure 78 compares the
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results of his study with those for the two sTop-controlled
intersections of this study. Swerdloff’s definition for ar-
rival of the major-street vehicle was identical with Raff’s.
Because both gaps and lags were studied, however, a
simple shift of curve cannot be made because the measure-
ment of gaps is independent of reference line location.
To this extent, therefore, direct comparison is limited. It
is unlikely, however, that the resolution of the difference in
definition would cause much change in the relative posi-
tions of the curves.

Niles Center Road is a four-lane major street at the
intersection with Howard Street, whereas Howard Street
is a two-lane major street at the intersection with Kostner
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Avenue. Both intersections are in residential areas and
have good sight distances.

Figure 78, comparing results of the two separate studies,
shows quite similar acceptance characteristics. It is inter-
esting to note that the major streets, except for Linden
Avenue, have a general character of priority, and the
curves show lower acceptance than at Fifth and Linden
for gap or lag sizes of less than 7 sec. This same relation-
ship was pointed out for the study intersections of this
project.

Greenshields (2.13), in his study of one intersection in
New Haven, Conn., found 50 percent acceptance of gaps
and lags of about 6 sec. The corresponding sizes were 6
sec at Fifth and Linden, and 7% sec at Kirk and Kostner.

Inwood, er al. (1.10, 1.11) studied the behavior of
vehicles emerging from the minor road at 13 sites where
HALT (sTOP) signs were replaced by YIELD signs. They
found that there was 100 percent acceptance of gaps above
12 sec. They also concluded that the change from stor
to YIELD control did not affect acceptance characteristics
except possibly for the left-turn movements, and that the
type of intersection, rather than the type of control, seemed
to affect the gap and lag acceptance characteristics. This
has been suggested from the results of this study as well.

Travel Time and Delay

Because of the form of the data on travel time and delay
in this study, it was possible to obtain only a few com-
parable results from other studies.

Lewis and Michael (5.14) and Kell (5.11) have pub-
lished results of major simulation studies of delay at sTop-
controlled intersections. It was not possible to compare
overall delay results, but Lewis and Michael plotted data
on the “average wait” of each vehicle. This differed from
stopped-time delay only in that the time a minor-street
vehicle in a queue exceeded a speed of 4.5 ft per sec

MAJOR-STREET VOLUME VPH
Rate of Fiow Based on 5-and |0-Minute Periods

(speeds blow 4.5 ft per sec were considered as stopped
time) while moving up in line was included in the wait
time. Because of the negligible amount of queuing at the
volumes studied, it was decided that a comparison could
be made. Portions of two curves given by Lewis and
Michael have been plotted in Figure 79 with stopped-time
delay results for this study. The results for stopped-time
delay at the sToP-controlled intersections of this project
represent an approximate average minor-street volume of
230 vph, compared to the simulation study volumes of
363 and 251 vph. Considering the differences in the
study methods, reasonably close agreement is shown in
this comparison. Future field studies could appropriately
determine the extent to which minor-street volume affects
intersection operation over a wide range of values.

Inwood, et al. (1.10, 1.11), in a study of 13 intersections
in England which were changed from HALT (STOP) to
YIELD control, found that delay was reduced with the
change to YIELD signs. Delay was defined from a base
travel time measured at the intersection when no vehicles
were on the major street. The delay at the YIELD sign was
39 percent below that for the same intersection under
sTop control. This reduction was statistically significant.
Time required for straight through movements decreased
from 3.3 sec under STOP control to 1.8 sec under YIELD
control while (British) left-turn delays went from 2.3 sec
under sTop control to 1.2 sec under YIELD control per
vehicle.

Radelat * studied delay to minor-street vehicles on the
east leg of Kirk and Kostner (site B). He concluded that
delays on the minor street are lower with YIELD control
than with sTOP control, and estimated the reduction at
about 17 percent. Estimates of delay were based on an

* Radelat, G., Comparative Effects of “Yield” Signs and “Stop” Signs
on Traffic Approaching a Through Street from a Side Street. Unpub-
lished Master of Science Thesis, Northwestern University, June 1964,
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“ideal travel time” measured from runs with a test vehi-
cle, by averaging the time to travel through an intersection
with no traffic present.

Speed Profiles

The only information found on studies comparing speed
profiles for YIELD and sTop control is given by Kell
(1.13), who published the results of a study by a graduate
student in San Francisco. The profiles show speeds
beginning about 95 ft from the projected curb line of the
intersecting street. The profiles for the current project
follow the vehicle speeds up to about 100 ft ahead of the
curb line. Detailed study was not accorded the last 100
ft. The study reported by Kell, therefore, gave an indica-
tion of what could be expected. The results showed that
when traffic was present on the major street the profiles
were quite close, with YIELD-controlled vehicles traveling
slightly faster than sToP-controlled vehicles; the minimum
speed was about 3 to 5 mph. When no major-street vehi-
cles were present, the difference in deceleration charac-
teristics became noticeable about 35 ft from the curb
lines. The sToP-controlled vehicle decelerated to an aver-
age speed of 6 mph, whereas the YIELD-controlled vehicle
proceeded at about 10 mph.

To investigate fully the deceleration characteristics at
the various controls, the effect of sight distance should be
studied. No information was available from the previously
mentioned report by Kell on the type of intersection from
which the data were taken. The more restrictive sight
distance would probably tend to cause similar deceleration
characteristics for each type of control.

Headway Distribution

Many researchers have studied the distribution of head-
ways in a traffic stream under different conditions. The
studies reviewed for the low-volume range studied on this
project were all based on statistical approximations of
Poisson’s probability law. The “double,” or “composite,”
exponential distributions proposed for use by Gerlough
and Schuhl (6.43), Gerlough (5.55), Kell (10.53), Oliver
(10.59), and others, were developed to include the effect
of “restrained” vehicles at higher volumes under which
some traffic cannot move freely. It was found that this
refinement was not justified for the low volumes of this
project.

All authors agreed that exponential distribution applies
to arrival of vehicles in an undisturbed stream. How-
ever, the disturbance to a traffic stream caused by inter-
vening unsignalized controls had not been studied in any
systematic manner, thereby eliminating any opportunity
to make comparisons. Studies have been reported, how-
ever, which demonstrate how the presence of a traffic
signal causes formation of platoons separated by long
intervals. This would represent one case of deviation
from the random distribution. This same tendency to-
ward bunching, in a more moderate manner, appeared in
this study when considering arrivals from intersections
upstream when the immediately adjacent intersection pro-
tected the approaching stream so as not to disturb the flow.

No other information was found on deviations caused by
traffic controls, especially at high crossing volumes. The
results from this study indicated that the interruption of
flow by sToP or YIELD control at the immediately previous
intersection did not seem to alter the randomness of arrival.

Safety Characteristics
ACCIDENTS

Before-and-after studies ‘conducted in the past indicate a
reduction in the number of accidents where YIELD signs
have been installed at previously uncontrolled intersections.
Berry and Kell (1.02) referred to two studies: Oklahoma
City showed a 9 percent decrease in accidents at 28 inter-
sections; in Portland there was a decrease in accidents at
nine intersections, no change at three, and an increase at
two. Kell reported a study in Berkeley (1.13) where
there was a reduction of 44 percent. A study in Provi-
dence (1.27) also showed a decrease after YIELD signs
were installed. Comparable decreases in accident rates
were also evident from studies basic to this report.

In the Berkeley study (1.13), at one intersection where
the major volume was forced to yield there was an alarming
increase in accidents. Yet at Kensington and Woodlawn,
where the major flow was controlled in this study, there
was an overall decrease in accidents. This could have
resulted from drivers on Kensington, who naturally took
precedence. when the intersection was uncontrolled, creat-
ing an even greater hazard than after the control was
installed.

OBEDIENCE

Rice (1.20), who originated the YIELD-type control, found
that 12.6 percent of drivers at intersections observed in
Tulsa disobeyed the YIELD-sign speed limit of 15 mph.
In San Francisco 8 percent of all drivers at one inter-
section and 24 percent at another exceeded the 15-mph
speed limit (1.13). The Illinois speed limit for YIELD
signs is 20 mph. Consequently, the results in this report
are not directly comparable, other than to note that only
1 to 2 percent violated the 20-mph YIELD-sign speed
restriction when the minor flow was controlled, and that
the disobedience rate was much higher where the major
flow was controlled. Radelat * reported that 96.6 per-
cent of the vehicles on Kirk Street (site C) confronted
with traffic on Kostner Avenue actually yielded the right-
of-way. The 3.4 percent of the vehicles on Kirk which
violated the YIELD sign caused a reduction of speed of the
vehicles approaching on Kostner.

sTOP-sign disobedience at two intersections in San Fran-
cisco ranged from 44 to 49 percent when a speed in excess
of 5 mph was considered a violation. Wilkie (2.40, 2.41)
reported disobedience at a two-way STOP sign when the
“rolling stop” was not considered in violation, averaging
about 1 to 2 percent at a number of intersections in Cook
County, Ill. This compares with about 5 to 10 percent
found in Wilmette and Skokie.

Wilkie also reported disobedience to a full stop as high
as 62 percent and an average of 20 percent after studying

% Radelat, Ibid.



42 two-way sTop locations in Cook County, Ill. Keneipp
(2.22) found 29 percent disobedience to the full stop in
Champaign-Urbana, Ill., while Hanson (2.16) found an
average disobedience rate of 72 percent in the St. Louis
area. The full stop was also violated freely in Wilmette
and Skokie, ranging from 52 to 76 percent. At Kirk
Street and Kostner Avenue (site C), Radelat found 74.6
percent of the vehicles on Kirk stopped at the sTop sign.
This percentage conflicts with the data obtained by film
interpretation. The difference probably results from defini-
tion and judgment used to determine a full stop. The
film studies eliminated vehicles with any movement, how-
ever slight, from the full stop category. These slow-
moving vehicles were tabulated in the 0- to 5-mph range.
This permitted a flexible method of categorizing vehicles
in various ranges of motion.

ROUTE OPERATION

The use of instrumented vehicles such as the Greenshields
drivometer is of recent origin. No specific studies here-
tofore have attempted to correlate the type of control along
a route with driver actions and vehicle motion. Several
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indices have been suggested by Greenshields (10.45 to
10.48), Platt (6.28) and Heimbach (9.08) for measuring
the quality of flow along a section of road. Indications
from these studies and this project are that an index might
be useful in identifying the extent to which traffic control
devices affect flow along a route.

Many techniques are used to assign traffic to a street
network being tested. These techniques relate the volume
of traffic on alternative routes to the travel time or travel
distance. Some methods of assignment include other char-
acteristics such as turn penalties or the translation of time
and distance into cost. Nothing has yet been published
on the use of more detailed consideration of driver be-
havior characteristics in assigning traffic between alter-
native routes. Heimbach (9.08) states, in connection
with a study of traffic generation to supermarkets, that
“driver actions are a more precise measure of effective
distance in the discounting relationships than either time
or distance is for functional accessibility . . . ” How-
ever, he did not attempt to correlate driver actions and
route choice. The preliminary studies of driver behavior,
however, seem to indicate useful applications to the study
of the effect of traffic controls on route choice.

CHAPTER SIX

SIMULATION

To evaluate fully the effect of a traffic control device, it
would be desirable to test it under a wide variety of
conditions. It would be of further benefit to control cer-
tain parameters while holding others constant, thereby
permitting conduct of experiments similar to those in the
laboratory. It is not practicable, however, for the traffic
engineer to study operation under such controlled condi-
tions. Therefore, he must turn to methods of analogy,
or modeling. It would help in analyzing intersection con-
trol to develop a model of an individual intersection or
street system which would be sufficiently accurate in de-
scribing the operation to be able to determine the limiting
and optimum operating conditions for the various controls
under study. Such an approach is necessary because of
the complex situation existing at an intersection where
several traffic streams and a wide variety of complex
variables are in constant interaction.

The use of a model in engineering analysis is not new,
models having been used in one form or another for many
years.  These include physical models, analog models,
and symbols or mathematical models. The development
of mathematical models has been quite rapid since the
development of the high-speed computer, and a variety of

applications has been found: models have been developed
to aid in designing automobiles, bridges, highways, and
buildings. Furthermore, the use of the mathematical model
seems well-suited to the analysis of traffic situations.
When the mathematical model is used to describe the
physical situation, it is often termed the process of
“simulation,” which is defined by the dictionary as “an
imitation.” Simulation of an intersection implies imitating
the operation of that point in a highway network. Never-
theless, an imitation does not usually have all the charac-
teristics of the object imitated, and this is true for the simu-
lation of an intersection. The model should be designed,
however, to include all those factors which play a significant
part or which have a significant meaning in the operation
of the intersection.

The mathematical model, by its very nature, usually
requires a large number of repetitive operations to carry
out the evaluation. The calculations could not be done
manually as a practical matter. However, the develop-
ment of the high-speed computer made such a method
feasible. A high-speed computer, in fact, can simulate
a complex traffic situation in much less time than the
situation being represented would take.
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THE SIMULATION PROCESS

The simulation process can be outlined as a series of four
major steps, as follows (5.71):

1. Definition of the problem and the objectives of the
model.

2. Formulation of the model.

3. Testing of the model.

4. Determination of the values of the parameters of
operation to be used.

The definition of the problem should be made after
careful consideration of the scope of the system to be
studied and a comprehensive review of all factors involved.
This is necessary so that the model developed will be
flexible enough to handle all conditions which might occur.
The model itself need not be designed to describe the
entire operation of the system. It is necessary, therefore,
to fully define the scope of the model. This should be
determined by considering that portion of the system which
justifies simulation.

Having defined the problem and the scope of the model,
the next step is to determine the criteria which will be
used as yardsticks in analyzing the system operation. This
must be done before the model itself can be completely
formulated, and is one of the most important steps in the
simulation process. The criteria designated here are the
ones which will be used to measure the relative levels of
operation under different design or traffic conditions. They
should be measurable quantities which effectively describe
the system operation in some quantitative manner.

In formulating the model, the engineer must be careful
to express the interaction of each of the elements of the
system which affect the parameters being used as criteria.
The actual model is compiled in four steps, as follows:

1. Determining the physical characteristics of the system
and expressing them in mathematical form.

2. Expressing the operation system in a series of mathe-
matical routines describing the interaction of each of the
factors involved.

3. Determining the inputs and outputs desired from the
model.

4.. Quantifying the parameters to be used in the com-
putational procedures of the model.

The physical system can vary. Therefore, the model
should permit revision of the system with minimum effort.
The routines must allow the system operation to be pro-
grammed and simulated on the computer efficiently. The
inputs required will follow from the first two steps of the
formulation process. The outputs desired will depend on
the criteria chosen to analyze the system. Quantification
of the parameters is a most important part of the simulation
process. However, traffic engineers have little informa-
tion on this subject. The usefulness of the model depends
on the accuracy with which the various parameters are
described.

When the model is formulated and the traffic engineer
is satisfied with the accuracy of the parameters being used,
he is ready to test the model. The testing is done in two
steps. First, a test run is made on the simulation model

for a given set of conditions in the system. The realism
of the model can be tested in a general way by observing
whether or not the outputs are reasonable. Second, a
more exacting test can be applied by simulating conditions
for an actual location. The accuracy of the model can
then be tested by comparing the output of the simulation
with field measurements of the same parameters. This
leads to an iterative process whereby the model is made
successively more accurate,

Once an accurate model has been developed, the engi-
neer has a useful tool to test any number of alternative
designs. The model can be used in determining overall
policies as well as in evaluating proposed designs.

SURFACE STREETS AND AT-GRADE INTERSECTIONS

Mathematical models have a number of applications in
traffic engineering. Digital computer simulation methods
have been under development for more than 20 years.
The methods have been applied to analysis of at-grade
intersections, sections of freeway and surface streets, and
arterial networks. The application has varied from the
macroscopic traffic assignment model on the one hand, to
the detailed intersection operation model on the other.

The development of simulation models of at-grade inter-
sections and surface streets began about 1956 (5.05).
The first attempt was somewhat crude due to oversimpli-
fication, but it was the pioneering effort in an approach
which has matured quite rapidly. There are a number of-
models in use at present. Some simulate a section of a
street; others, a network of surface streets; still others
attempt to describe the operation of a single intersection
in detail.

This project is seeking to determine how certain regula-
tory devices affect capacity and operation at a given inter-
section and throughout an entire street system. The need
to describe effects under a number of conditions indicates
the desirability of the simulation approach.

It was decided, therefore, that a review should be made
of the possible applications of the simulation process to
this project. Accordingly, a number of the existing simu-
lation models were analyzed as a portion of the review.
Information was taken from the various publications de-
scribing the models (see Appendix C, Section 5) and the
models were compared in the areas of general objectives,
general characteristics, inputs, outputs, and model opera-
tion. In many cases, sufficiently detailed information of
the same type for each model was not readily available.

Most of the work which has been done on intersection
simulation and surface street simulation was begun in
1956 by Goode, Pollmar and Wright (5.05), who reported
development of a simulation model of a signalized inter-
section. Wong (5.72), also in 1956, reported the simu-
lation of a twelve-lane, two-way boulevard section. These
studies represented a pioneering effort in the construction
of a digital computer simulation model and were therefore
quite simplified. '

Benhard (5.02), Lewis (5.12) and Jorgensen (5.08)
later developed more sophisticated models. New models
and recent advancements have been recorded by Kell
(5.09), Lewis and Michael (5.14), Stark (5.20), Ger-



lough and Wagner (5.04), Aitken (5.01), Ruiter and
Shuldiner (5.18), Miller (5.15), Snell (5.19), and Morri-
son and Moores (5.16). The recent advancements in
simulation include simulation of a nine-block city street
system by Stark; simulation of an at-grade intersection
using distributions to describe arrival rates and driver be-
havior characteristics by Kell, Lewis and Michael, Aitken
and others; and simulation of a highway network by Ger-
lough and Miller. Ruiter and Shuldiner have modified
the Lewis and Michael model to include a method of
computing operating costs.

SIMULATION ON CURRENT PROJECT

The objective of this project in the area of simulation is to
develop a model with sufficient accuracy to describe the
operation of a system under a number of controlled condi-
tions. The ultimate goal is to be able to describe the
effect of regulatory devices in a given system so that the
application of these controls may be made in such a man-
ner as to optimize the operation of that system.

The simulation model that will be developed for use
on this project should meet certain requirements based on
a set of general criteria. The word “model” as used here
could be construed to mean one or more simulation
models, because it might be advantageous to have separate
ones for investigating street system operation and opera-
tion at an individual intersection. The following criteria,
based on particular requirements and objectives of this
project, have been established:

1. General Criteria

(a) The model should be flexible enough to allow
variation of physical, control and operational con-
ditions with a minimum effort.

(b) The model should realistically and accurately
simulate system conditions for the purposes of
this project. This will require the use of stochas-
tic models to describe operational and driver
behavioral variations at an intersection.

(¢) The model should exclude refinements which do
not add significantly to accuracy.

(d) The model should be designed to use computer
time efficiently.

(e) The input should be based on operational pat-
terns and characteristics which can be readily
measured and checked.

(f) The output should be designed to allow testing
and analysis in the simplest possible manner.

(g) The amount of data and its processing for a par-
ticular investigation should be minimal (5.01).

2. System Criteria

(a) The model should be flexible enough to describe
operation in a system of streets for any particular
vehicle, as an average per vehicle, or as a total
for the system.

(b) The model should be sensitive enough to show
operational variation with a significant alteration
at any one point in the system.

3. Individual Intersection Criteria

(a) For defining operation at an intersection the

model should be so refined as to describe in detail
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the effect of system changes on driver behavior
characteristics.

(b) Operational rules should be of sufficient detail to
be sensitive to changes in control, physical, or
driver behavior conditions.

The purpose of this review of simulation studies is to
choose several for more detailed analysis and experimenta-
tion at a later stage of the project. The intention is that
the detail study would reveal those characteristics which
would be desirable for inclusion in a model designed for
the purposes of this project. The next step would then be
either to modify one of these models or to develop a new
model which contained each of the desired characteristics.
The models designated hereinafter for further study have
been chosen on this general basis.

During the review of published work on simulation it
became apparent that rather than any one, or a few, of the
models being preferable for further analysis, several had
desirable characteristics or methods of handling a specific
aspect of the process which were worth further analysis.
Some of the major items have been summarized as follows
for further consideration during the detailed analysis sug-
gested for a later stage:

1. Individual Intersection Models

(a) Arrival Rates—Kell (5.09) has used a composite
exponential function, as suggested by Gerlough
(5.55), to calculate arrival headways. A Monte
Carlo technique is used in the generation process.
Aitken (5.01) reports use of the exponential
function for constrained vehicles as developed by
Gerlough, also generating arrivals with a Monte
Carlo technique. His model generates the vehi-
cles and queues them at a signal upstream from
the intersection being simulated. They are re-
leased on the green and then translated into an
arrival rate at the intersection being simulated
downstream, using the same distribution for con-
strained vehicles but with a different minimum
headway value from that used for arrival at the
signal. In this manner the effect of a signal or
other control upstream can be determined.

(b) Gap and Lag Acceptance Characteristics—Kell
(5.11) has used a log-normal distribution to de-
scribe headway acceptance characteristics. He
based this choice on a study performed by Bis-
sell. Acceptance characteristics differed for each
turning movement. The acceptance or rejection
was determined with a Monte Carlo technique.
Snell (5.19) ran an experiment on a simplified
model which showed that the use of a distribution
for describing acceptance characteristics provided
a much more realistic representation than using
a single “critical” value.

(c) Car Following—Work is being done at Ohio
State University to simulate the car-following
situation on a digital computer (5.49). Lewis
and Michael (5.14) have used the car-following
equation to govern vehicle speed and spacing in
their simulation model. This would seem supe-
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rior to use of a constant minimum vehicle head-

way and a limited step-function speed curve.

(d) Other Operational Characteristics—Several other
specific characteristics which seem desirable ap-
pear in varied form in a number of existing
models. They include:

(1) Random assignment of turning movements
at the generation point with check points to
allow turning vehicles to position themselves,
in advance, for the turn;

(2) Lane changing allowed on multi-lane models;

(3) Passing allowed on the approach or at the
intersection where turning vehicles are wait-
ing to complete their turns;

(4) Sufficient length on each leg to describe
fully the approach and departure charac-
teristics; and

(5) Retention of the individual identity of the
vehicle and its operation.

(e) Output—The output of a simulation program is
usually quite specialized, being designed to meet
the specific needs of the project. Certain param-
eters are determined in most models, whereas
others appear in only one case. The desirable
contents of a program output include:

(1) Volume, in vehicles per hour;

(2) Directional distribution of vehicles;

(3) Turn percentages;

(4) Real time simulated;

(5) A number of values measuring delay;

(6) Queuing and storage characteristics;

(7) Headway distributions;

(8) Speed distributions; and

(9) Costs.

2. System Simulation Models

(a) System Configuration—Gerlough and Wagner
(5.04) reported simulation of an entire network
of arterial streets with right-angle and oblique
intersections. Stark (5.20) has simulated a nine-
block section of a one-way city street with right-
angle and oblique intersections. A model which
simulated a network of fair size would be prefer-
able because various routes within the system could
be analyzed, as well as the entire system. How-
ever, other desirable features should not be sacri-
ficed in order to increase the scope of the system.

(b) Controls—The nine intersections simulated by
Stark (5.20) consisted of three stop-controlled
intersections and six signalized intersections. The
models used by Gerlough (5.04), Rhee (5.17),
and Godde and True (5.07), have only signalized
controls. However, because this project is con-
cerned with control devices it is particularly nec-
essary to be able to test any combination of vari-
ous types of controls in the system.

(¢) Vehicle Identity—Stark (5.20) and Wong (5.72)
hold the identity of individual vehicles in and
passing through the system. Gerlough and Wag-
ner (5.04) and Rhee (5.17) describe system
operation only and do not retain individual vehi-

cle identity. Although recording vehicle identity
is less efficient in terms of computer time, it is
desirable at this stage of the project to be able
to analyze and categorize individual vehicle opera-
tion. The amount of information retained on
each vehicle should be determined after more
detailed review.

It would be useful to be able to include an optical output
routine so that the resulting simulations could be viewed
and photographed. It would also be advantageous to
have a graphical output routine so that the values could
be plotted and recorded in tabular form.

The model should be formulated so that the system
designation could be varied for analysis of one-way and
two-way streets, varying number of intersection legs,
varying controls, varying geometric conditions, etc. In-
vestigation could then be conducted to determine effects
of sight distance, lane widths, street widths and other physi-
cal features on the parameters of operation.

This represents only a few of the many aspects of the
simulation model. It would be advantageous to experi-
ment with one or more of the available models as work
continues on the project. This would increase familiarity
with the mechanics of the simulation process as well as aid
in decisions concerning the characteristics of the final
model. The ones which seem best suited for such experi-
mentation are those developed either by Kell or by Lewis
and Michael for an intersection, and that developed by
Stark for a street system.

CONCLUSIONS

The use of a simulation model to study the effect of regu-
latory devices on operation of a given system would be of
great value in extending the results of field studies and in
refining warrants as they are developed. However, the
model should be developed only after sufficient study of
the problem as it exists so that the situation will be under-
stood fully enough that conditions can be simulated accu-
rately. Not only will this understanding be ample, but
there will be available a store of quantitative data describ-
ing operational parameters required in formulating the
model. This is the most important portion of a simulation
study. The investigator must not give way to the tempta-
tion to use just any available data, making assumptions
and modifications to fit his model. The accuracy of the
results will depend on the accuracy of the basic data.

The actual programming and testing of a model is
costly in both time and money. It is, in fact, almost a
project in itself. It is given over to developing routine and
subroutines, preparing inputs, and designing outputs. The
preparation also includes testing and correcting, checking,
and rechecking.

The program for developing a simulation model was
begun by reviewing existing work on this subject and con-
sidering applicable models for further study. The next
step is under way. Field studies are being conducted to
investigate effects of control devices at existing locations.
Data are also being collected on traffic characteristics and
driver behavior. Although these data are being used to



analyze operation and to develop warrants, they will also
be useful in quantifying operational parameters required
in the simulation model. This work will be continued
during the later stages of the project.

It is suggested that the actual outline and programming
of the final model be deferred until sufficient information
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and insight are attained so that these steps can be formu-
lated on a sound basis. In the meantime, however, it
might be advisable to conduct limited experiments with
applicable models as suggested in the foregoing. The re-
sults of the experiments could be checked against field
data from the project studies.

CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

The conclusions that follow are based on the results of the
pilot studies. Statements are made concerning the two
general points of interest for this stage of the research:
(1) preliminary relationships concerning operational char-
acteristics, which were based on indications from the data
and developed as guides for further study; and (2) con-
clusions on the effectiveness of the instrumentation, the
field methods, and the parameters employed.

The intersections studied are all located in the Chicago
metropolitan area and therefore represent operation only
for the traffic ordinances enforced locally. Being within
an urban street system, they do not include operation
under isolated rural conditions. The volume of traffic on
major or minor streets of the study intersections did not
exceed a two-way total of 400 vph. The total intersection
volumes varied between 150 and 550 vph. Speed limits
were 25 or 30 mph on the approaches, and generally
averaged about 25 mph through the intersection along the
major street. '

The results represent a sampling of limited size and a
somewhat limited scope of conditions. The studies have
served their purpose well, however, by providing valuable
information to guide the development of integrated theory
on unsignalized intersection control. They will also be
fully used in the design and completion of detailed studies
to be carried out during the second stage of this research.

CONCLUSIONS ON OPERATIONAL STUDIES
Gap and Lag Acceptance

1. The gap or lag acceptance for sizes above 20 sec is
about the same for YIELD-controlled as for sTtop-controlled
intersections. (All of the following conclusions that make
reference to gap or lag sizes pertain to those below 20 sec
unless otherwise noted).

2. Indications are that the driver on a minor street con-
trolled by either a sToP or a YIELD sign reacts differently
when considering the initial opening (lag) available to
him than when considering the following openings (gaps),
having rejected the first one. »

3. There seems to be a greater probability that a driver
at a YIELD sign will accept a given size lag than if he were
at a sToP sign. However, having rejected the lag, the

driver at a YIELD sign is less likely to accept a given size
of gap which follows.

4. Variations in specific intersection characteristics tend
to cause as much variation in gap and lag acceptance
characteristics as the type of control used.

5. The character of the major street tends to affect ac-
ceptance characteristics. That is, the less priority the major
street has, in the opinion of the minor-street driver, the
greater the probability of his accepting a gap or lag of a
given size.

6. There is some preliminary indication that the volume
and speed level on the major street have some effect on
the acceptance characteristics under YiELD control.

7. Reducing the sight distance at a YIELD-controlled
intersection tends to lower the probability of acceptance,
especially when the view is so limited that the safe ap-
proach speed falls below the legal approach speed for the
YIELD sign.

8. The middle range of gap and lag sizes for both YIELD
and STOP control, between 15 percent acceptance and 85
percent acceptance, is approximately from 3 or 4 sec to
10 or 11 sec. The 50 percent acceptance generally occurs
at about 6- or 7-sec sizes. _

9. The relative gap and lag acceptance characteristics
tend to vary between peak and off-peak periods for both
YIELD and sTOP control.

Delay

10. The average overall delay to minor-street vehicles,
for the volume conditions studied, at an intersection with
YIELD control was less than that at the same intersection
with stop control. The difference in delay between the
two controls varied from about 3 sec with almost no
major-street traffic, to about 2 sec with a rate of flow of
300 vph.

11. The amount of overall delay for each type of control
rose about 1 sec for each 100-vph increase in traffic on the
major street.

12. The average stopped-time delay to minor-street vehi-
cles at the major-street rate of flow between 100 and 200
vph is about 2 sec for both YIELD control and sTOP control.
At higher major-street volumes the stopped delay for YIELD-
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sign control rose slightly to about 3 sec, and for sTop
control increased much more rapidly to about 8 sec at
a rate of flow of 400 vph on the major street. For this
condition, therefore, there is a stopped-time delay of 5 sec
per vehicle greater with stoP control than with YIELD
control.

13. The increase in the minor-street vehicles that were
forced to stop by major-street traffic when YIELD control
was changed to sToP control at a study intersection was
found to vary between 6 and 13 percent for major-street
volumes between 100 and 350 vph.

Speed

14. The type of control (sToP, YIELD or uncontrolled)
appears to have little effect on the approaching speeds of
vehicles on the minor street up to a distance of about 100
ft in advance of the control, although in both cases the
vehicles normally are in the process of decelerating at this
point.

15. Vehicles on the minor street start to decelerate about
200 ft in advance of the control sign and return to their
normal speed about 200 ft beyond the control sign. This
means that the effect of a control on the speed of approach
at an adjacent intersection is normally negligible where
speeds of 20 to 25 mph are maintained on the minor street
and the intersections are spaced about 400 ft apart.

16. Turning vehicles on the minor street tend to reduce
speed more than straight through vehicles when the inter-
section is uncontrolled. As control becomes more restric-
tive, however, this difference tends to disappear.

17. The average speed of the decelerating minor-street
vehicle within a 100 ft “trap” just prior to the control
location is of the order of 15 mph for each of the uncon-
trolled, YIELD, and sToP conditions. Where any of. these
vehicles is required to stop at the intersection, rapid
deceleration apparently takes place within the last 50 to
75 ft.

18. The type of control does not have any effect on the
approach speeds of major-street vehicles at 200 ft or more
in advance of the intersection. The difference in effect on
speeds on major streets between YIELD and sTOP control
is small, but the uncontrolled condition causes a more
marked reduction. Indications are that the more positive
minor-street control causes the major-street driver to de-
crease speed less across the intersection.

19. Sight distance restrictions play a significant part in
determining speed patterns on the minor street.

Headway Distribution

20. In general, neither sTOP nor YIELD control at an inter-
section rearranges the headway distribution on the minor
street in any but a random manner, at the volumes studied.

21. The arrival rate of vehicles from all types of previous
intersection control conditions studied can be closely ap-
proximated by the exponential distribution based on the
law of Poisson.

22. Although it occurs in a random manner at each, the
magnitude of rearrangement of headways is greater at a
STOP control than at a YIELD control.

23. Vehicles arriving at an intersection from a previous

intersection which gave the arriving stream priority, tend
to platoon. If the previous intersection controlled the
arriving stream in some manner, the smaller headways
were spread due to impedance of the previous control,
producing a more random arrival.

Safety

24. The annual accident rate tends to decrease after YIELD
signs are installed at previously uncontrolled intersections.
There is a temporary period of major reduction in acci-
dents, followed in a year or two by a rise in the rate to
some level below that which existed for the uncontrolled
condition.

25. At uncontrolled and yvIELD-controlled intersections
where the lighter volume is controlled, the conditions
under which there was the highest frequency of accidents
during this study were (a) daylight hours; (b) wet, snow-
covered, or icy pavement; and (c) poor sight distance
combined with high approach speeds.

26. Where the YIELD sign controls the heavier flow, the
intersection seems to be more accident prone under good
driving conditions than where the YIELD sign controls the
lighter flow. The installation of a YIELD sign against the
heavier flow at a previously uncontrolled intersection,
however, tends to reduce accidents.

27. Peak-period drivers on the minor street are more

aggressive when an intersection is uncontrolled than when
it is under YIELD control.

28. At YIELD-controlled intersections the rate of disobedi-
ence to the maximum legal entrance speed upon entering
the intersection (20 mph in Illinois) is low (1 to 2 per-
cent) and relatively constant when the volume of the
protected street is greater than or equal to the volume of
the controlled street. When the volume on the controlled
street is greater than that of the protected street, however,
the disobedience rate rises markedly (13 to 31 percent
disobedience) as imbalance in volumes increases.

29. For the peak hour, when about 35 to 40 percent of
the minor-street traffic at a stop sign is forced to stop
by the presence of traffic on the major street, a relatively
small number of vehicles (about 1 to 9 percent) come to
a voluntary full stop. The majority of the vehicles (47
to 57 percent) proceed through between 0 and 5 mph,
while a small number (5 to 6 percent) proceed at more
than 5 mph. During the off-peak period, when about 20
to 30 percent are forced to stop, the same general relation-
ship holds (3 to 12 percent voluntary stops; 48 to 74 per-
cent between 0 and 5 mph; 2 to 10 percent above 5 mph).

Route Operation

The following conclusions refer to a study of operation
along a 1Y% -mile corridor located in a suburban residential
area, including route choice of drivers moving through the
corridor before and after a set of control changes along
one of the two major streets in the system. The streets are
generally two-lane, two-way, with parking permitted on
both sides. The volumes on the two parallel major streets
running the length of the corridor are on the order of a
two-way flow of 400 to 700 vph during the morning peak
hour.



30. Removal of three sTop signs along a 1¥2-mile length
of roadway decreased delay, speed changes and travel
time along the route.

31. The quality of flow index increased significantly with
the removal of three sTOP signs along the route.

32. Although operational characteristics as a whole were
significantly improved along the two major routes as a
result of changes from four-way to two-way STOP control,
added delay of vehicles entering or crossing the major
routes at these intersections was experienced.

33. Removal of the three sTop signs along the route
caused a relative shift of about 8 percent of the total
corridor traffic from other routes to an improved route.
This was affirmed by driver statements to this effect.

34. Excluding “captive” drivers who logically would not
shift from one route to the other regardless of the improve-
ment because of adverse travel distance, the shift of those
drivers who had a choice resulted in a net transfer of 25
percent to the improved routes.

35. The decrease in the amount of delay due to removal
of the three sTOP signs along the 1%%-mile length of road
came to about 13 sec per STOP sign per vehicle.

36. An even greater benefit in the form of reduced delay
could have resulted from removal of sTop control if it had
not been that some of the delay was transferred to the
several signaiized intersections along the route.

CONCLUSIONS ON STUDY METHODS AND PROCEDURES
1. Time-lapse photography was found to be an efficient
and sufficiently accurate tool to collect data on a number
of desired parameters. It will be useful for the second
stage of the research.

2. The usefulness of the 20-pen recorder studies was
found somewhat limiting during the first stage, but could
be well applied in specialized studies that might arise
during the second stage.

3. The use of stopwatch and enoscope measurements was
found sufficiently accurate for the results desired during
the first stage. This method of speed determination will
need to be supplemented with other techniques where more
accurate measurements are required, particularly in de-
celeration and acceleration studies.

4. The instrumented vehicle was found very useful in
conducting studies of route characteristics and driver be-
havior. Further use will be made of such a vehicle when
system studies are resumed. The digital output could well
be supplemented with an analog output.

5. The mail-in questionnaire was found to be a very
effective method for obtaining data on driver habits, desires
and opinions.

6. Computer programs for the processing of data add
significantly to efficiency and reduce time-consuming oper-
ations. Use of data processing techniques will be pursued
and extended.

7. Use of an integrated study procedure which provided
data on most of the parameters desired was found to work
well for this stage of the research. Future studies will be
more detailed, however, and it may be more efficient to
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conduct independent studies of several smaller sets of
related parameters.

8. Each parameter studied has brought out some in-
teresting aspects of operation under the different control
conditions. As research proceeds, those parameters which
are of specific use for the purposes of the second stage will
have to be chosen and concentrated on, while the re-
mainder will be studied further as time and funds permit.

RECOMMENDATIONS FOR FURTHER STUDY

It has been pointed out several times in this report that
one of the major purposes of the first stage of research
was to test methods and investigate results in order to
develop a sound program for detailed study of the effects
of traffic control devices on operation during the second
stage.

Work is presently under way to fully evaluate the pro-
cedures and results for the purpose of designing the
detailed studies for the second stage. Some indication of
the conclusions being drawn from the first stage were
made in previous sections of this report. Portions of the
general recommendations for further study that were pro-
posed, and generally approved by the NCHRP, are given
in the following.

Objectives

The recommended general program was developed so as
to accomplish two important objectives:

1. To provide the field of traffic engineering with some
substantive material concerning individual intersection con-
trol at the earliest possible date. This information could
then be applied in developing improved warrants for traffic
controls and methods for evaluating capacities.

2. To allow time to completely review the results of the
first-stage study of system effects, and provide the neces-
sary time for extensive preparation required for a com-
plete study. Conducting the work in this manner would
eliminate wasted effort that might possibly arise from
hurried progress into a relatively untried area.

Individual Intersection Studies

A major study of two-way sToP-, four-way STOP- and
vieLD-controlled intersections will be conducted. Of the
field work required during this stage, the individual inter-
section studies will constitute the primary effort. It is
intended that the results of additional studies, when com-
bined with first-stage results, would provide sufficient data
to enable development of a concrete set of relationships
concerning operation under these various controls. The
methods of study would be much the same as those used
in the first stage. Improvements in methodology will be
made, and more comprehensive data will be taken where
experience on first-stage research indicates the need to do
so. The study will be more detailed in analysis and
broader in scope of conditions. In all cases, analyses will
be designed so as to produce immediately usable results
in development of warrants for traffic controls and in
evaluation of capacities.
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System Studies

This area of study will consist of an effort to formulate
and report a comprehensive definition of the scope and
nature of the problem of system effects of traffic control
devices. This will include (a) a development of theory
concerning these effects, using results from the first stage

to illustrate preliminary relationships; (b) a set of suggested
methods of study; and (c) a description of the types of
sites considered most fruitful for obtaining the various
effects hypothesized. In preparation for this more com-
prehensive system study, several suitable sites will be in-
vestigated and arrangements made to have the necessary
instrumentation available.

APPENDIX A
STUDY METHODS AND SITES

INSTRUMENTATION

Three general types of instrumentation—manual, photo-
graphic and instrumented vehicle—were used to gather
field data for this study.

Manual

Manual studies included - all data collection requiring
personnel to measure and record data directly in the field.

VOLUME COUNTS
Turning-movement counts were taken manually at each
study intersection during the periods of analysis. No
machine counts were made. Counts were recorded by
5-min periods while speed profiles and travel time data
were being collected. The counts were taken continuously
from 7:00 A.M. to 6:00 p.M. except for a 45-min midday
break. This information was used for determination of
the average daily traffic, in addition to comparisons with
speed and travel time data. It was also used to determine
short-period volumes for correlation with travel time stud-
ies. Volumes were obtained from intersection films in
connection with delay and gap acceptance characteristics,
as well as to measure accurately the volume level during
each filming period. Supplementary counts were made at
several intersections adjacent to the study locations. Dur-
ing the route study, volumes were taken at the three inter-
sections where the STOP signs were to be removed from
Augusta, as well as at the intersections of these same streets
with Division. In addition, counts were made during the
questionnaire phase at the distribution points.

ENOSCOPES
These are L-shaped boxes, open at both ends, containing
a mirror at a 45-deg angle. This arrangement bends the
line of sight of the observer so that it is perpendicular to
the path of a vehicle as the latter passes a pre-selected
point. The 10 x 12-in. mirrors allowed satisfactory ob-
servations to be made at distances up to 450 ft. Travel
times through each intersection were obtained by the use

of stopwatches and enoscopes. One enoscope was placed
on each leg of the intersection at a point in advance of
where the vehicle was first affected by the intersection.
The elapsed time between the point of entry and point of
exit was taken by stopwatch and recorded on a form along
with clock time. Each sample was then correlated with
5-min volumes counted simultaneously. The distance
from the curb line of the intersection to the enoscope was
measured. This permitted a comparison of before and
after travel times. Filming was done during some periods
when travel times were being recorded. The presence of
these devices seemed to "have little influence on driver
behavior.

Speed profiles also were obtained by the use of stop-
watches and enoscopes. The enoscopes were placed in a
row at measured distances along one leg of the intersection,
forming a set of “traps.” Vehicles were timed between
successive enoscopes and the number of seconds recorded.
Vehicles entering and leaving the intersection on each leg
were studied. The enoscopes were moved frequently
from one leg to another in order to give a representative
sample for each leg during peak and off-peak periods.
These data were never taken while filming was under
way. Therefore, any effect on driver behavior caused by
using closely-spaced enoscopes was not transferred to the
film studies.

20-PEN GRAPHIC RECORDER

An Esterline-Angus graphic time recorder was used as an
experiment at Kirk and Kostner (Radelat).* 1In this
machine a roll of recording graph paper moves. past a bank
of 20 pens at a constant speed. When a speed of 11.6
in. per minute is used, a roll lasts about 100 min. Each
pen is connected to a separate telegraph key; when a key
is depressed, the corresponding pen makes a mark on the
moving paper. Thus it is possible to record simultaneously
as many as 20 different operations. The various keys,

* Radelat, Ibid.



which can be placed hundreds of feet from the machine,
are connected to the machine by electric cables.

The recorder was used to obtain speed profiles, travel
time, and headway acceptance characteristics. Speeds and
travel time were obtained in much the same manner as
with stopwatches, the difference being that the observer
pressed designated buttons operating the pens when vehi-
cles passed each point, instead of starting and stopping
watches. Headway acceptance was obtained by actuating
a button each time a major-street vehicle passed a point
on the pavement. Other buttons were actuated when
side-street vehicles arrived and when they accepted or
rejected the headways or lags. After experimenting with
the recorder, it was decided that it was not the best possible
method because it required a large field crew as well as
wires across the roadway. Both of these constituted forms
of marginal friction which influenced operating characteris-
tics.

Photographic

Photographic studies were conducted using time-lapse
cameras. The cameras were Keystone model A-9 “Crite-
rion” 16-mm motion picture cameras, modified to be
driven by interchangeable synchronous motors which main-
tain a constant frame interval at 60 or 100 frames per
minute. During this study all films were taken at the
speed of 100 frames per minute. The constant filming
rate provided a time reference and made it possible to
obtain about 40 min of usable film with each shooting.
Use of a 15-mm wide-angle lens permitted a better view
of the cross traffic when the camera was fairly close to the
intersection. The cameras were mounted on a ball joint
attached to a metal bracket that could be strapped to any
pole or tree providing a good vantage point. In all cases
the power source was a 12-v battery-inverter combination
which produced a 110-v alternating current. Precautions
were taken to insure that the camera operated at the
correct speed. Points were painted on the pavement for
use as spatial references. Use was also made of physical
features as reference points.

In general, peak periods were filmed without stopping
the camera. This provided a continuous record of ap-
proximately 40 min for each 100-ft roll of film. Due to
the inherently low volume conditions at the study inter-
sections, off-peak periods were generally filmed intermit-
tently by operating the camera only when minor-street
vehicles were approaching the intersection. The length
of each filming was sufficient to display events at the inter-
section before and after the arrival of the minor-street
vehicle.

The films were taken of intersection operation to obtain
gap and lag acceptance, headway distributions, intersec-
tion speeds, volumes, potential hazards, and stopped-time
delay.

Instrumented V ehicle

An instrumented vehicle employed for the route study
was loaned to the project by its developer, Dr. Bruce D.
Greenshields. Called the “drivometer and traffic events
recorder,” the equipment gives digital recordings inte-
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grated over any selected time or distance. Instruments
attached to the vehicle measure driver actions and vehicle
motions. Driver actions recorded included motions of
the steering wheel, accelerator, and brake. Vehicle motions
measured were speed and direction change. Traffic events
were recorded by an observer who sat opposite the driver
and operated a set of switches to record changes in the
traffic situation. Counters connected to each switch are
mounted on a display panel. A 16-mm movie camera
is used to record the readings at designated intervals of
time and/or distance. Traffic events recorded on this
project were marginal friction, pedestrians, vehicles ahead,
parking vehicles, cars approaching at an intersection, cars
approaching from opposing lanes, and slowing by cause.
Two drivers were used for the route study, the task being
divided between them during both peak and off-peak
periods. The drivers were reminded often that the experi-
ment was designed to measure traffic conditions and not
to test their abilities as drivers. They were instructed that
if there was a vehicle in front of them they were to stay
behind it. Otherwise, they were to drive in their usual
manner. The crew in the car consisted of the two drivers
and an observer. The observer directed the drivers on
the routes being measured, and operated the traffic events
switches. The reserve driver operated the movie camera,
reset the counters, and recorded the final values of the run.

Because it would have been inefficient to travel each
route separately, a set of three test run patterns was
developed to cover all portions of all routes under study.
An entire route was not necessarily covered within one
of these patterns. The routes were divided into segments,
and data for each route were obtained by combining
values for the appropriate segments from the various
patterns. The data on the counters were recorded on film
at a distance before and after each intersection along the
pattern. The camera was activated manually by means
of a switch.

SITE AND STUDY DESCRIPTION

General

There are many kinds of unsignalized intersections in the
Chicago metropolitan area. Intensity of control as well
as complexity of street patterns increases with proximity
to the center. Within the city limits of Chicago, YIELD con-
trols are presently applied only on former Chicago Park
District routes, generally on entrance ramps to Lake
Shore Drive, or in park areas under special conditions.
No “normal” intersections in the city are under YIELD
control. These considerations led to the choice of sites
in nearby suburban communities. Suburbs near the cen-
tral city had sufficient volumes of traffic to make an inter-
section study feasible, yet did not have as many complicat-
ing factors.

Because of the nature of YIELD- and two-way sTOP-
controlled intersections, traffic volumes are usually rela-
tively low on the minor street. It was difficult to find a
site where the capacity of the control was being taxed,
except where major-street traffic was so great that almost
all vehicles on the side street were suffering undue delay.
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TABLE A-1

GENERAL CHARACTERISTICS OF STUDY INTERSECTIONS

SPEED
CONTROL AT LIMIT STREET WIDTH PARKING
INTERSECTION INTERSECTION * STREET (MPH) CLASSIFICATION LEG (FT) CONDITIONS
Fifth St. Not Local North 28 One side
Fifth St. (minor) posted access South 28 One side
and
N None
Linden Ave. .
(site A) Linden Ave. 25 Local East 40 Both sides
(major) (posted) collector West 27 One side
Fifth St. Not Local North 30 One side
Fifth St. (minor) posted access South 30 One side
and YIELD
Greenleaf Ave. -
(site A) Greenleaf Ave. 30 Local East 40 Both sides
(major) collector West 40 Both sides
Fourth St. Not Local North 40 Both sides
Fourth St. posted access South 40 Both sides
and 4-way
Linden Ave. STOP } ;
(site A) Linden Ave. 25 Local East 40 Both sides
collector West 40 Both sides
Fourth St. Not Local North 25 One side
Fourth St. (major) posted access South 29 Both sides
and
YIELD
Greenleaf Ave. B
(site A) Greenleaf Ave. Not Local East 38 One side
(minor) posted collector West 38 Both sides
Kostner Ave. Not Minor North 36 Both sides
Kirk St. (major) posted arterial South 36 Both sides
and
Kostner Ave. YIELD .
(site B) Kirk St. Not Local East 32 Both sides
(minor) posted access West 32 Both sides
Kostner Ave. Not Minor North 36 Both sides
Oakton St. (minor) posted arterial South 36 Both sides
and 4-way
Kostner Ave. STOP .
(site B) Oakton St. 30 Major East 56 Both sides
(major) arterial West 56 Both sides
Kensington Ave. Local North 30 Both sides
Kensington Ave. (minor) 25 collector South 30 Both sides
and
Woodlawn Ave. YIELD )
(site C) Woodlawn Ave. Not Local East 30 Both sides
(major) posted access West 30 Both sides
Ashland Ave. Not Local North 30 One side
Ashland Ave. posted collector South 30 One side
and 4-way
Cossitt Ave. STOP i
(site C) Cossitt Ave. 25 Local East 30 One side
collector West 30 One side

1 At start of study.



APPROXIMATE
PEAK-HOUR VOL.
(VEH/HR) SAFE THEOR. CONTROL AT
- APPROACH SPEED ADJACENT
AM. P.M. (MPH) INTERSECTION *
_60 60 16 YIELD
70 80 17 None
130 200 16 STOP
130 100 34 None
55 45 40 STOP
125 115 17 None
40 70 16 YIELD protected
115 80 23 YIELD protected
290 200 14 YIELD
70 110 13 None
85 150 15 None
175 140 11 None
270 185 28 sTOP
105 190 22 4-way STOP
15 20 26 None
75 60 25 YIELD protected
130 185 28 STOP
110 210 28 None
45 35 24 None
35 20 24 None
110 70 16 STOP protected
130 200 30 YIELD protected
500 790 38 STOP protected
800 680 16 STOP protected
55 70 38 YIELD protected
70 80 21 YIELD protected
15 35 24 STOP protected
24 40 26 None
160 280 39 STOP protected
215 165 21 STOP protected
210 285 29 STOP protected
185 230 21 STOP protected
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In these cases minor-street volume was usually small.

The five project study sites (Fig. 3) were chosen so as
to provide the desired information in the three areas of
research discussed in Chapter Three. Table A-1 summa-
rizes the general characteristics of each study intersection;
Table A-2 lists the films taken at each intersection. Figure
A-1 shows the hourly intersection volumes at four of the
study sites between 7:00 A.M. and 7:00 p.M. The morn-
ing and evening peak-hour volumes for the intersections
studied are shown in Figures A-2 to A-11. Figure A-12
shows the three types of YIELD signs in place at the study
intersections. Within each site, two or more field studies
were carried out at two or more intersections, as described
in the following.

Site A—Wilmette

The four intersections studied at site A were at the corners
of the block bounded by Linden Avenue, Fourth Street,
Greenleaf Avenue and Fifth Street. Plans and photo-
graphs of the intersections are shown in Figures 4 to 7.
The general characteristics of each are summarized in
Table A-1.

The site was initially chosen because of the relatively
high volume through the uncontrolled intersection of Fifth
and Linden. The volumes warranted consideration of
two-way sTop control. This led to the possibility of be-
fore-and-after studies under uncontrolled, YIELD and two-
way SToP conditions, with the controls to be placed on
Fifth Street. It was decided that the YIELD intersections
along Greenleaf at Fourth and Fifth Streets, together with
the four-way sToP at Fourth and Linden, should be studied
to obtain the effects on these adjacent intersections of the
control changes planned at Fifth and Linden. These
studies, in turn, would be usable as additional data on
individual intersections.

The site area is generally residential in nature. How-
ever, a small shopping area centers on the corner of
Fourth and Linden. The Chicago Transit Authority’s
Evanston rapid transit line also terminates at this inter-
section. During peak periods pedestrian traffic from the
transit terminal floods the intersection intermittently.
During shopping hours, and especially during evening peak
periods, double parking in front of the stores adds to the
congestion.

Field studies were made in peak and off-peak periods
during August, September and October, 1963. The un-
controlled intersection of Fifth and Linden was studied in
August. YIELD signs were installed later in the month, to
control traffic on Fifth. The drivers were given one month
to adjust to the change before the intersection was studied
again. Upon completion of this phase of the study, the
YIELD signs were replaced with two-way sToP signs. After
another adjustment period of one month, the intersection
was studied for the final time. Concurrently with the
before-and-after studies at Fifth and Linden, similar studies
were made at the adjoining intersection of Fifth and Green-
leaf. This intersection remained under YIELD control.

Speeds of vehicles approaching and leaving on each leg
of the intersection were determined by use of stopwatches
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TABLE A-2
FILM LISTING

FILM TYPE OF DATE TIME PEAK OR CONTINUOUS OR
NO. CONTROL INTERSECTION LOCATION FILMED FILMED OFF-PEAK  INTERMITTENT
1 YIELD Kirk & Kostner Skokie 6-26-63 8:30 AM-11:30 AM  Off-peak Intermittent
2 YIELD Kirk & Kostner Skokie 6-26-63 11:30 AM- 3:00 pM  Off-peak Intermittent
3 YIELD Kirk & Kostner Skokie 6-26-63 4:14 pM- 5:00 pPM  Peak Continuous
4 4-way STOP Oakton & Kostner Skokie 7-23-63 8:00 AM- 8:45 aM Continuous
5 4-way STOP Oakton & Kostner Skokie 7-23-63 9:30 AM-10:15 AM Continuous
-6 4-way STOP Oakton & Kostner Skokie 7-23-63 4:00 PM- 4:45 PM Continuous
7 4-way STOP Oakton & Kostner Skokie 7-23-63 4:45 pM- 5:30 PM Continuous
8 YIELD Kirk & Kostner Skokie 7-24-63 8:00 AM-10:45 aM  Off-peak Intermittent
9 None Sth & Linden Wilmette 8-12-63 8:45 AM- 9:00 aM Continuous
10 None 5th & Linden Wilmette 8-12-63 9:15 AM-10:30 aM Intermittent
11 None Sth & Linden Wilmette 8-12-63 3:00 pMm- 4:15 PM Intermittent
12 None 5th & Linden Wilmette 8-12-63 4:45 pM- 5:30 PM Continuous
13 YIELD Sth & Greenleaf Wilmette 8-13-63 8:30 AM- 9:15 amM  Off-peak Continuous
14 YIELD Sth & Greenleaf Wilmette 8-13-63 9:30 AM-11:00 am  Off-peak Intermittent
15 YIELD Sth & Greenleaf Wilmette 8-13-63 3:00 pM- 4:15pMm  Off-peak Intermittent
16 YIELD S5th & Greenleaf Wilmette 8-13-63 4:45 pM- 5:30 pm Peak Continuous
17 YIELD Woodlawn & Kensington La Grange Pk 8-20-63 7:50 am- 8:30 aAM  Peak Continuous
18 YIELD Woodlawn & Kensington La Grange Pk 8-20-63 9:00 AM-11:45 AM  Off-peak Intermittent
19 YIELD Woodlawn & Kensington La Grange Pk 8-20-63 2:00 PM- 4:00 pm  Off-peak Intermittent
20 YIELD Woodlawn & Kensington La Grange Pk 8-20-63 4:45 pM- 6:20 pm Peak Continuous
21 YIELD 4th & Greenleaf Wilmette 8-23-63 8:30 aM- 9:15 aM  Off-peak Continuous
22 4-way STOP 4th & Linden Wilmette 8-23-63 4:15 pM- 5:00 pM Continuous
23 4-way STOP 4th & Linden Wilmette 8-23-63 5:00 pM- 5:45 PM Continuous
24 YIELD Kirk & Kostner Skokie 8-28-63 7:30 AM- 8:15 AM  Peak Continuous
25 YIELD Kirk & Kostner Skokie 8-28-63 8:30 AM- 9:15 aM  Off-peak Continuous
26 4-way STOP Ashland & Cossitt La Grange 9-13-63 7:30 aM- 8:15 AM Continuous
27 4-way STOP Ashland & Cossitt La Grange 9-13-63 9:45 AM-10:30 am Continuous
28 4-way STOP Ashland & Cossitt La Grange 9-13-63 2:30 pM- 3:15pMm Continuous
29 4-way STOP Ashland & Cossitt La Grange 9-13-63 4:45 pm- 5:30 PM Continuous
30 4-way STOP 4th & Linden Wilmette 9-16-63 7:30 AM- 8:15 AM Continuous
31 4-way sTOP 4th & Linden Wilmette 9-16-63 4:45 pM- 5:30 PM Continuous
32 YIELD 4th & Greenleaf Wilmette 9-17-63 8:30 aM- 9:15 aM  Off-peak Continuous
33 YIELD 4th & Greenleaf Wilmette 9-17-63 4:45 pM- 6:15pMm  Peak Continuous
34 YIELD Sth & Greenleaf Wilmette 9-18-63 7:45 amM- 8:30 aM Peak Continuous
35 YIELD 5th & Greenleaf Wilmette 9-18-63 9:45 AM-11:15 amM  Off-peak Intermittent
36 YIELD Sth & Greenleaf Wilmette 9-18-63 2:45 pM- 4:30 pm Off-peak Intermittent
37 YIELD 5th & Greenleaf Wilmette 9-18-63 4:45 pm- 5:30 M Peak Continuous
38 YIELD 5th & Linden Wilmette 9-19-63 7:30 AM- 8:15am  Peak Continuous
39 YIELD 5th & Linden Wilmette 9-19-63 10:15 AM-12:00 N Off-peak Intermittent
40 YIELD Sth & Linden Wilmette 9-19-63 1:15 pm- 3:15pm  Off-peak Intermittent
41 YIELD 5th & Linden Wilmette 9-19-63 4:45 pM- 5:30 M Peak Continuous
42 Signal Oakton & Kostner Skokie 9-30-63 7:30 AM- 8:15 AM Continuous
43 Signal Oakton & Kostner Skokie 9-30-63 4:45 pM- 5:30 PM Continuous
44 2-way STOP Kirk & Kostner Skokie 10- 1-63 7:30 AM- 8:15 aM Peak Continuous
45 2-way STOP Kirk & Kostner Skokie 10- 1-63 10:00 pM-12:30 pm Off-peak Intermittent
46 2-way STOP Kirk & Kostner Skokie 10- 1-63 2:15 pm- 4:30 pm Off-peak Intermittent
47 2-way STOP Kirk & Kostner Skokie 10- 1-63 4:45 pm- 5:30 P Peak Continuous
48 YIELD 4th & Greenleaf Wilmette 10-21-63 7:30 AM- 8:15am  Peak Continuous
49 YIELD 4th & Greenleaf Wilmette 10-21-63 4:45 pMm- 5:30 pm Peak Continuous
50 4-way STOP 4th & Linden Wilmette 10-22-63 7:30 AM- 8:15 AM Continuous
51 4-way STOP 4th & Linden Wilmette 10-22-63 4:45 pMm- 5:30 PM Continuous
52 YIELD 5th & Greenleaf Wilmette 10-23-63 7:30 aM- 8:15aMm  Peak Continuous
53 YIELD 5th & Greenleaf Wilmette 10-23-63 9:00 aM-12:00 N Off-peak  [Intermittent
54 YIELD 5th & Greenleaf Wilmette 10-23-63 1:00 pM- 4:00 pm Off-peak Intermittent
55 YIELD 5th & Greenleaf Wilmette 10-23-63 4:45 pMm- 5:30 pm Peak Continuous
56 2-way STOP 5th & Linden Wilmette 10-24-63 7:30 aM- 8:15 aM  Peak Continuous
57 2-way STOP Sth & Linden Wilmette 10-24-63 9:00 aM- 1:30 pm  Off-peak  Intermittent
58 2-way STOP 5th & Linden Wilmette 10-25-63 1:30 pm- 4:30 pm Off-peak Intermittent
59 2-way STOP Sth & Linden Wilmette 10-24-63 4:45 pM- 5:30 pm Peak Continuous
60 4-way STOP Augusta & Lombard QOak Park 11-12-63 7:30 AM- 8:15 AM Continuous
61 4-way sTOP Augusta & Lombard Oak Park 11-12-63 9:20 AM-10:00 AM Continuous
62 4-way STOP Augusta & East Oak Park 11-18-63 7:30 AM- 8:15 AM Continuous
63 4-way STOP Augusta & East Oak Park 11-18-63 9:30 AM-10:15 aM Continuous
64 4-way STOP Augusta & Woodbine Oak Park 11-19-63 7:30 aM- 8:15 Am Continuous
65 4-way STOP Augusta & Woodbine Oak Park 11-19-63 9:30 AM-10:15 AM Continuous
66 2-way STOP Augusta & Woodbine Qak Park 12-10-63 7:30 AM- 8-15 AM Continuous
67 2-way STOP Augusta & Woodbine Oak Park 12-10-63 9:30 AM-10:15 aM Continuous
68 2-way STOP Augusta & Lombard Oak Park 12-11-63 7:30 AM- 8:15 AMm Continuous
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Figure A-1.
tion volumes.

Hourly intersec-

and measured enoscope traps. Due to congestion on the
east leg of Fifth and Linden during the evening period,
most of the rush-hour data on speeds for this leg were
obtained in the morning. Speed data on Fifth between
Linden and Greenleaf were used for both intersections.
Stopwatches and enoscopes were also used to obtain
travel time. This phase of field work usually followed
the speed studies and recorded the time necessary for
vehicles to approach and leave the intersection over a
measured distance. Films were taken during the travel-
time studies. Additional films were taken to obtain infor-
mation on the general operational characteristics during
peak periods of the neighboring intersections along Fourth
at Linden and Greenleaf.

Volume counts were taken manually by 5-min intervals
during the speed and travel-time studies at Fifth and Lin-
den and at Fifth and Greenleaf. Less detailed supplemen-
tary counts were also made at Fifth and Laurel and along
Faurth at Laurel, Linden and Greenleaf.

Site B—Skokie

Two adjacent intersections were chosen for study in the
Village of Skokie. During the study, the controls were
changed at each of the intersections. The plan and photo-
graphs of the site are shown in Figures 8 and 9. The
general characteristics of the intersections are summa-
rized in Table A-1.

The intersection of Oakton Street and Kostner Avenue
had been scheduled for an upgrading of control from a
four-way sToP to a vehicle-actuated signal. This provided
an excellent opportunity to conduct a before-and-after
study; the results of the studies at this intersection are not
included in this report, but will be presented at a later

KIRK*AND KOSTNER

ESTIMATED ADT=2,350

9‘“& L
WOODLAWN AND KENSINGTON

date. Kirk Street and Kostner Avenue, immediately to
the south, was under YIELD control, protecting Kostner.
Arrangements were made to study the operation under the
existing conditions and then under two-way STOP control.

Development along Kostner is generally residential, al-
though the street serves as a minor arterial route. QOakton
serves as a major arterial for Skokie and many other north
suburban communities. The street is also used as a bus
route. Development along the street is generally com-
mercial and primarily retail. Kirk is a local access street
with residential character.

Field studies were made in peak and off-peak periods
during the five-month period from June through October.
Kirk was initially controlled by YIELD signs protecting
Kostner and then changed to two-way sToP control in
connection with a before-and-after study. A portion of
the field studies was conducted jointly with G. Radelat *,
during which the vehicles on Kirk were traced through the
intersection by means of a 20-pen graphic recorder. The
crew consisted of five observers actuating buttons and
tending the recorder, which was used to obtain speed
profiles, travel time, and headway characteristics of minor-
street vehicles. These data supplemented the field studies
for the project. Speeds for Kostner were obtained with
stopwatches and enoscopes. Films recorded peak and
off-peak characteristics. The intersection was changed to
two-way sTOP control in late August. A period of a
month was allowed for drivers to adjust to the new situa-
tion. In the studies after the change in control, the 20-pen
graphic recorder was replaced by manual methods and
camera studies.

* Radelat, 1bid.
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Site C—LaGrange and LaGrange Park

Two separate intersections in the LaGrange-LaGrange
Park area provided suitable study conditions. The inter-
section of Kensington Avenue and Woodlawn Avenue in
LaGrange Park was YIELD controlled and carried a rela-
tively high volume of traffic. The four-way sTOP inter-
section of Cossitt and Ashland in LaGrange was also
studied. However, the analysis will be conducted during
a later stage of the project. The plans and photographs
of the intersections are shown in Figures 10 to 12, and the
general characteristics of each are summarized in Table
A-1.

The intersection of Kensington and Woodlawn is located

in a residential area with neighboring shopping districts.

and a school. A small business area one block to the
east on Woodlawn contains several stores and the La-
Grange Park city hall, including police and fire depart-
ments. The major shopping areas are a shopping plaza
three blocks to the east, and the downtown area of La-
Grange to the south. Many residents commute to Chicago
via the Burlington Railroad. During peak periods the
LaGrange depot is the origin or destination of many vehi-
cles using Kensington. At a grade school one block north
of Woodlawn on Kensington, patrol boys assist children
in crossing the street. However, the studies were completed

Figure A-11.

before the school term began, hence children and patrol
boys were not a factor. Kensington is a local collector
and Woodlawn is a local access street. The Village of
LaGrange Park has designated Woodlawn as a police and
fire lane. Consequently, the major traffic flow on Kensing-
ton was required to yield. No control change was carried
out at this site. The intersection data were combined
with data from other study intersections with the same
type of control.

‘Speed, travel-time, photographic and volume studies
were performed during August in peak and off-peak pe-
riods. Vehicle speeds for each leg of Kensington were
studied by means of stopwatches and enoscopes. Wood-
lawn, due to the relatively short block lengths, was studied
as a single unit by a continuous set of enoscope traps to
obtain the speed profile through the intersection. A
travel-time study was made for vehicles on Kensington,
while the same data for Woodlawn were obtained by adding
the times recorded on the continuous speed profile. Even
though these results showed only times for through move-
ments, they were judged to be adequate because the var-
jous turning movements were a small percentage of the
total. Filming was done during the travel-time studies
for Kensington. Manual volume counts were taken
throughout the study.




Figure A-12. YIELD and supplementary signs used during study.

Site D—Qak Park

More than 400 miles of streets in the Chicago metro-
politan area were surveyed to find one site with all the
characteristics desired for a study of the effects of a set
of controls on operation within a travel corridor. The
site in the Village of Oak Park is shown in plan view
and with photographs in Figures 13 and 14. The corridor
is approximately 1%%2 miles long and about ¥4 mile wide.
The major alternative east-west routes through the area
are Division and Augusta Streets. Drivers form other
alternative routes by transferring between Division and
Augusta within the study area, via one of the cross streets.
The study was carried out during morning hours only,
avoiding the darkness which occurred during the evening
peak at the time of the year that the field work was
conducted.

Division carried a total of about 700 vehicles in both
directions in the peak hour, whereas Augusta served
about 550. Within the Village of Oak Park, Division and
Augusta have approximately the same width and character,
although Division is included in a preferential street sys-
tem while Augusta is not. Signs posted along Augusta
at a few places state that it is not a through street. This
precaution was apparently deemed desirable because
Augusta Street in Oak Park is an extension of Augusta
Boulevard in Chicago, which is a through street. How-
ever, drivers tend to disregard the warning signs, as shown
by the results of the survey.
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The development along the alternative routes is almost
entirely residential. There is a school on each street with
guards at heavily used crossings. Traffic on both Division
and Augusta is composed predominantly of passenger
vehicles. The major physical differences between the two
streets are (a) the presence of three four-way STOPS on
Augusta, (b) the rough pavement on Division, and (c)
an annoying traffic signal at the offset intersection of Divi-
sion and Ridgeland.

To the east, within the Chicago City limits, Augusta
becomes an important boulevard route which terminates
at the intersection of a major northwest radial route.
Division Street is also an important through route serving
traffic with destinations in, and to the north and west of,
the central city.

Before-and-after studies were conducted in November
and December during both morning peak and off-peak
periods. The evening peak period was omitted due to
early darkness at that time of year. The intersections
along Augusta at Woodbine, East, and Lombard were
first studied under four-way sToP conditions. Speeds
were taken for through vehicles on Augusta leaving either
side of each study intersection. One trap was used to
obtain the average maximum speed attained during the
first block beyond the intersection. Stopwatches and eno-
scopes were used to measure speeds of individual cars.
Films were taken of the operational characteristics at the
four-way sTtor intersections. These were run continu-
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ously because the level of traffic on Augusta was fairly
high even during the off-peak period. Volume counts of
peak and off-peak periods were taken at the intersections
of Woodbine, East and Lombard along Augusta and
Division.

A questionnaire was handed out during morning peak
and off-peak periods to eastbound vehicles on Division
and Augusta at their intersections with Austin. The crew
at each intersection consisted of several men distributing
questionnaires and one observer counting eastbound vehi-
cles during the period of distribution. Only vehicles
stopped by the traffic signal were questioned.

After the Village Board passed a temporary ordinance,
the four-way sTOP controls were removed from Augusta
at Woodbine, East, and Lombard and replaced by two-
way STOP controls protecting Augusta. As an extra pre-
caution for the safety of the pedestrians and motorists,
special signs were erected to warn of the change. These
signs, also shown in Figure A-12, were erected on the
minor-street approaches at each side of the three inter-
sections where the four-way sTOP control was replaced
by two-way STOP signs.

Due to the short period allowed for temporary change
in controls, the adjustment period for drivers was only
three weeks. Afterwards, the speeds of vehicles on Au-
gusta leaving these intersections were once more obtained
by stopwatches and enoscopes. Manual volume counts
were made along Division and Augusta at the same loca-

tions used during the before study. Films were not taken
after the change in control due to cold weather conditions.

During the after studies, another questionnaire was
handed out at the same two locations and using the same
methods as before.

The instrumented vehicle was used to gather data on test
runs throughout the before-and-after study. Toward the
end of the study period, operation was hampered some-
what by inclement weather, but the streets were generally
free of snow and ice during the runs.

Site E—Skokie

A secondary system study was carried out in the Village
of Skokie. Data were obtained by the instrumented vehi-
cle and by questionnaires. A plan of the site is shown
in Figure 15. The primary routes for westbound traffic
approaching the’ interchange of Dempster Street at Edens
Expressway were studied. These included routes formed
by Dempster, Church, Niles Center, Gross Point, Laramie
and Lockwood.

The study was conducted (a) to provide supplemental
information which could be analyzed in a later stage of the
project; and (b) to have data available for analysis along
with the Oak Park before study, should the late fall
weather make completion of the after study impossible.
Conditions did permit completion of the after study in
Oak Park; therefore, data from the Skokie system study
are not included in this report.

APPENDIX B
METHODS OF ANALYSIS

The methods used in analyzing the data collected and
discussed in the main body of this report are discussed
here. Detailed discussion of special techniques is included,
but other methods are discussed only briefly. The meth-
ods used to collect the data are described briefly in the
main text, and in detail in Appendix A.

MANUALLY RECORDED DATA
Speed Profiles

Speed profiles were collected on the legs of a number of
the study intersections. Speeds for each “trap” were
averaged. The average speed was plotted and a smooth
curve was fitted to the points by eye. For the intersections
where control changes were carried out as a part of the
study, the profiles for each control condition were plotted
together and compared. Statistical tests of the speeds in
each trap were conducted to determine if there was a sig-
nificant change in speed after a change in control. The

standard test was conducted to determine the significance
of difference of two sample means using Student’s ¢-dis-
tribution. The analysis was conducted to determine the
effect on speeds of YIELD and sToP control as well as of
sight distance. The profiles also could be used to study
the interaction between adjacent intersections.

Travel Time

The data on travel times were first correlated with the
5-min intersection volumes taken concurrently. Travel
times taken at the same level of major-street and minor-
street volumes were grouped together. Sample sizes were
so small with this grouping, however, that the average
travel time for each 1-hr period was determined. The
total hourly major- and minor-street volumes were also
determined. The travel times for minor-street vehicles
proceeding straight through were plotted against the
corresponding major-street volumes to determine the effect



of major-street volume on minor-street delay. Where
data were collected for YIELD and sToP control at the
same intersection, the two curves were plotted for com-
parison. To estimate actual delay to the vehicle, the un-
restricted travel time for such vehicles was computed for
each intersection. The unrestricted travel time was based
on a constant speed of 25 mph (the speed limit on the
streets studied) across the travel-time trap. The differ-
ence between the actual travel times and this value is the
delay based on one set of assumptions.

Volumes

Manual volume counts were made for several purposes
during the course of the study. Peak-hour turning-move-
ment counts were taken at each intersection in order to
estimate the level of operation. Counts were also made in
connection with speed profile and travel-time studies.
These counts were made by successive 5-min periods, and
later correlated with the data on travel time as previously
discussed. An attempt was made, concurrently with the
volume counts, to record the number of times there were
potential conflicts between vehicles on the major and minor
streets. The object was to measure how much vehicles
on one street were affected by vehicles on the other.
However, it was found difficult to define this accurately
in the field and still count traffic. Manual turning-move-
ment counts were also made in connection with the route
study. Volumes were measured at six locations within
the study area before and after the change in controls,
but the change in weather and holiday conditions rendered
those data useless. Manual counts were also made at the
two stations where driver questionnaires were distributed.
This permitted the size of the sample to be computed.

PHOTOGRAPHIC DATA
Recording

Films were made at each study intersection with a time-
lapse camera operating at 100 frames per minute. This
gave an accuracy of one frame interval equal to 0.6 sec.
The films were made both by running the entire 100-ft
roll without stopping, and by running only when vehicles
were approaching on the minor street. The first is referred
to as “continuous” and the second as “intermittent” filming.

The best method of analyzing the film data on the
study intersections was found to be the use of automatic
data processing equipment. Programs for the IBM 1401
computer were written in Fortran language for (a) cal-
culation of gap and lag acceptance characteristics, and
(b) average speeds and volumes for three time intervals,
and stopped-time delay. A third program written in Auto-
coder language was developed to determine headways of
arrival and departure. The flow diagrams for these pro-
grams are shown in Figures B-1 to B-3.

A method was devised of obtaining information from
the film in the form of frame numbers which could be
punched on data cards and put directly in the computer
for processing. Times of occurrence of several items were
defined for recording. Those referenced to points on the
roadway included (see sketch):
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STREET

1. Time of crossing the arrival and departure lines on
each leg (solid lines). These were 50 to 100 ft from the
intersection proper.

2. Time of crossing the midpoint line by the major-street
vehicle.

3. Time of passing the control device (dashed line) on
the minor street. Two other points, referenced purely as
points in time, were used in connection with the minor-
street vehicle. They are (a) the time at which the vehicle
stopped, and (b) the time at which the vehicle started
again.

The films were analyzed using a modified Kodak Analyst
projector, which has been described in detail elsewhere
(6.13). The observer could run the film forward or back-
ward one frame at a time. Each frame was counted on
a counter mounted on the projector. The method de-
scribed almost completely eliminated the need to reverse
the film. As each frame showed one of the vehicles at
a point to be recorded, the observer entered the frame
number in the appropriate place on the analysis form.
Simplification of the data recording process reduced the
analysis time to about 50 percent, it is estimated, of the
time that would have been required using more conven-
tional techniques.

Processing

After recording on the analysis forms, the data were
punched into IBM cards, each card representing one vehi-
cle and containing all information concerning that vehicle.
Major-street and minor-street cards were kept separate
and in the same order as recorded from the films. The
data for each film, therefore, were fed to the computer
in two decks—a minor-street deck and a major-street
deck—for the following operations:

1. For the gap and lag acceptance program (Fig. B-1),
the computer read the first minor-street card, checked
whether or not this vehicle was a “tailgater” that should
be eliminated from the analysis (see text), and then read
the first major-street card. It then compared the film
frame number of the minor-street vehicle when it was
opposite the control sign with the frame number of the
major-street vehicle when it was at the center of the inter-
section. This was done to determine whether or not the
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Figure B-1. Flow chart of gap and lag acceptance program.

major-street vehicle formed a lag with the minor-street
vehicle. If it did not, the computer went through the
major-street deck until it found the appropriate vehicle
which did form a lag. It then determined if the lag was
accepted or rejected by comparing the frame number of

< L

the minor-street vehicle as it started across the intersection
with the frame number of the major-street vehicle when it
reached the center of the intersection. The next step was
to sort out this lag and determine if it was formed by one
of the following turn combinations (see sketch):

i

MAJOR ST

B

5 o G

MINO
MINOR ST,

~

MAJOR ST,

a. Minor-street vehicle proceeding straight through an
intersection with major-street vehicle approaching from
the left and turning right.

b. Minor-street vehicle turning left with major-street
vehicle approaching from the left and turning right.

c. Minor-street vehicle turning left with major-street
vehicle approaching from the right and turning right.

d. Minor-street vehicle turning right with major-street
vehicle approaching from the left and turning left.

e. Minor-street vehicle turning right with major-street
vehicle approaching from the left and turning right.

f. Minor-street vehicle turning right with major-street
vehicle approaching from the right and turning left.

g. Minor-street vehicle turning right with major-street

Rl

vehicle approaching from the right and turning right.

h. Minor-street vehicle turning right with major-street
vehicle approaching from the right and proceeding straight
through intersection.

These were chosen so as to eliminate cases where no inter-
ference occurred between major- and minor-street vehicles.
Failure to signal on the part of one of the vehicles could
cause enough doubt on the driver’s part so that normal
operating conditions would not be represented.

If the lag was not formed by one of these combinations,
it was calculated and punched on an output card by the
computer. If the lag was rejected, the computer read the
next major-street card, called this formation a gap, and
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Figure B-2. Flow chart of speed, volume and delay program.

proceeded in a similar manner. The computer continued
reading major-street cards and calculating rejected gaps
until it found a gap (or lag if it was the first one) that was
accepted by the minor-street vehicle, at which time it
read the next minor-street card and repeated the entire
cycle.

If the lag formed was one of the previously listed turn
combinations, it was printed out separately by the com-
puter, complete with all pertinent data, for possible analy-
sis in the future. If this lag (or gap) was rejected,
another gap involving the minor-street vehicle was formed
by the next major-street vehicle. Even if these vehicles
did not form one of the turn combinations listed, this gap
also was removed from the analysis. (A gap was con-
sidered to be the spacing of two successive major-street
vehicles as they crossed the center of an intersection. If
the first vehicle forms a turn combination that was elim-
inated, even though the following vehicle did not, this gap
was also eliminated because the behavior of this first vehi-
cle could have affected the minor-street driver’s decision
to accept or reject).

The output of this program was punched directly onto
cards by the computer. It consisted of all input data con-
cerning both vehicles (minor street and major street),
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whether these vehicles were involved in a gap or lag,
whether the minor-street vehicle accepted or rejected, and
the length of the gap or lag. These cards were then put
into order of increasing gap or lag length; sorted by
accepted lag, rejected lag, accepted gap, rejected gap; and
printed out. It should be noted that each film was proc-
essed separately.

2. For the average speed, volume and stopped-time
detay program (Fig. B-2), the computer read each major-
street card, computed the speed of the vehicle through the
intersection, and punched the speed and input data on
output cards. It then read a minor-street card, computed
the time this vehicle was delayed at the control, and
counted and averaged the intersection speeds of all major-
street vehicles passing through the intersection for the
observation period described in the text. The program
was written to perform the same operation for a S5-min
period (2%2 min before and after the minor-street vehicle
reached the control sign) and also for a 10-min period
(defined similarly). Finally, it punched the stopped-time
delay, volumes, and averaged speeds for all three periods
on output cards. The program did not compute data for
the three periods for films which were taken intermittently.
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Figure B-3. Block diagram of headways of arrival and
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These cards were then put into order of increasing magni-
tude, sorted, and printed for observance interval volume,
observance interval average speed, 5-min volume, 5-min
average speed, 10-min volume, and 10-min average speed.

3. The calculation of headways of arrival and departure
was originally planned to be carried out on standard equip-
ment (as shown in the flow chart) due to its simplicity.
With the large volume of cards involved in the calculation,
however, it proved to be better to use the computer, pro-
grammed to the same flow chart (Fig. B-3).

Statistical analyses were performed on the data to test
a number of relationships. For gap and lag acceptance,
statistical tests were run to determine the significance of
the differences found between sToP and YIELD control.
The test determined the significance of differences between
two population percentages. It assumed the values to
vary according to the binomial distribution. Headway
distributions were tested in a similar manner. Results
concerning stopped-time delay were tested by the same
method employed for the speed profiles, as previously
discussed.

Additional Film Analyses

As work on the analysis of the individual intersection data
progressed, a study was also made of driver obedience
at each of the study intersections. The films of the inter-
sections provided a good source of data. Each of the
films of intersections under two-way sTOP control was
reviewed to determine (a) the percentage of minor-street
drivers required to stop by cross traffic, (b) the percentage
of minor-street drivers coming to a complete stop with no
conflict on the major street, (c¢) those drivers which came
to a “rolling” stop (between O and 5 mph), and (d) those
who did not slow below 5 mph. The accuracy of this
analysis depended heavily on the judgment of the observer.
It is reasoned, however, that the judgment was consistent
thereby allowing a fairly accurate comparison of operation
of different intersections and controls. A similar analysis
was conducted for films of YIELD-controlled intersections.
An estimate was made of the number of drivers who
passed the YIELD sign at a speed in excess of 20 mph.
This was used as a criterion for determining the level of
disobedience of the YIELD sign.

ROUTE STUDY DATA

As described in the main text, the drivometer registered
data on a series of counters whose readings were filmed
at specified points along the routes being measured. The
data were read directly off the films and punched onto
IBM cards. Seven major items were used for the analysis,
as given in Table 5. The average of these items was
determined for each route under study. The differences
in the average peak-period values between the before and
the after studies were tested statistically. Student’s ¢-
distribution was used to test the significance of difference
between two population means. The results of these tests
are summarized in Table 5.

Returned questionnaires were separated by station and
period of day during which they were handed out. A
tabulation was made of the number using each path
through the system for the before study. The question-
naires returned from the after study were tabulated to
show the driver’s present route, whether he had altered
his route since the control change and, if so, what his old
route had been.

The limited sample available for all but the few major
routes made it necessary to combine many of the question-
naire returns in order to obtain adequate samples. For
this purpose, the corridor was divided into four zones in
coding and analyzing the questionnaires. The larger sam-
ples gave fairly reasonable statistical results.

The four zones, which transverse the study corridor,
lay between Harlem and Woodbine Avenues, Woodbine
and East Avenues, East and Lombard Avenues, and Lom-
bard and Austin Avenues (see Fig. 13).

For each of these major zones, the questionnaires were
arranged into the following groups:

(a) Non-through eastbound traffic moving along Divi-
sion Street, as well as similar traffic along Augusta Street,
which passed the Austin Avenue stations.

(b) Eastbound traffic passing the Augusta Street station
which used Division Street for some part of its route
through the study corridor.

(¢) Eastbound traffic passing both stations which origi-
nated within those parts of the four zones bounded by
Division and Augusta Streets and Harlem and Austin
Avenues.

The data were grouped and plotted on a series of
graphs for analysis. It soon became evident, however,
that the results obtained from this method of grouping
were misleading.

Therefore, a further refinement was made in the group-
ing. The returns were expanded to comparable sample
size, and through trips were included. In addition, the
two inner zones were divided into two subzones. The
data resulting from this regrouping were plotted in Figure
72.

The resulting proportions taking various routes before
and after the control change were tested statistically to
determine if proportions differed significantly. The test
used was that for evaluating the significance of difference
between two population percentages. It assumes that the
population sampled follows a binomial distribution. The
results of the review of the tabulations and tests are
reported in Chapter Four.

Information on the origin and destination of the drivers
replying was also tabulated from the questionnaires. The
manner of grouping is defined in the main text. Seven
large sectors were used. Trips were grouped by origins
and destinations to these zones for before and after ques-
tionnaires. The resulting route changes during the peak
period were then studied in the light of the effect of
origin and destination on flexibility of route choice.



APPENDIX C
BIBLIOGRAPHY

References in the following pages apply to the various
phases of the study. The material that has been anno-
tated is related to the first-stage research on this project.
Pertinent data not available for review were also included.
Chicago area libraries, the Bureau of Public Roads li-
brary in Washington, D. C., and contributions by authors
and universities were the main sources of information.

This bibliography is comprised of two parts. The first is a
list of publications and annotations arranged under subject
headings in alphabetical order by author or, if there was no
author, by the title. Items are numbered consecutively within
each section. The second part is an alphabetical author index.

I.  YIELD SIGNS

1.01 Berry, D. S., “Research on Use of Right-of-Way Signs.”
Inst. of Transportation and Traffic Engineering, 1950,
Univ. of California, Berkeley, 3 pp. (mimeo.).

1.02 Berry, D. S, and KEeLL, J. H., “Use of Yield Signs.”
Traffic Engineering, Vol. 26, No. 4, pp. 154, 156-159
(Jan. 1956).

A summary was made of some of the information
available on the use of yield signs. Tentative warrants
for installation were suggested which would serve
until more definite standards could be determined.
The warrants dealt mainly with safety, approach
speed and relative volumes.

1.03 BouMaN, M. J., “The Use of Yield Signs and llluminated
One-Way Signs in San Diego.” Traffic Engineering,
Vol. 29, No. 3, pp. 18-23 (Dec. 1958).

1.04 Donican, R. L., and FisHER, E. C., “Legal Aspects of
‘Yield Right-of-Way Signs’.” Traffic Digest and Re-
view, Vol. 2, No. 9, p. 24 (Sept. 1954).

1.05 FAULKNER, Z. A., “Expert Sees Advantages in New
Sign.” Cook County Highways, Vol. III, No. 10, p. 3
(Mar. 1956).

1.06 GurNETT, G. B., “Yield ROW Sign Study, City of Para-
mount.” Study No. 1-60.01, 4:1 Unpublished 3:27,
Los Angeles County Road Dept., Traffic & Lighting
Div.

1.07 HarrisoN, H. H., “New ‘Yield’ Sign on Divided High-
ways.” Cook County Highways, Vol. 111, No. 11, p. 4
(Apr. 1956).

1.08 Harrison, H. H., “New Yield Sign for Rural State High-
ways.” Illinois Highway Engineer, Vol. 8, No. 2, p. 8
(1956).

1.09 HuTcHINSON, A. L., “The Yield Right-of-Way Sign.”
Proc., Northwest Conference on Traffic Engineering,
1953, pp. 85-86.

1.10 INwoop, J., and GREEN, H., “The Effect on Traffic of
the Yield Sign.” Research Note No. RN/3245/
JIL.LHG., Apr. 1958, Dept. of Scientific and Industrial
Research, Road Research Laboratory, BU. 437, BR.
565.

The behavior of vehicles emerging from the minor
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road was studied at 13 pairs of sites with halt (stop)
signs and at 15 pairs with slow signs. At one of
each pair of sites the existing sign was replaced by a
yield sign and further observations were made, the un-
converted sites being used for statistical control. The
change from halt to yield resulted in highly significant
decreases in delay to minor-street vehicles when no
traffic was nearby on the major street, whereas no
conclusive evidence was found to indicate similar
reductions with replacement of slow signs. Yield signs
were found to have a negligible effect on the major-
road traffic interval which was accepted by the driver
on the minor road.

1.11 INwoopD, J., and NEwBY, R. F., “Yield Signs.” Research
Note No. RN/3556/J1.RFN., Aug. 1959, Dept. of
Scientific and Industrial Research, Road Research
Laboratory, BR 642.

Describes experience with the yield sign obtained
in Great Britain and the U.S.A. Generally, British
studies of delay showed a reduction when a halt
(stop) sign was replaced with a yield sign, but not
when a slow sign was replaced with a yield sign. Ac-
cident studies in Britain were insufficient to draw any
conclusions. A review of U.S.A. experience showed
that little change in accident experience occurred
when a yield sign replaced a stop sign but that yield
signs helped cut accidents at formerly uncontrolled
intersections.

1.12  INnwoop, )., and Newsy, R. F., “Yield Signs.” The
Surveyor, Dec. 19, 1959.

Reports a British study of the replacement of halt
and slow signs with yield signs. It concluded that
drivers treat the yield signs much the same as slow
signs and that there was little change in accident
frequency with the change in control.

1.13  KEerL, J. H.,, “The Development and Application of
Yield Right-of-Way Signs.” Research Report No. 27,
Jan. 1958, Inst. of Transportation and Traffic En-
gineering, University of California, Berkeley.

Reviews the history of the development and appli-
cation of the modern yield sign. The major conclusion
is that the yield sign is an effective device for control-
ling traffic at many intersections if it is properly
utilized, if it is understood by the public, and if there
is reasonable enforcement.

1.14 KEeLL, J. H,, “Application of Yield Right-of-Way Signs.”
Traffic Engineering, Vol. 28, No. 10, pp. 18-22 (July
1958). .

Summarizes various applications of yield signs through-
out the United States.

1.15 KEeLL, J. H., “Yield Right-of-Way Signs: Warrants and
Applications.” Proc., Inst. of Traffic Engineers, 1959,
pp. 168-175.

Presents some current thinking on the general sub-
ject of yield signs.
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1.16 KEeLL, J. H., “Yield Signs: Warrants and Applications.”

1.17

1.18

1.19

1.20

1.21]

1.22

1.24

1.25

1.26

1.27

Traffic Engineering, Vol. 30, No. 7, pp. 15-17 (Apr.
1960).

Traffic volumes, approach speed, sight distance and
accidents are analyzed singly and warrants for the
application of yield signs are suggested or rejected
in each of these categories. A listing is made of
policy statements and uses for the yield sign.

Newsy, R. F., “The Effect of the Yield Sign on Accident
Frequencies.” Research Note No. RN/3438/RFN,
Apr. 1959, Dept of Scientific and Industrial Research,
Road Research Laboratory, BR. 612.

The effect of the yield sign on the frequency of
accidents was investigated at a sample of junctions.
In most cases, the new sign replaced existing halt
(stop) or slow signs. There were no significant
changes attributable to the yield sign except in one
area where there appeared to be a tendency toward
fewer accidents involving vehicles other than those
emerging from the road affected by the sign. The
severity of the injury accidents at each group of sites
remained virtually unchanged.

O’ConNNELL, R. C., “Experience with Yield Signs.”
Traffic Engineering, Vol. 27, No. 1, p. 34 (Oct. 1956).

PriscH, C. W., “Frankly Speaking.” Traffic Engineering,
Vol. 25, No. 4, p. 135 (Jan. 1955).

Ricg, P. W., “The ‘Yield Right-of-Way’ Sign.” Traffic
Quarterly, Vol. VI, No. 1, pp. 51-58 (Jan. 1952).

Yield signs were placed at five intersections in Tulsa,
Okla. Vehicles were checked for approach speed re-
action to the sign, and their continued activity across
the intersection. It was found that 94.6 percent of the
vehicles going through the yield sign were not re-
quired to stop by the cross traffic. Jt was concluded
that although yield signs are not the entire answer for
the operation of an intersection, it is a step forward.

RICE, P. W., “The Yield Sign.” National Safety Trans-
actions, Vol. 32, pp. 78-84 (1953).

RICE, P. W, “The Yield Sign: Will It Reduce Stop Sign
Nuisance.” Public Works, Vol. 85, No. 10, pp. 91-
92 (1954).

RiGas, C. E., “A First for Tulsa—The Yield Right-of-
Way Sign.” Traffic Review, Vol. 5, No. 2, pp. 2-3, 37
(Winter 1951).

“Right-of-Way Violations.” Traffic Digest and Review,
Vol. 8, No. 8, pp. 4-8, 26-29 (Aug. 1960).

Describes and defines various laws and methods
dealing with problems and guides for enforcement of
right-of-way violations.

“Second Report on the Yield Sign.” Inst. of Traffic
Engineers, Comm. on Warrants For and Experiences
With Yield Signs, Aug. 1955, 3 pp. (mimeo.)

STEWART, A. L., “Developments in Yield Right-of-Way
Signs.” Proc., Sixth California Street & Highway
Conf., 1954, pp. 97-98.

“The Yield Sign in Action.”
No. 4, pp. 20-21 (Oct. 1957).

A before-and-after study was made of a route in

Traffic Safety, Vol. 51,

1.28

1.29

.
2.01
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2.03

2.04

2.05
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“Third Report on the Yield Sign.”

Providence, R. I., along which 25 of 27 intersections
were changed from uncontrolled and two-way stop-
controlled conditions to yield control. Results showed
that where the change was from no control to yield,
accidents were reduced. The author concludes that
the driving public can save time and money by driv-
ing on yield-controlled streets.

Inst. of Traffic
Engineers, Comm. on Warrants For and Experiences
With Yield Signs, July 1956, 7 pp. (mimeo.)

WiLey, C. C., “Yield Signs.” Urbana, Ill., June 1954,
S pp- (mimeo.)

WoobLING, H. B., “Yield Right-of-Way Signs.” Proc.,
Inst. of Traffic Engineers, Discussion of Joint Com-
mittee on Uniform Control Devices, 1954, pp. 132-
134,

STOP SIGNS

BEerrY, D. S., “Improve Traffic Control on Through
Streets.” Public Safety, Vol. 13, No. 1, pp. 30-31 (July
1937). -

Urges alteration of the present system of traffic regu-
lation, mainly on the through streets which warrant
the over-use of stop signs. Steps are also suggested to
permit more uniform speeds on streets.

BisseLL, H. H., “Traffic Gap Acceptance From a Stop
Sign.” Graduate Research Report, 1960, Unpublished,
Inst. of Transportation and Traffic Engineering, Uni-
versity of California, Berkeley.

BLONSTEIN, H., and GURNETT, G. B., “Before & After
Study of Recently Signalized Four-Way Stops.” Study
No. 1-59-06 21, Unpublished 4:10, Los Angeles Road
Dept. Traffic & Lighting Div.

BLUNDEN, W. R., CrissoN, C. M. and FisHER, R. B,,
“Distribution of Acceptance Gaps for Crossing and
Turning Maneuvers.” Proc., Australian Road Re-
search Board, Vol. 1, Part 1, Paper No. 11, pp. 188-
205 (1952).

Describes a study of gap acceptance characteristics
at several intersections. Uncontrolled and stop sign
conditions were both studied. A theoretical distribu-
tion was fitted to the results of the field study and a
delay formula was derived. Results showed that gap
acceptance characteristics of drivers who stop are more
variable than those not stopping. Critical or minimum
gap distributions were fitted with an Erland distribu-
tion of varying K-value with fairly good accuracy.

BrowN, L. R., “The Traffic Signal vs the Full Stop at
Outlying Intersections.” Proc., Inst. of Traffic En-
gineers, 1932,

CooPER, B. K., “A Supplementary Legend at Four-Way
Stop Intersections.” M. S. Thesis, Aug. 1957, Purdue
University.

The study was an attempt to determine whether the
efficiency of four-way stop intersections could be im-
proved with the addition of the supplementary legend
“4-WAY” on the standard stop sign. Results showed
drivers accept a lower critical lag with the supple-
mentary message.
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Dier, R. D., “The Four-Way Stop Control.” Proc.,
California Traffic and Safety Conf., 1950, pp. 48-49.

“Driver Observance of Stop Signs.” Manual of Traffic
Engineering Studies, 1945, National Conservation
Bureau, New York, pp. 24-26.

ELior, W. G., “Types of Regulation Affect Driving
Habits.” Civil Engineering, Vol. 5, No. 9, pp. 528-531
(1935).

The behavior of vehicles as affected by several types
of regulations was studied. Results show a high per-
centage of drivers ignore signs such as speed limit,
caution and stop signs.

ErickseN, E. L., “Traffic Performance at Urban Street
Intersections.” Traffic Quarterly, Vol. 1, No. 3, pp.
254-267 (July 1947). See Ref. 2.13.

FiscHER, C. F., Traffic Survey, Akron, Ohio. 1934-1935,
pp. 69-73.

A section of the report deals with driver observance
at stop signs. Vehicles were studied approaching stop
signs at 60 intersections. Analysis is given of data on
vehicles stopping at or entering the intersection at
various rates of speed.

GaGNON, C. Y., “Effect of Size of Gaps in Line on Ac-
ceptance of the Lag at a Stop Sign.” M.S. Thesis,
June 1962, Northwestern University.

The effect of size of gaps in a line on acceptance
of the lag at a two-way stop sign was evaluated. It
was found that for a given lag size the acceptance
is not greater when there is a line of vehicles on the
main street than when there is only one car visible to
the side-street driver.

GREENSHIELDS, B. D., SCHAPIRO, A. B., and ERICKSEN,
E. L., “Traffic Performance at Urban Street Intersec-
tions.” Technical Report No. I, 1947, Yale Bureau of
Highway Traffic, Yale University, 152 pp.

A preliminary exploration into the fundamental re-
lationships which exist between traffic units. Field
methods and vehicle acceleration and deceleration
are discussed. A technique of time spacing analysis
is applied to traffic behavior at non-controlled inter-
sections. The application of the Poisson theory to
vehicular traffic is demonstrated. Mathematical prin-
ciples used to check physical phenomena increase
the reliability of the values and magnify their possi-
ble use.

HaLr, E. M., “Intersection Delay—Signal vs Four-Way
Stop.” Proc., Inst. of Traffic Engineers, 1952, pp.
60-64.

This study compared delay of two contro! devices
(semi-traffic-actuated signal vs four-way stop control)
on the average vehicle passing through an intersection.
It was found that (a) some drivers may prefer a sig-
nal control even though the delay is greater; (b) the
average delay per minor-street vehicle was signifi-
cantly greater with the semi-actuated signal control
than the four-way stop control for all volumes studied;
and (c) the average delay per major-street vehicle
was significantly greater with a semi-actuated control
for all volumes above 800 vph on the studied ap-
proaches.
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HansoN, D. J., “Are There Too Many Four-Way
Stops?” Traffic Engineering, Vol. 28, No. 2, pp. 20-
22,42 (Nov. 1957).

All stop sign locations in Peoria, lll. were reviewed
in an effort to reduce the number of unwarranted
signs. After a detailed study of four-way stop inter-
sections, warrants were suggested pertaining to mini-
mum vehicular volume, accident hazard, and maxi-
mum vehicular volume. Advantages and_ disadvan-
tages of four-way stops were discussed. Circumstances
under which it is not desirable to install four-way
stops were also listed. It was concluded from ex-
perience in Peoria that four-way stop signs do serve
as useful traffic control devices when properly ap-
plied.

HansoN, D. J., “Over-Controlled Traffic.” Traffic Digest
and Review, Vol. 8, No. 8, pp. 14-18 (Aug. 1960).

Underlines the problem of over-controlled traffic by
excessive and unrealistic regulation of motor vehicles,
which creates movements that waste money, cause
driver confusion, and expose drivers to serious haz-
ards.

HarrisoN, H. H., “Four-Way Stops.” Traffic Engineer-
ing, Vol. XIX, No. 5, pp. 212-214 (Feb. 1949).

Describes experience in lllinois with stop signs and
suggests warrants for installation of four-way stop
signs.

HarrisoNn, H. H., “Four-Way Stop Control.” Papers and
Discussions, Convention and Group Meetings, 1957,
American Association of State Highway Officials, pp.
177-182.

HEeBEeRT, J., “A Study of Four-Way Stop Intersection
Capacities.” M.S. Thesis, June 1962, Northwestern
University.

Three right-angle intersections in the Chicago metro-
politan area were used to determine the capacity of
four-way stop intersections under various traffic and
operating conditions. Data were collected using time-
lapse photography. The results indicate that (a) left
turns have no effect on the headway of departure,
whereas right turns do; (b) right turns increase in-
tersection capacity; (c) longer headways are needed
to cross a four-lane vs a two-lane cross street; and (d)
70 percent of vehicles were found to be moving out
two abreast if there are two lanes on a loaded ap-
proach. Discharge times were calculated for various
conditions. A trial capacity chart for four-way stop
intersections is presented.

“llinois Traffic Engineer Designs a Hooded Stop Sign.”
Traffic Digest and Review, Vol. 2, No. 7, p. 18 (July
1954).

JackMAN, W. T., “Driver Obedience to Stop and Slow
Signs.” Bull. 161, Highway Research Board, pp. 9-17
(1957).

A study was made of the effectiveness of reflectorized
red and white stop signs compared with those which
are enameled yellow and black. The effectiveness of
slow signs was also studied. The conclusions tend to
indicate that (a) no combination of stop sign and
position is any more effective than another as far as
driver obedience is concerned; (b) slow signs are, in
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2.25
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themselves, generally not effective; and (c) slow signs
should not be used without additional signs stating the
nature of the danger involved.

KENEIPP, ). M., “Efficiency of Four-Way Stop Control
at Urban Intersections.” Traffic Engineering, Vol.
XXI, No. 9, pp. 305-306 (June 1951).

Reports a study in Champaign-Urbana, Ill., to evalu-
ate what happens to the efficiency of an intersection
control. It was concluded that under no condition
can an urban intersection operating as a four-way stop
be more efficient than it would be under normal two-
way stop control.

LecLanp, E. J., “Four-Way Stop Sign System.” Proc.,
Road Builders Clinic, State College of Washington,
Pullman, 1958, pp. 29-31.

Marks, H., and HutcHINSON, A. L., “Warrants for
Four-Way Stops.” Proc., Northwest Traffic Engineer-
ing Conf., 1959, pp. 101-106.

A special committee report is given listing the re-
sults from the paper of Daniel Hanson in the Nov.
1957 issue of Traffic Engineering (Ref. 2.15). The
discussion concluded that an objective study should
be extended to include all intersection traffic control
devices so as to ultimately delineate the effective areas
of influence for each device.

McCoy, G. T., “The Problems Connected with Traffic
Signs.” The Siren, Municipal Motorcycle Officers of
California, Official Year Book, 1957, pp. 41, 145, 147,
149.

MCcEAcHERN, C., “A Four-Way Stop Sign System at
Urban Intersections.” Traffic Quarterly, Vol. 111, No.
2, pp. 128-137 (Apr. 1949).

Summarizes information dealing with various aspects
of four-way stop sign control throughout the United
States.

MCcINTYRE, L. W., “Report of Committee on Traffic
Engineering.” Trans., National Safety Council, Vol.
23, pp. 38-39 (Oct. 1933).

“Minor Intersection Traffic Control by Signs or Traffic
Beacons.” Proc., Northwest Traffic Engineering
Conf., 1953, pp. 84-98.

MORRISON, R. L., “Comparative Efficiency of Stop Signs
and Stop-and-Go Signs at Eight Traffic Intersections.”
Proc., Inst. of Traffic Engineers, 1931, pp. 39-49.

PETERSON, S. G., “Control Devices for Blind Intersec-
sections.” Traffic Engineering, Vol. 31, No. 1, Part I,
pp- 54, 56 (Oct. 1960).

RAFF, M. S., “Space-Time Relationships at ‘Stop’ Inter-
sections.” Proc., Inst. of Traffic Engineers, pp. 42-49
(1949).

RAFE, M. S., “A New Study of Urban Signs: A Volume
Warrant.” Traffic Quarterly, Vol. 1V, No. 1, pp. 148-
158 (Jan. 1950).

RAFF, M. S.,, “A Volume Warrant for Urban Stop
Signs.” ENO Foundation for Highway Traffic Con-
trol, 1950, 121 pp.

The research was devoted to developing a volume
warrant for installing two-way stop signs at right-
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2.38

2.39

angle crossings in urban and in isolated areas not
a part of a through street system. By paraphrasing the
Manual of Uniform Traffic Control Devices volume
warrant for fixed-time signals, the following warrant
was derived: “A stop sign is warranted, under the
criterion of percent delayed, if an average day con-
tains 8 hr during which the volumes are such as to
delay at least 50 percent of the side-street cars.” The
warrant was intended to supplement other warrants.
In addition to the volume warrant, the principal study .
findings are (a) definition of the “critical lag” and
the fact that it varies from one intersection to an-
other; (b) the average length of delay of side-street
cars does not correlate well with traffic volumes and
is, therefore, not a good basis for a sign warrant; and
(c) that mathematical theory can be applied to stop
control, but there remains the additional problem of
taking adequate account of the sluggish starting of a
line of stopped cars.

“Required Stops.” Publication No. 2541, Northwestern
Traffic Inst., 17 pp.

This basic training manual is one of a series on Traffic
Law Enforcement developed by the staff of the Traffic
Institute specifically for use in departmental training
programs. Written at the operational level, it pro-
vides detailed instructions on the procedures a police
officer should follow in enforcing laws of required
stops.

SawHiILL, R. B., “The Stop Sign.” Proc., Northwest
Conf. on Traffic Engineering, 1953, pp. 87-90.

“Sign Moves to Keep Up With the Times.” Cook
County Highways, Vol. IX, No. 10, pp. 5-6 (Feb.
1962).

SMEED, R. J., “Road User Behavior in Relation to Road
Conditions.” Traffic Engineering, Vol. 25, No. 9,
pp. 361-365 (June 1955). See Ref. 3.57.

SweRrDLOFF, C. N, “A Study of Gap Acceptance at a
Stop Sign Location.” M.S. Thesis, June 1962, North-
western University, 72 pp.

The object of the study was to evaluate the possible
effects of main-street width and peak and off-peak
traffic conditions upon the gap acceptance character-
istics of drivers entering stop-sign-protected intersec-
tions. The conclusions indicate that (a) the gap ac-
ceptance distribution of peak-hour drivers tends to
be more uniform than for drivers in off-peak hours;
(b) for a given gap size, the probability of acceptance
appears to be greater during peak-hour than off-peak
hours. These results are independent of main-street
width; and (c) the lack of correlation that was found
between main-street width and gap acceptance may
be a result of the “creep phenomenon.”

“Traffic Signals Versus Stop Signs.” Street Engineering,
Vol. 1, No. 6, p. 28 (June 1956).

2.40 Wikig, L. G., “58,732 Motorists Checked at Stop

Signs.” Cook County Highways, Vol.
pp- 4-5, 7 (Mar. 1954).

A study of driver obedience to stop signs in Cook
County, Ill. Almost 20 percent of the drivers ob-
served failed to stop at the sign. It was decided to
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employ selective enforcement and thoroughly re-
view the problem.

2.4t Wikig, L. G., “Further Study of Stop Sign Disobedi-
ence.” Cook County Highways, Vol. 11, No. 2, pp.
6-7 (July 1954).
Further evaluation of data obtained by checking
58,732 motorists at stop signs in Cook County, Ill.

Il. PEDESTRIAN CONTROLS
A. School Crossing Protection

3.01  “A Program for School Crossing Protection.” Inst. of
Traffic Engineers, Aug. 1962.

3.02  Barts, H., “Design, Installation and Use of School
Crossing Signals.” Proc., Inst. of Traffic Engineers,
Paper No. 1, pp. 263-264 (1963).

3.03 Crawrord, G. L., “Design, Installation and Use of
School Crossing Signals.” Proc., Inst. of Traffic En-
gineers, Paper No. 2, pp. 264-269 (1963).

3.04 Dier, R. D., “Determining the Degree of Hazard at
School Crossings.” Traffic Engineering, Vol. 25, No.
4, pp. 137-139, 153 (Jan. 1955).

A technique is described for determining whether the
traffic stream at a particular school crossing has
adequate and frequent gaps. The author states that
the method appears to have the simplicity and accu-
racy that would encourage its adoption as a uniform
method for the determination of the degree of hazard
at school crossings.

3.05 DiEer, R. D., “School Crossing Protection.” Proc., Inst.
of Traffic Engineers, Report of Committee 3B, 1958,
pp. 94-96.

3.06 HAVENNER, J. E., “Protection at School Crossing.” Proc.,
Sixth California Street and Highway Conf., Feb. 1954,
pp. 84-91.

A discussion of the various problems involved in ob-
taining proper and adequate protection controls at
school crossings. The author attempts to delineate
the respective areas of responsibility of the home, edu-
cation, enforcement, and engineering.

3.07 Howig, G. W., “Effective Protection for School Cross-
ings.”™ Proc., Inst. of Traffic Engineers, 1950, pp.
72-77.

3.08 INsT. oF TRAFFIC ENGINEERS, “Report of the Commit-
tee on School Crossing Protection.” Traffic Engineer-
Ing, Vol. 27, No. 11, pp. 530-535 (Aug. 1957).

Reviews policies, warrants and methods used by vari-
ous traffic authorities throughout the United States.
Several graphs are included which analyze school
crossings for traffic controls.

3.09 Kuent, R. E., and SeBurN, T. J., “School Crossing
Warrants Protect Kansas City.” Traffic Quarterly,
Vol. X, No. 3, pp. 398-415 (July 1956).

Numerical rating systems were developed to evaluate
intersections in Kansas City, Mo. The system indexed
need for either a school stop sign, a pedestrian-actu-
ated signal, or a school patrol officer at school cross-
ings. In practice the systems gave good indication of
what kind of control was needed.
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3.10  Lawron, L., “Traffic Controls in the Vicinity of School
Zones.” Traffic Engineering, Vol. 24, No. 7, Part 1,
pp. 239-241, 244 (Apr. 1954).

Location of crossings, warrants, school traffic signals,
persons at crossings, selection of positive control and
setting up a program were discussed in hopes of estab-
lishing a sensible and uniform approach to the school
crossing problem.

3.11  *“School Crossing Protection.” California Division of
Highways, Sacramento, 1953.

3.12  SieLski, M. C., “School Crossing Protection.” Traffic
Engineering, Vol. 23, No. 12, pp. 494-497 (Sept.
1955).

Describes the method used in the Chicago area for
carrying out school crossing protection programs.
This includes (a) analysis of hazardous crossings on
a city-wide basis; (b) the representation of various
interested groups to conduct the study; and (c) the
presentation of a report at a public meeting.

B. Scramble System

3.13  Boves, R. C., “Pedestrian Phasing Signals.” Proc.,
Northwest Traffic Engineering Conf., 1958, pp. 110-
112,

3.14 BUTLER, E. L., “Denver’s New Traffic Control System
Includes Pedestrian Separation Period.” Traffic Di-
gest and Review, Vol. 1, No. 1, pp. 16-18 (Apr.
1953).

3.15 CaL Y MavYor, R., “The Effect of Pedestrian Signals on
Vehicular Traffic.” Traffic Engineering, Vol. XXI,
No. 7, pp. 232-235 (Apr. 1951).

A before-and-after study of vehicle performance at
intersections was made. The intersections were
studied when there were regular traffic signals and,
four months later, after pedestrian signals were in-
stalled. Pedestrian-vehicle conflicts were drastically
reduced, allowing a notable time reduction for turn-
ing movements. The capacity of the intersection was
decreased due to the reduction of green time per
phase.

3.16 Dier, R. D., “Pedestrian Scramble Control.” Traffic
Engineering, Vol. 24, No. 1, pp. 413-414 (Aug.
1954).

Describes the installation and successful operation of
scramble control at an intersection in Long Beach,
Calif.

3.17 Dier, R. D., “Warrants for the ‘Scramble’ System of
Traffic Signal Control.” Proc., Seventh California
Street and Highway Conf., Feb. 1955, pp. 79-82.

The turning warrant, accident-hazard warrant, pedes-
trian warrant, and various factors which limit the
value of warrants were discussed. The author cautions
that factual engineering studies and careful analysis
should be made before applying the scramble system.

3.18 FaustMaAN, D. J., “Pedestrian-Phased Traffic Signals
(Scramble System).” Proc., Sixth California Street
and Highway Conf., Feb. 1954, pp. 93-96.

Discusses the scramble system as applied in Sacra-
mento, Calif. Conclusions indicate that (a) the system
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should be used only at locations where there is con-
siderable conflict between pedestrians and turning
vehicles which results in undue delay to vehicle move-
ment; (b) the system will cause much less congestion
if it is possible to alter the time of the signals at
various times of day; and (c) it appears to function
more satisfactorily on one-way streets than on two-
way streets.

HaLEY, C. E., “Scramble, Scramble, Who's Got Scram-
ble?” Traffic Engineering, Vol. 28, No. 8, pp. 18-20,
44 (May 1958).

To familiarize traffic engineers with the practice else-
where, questionnaires were sent to various cities in an
attempt to find out which cities were using the scram-
ble system, which had used it and discontinued it, and
which were not using it. The results were presented
in several tables.

3.20 Hicks, J. V., “Scramble Traffic.” Police Chief, Vol. XX,

3.21

3.22

3.23

3.24

3.25

No. 5, pp. 4-6 (May 1953).

MARCONI, W., “Exit Scramble in San Francisco.” Traffic
Engineering, Vol. 29, No. 4, pp. 20-22, 35 (Jan.
1959).

The increasing traffic volumes and congestion in down-
town San Francisco and the need for increased ca-
pacity prompted the removal of the existing pedestrian
phase or “scramble” from four signalized intersections.
Before-and-after studies indicate a net gain of 24 per-
cent in traffic speeds after the removal of the scramble
system.

O’CONNOR, T. J., “Scramble System in Boston.” Traffic
Engineering, Vol. 28, No. 11, p. 37 (Aug. 1958).

“Scramble System—Some Like It.” Street Engineering,
Vol. 3, No. 12, p. 20 (Dec. 1958).

SHOAF, R. T., and Marconi, W., “Scramble in San
Francisco.” Traffic Engineering, Vol. 25, No. 2,
p. 53-57 (Nov. 1954).

Discusses the before-and-after studies of four San
Francisco intersections, appraising the effect of the
scramble system. The conclusions point out that al-
though pedestrian and motorist reaction was favor-
able, vehicular travel time on streets through the
system increased by 11.7 to 94.4 percent.

SHoAF, R. T., “A Discussion of Warrants for Scramble
Signals.” Traffic Engineering, Vol. 25, No. 7, pp.
261-263 (Apr. 1955). :

Several intersections were studied and a formula was
developed which rated the effectiveness of the scram-
ble system at San Francisco intersections. It was
concluded that the scramble system causes added
delay and economic loss to the motorist and is not
the answer to making better use of existing streets.

C. General
3.26 ALLEN, B. L., “Pandas versus Zebras; Comparative Study

3.27

of Control at Pedestrian Crossing.” Traffic Engineer-
ing and Control, Vol. 4, No. 11, pp. 616-619 (Mar.
1963).

BarTON, G. W., “Pedestrian Signal Control.” Traffic
Digest and Review, Vol. 2, No. 5, pp. 8-13 (May
1954).

3.28

3.29

3.30

3.31

3.32

3.34

3.35

3.36

3.37

3.38 -

3.40

Discusses various aspects of the scramble system as
experienced in Milwaukee, Wis., and Evanston, Ill.
Among the conclusions, it was found that the scramble
system cannot be depended upon to improve the move-
ment of both vehicles and pedestrians under all
circumstances.

BERRY, D. S., “Proposed Change in Pedestrian Right-of-
Way at Non-Signalized Intersections.” Proposals for
Maodification in the Report of the Subcommittee on
the Rules of the Road, Mar. 1962, 3 pp.

“British Pedestrian Security.” Street Engineering, Vol. 1,
No. 8, p. 20 (Aug. 1956).

BRUENING, M. E., “Separate Walkers and Right-Turners.”
Traffic Engineering, Vol. 28, No. 1, pp. 39-40 (Oct.
1957).

A system is described where right turns are allowed
during the first 15 sec of the signal cycle, during
which time pedestrians do not walk. During the re-
mainder of the green interval, pedestrians walk parallel
to the traffic streams but motorists cannot turn right.

Davri, D. P., “New Safety Pedestrian Crossing.” Road
Safety in Indiana, July-Sept. 1959.

Durr, ). T., “Mutual Obligations of Turning Traffic and
Pedestrians at Signal Controlled Intersections and
Appropriate Indication Thereof.” International Road
Safety and Traffic Review, Vol. XI, No. 2, pp. 9-10,
12, 14-16 (Spring 1963).

A general discussion of eight papers written about
turning traffic and pedestrians at signal-controlled
intersections. To ascertain current practice, question-
naires about the control of pedestrians with traffic
light signals were received from 16 European coun-
tries, the U.S.A., and Israel. The results are tabulated.

DunN, J. B., “Pedestrian Footbridges.” Research Note
No. RN/2036/JBD, 1953, Road Research Laboratory,

5 pp.

GRrOVE, A. W., “Pedestrian Signal Warran;s.”
Inst. of Traffic Engineers, 1958, pp. 97-99.

Proc.,

Haves, A. T., “Pedestrian Control.”
Traffic Engineers, 1961, pp. 87-92.

Proc., Inst. of

The program of pedestrian control applied in Lansing,
Mich., is described. Several graphs tabulate results
of before-and-after studies.

Hicky, N. W, “Public Likes ‘Don’t Leave Curb.””
American City, May 1957, pp. 165-166.

HorrFMaN, L., “Hammond’s New Pedestrian Signals.”
Traffic Digest and Review, Vol. 3, No. 6, p. 7-8 (June
1955).

HorFMaN, L., “Pedestrian Signal.” Traffic Engineering,
Vol. 25, No. 12, pp. 492-493 (Sept. 1955).

LawTon, L., “Lawton Pedestrian Signal.” Traffic En-
gineering, Vol. 25, No. 12, pp. 490-491 (Sept. 1955).

Leg, D. M., “Portland Protects Its Pedestrians.” Traffic
Quarterly, Vol. VI, No. 3, pp. 284-293 (July 1952).

The procedure followed by Portland, Ore., to reduce
pedestrian accidents is described. The program of
pedestrian protection was successfully achieved by a
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3.46
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3.49.

3.50

3.51

3.52
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balanced program of education, enforcement, and
engineering.

MarsH, B. W., “Pedestrian Research.” Proc., Highway
Research Board, Vol. 19, pp. 340-346 (1939).

MaRsH, B. W., “What About the Pedestrian?”
Inst. of Traffic Engineers, 1950, pp. 28-41.

Proc..

Massey, S. A., “Mathematical Determination of War-
rants for Pedestrian Crossings.” Traffic Engineering,
Vol. 32, No. 12, pp. 19-21 (Sept. 1962).

MonLg, R. H., “Crosswalk Marking Practices and
Driver and Pedestrian Behavior at Two Different
Crosswalk Markings.” Master of Engineering Thesis,
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IV. TURN CONTROLS

4.01

4.02

4.03

4.04

4.05

4.06

4.07

4.08

ARCHER, J. G., HaLL, R. 1., and EI1LoN, S., “Effect of
Turning Vehicles on Traffic Flow Through a Signal
Controlled Junction.” Traffic Engineering & Control,
Vol. 5, No. 5, pp. 295-297 (Sept. 1963).

BERRY, D. S., SCHWAR, J. F., and WATTLEWORTH, J. N.,
“Evaluating Effectiveness of Lane Use Turn Control
Devices.” Proc., Highway Research Board, Vol. 41,
pp. 495-528 (1962).

BLACKBURN, J. B., “A Study of Delay at Intersections
for Turning Vehicles.” Presented at 42nd Annual
Meeting, Highway Research Board, 1963.

Delay to turning vehicles at signalized and non-signal-
ized intersections was compared with through vehicles
for the purpose of developing penalties to be used in
computer assignment. A moving-car technique was
used in combination with a continuously moving tape
recording device. Results showed delay to left turns
to be significantly greater than through movements,
whereas delay to right turns was not significantly
greater than through vehicles. Six locations were
studied, with 60 observations being made at each.
A nested factorial expression was used to describe
the data statistically.

BRAFF, L. M., “Traffic Engineering Techniques Applied
in Los Angeles.” Traffic Quarterly, Vol. X, No. 3,
pp. 331-337 (July 1956).
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Presents the model and results of an analog computer
simulation of a signalized intersection. The model was
tested using inputs from an existing intersection. The
output of the simulation agreed with measures of
operation found in the field, within the limits of the
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authors to derive comparative costs of operation at
an intersection with different controls. Two-way stop
and fixed-time signal control are compared at varying
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computer modes to the study of driver behavior was
explored in a series of experimental and analytical
studies. Verbal reports and objective performance
measures were collected during controlled observations
of car following on a four-lane, limited-access high-
way. A model of the observed behavior was formu-
lated in flow chart form. The parameters of the model
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