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ABSTRACT

The Institute of Transportation Engineers currently recommends that the phase-change
interval of a traffic signal be set using a constant approach speed equal to the 85"
percentile approach speed, a constant deceleration of 10 ft/sec’, and a constant reaction
time of 1 second. Previous studies have shown that drivers do not all travel at the same
speed and decelerate at the same rate, nor do they possess the same reaction time. In fact,
the practice of using the 85™ percentile approach speed in itself denounces the idea that all
drivers would approach an intersection at a single speed. Thus, it would appear that the

current practice may be inappropriate.

A probabilistic approach is developed here to estimate the effects of variance in approach
speed during different periods of congestion and free-flow traffic conditions. These
effects are measured by determining the magnitude of the dilemma or option zone
problems for any given situation. Using previously published values of reaction time,
deceleration rates and acceleration rates, and approach speed distributions, a spreadsheet
calculation procedure was developed to estimate the magnitude of the dilemma/option
zone problems. The following approach yields logical results regarding the probability of
being caught in a dilemma zone or option zone for given distributions of approach speed
at different levels of congestion or free-flow traffic conditions. As a result, the approach

will enhance the practice of designing the phase-change interval to minimize these zones.
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Some transportation engineers might dispute the use of the dilemma zone as a measure of

effectiveness, by reason of the 1962 change in the Uniform Vehicle Code definition of the
yellow signal indication. This change allows for vehicles to enter during the yellow
interval and clear during the red. There is, however, no rule for providing an all-red
clearance interval. This means that the driver may clear during an all-red clearance
interval or during the beginning of green for the opposing traffic stream. The legality issue
of clearing during the opposing green is covered by the Uniform Vehicle Code in a
statement of the green indication. This statement says ‘drivers facing green must yield to
vehicles legally in the intersection at the time of such indication.’ Hence, drivers would
never be faced with the dilemma of not being able to stop before entering the intersection

or not being able to clear before the onset of red.

In an informal survey of 100 people in Knoxville, TN, where the vehicle code follows the
one stated above, 100 % were unknowing of at least one implication of the signalized
intersection laws as stated in the Uniform Vehicle Code. According to those surveyed, it
seems quite clear that they may be encountering dilemma zones because of their lack of
understanding of the current laws. With the possibility of this being public perception
nationwide, it seems imperative that transportation professionals assess the magnitude of
problems that these drivers may encounter. For this reason, the use of the dilemma zone

magnitude, as a measure of effectiveness, is warranted.



TABLE OF CONTENTS

CHAPTER PAGE
I INTRODUCTION ....cooviiiicirreiiserenenieessssessssessssssssssssssessesssssessssssssnne 1
Background ..........cccoiiriiiiineciee e 2
RaAtionale .......c.occieuiiiieriiriireissee et 9
Problem Statement ............ccccoeeeerieieeeeeeeeeeeeeeete e 17
II LITERATURE REVIEW ......ccooviiiiiieeeete ettt seeees 19
I METHODOLOGY ...cccinivirieiririesnnsesiessssseeesesessssesesssssssssssesssesesseseseses 45
Key Formulas and ISSUES ..........coeveereveeereieeeriecceeeceeree e 47
Model Development ..........ccocoeevvnniineeeeteeerereeereeeeerese e 49
Example Case Study .......cccocovvreririeicieeeeeeeesteeee st 52
v RESULTS ..ooitccrtrteteeeenertsessse s sessesesese s sse s sasssssssstsesesesesenen 64
Sensitivity ANALYSIS ........cocererreiirrinereenenierereeeenre e seseeeeeene 82
\Y% CONCLUSIONS.......ootrtrtttereresreinrere e seseesssssssssssssssssssesesessnsssssssssssens 87
BIBLIOGRAPHY ...ttt sasse st ss e esesessnsesessssesessenan 90
APPENDIX A ...ttt st s et s se s s e e en e 94
APPENDIX B ..ottt sesess et eesssese s e e e s 113

vi



LIST OF TABLES

TABLE

I1-1

V-1

IV-2

IV-3

IvV-4

IV-5

IV-6

IvV-7

Perception-Brake-Reaction Times.........cccevvreerereereneniennienenesieseeressensenennns
Summary of Dilemma and Option Zone Magnitudes

for Varying Phase-Change Timings - Case 1..........ccoeeverereriiernnneee
Summary of Dilemma and Option Zone Magnitudes

for Varying Phase-Change Timings - Case 2.........ccceevererererrrerenennnen.
Summary of Dilemma and Option Zone Magnitudesfor Varying

Phase-Change Timings - Case 1 with Acceleration.............cc.u.u........
Summary of Dilemma and Option Zone Magnitudesfor Varying

Phase-Change Timings - Case 2 with Acceleration...........................
Effects of Reaction Time Variation .............cceeeeveeeeereveeeeneeeeeeeseesseees
Effects of Length of Vehicle Variation...............ccooeeveveeeeecnevereeescrerreeennn

Effects of Width of Intersection Variation............ocveeveeeeeeeeveeeeeeeeeeeeneens

vii



LIST OF FIGURES

FIGURE PAGE
I-1 Assessment Model Development Flowchart ..........ccccoeevviveneninenvecrennnnnnne. 18
II-1  Intersection EIEMENLS .......c.cocovereiirumieeninienininiescnineeneeeneeeete et saests e eeaens 21
II-2  Diagram of Dilemma Zone ..........ccecceeeueevirerrerrereereeneeseeesereseessesessssesenane 22
II-3  Diagrams of Dilemma and Option Zones ...........ococevveverereevecerereeeeensnesenen. 29
III-1  Plots of Stopping and Clearing Distances and Resulting Dilemma and

OPLION ZOMES .....ccveueererriereirsirsesteserenesresesseasessessesassrssessssnssessossesens 50
III-2  Case 1 and Case 2 Speed Distributions ............ccccceveueuerrueecernrreeesereerenenennne 55
III-3  Plot of Clearing and Stopping Distance, PC(V,) = 6 S€C .....cvverurrerrerereenerencne 57
IlI-4  Plot of Dilemma and Option Zone Lengths, PC(v,) = 6 sec ..........cuuuuue..... 58
III-5 Probability of Being Caught in a Dilemma Zone, PC(v,) = 6 sec ................ 59
III-6  Probability of Being Caught in an Option Zone, PC(v,) = 6 sec .................. 60
II-7 Probability of Being in a Dilemma Zone, Given Case 1 and Case 2

Speed Distributions, P(V2) = 6 SEC .....ccueveeerereveeeerineeceeetereseeeeseenene 62
III-8  Probability of Being Caught in an Option Zone, Given Case 1 and

Case 2 Speed Distributions, P(v)) = 6 SEC .....ccevvvevereeereeerereeererereesnans 63
IV-1  Overall Probabilities of Not Being Caught - Case 1...........cceveverevemevevernnn.. 65
IV-2  Overall Probabilities of Not Being Caught - Case 2..........cceoevveeerrrererernenenn 66
IV-3 P(OK) = CaSE 1....coviiricreieiriiinineeetese e tsteesesenseesssssees s e ssaeses e 67
IV-4 P(OK) = CaSE 2......ccuiiieenenrnrirenrnee ettt sesesessssesssesssessssesssesns 68

viii



LIST OF FIGURES

FIGURE PAGE
I-1 Assessment Model Development Flowchart .........cccocovvieiiivinincienenneencnne 18
II-1  Intersection EIEMents ..........cccccoocievinininiiinnciieeiiiicrencntinieensce s 21
II-2  Diagram of Dilemma Zone ..........cccocvrveecircieeniennnneeiinrienresnenecsseesosessneseeenes 22
II-3  Diagrams of Dilemma and Option Zones ...........cc.coceeererecernerscreceneeseeenuene 29
ITII-1  Plots of Stopping and Clearing Distances and Resulting Dilemma and

OPLION ZOMES ...ocuveererierereiseerisresserseesessessesesssssessessessssssessessessessessanes 50
III-2 Case 1 and Case 2 Speed DiStributions ..........cocceceeverveererreererseeneecseereesnssensenes 55
III-3  Plot of Clearing and Stopping Distance, PC(v,) = 6 S€C ......cccvevcveverrrerrereanes 57
II-4 Plot of Dilemma and Option Zone Lengths, PC(v,) = 6 sec .........ccccuvuvenneee. 58
III-5 Probability of Being Caught in a Dilemma Zone, PC(v,) = 6 sec ................ 59
I1I-6  Probability of Being Caught in an Option Zone, PC(v,) = 6 sec .................. 60
III-7  Probability of Being in a Dilemma Zone, Given Case 1 and Case 2

Speed Distributions, P(V5) = 6 SEC ....cccevevueeeerererreresrecreseereeeesesseneres 62
III-8 Probability of Being Caught in an Option Zone, Given Case 1 and

Case 2 Speed Distributions, P(v5) = 6 SEC ....cccceeeveerereereereervereereennenns 63
IV-1  Overall Probabilities of Not Being Caught - Case 1..........cccoevevvereevinnnene. 65
IV-2  Overall Probabilities of Not Being Caught - Case 2............cccoeevurvererennnnee. 66
IV-3 P(OK) = CaSE 1.ttt sse st ssse s ssene s et se s ns 67
IV-4 P(OK) - CaSE 2.....couiiviriiiiriennieeiecentnientssesssssesssssssesssssssessssssssssesesessssons 68

ix



IV-5

IV-6

V-7

IV-8

A-1

A-3

A-4

A-6

A-8

A9

A-10

A-11

A-12

Overall Probability of Not Being Caught

Case 1 - With ACCEIEIaAtioN ........eooveeeeeeeeeeeeeeeeeeeeee e eeeeeeeee e seeeesoeas

Overall Probability of Not Being Caught

Case 2 - with AcCeleration..........cceeeeevirueriiveernrererenseeeereeseseeveseaens
P(OK) - Case 1 - with Acceleration...........c.ceveveueeveemerieeiiieeniccenereseseesens
P(OK) - Case 1 - with Acceleration..............cceevereuereereneesverceieeeeseseeeeeeseeens
Plot of Clearing and Stopping Distance, PC(Y) = 3.6 S€C ......ceeevuvrevevevennnne.
Plot of Dilemma and Option Zone Lengths, PC(Y) = 3.6 Se€C .........cuun.........
Probability of Being Caught in a Dilemma Zone, PC(Y) = 3.6 sec .............
Probability of Being Caught in an Option Zone, PC(Y) = 3.6 sec ................

Probability of Being in a Dilemma Zone, Given Case 1 and Case 2

Speed Distributions, PC(Y) = 3.6 SEC ...c.cveverevereereeercerirereeeeeeenreressenn
Probability of Being in an Option Zone, Given Case 1 and Case 2

Speed Distributions, PC(Y) = 3.6 SEC .....cveviucceverererereeeeeereeerererersenns
Plot of Clearing and Stopping Distance, PC(v{) =5 SEC ..vuevvvervreereerrrrerrrnn,
Plot of Dilemma and Option Zone Lengths, PC(v;) = 5 S€C .evvverevrrrrrnnn..
Probability of Being Caught in a Dilemma Zone, PC(v;) =5 sec ...............
Probability of Being Caught in an Option Zone, PC(v;) =5 sec .................
Probability of Being in a Dilemma Zone, Given Case 1 and Case 2

Speed Distributions, PC(VL) =5 SEC ..covuuvvvererreeeeererrererereeerssssns
Probability of Being in an Option Zone, Given Case 1 and Case 2

Speed Distributions, PC(V1) = 5 SEC .u.vucvueeeeeeeeresreeeseseeeseeeosseoeos




A-13

A-14

A-15

A-16

A-17

A-18

B-1

B-2

B-3

B-5

B-6

Plot of Clearing and Stopping Distance, PC(v;) = 5.2 SEC ...ccvvveverereeevrrennnee.

Plot of Dilemma and Option Zone Lengths, PC(v|) = 5.2 S€C ....cvevvvenenen...
Probability of Being Caught in a Dilemma Zone, PC(v,) = 5.2 sec ............
Probability of Being Caught in an Option Zone, PC(v,) = 5.2 sec ...............
Probability of Being in a Dilemma Zone, Given Case 1 and Case 2

Speed Distributions, PC(¥]) = 5.2 SEC ..ceevvvverrereeeererrveerreenereseseeeraeens
Probability of Being in an Option Zone, Given Case 1 and Case 2

Speed Distributions, PC(V)) = 5.2 SEC .....ceveivieiereveirereereeererereressene
Plot of Clearing and Stopping Distance, PC(Y) = 3.6 sec with

ACCEIETAION ...ttt ettt nees
Plot of Dilemma and Option Zone Lengths, PC(Y) = 3.6 sec with

ACCEIETALON ...ttt
Probability of Being Caught in a Dilemma Zone, PC(Y) = 3.6 sec

With ACCEIETatiON .......cceuirireiierrcetete et ssnnans
Probability of Being Caught in an Option Zone, PC(Y) = 3.6 sec

With ACCEIETAtION ........cecveeeririrerereceteee et ee s
Probability of Being in a Dilemma Zone, Given Case 1 and Case 2

Speed Distributions, PC(Y) = 3.6 sec with Acceleration ................
Probability of Being in an Option Zone, Given Case 1 and Case 2

Speed Distributions, PC(Y) = 3.6 sec with Acceleration .................
Plot of Clearing and Stopping Distance, PC(v,) = 3.6 sec with

ACCEIETALION ...ttt et et

xi



B-8

B-9

B-12

B-13

B-14

B-15

B-16

B-17

Plot of Dilemma and Option Zone Lengths, PC(v,) = 3.6 sec with

ACCEIETAtION ..cuvevvreeveeenirreeiecteer ettt se et e ssesesannnane 121
Probability of Being Caught in a Dilemma Zone, PC(v;) = 3.6 sec

With AcCeleration ...........ooveeeviiieiinniniiinencnnnctecnene e 122
Probability of Being Caught in an Option Zone, PC(v;) = 3.6 sec

With ACCEIETALION. ......cveviriieiriiceeirieette ettt aene 123
Probability of Being in a Dilemma Zone, Given Case 1 and Case 2

Speed Distributions, PC(v;) = 3.6 sec with Acceleration ................. 124
Probability of Being in an Option Zone, Given Case 1 and Case 2

Speed Distributions, PC(v;) = 3.6 sec with Acceleration ................. 125
Plot of Clearing and Stopping Distance, PC(v;) = 3.6 sec with

ACCEIETALION ....ccoiuiiviieieiiererinietreeresertssessestsseetesteseeaessesaesessesaesnenan 126
Plot of Dilemma and Option Zone Lengths, PC(v,) = 3.6 sec with

ACCEIETALION .......ovrvereeceerirrtrrirceesest st es b s s sens 127
Probability of Being Caught in a Dilemma Zone, PC(v,) = 3.6 sec

With ACCEIETAtION .......ovveuereietririiereretecr ettt 128
Probability of Being Caught in an Option Zone, PC(v,) = 3.6 sec

With ACCEIETatioN ........cccuevieciirrriieentreee et 129
Probability of Being in a Dilemma Zone, Given Case 1 and Case 2

Speed Distributions, PC(v,) = 3.6 sec with Acceleration ................. 130
Probability of Being in an Option Zone, Given Case 1 and Case 2

Speed Distributions, PC(v,) = 3.6 sec with Acceleration ................. 131

xii



CHAPTER 1

INTRODUCTION

The concept of the traffic signal has roots that date back to 1868, where manually
operated semaphores were used in London. The electric traffic signal, known today, was
developed by James Hoge in 1914. The first of which was installed in Cleveland, Ohio.
Over the last 82 years, the traffic signal has evolved into a crucial element of orderly

traffic flow for our increasingly busy streets and roadways (16).

One small element of this complex device is the topic of this research study — the phase-
change interval. It may be known to some as the change interval, yellow interval, amber
time, or clearance interval. The phase-change interval as defined for purposes of this
study relates to either a yellow interval by itself or yellow interval followed by an all-red
clearance interval. The Manual of Traffic Signal Design (16) states the following “The
critical function of the phase-change interval is to warn traffic of an impending change in
the right of way assignment.” While all of the other aspects of signal timing focus on the
efficiency of traffic movement, the phase-change is most importantly related to safety.
Many engineers have strong opinions about the timing of the phase-change interval, and
these strong opinions are obvious given the array of approaches in use today to determine

the interval.

If asked about the yellow interval, most transportation engineers would probably give the



quick answer of ‘3 seconds for urban areas and 5 seconds for rural areas.” Where did

these values come from? Most practicing engineers have probably thought very little
about the implications of the phase-change interval on the traffic stream. The phase-
change interval has not, however, been taken lightly by all. In fact, during the last 40
years, the determination of the traffic signal phase-change interval has become a quite
controversial topic. The controversy has spanned issues such as the concepts of the
dilemma zone or option zone, changes in the Uniform Vehicle Code, definitions of

clearance and change intervals, and even the definition of the average driver.

BACKGROUND
The initial search for the origin and reasoning behind the use of 3 to 5 seconds for the
yellow portion of the phase-change interval led to a book entitled 77 raffic Engineering
written by Matson, Smith, and Hurd in 1955:
“In urban areas where speeds are relatively low, yellow lights of about 3
second duration are satisfactory at most locations. At rural, high-speed
locations were stopping time may have a duration of 5 to 8 seconds, road
users tend to attempt to clear the intersection rather than stop. Five
seconds is probably a practical maximum yellow duration in such
location.”
This was, as the author’s literature search shows, the origin of the still common 3 or 5
second timing philosophy of the yellow signal interval. The values were determined by

equations that are quite similar to those widely used in practice today. Instead of using



stopping and clearing distances, as is done today, the time to stop and time to clear were

calculated as functions of distance to brake, speed of travel, perception-interpretation-
emotion-volition (reaction) time, and intersection width. Probably the most important
aspect of the yellow signal inferval was also found here:

“...once a road user has been permitted entry into the intersection under

signal control, safety demands that he be allowed comfortable Journey

lime to traverse the intersection before cross traffic is released.”
This is a concept that the author feels is sometimes compromised in order to get more out
of the system. Is it time to step back and take a look at what the yellow signal interval
really represents? It is an engineers responsibility to abide by the “Rules of Professional
Conduct” which state:

“The registrant (engineer) shall at all times recognize the primary

obligation 1o protect the safety, health and welfare of the public in the

performance of the registrant’s professional duties.”
Do our current practices and laws really protect the safety, health and welfare of the
public? The following background is intended to highlight several problems and questions

that have been brought to attention over the last several years.

In 1960, authors Gazis et al. wrote a paper (9) entitled “The Problem of the Amber Signal
Light in Traffic Flow” marking the first mention of the ‘dilemma zone’ problem. From
their observations, the authors felt that drivers were sometimes faced with complex

situations at the commencement of the yellow signal light. In this situation, the driver



must decide whether to stop quickly, possibly ending up inside the intersection, or to
chance trying to go through the intersection before the onset of the red signal light. Every
driver can probably attest to being caught in this situation at some point in time or
another, and will most likely note that the presence of other vehicles following or leading
has made the situation worse. Moreover, the involvement of these other vehicles may
potentially increase the likelyhood of an accident occuring if one of the drivers incorrectly
judges the actions of the drivers around him. For example, if the lead car were to come to
an abrupt stop at the commencement of yellow, and the following car thought that the
intersection could be cleared before the onset of red, a rear-end collision will occur. On
the other hand, if a driver decided to go on through the intersection, but got caught by the
red light, then a driver from the cross-street may strike the driver in a right-angle accident
at the onset of green for the cross-street movement. With these questions of safety in
mind, many an engineer has devoted much time and research to explore different aspects
of the yellow signal problem, but the controversy continues, and many questions remain

unanswered.

The research done by Gazis et al. gave a clear picture of the problem of the dilemma zone.
At the time of their research, the Uniform Vehicle Code gave the following definition for
the amber signal light:

“Vehicular traffic facing the signal is thereby warned that the red or

‘Stop ' signal will be exhibited immediately thereafter and such vehicular

traffic shall not enter or be crossing the intersection when the red or



‘Stop’ signal is exhibited. " |
Abiding by this definition, a motorist shall not be within the boundary of intersection at the
onset of the red signal. Thus, the yellow signal interval became known as the clearance
interval. The absoluteness of the definition leads to the dilemma zone-- the area on an
intersection approach, determined by the yellow signal timing, speed and reaction time,
where the driver cannot stop .before entering the intersection nor clear the intersection
before the red signal appears. Gazis et al. studied seventy intersections and found that all
but one intersection had a yellow interval that was too short, thus creating a sizeable
dilemma zone for the average driver. This observation led the authors to propose the idea
of changing the Uniform Vehicle Code in order to allow the average driver with a solvable
problem, so as to eliminate the possibility of people falling victim to an improperly

designed signal.

In 1962, the Uniform Vehicle Code indicated a change in the meaning of the yellow signal
interval as follows:
“Vehicular traffic facing a steady yellow signal is thereby warned that the
related movement is being terminated or that a red indication will be
exhibited immediately thereafter when vehicular traffic shall not enter the
intersection.”
This change in the code allows motorists to legally enter the intersection during the yellow
phase and legally clear the intersection during the beginning of the red signal interval. The

allowance of vehicles in the intersection during the red phase prompted a restatement of



the meaning of the green phase:

“Vehicular mraffic facing a circular green signal may proceed straight

through or turn right or left unless a sign at such a place prohibits either

such turn. But vehicular traffic, including vehicles turning to the right or

left, shall yield the right of way to other vehicles and to pedestrians

lawfully within the intersection or an adjacent crosswalk at the time such

signal is exhibited.”
These changes were deemed safe by engineers who assumed that the opposing traffic
stream would encounter a start-up time lag of around three seconds which would be
sufficient time to allow motorists to clear the intersection. If this did not allow sufficient
clearing time, the law required that the motorists facing green must yield to the clearing
vehicles. These changes in the Uniform Vehicle Code turned what used to be a
‘restrictive’ yellow interval law into a ‘permissive’ yellow interval law. The law had been
restrictive because vehicles had to clear the intersection before the onset of red, whereas
the permissive law allows clearance on red as long as the vehicle has entered the
intersection on yellow. With the permissive law in effect, the yellow interval could no

longer be referenced as the ‘clearance’ interval and was now given the title ‘change’

interval.

Adolf May (15) defined a new problem zone area on the intersection approach in 1968.
After surveying the 50 states as to their vehicle code laws, he found that not all states had

conformed to the Uniform Vehicle Code change in definition of the yellow interval. The



two different types of laws, one of which was the restrictive law and the other being the

permissive law, were studied in detail. Stopping and Clearing equations were determined
for both law types given the criteria for each. Depending on the distance of the driver
from the intersection, May found that 3 conditions can exist:
1. Dilemma Zone - within which the driver can neither stop nor clear the
intersection. (This case was found to be more pertinent to the
restrictive law and was already defined by Gazis et al.(9))
2. Free Zone - within which the drive will not encounter a dilemma zone
or option zone.
3. Option Zone - within which a driver can choose between stopping and
clearing the intersection.
The size of the option zone determines the magnitude of the problem for drivers. The
option zone was seen as a more serious problem if it were big enough for more than one
driver to be caught in it at one time. The problem , given this situation, would be
encountered when the lead driver chooses to stop while the following driver chooses to go
on through the intersection. The obvious result is a rear-end collision. No set of
equations were developed to minimize the option zone, because the dilemma zone still

seemed to be the most troublesome of the two problems.

In the late 1970’s, the Green-Extension Systems (GES) came into being. These systems
employed advanced detector-controller designs in order to detect vehicles upstream of an

intersection in order to extend the green signal interval to allow the vehicles to pass



through the intersection, or to terminate the green interval allowing for enough time for
the vehicle to come to a stop before entering the intersection. These types of
arrangements have proven to work nicely at high-speed isolated intersections. Ideal
system conditions are at rural intersections where traffic volumes are not very high during
peak periods, traffic speeds remain high, and adequate gaps in main street traffic allow for
side-street movements. While these systems have proven to work, they are not fool-
proof, and a vehicle can still get caught in a dilemma zone caused by max-out of the green
interval. Another problem with these systems is that they can not be used on arterials with
signals that must be pre-timed for signal progression, because they rely on automation to

respond to approaching vehicles.

Currently, the Institute of Transportation Engineers (ITE) recommends that the phase-
change interval be set following the equation:

v w4+l
PC=t+—+
2d v

where,  PC = phase-change period (yellow plus all-red), sec
! = perception-reaction time (usually 1 sec), sec
v = approach speed, ft/s
d = deceleration rate, fi/s’
w = width of intersection, ft
L =length of vehicle, ft.

The typically assumed values for these variables are considered to be constant approach



speed equal to the 85" percentile approach speed or the posted speed limit, a constant
deceleration of 10 ft/sec’, and a constant reaction time of 1 second. Previous studies and
common sense have shown that drivers do not all travel at the same speed and decelerate
at the same rate, nor do they possess the same reaction time. In fact, the practice of using
the 85" percentile approach speed in itself denounces the idea that all drivers would
approach an intersection at a single speed. Thus, it would appear that the current practice
may be inappropriate. Is it reasonable to assume deterministic values to determine the

phase-change interval when these values are in reality completely stochastic?

Questions such as this are what prompted the in-depth review of the literature and the
concept of the following research. The background topics mentioned here are reviewed in
detail in the following literature review of previous research. The background presented
here only serves the purpose of providing the reader with a brief overview of relevant

issues of concern for the current research.

RATIONALE

The concept of the current study was sparked by the review of literature which culminated
into a barrage of contradicting results. Aspects of approach speed and traffic density were
of particular interest in the literature review. In a study by Stimpson, Zador, and Tarnoff
(28) entitled, “The Influence of the Time Duration of Yellow Traffic Signals on Driver
Response,” the authors tried to determine how intersection conflict frequency depended

on yellow signal time duration under different traffic conditions of peak and off-peak



periods. It was noticed that drivers who enter the intersection during the yellow phase
will either clear during the yellow phase or during the red phase, and those who clear
during the red phase could cause potential conflicts by blocking the path of the opposing
traffic stream. The authors felt that increasing the yellow duration slightly would decrease
the number of potential conflicts, and in turn reduce the number of crashes caused by
those conflicts. A potential conflict in the study was determined to be a last-to-cross
vehicle that spent at least 0.2 seconds in the intersection past the onset of red. The
findings show that the frequency of potential conflicts at signalized intersections were
higher during peak periods than in off-peak periods. It was also determined that potential
conflicts could be virtually eliminated with small increases in the duration of the yellow
phase. The authors were not successful in determining the number of crashes reduced by

the phase increase.

This study seemed to be, in some respects, contradictory to another study by Adolf May
(15) that shows a longer yellow duration leads to motorists operating their vehicles in an
unsafe or unexpected manner. May also observed in the same study, that increasing the
yellow duration at a rural intersection decreased the percentage of motorists operating in
an unsafe or unexpected manner. This decrease in unsafe driving with an increase in the
phase-change interval is probably in some way linked to the reduction in potential conflicts
with an increase in the phase-change interval. After re-examining the previous study, a
possible connection was found between the rural intersections of the May study and the

intersections of the Stimpson et al. study. The connection is the similarity of isolation of

10



the intersections. The Stimpson et al. study specified an isolated intersection in their

criteria, and while the May study (15) did not specify such a requirement, it would be
reasonable to assume that the rural intersection is isolated. Could this mean that motorists
drtve more safely through isolated intersections, or do motorists behave more

aggressively/risky when faced with numerous signals and congestion in an urban setting?

Bissell and Warren (3) tried to discount the work of Stimpson et al. (28) by saying “Based
on their definition of potential conflict, the results are suspect since they are not based on
the legal meaning of the yellow or the observed motorist’s understanding of the signal ”
Stimpson et al. regard a potential conflict as occurring when a last-to-cross vehicle
remains in the intersection 0.2 seconds after the onset of red. Bissell and Warren
understand this as meaning that all vehicles should clear the intersection before the onset
of red. By examining the following statement, it appears that the intersections that the
authors chose to study did not have an all-red phase, “Vehicles that have not cleared the
intersection before red onset can be blocking the paths of cross-street traffic that has a
green signal for varying periods of time.” Looking at it from this direction, Bissell and
Warren are incorrect in their assumptions. A vehicle in the intersection at the onset of red
would also be in the intersection during the opposing green, and could very well cause a
potential conflict if the opposing driver does not yield the right of way. Another
questionable assumption of Bissell and Warren is that a motorist’s understanding of the

signal can be observed. This is untrue, because only a drivers reactions to the signal can
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be observed. It is possible that a driver can have the correct understanding of the law and

still make the wrong decision due to the inevitable factor of human error.

After reviewing the literature, and noting several contradictions, more and more questions
began to emerge. Why were the potential conflicts higher in peak periods than in off
peak-periods? Do longer yellow durations eliminate the potential conflicts in an
intersection? Do drivers actually react in unsafe or unexpected manners when given
longer yellow duration? Research (31) shows that crash rates are higher given lower
speeds and wider intersections; why would this be true? If the phase-change interval is
determined for the 85™ percentile approach speed, what does that mean for drivers who
approach at a speed higher than the 85" percentile speed? For years, engineers have used
3 seconds for urban and 5 seconds for rural intersection yellow durations, is this a good
practice? Bissell and Warren (3) say that the dilemma zone problem no longer exists given
the permissive definition of the yellow indication; is this true? What is the motorist’s

understanding of the signal?

With all of these questions in mind, it seemed logical to go to the main source of data to
determine possible origins of inconsistency. Many engineers have completed study after
study reviewing the process of determining the phase-change interval by investigating
driver reaction to the yellow interval. Nowhere in the literature review did any evidence
of driver understanding of the signal come into question. It seems logical to think that the
best signal design in the history would not function properly if its’ users did not

understand the functional meaning. Could this be the problem causing the inconsistencies
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in the previous studies?

Before any further work was done, it seemed necessary to sample the drivers
understanding of the phase-change interval. In order to do so, a random and informal
survey was taken of 100 drivers from Knoxville, Tennessee. These people were asked a
series of four questions pertaining to their understanding of the implications of the traffic
signal laws in Tennessee. The questions were asked as follows:
1. You are approaching an intersection when the yellow light appears, and
you decide to go on through the intersection. You are inside the
intersection when the light turns red, can you get ticketed by a police
officer?
2. (If the respondent answered no to question 1 proceed with question 2,
otherwise skip down to question 3.) Do you assume that the traffic
signal is designed to allow for your clearance in the previous situation
before the opposing traffic receives the green signal?
3. You are stopped at red light . When the green signal appears, do you
have the complete right of way to enter the intersection?
4. Will you be found at fault if you hit a vehicle that is in the intersection
after your green signal appears?
The Tennessee Vehicle Code follows the current Uniform Vehicle Code and therefore the

correct answers are;
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1. NO - It is legal to be in the intersection after the onset of red as long as
you have entered during the yellow phase. (88% surveyed answered
YES)
2. NO - The signal is not always designed to provide complete clearance
of the intersection before the onset of green for the opposing
movement. (100% of those who answered NO to the first question
answered YES to this question)
3. NO - Drivers do not have complete right of way at the onset of green.
The law states that motorists must yield to any vehicles or pedestrians
lawfully within the intersection at the onset of green. (72% surveyed
answered YES)
4. YES - As stated before, drivers are required to yield the right of way to
anyone legally in the intersection. A driver, however, is not at fault if
the vehicle in the intersection has run a red light, and would therefore
be unlawfully in the intersection. (64% surveyed answered NO)
The results show that 88% of those surveyed believe they would be breaking the law if
they were not clear of the intersection at the onset of the red interval. Of the 12% who
knew it was legal to be in the intersection at the onset of red, all believed that the signal
was designed to allow for their complete clearance of the intersection before the opposing
traffic stream would be released. 72% of the drivers surveyed thought that they have
complete right of way to enter the intersection at the onset of green. Of those people,

64% thought that they would not be liable if they struck a vehicle that was in the
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intersection when they received the green signal.

Stated more simply, of 100 people surveyed, 100% either misunderstood or were
unknowing of at least one implication of the permissive laws for signalized intersections.
The study shows that while the law is permissive, the majority of drivers surveyed impose
upon themselves the restrictive meaning of the phase-change interval. In other words,

they feel that they must clear the intersection before the onset of red.

This concept of self-imposed restrictive yellow law leads back to the question ‘is there a
dilemma zone situation where a driver approaching a signalized intersection can neither
physically stop before entering the intersection or go through the intersection before the
onset of red?’ If the answer to this question is yes, drivers may be more likely to make an
erratic and unsafe maneuver by slamming on their brakes or speeding through the
intersection. It is obvious that either of these decisions could lead to a rear-end collision.
The problem of the dilemma zone has been shown to be remedied by extending the yellow
time to allow for safe stopping and safe clearing. However, in extending the yellow time,
a new problem could arise. Hence the second concept in question: ‘is there an option
zone situation where a driver approaching a signalized intersection where he can choose
between either stopping or clearing before the onset of red?” If so, what is the magintude
of the problem? Is there a chance that two drivers could be in the zone at the same time?
If this situation can exist, and the lead car decides to stop while the following car decides

to go, a collision will most likely occur.
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Some transportation engineers (3) feel strongly that dilemma zones no longer exist after

the Uniform Vehicle Code change in the definition of the yellow signal indication back in
1962. This change allows for vehicles to enter during the yellow interval and clear in red.
With no absolute provision for an ali-red interval, this means that the driver may clear
during an all-red clearance interval or during the beginning of green for the opposing
traffic stream. The Liability issue of allowing clearing during the opposing green is covered
by the Uniform Vehicle Code in a statement of the green indication. This statement says
‘drivers facing green must yield to vehicles legally in the intersection at the time of such
indication.” Hence, drivers would never be faced with the dilemma of not being able to

stop before entering the intersection or not being able to clear before the onset of red.

According to the 100 people surveyed, it seems quite clear that these drivers may be
encountering dilemma zones because of their lack of understanding of the current laws.
With the possibility of this being public perception nationwide, it seems imperative that
transportation professionals assess the magnitude of problems that these drivers may
encounter. It is in this respect that the following assessment tools will be of use to

enhance the current practice of designing signal phase-change intervals.
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PROBLEM STATEMENT

The basic purpose of this study was to develop a procedure to estimate the magnitude of
the dilemma/option zone problems. The following approach attempts to determine the
probability that a driver will be caught in either a dilemma or option zone. The procedure
also defines a probabilistic approach to determine the effects of variance in the approach
speeds, during different periods of congested and free-flowing traffic conditions, on the
length of the phase-change interval. The phase-change interval as defined for purposes of
this study relates to either a yellow interval by itself or yellow interval followed by an all-
red clearance interval. The results of this assessment procedure may enhance the practice

of designing signal change intervals to minimize dilemma and option zones.

The objective in the development of this model was to assess the probability that a driver
will be caught in either a dilemma zone or option zone on an intersection approach during
a phase-change interval. The method developed here is an attempt to imitate the
probability that a vehicle will approach an intersection at a given speed, and also to
generate the probability that the driver will encounter a dilemma/option zone during his
approach. Based on these probabilities, a combined probability will result which estimates
the probability that a driver will be free of any zonal problems. The assessment model
process flowchart is shown in FIGURE I-1. Using this estimated probability,
transportation engineers will be able to better assess the extent of the problems given
various timings for phase-change intervals. This approach will more easily allow for

minimization of these types of problem areas.
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P(v)
Probability of vehicle
traveling at speed v;

given Case 1
normal speed distribution

P(Cqz)
Probability of getting
caught in a dilemma zone
given flow condition

P(Coz)
Probability of getting
caught in an option zone
given flow condition

for Case 1

L

for Case 1

P(V1Cdz)
Probability of getting
caught in dilemma zone
given Casel
speed distribution

P(viCoz)
Probability of getting
caught in option zone

given Case1
speed distribution

non-DZ case 1%
Probability given
Case1 speed distribution
that a driver will not be
caught in a dilemma zone

non-OZ case 1%
Probability given
Case1 speed distribution
that a driver will not be
caught in an option zone

P(OK) case 1%
Probability that a driver
will not be caught
in a dilemma zone
nor an option zone

FIGURE I-1

Assessment Model Development Flowchart

*Shown for Case 1 Speed Distribution Only
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CHAPTER V

LITERATURE REVIEW

The search for literature on the determination of the yellow interval unveiled a multitude
of discrepancies and varied theories. Gazis et al. (9) unleashed a monster when they
questioned whether a signal could be timed so that a driver would be placed in a position
to where he/she could not abide by the laws of the road. This question became known as
the dilemma zone. This 1959 article was the first of an abundance of articles about
problems with the yellow interval. From this point forward, transportation engineers
began to question other facets of the amber signal timing such as the occurrence of an

option zone, the short reaction time, and stopping probabilities.

The original concept of the ‘dilemma zone’ was first presented on November 27, 1959 by
Denos Gazis, Robert Herman, and Alexi Maradudin (9) in a paper entitled “The Problem
of the Amber Signal Light in Traffic Flow.” The authors explained the dilemma zone
problem as follows:

“when confronted with an improperly timed amber light phase a motorist

may find himself, at the moment the amber phase commences, in the

predicament of being too close 1o the intersection to stop safely or

comfortably and yet too far from it 1o pass completely through the

intersection before the red signal commences.”
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The authors felt, that under the current law, this situation could exist. The amber signal

light law, current to 1959, was defined in the Uniform Vehicle Code of 1956 which states:

“Vehicular traffic facing the signal is thereby warned that the red or

‘Stop’ signal will be exhibited immediately thereafter and such vehicular

traffic shall not enter or be crossing the intersection when the red or

‘Stop’ signal is exhibited.”
Gazis et al. set out to determine whether current criteria for setting the amber phase
actually presented such a “dilemma zone” problem to motorists, and if so, to consider the
function of the approach speed on the problem. An investigation of all of the
mathematical relationships was completed assuming constant acceleration (a;), constant
deceleration (a,), constant approach speed (v, equal to the posted speed limit), effective
width of the intersection (w), length of the car (L), and the duration of the amber phase
(7). A graphical explanation of the findings are presented below. These intersection
elements are shown in FIGURE II-1. Gazis et al. determined that the driver must decide
between two alternatives: (1) stop at the intersection, or (2) go through the intersection.

The mathematical equations for these two alternatives can be found below:

~

(1) (x-vd,) 2 2=

" 2a,
(2) (x+w+L—v0d1)s v(,(r—dl)+%(‘r—a'l.)2

A graphical explanation is presented in FIGURE II-2. Each shaded area represents one of

the alternatives facing the driver; either (1) to stop at the intersection or (2) to go through
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the intersection. A driver at a distance from the stopping line less than x. cannot stop

safely, and a driver at a distance from the stopping line greater than x, cannot go through
the intersection without accelerating. When x, < x., the driver could be caught in a
dilemma zone if he is within the region x, < x <x.. It was noted that this situation may or
may not be incurred if the driver is traveling below a constant speed equal to the posted
speed limit. They also determined, through mathematical relationships, that the minimum
length of the amber phase allowing safe execution of either of the alternatives corresponds

to x, = x.. Therefore, the minimum amber phase was given as:

v, (w+1L)
Tonin = O3 +(2a2 *j + v

0
where, v = approach velocity (ft/sec)
a>* = maximum deceleration rate
(assumed as 1/2 g to 1/3 g, or 16 to 10.7 ft/sec?)
g = gravitational acceleration (16 ft/sec?)
&, = change in time after beginning of amber
(reaction time lag of driver car complex as well as decision
making time of driver or 1.14 sec)
w = effective width of intersection (stop line to clear line in ft)
L = length of car (assumed to be 15 ft)
7= duration of amber phase (sec).
In order to back up their theoretical claims, Gazis et. Al studied 70 intersections and

found that only 1 had an amber phase long enough to prevent a sizable dilemma zone.
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They also noted that an average of about one car per cycle passed through the beginning

of the red light phase at most intersections. The authors caution that the 1956 Uniform
Vehicle Code assumes signals have been set so that drivers can abide by the law. The
practice of the time as stated in Traffic Engineering by Matson et al. (18) says that a
yellow duration of about 3 sec for urban and 5 sec for rural locations are probably
appropriate. With this in mind, the authors stated that they “believe that it is the duty of
the traffic engineers and the drafters of the traffic ordinances to present the average,
honest, driver with a solvable decision problem.” Their paper was concluded with the
two following alternatives:
1. Design the amber-light phase according to some realistic criteria in
order to guarantee that a driver can always be in a position to obey
the law.
2. If the amber-light phases are to be kept short relative to criteria such
as determined herein, it may be desirable to state the vehicle code in
such a way as to make it compatible with the driver, car, road. and

signal characteristics.

In 1962, the Uniform Vehicle code was modified from a restrictive amber law to a
permissive amber law. The permissive law was stated as follows:
“Vehicular traffic facing a steady yellow signal is thereby warned that the
related movement is being terminated or that a red indication will be

exhibited immediately thereafter when vehicular traffic shall not enter the
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intersection.”’

The permissive amber law therefore allows drivers to enter after the onset of amber and
clear during the red phase. The clearance on red is supported by the Uniform Vehicle
Code definition of a steady green indication which follows (3):

“Vehicular mraffic facing a circular green signal may proceed straight

through or turn right or left unless a sign at such place prohibits either

such turn. But vehicular traffic, including vehicles turning right or left,

shall yield the right of way to other vehicles and to pedestrians lawfully

within the intersection or an adjacent crosswalk at the time such signal is

exhibited.”
As with most change, people were slow to realize and adopt the change in the steady
yellow indication law. Thus a substantial amount of research was done on the concept of
a law that no longer existed. Such research pertaining to the dated “clearance” interval,
indicative of the restrictive law, will not be provided herein as it has no value to the

current research.

Six years after the change, in 1968, Adolf May wrote an extensive paper (15) entitled
“Clearance Intervals at Traffic Signals.” One very distracting point made by May was the
disagreement on amber law. From a survey, he found that 14 states had permissive laws
that permit vehicles to legally enter the intersection at any time during an amber light, 27
states had restrictive laws and required vehicles to completely clear the intersection before

the amber light ended, and 8 states were permissive in that they allowed vehicles to enter
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on the yellow indication, but restrictive in stating that the vehicle must clear before the
red. This discrepancy was with no doubt due to the 1962 change in the Uniform Vehicle
Code (3) which allows vehicles to enter the intersection at any time prior to the
termination of the amber phase. His findings also showed that most states still limited the
amber phase to 3 to 5 seconds, which was appropriate in abiding by the Manual of
Uniform Traffic Control Devices (17). In an attempt to provide a safe driving
environment, states began to use of a variety of signal phasing techniques ranging from an
all-red phase to a green-amber phase of 3 seconds followed by a pure amber phase of 2
seconds. The discrepancies followed by the change of laws led May to do his own
theoretical analysis of amber duration according to the type of law used. He also wanted
to determine for what conditions a dilemma zone might exist. When the law changed from
restrictive to permissive, it was found that the intersection width need not be taken into
consideration in the determination of the amber duration. However, most traffic engineers
added an all-red phase to allow for safe clearance of vehicles through the width of the
intersection. May looked at this change by dividing the formulas into two cases:

Case (1) Restrictive - a vehicle must either stop before entering the intersection or

must clear the intersection before the end of the amber phase (this corresponds to

the work done by Gazis et al. (9)

Case (2) Permissive - a vehicle must either stop before entering the intersection, or

must have entered the intersection before the end of the amber phase.

The following mathematical formulas describe the above cases:
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Case (1)

2
v
stopping distance, x, > i +v,t,

a 2
clearing distance, x_<v T+ E(T - t,) -W

Case (2)

2

. . v
stopping distance, x, > 5(’; +V,t,

clearing distance, x, <v,T + %(T— 1, )2 -L

where, Xs, X, = distance from stop line when the amber phase begins, (ft)

Vo = approach speed (ft/sec)

a = acceleration rate (ft/sec?)

d = deceleration rate (ft/sec?)

W = gross width of intersection (effective width plus L, ft)

L = length of vehicle (ft)

T = duration of amber phase (sec), and

h, I; = reaction times to accelerate or decelerate respectively (sec).
Given these stopping and clearing criteria, May determined that you can have 3 different
conditions:

I x,>x, : Adilemma zone exists within which the driver could neither stop

safely nor clear the intersection. This condition is more pertinent to the

restrictive law.
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2. x,=x, : The dilemma zone in this case is non-existent.

3. x, <x, : Anoption zone exists within which a driver can choose between
stopping and clearing the intersection.

The dilemma zone condition follows exactly as depicted by Gazis et al. (9). The
conditions of the dilemma and option zones are shown in FIGURE II-3. In the figure, x.
and x, are defined as:

x, = the critical stopping distance from the intersection

x. = the critical clearing distance from the intersection.
An option zone exists when x, < x, and a driver can choose between stopping and clearing
the intersection. May thought that the condition (1) “dilemma zone” could be eliminated

using the following equations:

T;)ermissive = %2 2d v
assuming stop line clearance without acceleration,

Ve =V,

’

or, T2t +
assuming the driver approaches the intersection at less than the speed limit and the speed
limit v, is obtained within the intersection and a = 16 — 0.145v,

Ve =V
o, T'<st, +———

assuming the driver approaches the intersection at less than the speed limit and the speed
limit is obtained outside the intersection and a = 16— 0.145v,. The equation for the

acceleration (a) was derived by May (9) from experimental data regarding the acceleration
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of high powered modern cars.

May experimented with his theories under controlled conditions with the clearance interval
set to state specifications and also with the clearance interval extended in order to
minimize the dilemma zone. In order to analyze drivers reactions exclusive to the amber
phase, May screened out incidents of drivers reacting to left turners and heavy traffic
conditions. The study shows that in both rural and urban settings, an increase in amber
duration causes a slight increase in the number of drivers operating in an unsafe or risky

manner.

“Driver Behavior During the Yellow Interval” written by William Williams (26) in 1977
attempted to determine driver characteristics during the yellow interval while also
examining the drivers ability to stop. Williams feels that there are two basic considerations
in determining amber duration: “when a driver will choose to stop, and when a driver will
choose to go through an intersection.” As such, Williams developed a method using a
probability of stopping function taking into consideration distance and approach velocity.

His formula of preference for setting yellow time is:

L 2d
Y=R+L_+w+ —[K+ }

2a v a’

where, R = driver decision and reaction time (1.1 sec)

v = 85" percentile approach speed

a” = deceleration accepted 85 percent of the time (6.5 ft/s?)
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w = distance from stop line to the clear line
L = length of vehicle (17 ft for automobiles)
K = reaction time of cross-flow traffic (0.4 sec)

d = distance between vehicles and cross flow traffic, and

a’ = maximum acceleration of cross flow traffic (16 ft/s%).
v
The {R + 27} term in the above equation should be set from site specific probability of

stopping vs. time charts. Thus, engineers can standardize the yellow interval for their own
cities by conducting field tests to determine driver characteristics in their own areas. He
does caution the use of cross-flow acceleration time lag if light jumping may be possible.
The yellow computed here is time for clearance which can be provided by both yellow and

all red phases.

Starting around the mid-70’s, Zegeer, and Parsonson et al. (1, 4, 21, 22, 32) completed
major research in the design and use of advanced detector-controllers to eliminate the
dilemma zone. The detectors were designed mainly for use at intersections where
approach speeds are greater than 35 mph, and where drivers usually face an appreciable
dilemma zone. When a motorist is caught in a dilemma zone, a decision to stop abruptly
may end in a rear-end collision, and a decision to go on through may result in a right-angle
collision. If an actuated controller instead of a pre-timed controller is in place, engineers
can design the detection so as to minimize the dilemma zone. The actuated system can

detect vehicles before they approach the dilemma zone and either extend the green time or
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provide adequate stopping distance for the drivers. While these systems have proven to

work, they are not fool-proof, and a vehicle can still be caught in a dilemma zone when
arriving at a signal which has reached gap-out of the green interval. For this reason, and
because there are still numerous pre-timed signals on our roads, the search continues for a

better understanding of the amber signal and the dilemma zone.

Up to this point, most studies proposed the use of formulae that relied on approach
speeds, distance from the stop line, and intersection geometrics to determine proper
yellow intervals for reduction of dilemma zones. In 1980, Stimpson, Zador, and Tarnoff
(28) proposed to look at the potential conflict which results from being caught in the
dilemma zone. In order to try and reduce the potential conflicts, they felt it would be
necessary to change the duration of the yellow signal. They set out to determine driver
response to the yellow onset for varying traffic and pavement conditions and yellow signal
duration. The traffic conditions varied from peak to non-peak and pavement conditions
varied from wet to dry. The experiment by Stimpson et al. shows that an increase of
yellow time by 30% almost eliminates potential conflicts at one site while a 32% increase
in yellow at another site reduces conflicts by 75% (the percentage of potential conflicts
being the percent of last to clear vehicles that spent at least 0.2 seconds in the intersection
past the red onset). The study therefore shows that the increase of yellow duration
reduces the number of potential conflicts. The number of potential conflicts were also
shown to be highest in peak traffic conditions and also in dry weather. The authors note

that the conflict rates do not change in the same direction as approach speeds, but feel that
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conflict rates should be considered in the overall determination of the appropriate yellow
phase. It is noted that there must be some trade off between operational efficiency and
reduction in potential conflict with the use of this method to determine a safer yellow
interval. “.._conflicts are dependent not only on intersection geometry and travel speed,
but on traffic density and possibly pavement condition. The precise nature of this

dependence remains to be determined (28).”

Authors Bissell and Warren wrote a paper in 1981 entitled “The Yellow Signal is NOT a
Clearance Interval” (3). After studying the results of an FHWA survey, they found that
the majority of traffic engineers were still considering the yellow signal as a clearance
interval. Most of these engineers are following practice found in the Institute of
Transportation Engineers (ITE) 1976 Transportation and Ty raffic Engineering Handbook
(30) which is based on the 1960 work of Gazis et al. Even though the majority of states
have changed their laws to coincide with the 1962 Uniform Vehicle Code allowing
vehicles to legally clear the intersection during the red signal, traffic engineers still design
for cars to clear before the onset of red. Bissell and Warren feel that the problem of the
dilemma zone as stated by Gazis (9) is virtually eliminated by the use of the new
definitions from the Uniform Vehicle Code. They assume that the start up delay of the
opposing traffic will allow enough time for motorists to clear after the onset of red for
their movement. It may seem that this practice may result in increased right angle
collisions, however, the authors claim it to be safe if people abide by the definition of a

green phase in the Uniform Vehicle Code:




“Vehicular mraffic facing a circular green signal may proceed straight

through or turn right or left unless a sign at such a place prohibits either

such turn.. But vehicular traffic, including vehicles turning right or left,

shall yield the right of way to other vehicles and to pedestrians lawfully

within the intersection or an adjacent crosswalk at the time such signal is

exhibited.”
Note that up to this point, most research studies followed the thought that the yellow
interval was the clearance interval and that all cars must be cleared from the intersection
before the onset of red. Bissell and Warren use equations for stopping distance and travel
time to the stop-line in their determination of an appropriate yellow interval. The stopping

distance (Ss) is therefore:

~

V..
=Vt +—
Ss r+2d

where, d = deceleration rate (10 ﬁ/secz)
I, = perception reaction time (1 sec)
V= speed of approach vehicle (ft/sec)

Thus, the minimum yellow time (t) can be found by:

In closing, the authors stated:
“The legal concept, where traffic may clear at the beginning of the red
signal phase as indicated in the Uniform Vehicle Code, should alleviate

the fears of many traffic engineers and researchers who are concerned
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with the dilemma zone associated with the yellow interval.”

In 1983, Robert M. Shanteau (25) took up the discussion of reasonable drivers in his
paper “Considerations in the Length of the Yellow Interval.” He notes that the ITE
Handbook gives reasonable driver values of one second for reaction time and 10 (or 15)
fi/sec? for deceleration rate. Shanteau’s main disagreement with previous research is the
assumption of constant deceleration and constant reaction time for all speeds. In a look at
the current procedure, anyone driving within the 85™ percentile speed is considered a
reasonable driver. Shanteau holds the belief that the design driver should be raised to the
90™ percentile driver. His method for determining the yellow interval uses stopping
probability curves. The curves are converted from percentage of stopping vs. distance to
stop-line to percentage of stopping vs. time to stop-line. The yellow time is then picked
right off the plot for a 90 percent stopping probability. Shanteau used pre-published
stopping probability curves to analyze his method. Unfortunately, he was not able to
make any concise conclusions due to the erratic behavior of the data. His results pointed
toward the failure of the simple kinematic model of vehicle motion for this situation. His
suggestion was to develop stopping probability curves by observing cars that do and do
not stop. Shanteau notes that his method of determining the yellow interval might allow
researchers to get around the problem of assuming constant reaction times and constant

deceleration rates.

In almost all yellow interval research, the perception reaction time has been considered
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equal to one second. Hooper and McGee (10) studied driver characteristics in 1983 and

found that a one second reaction time was inadequate for use in the determination of the
change interval. Earlier studies done to determine the alterted-brake reaction time did not
take into account decision time or perception time. It should be noted that drivers will not
brake instantaneously at the onset of yellow. Drivers must acknowledge traffic conditions,
approach speed, and distance to the intersection before making a decision to apply brakes
and stop or to continue through the intersection. Taking these factors into account,
Hooper and McGee empirically determined values for perception-brake-reaction time as
shown in TABLE II-1.

TABLE II-1

Perception-Brake-Reaction Times

Perception-Brake-Reaction Time (s)

50th 1.13
85th 1.77
95th 2.16

Their values correspond to values found in the field by Wortman and Matthias of 1.13 sec
for the 50" percentile, and 1.80 for the 85% percentile. The effect of increasing the
perception reaction time on the change interval is 1:1. The authors end by noting criticism
of the currently used short perception reaction time for change intervals. They
recommend that there should be an effort to scientifically determine a more correct

representation of the perception reaction time for use by engineers nationwide.
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Zador et al. (31) studied the “Effect of Clearance Interval Timing of Traffic Flow and

Crashes at Signalized Intersections” in 1985. Here, the authors refer to the clearance

interval as the yellow plus all-red phases. The authors noted that earlier work by Gazis et

al. (9) “suggests that the proportion of drivers at risk of a crash can be reduced to zero

Jor drivers traveling at similar speeds with similar perception reaction times and similar

deceleration rates.” Zador et al. looked at traffic flow and crash data for 91 intersections

in eight metropolitan areas. The intersections represented diverse parameters including:
* yellow signal laws (allowed to enter vs. stop on yellow)
® average approach speed (35 to 55 mph)
® cross-street width (20 to 124 ft)
* yellow phase duration (2.8 to 5.7 sec)
e all-red phase duration (0 to 3 sec)
Information on these parameters along with the average daily traffic (ADT) for the
monitored street and its’ ratio with cross-street ADT were used to statistically sort the
intersections into eight relatively similar clusters. The eight intersection clusters were th

ranked in ascending order of crash rates and further grouped by similar crash rates. The

en

final set of five overlapping clusters was then analyzed. In their study, they found that the

timing of the change interval had an affect on accident rates at the signalized intersections.

Higher crash rates were found among clusters with less adequate clearance intervals. The

highest crash rate cluster was found to have an average implied deceleration of 13 fi/sec2,

whereas the lowest crash rate cluster had a deceleration rate of 8.5 ft/sec2. Crash rates

were shown to increase with an increase in ADT on the cross-street. Also, the highest
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crash rate cluster had wider cross-streets and slower monitored street speeds, which leads

to increased crossing time to clear the intersection.
“Our interpretation of the overall pattern of association between
intersection characteristics, clearance intervals, traffic flow, and crash
rates is that the increasing deficiency of clearance interval timing sharply
increases the proportion of drivers who enter intersections and do not
clear them during the clearance interval. The consequent reduced
separation of the two traffic streams and increased braking by drivers who
do not want to enter the intersection without protection Jfrom cross-street
traffic leads to substantial increases in crashes.”
The authors stressed that the inadequacy of clearance interval timings shown in this study
and in previous studies continues to prove that there is a need for further research into

clearance interval timing.

“Setting Change Intervals at Signalized Intersections” was written by Yupo Chan (5) and
Thomas Liao in 1987. Again, the change interval, in this case, is defined as yellow plus
all-red. In their paper, they derive the equation for the change interval timing (Y) for a

level road as follows:

¥ V w+L )
=—— 4+ +
2fg V Y
where, V'= prevailing speed of roadway (constant)

w = width of cross-street
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L = typical vehicle length (constant)

J= coefficient of friction (constant)

g = gravitational acceleration (constant)

I, = driver reaction time
The assumptions that are built into the formula, as pointed out by the authors, are constant
deceleration and constant approach speed. They have shown this equation slightly
different than the one proposed by the ITE Handbook (30) in order to show the elements
of brake/tire/road interaction involved in stopping a vehicle, and to emphasize the “fudge
factor” (1) reaction time. Chan and Liao wrote a BASIC program to analyze the
behavioral processes that a driver goes through at an intersection. The computer program
either measures the simulated brake reaction time, or determines if an accident has
occurred in the process of clearing. The program can also determine stop zone (S) and the
go zone (G) from variable input done by the user. The equations used for calculating the

stop and go zones are given as:

)

y =——+V1, , and

2fg

w+ L
—r-rt
G V

The authors also discuss the problem of a dilemma zone (D), which is given as:

D=S-G,or

2

Y ow V(Y
= —+4 - —
2/ 7

w+L)

39




It is easy to understand that the intersection should be designed so as to get D=0.
However, Chan and Liao caution that optimization of the change interval using this
equation could still result in an incorrect design. It also appears to make sense why
engineers still have no consensus as to how to determine the correct change interval when
D is a function of so many variables:

DWV,f, Y t,w. )=0
There are also functions of variables inside of variables, consider friction (). Frictionis a
function of driver behavior, weather, pavement type, etc. The authors used the computer
program to analyze 18 signals in Washington state. It turns out that all but one signal had
an inadequate change interval. This finding was significant, because the simulated reaction
time is generally shorter than the one second recommended by ITE. In their analysis, they
found out that as long as a “lump sum” reaction time is used in change interval formulas,

there would never be an elimination of the dilemma zone as shown in the following

equation:
D=8S-G=Vt  or
D= V- +’”+t"’—Vt -—V—Z—th
2V Y/ S
where t is broken down into components of

1, = visual perception time
'm = muscle-response time
The authors also recommend using deceleration rate determined from site specific

parameters. This recommendation is far from current practice where constant values for
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many variables are used to determine the change interval.

Lin, Cooke, and Vijayakumar (13) studied the “Utilization and Timing of the Signal
Change Interval” in 1987. Again the change interval is defined as being the yellow plus
all-red if any all-red is used. Methods of determining the change interval vary from
agency to agency, but most use the basic formula suggested in the 1982 /TE
Transportation and Traffic Engineering Handbook. 1n this study, the yellow interval
requirement was defined as the “length of a yellow interval that will allow a specified
percent of signal change intervals to be free of vehicles entering the intersection on a red
signal indication.” The authors note that traffic conditions may change rapidly at a signal
due to queuing of vehicles. The approach speeds in this case are also affected by traffic.
From the study of five intersections and eight movements, a 95 percentile yellow interval
requirement varied from three to five seconds. This variation cannot be explained by the
variation in approach speed for this study. This may be due to the fact that most of the
data were gathered during the peak traffic hours, where long queues would develop
immediately after the change interval ended. Lin et al. believe that vehicle supply at the
onset of the yellow interval is a large factor in the requirement of the yellow interval.
Previous research methods of determining the change interval were analyzed and
regression analysis was performed on each. However, their work proved little meaning
with the resulting low R? values. Hence, the authors prescribe their own formula for
determining the yellow interval (Y) until a consensus can be made. Their formula for

satisfying the 95" percentile requirements is as follows:
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Y=40+C,

where, C, = correction factor between -1.0 and +1.0 seconds.
A value between +0.5 and +1.0 seconds may be chosen for C; if one of the following
vehicle supply patterns exists:
a) frequent carryovers of long queues from one cycle to the next: or
b) a rapid build-up of long queues immediately after the change interval expires;
or
c) the percent of change intervals utilized exceeds 70 percent.
On the other hand, a value of C; would be between -1.0 and -0.5 seconds if:
a) the movements of concern have low flow rates and are regulated by traffic
actuated controls; or
b) the vehicle supply to the intersection at the yellow onset is frequently cut off
due cyclic flow patterns created by signal coordination; or
c) the rate of change interval utilization is less than 30 percent.

Vehicle patterns between these two extremes can use a C, value of 0.

Authors Joseph Prashker and David Mahalel (123) try to interpret behavioral patterns of
humans in their paper “The Relationship Between an Option Space and Drivers’
Indecision at Signalized Intersection Approaches” in 1989. They start by looking at the
function of the signal. Ideally, the traffic signal should read either stop or go, but the
driver cannot instantly change to stop or go. Therefore, the signal has been designed to

have a transition mode. .. the change interval. The driver cannot stop instantly for two
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reasons: (1) it takes time and energy to stop a car once it is in motion, and (2) it takes the

human driver a certain amount of time to perceive the signal and then to take the
appropriate action. Existing methods of determining the change interval use a normative,
deterministic approach. The correct approach should take into consideration the dynamic
variables involved. The authors of the paper wish “t0 demonstrate through a behavioral
model, how the risk of rear-end collisions at intersections can be theoretically
evaluated” First they looked at the probability that the driver will cross the intersection
to be equal to [1 - P(x)], where P(x) is the probability of stopping. This information is
typically shown in a probability of stopping curve. Next, the probability that two
successive drivers will have conflicting decisions about stopping was given as P(x) * [1 -
P(x)]. This probability reaches a maximum at P(x) = 0.5. In order for two vehicles to
have conflicting decisions, at least two vehicles must be approaching a signal at the onset
of the yellow interval. The number of rear-end accidents can then be thought of as a
function of traffic volume and the size of the indecision zone. Prashker and Mahalel note
that option zones and dilemma zones are tools that can be used in a normative sense to
determine what a driver can physically do, but in no way what he will do. Although
option zones allow for drivers to stop or go through the intersection, long option zones
have shown to shown to increase the probabilities of conflicting decisions. This, in turn,
creates higher probabilities of rear-end accidents. The authors came up with a probability

model for this situation that follows:

Pr[stop] =0

(ti —tcr,i)
o
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where, Pr{stop] = probability of stopping

® = cumulative summation

1; = time to stop line as calculated from constant speed

L. = duration of the warning period for driver I

¢ = standard deviation
The authors tested their behavior model at four intersections and found that when
approach speeds increase, the value of 7., increases while o® decreases. Prashker and
Mabhalel thought that “the shape of the decision function is actually determined by the
speed of travel of the traffic stream rather than by the speed of individual vehicles. The
last explanation receives support from the fact that drivers’ decisions are based not solely
on the speed and distance from the intersection, of their cars, but also on the relative speed

and location of their vehicles compared to other vehicles.”
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CHAPTER III

METHODOLOGY

The basic purpose of this study was to develop a procedure to estimate the magnitude of
the dilemma/option zone problems. The following approach attempts to determine the
probability that a driver will be caught in either a dilemma or option zone. The procedure
also defines a probabilistic approach to determine the effects of variance in the approach
speeds during different periods of congested and free-flowing traffic conditions on the
length of the phase-change interval. The phase-change interval as defined for purposes of
this study relates to either a yellow interval by itself or yellow interval followed by an all-
red clearance interval. The results of this assessment procedure may enhance the practice

of designing signal change intervals to minimize dilemma and option zones.

The development of this approach was based on two things: (1) the concept that drivers
impose upon themselves a restrictive meaning of the yellow interval, and (2) the concept
that traffic conditions and speed distributions in urban areas during congested and free-
flow periods affect the determination of the phase-change interval, which ultimately
determines the magnitude of dilemma and option zone problems. The concept of a self-
imposed restrictive law means that drivers feel that they have to clear the intersection
before the onset of red. This means that even though the law has been stated to eliminate
the problems of dilemma zones for drivers, they may still experience the dilemma zone if

the yellow signal is too short. For this reason, dilemma zones and option zones should be
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assessed to determine the implications for those drivers which are not familiar with the

current law. The second concept was based on the observation that during free-flow
traffic conditions, traffic flow is generally minimal and speeds are relatively close to the
speed limit. Whereas, during congested traffic conditions, traffic flow is heavy and speeds
are generally much slower. The question is raised as to how these factors affect the
determination of the phase-change interval, and ultimately the magnitude of the

dilemma/option zone problems.

The objective in the development of this model was to assess the probability that a driver
will be caught in either a dilemma zone or option zone on an intersection approach during
a phase-change interval. The approach developed here is an attempt to imitate the
probability that a vehicle will approach an intersection at a given speed, and also to
generate the probability that a driver will encounter a dilemma/option zone during his
approach. Based on these probabilities, a combined probability will result which estimates
the probability that a driver will be free of any zone problems. Using this estimated
probability that a driver will be free of any dilemma or option zones, transportation
engineers will be able to better assess the extent of the problems for various lengths of
phase-change intervals. This approach will more easily allow for minimization of these

types of problem areas.

This chapter describes the procedures used in the present study. The sections include: key

formulas and issues, model development, and a case study.
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KEY FORMULAS AND ISSUES

Since the majority of traffic engineers use the recommended practice set by ITE (16) to
determine the phase-change interval, this practice was also used herein to develop base
equations for the following procedure. The phase change interval, as stated before, can
consist of either a yellow change interval by itself, or both a yellow change interval and an
all-red clearance interval. The phase-change interval is required to warn drivers of an
impending change in right of way. States which follow a permissive yellow signal interval
law only have to allow time for vehicles to come to a stop or enter the intersection before

the onset of red. The equation

%
Y=t+— ]
ey (1)
where, Y = yellow change period, sec

t = perception-reaction time (usually 1 sec), sec

v = approach speed, ft/s

d = deceleration rate, ft/s
reflects the time it takes for a vehicle to stop, which is a representation of the minimum
time setting for a yellow change interval. Vehicles in the intersection at this time can
legally clear the intersection during the beginning of red, and by law are to be given the

right of way by vehicles facing the green indication.

Some states use a red clearance interval to allow traffic to clear the intersection before

opposing traffic receives the green signal. This interval is recommended by ITE to have a
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maximum value of

)

where, r =red clearance interval, sec
w = width of intersection, ft
L =length of vehicle, ft

v = approach speed, ft/s.

The total phase change interval (PC) is thus a combination of yellow plus all-red or simply
yellow alone. The yellow plus all-red or phase change timing is determined by the
following equation:

v w+ L
=4+ — . 3
PC tog (3)

The Traffic Control Devices Handbook (28) suggests extending the yellow to be equal to
the length of the total phase-change interval if no red clearance interval is used. This
method assumes that drivers do not utilize the full yellow change interval, but only the
stopping time portion. States that do not have permissive laws, and require that vehicles
stop or clear the intersection before the onset of red, must use formula (3) for setting the
length of the yellow interval. This assures that drivers may abide by the law and will not

be ticketed for no fault of their own.

The formulas used to determine the dilemma zone and option zone come from the basic

kinetic formulas of stopping distance and clearing distance as follows:
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2

v
Stopping Distance = X, = v f + -2';)7 (4)

Clearing Distance =X, =v,PC-w - L (5)
In these equations, v, is the approach speed which will be used in the following research as
a range of values from 0 to 120 fps. When X,> X, a dilemma zone occurs, likewise when

X > X, an option zone occurs. This is depicted graphically in FIGURE I1I-1.

MODEL DEVELOPMENT

The first step in the development of the model was to integrate the aspect of variation in
speed for different times of day. Based on actual data collected by Martin Parker and
Associates consulting firm, it was determined that the speed distributions approaching an
intersection are normal. Therefore, this model assumes normal distributions for all speed
distributions to be tested. The model allows for two cases (case 1 and case 2) of speed
distributions to be studied at the same time. This will allow the user to more easily
examine the differences for different times of the day or days of the week, or any other
two situations that have varying speed distributions. If the user knows the mean speed
and standard deviation, the normal probability curves P(v;) and P(v,) can be determined

for the two speed distributions.

The second step in the model process is to determine the probabilities of getting caught in
either a dilemma or option zone. This step requires that you have already calculated a

phase-change timing (PC) and know the flow conditions (g) for the two speed distribution
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cases. These flow values are then converted to an average headway (4) for each case by

using the formula:

3600
= (6)
q

To calculate the phase-change interval, the user must know the width of the intersection
and assume a reaction time, deceleration rate, and average length of the vehicles. Given
these parameters, curves can be plotted for X; and X, over a range speeds (vo). From this
plot, the lengths of the dilemma zone and option zone can be calculated. The resulting
probabilities that a driver may get caught in a dilemma or option zone are calculated by

using the following formulas:

Probability of getting caught in dilemma zone = P(cy,) =ﬁ (7
0
Probability of getting caught in option zone = P(c.,) = h\j: (8)

0
where, L4 = length of dilemma zone, ft
L., = length of option zone, fi.
Since this procedure can be applied using any common spreadsheet program, many
iterations of the model can be made quickly using different values for the phase-change

interval timing.

Finally, the probabilities that a driver will get caught in a dilemma zone or option zone
given the two cases of speed distributions can be determined. These probabilities are

calculated by multiplying the values of P(v;) and P(v,) with P(c4;) and P(c.;) for each
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speed vo. The resulting values give the curves P(vcq,) and P(vycy,), and also the curves

for P(vic,,) and P(vyc,,).

"ll"he overall probabilities that a driver will not get caught in a dilemma or option zone can
be found by calculating the sum of the probabilities that a driver will get caught in a zone
and subtracting that sum from 1. For ‘example, the probability that a driver will not get
caught in a dilemma zone given the Case 1 speed distribution and PC in seconds is:
non-DZ Case 1% = 1- Y P(v,cdz)
This formula can also be used to find the non-DZ Case 2%, non-OZ Case 1%, and non-
OZ Case 2%. Users can take these percentages into consideration when designing signals
to estimate what percent of drivers may be affected by a dilemma zone or option zone.
This process can be iterated time and time again using varying values of PC, ¢, and d to
become more familiar with how each of the variables may affect the probability of a driver

getting caught in a dilemma zone.

EXAMPLE CASE STUDY

The following is an example case study that was used to try and answer previous
questions raised by the literature review. The assessment model was used to determine
the effects of congested and free-flow traffic conditions on the probability of getting
caught in a dilemma zone or option zone. The example intersection was assumed to be in
an urban setting and has a crossing width of 60 feet, and an approach speed limit of 35

mph. There is no pedestrian activity in the area, and the surface street grade is negligible.
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Following are assumed values for the variables that are common to all example problem
calculations:

w = width of intersection (ft) fixed at 60 ft

L = length of car (ft) éssumed fixed at 20 ft

t = reaction time (sec) assumed fixed at 1 sec

d = deceleration rate (ft/sec’) assumed constant at 10 ft/sec’

a = acceleration rate (ft/sec’) = 16 - 0.145v,

The first step in the development of the example model is to determine the speed
distributions to be tested. For this example, two cases (case 1 and case 2) of normal
distributions have been assumed for a 35 mph approach to an urban intersection:

(1) Case 1 is assumed to be normal speed distribution for a non-congested traffic
condition. The mean speed for the approach is 30 mph with a standard
deviation of 10 mph. This distribution was chosen to depict free-flow
conditions where cars generally travel near the speed limit, but are free to
travel at speeds far lower or higher than the average.

(2) Case 2 is also assumed to be a normal speed distribution, but for congested
traffic conditions. The mean speed is a much slower 10 mph and the standard
deviation is chosen to be 2.5 mph to show a more condensed distribution. This
distribution was chosen to depict the typical congested urban setting, where
vehicles are much more dependent on the speeds of the cars around them, and

being constrained to little or no free-flow movement.
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The plot of the distributions P(v;) and P(v,) can be found in FIGURE III-2.

The second step in the example model process is to determine the probabilities of getting
caught in either a dilemma or option zone. This step requires that you have already
calculated a phase-change timing for the current situation and know the flow conditions
from the two speed distribution cases. Values for non-OZ %’s and non-DZ %’s will be
calculated over a range of O-g second phase-change intervals (in 0.2 second intervals) to
determine the final P(OK) curve. Four phase-change settings will be examined in detail,
and these are:
PC(v.) = phase-change interval determined using speed fimit of 35 mph (5.0 sec)
PC(v) = phase-change interval determined using the 85" percentile speed
determined from the Case 1 speed distribution (5.2 sec)
PC(v,) = phase-change interval determined using the 85" percentile speed
determined from the Case 2 speed distribution (6.0 sec)
PC(Y) = phase-change interval equal to the minimum yellow time for a 35 mph
approach speed from the Manual of Traffic Signal Design (3.6 sec).
The values of flow (g) for the given speed distribution cases also had to be assumed since
the distributions were hypothetical. If the single approach capacity is 1800 pcphpl,.and
capacity is reduced by % at a signalized intersection (60 sec signal cycle length split 2
ways), the resulting capacity would be 900 pcphpl. Therefore one may assume that low,
medium and high flow conditions might be in the ranges of 0-300 pcphpl, 300-600 pephpl,

and 600-900 pcphpl respectively. The Case 1 condition, being non-congested, was
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assumed to be 300 pcphpl. The Case 2 congested condition was chosen to be 750 pcphpl,
which was determined from the midpoint of the high range. These flow values are then

converted to an average headway for each case (4) by using the formula:
h=——. (6)

Given these parameters, curves can be plotted for X; and X, given v, in the range of 1-120
ft/s as shown in FIGURE III-3. From this plot, the lengths of the dilemma zone and
option zone can be calculated. An example of this graphs is shown for PC(v,) = 6 sec in
FIGURE III-4. The resulting probabilities that a driver may get caught in a dilemma or

option zone are calculated by using the following formulas:

L,
Probability of getting caught in dilemma zone = P(cg,) =th‘ (7)

0

L,
Probability of getting caught in option zone = P(c,;) = h " ®)

0
where, Ly, = length of dilemma zone, ft
L., = length of option zone, ft.
These probabilities can be found in their graphical form for PC(v;) = 6 seconds in

FIGURES III-5 and I11-6.

Finally, the probabilities that a driver will get caught in a dilemma zone or option zone
given the two cases of speed distributions can be determined. These probabilities are

calculated by multiplying the values of P(v1) and P(v,) with P(cq,) and P(c,,) for each
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speed vo. The resulting curves for P(vicq4,) and P(vycq,) can be found in FIGURE I11-7,

and the curves for P(vic,,) and P(vac,;) can be found in FIGURE III-8.

The overall probabilities that a driver will not get caught in a dilemma or option zone can
be found by calculating the sum of the probabilities that a driver will get caught in a zone
and subtracting that sum from 1. For example, the probability that a driver will not get
caught in a dilemma zone given the Case 1 speed distribution and PC(v;) = 6 seconds is:
non-DZ Case 1% = 1-Y_ P(v,cdz)=99.7%

All of the results from this iteration are listed below:

non-DZ Case 1% = 99.7%

non-DZ Case 2% = 82.78%

non-OZ Case 1% = 92.71%

non-0Z Case 2% = 99.12%.
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CHAPTER1V

RESULTS

If the procedure, detailed in the example case study, were repeated numerous times using
different values of PC over the range of 2-8 seconds in 0.2 second intervals, the curves
shown in FIGURES IV-1 and IV-2 would respectively result for case 1 and case 2 speed
distributions. FIGURE IV-1 shows the total probability that a driver will not get caught
in a dilemma zone (non-DZ Case 1%) curve for PC values from 2-8 seconds. The same
type curve is shown for the option zone (non-OZ Case 1%) in the same figure. The heavy
solid curve shown in FIGURE IV-3 denotes the probability that a driver will neither be
caught in a dilemma zone nor an option zone situation. Looking back at FIGURE IV-1, it
can be seen that the curve in FIGURE IV-3 encompasses parts of the non-dilemma zone
curve and also parts of the non-option zone curve. Note that the solid curve in FIGURE
IV-3 peaks at about 5 seconds. This would be the optimal phase-change timing, given the
assumed driver population and speed distributions, to minimize the probability that a
driver will be caught in either zone. FIGURE IV-2 and IV-4 show the results for the case
2 speed distribution. FIGURE IV-2 clearly depicts that drivers will have a much higher
probability of being caught in a dilemma zone given the case 2 (congested) speed
distribution than given the case 1 (free-flow) speed distribution. The optimal phase-
change interval timing for the case 2 speed distribution, as portrayed in FIGURE IV-4,
approaches an unrealistic value of 6.6 seconds. The case 2 results strongly reflect the
idea that dilemma zone problem still exists.

64



Overall Probabilities of Not Being Caught - Case 1
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It was mentioned in the case study that four phase-change timings would be studied in

detail. These were:
PC(v,) = phase-change interval determined using speed limit of 35 mph (5.0 sec)
PC(v,) = phase-change interval determined using the gs™ percentile speed
determined from the Case 1 speed distribution (5.2 sec)
PC(v,) = phase-change interval determined using the 85" percentile speed
determined from the Case 2 speed distribution (6.0 sec)
PC(Y) = phase-change interval equal to the minimum yellow time for a 35 mph
approach speed from the Manual of Traffic Signal Design (3.6 sec).
The resulting plots of P(v,) = 6 seconds data were given in the case study, while the
resulting plots of the other three cases can be found in APPENDIX A. FIGURES A-1
through FIGURE A-6 show the resulting curves for P(Y) = 3.6 seconds, FIGURES A-7
through FIGURE 12 show the resulting curves for PC(v;) = 5 seconds, and FIGURES A-
13 through FIGURE A-18 show the resulting curves for PC(v,) = 5.2 seconds. TABLES
IV-1 and IV-2 summarize the percent of non-dilemma zone and non-option zone
respectively for each speed distribution case over the phase-change timing range of 2-8

seconds.

Note that both of the phase-change timings determined from using the two speed
distributions are larger than the phase-change timing determined from the speed limit.
The 85" percentile speeds were calculated to be 40 mph for case 1 and 12 mph for case 2.

Even though the percentile speeds were calculated from normal distributions whose mean
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TABLE IV-1

Summary of Dilemma and Option Zone Magnitudes

for Varying Phase-Change Timings - Case 1

Tase T Speed Distribution

[~ Phase-Change, sec non-DZTCase 1% | non-OZ Case 1% PCase I (UK)
p 76.17 100 76.17
2.2 77.35 100 17.35
24 '718.66 100 78.66
2.6 80.04 100 8004 |
2.8 381.48 100 81.43
3 82.97 100 8297
3.2 84.48 100 8448
3.4 86.02 100 86.02
3.6 87.59 100 8739 |
3.8 39.17 100 89.17
4 90.76 100 90.76
42 92.36 100 92.36
44 93.97 100 93.97
4.6 95.58 100 95.58
4.5 97.2 100 97.2
5 98.438 99.65 98.13
3.2 99.07 98.61 57.68
5.4 99.37 97.29 96.66
5.6 99.54 95.82 95.36
3.8 59.64 94.29 93.93
6 99.7 92.71 92.41
6.2 99.74 91.11 90.85
6.4 99.77 89.5 89.27
6.6 99.32 36.25 - 86.07 |
6.8 99.84 84.62 84.46
7 99.85 82.99 82.84
1.2 99.86 81.35 81.21
7.4 99.87 19.71 79.58
1.6 99.89 78.08 T1.97
7.8 99.9 76.43 76.33
3 99.9 74.79 74.69
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TABLE IV-2

Summary of Dilemma and Option Zone Magnitudes

for Varying Phase-Change Timings - Case 2

Case 2 Speed Distribution

Phase-Change, sec

non-DZ Case 2%

non-OZ case 2%

P Case 2 (OK)

pJ 53.30 100 03.80
22 63.89 T00 63.39
23 %3.89 TO0 63.89
2.6 63.89 T00 63.89
23 63.89 T00 63.89

3 639 T00 63.9
32 63.02 T00 63.92
33 63.07 T00 63.97
36 64.13 T00 64.14
KR 634 T00 644

;S 64.39 TO0 64.89
r: %) 6348 T00 63.48
13 66.58 TO0 66.38
76 67.67 T00 67.67
73 %9.23 T00 69.23

3 .17 T00 .17
32 731 T00 731
33 75.19 9997 735.16
3.6 779 9987 TTTT
58 80.46 99.61 8007 |

[ 8278 99.12 319
8.2 84,7 9823 3293
63 36.92 o7.13 83.07
%6 50.45 93.64 — 84.09
6.8 92.03 9T.7 — 83.73

7 92.97 39.13 8211
T2 93.66 ~ 86.33 79.99
T3 9356 83.31 7807 |
K3 03.66 80.7 76.36
7.8 96.24 TT37 73.61

3 U5.63 73.86 705
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speeds were below the speed limit, they did not both end up with design speeds that were
below the speed limit. The case 1 design speed was 5 mph faster than the speed limit.
With the slower speeds of case 2, it takes more time to clear the intersection and thus a
larger phase-change interval would be needed. With case 1, the approach speed is higher
and more time is needed to come to a stop and thus the larger phase-change would be
needed. This shows that the distributions of speed to have an impact on the design of the

phase-change interval.

Going back to the resulting diagrams, FIGURES 111-3, A-1, A-7, and A-13 show that the
dilemma zone decreases as the phase-change increases. Whereas, the option zone
increases as the phase-change increases. This fact is also evident in the Length of Zone
figures (III-4, A-2, A-8, and A-14). As the zones increase or decrease, so do the
probabilities of getting caught in one. It is evident, from FIGURES III-5 and III-6, that
during more congested times, the probability of getting caught in a dilemma zone or

option zone increases due to increased vehicular exposure to the zones.

In the range of phase-change values (3.6 to 5.2) that were studied for case 1, 87% of the
drivers will not have any problems. For case 2, with phase-change values range from 3.6
to 6 seconds, the percentage of drivers that will not have problems is much lower. The

percentage ranges from 64% at 3.6 seconds to 85% at 6 seconds.
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One thing that is highly evident is that the dilemma zones for phase-changes set to equal
the minimum yellow time, which allows time required to stop with no clearance time,
yield much greater dilemma zone problems. FIGURE IV-2 shows that the use of
minimum yellow time PC(Y) of 3.6 seconds for the phase-change interval yields
substantial dilemma zone where only 64% of the drivers will be free of the zone. This
means that close to one out of every two drivers approaching an intersection during

yellow will experience the problem of a dilemma zone.

The figures, depicting probabilities of getting caught in dilemma zones, show that the
probabilities are greatest at speeds of around 0 to 20 or 30 ft/s (0 to 13 or 20 mph). This
is one reason why the probabilities are greater for case 2 vehicles to be caught, because

the majority of the vehicles for this distribution are traveling in this speed range.

One problem that needs to be avoided is an overly long phase-change interval that results
in a large option zone and inefficient signal cycle lengths. Option zones are considered to
be less detrimental than dilemma zones unless two or more cars are in the zone at the
same time. This would seem to worsen in case 2, where the vehicle exposure is higher.
Looking at FIGURES IV-1 and IV-2, this can be seen much more easily. Surprisingly,
the option zone in FIGURE IV-2 does not become a problem until it reaches a phase-
change of 6 seconds. This is most likely due to the fact that most of the vehicles will
experience a dilemma zone, where they will not be able to clear the intersection, due to
the low speeds.

73



Another common driver reaction to phase-change intervals is acceleration. Some drivers
may decide to accelerate during the clearance of an intersection to cut down on time
delays form being stopped by a traffic signal. If acceleration is assumed, the magnitude
of the option zone increases greatly, while the dilemma zone is mostly eliminated in this

case for the majority of approaching vehicles traveling near the speed limit.

The four phase-changes were re-evaluated allowing for acceleration in clearance. The

new equation for clearing distance became:

Xca=v°PC—w—L+§(PC—t)2 )

where a = 16 -0.145v,, assuming that acceleration deteriorates with speed. Diagrams of
the new curves, which depict the allowance of acceleration during the phase-change
interval, can be found in APPENDIX B. FIGURES B-1 through B-6 are for PC(Y)=3.6
seconds, FIGURES B-7 through B-12 are for PC(v; ) = 5 seconds, FIGURES B-13
through B-18 are for PC(v;) = 5.2, and FIGURES B-19 through B-24 are for PC(vy) =6
seconds. The dilemma and option zone free percentages are given in TABLES IV-3 and
IV-4. If acceleration is assumed, the minimum yellow time is the phase-change timing

most closely related to minimizing both zones for both traffic conditions.

If the procedure, detailed in the example case study (changed only by using equation (9)

instead of equation (5)), were repeated numerous times using different values of PC in
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TABLE IV-3
Summary of Dilemma and Option Zone Magnitudes
for Varying Phase-Change Timings - Case 1 with Acceleration
Case 1 Speed Distribution with Acceleration
Phase-Change, sec | non-DZ Case 1% non-OZ Case 1% P Case 1 (OK)

2 76.69 100 76.69
2.2 78.27 100 78.27
24 80.1 100 80.1
2.6 82.12 100 82.12
2.8 84.32 100 84.32
3 86.68 100 86.68
3.2 89.19 100 89.19
34 91.82 100 91.82
3.6 94.56 99.97 94.53
3.8 96.57 99.08 95.65
4 97.93 97.41 95.34
42 98.81 95.14 93.95
44 99.34 92.43 91.77
4.6 99.65 89.44 89.09
4.8 99.83 86.23 86.06
5 99.92 82.87 82.79
52 99.96 79.4 79.36
54 99.98 75.84 75.82
5.6 99.99 72.21 722
5.8 100 68.53 68.53
6 100 64.8 64.8
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TABLE 1V-4

Summary of Dilemma and Option Zone Magnitudes

for Varying Phase-Change Timings - Case 2 with Acceleration

Case 2 Speed Distribution with Acceleration

Phase-Change, sec | non-DZ Case 2% non-OZ Case 2% P Case 2 (OK)
2 63.89 100 63.89
22 63.89 100 63.89
24 63.89 100 63.89
2.6 63.94 100 63.94
2.8 64.41 100 64.41
3 66.55 100 66.55
3.2 72.7 100 72.7
34 83.09 100 83.09
3.6 96.55 99.7 96.25
3.8 99.88 87.52 87.4
4 100 70.99 70.99
42 100 53.45 53.45
44 100 35.35 35.35
4.6 100 18.33 18.33
4.8 100 6.26 6.26
5 100 1.16 1.16
5.2 100 0.11 0.11
5.4 100 0.01 0.01
5.6 100 0.01 0.01
5.8 100 0.01 0.01
6 100 0.01 0.01




——————ﬁ

the range of 2-6 seconds in 0.2 second intervals, the curves shown in FIGURES IV-5 and
IV-6 would result. FIGURE IV-5 shows the total probability that a driver will not get
caught in a dilemma zone (non-DZ Case 1%) curve for PC values from 2-6 seconds given
the ability to accelerate to clear the intersection. The same curve is shown for the option
zone (non-OZ Case 1%). A heavy solid curve, which encompasses parts of the option
zone curve and dilemma zone curve, denotes the probability that a driver will neither be
caught in a dilemma zone nor an option zone situation (FIGURE IV-7). Note that the
curve in FIGURE IV-7 peaks at about 3.6 to 3.8 seconds for both curves. This would be
the optimal phase-change timing, given the case 1 speed distribution and other driver

related assumptions, to minimize the probability that a driver will get in either zone. This

determination of the optimal phase-change interval most closely relates to the phase-
change interval found by using ITE’s recommended practice. FIGURES IV-6 and IV-8

show the same curves plotted for the case 2 speed distribution.

The resulting FIGURE IV-5 appears to be almost identical to FIGURE IV-1 in shape.
FIGURE IV-1 did not take into account any acceleration, while FIGURE IV-5 did. The
difference between the two sets of curves is shown in FIGURE IV-7. The resultant non-
zonal curve for the case 1 speed distribution allowing acceleration peaks with an optimal
phase-change interval of 3.8 seconds while FIGURE IV-3 peaks at 5 seconds. Thus, if
the percentages of safe drivers stays about the same with a decrease in phase-change time

needed allowing acceleration, it might appear that driver acceleration at the onset of the
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phase change interval would be favorable. The case 2 speed distribution curves found in

FIGURE IV-6 show an erratic pattern of dilemma and option zone-free percentages.
There is a definite optimal phase-change timing of 3.8 seconds for the given situation
assuming acceleration at the onset of the phase-change interval. After 3.8 seconds, the
magnitude of the option zone significantly increases while the dilemma zone is non-

existent.

SENSITIVITY ANALYSIS

Given the somewhat erratic behavior to the changing variables of phase-change timing

and acceleration, a sensitivity analysis was performed to determine the effect of reaction

time, length of vehicle, and width of intersection on the resulting non-dilemma zone

percentages and non-option zone percentages. The reaction time was varied from 0.75

seconds to 2.50 seconds in 0.25 second increments; the length of the vehicle was varied

from 10 feet to 60 feet in 5 foot increments; and the width of the intersection was varied

from 30 feet to 120 feet in 10 foot increments. The following were held constant, except

for when necessary to perform sensitivity analysis on that certain variable:
PC=5sec
w =60 ft
L=15ft
t=1 sec
d = 10 ft/sec

85th percentile speed.
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TABLES IV-5 through I'V-7 contain the results of the sensitivity analysis. Results can be
compared against the constant scenario which was run with the preceding constant
variables. The constant scenario gives results of:

; non-DZ Case 1% = 98.5

non-OZ Case 1% =99.7

non-DZ Case 2% =71.2

non-OZ Case 2% = 100.0.
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TABLE IV-5

Effects of Reaction Time Variation

Reaction Time non-DZ non-OZ non-DZ non-0OZ

| (sec) casel% casel% case 2% case 2%
’ 0.75 99.2 98.3 76.4 100
| 1.00 98.5 99.7 71.2 100
‘ 1.25 96.8 100 65.0 100
‘ 1.50 94.7 100 60.8 100
1.75 92.6 100 55.5 100
2.00 90.5 100 50.3 100
2.25 88.4 100 45.1 100
2.50 86.4 100 399 100
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TABLE IV-6

Effects of Length of Vehicle Variation

Length of Vehicle non-DZ non-OZ non-DZ non-OZ
(ft) casel% casel% case 2% case 2%
10 98.9 99.1 73.9 100
15 98.5 99.7 71.2 100
20 97.8 100 68.4 100
25 96.8 100 67.0 100
30 95.8 100 65.6 100
35 94.9 100 65.0 100
40 93.9 100 64.4 100
45 93.0 100 64.2 100
50 92.1 100 64.0 100
55 91.1 100 63.9 100
60 90.2 100 63.9 100
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TABLE IV-7

Effects of Width of Intersection Variation

Width of Intersection non-DZ non-OZ non-DZ non-OZ
(ft) case 1% case 1% case 2% case 2%
30 99.7 94.6 95.0 94.2
40 99.5 96.6 87.4 99.1
50 99.2 98.3 78.2 100
60 98.5 99.7 71.2 100
70 96.8 100 67.0 100
80 94.9 100 65.0 100
90 92.9 100 64.2 100
100 91.1 100 63.9 100
110 894 100 63.9 100
120 87.7 100 63.9 100
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CHAPTER YV

CONCLUSIONS

This study was undertaken to develop a probabilistic assessment technique to determine
the magnitude of dilemma and option zones and also to determine the effects of speed
distribution and traffic conditions on the phase-change interval. The procedure defined
herein meets both of those challenges. The assessment technique requires little data, and
is simple to use once the spreadsheet is set up. These qualities make this a viable tool for
use by all transportation engineers. While the procedure does not result in the
determination of the best phase-change interval to be used in the design of the traffic
signal, used as it was intended, as a tool, it provides valuable information on the

magnitude of dilemma and option zones that can lead to the enhancement of the traffic

signal.

The current research has shown that dilemma zones do exist by nature of the stochastic
variables involved in the determination of the phase-change interval. By way of the
sensitivity analysis, it is shown that dilemma zones are negatively impacted by drivers
with slower reaction times, wider intersections and longer vehicles. The opposite seems

to be true for the option zone.

The question of driver understanding of the phase-change interval laws is something that

should be researched further. Given the determination that drivers who accelerate under
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free-flow conditions have the same probability of being in a dilemma zone as those who
do not might lead to the determination that this is fundamentally more efficient, because
the associated cycle length is shorter. However, acceleration through intersections could

very well have a negative impact on driver safety.

The current standards for determining the length of the phase-change interval in
comparison to this proposed approach tool determination are much shorter. For
transportation professionals, there should be a commitment to better determine what is
safe before determining what is efficient. The determination of the phase-change interval
should be done over a range of variables, because it has been proven in this report to

make a difference.

It has been shown also in this report that the magnitude of implications caused by the
phase-change interval is affected by the demand on the traffic system or traffic flow
conditions. This also means, that transportation engineers may also be able to more
efficiently design traffic signal timing by varying the phase-change interval timing for

varying traffic flow conditions at different times of the day.

The design of phase-change intervals is still not a perfect science, but with increasing
technology, the task is being made easier every day. It has been shown here that the use
of stochastic information does have an effect on the design of the phase-change interval

timing. Technology currently in test phases will most likely allow future transportation
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engineers to determine the distributions of stochastic variables through the use of

machine vision. This technology will allow computers to read images received by a
video camera placed at an intersection. Each vehicle that passes through the intersection
will be traced, and it’s trajectory and classification will be recorded. The trajectory will
allow the determination of speed, deceleration rate or acceleration rate of a vehicle
approaching an intersection. These stochastic distributions of information will hopefully

enable the development of a science in signal phase-change design.
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FIGURE A-4
Probability of Being Caught in an Option Zone

PC(Y)=3.6 sec
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FIGURE A-5
Probability of Being in a Dilemma Zone
Given Case 1 and Case 2 Speed Distributions

PC(Y)=3.6sec
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FIGURE A-6
Probability of Being in an Option Zone
Given Case 1 and Case 2 Speed Distributions

PC(Y)=3.6 sec
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FIGURE A-8
Plot of Dilemma and Option Zone Lengths

PC(vp) =5 sec
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Probability of Being Caught in a Dilemma Zone
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FIGURE A-11
Probability of Being in a Dilemma Zone
Given Case 1 and Case 2 Speed Distributions

PC(v) =5 sec
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FIGURE A-12
Probability of Being in an Option Zone
Given Case 1 and Case 2 Speed Distributions

PC(v) =5 sec
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FIGURE A-15

Probability of Being Caught in a Dilemma Zone

PC(v))=5.2 sec
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FIGURE A-16
Probability of Being Caught in an Option Zone

PC(v)) = 5.2 sec
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FIGURE A-17
Probability of Being in a Dilemma Zone
Given Case 1 and Case 2 Speed Distributions

PC(v;)=5.2 sec
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FIGURE A-18
Probability of Being in an Option Zone
Given Case 1 and Case 2 Speed Distributions

PC(v))=5.2sec
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FIGURE B-2
Plot of Dilemma and Option Zone Lengths

PC(Y) = 3.6 sec with Acceleration
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Probability of Being Caught in a Dilemma Zone

PC(Y) = 3.6 sec with Acceleration
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Probability of Being Caught in an Option Zone

PC(Y) = 3.6 sec with Acceleration
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FIGURE B-5
Probability of Being in a Dilemma Zone
Given Case 1 and Case 2 Speed Distributions

PC(Y) = 3.6 sec with Acceleration
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FIGURE B-6
Probability of Being in an Option Zone
Given Case 1 and Case 2 Speed Distributions

PC(Y) = 3.6 sec with Acceleration
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Plot of Dilemma and Option Zone Lengths

PC(v) =5 sec with Acceleration
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Probability of Being Caught in a Dilemma Zone
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Probability of Being Caught in an Option Zone

PC(v;) =5 sec with Acceleration
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FIGURE B-11
Probability of Being in a Dilemma Zone
Given Case 1 and Case 2 Speed Distributions

PC(vp) =5 sec with Acceleration
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Probability of Being in an Option Zone
Given Case 1 and Case 2 Speed Distributions

PC(vy) =5 sec with Acceleration
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Plot of Clearing and Stopping Distance

PC(vy) = 5.2 sec with Acceleration
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Plot of Dilemma and Option Zone Lengths

PC(v;) = 5.2 sec with Acceleration
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Probability of Being Caught in a Dilemma Zone

PC(v)) =5.2 sec with Acceleration
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FIGURE B-17
Probability of Being in a Dilemma Zone
Given Case 1 and Case 2 Speed Distributions

PC(v)) = 5.2 sec with Acceleration
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FIGURE B-18
Probability of Being in an Option Zone
Given Case 1 and Case 2 Speed Distributions

PC(v)) = 5.2 sec with Acceleration




Plot of Clearing and Stopping Distance

PC(v,) = 6 sec with Acceleration
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FIGURE B-20
Plot of Dilemma and Option Zone Lengths

PC(v,) = 6 sec with Acceleration

133



Probability of Being Caught in a Dilemma Zone
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Probability of Being Caught in an Option Zone
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FIGURE B-23
Probability of Being in a Dilemma Zone
Given Case 1 and Case 2 Speed Distributions

PC(v;) = 6 sec with Acceleration
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FIGURE B-24
Probability of Being in an Option Zone
Given Case 1 and Case 2 Speed Distributions

PC(v,) = 6 sec with Acceleration
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