
A study of traffic signal clearance interval

Item Type text; Thesis-Reproduction (electronic)

Authors Higgins, John Scott

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:56:17

Link to Item http://hdl.handle.net/10150/555023

http://hdl.handle.net/10150/555023


A STUDY OF TRAFFIC SIGNAL 
CLEARANCE INTERVAL

by
John Scott Higgins

A Thesis Submitted to the Faculty of the
DEPARTMENT OF CIVIL ENGINEERING AND ENGINEERING MECHANICS

In Partial Fulfillment of the Requirements 
For the Degree of
MASTER OF SCIENCE 

WITH A MAJOR IN CIVIL ENGINEERING
In the Graduate College

THE UNIVERSITY OF ARIZONA

1 9  7 8



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfill
ment of requirements for an advanced degree.at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library.

Brief quotations from this thesis are allowable 
without special permission, provided that accurate acknowl
edgment of source is made.' Requests for permission for 
extended quotation from or reproduction of this manuscript 
in whole or in part may be granted by the head of the major 
department or the Dean of the Graduate College when in his 
judgment the proposed use of the. material is in the interests 
of scholarship. In all other instances, however, permission 
must be obtained from the author.

APPROVAL BY THESIS DIRECTOR 
This thesis has been approved on the date shown below:

ROBERT H. WORTMAN Associate Professor of Civil Engineering
Date



ACKNOWLEDGMENTS

Thanks are extended to the author1s advisor. Dr. 
Robert H. Wortman, for his time and effort on this, thesis.

Thanks are due, also, to the Traffic Engineering 
Division of the City of Tucson, Arizona, and especially to 
Mr. Lonnie Wiles, whose help in the collection of data was 
invaluable.

And, finally, to my parents, thanks for their help 
and encouragement.



TABLE OF CONTENTS

Page
LIST OF TABLES    . vi
LIST OF ILLUSTRATIONS  .......................... ,viii
ABSTRACT . . . . . . .       ix

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . .  1
The Study . . . . . . . . . . .    . . 4
Limitations         . 4

2. REVIEW OF LITERATURE    . .7
Accident Analysis . . . . . . .  ..........  ... 7
Theoretical Analysis . . . . .  . . . . . . . . . 10

3. ACCIDENT ANALYSIS .  ..........  . . . . . . . .  . 18
The Study       . 18

Site Selection . . . . . . . . . . . . . . .  19
Volume Data Reduction . . . . . . . . . . .  21
Accident Records . . . . . . . . . . . . . .  21

Analysis . . . . . . . . . . . . . . . . . . . .  22
Results . . . . . . . . . . . . ............  . . 24

4. THEORETICAL ANALYSIS    . 35
Review of Equations       . 36
Clearance Interval Computation . .   . 42

Time Needed to Clear the Intersection . . .  42
Time Needed to Safely Stop . . . . . . . . . 43
Example Calculations     . 43

5. VIOLATION ANALYSIS  .......... . . . 49
Field Measurement........................... 49

Site Selection..........     52
Clearance Interval Test  ............   54
Sample Size      . 54

Analysis . . . . .  . . . . .  . . . . . . . .  . . 54
Results . . . . . . . . . . . . . .  ..........  57

iv



V
TABLE OF CONTENTS— Continued

Page
6. CONCLUSIONS 66
7, RECOMMENDATIONS FOR FUTURE STUDY . „ „ ............. 68

APPENDIX A: COMPUTATION OF SAMPLE S I Z E ..........   70
APPENDIX B: AVERAGE VOLUME PER CYCLE, AND

FREE FLOW SPEEDS DURING FIELD 
OBSERVATION . . , . . . .  . . . . . . 72

REFERENCES 73



LIST OF TABLES

1.

2 .

3.

4.

5.

6.
7.
8 .

9. 
10. 
11.

12.

13.

14.

Page
Clearance Interval of Intersections Used

in the Accident Analysis (in Seconds) . . . . .  20
Volumes, Total Accidents, and Accident Rates

for Clearance Interval Analysis . . . .  ... „ . 25
Accidents by Type of Accident for Clearance

Interval Analysis . . . . . , . . . . . . . . 26
Accidents by Degree of Severity for

Clearance interval Analysis . . . . . . . . . .  28
Citations Issued for Accidents Used in

Accident Analysis . . . .  ..........  29
Accidents by Type of Accident . . . . . . . . . . .  31
Accidents by Degree of Severity (Revised) . . . . 32
Stopping Distance and Deceleration Rate

Needed for Non-Dilemma Zone Operation,3 13.5] (4) Second Yellow  ..........   44
Clearance Interval Requirements     . ... .47
Study Intersections . . . . . . . . . . . . . . . .  53
Clearance Interval Timing Observed for

Effectiveness . . . . . . . . . . . . .
Number and Percentage of Close Decision 

Vehicles that Successfully Stopped 
(Through Vehicles Only) . . ........

Number and Percentage of Close Decision 
Vehicles that Successfully Stopped 
(Permissive. Left Turns Only) . . . .

Number and Percentage of Close Decision 
Vehicles that Successfully Stopped 
(Left Turn Phases Only) . . . . . » .

vi

55« - « o e e '

e o <? e - q 5  8

e « ' o 9 <6 6 0



LIST OF TABLES— Continued
Page

Left Turn'Encroachment Severity of the
Clearance Interval . . . . . . . . . . . . . .  63



LIST OF ILLUSTRATIONS

Figure Page
1. Geometric Aspects of an Intersection with

Respect to ■ the Permissive Law 37
2. Geometric Aspects of the "Dilemma" Zone . . . . . 39
3. Experiment Layout on Approach . . . . . . . . . . .  51

viii



ABSTRACT

The purpose of this study was to analyze the clear
ance interval effects on a driver under permissive law con
ditions, which state that a driver shall not enter the 
intersection after the red indication has been displayed. 
Observations were taken in the City of Tucson, Arizona, 
where many violations of the clearance interval were ob
served and numerous accidents were recorded. The clearance 
interval used in the City of Tucson is a 3 second yellow 
followed by an all-red phase. The study consisted of three 
separate analyses to evaluate the clearance interval, 
namely, an accident analysis, a theoretical analysis, and a 
violation analysis. From the results of the study, it was 
concluded that a 3.5 to 4 second yellow would provide enough 
clearance time for most intersections, and that driver be
havior did not change as a function of the yellow phase 
length.



CHAPTER I

INTRODUCTION

When a traffic signal changes from green to yellow, 
drivers approaching the signal are forced to make the deci
sion of stopping or continuing through the intersection.
This decision is important because an error can lead to a 
violation, or worse, an accident.

The Manual on Uniform Traffic Control Devices for 
Streets and Highways [MUTCDj (7, p. 228) defines what the 
function of a steady yellow indication is:

A yellow vehicle change interval shall be used . 
following each CIRCULAR GREEN interval and, where 
applicable after each GREEN ARROW interval.

The exclusive function of the steady yellow in
terval shall be to warn traffic of an impending change 
in the right-of-way assignment.

Yellow vehicle change intervals should have a 
range of approximately 3 to 6 seconds. Generally the 
longer intervals are appropriate to higher approach 
speeds.

The yellow vehicle change interval may be followed 
by a short all-way red clearance interval, of suffi
cient duration to permit the intersection to clear 
before cross traffic is released.

How the yellow and red indications apply to drivers 
of vehicles and pedestrians is defined by the prevailing 
law. In Arizona, Section 28-645 of the Arizona Revised Stat
utes (1, p. 88) defines the yellow and red application.
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Vehicular traffic facing a steady yellow signal 
is thereby warned that the related green movement is 
being terminated or that a red indication will be ex
hibited immediately thereafter when vehicular traffic 
shall not enter the intersection.

Pedestrians facing a steady yellow signal, unless 
otherwise directed by a pedestrian control signal as 
provided in Section 28-646, are thereby advised that 
there is insufficient time to cross the roadway before 
a red indication is shown and no pedestrian shall then 
start to cross the roadway„

The MUTCD (7) states that a clearance interval may 
consist of yellow only or yellow plus all-red. The length 
and make-up of the interval is greatly influenced by the 
type of law in effect.

May (9) points out the two extremes of the law. The 
first is the restrictive which states that a vehicle must 
stop before entering the intersection or must clear the in
tersection before the end of the yellow interval. The other 
extreme is the permissive which states that a vehicle must 
stop before entering the intersection or must have entered 
the intersection before the end of the yellow interval. An 
example of the permissive type law is currently being used 
by the State of Arizona.

With the restrictive law the clearance interval, at 
the minimum, must be yellow long enough for a driver to clear 
the intersection. If it is not long enough, the driver will 
be in the intersection when the red begins and therefore in 
violation of the law. The all-red phase used under this law



will, with few exceptions, be time wasted because the inter
section should have been cleared in the yellow interval.

The permissive law allows the use of yellow and all- 
red in the make-up of the clearance interval. Yellow 
length need only be enough to allow a vehicle to stop or to 
just enter the intersection. The all-red phase can then be 
used to provide the time needed to clear the intersection 
before opposing traffic is released.

The optimal length and make-up of the clearance in
terval will provide drivers with the safest condition in 
which to make their decision of stopping or to proceed 
through the intersection. Williams (17) states too short a 
yellow interval will result in a hazardous condition because 
of driver violation of the red indication, no matter of his 
or her decision to stop or not. Too long a yellow or total 
clearance interval will result in the potential loss of 
intersection capacity.

The City of Tucson, Arizona, is currently experienc
ing numerous rear end and left turn collisions at signalized 
intersections. The City develops a list of the 20 highest 
accident locations for non-signalized and signalized inter
sections each year. In 1977, rear end collisions accounted 
for 40% of all signalized intersection accidents, left turns 
accounted for 36% and right angles accounted for 24%. A 
quick inspection of Tucson accidents reveals that accidents



related to intersections comprise 60% of the total. Viola
tions of the red indication can be observed at any location 
in the city. Due to these facts it was thought that the 
clearance interval length and/or make-up might be contribu
ting to the problem.

The Study
The purpose of this study is to provide data on 

actual driver performance during the clearance interval and 
using this data, to calculate the length and make-up of the 
clearance interval under permissive law conditions to pro
vide drivers with the safest condition in which they can 
make their decision to stop or not. The study is composed 
of three parts:

1. An accident analysis to show the effectiveness of a 
clearance interval composed of yellow plus all-red 
as compared to one of yellow only.

2. A theoretical analysis to compute the length of the 
clearance interval, both yellow and all-red (if 
used), using parameters that reflect actual driver 
performance.

3. A violation analysis to show the effectiveness of 
present clearance intervals and computed intervals, 
as defined by the permissive law.

Limitations
There are many methods used tp indicate to the 

driver that the right-of-way.assignment is being changed. 
This thesis will evaluate signals having signal indications 
as required by the MUTCD (7) only. For through movements.



5
the MUTCD requires the use of circular green followed by 
circular yellow and then red. . For directional movements, a 
green arrow followed by a yellow arrow is required if the 
green arrow was displayed simultaneously with a circular 
red in the same signal face. The use of the yellow arrow 
is optional if the green arrow is displayed simultaneously 
with a continuing circular green in the same signal face.

Only urban locations will be considered. The reason 
is that rural and urban locations have different character
istics. At an urban location there can be on-street park
ing, speeds are lower on an urban facility, and driver 
parameters are different. An example of a parameter is re
action time; other studies have shown this value to be 
lower in an urban environment. Matson, Smith and Hurd (8) 
provide more information on the subject of driver parameters. 
The subject of vehicle detector placement will not be dis
cussed because many existing urban facilities are fixed time 
or semi-actuated.

Data for this thesis was taken in the City of Tucson, 
Arizona. Because of this, the results may not reflect 
another area's characteristics.

Finally, a clearance interval of yellow only was not 
analyzed in the violation analysis unless it already existed 
at the study location. The reason for this is that a



clearance interval consisting of yellow only could not be 
analyzed for test purposes, only.



CHAPTER 2

REVIEW OF LITERATURE

A thorough, conscientious literature review allows 
one to profit from the experience of others. In such a re
view, previous ideas and methods for approaching the study
subject, employed by others in this field, can be analyzed 
for use by the researcher. The results of past investiga
tions and surveys are a helpful source of factual informa
tion and much time and effort can be saved by using this
data as a guideline in the set up of a study.

Accident Analysis
The before-after accident analysis provides a power

ful means of comparing the effects of changes or improve
ments to an intersection. From the results, conclusions can 
be made to justify the use of the change or improvement at 
other locations.

In an article presented by Newby (10), the all-red 
phase effectiveness was tested at several sites in England 
using an accident analysis. The analysis, covered a four 
year period, two before the addition of an all-red phase, 
and two years after, at twelve locations. Only accidents 
with injuries were considered in the analysis. The accidents
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were classified into three categories— Type I involved col
lisions of two moving vehicles on different roads; Type II 
involved collisions between a vehicle and a pedestrian; and 
finally, Type III accidents involved all other collisions.

Expected accident figures were computed for each 
type and the total for the sites on the basis that the acci
dents would follow the accident trends for the general area. 
Results showed that total accidents were forty-one percent 
less than the expected value. Types II and III accidents 
were slightly less than expected, but Type I accidents were 
eighty-three percent less than expected. Both total and 
Type I accident reductions were shown to be statistically 
significant.

It was thought that most of the reduction might have 
occurred just after the addition of the all-red period. To 
check this theory, the first six months' data of the after 
period along with the first six months' data of the before 
period were discarded. The analysis was performed again 
with results similar to the ones from the initial analysis. 
It was concluded that the all-red phase was effective in 
reducing right angle collisions at signalized intersections.

May (9) points out an accident analysis conducted by
the City of Portland, Oregon, in 1964. The all-red phase
had been in use for fifteen years when the analysis was per
formed. Due to capacity problems, the city thought that the



use of a clearance interval consisting of yellow only in
stead of the yellow plus all-red could improve the capacity 
while providing the same degree of safety. The study was 
conducted at twenty out of five hundred and twenty-five 
intersections throughout the city. Results showed that 
while capacity increased slightly, the accident rate in
creased sharply. The city decided to retain the yellow 
plus all-red. clearance interval.

In 1964, the City of Phoenix, Arizona (13), in an 
effort to improve safety, conducted a clearance interval 
study. Part of this study was an accident analysis to evalu
ate the all-red phase effectiveness. The study took place 
over a four year period. Two years were analyzed while 
yellow and all-red was in use, and the last two during 
yellow only. Twenty-one of the city's three hundred and 
two signals were studied. Several analyses with different 
bases were performed, namely, by type of accident, by high 
volume intersection, by high accident location, and finally 
by degree of severity.

Results showed the total number of accidents in
creased sixteen percent, the same as area volume and there
fore, exposure did. The average accident rate for the 
twenty-one intersections did not change. The "property 
damage only" accident rate for the intersections decreased, 
while the "personal injury" accident rate increased for the
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twenty-one intersections. Rear end collisions showed a re
duction when all intersections were compared. At high acci
dent locations, the average accident rate remained the same. 
At the high volume intersections, the average accident rate 
decreased.

The city decided to change from the yellow plus all- 
red clearance interval to yellow only. The yellow only 
clearance is still being used today.

Theoretical Analysis
In 1960, Gazis, Herman, and Maradudin (4) published 

an article extensively covering the theoretical aspects of 
the yellow signal length. A formula was derived using the 
variables of speed, reaction time, deceleration rates, and 
intersection width, for computing the length of yellow with
out the existence of a dilemma zone. A dilemma zone was 
defined as an area where vehicles could not stop before 
entering the intersection before the beginning of the red 
phase nor could clear the intersection before the beginning 
of the red phase. Observations were conducted to determine 
the parameters of reaction time and deceleration for use in 
the derived formula. Yellow lengths were then computed for 
various intersection widths and speeds. A comparison was 
made of actual conditions with those that were computed.
The authors concluded that existing yellows were too short, 
and that yellow length and traffic ordinance should provide
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the average driver with a solvable problem of whether to 
stop or not. The derived formula is presented in Chapter 4.

Olson and Rothery (11, 12) conducted a study to pro
vide data on actual performance of drivers. It was the 
authors' contention that there would be a family of stopping 
curves for each yellow duration if the yellow phase was re
garded as an extension of the green phase. Observations 
were conducted at locations having similar geometric and 
mean speeds, but different yellow lengths. Probability of 
stopping curves were constructed for each location. A modi
fication of the equation presented by Gazis et al. (4) was
shown using the distance from the intersection that a vehi
cle would stop as a parameter. It was suggested that the 
ninety-five percent probability of stopping distance be used 
as the design parameter. They concluded that driver be
havior did not change as a function of different yellow 
phase durations. Also, a yellow phase duration of 5.5 
seconds was considered to be practical for a wide range of 
speeds and intersection widths.

Crawford and Taylor conducted an experiment on a 
test track to analyze the problem of stopping at a traffic 
signal on a high speed road (3). Drivers were subjected to 
a change from green to yellow at various speeds with differ
ent types of vehicles. The authors made conclusions similar 
to those of Olson and Rothery. The conclusions were that



12
the driver's decision to stop was independent of the length 
of the yellow phase, and that the 5=5 second yellow length 
would be satisfactory at most locations. An equation was 
derived to compute the length of the clearance interval 
based upon probability of stopping. It was suggested that 
the ninety-five percent level be used to compute the clear
ance interval length so as to provide time for drivers to 
cross the intersection who cannot stop with moderate decel
eration.

Crawford went on to publish an article dealing with 
driver judgment and error during the yellow period at traf
fic signals (2). A comparison of driver judgment and sub
sequent performance and their dependence on task difficulty 
was made. Errors made by the drivers fell into two cate
gories— those of judgment in which a decision that was made 
was altered, and errors of performance which placed the 
vehicle in the intersection after the red phase had started. 
Results indicated that driver judgment of when to try to 
stop when the yellow signal was displayed seemed to be 
fairly accurate and consistent. Drivers who decided to 
stop on fifty percent of the occasions required peak vehicle 
braking. One-third of these decisions led to errors, hesi
tations or changes of mind. It was concluded that distances 
from the signal where nine-five percent of the vehicles
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successfully stopped might be used as the design parameter 
in computing the clearance interval length.

Herman, Olson, and Rothery published an article in 
1963 (5), which was a composite of two previous works (4,
11). Results indicated yellow phases were too short. The 
argument that long yellows are treated as extensions of the 
green was discounted. It was suggested that reasonable 
yellow phase length that conforms to actual driver behavior 
could be incorporated into a signal with no loss in inter
section capacity. It was shown that minimum yellow length 
depended on assumptions regarding reaction time and decelera
tion rate. Although the examples given may have been ex
treme, the objective in each case was the same: to provide
yellow phase lengths which were reasonable from behavioral 
and dynamic points of view to have been capable of fulfill
ing their purpose of allowing time for vehicles to clear the 
intersection.

The City of Phoenix, Arizona (13), derived an equa
tion to compute the length of yellow based upon driver reac
tion time, width of intersection and finally the coefficient 
of friction. Results from observations that were made, 
indicated that the yellow time derived from the equation was 
accurate. It was recommended the formula should become a 
policy for computing clearance interval time. The formula 
is presented in Chapter 4.
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A clearance interval study was conducted by May in 

1967 (9). Included was an extensive review of literature as 
well as a theoretical analysis of the problem, and finally 
field observations. The theoretical aspects of clearance 
interval length were based upon the possibility of which law 
might be in force, the restrictive or the permissive. In
tersections having a wide range of characteristics, such as 
speed, were chosen to analyze changes in the yellow phase 
length. An acceptance-rejection analysis was conducted to 
check the effect of the changes. Results indicated that in 
urban locations, increasing the yellow phase lengths from 
three.to five seconds increased the percentage of motorists 
operating in an unsafe or unexpected manner.

Williams conducted an analysis of driver behavior 
during the yellow phase in 1977 in New Haven, Connecticut 
(17). The investigation attempted to fulfill three pur
poses : first, to provide an understanding of driver be
havior during the yellow phase; second, to determine the 
ability of drivers to stop upon seeing the yellow indica
tion; and finally, to present a method of determining the 
length of yellow at urban signals. Several formulas pre
dicting driver behavior during the yellow based on speed, 
distance from the intersection, and potential time were pre
sented. A formula was derived for computing the length of 
the yellow phase, and a discussion of the parameters used.
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Standardization of the yellow phase.length was men

tioned by several articles (3, 11, 12, 13, 17). It was 
hoped that standardization of the yellow phase length in an 
area would limit confusion of the driver and thereby reduce 
the risks taken by them.

The importance of designing the length of the yellow 
phase to the actual performance of drivers and not on what 
should or could be performed was stressed by several arti
cles (2, 3, 4, 5, 9, 11, 12, 17). Observed reaction time (4) 
has been measured at 1.1 seconds. Matson, Smith and Hurd 
(8) presented results of an experiment concerning reaction 
times. Reaction times were found to be from 0.83 to 1.65
seconds under normal driving conditions. A deceleration of

215 feet per second (fps ) was considered by drivers to be
used only in emergency stops (3, 8, 9, 17). A suggested

2value of 9 or 10 fps was considered by drivers to provide a
stop that would be comfortable for drivers and passengers.
(This corresponds to a coefficient of friction of 0.28).

The Transportation and Traffic Engineering Handbook
(16) and the Traffic Control Devices Handbook, An Operating
Guide (15) use the clearance interval formulas derived with
parameter values for reaction time and deceleration of 1.0

2seconds and 15 fps , respectively. A "rule of thumb" policy 
of 3 seconds yellow for 30 miles per hour (mph) or less, 4 
seconds for 40 mph, and 5 seconds for 50 mph, is suggested
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for clearance interval timing- From actual observations of 
drivers, this policy may not provide adequate change inter
vals.

It should be said that all of the articles found 
dealt with a clearance interval of yellow only. Only Craw
ford and Taylor (3), May (9), and Williams (17) mentioned 
using the all-red phase as part of the clearance interval.
No method was presented for computing the lengths of yellow 
and all-red if both were used, just the length of the total 
clearance interval.

Although countdown signals will not be analyzed, a 
paragraph on how they work and results of studies conducted 
is made to provide the reader with information on another 
method to warn the motorist of the change of the right-of- 
way assignment.

The City of Abilene, Texas, decided in 1964 to try 
a new method of warning the motorist that the red indication 
was about to appear (14). This method was the application 
of the countdown signal. The device consisted of a box 
with 8-inch yellow lenses, one for each approach. Inside of 
the box were 28 separate bulbs for each approach. The de
vice was hung from existing signal heads at a test location 
in the city. When the signal reached 9 seconds from the 
yellow indication, the number "9" was displayed, when the 
yellow was 8 seconds away, the number "8" was displayed, and
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so on. At zero, the yellow indication was displayed for 3
seconds followed by the red indication.

The countdown signal accomplished two things; first, 
accidents were reduced 44 percent, "property damage only" 
was reduced 54 percent. Second, the signal received high 
public support. When the countdown device was removed, ac
cidents returned to expected levels. As a result of the 
studies conducted, along with the public support, the signal 
was placed into operation.

For a discussion of other methods to warn the motor
ist, the reader is directed to May (9). The methods of
advanced pavement markings and signing are discussed in de
tail. Results from these studies were favorable in reducing 
the risks taken by motorists during the yellow phase.

In summation, all of the articles that were analyzed 
indicated existing clearance intervals were too short for 
actual driver behavior. Several articles disputed the claim 
that the yellow is used as an extension of the green. Fin
ally, most of the articles recommended that clearance inter
vals be timed for actual driver performance and not what can 
or should be done.



CHAPTER 3

ACCIDENT ANALYSIS

Late in 1971, the City of Tucson, Arizona, added an 
all-red phase to the clearance interval, which had been long 
yellow only, at most locations in the city. The change was 
the result of the State of Arizona adopting the permissive 
law over the restrictive law, which had previously been used. 
The clearance interval timing was changed in December,. 1971, 
and January, 1972. This change provides a chance to evalu
ate the effectiveness of the all-red phase.

The Study
The analysis covered a 46-month period. A four year 

analysis period.would have been used except that one signal 
was added in January, 1970. The analysis periods were 23 
months in length, the before period dates were from January 
1, 1970, to November 30, 1971. The after period dates were 
from February 1, 1972, to December 31, 1973. This period 
was determined based upon the literature review and the 
city's accident analysis format.

To perform a before-after accident analysis, two in
puts are needed. The first is volume data for the intersec
tion for the analysis periods, and second is accident records

18
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for the periods. Records of volume as well as those of 
clearance interval timing were provided by the Traffic Engi
neering Division of the City of Tucson. Accident records 
were provided by the Tucson Police Department.

Site Selection
Intersections used in the analysis were selected if 

they met three criteria:
1. The intersection could have no other alterations, 

except the clearance interval, during the study 
period.

2. The intersection must have had two separate volume 
counts taken in both the before and after analysis 
periods.

3. The intersection had to have accurate signal timing 
data.

Ten intersections met the criteria for selection and are 
shown in Table 1 along with the clearance interval timing 
for both analysis periods. Nine of the intersections had only 
two phases. The intersection of Craycroft Road and Twenty- 
Second Street had east and west left turn phases also. All 
intersections, with the exception of Craycroft Road and 
Twenty-Second Street, had controllers that were semi
actuated or fixed-time. The Craycroft Road and Twenty-Second 
Street controller was fully-actuated. Several intersections 
in the city did not change clearance intervals; however, 
none could meet the selection criteria. Because no inter
section with yellow only clearance could be selected, as a



Table 1. Clearance Interval of Intersections Used in the Accident Analysis 
(in Seconds).

Before AfterNorth-South East West North-South East-West
Intersection Yellow

All
Red Yellow

All
Red Yellow

All
Red All

Yellow Red
Alvernon Way/ 
Fifth Street 4 0 4 0 3 2 3 2
Broadway Blvd./ 
Campbell Ave. 4 0 3 0 3 2 3 2
Broadway Blvd./ 
Cherry Ave. ; 4.2 0 4.2 0 3 2 3 2
Campbell Ave./ 
Glenn Street 5 0 4 0 3 2 3 2
Country Club Blvd./ 
Fifth Street 3.6 0 3.6 0 3 2 3 2
Craycroft Road/ 
Fifth Street 4 0 3.5 0 3 2 3 2
Craycroft Road/ 
Twenty-Second Street 4 0 5 0 3 2 3 2
Grant Road/ 
Swan Road 4.2 O' 00 

, "3* 0 3 2 3 2
Grant Road/ 
Tucson Blvd. 3.6 0 3.6 0 3 2 3 2

aEast and West Left Turn Arrow clearance— 4 seconds (yellow arrow).



21
control a limitation is placed on the study„ This limita
tion will be explained in the analysis section.

Volume Data Reduction
Raw volume data was supplied in the form of 24-hour 

counts for each approach of the intersection, some of the 
earlier counts were two-way volumes for 24 hours. To ar
rive at the intersection volume figures used in the analysis, 
the approach volumes were totaled for each count in the 
period. Two-way counts were treated as two approach counts, 
for example, the north-south counts could have been substi
tuted for by a two-way count on either approach. The total 
volume figures were then averaged yielding the analysis 
period volume figure.

Accident Records
Only accidents classified by the police officer as 

intersection related were included in the analysis. Infor
mation collected from the accident record consisted of the 
following items: .

1. Degree of accident severity ("property damage only," 
"personal injury," "fatal").

2. Type of accident (right angle, rear end, left turn, 
or other, which consists of sideswipe, hitting a 
fixed object, pedestrian related, etc.).

3. When the accident occurred (day, night, dawn/dusk).
4. Citations issued.
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Analysis

Three analyses of the data were performed, namely, 
total number, type of accident, and degree of severity com
prise the total accident analysis. Within each analysis, 
there are two components. First, the figures are presented 
with percent changes from the before to the after period 
along with the percentage of the total accidents it com
prises for each period. The second component is a statisti-

2cal analysis. Utilizing the Chi-Square (X ) test, a 
hypothesis can be accepted or rejected, depending on the 
results.

It was decided that intersections with clearance 
intervals that did not change could serve as a control for 
the analysis. The control would have provided a standard by 
which a comparison with the intersections that had clearance 
interval changes could have been made. None of the yellow 
only intersections could meet the selection criteria; how
ever, the total analysis should not be affected.

A measure that is useful when talking about accidents 
is the accident rate. In this case, the rate is accidents 
per million entering vehicles. The computation of this is 
as follows:
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Acc/MEV = N0A - 1,000,000 7 365 x TPV
where,

Acc/MEV = accidents per million entering vehicles, NOA = total number of accidents,
TP = analysis time period (years),
V = average intersection volume during the 

analysis period (vehicles per day).

The percent change of volume, along with the percent 
changes in total number of accidents and accident rate, can 
be useful when making conclusions about the effects of the 
change. For example, a 10 percent increase in volume ac
companied with a 30 percent increase in total accidents and 
an increase in the accident rate would indicate that the 
change had a negative effect on the situation.

The Chi-Square test is used to compare observations 
with expected values from a known or suspected hypothesis 
Three hypotheses are tested in this study:

1. The change of clearance intervals from yellow only 
to yellow plus all-red had no effect on the accident rate.

2. The change of clearance interval had no effect on 
the distribution of accidents by type.

3. The change of clearance interval had no effect on the distribution of accidents by degree of severity.
For each test, the 5 percent level of significance is used 
because experience has found it to be a good working compro
mise (6). It involves the risk that a true hypothesis will 
be rejected once in twenty trials.
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A before-after analysis was run comparing the number 

and type of citations issued to check if the change in 
clearance intervals affected the. number given out. Only 
percent change figures are used in this analysis.

Results
Table 2 presents total volume for the accident sites, 

as well as total accidents and the average accident rate. 
Total accidents increased 16.1 percent; at the same time, 
total volume increased 14.1 percent. The accident rate in
creased from 1.44 accidents per million entering vehicles to 
1.47, a 2.1 percent increase. This indicates that the vol
ume, and therefore exposure increase, was not as great as 
the increase in the number of accidents occurring.

•Table 3 presents the accident distribution by type 
of accident. The percentage of each type, related to the 
whole, remained virtually the same. Right angle collisions 
accounted for 21 percent of the total, rear ends were ap
proximately 43 percent of the total, left turns approximately 
26 percent, and other types accounted for 10 percent of the 
total. The right angle collision and the rear end collision 
increased 14 and 10 percent, respectively. Both of these 
increases were less than the total volume and accident in
creases of 14 and 16 percent, respectively. The left turn 
increased significantly from the before period to the after, 
a 37 percent increase. This would indicate that the change



Table 2. Volumes, Total Accidents, and Accident Rates for Clearance IntervalAnalysis.
Yellow Only (Before)„ Yellow Plus All-red (After)_

Intersection
Volume
(ADT)

NO. Of 
Acc.

Acc.
MEV

Volume
(ADT)

No. of 
Acc.

Acc. 
MEV

Alvernon Way/ 
Fifth Street 42,000 29 0.99 43,700 41 1.34
Broadway Blvd./ 
Campbell Ave. 38,900 36 1.32 50,100 39 1.11
Broadway Blvd./ 
Cherry Ave.. 35,400 26 1.05 43,500 35 1.15
Campbell Ave./ 
Glenn Street 19,700 22 1.60 23,200 18 1.11
Country Club Blvd./ 
Fifth Street 31,100 28 1.29 33,300 30 1.29
Craycroft Rd./ 
Fifth Street 32,700 30 1.31 37,400 31 1.18
Craycroft Rd./ 
Twenty-Second St. 47,000 71 2.16 50,000 80 2,29
Fifth Street/ 
Swan Road 27,400 27 1.41 31,100 27 1.24
Grant Road/ 
Swan Road 29,300 24 1.17 33,700 38 1.61
Grant Road/ 
Tucson Blvd. 33,900 48 2.02 39,100 57 2.08
TOTAL
Average Acc. Rate 
Percent Change

337,400 341
1.44

385,100
+14.1%

396
+16.1%

1.47
+2.1%

aAcc./MEV = Accidents per million entering vehicles.



Table 3. Accidents by Type of Accident for Clearance Interval Analysis.
Yellow Only(Before) , Yellow Plus All-red (After)

Intersection RAa REb LTC Other^ RAa REb LTC Other^
Alvernon Way/ 
Fifth Street 4 9 . 9 7 .6 22 10 3
Broadway Blvd./ 
Campbell Ave. 8 19 5 4 11 14 8 6
Broadway Blvd./ 
Cherry Ave. 9 12 . 3 2 . 14 14 3 4
Campbell Ave./ 
Glenn Street 6 9 5 2 4 4 9 1
Country Club Blvd./ 
Fifth Street 4 16 7 1 7 12 10 1
Craycroft Rd./ 
Fifth Street 5 13 10 2 6 10 13 2
Craycroft Rd./ 
Twenty-Second St. 7 38 20 6 8 42 20 10
Fifth Street/ 
Swan Road 11 9 6 1 9 12 6 0
Grant Road/ 
Swan Road 5 8 6 5 9 12 13 4
Grant Road/ 
Tucson Blvd. 13 18 11 6 8 24 20 5
TOTAL
Percent of Total 
Percent Change

72
21%

151
44%

82
24%

36
11%

82
21%

+14%
166
42%

+10%
112
28%

+37%
36
9%
0%

aRA = Right Angle Collisions CLT = Left Turn Collisions
^RE = Rear End Collisions ^OTHER = Sideswipes, Hitting pole, etc.
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in clearance intervals did not affect the right angle and 
rear end collisions, but might have increased left turn 
collisions. The.all-red phase may have been violated by 
drivers who were turning left once they knew it was present 
in the clearance interval. As time went on the left turn
ing driver might have encroached to the extent that the 
opposing phase was green and cross traffic moving when the 
turn was executed.

Table 4 presents the accident distribution by degree 
of severity. The "property damage only" was the most common 
with 68 and 78 percent of the total accidents for the before 
and after periods, respectively. "Personal injury" comprised 
32 and 22 percent of the total, respectively. "Fatals" were 
less than one percent of all accidents. The "personal in
jury" and "fatal" showed reductions of 19 and 100 percent, 
respectively. "Property damage only" increased 34 percent 
from the before to the after. This would indicate that the 
change in clearance intervals might have affected the distri
bution of accidents by degree of severity, decreasing the 
more severe and increasing the less severe.

All accident types experienced a lessening of sever
ity.- The rear end experienced the greatest decrease in 
severity with approximately a 25 percent reduction. The left 
turn followed with approximately a 20 percent reduction. The 
right angle.showed a 10 percent reduction in severity.



Table 4„ Accidents by Degree of Severity for Clearance Interval Analysis.
Yellow Only (Before) Yellow Plus All-red (After)

Intersection PDOa PIb FATC PDOa PIb FATC
Alvernon Way/ 
Fifth Street 19 10 0 32 9 0
Broadway Blvd./ 
Campbell Ave. 23 13 0 26 13 0
Broadway Blvd./ 
Cherry Ave. 19 7 0 25 10 0
Campbell Ave./ 
Glenn Street 16 6 0 12 6 0
Country Club Blvd./ 
Fifth Street 19 9 0 29 1 0
Craycroft Rd./ 
Fifth Street 19 10 .1 21 10 0
Craycroft Rd./ 
Twenty-Second St. 53 17 1 65 15 0
Fifth Street/ 
Swan Road 16 11 0 22 5 0
Grant Road/ - 
Swan Road 15 ' 9 0 26 12 0
Grant Rd./ 
Tucson Blvd. 32 16 0 51 6 0
TOTAL
Percent of Total Percent Change

231
68%

108
32%

2
0%

309
78%+34%

87 
22% -19% -

0
0%100%

f*PDO = Property Damage Only 
PI = Personal Injury 
CFAT = Fatalities
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Table 5 presents the citations issued for accidents 

of both analysis periods. The "failure to control or reduce 
speed" led all violations in both analysis periods with 
approximately 50 percent of the total. "Failure to yield, 
right-of-way" was approximately 30 percent of the total for 
both periods. "Disobeying a traffic signal" accounted for 
approximately 20 percent of the total. Of those that in
creased from the before to the after analysis period, the 
"failure to yield right-of-way" led with a 44 percent in
crease. This increase would have been expected had the 
left turn violations increased because the citation issued 
to the left turn in most cases is the failure to yield.

Table 5. Citations Issued for Accidents Used in Accident 
Analysis.

PercentType of Citation __________ Before After Change
Failure to Control ,

or Reduce Speed ' 160 191 +19%
Failure to Yield

Right-of-Way ' 82 118 +44%
Disobeying a

Traffic Signal 86 73 -15%
TOTAL 329 382 +16%
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Accident rates from Table 2 are taken for use in the 

Chi-Square test to check the first hypothesis. The values 
are 1.44 and 1.47 for the before and after periods, respec
tively. The computation of the Chi-Square value and the 
value at the 95 percent confidence level are shown below.

v2 _ (1.44 - 1.47)2 _ ,
X ------2791--------  < 1

X2 at 95% level (n=l) = 3.84

Because the computed value is less than the degrees of free
dom it is not significant; therefore, the hypothesis should 
be accepted. The change in clearance intervals did not 
have an effect on total accidents occurring.

The total accident figures by type of accident are 
taken from Table 3 for use in the Chi-Square test for the 
second hypothesis. Table 6 shows these observed values and 
the expected values. Expected values are computed by multi
plying the total of the type with the total accidents for 
the period and dividing by the total number of accidents 
that occurred.

Computation of the Chi-Square value for the second 
hypothesis along with the 95 percent confidence level value 
are as follows:



Table 6. Accidents by Type of Accident.
31

Type Before After Total
RA 72 ( 71.25) 82 ( 82.75) 154
RE 151 (146.67) 166 (170.33) 317
LT 82 ( 89.76) 112 (104.24) 194
Other 35 ( 33.31) 36 ( 38.69) 72
TOTAL 341 396 737

„2 _ (72 - 71.25)2 + (82 - 82.75)2 ,
X “ 71.25 82.75 +

(151 - 146.67)2 + (166 - 170.33)2 + 
146.67 170.33

(82 - 89.76)2 + (166 - 104.24)2 + 
89.76 104.24

(36 - 33.31)2 + (36 - 38.69)2 
33.31 38.69

X 2 = 1.81
X 2 at 95% level (n=3) = 7.82

The n=3 value on the 95 percent confidence level value is 
the degrees of freedom value. A general rule to compute the 
degrees of freedom is:

n = (number of rows— 1) x (number of columns— 1).
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Here the computed Chi-Square value is not signifi

cant by a great margin because it is less than the degrees 
of freedom, therefore the hypothesis that the change in 
clearance intervals did not affect accidents by degree of 
severity should be accepted.

Table 7 shows the revised accidents by degree of 
.severity. The original results come from Table 4. The re
vision was necessary because the number of fatalities that 
occurred was less than five. The Chi-Square test does not 
work with expected values less than 5. The fatalities were 
grouped with the "Personal Injury" for this analysis.

Table 7. Accidents by Degree of Severity (Revised).

Type ________  Before   After Total
PDO 231 (249.85) 309 (290.15) 540
PI IB) ( 91.15) _87 (105.85) 197
TOTAL 341 396 737
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The computed Chi-Square value and the 95 percent confidence 
level values are shown below.

v2 = (231 - 249.85)2 , (309 - 290.15)2 ,
X " ----2WT55----- +-----290.15-----  +

(110 - 91.15)2 . (87 - 105.85)2
91.15 + 105.85

X2 = 9.90
X2 at 95% level (n=l) = 3.84

The computed value is significant; thus the hypothesis 
should be rejected. The change in clearance intervals did 
affect the distribution of accidents by degree of severity.

In summation, the accident analysis shows that the 
change in clearance intervals did not have a significant 
effect on the accident rate but did effect the distribution 
by degree of severity. In both cases the Chi-Square test 
results support those of the percentages. Because of the 
large increase in the amount of left turn accidents occur
ring, the results should not be ignored, even though the 
Chi-Square test does not support the findings of the per
centages .

These results differ from those found in the City of 
Phoenix. It was hoped that the findings of both studies 
would be similar because of the similarities of the two 
cities. Many of Tucson's older intersections have the same 
characteristics of those of Phoenix, namely, speeds,



geometries, and signal phasing. The Phoenix study agreed 
only on one part, that the "property damage only" was less 
and the "personal injury" higher with a clearance interval 
of yellow only, rather than one of yellow and all-red.



CHAPTER 4

THEORETICAL ANALYSIS

The purpose of the theoretical analysis is to pro
vide information on the relationships of several parameters 
used to compute the length of the clearance interval. Sev
eral equations used in the past are presented. The theo
retical analysis is based on the permissive law, where 
yellow need only be long enough for a vehicle to enter the 
intersection. Additional clearance is provided by the all- 
red phase, if needed.

In the City of Tucson, most locations have a clear
ance interval of yellow plus all-red. The value of the 
yellow is 3 seconds and 2 seconds all-red duration for 
through movements. For left turn phases the clearance pro
vided is 3 seconds. At locations where the green arrow is 
displayed simultaneously with a red indication the yellow 
arrow is 2 seconds followed by a 1 second blank red. These 
values were arrived at empirically by observation. The 2 
second all-red was found to be the most effective in clear
ing the intersection and, therefore, became a policy along 
with the use of a 3 second yellow. The same is true for the 
left turn phase clearance.

35
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Review of Equations 

An equation can be derived to find the amount of 
time needed for clearance with no existence of a dilemma 
zone. Figure 1 shows the geometric aspects of an intersec
tion that are important to the analysis.

Using May (9) and others as a guide (2, 3, 4, 5, 8, 
11, 12, 15, 16, 17), the following equations can be derived: 

for stopping distance: 
v2X1 > 2d + Vtd Eg. 1

for entering distance:

x2 £ VA + |(A - ta)2 - L Eq. 2

for clearing distance:

X3 < VT + |(T - ta) 2 - (W + L) Eq. 3

where,
X-, Xg, X 3 = Distance from the stopbar when the 

yellow phase starts (feet).V = Vehicle speed (feet per second).
A = Yellow phase duration (seconds).T = Total clearance interval duration 

(seconds).L = Length of the vehicle (feet).
W = Width of the intersection (feet, curb line extended to curb line extended). 
a = Acceleration rate (feet per second per second). 
d = Deceleration rate (feet per second per second). 

t , t , = Reaction times to accelerate and de- 
a celerate, respectively (seconds).
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STOP&AR

Q >
<L>|

The yellow interval must
provide enough time for 
a driver to safely stop 
at or before the stop bar 
or to just enter the 
intersection.

a

The all-red interval must 
provide enough time for a 
driver, who just entered 
at the end of the yellow, 
to clear the intersection

4 - W — ► <L>|

Figure 1. Geometric Aspects of an Intersection with 
Respect to the Permissive Law.
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There are three cases, as shown in Figure 2, that 

can exist relative to the dimensions for stopping and clear
ing distances:

Case 1 Xl > X2 A dilemma zone exists where adriver cannot stop safely nor 
clear the intersection.

Case 2 Xi = X2 The dilemma zone is deleted.

Case 3 < % 2 A zone exists where drivers canchoose to stop or to continue 
(May's "Option" zone).

(Note: % 2 = Xg, because a vehicle which enters the
intersection must also clear the intersection).

Assuming a = 0, equations 1 and 2 can be equated to 
find the minimum length of yellow needed with no dilemma 
zone existing.

A = + ^ - + ^  E£J- 4
The minimum total clearance interval needed with no dilemma
zone existing can be found by equating equations 1 and 3.
Equation 5 assumes that a = 0.

T = td + M  + ^  Eg. 5
The City of Phoenix, Arizona (13), presents an equa

tion that uses the coefficient of friction rather than a 
deceleration rate. Equation 6 is the formula adopted by 
the city fo compute the clearance interval.



Vehicles 
can stop

Vehicles 
can clear

1 l. DILEMMA I_____
1 ZONE 1

Case 1 - A 
Dilemma Zone

X. X.

Vehicles 
can stop

Vehicles 
can clear

I I

X.

Case 2 - No 
Dilemma Zone

Vehicles 
can stop

1

Vehicles 
can clear

LOPTION I ^  ft 
ZONE->|

X. X.

Case 3 - An 
"Option" Zone

Figure 2. Geometric Aspects of the "Dilemma11 Zone.
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T 0.682
V (W + (JyY + 1.47VR) ) Eq. 6

where
T = Total clearance interval duration (seconds). 
V = Vehicle speed (miles per hour).
W = Intersection width (feet).
R = Reaction time (seconds). 
f = Coefficient of friction.

Williams (17) presents an equation similar to Equa
tion 5, but an additional term is included that subtracts 
time from the clearance interval due to delay in cross 
traffic start up.

T = Total clearance interval duration (seconds).
R = Reaction time (seconds).
V = Vehicle speed (feet per second). 
d = Deceleration rate (feet per second per second). 
W = Intersection width (feet).
L = Vehicle length (feet).
k = Cross traffic reaction time (assumed to be 0.4 

seconds).
x = Distance between vehicles and cross traffic

(feet).
a = Cross flow traffic acceleration (feet per 

second per second, assume 16 fps2).
It was pointed out that if traffic can see the opposing sig
nal indications changing, the time deletion term may have to 
be zero. The reason for this is that the traffic may start 
before their signal turns green.

\ A T ) Eq. 7

where
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Crawford and Taylor (3) present a formula for comput

ing the clearance interval based on percentage of vehicles 
stopping at a distance from the intersection.

where,
T = Total clearance interval duration (seconds).
I = Intersection width (feet).
V = Vehicle speed (miles per hour).
K = Constant determined by the percent of cases

which it is desired that drivers should be
able to stop (0.581 for 95 percent).

Use of equations 5 through 8 will produce the total 
clearance time needed for an intersection. If an all-red 
phase is desired in the total interval, its time can be 
computed by using a part of the total clearance interval 
equation. For example, equation 5 can be separated into 
two parts. One part deals with a driver who stops and the
other deals with the driver who does not and must cross the
intersection.

The all-red phase length should equal or exceed the "time 
to cross intersection," if the start up delay of the cross 
traffic is not considered, to clear the intersection of all 
vehicles. The "time to stop" should reflect actual driver 
performance when he is stopping.

T = 0.682 (i + KV3//5 Eq. 8

+ W+L
V Eq. 5

Time to 
Stop

Time to Cross 
Intersection



Clearance Interval Computation
Williams' equation (Eq. 7) presents the factor of 

cross street vehicle delay due to start up. Several arti
cles (8, 9) have appeared with values for this delay of 1 
second up to 3.8 seconds. Delay measured in the City of 
Tucson, during this study, indicated that this delay was 
approximately 2 seconds for through vehicles. The times 
ranged from 1 to 5 seconds. Left turning vehicle start up 
time was a little slower with an average value of 2.3 
seconds. The method by which these times were measured is 
described in the next chapter. The start up times measured 
will be used in any computation of the clearance interval. 
Again, the use of this term is cautioned because a vehicle 
seeing the opposing signal indications changing might start 
before his signal turns green.

Time Needed to Clear the Intersection

The term is the time needed for a vehicle to
clear the intersection. If the all-red phase is used as 
part of the clearance interval, it can have a value up to 
this time, if the start up delay is assumed to be zero. 
Minimum crossing times can be computed, provided the speed 
of a vehicle crossing the intersection is known along with 
the intersection width.



Time Needed to Safetly Stop
Table 8 presents the stopping distances for various 

speeds along with the impacts on deceleration that yellow 
length of 3, 3.5 and 4. seconds have. The 3.5 second yellow 
provides enough time for a vehicle to stop with moderate
deceleration for speeds up to 35 mph. The 4 second yellow
provides enough time for a vehicle to stop with moderate de
celeration for speeds up to 4.0 mph. The 3 second yellow
provides enough time for a vehicle to stop with moderate
deceleration for speeds up to 25 mph.

Example Calculations
Left turn or special phase clearance intervals can 

be computed in much the same way as clearance needed by 
through vehicles for non-dilemma zone operation. Two as
sumptions are made:

1. A vehicle will decelerate at the moderate deceleration rate of 10 feet per second per second (9).
2. A vehicle will be traveling at 20 mph when the

yellow arrow is displayed. (Actual measurements conducted during this study show this to be a close 
approximation).

The following results are obtained by using Equations 4:



Table 8. Stopping Distance and Deceleration Rate Needed for Non-Dilemma Zone
Operation, 3 [3.5] (4) Second Yellow.

Speed
Distance 
Traveled 

3 [3.5] (4) sec,
Stopping . 

Distance(ft)
Decelerating

/ -C — , «  2  X C

20 88 [103] (118) [73] 10a

25 108 [126] (146) [101] 10“
30 132 [154] (176) 132 [141] 1 1 .0 [10a ] (ioa)
35 154 [180] (205) 154 [180] (184) 1 2 .9 [1 0 .2 ] (10a)

40 176 [206] (235) 176 [206] (231) 1 4 .6 [1 1 .5 ] (10a )

45 189 [231] (264) 189 [231] (264) 1 6 .0 [1 3 .3 ] (11)

50 220 [257] (294) 220 [257] (294) 00 to [ 1 4 .6 ] (1 2 .3 )

aActual deceleration needed to stop is less; however, moderate value of decelera
tion is used to compute stopping distance. 0b VFormula used to compute stopping distance: D = t^V + ^

C X7Formula used to compute deceleration: A = t^ + •̂g-
where,

A = Yellow duration 3, 3.5 or 4 seconds in this case).
D = Stopping distance (feet).V = Speed (feet per second). 
t^ = Reaction time (1 second in this case).
d = Deceleration rate (feet per second per second).



A = 3 seconds

t = 1 . 0 + + w+15Trni) 29.4

The value of W is computed using the Pythagorean
Theorem:

c2 = a2 + b2
where,

c = W (feet).
a = opposing traffic departure width (feet). 
b = width of nearside cross traffic approach 

(through and left turn lanes, feet).

Assume a = 36 ft. and b = 50 ft.; therefore c = W
61 ft.

29 4T = 1.0 + + 61+15
2(10) “ 2T.T

T = 5.1 seconds Case I

Assume a = 24 ft. and b = 35 ft.; therefore c = W
42 ft.

T = le0 + I M )  +

T = 4.4 seconds Case II
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Because the MUTCD suggests a minimum yellow phase 

length of 3 seconds, the total clearance interval could be 
made up of 3 seconds yellow and 2.0 seconds of all-red for 
Case I or: 1.5 seconds all-red for Case II. The concept of 
delay due to start up can be used because traffic cannot see 
an opposing left turn signal indication. For Case I, and 
Case II, no all-red would be needed. The 2 second delay 
figure is the one observed in the City of Tucson.

Table 9 presents the total clearance interval needed 
under permissive law conditions. The figures are calculated 
assuming a 3.5 second yellow phase is used. Also a value of 
2 seconds is used for the delay"experienced by cross traffic 
in starting up, after the green indication is received. The 
3.5 second yellow will provide enough clearance for most 
urban speeds for intersection widths up to 60 feet for 
through Vehicles. A left turn that has stopped at the stop- 
bar and then executes his turn on yellow, which is legal in 
the State of Arizona, will require the clearance to be 
raised at least one second, due to the fact that the speeds 
involved are very low. This clearance would have to be in 
the form of all-red because the turn would not be executed. 
until late in the yellow period or early in the red period 
after all through vehicles have cleared.

In summation, the procedures shown can be used to 
compute the clearance interval needed. One must take care



Table-9o Clearance Interval Requirements^.
Inter
sect.
Width MPH 
(ft.) fps

20
29.4

25
36.1

30
44.1

35
51.4

40
58.8

45
66.1

50
73.5

30 2.l/0b 2.1/0 2.3/0 2.5/0 2.8/0 3.0/0 3.3/0
40 2.4/0 2.4/0 2.5/0 2.7/0 2.9/0 3.2/0 3.5/0
50 2.8/0 2.7/0 2.7/0 2.9/0 3.1/0 3.3/0 3.6/0.1
60 3.1/0 3.0/0 3.0/0 3.1/0 3.3/0 3.5/0 3.7/0.2
7n All-red 

Needed 3.4/0 3.2/0 3.2/0 3.3/0 3.4/0 3.6/0.1 3.9/0.4
80 3.8/0.3 3.5/0 3.4/0 3.5/0 3.6/0.1 3.8/0.3 4.0/0.5
90 4.1/0.6 3.8/0.3 3.6/0.1 3.7/0.2 3.8/0.3 3.9/0.4 4.2/0.7
100 4.5/1.0 4.1/0.6 3.9/0.4 3.9/0.4 4.0/0.5 4.I/O.6 4.3/0.8
110 4.8/1.3 4.3/0.6 4.1/0.6 4.1/0.6 4.2/0.7 4.2/0.7 4.4/0.9
120 5.2/1.7 4.6/1.1 4.3/0.8 4.3/0.8 4.3/0.8 4.4/0.9 4.6/1.1

aRe£er to Equation 7, p. 40,"where R = 1.0, d = 10.0, L = 17.0, k = 0.4, a = 16.0. 
bTotal clearance needed (sec») /sec«, all-red assuming 3,5 sec» yellow<,



when using the equations because a clearance interval that 
does not reflect actual driver performance can be obtained 
if the parameters used in the equation are not accurate in 
describing how a driver behaves»



CHAPTER V

VIOLATION ANALYSTS

The purpose of this analysis is to determine the 
effect of the clearance interval-.on driver behavior. Driver 
behavior during the yellow phase is of interest because it 
can provide information on the decision to stop with vary
ing lengths of yellow. With this information in hand, one 
can make conclusions about driver behavior with respect to 
the length of yellow and, therefore, the length needed to 
allow no violations of the red indication to occur.

Field Measurement 
An Esterline-Angus 20-pen recorder was used to col

lect all data, which consisted of the current signal phase, 
vehicle departures at the stopbar, vehicle arrival into the 
study section, and a time reference. A total of 8 pens were 
used for the data collection, the function of each is de
scribed below:

Pen 1— Arrivals into the study section
Pen 3— Through departures at the stopbar
Pen 5— Current signal phase for study approach
Pen 7— -Time reference #1
Pen 9— Left turn signal phase (if any)
Pen 11— -Left turn departures at the stopbar 
Pen 13— Time reference #2 
Pen 15— Spare.

49



Through departures and arrivals into the study section were 
collected by placing pneumatic road tubes at two locations, 
the stopbar and 176' back, on the street. A junior traffic 
counter was used to transform, the pressure impulses of the 
road tube into electrical impulses. These impulses Were 
transmitted through wires to the appropriate pen on the 
20-pen recorder. Two observers were required to collect all 
other data. One person observed all signal phasing and one 
time reference. The other person collected left turn de
partures at the stopbar and the second time reference. The 
spare pen was used by this person in the event one of the 
other pens ceased to function. When a signal phase began, 
or a left turn departed, or a time reference point occurred, 
an impulse was sent to the appropriate pen on the recorder.

The study section was actually a speed trap with a 
length of 176 feet. This length was decided upon due to the 
ease that data could be reduced. The number of seconds a 
vahicle took to traverse the trap divided into 120 yielded 
the speed in miles per hour. Speeds of all vehicles travers 
ing the section were collected in this manner. Figure 3 
shows the study section on an approach to an intersection.

Several items can be read off the data chart. First 
the number of violations of the red indication as well as 
the severity of the violation. Also, the start up delay of 
the vehicles on the approach was measured. Other items
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Figure 3. Experiment Layout on Approach.
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that were read from the data chart include the speed of the 
free flow and violating vehicle and the total volume per 
cycle. After some computation, the number of vehicles in 
the dilemma zone when the yellow appeared was found. To aid 
in the reduction of the data, a time reference was needed. 
The reference was used for two things; first, as a time- 
scale to help read the amount of seconds that had elapsed, 
and second, to check on the speed at which the data chart 
moved at. The time interval used was 5 seconds and was mea
sured with a stopwatch.

Site Selection
Table 10 presents the sites selected for the study. 

The criteria for selection was to select sites that were 
representative of most locations in the city, with respect 
to geometries, speeds and signal phasing. For geometries, 
the different things wanted were two and three lane ap
proaches , with and without median islands. For speeds, low 
and high, speed intersections with similar geometries were 
wanted. Signal phasing that was similar, such as an 8 phase 
system, was wanted on approaches with varied speeds and 
geometries. The intersection of Speedway and Stone was the 
only location tested that had a yellow only clearance. The 
purpose of testing this location was to check how effective 
the yellow only clearance was, compared to yellow plus all- 
red.



Table 10. Study Intersections.

Location
Study

Approach
Special
Phasing Geometries

Speed
Limit

Speedway Blvd. East Green 2 Lanes Thru 3 0 mph
Stone Ave. LT Arrow 1 Lane LT
Speedway Blvd./ East Grn & Yellow 2 Lanes Thru 35 mph
Country Club Blvd. LT Arrows 1 Lane LT
Broadway Blvd./ West None 2 Lanes Thru 30 mp h
Campbell Ave. 1 Lane LT
Grant Road/ East None 2 Lanes Thru 40 mph
Swan Road 1 Lane LT
Twenty-Second St./ East Grn & Yellow 3 Lanes Thru 45 mph
Wilmot Road LT Arrows 1 Lane LT

^Intersection Clearance Interval consists of yellow only.
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Clearance Interval Tested

Table 11 presents the clearance intervals tested.
The existing clearance was tested on June 6 through 8 and 
the computed clearance was tested on June 28. The computed 
clearances were found by using the methods described in the 
last chapter. As was mentioned in the limitation section, 
a yellow only could not be used for test purposes unless it 
was already in existence.

Sample Size
A test location (Broadway Blvd./Country Club Rd.) 

was observed to provide information on the number of success
ful stops of close decision vehicles. Appendix A shows all 
computations to arrive at a statistically valid sample size. 
Based on the results of the computations a sample size of 20 
cycles would provide all the data needed.

Analysis
The analysis of data was based on the number of op

portunities available for violation; this means the yellow 
at the end of each cycle represents an opportunity. Only 
close decision vehicles were considered in the analysis.
Close decision vehicles are defined as those vehicles that 
were in a computed dilemma zone when the yellow was dis
played. To obtain these vehicles from the data tape re
quired a time calculation of where the limits of the dilemma



Table 11. Clearance Interval Timing Observed for Effectiveness.

Intersection
Existing 
Thru , 

Y1 A-R
Clearance

LT
Y1 A-R Y1

Computed
Thru

A-R
ClearanceLT

Y1 A-R
Broadway Blvd./ 
Campbell Ave. 3 2 N/A 3.5 1.5 N/A
Grant Road/ 
Swan Road 3 2 N/A 3.5 2 N/A
Speedway Blvd./ 
Country Club Blvd. 3 2 2 1 3.5 1.5 3 1
Speedway Blvd./ 
Stone Ave. 3.5 0 3 3.5 0 - 3
Twenty-Second St./ 
Wilmot Road 3 2 2 1 3.5 2 3 1

^Yellow Duration (seconds)
'All-Red Duration (seconds)
cNo All-Red phase at this intersection; also no yellow arrow.

urVI
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zone were with respect to the 176 foot road tube, based on 
the average free flow speed measured from the tape. The 
dilemma zone limits chosen for analysis were where 15 per
cent of the vehicles were expected to stop and where 95 
percent of the vehicles were expected to stop. Williams 
(17) provided the formulas needed for computation of the 
dilemma zone limits. The 15 percent and 95 percent figures 
were chosen because the values were suggested in the litera
ture .

Using this method, a time frame could be established 
to check on any vehicles in the dilemma zone when the yellow 
appeared. These vehicles could then be tracked to see 
whether they stopped or not. With this information a com
pliance figure for close decision vehicles was obtained.

The next part of the analysis was to measure the 
severity of any violation, as defined by the permissive law. 
This would reveal a figure that might indicate how much a 
yellow is too Short if there is a problem.

The final part of the analysis was the comparison of 
the two clearance intervals. Both the left turn and through 
clearances were compared.



Results
Table 12 presents, for the two clearance intervals 

tested, the percent of close decision vehicles that success
fully stopped when the yellow was displayed. The percentage 
of close decision vehicles (vehicles in the dilemma zone) 
that successfully stopped for both clearance intervals was 
approximately the same, 63 percent stopping for the existing 
and 60 percent stopping for the computed clearance. All 
vehicles that were further back than the 95 percent expected 
stopping distance stopped. This would indicate that the 
driver's decision to stop is independent of the length of 
the yellow phase. There were no violations of the red indi
cation with respect to through vehicles when the computed 
clearance was being tested. There were five separate viola
tions of the red indication when the existing clearance 
interval was being tested. It is interesting to note that 
the intersection with a yellow only clearance, the intersec
tion of Speedway and Stone, had no violation of the red indi 
cation. The intersection of Broadway and Campbell has 
similar characteristics (geometries, speeds) as the inters.ee 
tion of Speedway and Stone, yet a through violation of the 
red was recorded. This could be caused by the 3 second yel
low being too short for a driver to stop or the driver knew 
that the all-red phase provided extra clearance time and 
therefore knowingly violated it.



Table 12. Number and Percentage of Close Decision Vehicles that Successfully
Stopped (Through Vehicles Only).

Intersection
No. of Close 

Decision Vehicles
No. Vehicles 

Stopped Success. Percent
Stopping

Broadway Blvd./ 
Campbell Ave. 25 (24)a 16° (15) 64 (62)
Grant Road/ 
Swan Road 6 (32) 2d (16) 33 (72)
Speedway Blvd./ 
Country Club Blvd. 21 (33) 15 (21) 71 (64)

bSpeedway Blvd./ 
Stone Ave. . 15 (13) 9 ( 4) 60 (31)
Twenty-Second St./ 
Wilmot Road 16 (12) 10° C 6) 62 (50)
TOTAL
Average percent stopping

83 (.104) 52 (62)
63 (60)

clFigures in parenthesis are values obtained when the computed clearance was being 
.used. The other figures occurred while the existing clearance was in effect. 
Clearance of yellow only.
violation of the red indication occurred.

Three violations of the red indication occurred.
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It was readily observed that the left turning vehi

cle would have to be analyzed separately. Left turning 
vehicles Were observed to execute their turn on the yellow, 
which is legal, and on the red.from a stopped position at 
the stopbar. Table 13 presents the number and percentage 
of close decision left turning Vehicles that stopped when 
the circular yellow was displayed. (A close decision left 
turning vehicle could have been stopped at the stopbar when 
the yellow appeared and hesitated in making the decision to 
stop or not, or the vehicle could have been moving near the 
stopbar when the yellow appeared). Violations of the red 
indication occurred when both clearance intervals were 
tested. The percentage of close decision drivers that suc
cessfully stopped was almost the same for both clearance 
intervals— -92 percent for the existing and 93 percent for 
the computed. This would indicate that the decision to 
execute the left turn is.independent of the length of the 
yellow. Although the left turn violation of the red indica
tion was not great in number it could have had an effect on 
the safety of the intersection. The violation itself could 
have occurred because the driver knew of the extra time pro
vided by the all-red phase. If this were true, then the 
violations at Speedway/Stone would have been small because 
the clearance interval was yellow only, yet the information



Table 13. Number and Percentage of Close Decision Vehicles that Successfully
Stopped (Permissive Left Turns Only).

Intersection
No. of Close 

Decision Vehicles
No. Vehicles 

Stopped Success. Percent
Stopping

Broadway Blvd./ 
Campbell Ave. 10 (15)a 9C (15) 90 (100) '
Grant Road/ 
Swan Road 15 (10) lld (10) 73 (100)
Speedway Blvd./ 
Country Club Rd. 26 (17) 26 (17) 100 (100)
Speedway Blvd./*3 
Stone Ave, 24 (18) 22° (13)e 92 ( 72) .
Twenty-Second St./ 
Wilmot Road 10 (14) 10 (14) 100 (100)
TOTAL 85 (74) 78 (69)
Average percent stopping 92 ( 93)

Figures in parentheses are values obtained when the computed clearance was being 
^used. The other figures occurred while the existing clearance was in effect. 
Clearance of yellow only,

violation of the red indication occurred.
Two violations of the red indication occurred. 

eThree violations of the red indication occurred.
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indicates that the violations were not different from any 
other location.

Table 14 presents the number and percentage of close 
decision vehicles that stopped when the left turn phase 
clearance was displayed. Two clearance intervals were ob
served; first was a "blank" clearance which consisted of no 
yellow or red arrow. This indication is used in the City of 
Tucson when the green arrow is displayed simultaneously with 
a continuing circular green. The other type of clearance 
used included a yellow arrow displayed with a circular red. 
Most of the "blank" clearance interval encroachments observed 
took place at Speedway/Stone, where it was not unusual to see 
two or three vehicles encroach after the green arrow was off 
and opposing traffic moving. Although there were differences 
from the existing and computed clearance intervals, the 
"blank" clearance interval had a smaller percentage of vehi
cles stopping when it was displayed than did the clearance 
interval consisting of a yellow arrow and circular red.

Table 15 presents the severity of left turn encroach
ments. All through vehicle violations were less than 0.5 
seconds, therefore they will not be tabulated. The. encroach
ment severity of the "blank" clearance along with the number . 
of vehicles encroaching suggests that the driver may be en
croaching not knowing how much clearance has elapsed. The 
average encroachment of a vehicle was measured at 1,8 to



Table 14. Number and Percentage of Close Decision Vehicles that Successfully
Stopped (Left Turn Phases Only).

"Blank" Clearance Only Yellow Arrow and Circular Red

Intersection
No.Close 
Decision 
Vehicles

No.Vehicles 
Stopped

Percent
Stopped

No.Close 
Decision 
Vehicles

No.Vehicles 
Stopped

Percent
Stopped

Broadway Blvd./ 
Campbell Ave. N/A N/A
Grant Road/ 
Swan Road N/A N/A
Speedway Blvd./ 
Country Club Rd. 6 ( 6)a 4 ( 4) 66 (66) 9 (10) 9 ( 7 ) 100 (70)
Speedway Blvd./'*3 
Stone Ave. 31 (24) 13 (15) 42 (63) N/A
Twenty-Second St./ 
Wilmot Road None Observed 10 (12) 8 (10) 80 (83)
TOTAL 37 (30) 17 (19) 19 (22) 17 (17)
Average Percent Stopping 46 (63) 89 (77)

^Figures in the parenthesis are values obtained when the computed clearance was 
being used. The other figures occurred while the existing clearance was in effect.b"Blank" clearance only.

a\to



Table 15. Left Turn Encroachment Severity of the Clearance Interval.
Degree of 
Severity, 
Seconds

Circular
Red

LT. Blank 
Clearance

LT. Red 
w/Yellow 
Arrow

Circular
Red

LT. Blank 
Clearance

LT. Red 
w/Yellow 
Arrow

0.1 - 0.5 2 2 0 1 3 2
0.6 — 1.0 0 2 0 1 2 1
1.1 - 1.5 0 1 1 0 ' 1 1
1.6 — 2.0 0 2 1 0 2 1
2.1 - 2.5 0 3 0 0 0 0
2.6 - 3.0 0 3 0 1 0 0
3.1 - 3.5 1 4 0 0 0 0
3.6 - 4.0 1 0 0 0 1 0
4.1 — 4.5 0 0 0 0 2 0
4.6 - 5.0 0 3 0 0 0 0
TOTAL
VIOLATIONS 4 20 2 3 11 5

Average
Severity 1.9 2.5 1.5 1.3 1.8 0.9
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2,5 seconds, for the existing and computed clearance inter
vals respectively, With a clearance consisting of a yellow 
arrow and circular red, the average encroachment was mea
sured at 0.9 to 1.5 seconds, for the existing and computed 
clearance intervals respectively. This would indicate that 
the yellow arrow or the circular red affected the number and 
severity of encroaching vehicles. A violation of the circu
lar red at the end of a circular, yellow was measured at 1.5 
seconds. If the all-red phase is used it would have to be 
this amount in excess of the time needed to clear through 
vehicles to clear the left turning vehicles. If a yellow 
only clearance was used, ah all-red phase of 1.5 seconds 
duration would have to be added to clear left turning ve
hicles in addition to through vehicles. It would seem that 
timing the clearance for a left turning vehicle would not be 
feasible. If there was no left turn present, the extra 
clearance time would be wasted, if provided.

In summation, the 3.5 second yellow had the same per
cent stopping characteristics as the 3 second yellow, with 
respect to through and left turning vehicles. There were 
through and left turn violations of the red indication when 
the 3 second yellow was used, but there were only left turn 
violations when the 3.5 second yellow was used. The left 
turning vehicle had a higher percentage of vehicles success
fully stopping with a clearance consisting of a yellow arrow



and circular red than one consisting of "blank" clearance 
only. The average encroachment was also more severe when 
the "blank" clearance was used.



CHAPTER 6

CONCLUSIONS

The accident analysis showed no significant increase 
in the accident rate when the clearance interval was changed 
to yellow plus all-red. This shows that a clearance inter
val of yellow only has similar effects as one of yellow plus 
all-red.

The theoretical analysis showed a yellow only clear
ance interval of 3.5 or 4 seconds would provide adequate 
time for a driver to stop from 40 miles per hour at a de
celeration rate that is comfortable to him. Because vehi
cle start up delay after the green has been displayed was 
measured at approximately 2 seconds, no all-red phase would 
be needed if a vehicle can clear the intersection in less 
than 2 seconds.

The violation analysis showed no through violations 
Of the red occurring when a 3.5 second yellow was tested.
Six percent of close decision vehicles violated the red when 
the 3 second yellow was tested. Left turning vehicles were 
found to violate both the circular red and the left turn : 
phase clearance interval.

As a result of these findings the following conclu
sions were reached:
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1. A circular yellow, 3.5 to 4 seconds in length will provide enough clearance at intersections where the 

time needed to clear the intersection is less than 2 seconds. At intersections where the time needed 
to clear exceeds 2 seconds at 40 mph or greater, the all-red phase should be used.

2. The findings of. this study support conclusions from 
earlier studies. The driver's decision to stop is independent of the length of yellow. The distance 
where 95 percent of the drivers are expected to stop should be used as the design parameter in computing 
clearance interval length,

3. A clearance interval for a left turn phase should have a yellow arrow as part Of it. The length of 
the arrow should be approximately 3 seconds in length.

4. It would not be feasible to time the clearance inter
val to allow left turning vehicles to clear the intersection at the end of the circular yellow.



CHAPTER 7

RECOMMENDATIONS FOR FUTURE STUDY

The accident analysis is a powerful tool in helping 
to analyze the clearance interval problem, and should be 
limited to accidents involving the clearance interval only, 
the only ones considered in the accident analysis.

Little is known about driver behavior. Generally,
it can be said that they make fairly accurate and consistent
decisions to stop when the yellow is displayed? however, it 
is not known whether this type of behavior changes. The 
roadway environment might have an effect on their judgment. 
They could be distracted by something that is different and 
is not often seen. Behavior might be different with respect
to the type of trip the driver is on. If he is on a work
trip, he may not want to stop if he is in a hurry to get to 
his destination. The behavior might change if he can see 
the cross approaches are vacant when the signal displays 
the yellow. He may not wish to stop in this case, and may 
risk encroaching on the red because of this.

For a detailed analysis, photographic techniques 
would provide the best record of the event of stopping when 
the yellow appears. The method used in this study provided
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a crude measurement of driver behavior» If film is used, 
the events can be looked at several times, while with this 
method, the actual event can be observed only once.

To increase data collection, more road tubes would 
be needed and should be placed at the dilemma zone limits.
To record what happens between the dilemma zone and the 
stopbar, road tubes should be placed at intervals in this 
area. Lane by lane information could be obtained if each 
lane has it's own set of tubes. Wires should be run from 
the controller to record the exact time the signal phase 
changed to eliminate human error.

. The aspect of whether or not a driver "learns" about 
the length and makeup of the clearance interval should be 
examined. If the driver knows an all-red phase is used, 
decisions related to the situation may reflect the extra 
clearance time provided by the all-red phase.



APPENDIX A

COMPUTATION OF SAMPLE SIZE

Cycle No.Close Deci- No. that
Number sion Vehicles Stopped

1 1 1
2 1 0  Violation
3 2 2
4 0
5 0
6 1 1
7 1 0
8 2 0 Violation
9 3 2 Violation

10  1_ 1
TOTAL 12 7

where,
p = Probability of a success, 
r = Number of successes = 7. 
n = Number of observations = 12.
p = 58.33% + 28.46% 

the 95% confidence limits = 29.86% to 86.79%
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Sample Size Needed 

n > 4pg/e 
where,

n = Number of observations required, 
p = Proportion of successes, 
q = 1 - P-e = Amount from the true value of r/n = 95%.
n > 4 (.5833) (.4167)/.05
20 or more observations are needed.

It two close decision vehicles are assumed per cycle, 100 
cycles of data should yield 200 observations, 100 times the 
amount needed. Therefore 20 cycles of data at each location 
will be taken.



APPENDIX B

AVERAGE VOLUME PER CYCLE, AND FREE FLOW 
SPEEDS DURING FIELD OBSERVATION

Existing Clearance Computed Clearance
Location

Volume
Total LT

Speed
(mph)

Volume
Total LT

Speed
(mph)

Broadway Blvd./ 
Campbell Ave. 21 2 33 23 1 32
Grant Road/ 
Swan Road 32 2 38 18 2 39
Speedway Blvd./ 
Country Club Rd. 24 3 31 27 3 33
Speedway Blvd./ 
Stone Ave. 11 4 25 13 3 27
Twenty-Second St./ 
Wilmot Road 33 3 42 25 4 40
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