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

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receivesthefull cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Academies
was requested by the Association to administer the research
program because of the Board’'s recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to thosewho arein
aposition to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projectsto fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

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

Note: The Transportation Research Board of the National Academies, the
National Research Council, the Federal Highway Administration, the American
Association of State Highway and Transportation Officials, and the individual
states participating in the National Cooperative Highway Research Program do
not endorse products or manufacturers. Trade or manufacturers’ names appear
herein solely because they are considered essential to the object of this report.
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FOREWORD

By B. Ray Derr

Saff Officer
Transportation Research
Board

Thisreport recommendstraffic signa displaysfor protected/permissive left-turn con-
trol. The recommendations are based on a comprehensive evaluation of the safety and
effectiveness of dternative traffic signal displays and phasing through laboratory and
field studies. These studies are summarized in the report and detailed information on
them is available on the enclosed CD-ROM, CRP-CD-35. Traffic signal designers and
operators will find the report informative, as will those interested in human factors
research. A key audiencefor the report will be those responsible for the Manual on Uni-
form Traffic Control Devices (MUTCD) because it is intended that the recommenda-
tions be considered for the next edition.

Protected/permissive left-turn (PPLT) traffic controls increase the | eft-turn capac-
ity and reduce delay at intersections by providing an exclusive turn phase for left turns
as well as a phase during which left turns can be made as opposing traffic will alow.
The protected left turn can either lead (or precede) or lag (or follow) the opposing
through signal phase. PPLT controls have been implemented in a variety of ways,
becausethe MUTCD provideslimited guidance. At least six displaysto indicate the per-
missive phase areknownto exist in the United States (i.e., straight five-section head with
circular green, five-section cluster head with circular green, flashing circular red, flash-
ing circular yellow, flashing red arrow, and flashing yellow arrow). Variations also exist
inthe phasing, signa displays, arrangement, signal placement, and use of supplemental
signs. There have been concerns that some of these variations may confuse motorists,
and validation of their relative operationa and safety advantages was needed.

A key concern with PPLT control is the “yellow trap,” which occurs during the
change from permitted | eft turnsin both directionsto alagging protected left turnin one
direction. The MUTCD requiresthat al circular signa indications on an approach to an
intersection display the same color. The left-turning driver whose permitted interval is
ending may try to sneak through the intersection on the yellow indication, not realizing
that the opposing through traffic still has a green indication. To avoid the yellow trap,
most agencies do not use leading/lagging PPLT. An innovation known as “Dallas Dis-
play” alowsthisoperation without the yellow trap by operating the permissiveleft turns
simultaneously with the opposing through movement. Previous research has shown that
this operation reduces delay and improves safety, but is not easily implemented in al
situations.

Under NCHRP Projects 3-54 and 3-54(2), Kittelson & Associates and their sub-
contractors reviewed the literature and surveyed state and local transportation agencies
to determine what displays are used for PPLT and the prevalance of each. They then
assessed the safety and operational characteristics of each display qualitatively and ana-
lyzed crash data for a more quantitative assessment. Of particular interest was how the
different displays handled the yellow trap. Surveys of drivers using both static pho-



tographs and video were conducted to better understand how well the various displays
are comprehended. Following a meeting with the oversight panel to select the best dis-
plays for further study, driving simulator testing was used to gain a better understand-
ing of driver comprehension in adynamic environment. Because the research conducted
pointed to theflashing yellow arrow asapromising display, pilot installationswere made
in several cities to determine how well it operates in real-life conditions and to identify
implementation issues.

In the interest of brevity, this report presents only the highlights of a very compre-
hensive project. Working papers from the individua studies mentioned above are
included on the enclosed CD-ROM, CRP-CD-35.
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SUMMARY

EVALUATION OF TRAFFIC SIGNAL
DISPLAYS FOR PROTECTED/
PERMISSIVE LEFT-TURN CONTROL

The NCHRP 3-54 Project is the culmination of extensive research efforts to identify
the “best” traffic signal display for protected/permissive left-turn (PPLT) control. The
research efforts respond to decades of practice wherein practitioners have experimented
with various displays and signal phasing schemes that either avoided—by design—
safety problems (e.g., yellow trap) or attempted to convey a clearer message to the
driver on the correct right-of-way (i.e., permissive movement).

Conducted over a 7-year period, the NCHRP 3-54 project is the most comprehen-
sive study of the PPLT display to date. The research team members surveyed current
practice, studied driver understanding of known permissive displays in the United
States, analyzed crash data, analyzed operational data, studied the implementation of
an experimental permissive display, and conducted a confirmation study using a full-
scale driving simulator to study driver understanding of the most promising permissive
displays.

Unlike previous research, the NCHRP 3-54 study focused heavily on human factors
and the techniques used to observe human reactions. Previous studies typically relied
on crash datato indicate how well drivers understood one display compared with other
displays or traffic control devices. However, crash data generally are unreliable for
assessing driver reaction to different displays because the level of detail of individual
crash reports typically does not identify the traffic signal control indications illumi-
nated at the time of the crash.

The NCHRP 3-54 study used modern techniques to present visual images or inter-
active situations whereby human reaction could be eval uated independently. Each of the
14 individual study tasks was successful in gathering pertinent data. The study task
results and findings led the research team to devel op a concise set of recommendations.
Additionally, many findings from this study will lead to safer implementations of PPLT
control. For example, this study identified how well drivers understand multiple indica-
tionsilluminated at the same time within the same display arrangement. How adjacent
signal display indication (e.g., through movement) affectsdrivers’ interpretations of the
left-turn display indicationswas also identified. Further, differencesin drivers reactions
to flashing indications versus steady indications were explored and documented.
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RESEARCH PROBLEM STATEMENT

Theincreasein traffic volume on urban roadways has | ed engineersto develop inno-
vative means to control traffic. With an increase in traffic volume, a driver has fewer
available gaps in the opposing through traffic to execute a left-turn maneuver safely.
To dleviate this situation, signal phasing was designed to provide a protected left-turn
phase for part of the signa cycle. The resulting increase in safety came at the expense
of operational efficiency.

Toregain some of the lost efficiency, traffic signals were designed to protect the left-
turn movement during a portion of the signal cycle and to allow a permissive movement
during the remainder of the signal cycle, resulting in |eft-turn control that is commonly
known as protected-permissive left-turn control, or simply PPLT control (or phasing).
If a protected movement is warranted, PPLT control has been shown to increase left-
turn capacity and reduce delay at intersections (as compared with protected-only con-
trol) by providing an exclusive turn phase for left turns as well as a permissive phase
during which left turns can be made if gaps in opposing through traffic will allow, all
within the same cycle. The left-turn phase (interval) can precede (Iead) or follow (l1ag)
the through phase.

PPLT Displays

Over the years, PPLT control has been implemented in various ways. Variability
occursin signal display arrangement, placement, and permissive indications. The vari-
ance in implementation has been consistent with the Manual on Uniform Traffic Con-
trol Devices(MUTCD) because, historically, the manual provided limited guidance. The
Federal Highway Administration (FHWA) recommends a five-section signa display.
Consistent with the FHWA'’ s recommendation, many states have adopted the five-
section cluster or “doghouse” signal display arrangement as their standard. Thefive-
section cluster islocated in a shared overhead position, between the through and turn-
ing lanes, providing agreen arrow indication for the protected phase and acircular green
indication for the permissive phase. The circular green indication is shared with the
through movement.

Several transportation agencies within the United States have designed and imple-
mented unique PPLT phasing displays with the intent to convey a clearer message of
drivers' left-turn control. Several unique displays have been implemented as experi-
mental traffic control devices with approval by FHWA. To date, at |east five variations
of the permissive indications are in use in the United States. the MUTCD standard cir-
cular green indication; the flashing circular red indication, the flashing circular yellow
indication, the flashing red arrow indication, and the flashing yellow arrow indication.

Lead-Lag Phasing with PPLT Control

The left-turn phase can lead or lag the opposing through movement. Traffic engi-
neers often would like to increase operational efficiency on roadways by using lead-
lag signal phasing, but cannot safely do so if PPLT control is used. The MUTCD does
not preclude the use of lead-lag left turns with PPLT control; however, doing so will
create what is known as the “yellow trap.” The yellow trap condition essentialy leads
the left-turning driver into the intersection when it is unsafe to do so, even though the
signa displays are correct. During the signal change from permissive movements in
both directions to alagging protected movement in one direction, ayellow trap is pre-
sented to the left-turning driver whose permissive left-turn phase is terminating. The
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yellow trap occurswhen asignal changesfrom the permissiveleft-turnintervalsin both
directions to alagging protected movement in only one direction. A driver attempting
to make aleft turn on the permissive circular green indication becomes trapped in the
intersection when the circular green indication turnsyellow for the change interval (for
thethrough traffic). The left-turn driver who is attempting to clear the intersection sees
the adjacent through lanes receive the circular yellow indication for their change inter-
val. The left-turner mistakenly believes that the opposing traffic also has the yellow
change interval and so makes the left turn, in effect becoming a“ sneaker.” The yellow
trap occurs because the opposing traffic does not, in fact, receive ayellow changeinter-
val, but instead has acircular green indication in the through lanes and a protected | eft-
turn arrow indication. The potential for serious conflict occurs between the sneaker
vehicle and the opposing, non-stopping, through traffic.

To avoid the hazardous yellow trap situation, traffic engineers use either simultane-
ousleading (lead-lead) or lagging (lag-lag) | eft-turn phasing. With lead-lead (protected-
permissive) left-turn phasing, both left-turn phase indications are initialy illuminated
together. With most modern signal controllers, if theleft-turn demand diminisheson one
side, the opposing through-lanetraffic can proceed concurrently with the remaining | eft-
turn phase movement traffic. Conversely, for lag-lag (permissive-protected) left-turn
phasing, both left-turn phase indications may not be illuminated together; however both
left-turn phases must also terminate together. The lag-lag left-turn phasing resultsin a
potential decrease in capacity and increase in delay. For both the protected-permissive
(lead-lead) and permissive-protected (lag-lag) signal phasing operation, the permissive
left-turn circular green indication can beilluminated for the through movement and the
left-turn movement. The driver making the | eft-turn movement may proceed if thereis
an acceptable gap in the opposing traffic stream. Thelead-lead and lag-lag signal phas-
ing operation has been in use for many years.

Since approximately the mid-1980s, some traffic engineers have implemented an
innovative signal phasing operation known asthe“Dallas Display.” The Dallas Display
permits phase overlaps and was designed to eliminate the potentially unsafe yellow trap
situation by allowing acontinued permissive left-turn during the opposite approach |ead-
ing and lagging protected | eft-turn phase. The Dallas Display advancestraffic engineers
ability to maximize signal coordination by alowing protected-permissive and lead-lag
operation within the same signal cycle.

NEED FOR RESEARCH

Traffic engineers have long cited the advantages of implementing PPLT control
(e.g., improved operational efficiency and traffic progression, reduced vehicle delay,
reduced fuel consumption, and reduced air pollution). The disadvantage, some argue,
isthat PPLT control can be deployed in such away that the yellow trap is created, and
there is potential for driver confusion. Nevertheless, many practicing agencies have
found the advantages to outweigh the potential disadvantages. Additionaly, severa
agenciesin the United States have deployed varioustypes of signal phasing techniques
to avoid the yellow trap and/or resolve the potential driver confusion problem. Over the
past two decades (in some limited cases, three decades), some agencies have been
granted approval from FHWA to implement unique displays, or display arrangements,
on an experimental basis. The premise for these implementations was the potential for
a safer or more efficient traffic control device. Examples of these unique displays are
the flashing red and flashing yellow circular and arrow indications.

The National Committee on Uniform Traffic Control Devices (NCUTCD), which
provides guidance to the FHWA on the MUTCD, has expressed concern that the vari-
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ety of PPLT controls currently in use may confuse drivers traveling throughout the
United States and has long proposed a comprehensive national study that would vali-
date the operational advantages and saf ety aspects of the various PPLT control devices
and signa arrangements.

NCHRP 3-54 RESEARCH OBJECTIVE

The objective of the NCHRP 3-54 project was to evaluate the safety and effective-
ness of different signal displays and phasing for PPLT control through laboratory and
field studies. Study activities were designed to gather, analyze, and interpret data that
would serve as the basis for recommending a uniform display for PPLT control. The
study considered all current applications of PPLT control in the United States, includ-
ing arrangement, indications, placement, phasing sequence, and safety considerations
(e.g., the yellow trap).

NCHRP Project 3-54 did not devel op any guidelines, warrants, or recommendations
for the use of PPLT control. The underlying assumption was that the traffic engineer
had decided that PPLT control is an appropriate left-turn treatment. The goal of this
research project was to identify the “best” or most appropriate signal display, includ-
ing arrangement and indications.

RESEARCH PLAN

NCHRP Project 3-54 consisted of individual study tasks asidentified in Figure S-1. In
October of 1999, the research team and project panel met to review the study PPLT dis-
plays and to determine which displays showed the most potential. As part of the meet-
ing, severa decisions were made, including the decision to reduce the number of dis-
plays to those with the most potential for further study. Additionally, the project panel
directed the research team to conduct a thorough evauation of one particular display
through field implementation. Brief descriptions of the key study activities follow.
(Chapter 3 provides detailed information on each study task.)

Identify Technical Advisors

Before beginning the formal study effort, potential members of a Technical Advi-
sory Group were sought. The Technical Advisory Group wasto consist of at least five
knowledgeable professionals who would provide the project panel with first-hand
experience and expertise in the evaluation of PPLT signal displays. Members of the
advisory group were to be well-respected and experienced traffic engineers knowl-
edgeabl e about the PPLT issue. The research team also sought regular interaction with
the Signals Technical Committee of the NCUTCD to provide a regular flow of infor-
mation to the full committee.

Agency Survey

To assess the current state of the practice, the research team conducted an extensive
literature review to investigate the state of the art in PPLT display. Both published and
unpublished literature was evaluated, including literature from international sources.



Provide Input

v

Findings and
Recommendations

v

Provide Input

2nd Interim
Report
and
2nd Panel
Meeting

L

».
P

Refine
Recommendations

A

Final Report

A 4

Identify ) Field Traffic Field Traffic o
Technical /;gir;cy g:\?t(:gg?%};lc Operations Conflict CK"ST Data Englne(:mr?t
Advisors urvey erstudies Studies Studies nalysis Ssessmel
h 4
. Report
Provide Input - of
Preliminary
Findings
Displays for
Further
Study,
Refine
Research
Jechnique
v v
Driver Field
Confirmation Implementation
Studies Studies

Present

Recommendations to

NCUTCD

FigureS1. Final work plan.

This task also included the administration of a survey of transportation agencies to
solicit information regarding the number and type of |eft-turn traffic control devicesin
use across the United States. The objective of the agency survey was to identify and
quantify the different types of PPLT displaysin use. The survey was administered to
transportation professionals at the state and city levelswho were directly involved with
PPLT design and installations. Dataon PPLT installationsin all 50 states and parts of

Canada were obtained.




The significant findings of the agency survey are asfollows:

 Nearly 110,000 traffic signalsin the United States (29% of all signalsinthe United
States) have at least one approach with PPLT operation.

« In 34 of the 50 states, the five-section cluster PPLT display isused most, with 41%
of the states reporting the use of only one PPLT asthe state standard. Specifically,
63% of all PPLT displays are the five-section cluster display.

« A total of 40% of the responding agencies aways use the PPLT display for one of
the two required through movement displays, and another 37% sometimes do.

« A total of 50% of the reporting agencies use supplemental displays (e.g., additiona
pole-mounted display onthefar left side of theintersection); thereforetheleft-turn
display can be visible to the through motorist.

 Thecircular green PPLT indication was used in 165 of the 168 reporting agencies.
Other indications used were flashing circular red, flashing red arrow, flashing cir-
cular yellow, and the flashing yellow arrow.

Photographic Driver Studies

Photographic driver studies evaluated driver understanding of the circular green,
flashing yellow arrow, flashing circular yellow, flashing red arrow, and flashing circu-
lar red permissive displaysin association with different arrangements, placements, and
traffic/lane configurations. Computer-generated PPLT signal displays on static back-
ground photographs were used to represent the dynamic aspects of the PPLT displays.
More than 300 drivers participated in each of eight geographic locations around the
United States. All study participants were licensed drivers.

The following findings were key to refining the research plan and developing rec-
ommendations:

« Simultaneous illumination of two display indications significantly reduced driver
understanding.

« Thecircular greenindication had thelowest level of driver comprehension (nearly
50%) of all PPLT displays studied.

+ The through indication had little effect on driver comprehension of the left-turn
PPLT indication.

« Agehad asignificant effect on driver comprehension. In at least one PPLT scenario,
drivers over the age of 65 only responded correctly 20% of the time. Older drivers
responded more correctly to the flashing circular red and yellow indications.

+ Flashing indications were understood better than steady indications, as evidenced
by overall time to respond to the indication in question.

+ The circular indication was better understood when compared with arrow indi-
cations.

 The red indications were understood better than the other displays studied.

Field Traffic Operations Studies

The operations studies consisted of quantifying the capacity and delay associated
with various PPLT displays by analyzing saturation flow rates, lost times, response
times, and follow-up headways. The traffic studies were completed in the same eight
geographic locations in which the photographic driver studies were conducted to pro-
vide additional insights into driver behavior related to aternative PPLT displays. As
part of thiseffort, the research team worked with local traffic engineersto identify rep-
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resentative sites with PPLT displays and to then gather crash, traffic, geometry, and
other relevant data for each site. More than 8 hr of conflict data per intersection were
collected at three intersections within each geographic study area.

This work activity identified that study location was a significant factor, but that
PPLT signal display arrangement and phasing was not a significant factor affecting the
saturation flow rate. Additionally, this work activity showed that signal phasing sig-
nificantly influenced the start-up lost time, but that PPLT signal display arrangement
or study location did not.

Field Traffic Conflict Studies

The traffic conflict studies focused solely on the left-turn movement. Conflict stud-
ies were completed in the same eight geographic locations as the photographic driver
and field traffic operations studies. The purpose of these studies was to quantify left-
turn conflict rates and event rates for different PPLT signal displays and indications.
The conflict studies involved the collection and analysis of 8 hr of conflict data on a
typical weekday at 24 study intersections. At each intersection, traffic conflicts were
observed and classified into one of six types.

The conflict analysis study task showed that, overall, traffic conflicts were low for
all PPLT displays evaluated, and few left-turn conflicts were associated with the PPLT

display.

Crash Data Analysis

The research team conducted areview of crash datato determine and compare | eft-
turn crash rates associated with various PPLT displays. In addition, selected compo-
nents of a crash database created in 1988 as part of an FHWA study were examined.

The crash analysis showed that, based on (1) the average crash rate per year and
(2) average crashes per 100 left-turning vehicles, the four-section flashing circular yel-
low indication used in Seattle, Washington, experienced the fewest number of crashes
per year. The analysis of the average crash rate by intersection indicated that the flash-
ing red arrow used in Cupertino, California, had the lowest average crash rate. Thecir-
cular green indication had the highest average statistic in three of the four evaluations
studied and reported above.

Ultimately, the crash data analysis did not identify any safety problems among the
PPLT displays studied. The data showed that the flashing circular yellow indication
typically had the lowest (best) statistic and the circular greenindication (MUTCD stan-
dard) had the highest (worst) statistic.

Engineering Assessment

The engineering assessment sought to identify the objective and subjective infor-
mation needed to evaluate the proposed displays. To assist the assessment, an evalua
tion matrix was developed. The evaluation matrix included considerations addressing
the key issues of safety, operations, implementation, human factors, and versatility and
was updated as each study activity was completed.

The engineering assessment was conducted continuously over the course of the
study. At the conclusion of the research tasks discussed above, the research team made
the following assessments:

« The flashing yellow arrow and the circular green indication can be used in both
exclusive and shared PPLT signal displays, whereas the flashing yellow circular



indication and flashing red arrow indications can only be used in an exclusive
PPLT display.

« Theflashing yellow arrow indication and circular green indication present the best
displays for further study.

Report of Preliminary Findings

Using the data collected to date, the research team prepared a comprehensive
analysis of the results obtained from the agency eval uation, photographic driver stud-
ies, conflict studies, and crash studies. This information was presented to the mem-
bers of the project panel, who in turn reviewed the findings and ultimately reduced
the number of PPLT displays for future consideration. In addition to selecting a sub-
set of promising PPLT displays to be studied further, the project panel provided
direction to complete the confirmation study and to conduct a field implementation
study.

Driver Confirmation Studies

Before the research team could make a firm recommendation on a“best” display to
be used as a national standard, the research team conducted a confirmation study
whereby human subjects (drivers) were tested in a full-scale simulator. The confirma-
tion study evaluated 12 PPLT signal display scenarios, each with a different permis-
sive indication, display face, location, and through movement indication. Each of the
PPLT signa displays included only the circular green indication and/or flashing yel-
low permissive indications. Two separate confirmation studies were conducted—one
at the University of Massachusettsand one at the Texas A& M University. Thetwo con-
firmation studies were created to be near identical, within the practical budget limits of
the study.

The driver confirmation study demonstrated the following:

« Therewas a high level of comprehension with no variation between the different
PPLT displaystested.

» The data showed no statistical difference in driver comprehension when the data
were cross-analyzed by permissive indication, display arrangement, through indi-
cation, and/or location of the display.

« Malesand females had statistically equivalent levels of comprehension.

« Driversover the age of 45 had significantly fewer fail-critical responsesthan those
45 and younger.

« Drivers who drive between 10,000 and 20,000 miles per year had significantly
more responses that were correct and significantly fewer fail-critical responses
than those who drove fewer than 10,000 miles per year.

« Thelevel of education that the drivers possessed did not have a significant effect
on comprehension.

« PPLT displayswith thefour-section vertical display faceresulted in asignificantly
greater number of correct responses compared with the five-section vertical and
five-section cluster display arrangements.

« Thelocation of the PPLT signal display did not result in statistically significant
differences.



Field Implementation Studies

An experimental flashing yellow arrow display wasfield tested becauseit had shown
promise from both safety and driver comprehension perspectivesin previoustask activ-
ities and had ranked high in the Engineering Assessment. Volunteer agencies were
sought from across the United States to install and operate the experimental flashing
yellow arrow display. In conjunction with the use of the experimental display (which
required permission from FHWA to operate), “before” and “after” studies were com-
pleted at each intersection where the flashing yellow arrow display was installed and
at nearby control sites. These “before” and “after” studies allowed the research team to
guantify the impact of the changeover from the MUCTD circular green indication to
the flashing yellow arrow indication.

The flashing yellow arrow indication was implemented in the following six U.S.
jurisdictions:

« Montgomery County, Maryland;
» Tucson, Arizong;

» Woodburn, Oregon;

« Jackson County, Oregon;
 Beaverton, Oregon; and
 Broward County, Florida.

With the exception of the PPLT display implemented in Tucson, Arizona, all PPLT
displays wereimplemented with few problems and remain operational as of the date of
thisreport. Asexplained in greater detail in Chapter 3, the PPLT display implemented
in Tucson, Arizona, was removed from operation because of safety concerns expressed
by city management. For each of the 15 intersections under study, only the PPLT dis-
play was changed from the MUTCD standard circular green indication to the flashing
yellow arrow display.

Findings of the field implementation study include the following:

+ Review of before and after field conflict data showed no differences attributable
to the change in the PPLT display.

- Before and after observations of follow-up headway and flow rate data for the
study and control intersections demonstrated that the changein PPLT display had
negligible impact.

« Theimplementation study demonstrated that the flashing yellow arrow display can
befield implemented (albeit with minor issues) using existing traffic control hard-
ware and software. Technical implementation issues identified during the field
implementation process could be dealt with appropriately in any future develop-
ments of hardware and/or software, should the flashing yellow arrow display become
astandard.

« Traffic engineers who participated in the implementation study (and those who
declined participation) generally expressed their approval of the flashing yellow
arrow display because of the following:

— It provides an exclusive signal display for the left-turn control.
— Theindication was flashing, which attracted more attention.
— The indication provided enhanced operation control.

« Public commentsfrom citizenswho experienced the flashing yellow arrow display

in the field were generally positive. Several implementing agencies reported
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receiving e-mails or written letters from the motoring public with most, if not all,
in support of the flashing yellow arrow display.

Engineering Assessment (Update)

At the completion of the driver confirmation studies and the field implementation
studies, the research team reviewed the engineering assessment findings to reflect cur-
rent data. The final findings are reported below:

 Theflashing yellow arrow display was shown to offer the highest level of safety.

» The circular green indication using the Dallas Display and the flashing yellow
arrow display was shown to rank “best” in the category of operations.

« Thecircular green indication was shown to rank “best” as being implementable.

« The flashing yellow arrow display was shown to be the “best” in the category of
human factors.

+ The flashing yellow arrow display was shown to have the most versatile charac-
teristics and the circular green indication was the |east versatile.

RECOMMENDATIONS

Based on the results and findings of the various research activities, the research team
and the project panel identified the following three recommendations:

Recommendation 1: The flashing yellow arrow display should be included in the
MUTCD asan allowablealter nativedisplay tothecircular green indication when used
in PPLT control/operation.

Displays. Thefour-section, al-arrow display face should be the only display allowed.

Theonly display that justifies an exception to this recommendation is the three-section
display face with bi-modal lens. The three-section display face with bi-modal lens should
also be allowed given that it operates the same as does the four-section display face.
Only one indication shall beilluminated at any time.

Location. The flashing yellow arrow operation shall only be used in an exclusive
signal arrangement. It is recommended, but not required, that the left-turn signal face
be placed over the left turn lane.

Supplemental Signs. Supplemental signing is not warranted with flashing yellow
arrow display. Use of supplemental signing is optional.

Phasing. When used for |eft-turn treatments, the flashing yellow arrow display shall
be tied to the opposing through green indication/display.

Recommendation 2: Conduct Follow-Up Study

It is recommended that a follow-up study to this project be conducted. The follow-
up study should be conducted after there has been ample time for an implementation
trial period by agencies currently participating in the field implementation as well as
other potential additional agenciesthat may choose to implement based on the findings
of thisresearch effort. Sufficient time should also be allowed such that before and after
crash data can be acquired at the study intersections and corresponding control sites.
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The follow-up study should

« Analyze all available crash data for the experimental flashing yellow arrow dis-
plays implemented as part of this study;

« ldentify whether the flashing yellow arrow display should become the only dis-
play allowed inthe MUTCD for PPLT operation;

« Identify whether, if the flashing yellow arrow is selected to become the only dis-
play alowed for PPLT, the MUTCD should also be changed to add the following
prohibition: “For Permissive Only Mode operation, asignal face displaying acir-
cular green indication shall not be located directly over or in line with aleft-turn
lane”; and

« Identify an implementation plan.

Recommendation 3: Restrict Use of Flashing Red I ndications

The use of the flashing red indication should only beimplemented at |ocationswhere
an engineering study hasidentified that all drivers must cometo acomplete stop before
proceeding on the permissive interval .

PROJECT FINDINGS SUMMARY

Figure S-2 illustrates the flow of work activities and the relevant findings that lead
to the study recommendations.




Total Population of PPLT Displays

Study of Many Displays

Agency Survey:
PPLT operation has widespread application across the U.S.
The five-section cluster is used in most PPLT displays.
The PPLT display is used often as a shared display.
Many agencies use supplemental displays to augment the main
display for the left-turn movement.

Driver Survey:
Driver understanding is reduced when two indications are illuminated
simultaneously.
The circular green indication used for the permissive left-turn
movement had the lowest level of understanding.
The circular flashing red indication had the highest level of
understanding.
Flashing indication is understood better than steady indications.
The circular indication is better understood than the arrow indication.

Focus on a Few Displays/ Refined Study Focus

Recommendations

Field Traffic Operations Study:
The PPLT indication does not have an effect on saturation flow rate
and start up lost time.
Follow-up headways for the circular flashing red indications were a
factor of local signal operation (lead versus lag).

Conflict Study:
Few left-turn conflicts were associated with the PPLT display.
Many left-turn events associated with the PPLT display were related
to the simultaneous illumination of the circular red indication and the

protected green arrow indication.
The PPLT display has little effect on left-turn conflicts.

Analysis of Findings

First Interim Report
First Panel Meeting
1

Crash Analysis:
The flashing circular yellow indication typically had the lowest (best)
crash statistic and the circular green indication had the highest
(worst) statistic.

Engineering Assessment:
The flashing yellow arrow and the circular green indication can be
used in both exclusive and shared PPLT signal displays, whereas the
flashing yellow ball and flashing red arrow indications can only be
used in an exclusive PPLT display.
The flashing yellow arrow indication and circular green ball indication
present the best displays for further study.

Identify Displays/Indications for more study
(Circular green and flashing yellow arrow indications)

Driver Confirmation Study:
High level of comprehension among all
PPLT displays studied.
No significant difference among permissive
indication, display arrangement, or location of
display.
Older drivers and drivers who drive more
have fewer fail-critical responses.
PPLT displays with the four-section vertical
face had a significantly greater number of
correct responses.

Field Implementation:
Conflict data showed no statistical differences
between circular green and flashing yellow
arrow indication.
In general, traffic engineers express their
approval of the flashing yellow arrow due to
greater operational control without a
degradation of safety.
Public reaction to the flashing yellow arrow
display has been mostly positive.

Engineering Assessment:
The flashing yellow arrow indication presented
better qualities in the categories of safety,
operations, human factors, and versatility.
The circular green indication cannot be
applied universally.
There are inherent safety problems associated
with the circular green indication.
The red indications can violate the meaning of
the stop condition.
The flashing yellow ball cannot be applied to
left- and right-turn treatments.

Analysis of Findings
Identify Recommendations

Second Interim Report

Second Panel Meeting
Refine Recommendations
Final Report

Figure S2. Work flow of activities and findings that led to the development of recommendations.

Recommendations:
The flashing yellow arrow display should be
included in the MUTCD as an allowable
alternative display to the circular green
indication when used in PPLT control/
operation.
Conduct a follow-up study to analyze ‘after
crash data related to study intersections.
Restrict use of flashing red indications.




DEFINITIONS

The following list of definitions is intended to clarify the
manner in which they are used in this report. Some of the
terms listed may not appear in this document. The research
team has attempted to use terminology consistently through-
out thisfinal report and in the various working papers docu-
menting the detailed progression of the project; however,
there has been a change in direction within the industry and,
in particular, within the National Committee on Uniform Traf-
fic Control Devices regarding terminology.

Change Interval: The yellow change interval follows the
green interval to warn traffic of an impending change in the
right-of-way assignment. Theyellow changeinterval may be
followed by ared clearance interval.

Cluster Arrangement: Cluster arrangement refersto a par-
ticular arrangement of signal indications where four of them
areclustered in the form of asquare, and thefifth signal indi-
cation (circular red) is mounted directly on the top, either
centered or off to one side.

Cycle Length: See signal cycle.

Dallas Display: Also called Dallas Phasing. Also call Per-
missive Lead-Lag. A unique signal operation designed to
eliminatethe“yellow trap” situation by allowing acontinued
permissive left-turn during the opposite approach lagging
protected left-turn phase. In order to accomplish this, aleft-
turn circular green indication is displayed, in an exclusive
display, during the adjacent through movement green and
yellow indications and continues to be displayed during the
lagging protected left-turn green arrow and through circular
green (or straight green arrow) indications for the opposite
approach. The continuing circular green left-turn indication is
terminated by a circular yellow indication that is simultane-
ously displayed with the opposing through movement yellow
clearance. Thistype of operation requiresthe use of visibility-
limited (e.g., louvered) signal facesto shield the circular green
and yellow indications intended for the left-turn lane traffic
from the adjacent through traffic.

Display: The signal face as a unit (assembly) that conveys
the message to the driver. The display consists of the indi-
vidual section, regardless of configuration. Historically, this
term has been used in reference to the signal head.

Display Face: The part of a signal head provided for con-
trolling trafficin asingle direction. Sameas“signal face” and

“display.”

Doghouse: See cluster arrangement.
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Exclusive Display: A display on asingle approach for con-
trolling only the left-turn movement.

FHWA: Federal Highway Administration

Horizontal Arrangement: A particular arrangement of sig-
nal indicationsin ahorizontal position. Thisterm isthe same
as the horizonta display face in the MUTCD.

Interval: A discrete portion of the signal cycle during which
the signal indications remain unchanged.

Lagging Left Turn: A phase sequence in which a protected
|eft-turn phasefollowsthe opposing through-movement phase.

Lead L eft Turn: A phase sequenceinwhich aprotected | eft-
turn phase precedes the opposing through-movement phase.

Lead-Lead Left Turn: Also called dual leading left turns.
I ndicates aphase sequence in which two left-turn movements
from opposite directions of a roadway are both served by
leading protected phases. When both streets at the intersec-
tion are serviced in this manner, the operation is referred to
as quad left-turn phasing.

Lead-Lag Left Turn: A phase sequence in which one left-
turn movement is served by aleading protected phase and the
other |eft-turn movement (from the opposite direction of the
same street) is served by alagging protected phase.

Lag-Lag Left Turn: A phase sequence in which two left-
turn movements from opposite directions of a street are both
served by lagging protected phases.

MUTCD: Manual on Uniform Traffic Control Devices

NCUTCD: Nationa Committee on Uniform Traffic Control
Devices

Permissive Mode: A mode of traffic control signal opera-
tion in which left or right turns may be made on a circular
green signal indication after yielding to oncoming traffic and
pedestrians.

Phase: A part of thetraffic signal time cycle alocated to any
combination of traffic movements receiving right-of-way
simultaneously during one or more intervals.

Phase Sequence: The order in which a controller cycles
through all phases.
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Preemption: Theterm used when the normal signal sequence
at anintersectionisinterrupted or atered in deferenceto aspe-
cial situation such as the passage of atrain, abridge opening,
or the granting of the right-of-way to an emergency vehicle.

Protected Mode: A mode of traffic control signal operation
in which left or right turns may be made when aleft or right
green arrow signal indication is displayed.

Protected/Per missive Mode: A mode of traffic signal oper-
ation in which the left-turn movement is presented during
both the protected mode and the permissive mode on an
approach during the same signal cycle.

In this report, the term protected/permissive does not
necessarily imply aparticular phasing order (i.e., protected/
permissive or permissive/protected). In practice, the phase
seguence is important.

Protected Permissive Left-Turn Display: Also referenced
as PPLT display. Thisterm is used to reference specifically
or generically the indication or display used in conjunction
with protected permissive left-turn control.

Protected Permissive Left-Turn Control: Also referenced
as PPLT control or PPLT operation. This term is used to
identify the signal operation that uses protected permissive
signal phasing.

Shared Display: A signa display isconsidered to be ashared
display when it constitutes one of the two required displays
for the through movement and provides the left-turn move-
ment indication.

Signal Cycle: Thetotal time required to complete either one
sequence of signal phases at a signalized intersection with
pretimed operation or a sequence of those phases with traffic
demand at a signalized intersection with traffic-actuated
operation.

Signal Display Arrangement: The signal arrangement as
a unit (assembly) that conveys the message to the driver.
Thedisplay arrangement consists of theindividual sections,
regardless of configuration. Historically, this term has been
used in reference to the signal head.

Signal Face: The part of a signal head provided for con-
trolling trafficin asingledirection. Thisisthesameasadis-

play face.

Signal Head: Historically, thisterm hasreferred to an assem-
bly containing one or more signal faces that may be desig-
nated as one-way, two-way, and so forth. Seealso signal dis-
play or signa display arrangement.

Signal Indications; The illumination of asignal lens, such
asthe circular green indication.

Signal Lens: The part of asignal section through which light
from the light source or reflectors passes. In doing o, light is
directed into a prescribed pattern, is filtered to a prescribed
color, and, where necessary, is provided with a prescribed

symbol or message.

Signal Section: The assembly of a housing, lens, and light
source with necessary components and supporting hardware
providing one signal indication.

Signal System: Two or more traffic control signals operat-
ing in coordination.

Vertical Arrangement: A particular arrangement of signal
indicationsin avertical position. Thisterm isthe same asthe
vertical display faceinthe MUTCD.

Yellow Trap: A situation where the driver sees a yellow
indication for a change interval in the left-turn signal face
and the adjacent through signal face and assumes that the
opposing traffic also receives the yellow change interval.




CHAPTER 1
INTRODUCTION

Thisreport isthe culmination of extensive research efforts
to identify the “best” traffic signal display for protected/
permissive left-turn (PPLT) control. The research efforts
respond to decades of practice whereby practitioners have
experimented with various displaysand signal phasing schemes
that either avoided—Dby design—safety problems(e.g., yellow
trap) or attempted to convey a clearer message to the driver
on the correct right-of-way (i.e., permissive movement).

Conducted over a 7-year period, the NCHRP 3-54 study is
the most comprehensive study of the PPLT display to date.
In the course of the study, the research team has surveyed
current practice, studied driver understanding of known per-
missive displays in the United States, analyzed crash data,
analyzed operational data, studied the implementation of an
experimental permissive display, and conducted a confirma:
tion study using afull-scale driving simulator to study driver
understanding of the most promising permissive displays.

Unlike previous research, the NCHRP 3-54 study focused
on human factors and the techniques used to observe human
reactions. Previous studies typically relied on crash data to
indicate how well drivers understood one display compared
with other displaysor traffic control devices. However, crash
data are generally unreliable for assessing driver reaction to
different displays because the level of detail of individual
crash reportstypically does not identify thetraffic signal con-
trol indications illuminated at the time of the crash.

The NCHRP 3-54 study used modern techniques to pre-
sent visual images and interactive situations whereby human
reaction could be independently evaluated. As detailed in
Chapter 3 of thisreport, 14 individual study tasks were com-
pleted, and each produced useful data. Through analysis and
review of the study task results and findings, the research
team was able to devel op a concise set of recommendations.
Additionally, many findings that have come from this study
will lead to safer implementations of PPLT control. For exam-
ple, this study has identified how well drivers understand
multiple indications illuminated at the same time within the
samedisplay arrangement. The effects of adjacent signal dis-
play indication (e.g., through movement) as they relate to
driver interpretation of the left-turn display indications were
alsoidentified. Further, differencesin driver reactionsto flash-
ing indications versus steady indications were explored and
documented.
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As previously mentioned, this report is a culmination of
many tasks conducted over severa years. Each mgjor study
task was documented by a working paper. The reader is
encouraged to review the various working papers contained
as appendixesto this report and provided on the accompany-
ing CD-ROM for the task design, results, and findings.

The remainder of this chapter discusses the research prob-
lem statement, the need for more research, the objective of
the research project, the development of the research plan,
and an overview of study tasks completed in conjunction
with the overall study.

RESEARCH PROBLEM STATEMENT

Theincrease in traffic volume on urban roadways has led
engineers to develop innovative means to control traffic.
With anincrease in traffic volume, a driver has fewer avail-
able gaps in the opposing through traffic to execute a left-
turn maneuver safely. To alleviate this situation, signal phas-
ing was designed to provide a protected left-turn phase for a
portion of the signal cycle. The resulting increase in safety
came at the expense of operational efficiency.

To regain some of the lost efficiency, traffic signals were
designed to protect the left-turn movement during aportion of
the signal cycle and allow a permissive movement during the
remainder of the signal cycle, thereby resulting in left-turn
control that iscommonly known as protected-permissive | eft-
turn control, or smply PPLT control (or phasing). If a pro-
tected movement iswarranted, PPLT control has been shown
to increase left-turn capacity and reduce delay at intersec-
tions (as compared with protected-only control) by providing
an exclusive turn phase for left turns as well as a permissive
phase during which left turns can be made if gaps in oppos-
ing through traffic will allow, all within the same cycle. The
left-turn phase (interval) can precede (lead) or follow (lag)
the through phase.

PPLT Displays

Over the years, PPLT control has been implemented in
various ways. Variability occurs in signal display arrange-
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ment, placement, and permissiveindications. Thevariancein
implementation has been consistent with the Manual on Uni-
form Traffic Control Devices (MUTCD) because the manual
historically provided limited guidance (1). The FHWA rec-
ommends a five-section signal display (2). Consistent with
the FHWA’ srecommendation, many states have adopted the
five-section cluster or “doghouse” signal display arrange-
ment as their standard. The five-section cluster is located in
ashared overhead position typically between the through and
turning lanes, providing agreen arrow indication for the pro-
tected phase and a circular green indication for the permis-
sive phase. The circular green indication is shared with the
through movement.

Several transportation agencies in theUnited States have
designed and implemented unique PPLT phasing displays so
as to convey more clearly drivers' left-turn control. Several
unique displays have been implemented as experimental traf-
fic control deviceswith approval by FHWA. To date, at least
five variations of the permissive indicationsarein usein the
United States: the MUTCD standard circular green indica-
tion; the flashing circular red indication, the flashing circular
yellow indication, the flashing red arrow indication, and the
flashing yellow arrow indication. Figure 1-1 illustrates the
various permissive display indication and display arrange-
mentsthat have been or arein usein the United States. Chap-
ter 3 of thisreport provides adetailed discussion of the PPLT
displays shown in Figure 1-1.

Lead-Lag Phasing with PPLT Control

The left-turn phase can lead or lag the opposing through
movement. Traffic engineers often want to increase opera-
tional efficiency on roadways by using lead-lag signal phas-
ing but cannot safely do so if PPLT control is used. The
MUTCD does not preclude the use of lead-lag left turnswith
PPLT control; however, doing so will create what is known
as the “yellow trap.” The yellow trap condition essentially
leads the left-turning driver into the intersection when it may
not be safe to do so, even though the signal displays are cor-
rect. During the signal change from permissive movements
in both directions to a lagging protected movement in one
direction, ayellow trap is presented to the left-turning driver
whose permissive left-turn phase is terminating. Figure 1-2
illustrates how the yellow trap occurs.

Asshownin Figure 1-2, the yellow trap occurswhen asig-
nal changes from the permissive left-turn intervals in both
directionsto alagging protected movement in only onedirec-
tion. A driver attempting to make aleft turn on the permissive
circular green indication becomes trapped in the intersection
when thecircular greenindication turnsyellow for the change
interval (for the through traffic). The left-turn driver who is
attempting to clear the intersection sees the adjacent through
lanes receive the circular yellow indication for their change
interval. The left-turning driver mistakenly believes that the

opposing traffic also has the yellow change interval and so
makestheleft turn, in effect becoming asneaker. Theyellow
trap occurs because the opposing traffic does not, in fact,
receive a yellow change interval but instead has a circular
green indication in the through lanes and a protected | eft-turn
arrow indication. The potential for serious conflict occurs
between the sneaker and the opposing, non-stopping, through
traffic.

To avoid the hazardous yellow trap situation, traffic
engineers use either simultaneousleading (lead-lead) or lag-
ging (lag-lag) left-turn phasing. With lead-lead (protected-
permissive) left-turn phasing, both left-turn phase indications
are initialy illuminated together. With most modern signal
controllers, if theleft-turn demand diminisheson oneside, the
opposing through-lane traffic can proceed concurrently with
the remaining |eft-turn phase movement traffic. With lag-lag
(permissive-protected) |eft-turn phasing, both |eft-turn phase
indications may not be illuminated simultaneously; however
both left-turn phases must always terminate simultaneously.
The lag-lag left-turn phasing results in a potential decrease
in capacity and increase in delay. For both the protected-
permissive (lead-lead) and permissive-protected (lag-lag) sig-
nal phasing operation, the permissive left-turn circular green
indication can be illuminated for the through movement and
the left-turn movement. The driver making the left-turn move-
ment may proceed if there is an acceptable gap in the oppos-
ing traffic stream. The lead-lead and lag-lag signal phasing
operation has been in use for many years.

Since approximately the mid-1980s, sometraffic engineers
have implemented an innovative signal phasing operation
known as the “Dallas Display.” The Dallas Display permits
phase overlaps and was designed to eliminate the potentially
unsafe yellow trap situation by allowing a continued permis-
sive left-turn during the opposite approach leading and lag-
ging protected left-turn phase. The Dallas Display advances
traffic engineers’ ability to maximize signal coordination by
allowing protected-permissive and lead-lag operation within
the same signal cycle. Research has shown that the Dallas
Display is operationally efficient and minimizes delay while
maintaining safety (3).

Traffic engineers have long cited the advantages of imple-
menting PPLT control, such as improved operational effi-
ciency and traffic progression, reduced vehicle delay, reduced
fuel consumption, and reduced air pollution. The disadvan-
tage, someargue, isthat PPLT control can be deployedin such
away that theyellow trap is created, thereby causing potential
driver confusion. Nevertheless, many practicing agencieshave
found the advantages to outweigh the disadvantages. Addi-
tionally, several agenciesin the United States have deployed
various types of signal phasing techniquesto avoid the yel-
low trap, resolve the potential driver confusion problem, or
both. Over the past two decades (in some limited cases, three
decades), some agencies have been granted approval from
FHWA to implement unique displays or display arrangements
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Figure1-1. Variationsin PPLT displays.

on an experimental basis. The premise for these implementa
tions has been the potential for a safer or more efficient traffic
control device.

The National Committee on Uniform Traffic Control
Devices (NCUTCD), which provides guidance to FHWA on
the MUTCD, has expressed concern that the variety of PPLT
controls in use may confuse drivers traveling throughout the
United Statesand has|ong proposed acomprehensive national
study that would validate the operational advantages and

safety aspects of the various PPLT control devices and sig-
nal arrangements.

NCHRP 3-54 RESEARCH OBJECTIVE

The objective of NCHRP Project 3-54 was to evaluate
the safety and effectiveness of different signal displaysand
phasing for PPLT control through laboratory and field stud-
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Figure1-2. Yellow trap with MUTCD 5-section PPLT display.

ies. Study activities were designed to gather, analyze, and
interpret data that would serve as the basis for recommend-
ing a uniform display for PPLT control. The study con-
sidered all current applications of PPLT control in the
United States, including arrangement, indications, place-
ment, phasing sequence, and saf ety considerations (e.g., the
yellow trap).

NCHRP Project 3-54 did not develop any guidelines,
warrants, or recommendations for the use of PPLT control.
The underlying assumption was that the traffic engineer had
decided that PPLT control is an appropriate left-turn treat-
ment. The goal of this research project was to identify the
“best” or most appropriate signal display, including arrange-
ment and indications.



DEVELOPMENT OF RESEARCH PLAN

The NCHRP 3-54 study was conducted in two distinct
phases. Phase 1 was exploratory in nature and focused on the
development of the study plan to be carried out in Phase 2.
Phase 1 study activities included the following:

* Review relevant literature,

+ Define appropriate study factors,

* |dentify and recommend study approach, and
» Document results.

The research team devel oped the Phase 2 work plan using the
systems engineering approach. The work plan started with a
study of al known PPLT displays and would methodically
reducethe number PPLT displaysbeing studied to aselect few
that would receive more concentrated study. The basic ele-
ments of the proposed work plan were (1) a survey of current
PPLT use acrossthe United States and at severa international
locations, (2) astudy of driver understanding of known PPLT
displays, (3) the use of computer simulation on a select num-
ber of PPLT displays, and (4) field studies. Figure 1-3 depicts
how the work plan in Phase 2 would systematically narrow
the number of displays being studied to a point where the
“best” display would be identified.

Uniform
Display

Field Studies
drive through, conflict
analysis, and accident studies

A\
_—2p
H|
Computer
Simulation

4

Focus Groups and
Expert Panels

A
U

Study of Driver Understanding

Figure1-3. Conceptual work flow of the original Phase 2
work plan.
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Building on the systems engineering approach, a revised
Phase 2 work plan was developed as shown in Figure 1-4.
The project’s initial study activities were designed to help
refine the number of displays studied in the following study
tasks. Subsequent activities focused on a select number of
displaysthat were studied with laboratory and field techniques
that confirmed earlier findings and answered questions that
would ultimately lead to recommendations.

Throughout the study, the research team solicited advice
and comments from ateam of technical advisors. These advi-
sors were selected from the traffic engineering community
because of their hands-on experience with various applica
tions of PPLT control and unique permissive displays.

Because many questions of a practical application could
not be answered with a laboratory test, the research team
designed an Engineering Assessment study task. This Engi-
neering Assessment task augmented the findings of other
study tasks, including many field implementation issues. The
Engineering Assessment task started in the initial stages of
the project and continued through to the final stages of the
project. Initsfinal form, the NCHRP 3-54 study consisted of
individual study tasks as identified in Figure 1-5. In October
of 1999, the research team and project panel met to review
the study PPLT displays and to determine which displays
showed the most potential. As part of the meeting, severa
decisions were made, including the decision to reduce the
number of displays to those with the most potential for fur-
ther study. Additionally, the project panel directed the
research team to conduct a thorough evaluation of one par-
ticular display through field implementation.

REVIEW OF KEY WORK PLAN ACTIVITIES

Asprevioudy stated, the NCHRP 3-54 study was structured
into individual study tasks that consisted of data collection
activities, reporting, and meetings with the project pandl. Key
individual study activities are discussed in Chapter 3 of this
report. The greatest amount of detail related to each of the key
study activitiesis found in the project working papers, which
are appendixes to this report and are provided on the accom-
panying CD-ROM. Below are brief descriptions of nine key
study activities; the other five tasks were panel meetings and
documentation.

Identify Technical Advisors

Before beginning the formal study effort, potential mem-
bers of a Technical Advisory Group were sought. The Tech-
nical Advisory Group was to consist of at least five knowl-
edgeabl e professionals who would provide the project panel
with first-hand experience and expertise in the evaluation of
PPLT signa displays. Members of the advisory group were
to be well-respected, experienced, traffic engineers knowl-
edgeable about the PPLT issue. The research team also had
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Figure1-4. Proposed Phase 2 work plan.

regular interaction with the Signals Technical Committee of
the NCUTCD in order to provide aregular flow of informa-
tion to the full committee.

Agency Survey

To assessthe current state of the practice, theresearch team
conducted an extensive literature review and administered a
survey of transportation agencies. The literature review iden-
tified the current state of theartin PPLT displaysandincluded
published and unpublished literature (including material from
international sources).

The agency survey solicited information on the number and
type of Ieft-turn traffic control devicesin use acrossthe United
States. The objective of the agency survey wastoidentify and

quantify the different typesof PPLT displaysin use. The sur-
vey was administered to transportation professionals at the
state and city levels who were directly involved with PPLT
design and installations. Dataon PPLT installationsin all 50
states and parts of Canada were obtained.

Photographic Driver Studies

Photographic driver studies evaluated drivers under-
standing of the circular green, flashing yellow arrow, flash-
ing circular yellow, flashing red arrow, and flashing circular
red permissive displaysin association with different arrange-
ments, placements, and traffic/lane configurations. Computer-
generated PPLT signal displays on static background pho-
tographs were used to represent the dynamic aspects of the
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PPLT displays. Over 300 drivers participated in each of eight
geographic locations around the United States for atotal of
morethan 2,400 drivers. All study participantswerelicensed
drivers.

Field Traffic Operations Studies

Another major focus involved completion of (1) several
traffic operations studiesto determine the effects of the PPLT
signal display types and (2) atraffic conflict study to deter-
mine the safety effects of each of the PPLT displays. The
observation studies included quantifying the capacity and
delay associated with various PPLT displays by analyzing
saturation flow rates, lost times, response times, and follow-
up headways. Field traffic conflict studies focused solely on
the left-turn movement.

Thetraffic observation studieswere conducted in the same
eight geographic | ocations as the photographic driver studies
in order to provide additional insights into driver behavior
related to aternative PPLT displays. Aspart of thiseffort, the
research team worked with local traffic engineersto identify
representative sites with PPLT displays and to then gather
crash, traffic, geometry, and other relevant datafor each site.
More than 8 hours of conflict data per intersection were col-
lected at three intersections within each geographic study
areafor atotal of 192 hours.

Crash Data Analysis

The research team conducted a review of crash data to
determine and compare left-turn crash rates associated with
various PPLT displays. In addition, selected components of
a crash database created in 1988 as part of a FHWA study
were examined.

Engineering Assessment

The Engineering Assessment sought to identify the objec-
tive and subjective information needed to evaluate the pro-
posed displays. To assist in the assessment, an evaluation
matrix was devel oped. The evaluation matrix included con-
siderations addressing safety, operations, implementation,
human factors, and versatility and was updated as each study
activity was compl eted.

Data Analysis and Report of Preliminary
Findings

Using the data collected from the agency evaluation, pho-
tographic driver studies, conflict studies, and crash studies,
the research team prepared a comprehensive analysis of the
results obtained to that point in the research project. This
information was presented to the project panel, which inturn
reviewed the findings and ultimately reduced the number of

PPLT displaysfor future consideration. In addition to select-
ing a subset of promising PPLT displays to be further stud-
ied, the panel provided direction to complete the confirma
tion study and to conduct afield implementation study.

Driver Confirmation Studies

Using full-scale dynamic driving simulators located at the
University of Massachusetts (UMass) and the Texas Trans-
portation Institute (TTI), the research team developed a vir-
tual driving environment to further test driver understanding
of select PPLT displays and associated behavior. Study par-
ticipantswere required to navigate avirtual world containing
varioussignal displays, different arrangementsand locations,
and opposing traffic, with the intent of evaluating driver per-
formance at pre-selected intersections controlled by PPLT
displaysin an actual driving environment. The researchersat
UMass and TTI were tasked with each testing 200 drivers of
various demographic backgrounds for atotal of 400 drivers.

Field Implementation Studies

Field implementation of an experimental flashing yellow
arrow display was conducted to field test a display that had
shown promisein safety and driver comprehensionin previous
task activities and had ranked high in the Engineering Assess-
ment. Volunteer agencies were sought from across the United
States to install and operate the experimental flashing yellow
arrow display. In conjunction with use of the experimental
display (which required permission from FHWA to operate),
“before” and “after” studies were completed at each inter-
section where the flashing yellow arrow display wasinstalled
and at nearby control sites. These“before” and “after” stud-
ies allowed the research team to quantify the impact of the
changeover from the MUCTD circular green indication to
the flashing yellow arrow indication.

REPORT ORGANIZATION

Chapter 2 of this report provides background material
and sets the stage for discussion of the study methodol ogy,
findings, and recommendations as presented throughout the
remainder of the report. Chapter 2 presents a detailed descrip-
tion of PPLT control, key issuesrelated to thistype of signal
phasing, and a description of current practices to mitigate
some of the known disadvantages of using PPLT.

Chapter 3 summarizes the results of the individual project
work elements, including the findings derived from each of
themajor project activities and theimplicationsthose findings
had on the direction of the project. Chapter 4 providesamore
in-depth discussion of findings surrounding one of the exper-
imental PPLT displays, the flashing yellow arrow. Chapter 5
presentsthefinal recommendations derived from the research
project.




CHAPTER 2
BACKGROUND

This chapter provides ageneral overview of left-turn con-
trol, advantages and disadvantages of PPLT signal phasing,
current standards for PPLT control, and some of the previ-
ously documented variations in PPLT displays used around
the world. Much of the material presented herein was gath-
ered through a review of published literature and current
industry practice.

For decades, traffic engineers have relied on the MUTCD
(2) to provide guidance regarding the installation and opera-
tion of all types of traffic control devices, including left-turn
signal display and phasing. To beeffective, the MUTCD must
be specific enough to ensure uniformity, while allowing lat-
itude to adapt the traffic control device to specific needs. For
left-turn control, the MUTCD addresses the design and appli-
cation of traffic control signs, pavement markings, traffic
signd installations, and traffic isands. The MUTCD identi-
fies severa possible combinations of left-turn and through-
movement signal lens arrangements (or displays) and provides
some general guidelines for locating signal heads and advi-
sory signing. The choice of left-turn control depends on sev-
eral factorsthat must be evaluated by thetraffic engineer using
design guidelines and engineering judgment.

MODES OF LEFT-TURN CONTROL

The MUTCD defines four modes of left-turn control: per-
missive, protected, protected/permissive, and variable left-
turn mode as described below.

Permissive left-turn control typically is used at locations
without left-turn signals. Under permissive operation, the
MUTCD does not require an exclusive signal indication or
signal face for left turns. Consequently, one signal display
can be used for al traffic movements on a single approach
and the circular greenindication permits|eft turnsto be made
after driversyield to oncoming traffic and pedestrians.

Protected left-turn control is used where there is an exclu-
sive display for left-turn movements. With this type of traf-
fic control, left turns may be made only when a green arrow
indication is displayed.

Under PPLT control, left-turning traffic is protected from
oncoming traffic during the protected interval, during which
the green arrow indication is displayed. In another part of the
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cycle, during which the circular greenindicationistypically
displayed, left-turn movements may be made after drivers
yield to oncoming traffic and pedestrians.

Variable | eft-turn mode describes a situation in which the
operating mode changes among the protected-only mode, the
permissive-only mode, and/or the protected/permissive mode
during different periods of the day.

Combinations of signal arrangements used with the vari-
ousleft-turn controls cited above (asdefined inthe MUTCD)
areillustrated in Figure 2-1. The application of these displays
depends on the availability of an exclusive left-turn lane, the
traffic signal phasing, and the mode of signal operation.

CURRENT STANDARDS FOR
PROTECTED/PERMISSIVE CONTROL

The MUTCD isthe mandated source for determining traf-
fic control devicesfor left-turn maneuvers (1). Itisnot alegal
requirement to install any device identified in the MUTCD;
however, if atraffic control deviceisinstalled, it must com-
ply with the provisions of the MUTCD subject to mandatory,
advisory, or permissive requirements.

The PPLT mode of operation, as currently defined in the
MUTCD, has a protected, left-turn interval indicated by a
green arrow during part of the signal cycle and a permissive
left-turn interval indicated by acircular green indication dur-
ing another part of the cycle where the left turn must yield to
opposing traffic.

To ensure that these basic requirements are met, the
MUTCD identifies five considerations for the employment
of traffic signal displays and other traffic control devices:
placement, operation, design, maintenance, and uniformity.
These considerations are discussed below.

Signal Display Placement

To understand the placement needs of a PPLT display, it
is first important to understand how general traffic signal
placement is governed and how left-turn signal displays are
located for permissive mode only and protected mode only.
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Figure2-1. MUTCD arrangements of traffic signal displays.

General Traffic Sgnal Display Placement Criteria

A traffic signal display should be placed to ensurethat it is
within the driver’ s cone of vision so that it will unmistakably
command attention. The display should aso be positioned in
relation to the point, object, or situation to which it appliesto
help convey the proper meaning. In addition to being suitably
legible, the display must be located so that a driver traveling
at normal speed has adequate time to observe the display,
comprehend its meaning, and make the proper response.

Asillustrated in Figure 2-2, the MUTCD indicates that the
traffic signal display should belocated not lessthan 40 ft nor

more than 150 ft beyond the stop line. The signal “shall be
located between two lines intersecting with the center of the
approach lanes at the stop line, one making an angle of approx-
imately 20 degreesto the right of the approach extended and
the other making an angle of approximately 20 degreesto the
left of the center of the approach extended” (1). Previous
research has suggested that this 20-deg “cone of vision” be
reduced to 10 deg to improve conspicuity (4).

Beyond the basic horizontal signal face location require-
ments shown in Figure 2-2, specific placement criteria are
identified in the MUTCD,; these criteria depend on the type
of left-turn control. These requirements are described below.
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Left-Turn Sgnal Display Placement Criteria
for Permissive Mode Only

The MUTCD does not require an exclusive signal display
for theleft-turn movement if the left turn is going to be made
in the permissive mode only. In this mode, the left-turning
vehicleis directed by the through-traffic signal indication (a
circular green) that is terminated with a circular yellow fol-
lowed by acircular red.

Left-Turn Sgnal Display Placement Criteria
for Protected Mode Only

The protected-only left-turn signal phase requiresan exclu-
sive signal face to control the left-turn movement. This sig-
nal faceisnormally located in line with the center of theleft-
turn lane, either overhead on the far side of the intersection
or ground mounted in the median. The MUTCD does not
require dua signal indications and 8 ft of horizontal separa
tion between signal faces for protected-only left-turn signal
indications and the adjacent signal indications; however, the
MUTCD does require that a signal face mounted on a span
wire or mast arm belocated as near as practical tothedriver's
normal view line (1).

Left-Turn Sgnal Display Placement Criteria
for PPLT Mode

BecauseaPPLT display controlsboth the permissiveleft-
turn movement and the protected left-turn movement, there
is flexibility in the location of the display. Figure 2-3 illus-
tratestwo potential overhead signal display placement alter-
natives allowed by the MUTCD for PPLT control. In addi-
tion to the alternatives shown in Figure 2-3, post-mounted
median and farside display placements are also used. The
placement of a given PPLT display ultimately depends on
the type of display used. In someinstances, PPLT control is
implemented without the benefit of having an exclusiveleft-
turn lane.

Operation

The traffic signal display should be operated in conjunc-
tion with the appropriate traffic control devices and equip-
ment to meet traffic requirementsat agiven location (1). Fur-
ther, “the display must be placed and operated in a uniform
and consistent manner to ensure that drivers can respond
properly to the display, given their previous exposureto sim-
ilar traffic control situations.” (1)

Optional
Placement

4

Figure 2-3.

Lane Line

Overhead PPLT display placement options.



Design

Features such assize, contrast, colors, shape, composition,
and lighting or reflectorization should be combined to draw
attention to the display (4). The shape, size, and colors of the
display should produce a clear meaning. Legibility and size
should be combined with placement to permit adequate
response time. The display’ s uniformity, size, legibility, and
comprehensibility should command respect from drivers
when the display is encountered.

The PPLT signal display must provide for both protected
left turns and permissive left turns during the signal cycle.
The most commonly used signal displays arethe five-section
cluster, vertical, or horizontal, shown in Figures 2-1 -0, -m,
and -n, respectively. As shown in Figures 1-1 and 2-4, the
signal indications for PPLT mode left turns are provided by
either a shared signal face or an exclusive signal face used
only by left-turn traffic.

Shared PPLT Display Arrangement

In a shared application, the signal face indicating a pro-
tected left-turn movement is one of the two required signa
faces for the approach and is usually not directly over the
left-turn lane. It displays a left-turn green arrow signa indi-
cation and the adjacent through movement indication (circu-
lar red or circular green) simultaneously. The MUTCD fur-
ther requires that the signal faces for the through traffic on
the opposing approach simultaneously display circular red
signal indications. During the permissiveleft-turn movement,
all signal faces on the approach display circular green signal
indications. At any point in the signal cycle, all signal faces
on the approach are required to simultaneously display the
same color of circular indications to both through and | eft-
turn road users (variations are allowed when louvered signals
are used as explained later in this chapter) (1).

Exclusive PPLT Display Arrangement

In applications using an exclusive signal display arrange-
ment for the left-turn movement, a separate signal face, usu-
ally located directly over theleft-turn lane, isprovided in addi-
tion to the minimum two required signal facesfor the through
movements. The separate face is required to simultaneously
display aleft-turn green arrow signal indication and acircular
red signal indication for the protected phase of thesignal cycle.
A circular green indication is displayed for the permissive
interval. The MUTCD further requiresthat the signal facesfor
the through traffic on the opposing approach simultaneously
display circular red signal indications. During the permissive
left-turn movement, the left-turn signal face displays a circu-
lar green signd indication (1).
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Maintenance

Traffic signal displays should be well maintained to ensure
that legibility isretained and the display isvisible. Thedisplay
should beremoved if it isno longer needed (1). Clean, legible,
and properly mounted displays, in good working condition,
command the respect of every travel mode at the intersection.
In addition to regular maintenance, traffic displays should be
adjusted regularly to address current conditions. The fact that
adisplay isin good working order should not be a basis for
deferring needed replacement or change. Conversely, poor
maintenance can destroy the value of a group of traffic signal
displays by minimizing the respect commanded by individual
displays.

Uniformity

Uniformity means treating similar traffic situations in the
sameway. Uniform traffic signa displaysaid theroad user by
simplifying recognition and understanding (1). Uniform dis-
plays aso help road users, police and enforcement personnel,
and traffic courts interpret appropriate driver behavior. Uni-
formtraffic control displaysarea so economical because con-
sistent manufacturing, installation, maintenance, and admin-
istration processes can be used.

Signal Phasing

Various signal phase sequences can be used for the PPLT
mode such as leading or lagging protected turn intervals, with
adjacent through traffic either moving concurrently with the
left turn or stopped. The MUTCD requiresthat all same-color
circularindicationsin all signal faceson an approach besimul-
taneoudly illuminated when PPLT operation is used with one
exception; when using an exclusive left-turn signa face with
circular green and circular yellow signal indications that are
visibility limited from the adjacent through movement, the
left-turn signal is not required to simultaneously display the
same color of circular indication as the faces for the adjacent
through movement. Further, in this visibility limited arrange-
ment, acircular green signd indication for the permissive | eft-
turn movement can be displayed while the signal facesfor the
adjacent through movement display a circular red indication
and the opposing left-turn displaysaleft-turn green arrow indi-
cation for a protected |eft-turn movement (1). This arrange-
ment, commonly referred to as the Dallas Display (or Dallas
Phasing), is used to eliminate the previoudy acknowledged
yellow trap. Figure 2-5 illustrates atypical Dallas Display.

In situations where an exclusive left-turn signal face is
provided and the left-turn signal face does not simultane-
ousdly display the same color circular indication as the adja
cent through movement, the MUTCD requires that a combi-
nation of aLEFT TURN SIGNAL sign(R10-11) andaLEFT
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Figure2-4. Variationsin PPLT displays.
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5-SECTION “DALLAS DISPLAY”
PPLT with “Dallas Phasing”
eliminating yellow trap

Figure 2-5. Illustration of Dallas display.

TURN YIELD ON GREEN (symbolic circular green indica-
tion) sign (R10-12) be used (1).

In some applications, use of protected, permissive, or PPLT
operations at a given location may be changed by time of day
to reflect changes in the traffic conditions. In these instances,
in addition to meeting the previously documented criteria, the
MUTCD stipulatesthat (1) the circular green and circular yel-
low signal indications shall not be displayed when operating
in protected-only mode and (2) the left-turn green arrow and
left-turn yellow arrow signal indications shall not be displayed
when operating in the permissive-only mode. Although no
specific signing for atime of day application isidentified, the
MUTCD notes that “additional appropriate signa indications
or changeable message signs may be used to meet the require-
ments for the variable left-turn mode” (1).

ALTERNATIVE DISPLAYS USED
IN THE UNITED STATES

Severa innovative displays and phasing arrangements have
been created within the past 20 years. Five variations of the
display indicating the permissive phase are known to exist,
only one of which includes the use of the MUTCD standard
circular green indication. Theseinclude use of theflashing cir-
cular red, the flashing red arrow, the flashing circular yel-
low, and theflashing yellow arrow indications. Figures1-1 and
2-4 illustrate the various PPLT displays used throughout the
United States. There have aso been someinnovative advances
insignal phase sequence, such asthe“Dallas Display,” which
aleviate the yellow trap. The manner of use and frequency
of occurrence for each type of display are discussed in the
following subsections and reflect data collected in 1998.

Flashing Red Display

Flashing red displays are used in Maryland (flashing cir-
cular red indication), Michigan (flashing circular red indica-
tion), Delaware (flashing red arrow indication), and Califor-
nia (flashing red arrow indication). The flashing circular red
indication as currently used in Maryland is primarily applied
at two-phase“ T" intersections (approximately 13 locations).
This display consists of athree-section display with aflash-
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ing circular red indication, acircular yellow or yellow arrow
indication, and a green arrow indication for |eft-turn move-
ments from thetop of the“T” to the stem of the“T.” Because
many of these intersections are freeway on-ramps, theleg on
the top of the “T” in the same direction as the left turn may
not have signal indications. The signal rests in flashing red
for the left-turn driver with green for opposing traffic. After
the left-turning vehicle occupies the left-turn bay for a set
period, the driver receives a protected phase. Michigan uses
PPLT phasing with flashing circular red indications. Theleft-
turn lane has an exclusive three-section display consisting of
acircular red indication, a circular yellow indication, and a
green arrow indication for left-turn movements. In some cases,
ayellow arrow is used in place of the circular yellow indica-
tion. The left-turn movements are operated in a PPLT (dual
lagging) mode. The circular red indication is flashed during
thepermissiveinterval. A protected |eft-turn green arrow indi-
cation is provided only if left-turn demand exists at the end
of the permissive phase.

The flashing permissive circular red operation has been
used in Michigan since about 1975. One of the earliest instal-
lations of the flashing red is believed to have been in Ann
Arbor, Michigan. The Michigan Department of Transporta-
tion (MDOT) estimated that the State of Michigan operates
the flashing circular red indication at 100 locations, mostly
in urban areas. Another 200 installations are operated locally
by Wayne and Oakland Counties. In the grester Grand Rapids
area, 72 additional locations use this PPLT indication.

Delaware uses the flashing red arrow indication in afour-
section, left-turn display. The display consists of ared arrow
indication next to a circular red indication, with a yellow
arrow indication and agreen arrow indication centered under
thered indications. The permissiveinterval isindicated by a
flashing red arrow.

TheDelaware DOT estimated that approximately 100 loca
tions in Delaware have the flashing red arrow permissive
phase, with the first installations dating to the early 1980s.
Most locations operate with aleading protected phase. After
thered arrow flashing permissiveinterval, asolid circular red
indication is displayed to the left-turning vehicle, rather than
again displaying a yellow arrow indication (a change inter-
val is not provided). Delaware has also devel oped controller
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logic to omit the left-turn phase call until the opposing queue
is dissipated.

The City of Cupertino, California, has installed a flashing
red arrow permissive indication in at least three locations.
The City uses avertical, four-section display with a circular
red indication, aflashing red arrow indication, ayellow arrow
indication, and a green arrow indication. Typicaly, one left-
turn display is median mounted with a second |eft-turn dis-
play post mounted on the far |eft side of the intersection.

Flashing Yellow Display

The City of Seattle, Washington, usesthe flashing circular
yellow indication to communicate the permissive left-turn
interval at approximately 20 installations, with additional
intersections still being added periodically. Seattleisusing a
four-section vertical display that hasacircular redindication,
acircular yellow indication, aflashing circular yellow indi-
cation, and a dual indication yellow arrow/green arrow sec-
tion. Typically, these locations are low volume and operate
in a PPLT mode throughout the day. The flashing circular
yellow indication has been in use in the City of Seattle since
about 1966 and has also been installed in a few other loca
tions in the Seattle metro area. The staff at the City of Seat-
tle promotesthe use of the flashing circular yellow indication
becausethisindication provideshigh contrast during the night-
time hours of operation. It is during the nighttime hours that
the City has identified a reduction in crash rates over the use
of the circular green display (5). The implementation of the
flashing circular yellow indication was before light-emitting
diode (LED) lens technology met acceptable standards for
widespread deployment.

The City of Reno, Nevada, installed aflashing yellow arrow
permissivedisplay at five locations around the City. Thetyp-
ical implementation design used a four-section vertical dis-
play with ared arrow indication, ayellow arrow indication,
ayellow flashing arrow indication, and a green arrow indi-
cation. The display was mounted on amast arm over the | eft-
turn lane, with asecond | eft-turn display post-mounted onthe
far left side of the intersection. Because of a change in the
City of Reno’s Traffic Engineering staff, the City elected to
remove the flashing yellow arrow displays so that all per-
missive displays were uniform within the city.

In April 1998, the nearby City of Sparks, Nevada, installed
a flashing yellow arrow permissive display at six locations
with approval from FHWA. The City has continued to install
theflashing yellow arrow display at morelocations. The exper-
imental design uses an exclusive five-section cluster display
arrangement, with the flashing yellow arrow in the standard
yellow arrow location. The circular green indication isillu-
minated simultaneously with the flashing yellow arrow indi-
cation during the permissiveleft-turninterval. By design, the
flashing yellow arrow is a supplemental indication to the cir-
cular green indication; therefore, two indications essentially

convey the same information. To accomplish the flashing yel-
low output, the city installed specially designed logic control
units in the controller cabinet. The display is accompanied
with the supplemental sign R10-1 LEFT TURN YIELD ON
GREEN (circular green indication symbol). The supplemen-
tal sign is consistent with standard practices and consistent
with the MUTCD.

Lead-Lag Displays

A traffic control technique designed to avoid the yellow
trapisknown as*“Dallas Display” operation. The DalasDis-
play, developed in the mid 1980s (1986-1987) by a group of
traffic engineers in Dallas County, Texas, requires the stan-
dard three-section signal display for the through movement
and an exclusive, five-section left-turn signal display. First
implemented in the cities of Dallas and Richardson, Texas,
the five-section signal display is typically centered over the
left-turn lane in avertical, cluster, or, most often, horizontal
configuration. The circular green indication and circular yel-
low indication in the left-turn display are overlapped with
both through movements and are shielded so that they can be
seen only by the left-turning traffic.

An dternative to the Dallas Display was developed in
Arlington, Texas, and is sometimes called the “ Arlington Dis-
play.” The Arlington Display uses the same Dallas Display
concept, except that the lagging protected |eft-turn direction
doesnot receiveapermissiveinterval during theleading direc-
tion protected interval. Thispermissiveinterval isexcluded for
two reasons. First, the permissive direction is usually facing
an opposing through queue that is just starting to dissipate,
making it unlikely that the permissive | eft-turn maneuver can
be made safely. Second, some practitioners believe that the
display of the permissive interval without the same-direction
through traffic receiving a circular green indication is con-
fusing to drivers.

The Dallas or Arlington PPLT displays are used at more
than 600 locationsin Texas. The Dallas Display operation has
recently been installed at several locations in Las Vegas and
Carson City, Nevada. LasV egashas programmed several other
locations for conversion to PPLT phasing in the near future.
Most recently, the cities of Los Angeles and Upland, Califor-
nia, have installed the Dallas Display at severa intersections.
As noted within the previous discussion of display applica
tions, the 2000 MUTCD dlowsfor the use of visihility-limited,
left-turn signal faces that implement the Dallas Display.

PRACTICES OUTSIDE THE UNITED STATES

The United Statesisnot the only country trying to increase
drivers' understanding of the permissive left-turn display.
Practices from other countries that were identified for this
report are discussed below.



Canada

Within Canada, there has been a concerted effort among
many of the provincesto gain uniformity in the displaysused
for the protected, permissive, and PPLT control. Many areas
of Canada use aflashing indication, but for different reasons
than the United States. For example, the provinces of British
Columbia, Alberta, and Saskatchewan use the flashing green
left-turn arrow indication for the protected left-turn phase,
whether it is protected only or protected/permissive. Ontario
communicates a protected | eft-turn movement using the flash-
ing circular greenindication at someintersectionsand asolid
green arrow indication (same as the United States) at other
locations.

In 1997, the Trangportation Association of Canada adopted
new traffic signal standards aimed at increasing driver safety
and signal operating efficiency. The most significant changes
involve theintroduction of one arrow display (flashing green
arrow indication) for all protected left- and right-turn signal
displays, removal of the nonstandard flashing circular green
indication for protected turn indications, introduction of the
steady amber arrow changeinterval, provision of aminimum
of two traffic signal heads for through and left-turn move-
ments, and provision of a flashing DON'T WALK change
interval for pedestrian displays. The steady circular green
indication is used to display the permissive interval.

Based on telephone interviews conducted by the research
team in 1995 and a 2002 follow-up conversation, support for
the flashing display centered on the following issues: (1) the
flashing indication provides a more visible message to the
driver; (2) the flashing indication assists drivers with color
vision problems (color anomal ous/color deficient); and (3) the
indication has been associated with increased saturation flow
rates for the left-turn movement. Proponents of the flashing
display aso acknowledge that there are disadvantages,
including the following: (1) the display is not consistent with
the steady green arrow indication currently used in many
areas throughout Canada and the United States and (2) there
is no uniform meaning for aflashing indication.

To support the hypothesisthat the flashing display increases
saturation flow, therewere limited studies of the left-turn sat-
uration flow for the flashing display versus the non-flashing
display (6). In a 1991 study, the saturation flow for the two
displays was studied in Edmonton, Alberta, and Victoria,
British Columbia. The data confirmed the hypothesisthat the
flashing display increases the saturation flow. It is believed
that the flashing indications demand more attention from
drivers. It should be noted that the NCHRP 3-54 study also
studied saturation flow rate for different signal displays and
indications and did not reach similar findings.

In many provinces, |eft-turn indications are being displayed
through avariable (fiber-optic or LED) lens. The green arrow
indicationwill terminatetotheyellow changeinterval usingthe
samelens. Inresponseto concern that driverswith color vision
problems would have difficulty in distinguishing between the
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two indications, the flashing indication was proposed. The
Canadian Association of Optometrists supports use of aflash-
ing indication (7). It was believed that a flashing green dis-
play would alow all drivers, regardless of their vision con-
ditions, to better discriminate between the different displays.
Thereis some resistance in Canadato the use of the flashing
protected left-turn indication. For example, Ontario already
uses a steady green for simultaneous leading PPLT phasing.
Ontario has thousands of signalized |eft turns and the cost to
convert has been estimated to be high.

Standard specifications were approved by the Council for
Traffic Control Signalsin 1997. Part B of the Manua of Uni-
form Traffic Control Devices for Canada was subsequently
completed and adoption has been underway across the coun-
try. The British ColumbiaMinistry of Transportation standard
for protected only left-turn movements was a display consist-
ing of athree-section head (steady green arrow, steady yellow
arrow, and asolid circular red indication). The Ministry’ sstan-
dard for PPLT displays incorporated a flashing green arrow
and then a steady yellow arrow, resulting in a four-section
signal. The administrative staff of Highway Safety at the
British ColumbiaMinistry of Transportation estimatesimple-
mentation of the new standards should be completed within
10 years. It has been estimated that the cost of implementa-
tion is $35 million (1992 Canadian dollars) (8).

Europe

Several European countries are experimenting with the
use of the flashing yellow indication for the permissive left
turn. In Heidelberg, Germany, the flashing yellow arrow indi-
cation is used on the Neckarstaden at the Congress House
and Stadhalle for the permissive interval of PPLT phasing.
Theflashing yellow arrow indication is also used for the per-
missiveinterval in Bern, Switzerland. In Strasbourg, France,
the flashing yellow indication is used for right-turning traffic
toindicate“yield to pedestrian traffic.” In Spain, thereis some
use of the flashing yellow arrow indication for the permissive
left-turn interval.

There has been a concerted effort by practicing European
traffic engineers to develop a European standard for the use
of the flashing yellow arrow indication, though efforts to
implement nationwide across Switzerland were unsuccessful
because of concerns expressed by the Swiss federal police
department.

A European research study concluded that (1) turning vehi-
cles cause accidents, because they periodically misinterpret
theprevailingsignals “full green” and“green” indicationwith
flashing light (In Switzerland, the Ordinance for Road Signals
gtipulates that a flashing warning signa be positioned beside
the green signal to caution drivers about on-coming vehicles.)
asa“go ahead”; and (2) the “flashing yellow arrow” proves
to be a simpler and more uniform signal—drivers of turning
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vehicles understand it better and at least some accidents are
prevented (9, 10).

A more in-depth study of the flashing yellow arrow indica
tionin 1990 compared the accident statisticsat 35 signal instal-
lationswith flashing yellow arrowsin Zurich, Switzerland, and
St. Gallen, Germany, with a control study of 22 intersections
without flashing yellow arrows in Zurich, Switzerland, and
Winterthur, Germany (11). Accident data were analyzed for
a2.5-year period before the flashing yellow arrow indication
was installed and for a 1.5-year period afterwards. Accord-
ing to this study, the traffic signals with the flashing yellow
arrowsled to asignificant accident reduction at the 35 survey
installations.

Australia

Researchers at the University of Adelaide, Australia, con-
ducted athree-part study of six traffic signal displays, includ-
ing aflashing yellow arrow indication. Their efforts focused
on analysis of crash data at intersections with the study dis-
plays, adriver survey, and areaction time experiment com-
paring speed and accuracy of responses to computer-based
animation of thetraffic light displays. Overal, the study deter-
mined that there were no conclusive findings demonstrating
superiority of the flashing indication as compared with other
traditional display applications. The research report conclu-
sion section identifies that the flashing yellow arrow indica-
tion shows promise and offers a recommendation that the
use of aflashing yellow arrow display be further investigated,
potentially through dial og with researchersfrom the NCHRP
3-54 project being conducted in the United States (12).

THE LEFT-TURN PROBLEM

As evidenced by the multiple phasing and display options
identified in the previous sections, accommodating |eft-
turning vehicles at signalized intersections has been an ongo-
ing concern for transportation engineers asthey seek abalance
between intersection capacity and safety through signal phas-
ing techniques. After deciding that aleft-turn phaseisrequired,
one of the major decisionsfaced intiming traffic signalsisto
appropriately assign time for left-turn movements. As the
number of left-turning vehiclesincreases, average delay and
accident potential for both through and left-turning vehicles
also increases. Exclusive left-turn lanes and protected |eft-
turn phases are commonly used to minimize the impact of
left-turning vehicles. When a protected | eft-turn phaseis used,
however, the time to provide that phase must be taken from
the through phases, or the cycle length must be extended.
Other decisions the engineer must make concern the type of
left-turn phasing that best satisfies the left-turn demand and
theleft-turn phase sequence that maximizes progression, par-
ticularly if the intersection islocated on an arterial street.

ADVANTAGES OF PROTECTED/PERMISSIVE
LEFT-TURN PHASING

Transportation professionals have chosen PPLT phasing
for many reasons, including minimizing delay, improving
progression, and reducing fuel consumption and air pollu-
tion. From an operational standpoint, an agency might con-
sider using PPLT phasing to increase the operational effi-
ciency of anintersection. PPLT phasing can reduce delay for
left-turning vehicles under low-to-moderate traffic volume
conditions. PPLT phasing is especially effective in reducing
left-turn vehicle delay when it is operated with a coordinated
signal system.

Many jurisdictions usethelead-lag | eft-turn phase sequence
at intersections within a signal system to improve progres-
sion. The benefits of thelead-lag left-turn phasing are further
enhanced with protected/permissive lead-lag phasing. By
allowing vehicles to turn left during the permissive interval,
required left-turn green phase time can be reduced, allowing
more green time for the coordinated movements. This tech-
nique is especially effective for coordinated arterial signals
where the progressed platoons in each direction do not pass
through the signal at exactly the same time. Several studies
(3, 13, 14) on lead-lag PPLT operation have found intersec-
tion delay and crashes are reduced over traditional PPLT
operation. A comprehensive evaluation of the impacts of
PPLT phasing associated with coordinated signal timing was
completed in western San Bernardino County, California(15).
The City of Upland, California, where much of this study
was completed, wasusing the Dallas Display. Theresearcher
documented a 30 to 50% reduction in vehicle delay when
comparing protected-only to PPLT phasing (15). PPLT phas-
ing can aso improve the air quality. The California study
showed that increasing average speed, reducing overall travel
time, and reducing the number of stopsresulted in asignificant
reduction in mobile source emissions. The study documented
a reduction in reactive organic compounds (ROC), carbon
monoxide (CO), and nitrogen oxide (NO,) emissions by 9 to
12% per day when comparing protected (lead-lag) with
protected/permissive (lead-lag) left-turn phasing (Dallas
Display).

DISADVANTAGES OF THE MUTCD CIRCULAR
GREEN DISPLAY

Although there are many reasons to use PPLT control,
some disadvantages have not been resolved. First, many traf-
fic and safety engineers question whether driversfully under-
stand the meaning of the permissive indication. Their obser-
vations suggest that drivers may be confused about how to
make the left turn safely, particularly when PPLT phasingis
used. They have also observed that some |eft-turning traffic
at intersections with PPLT control does not use the permis-
sive phase (even when adequate gaps in the opposing traffic



are available) and instead turn left only when given the pro-
tected left-turn arrow indication. In other locations, left-turn
driversmay interpret the circular green asaprotected display.

A second disadvantage of PPLT lead-lag phasing is the
“yellow trap.” Theyellow trap can occur in anumber of other
situations, such as during signal preemption for emergency
vehicles, during signal preemption for railroad grade cross-
ings, during re-service of lead left-turn phases, or during an
overlapping green extension for “slot” (or inside) clearance
at an offset intersection.
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SUMMARY

Through a review of published literature and industry
practice, this chapter has provided an overview of the current
use of left-turn control, specifically focusing on PPLT control.
Basic advantages and disadvantages of PPLT signal phasing
and some of the previously documented variationsin PPLT
displays used around the world were identified. Chapter 3
builds on this basic information as detailed elements of the
NCHRP 3-54 project are presented.




CHAPTER 3

RESEARCH ACTIVITIES AND FINDINGS

The research project encompassed 14 individual tasks; 8
study tasks and 6 meeting/report tasks. The eight study tasks
are discussed below:

* Agency Survey,

 Photographic Driver Study,

+ Field Traffic Operations Study,

« Field Traffic Conflict Study,

* Crash Data Analysis,

* Driver Confirmation Study,

+ Field Implementation Study, and
+ Engineering Assessment.

Each of these work activitiesis discussed in general detail
below. The work activity objective, methodology, results,
and findings are identified. A complete description and find-
ings for each of these work activities can be found in the
working papers included in the accompanying CD-ROM.

AGENCY SURVEY

The discussion in Chapter 2 demonstrated that there is a
wide variation in the use and application of the PPLT control
throughout the United Statesand abroad. Toidentify and quan-
tify the different types of PPLT control displays adequately,
the research team administered an agency survey. The survey
was mailed to all 50 state traffic engineers for DOTs and to
traffic engineersin 275 of the largest city and county trans-
portation agencies in the United States and Canada.

Objective

The objective of the agency evaluation effort wasto iden-
tify and quantify the different PPLT displays, design, and phase
sequencing used in the United States.

Methodology

A survey was developed to collect information about the
use of PPLT signal displaysin the United States. The survey
consisted of three sections having atotal of 15 questions.

The first section of the survey, General Information,
included two questions to determine how many signalized
intersections were located in the jurisdiction and to what
extent the PPLT signal display was used.

The second section of the survey included nine questions
about the use of the PPLT signal display, including inquiries
about the display arrangement, mounting type and location,
use of secondary PPLT signal displays, and the type of sig-
nal indication used for the permissive phase of the PPLT.

The third section of the survey included questions about
how the agency uses PPLT signal displays for different geo-
metric roadway conditions, if the agency uses any special
technique(s) to avoid theydllow trap, and if thereare any local
lawsor ordinancesgoverning theuse of PPLT signal displays.

The survey responses were summarized and analyzed to
determineto what extent PPL T signal displaysare being used
in the United States.

Results

One hundred and eighty (55%) of the surveyswerereturned,
including six from Canada and six from agencies not using
PPLT signal displays. Excluding the Canadian surveys (Cana-
dian useof PPLT signal displaysisdiscussed in Chapter 2 of
thisreport) and thejurisdictionsnot using PPLT displays, the
remaining 168 returned surveys were used to develop the
findings summarized below.

Findings

+ Collectively, the 168 agenciesidentified 107,219 signal-
ized intersections. Of those, 30,870, or 29%, used PPLT
signal phasing.

* The five-section cluster display was the predominant
arrangement used in 34 states and represented 63% of all
reported PPLT signal displays. The next most commonly
used PPLT signal display arrangement was the five-
section vertical, which accounted for approximately 19%
of al reported PPLT signal displays.

* The five-section horizontal display was used predomi-
nantly in two states and accounted for approximately
9% of the reported PPLT signal displays. Use of the



four-section and three-section PPLT signal displayswere
lesscommon. They werefoundto beinuseinafew states
and accounted for lessthan 10% of all reported PPLT sig-
nal displays.

A total of 41% of the agencies reported use of asingle
(consistent) PPLT signal display arrangement through-
out their jurisdictions. Most agencies used acombination
of post-mounted five-section vertical displaysin median
applications and five-section vertical or five-section clus-
ter displays for mast arm or span wire mounting.
Thirty-three agencies identified a total of 1,650 PPLT
signal displays with bimodal arrow indications. These
agencies explained that the bimodal indications reduced
the space requirement of the signal display (by elimi-
nating one signal section/lens), resulting in energy sav-
ings. The remaining 135 agencies did not use bimodal
indications.

Mast arm and span wire mounting was used predomi-
nantly in combination with the cluster PPLT signal dis-
play. Use of pole mountingswas primarily reported with
vertical PPLT signal displays for median applications.
A total of 52% of the responding agencies mounted the
overhead PPLT signal display on the lane line between
the left-turn lane and the adjacent through lane, while
40% mounted the PPLT signal display over the center
of the left-turn lane.

Theuse of secondary or additional PPLT signal displays
was nearly evenly split—49% of the agencies respond-
ing to the survey used a secondary PPLT signal display
(which was usually pole mounted on the far side of the
intersection), while 51% did not.

Of the responding agencies, 40% always used the
PPLT signa display as one of thetwo MUTCD-required
through movement displays, while 37% sometimes did
and 23% never did.

The circular green permissive indication was used by
165 of the 168 agencies for left turns. Other permissive
indications in use included the flashing circular yellow
indication, flashing yellow arrow indication, flashing cir-
cular red indication, and flashing red arrow indication.
PPLT signa displays were generally used with exclu-
sive left-turn lanes—89% of |eft-turn lanes were exclu-
sive, 8% were shared, and 3% were a combination of
exclusive and shared lanes.

There was little consistency in the use of supplemental
signs among the responding agencies—49% of the agen-
ciesawaysuse signs, 34% use signsonly in certain con-
ditions, and 17% do not use signs. When signs are used,
morethan 75% of thesignsarethe MUTCD R10-12 sign.
A total of 83% of the signalized intersections using
PPLT signal phasing employed aleading sequence, while
11% used a lagging sequence and 6% used a lead/lag
sequence.
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A total of 53% of the responding agenciesindicated that
they did not use any special phasing or techniques to
avoid the yellow trap, while 5% of the agencies indi-
cated that they use Dallasor Arlington Display, 18% use
exclusive left lead with PPLT lag, and 25% indicated
that they used some other method.

« All off the responding agencies referred to state statutes
or local ordinances that require either specific display
types, display indications, or compliance with state man-
uals, however, only 7% of the agencies indicated that
there was alaw or ordinance that required certain prac-
ticesin the use of PPLT phasing.

PHOTOGRAPHIC DRIVER STUDY

This section of the report summarizes a photographic
driver survey that was undertaken as part of the research
study. Several human perceptions affect drivers' under-
standing of the traffic control signal. The visual search
processes, perception and reaction, and recognition and
comprehension that drivers exhibit can be investigated and
used to evaluate PPLT signal displays. Drivers' expectation
and the complexity of the traffic control signal also influ-
encedrivers understanding and can beincorporated into the
evaluation.

Objective

The objective of the photographic driver study wasto eval-
uate the different PPLT signal displays used in the United
States (asidentified through the literature review and agency
survey). The evaluation explored driver understanding of the
signal indication under various conditions. The conditions
varied through the use of protected | eft-turn indications, per-
missiveleft-turn indications, through-movement indications,
and PPLT signal display arrangements.

Methodology

A computer-based study tool using both dynamic and
static elements was devel oped and used to collect data about
drivers understanding of the different PPLT signal indica-
tions and displays. To create a reasonable simulation of the
driver’s view, photographs of existing signalized intersec-
tions were incorporated into the computer software. These
photographs acted as the background scenes for different
PPLT signal displays. Over 100 photographs were catego-
rized into three groups based on the mounting type, location
of the PPLT signal display, and intersection geometry. Six
photographs (two from each group) were selected to be used
in the study and were incorporated into the software. Five of
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the six selected photos contained a vehicle in the opposing
through lane(s). Because of the static nature of the photo, it
wasimpossible to determineif the opposing vehicle was sta-
tionary or proceeding through the intersection. The remain-
ing photo, without a vehicle in the opposing through lanes,
was used as a control photo providing a means of analyzing
the effect that the presence of a vehicle in the opposing
through lane had on survey responses. Figures 3-1 through

1 1f you want
and you see the traffic

3-6 illustrate each of the six background photos used in the
evaluation.

Two hundred unique scenarios were produced using the
six selected photographs and combinations of protected | eft-
turn indications, permissive left-turn indications, through-
movement indications, and PPL T signal display arrangements.
Anall-red scenario wasalso created for each of the PPLT sig-
nal display arrangements. A randomizer function was added to

ENTER I
to continue .
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Figure 3-2. Photographic driver survey—background picture 2.



If you want to turn left,

4 and you see the traffic
_ signals shown,
4 you would...
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ENTER
to continue

Figure 3-3. Photographic driver survey—background picture 3.

the software, which alowed a subset of 30 of the 200 sce-
narios to be randomly presented to each driver participating
in the study.

Survey Tool

One of the objectives in the development of the photo-
graphic driver survey wasto make it as self-explanatory and

If you want to turn left,
and you see the traffic

self-administering as possible, requiring little input from the
survey administrator as each driver completed the survey. To
meet this objective, all survey instructions were included as
asound track within the survey software. Along with the gen-
eral survey instructions, the computer operations necessary
to complete the survey were demonstrated through an exam-
ple survey question.

The use of laptop computers in the photographic driver
study provided the opportunity to include three additional fea-

signals shown,
you would...

Figure 3-4. Photographic driver survey—background picture 4.
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4 _If you want to turn left,

4 and you see the traffic
signals shown,

4 you would... .

"

Press
ENTER
to continue SN

Figure 3-5. Photographic driver survey—background picture 5.

turesinthe softwaredesign. First, the computer clock timewas
recorded for each survey response, measured from thetimethe
scenario was presented on the computer screen to the time a
response was selected. Response time datawere used asasur-
rogate measure of driver understanding; longer responsetimes
were correlated to lower levels of driver understanding. Aver-
aging the response times for each scenario minimized bias
related to distractions, guessing, and other time variances not
related to understanding.

i ynu-w.hltltt to turn left,
_and you see the traffic, .2

The second feature added to the software was an initial
screen that allowed the survey administrator to enter the com-
puter number, the location of the survey, and the number of
scenarios to be randomly selected and presented to each
driver. This screen was only active when the software was
initially loaded at the start of each survey session. Thefinal
feature added to the software was a file writing procedure
for processing the survey data. As each survey response was
recorded, the location, date, computer number, demographic

ENTER
to continue

Figure 3-6. Photographic driver survey—background picture 6.



data, scenario number, response time, and response were
written asasingle row of datain atext file.

With respect to the actual operation of the survey instru-
ment, the driver was asked “ If you want to turn | eft, and you
see the traffic signals shown, you would . . .” as each study
scenario was presented. The driver used the computer key-
board to select what he or she believed to be the appropriate
response. Options were as follows:

+ Go.

* Yield. Wait for gap.

+ Stop, then wait for gap.
+ Stop.

The driver also could choose not to respond.

In addition, drivers were asked additional demographic
questions, including their sexes, ages, and educational levels,
whether they liveinacity, suburb, or rura area; and how many
miles they drove the previous year.

Survey Locations

The study was administered to respondentsin Ddllas, Texas;
Dover, Delaware; Oakland County, Michigan; College Sta-
tion, Texas; Seattle, Washington; Portland, Oregon; Cuper-
tino, California; and Orlando, Florida. Through the study
methodol ogy, asample size of 2,400 participantswas sought.
The study was conducted primarily at local driverslicensing
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facilities. Photographs of the driver study being administered
at variouslocationsare provided in Figures 3-7 and 3-8. Data
were compiled into a single spreadsheet database and were
then analyzed to determine the drivers' understanding of the
different PPLT signal displays and indications, using both
descriptive and statistical procedures.

Results

A total of 2,465 drivers participated in the study, exceed-
ing thetarget of 2,400 participants. At least 300 drivers com-
pleted the study at all but one of the eight locations. Because
each study respondent was presented with 30 scenarios, a
total of 73,950 responses were recorded.

Of the 2,465 drivers, 58% were male, 41% were female,
and the balance (1%) did not respond to the gender question.
A total of 27% were less than 24 years of age, 44% were
between 25 and 44, 21% were between 45 and 65, and 7%
were over 65. The remaining respondents (1%) did not pro-
videtheir ages. Intotal, 58% of the participating driverslived
inacity, 30% in asuburban location, 11%in arural location,
and 1% did not respond. In total, 5% of the respondentsindi-
cated that they did not drive at all last year; 31% drove fewer
than 10,000 miles; 44% drove between 10,000 and 20,000
miles; 19% drove more than 20,000 miles; and 1% did not
respond. Education levels among the participants were rela
tively uniform—29% of the drivers had a high school or
equivalent education, 35% had some college education, and
35% had a college degree, with 1% not responding.

Figure3-7. Example of driver evaluation study workstation at Department of
Motor Vehicles.
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Figure 3-8. Example of driver evaluation study workstations at shopping center.

Findings

Analyses were performed to evaluate the drivers' under-
standing of three signal indications: all-red, protected, and
permissive. (For further information on these analyses, con-
sult Working Paper No. 3, which is included in the appen-
dixes on the accompanying CD-ROM.) Understanding was
measured by the percentage of correct responses to the study
scenarios. The results of statistical analyses presented in the
following sectionswere all conducted using analysis of vari-
ance (ANOVA) procedures at a 95% level of confidence.

100

An overall analysis of the demographic characteristics of
thedriversinrelation to the total number of survey scenarios
evaluated and percentage of correct responsesis presented in
Table 3-1. Notethat these results contain responsesto all dis-

play types.
All-Red Indication Findings

« Figure 3-9 summarizes the percentage of correct
responses to al-red indications. Statistical analysis of

Percent Correct Response
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Figure3-9. Driver understanding of all-red indicationsin PPLT

signal displays.
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TABLE 3-1 Summary of survey scenario demogr aphics (as a function of
total number of surveysevaluated for all display types)

Number of Per centage of

Demogr aphic Level Responses Correct Responses
Location Ddlas 9,299 68.5
Dover 9,722 75.6
Oakland County 9,722 70.7
College Station 9,034 74.6
Seattle 9,658 » 785
Portland 8,869 715
Cupertino 8,923 69.7
Orlando 8,226 66.7
Gender Male 42,189 727
Female 30,125 71.3
Not Provided 456 68.9
Age <24 19,942 72.2
24-44 32,191 73.1
45 - 65 15,171 71.1
> 65 4,958 67.3
Not Provided 508 74.2
Residence City 42,063 » 718
Suburb 21,880 72.8
Rural 8,528 718
Not Provided 299 67.9
Miles Driven None 3,344 62.7
< 10,000 22,523 70.2
10,000 to 20,000 32,746 74.1
> 20,000 13,916 72.4
Not Provided 241 77.2
Color Vision No 69,217 72.3
(Have trouble seeing Yes 3,372 66.1
red or green?) Not Provided 181 | 80.7
Education High School 20,738 67.4
Some College 25,849 | 73.3
College Degree 25,891 74.6
Not Provided 292 66.8

the data determined that PPLT signal display type did
not affect driver understanding with all-red indications.
There was a significant difference in response times
among gender and age groups. Female drivers (93.5%)
had a slightly higher correct response rate than male
drivers (92.8%). Drivers over the age of 65 had a 90.0%
correct response rate compared with a 93.8% correct
response rate for the under-24 age group.

Protected Indication Findings

» Figure 3-10 summarizes the percentage of correct
responsesto protected indicationsinthe PPLT displays.
As suggested by Figure 3-10, a statistically significant
difference was found between display arrangements
when considering protected indications, particularly
when simultaneous displayswere used in the same dis-
play arrangement. Simultaneous indications were not
presented with the three and four-section displays.

Driver understanding was significantly lower when a
green arrow and a circular red indication were pre-

sented simultaneoudly within al five-section PPLT sig-
nal displays.

When the green arrow and circular red indications were
shown simultaneoudly in a five-section signal display,
driver understanding waslowest with the horizontal dis-
play. Locating the green arrow to the right of the circu-
lar red indication in a five-section horizontal display
arrangement as required by the MUTCD appeared to
increase confusion.

When the green arrow and circular greenindicationsare
shown simultaneously, the five-section horizontal dis-
play hasthe lowest level of driver understanding.
When only agreen arrow indicationisprovided in aleft-
turn signal display, driver understanding of the protected
indications was not affected by the through movement
indication.

» Age was found to be statistically significant because

driversover the age of 65 had an 82.5% correct response
rate compared with an 88.6% correct response rate for
drivers aged 24 to 44. In general, the percentage of cor-
rect responses decreased as driver age increased.
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Figure 3-10. Driver understanding of protected indicationsin PPLT signal displays.

» The average response time associated with the five- ers understanding of the left-turn indication. The

section PPLT signal display arrangement was greatest and
was longer than the average of all response times for al
PPLT signa display arrangements. The longest response

highest correct response rates were associated with
the four-section and three-section PPLT signal display
arrangements. These results support the use of an exclu-

time was associated with thefive-section horizontal PPLT
signa display. This higher average response time corre-
lateswith the lower correct responserate attributed to the
simultaneousillumination of the green arrow and the solid
circular red indication.

* When the protected left-turn indication was exclusive
(from the through-movement indication), the through-
movement indication did not significantly affect driv-

sive head.

Permissive Indication Findings

» Figures 3-11 and 3-12 summarize the percentage of
correct responsesto permissiveindicationsinthe PPLT
displays. As shown in Figure 3-11, the circular green
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Permitted Indication

Figure3-11. Percentage of correct responses for the permitted indicationsin PPLT
signal displays.



indication had the lowest level of driver comprehen-
sion, at 50%.

Figure 3-12 provides more detailed information on the
percentage of correct responses to permissive indica
tionsin PPLT signal displays by display type. The dif-
ferences among the arrangementswere determined to be
directly related to the permissive indications used within
each signal display.

The correct responserate for male driverswas57.7% as
compared with a’54.8% correct response rate for female
drivers. Thisdifference was statistically significant. Age
was found to be statistically significant because drivers
over the age of 65 had a 51.4% correct response rate
compared with a57.5% correct responserate for drivers
aged 24 to 44.

Drivers over the age of 65 had extremely low correct
response rates with the permissive circular green indi-
cations. When the permissive circular green indication
and the circular red through-movement indication were
shown, lessthan 29% of older driverscorrectly responded.
Driversover the age of 65 had ahigher correct response
rate with the flashing circular red indication and flash-
ing yellow permissive indications than al other age
groups. A total of 70% of drivers over the age of 65 cor-
rectly understood the flashing circular red indication.
Averageresponse timewas generally lower for the flash-
ing permissive indications. A trend in average response
time by age was very evident as drivers over the age of
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65 took between 2 and 4 sec of additional timeto respond
when compared with drivers under the age of 24.

» Theanadysisof the permissiveleft-turnindication reveals

that aflashing indication is better understood than asolid
indication, and a circular indication is better understood
than an arrow indication.

General Findings

» Drivers understanding of the PPLT signal displays

was evaluated by combining the results from the all-
red, protected left-turn, and permissive left-turn sce-
narios. The cluster arrangement was associated with
the largest number of correct responses and the fewest
fail critical responses of the five-section PPLT signal
display arrangements. (For further information on these
analyses, consult Working Paper No. 3, whichisincluded
in the appendixes on the accompanying CD-ROM.) The
overal highest correct response rate was associated with
the three-section vertical PPLT arrangement that uses a
flashing circular red indication asthe | eft-turn permissive
indication.

There was no evidence to suggest that the placement of
the PPLT signal display influenced drivers understand-
ing of the PPLT signal display.

Theinfluence of the intersection geometry could not be
measured because the study simulated only exclusive
|eft-turn lane configurations.
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Figure 3-12. Percentage of correct responses to permissive indications by PPLT

display type.
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FIELD TRAFFIC OPERATIONS STUDY

Capacity and delay are two common measures of effec-
tivenessin evaluating signalized intersection operations (16).
Capacity is defined as the maximum rate of flow at which
vehicles can bereasonably expected to traverse apoint, auni-
form segment of alane, or aroadway during a specific period
under prevailing roadway, traffic, and control conditions.
Delay is the additional travel time experienced by a driver
beyond what would reasonably be desired for a given trip.

Left-turn capacity at asignalized intersection is calcul ated
using the saturation flow rate. Saturation flow rate is defined
as the maximum rate of flow that can pass through a given
lane group under prevailing traffic and roadway conditions,
assuming that the lane group has 100% of green time avail-
able (16). Saturation flow is usually reached after the fourth
vehicle in a queue has entered the intersection.

At the beginning of each protected | eft-turn movement, the
first several vehicles in the queue experience start-up time
lossesthat result in their movement at |ess than the saturation
flow rate (16). Thistimelossisreferred to asthe start-up lost
time, which is made up of the perception and reaction time
(response time) to the change in signal indication along with
the vehicle accel eration time to free-flow speed. Start-up lost
time is important in evaluating left-turn lane capacity and
driver reaction to the traffic signal indication. Reaction time
was considered to include the perception time in addition to
the reaction time to the onset of the green arrow indication.

Gap acceptance and follow-up headway also affect left-
turn capacity and delay. Gap acceptance refers to the time
headway in the opposing traffic stream that |eft-turn drivers
are willing to turn through during the permissive left-turn
phase. The median time headway between two successive
vehicles in opposing traffic streams accepted by left-turn
drivers during the permissive left-turn phase isreferred to as
the critical gap. Follow-up headway is the time between the
departure of a permissive left-turn vehicle and the departure
of the next vehicle using the same gap under a condition of
continuous queuing. Left-turn delay can be evaluated by
quantifying each of the operational variables and applying
the proceduresincluded in Chapter 16 of the Highway Capac-
ity Manual (16).

Objective

The objective of the traffic operations study wasto quan-
tify the capacity and delay effects of PPLT signal displays
and indications currently used in the United States. This
objective was achieved through analysis of saturation flow
rates, lost times, response times, and follow-up headways.
Thisanalysiswas used to describe the driver understanding
associated with the PPLT signal displays and indications.

Methodology

Field traffic operations data were collected at eight study
locations: Dallas, Texas; Dover, Delaware; Oakland County,
Michigan; College Station, Texas; Seattle, Washington; Port-
land, Oregon; Cupertino, California; and Orlando, Florida
These locations provided a range of PPLT signal displays
and left-turn permissive indications and were the same sites
as the photographic driver study.

With the assistance of local transportation officials, atotal
of 26 study intersections were identified. Intersection selec-
tions were based on left-turn lane geometry, PPLT display
arrangement, and left-turn phasing. At each intersection, a
video camerawasinstalled to record the left-turn traffic flow.
In addition to video taping the left-turn traffic, a researcher
at the intersection simultaneously operated a portable com-
puter and the software program HEADWAY to collect data.
Thedatacollected using the HEADWAY program were then
used to compute left-turn saturation flow rate, start-up lost
time, response time, and follow-up headway.

Results

Saturation flow rate, lost time, response time, and follow-
up headway data were collected for 26 intersections located
throughout the eight study locations. Two additional siteloca-
tions were studied in Texas to evaluate the green indication
used in the Dallas Display in a lead-lead and lag-lag phase
sequence. The PPLT signal indicationsinvestigated included
thecircular green, flashing circular yellow, flashing red arrow,
and flashing circular red indications. At the time the field
observation studies were prepared, no flashing yellow arrow
display was available for study (the field studies were com-
pleted before implementation of the Sparks display in April
of 1998).

Findings

The detailed findings of the field traffic operations stud-
ies are documented in Working Paper #4. General findings
include the following:

« Asshown in Table 3-2, analysis of the observed satura-
tion flow rate data determined that the geographic loca
tion was a significant contributor to the variance in the
average saturation flow rates. The PPLT signal display
arrangement and phasing were not statistically significant.

« Analysis of the start-up lost time data showed that the
differences in average start-up lost time were signifi-
cantly influenced by the PPLT signal phasing and were
not significantly influenced by the PPLT signal display
arrangement or study location.



TABLE 3-2 Saturation flow rate data
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Saturation Flow
PPLT Left-Turn Rate (vphgpl) Rank
City ID Display P|3 Phasing Average sp* Order

1 5-Vert. GB Lead 2,201 36.55 6

2 5-Horz. GB Dallas-Lead 2,211 36.09 5
Dallas,

3 5-Horz. GB Dallas-Lag 2,320 97.50 3
>

4 5-Horz. GB Dallas-Lead 2,091 98.38 8

5 5-Horz. GB Dalas-Lag 2,063 58.97 12

6 4-Cluster FRA Lead 2,214 151.91 4
Dover,

7 4-Cluster FRA Lead 1,977 19.75 16.5
DE

8 4-Cluster FRA Lead 1,999 118.21 15

9 3-Vert. FRB Lag 2,168 111.09 7
Oakland

10 3-Vert. FRB Lag 2,399 86.51 2
County, Ml

11 3-Vert. FRB Lag 2,402 52.54 1

12 5-Horz. GB Lead 1,973 60.65 18
College Station,

13 5-Horz. GB Lead 2,025 78.42 14
>

14 5-Cluster GB Lag 2,045 57.13 13

15 4-Vert. FYB Lead 1,773 3.00 22
Seattle, WA 16 4-Vert. FYB Lead - 245

17 4-Vert. FYB Lead - - 24.5

18 5-Cluster GB Lead - - 24.5
Portland, OR 19 5-Cluster GB Lead 1,871 40.13 21

20 5-Cluster GB Lead 1,977 7.00 16.5

21 4-Vert. FRA Lead 2,065 48.26 11
Cupertino, CA 22 4-Vert. FRA Lead 1,944 146.93 20

23 4-Vert. FRA Lead --- --- 24.5

24 5-Cluster GB Lead 2,067 42.58 10
Orlando, FL 25 5-Cluster GB Lead 2,072 61.87 9

26 5-Cluster GB Lead 1,963 102.93 19

1. Intersection Identification Number

2. Number of signal display sections (3, 4, or 5) - arrangement (Horizontal, Vertical, or Cluster)

3. Permitted Indication - G = Green; Y = Yellow; R = Red; B = Ball (circular indication); A = Arrow; F = Flashing

4, Standard Deviation
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» Analysis of the response time data indicated differ-
encesin average response timeto be significantly influ-
enced by the PPLT signal arrangement and phasing and
by the study location, although most of the variability
was explained by the effect of the PPLT signal phasing.

» Anaysis of the follow-up headway data considered the
effect of the PPLT signal display and the left-turn per-
missive indication. The results of thisanalysis are shown
in Table 3-3.

As shown in Table 3-3, the follow-up headway associated
withtheflashing red PPLT indication used in Dover waslonger
than all other observed follow-up headways. The follow-up
headway associated with the flashing red PPLT indication
used in Michigan was comparable to the follow-up headway
associated with the circular green, flashing circular yellow,
and flashing red arrow indications.

FIELD TRAFFIC CONFLICT STUDY

Traffic conflicts involve the interaction of two or more
drivers where one or more drivers take evasive action to
avoid acollision (17, 18, 19). Traffic conflict studies provide
one of the most effective ways to supplement crash studies
in estimating the crash potential of various PPLT signal dis-
plays. In addition, traffic conflict studies can be used to esti-
mate traffic safety when crash rates are not available.
Collecting traffic conflict data can also be valuable in iden-
tifying whether unsafe vehicle maneuvers are prevalent at
an intersection. Conflict studiesalso provide an effectiveway
to study specific geometric applicationsat PPLT intersections.

Conflicts can be considered vehicle interactions that may
lead to crashes. For a conflict to occur, the road users must
be on a collision course (17, 18, 19). The primary require-
ment of atraffic conflict isthat the action of one user places
another user on acollision path unless evasive action is taken.
Collisions and near-miss situations that occur without evasive
maneuvers, or when the evasive action is inappropriate or
inadequate for conditions, are also recorded as conflicts.

TABLE 3-3 Rank order of PPLT signal display by average
follow-up headway

PPLT Signal Rank
Display Location Permissive Indication Order
5-Section Vertical Dallas, TX Circular Green 3
4-Section Vertical Seattle, WA Flashing Circular 4
Yellow
4-Section Vertical Cupertino, CA Flashing Red Arrow
3-Section Vertical | Oakland County, Flashing Circular Red
Ml
5-Section College Station, Circular Green 2
Horizontal TX
5-Section Cluster Portland, OR Circular Green 1
4-Section Cluster Dover, DE Flashing Red Arrow 7

Conflict studies are used to evaluate safety, as well asto
select signal phasing. An Institute of Transportation Engineers
(ITE) study found that 33% of reporting agencies used a left-
turn conflict rate of four conflicts per 100 left-turning vehicles
asawarrant for implementing PPLT signal phasing (20).

Objective

The objective of thetraffic conflict study wasto quantify
left-turn conflict rates and event rates for different PPLT
signal displays and indications. Traffic events are unusual,
dangerous, or illegal non-conflict maneuvers such asredindi-
cation violations, backing, hesitation on signal change, and
slowing considerably in atraffic lane.

Methodology

Conflict studies were conducted in Dallas, Texas; Dover,
Delaware; Oakland County, Michigan; College Station, Texas,
Seattle, Washington; Portland, Oregon; Cupertino, Cdlifornia;
and Orlando, Florida. These locations provided a range of
PPLT signal displaysand left-turn permissiveindicationsand
were the same locations where the photographic driver study
and operations studies were conducted.

With the assistance of local transportation officials, atotal
of 26 study intersections were identified. Specific intersec-
tions were selected based on the left-turn lane geometry,
PPLT display arrangement, and |eft-turn phasing.

At each intersection, conflict datawere recorded on adata
collection form. Each intersection was observed for 8 hr on
aweekday between 7:00 am. and 6:00 p.m. To back up real-
time observations, avideo camerawas also installed at each
intersection. The videotape was reviewed to clarify any dis-
crepancy in the manually recorded field data.

Observed conflicts were categorized as follows:

» Type 1—opposing left-turn conflicts;

» Type 2—left-turn/same direction conflicts;

* Type 3—left-turn/lane change conflicts; and

» Type 4—secondary conflicts, such asthose involving a
pedestrian or bicyclist or resulting from alane overflow.

Figure 3-13 illustrates the conflict types.
The observed traffic events were also categorized by type
asfollows:

» Type 1—driver hesitating on the left-turn protected
indication

» Type 2—driver hesitating on the left-turn permissive
indication

» Type 3—driver going through the circular red indication

» Type 4—driver backing a vehicle out of the intersec-
tion, back into the left-turn lane



Type 4: Left-turn ped/bicycle far/near side conflict

Figure 3-13.

Ilustration of conflict types.

Type 4: Left-turn lane overflow
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Results

A tota of 11 hr of data were collected at each of the 24
study intersections for atotal of 264 hr of observation time.
During the observation period, the research team observed
approximately 22,000 vehicles; of which 5,000 were left-
turn vehicles; and 17,000 were through vehicles.

A total of 166 left-turn conflicts were observed: 155
Typel, 9 Type2, and 2 Type 3 conflicts. No Type4 conflicts
were observed.

Of atotal of 242 traffic events observed, 147 were Type 1,
53 were Type 2, 5 were Type 3, and 37 were Type 4.

Findings

+ Overdl, theleft-turn conflict rateswere low for dl PPLT
displays evaluated.

* Few left-turn conflicts were associated with the PPLT
display.

+ Most left-turn events were related to hesitation at the
onset of the green indication.

» Aggressive driving appeared to be the cause of 146 of
the 155 Type 1 conflicts. Drivers continued to make | eft-
turn maneuvers during the yellow and all-red phase fol-
lowing the protected | eft-turn phase and werein conflict
with the opposing through traffic.

 Eight Type 1 conflicts appeared to be the result of the
driver’'s assuming the right-of-way when the left-turn
permissive circular green indication was illuminated.
Two of these conflicts occurred at intersectionswith the
five-section horizontal PPLT arrangement and the
remainder occurred at intersections with the five-
section cluster PPLT arrangement.

+ One Type 1 conflict appeared to be the result of the
driver's assuming the right-of-way when the left-turn
permissive flashing red arrow indication was illumi-
nated on a four-section cluster arrangement.

* Thenine Type 2 conflicts were primarily the result of a
driver’ shesitating to turn left on the left-turn permissive
indication. The sudden hesitation would cause a con-
flict with the following vehicles. There appeared to be
a relationship between the driver’ s understanding of the
permissive circular green indication and the observed
Type 2 conflicts.

* The two Type 3 conflicts were a result of driver error
and not the lack of understanding of the PPLT signal
display.

» Thelargest occurrence of Type 1 traffic eventsinvolved
thefive-section horizontal PPLT signal display arrange-
ment. The simultaneous illumination of the green arrow
and the circular red indications appeared to increase the
workload of thedriver, resulting in anincreasein driver
uncertainty.

« Type 2 traffic events were observed at each of the study
intersections. The occurrence did not appear to berelated
tothe PPLT signal arrangement or phasing or indication.

* Numerous drivers were observed proceeding through
theall-red indication (i.e., red light runners). Therefore,
Type 3 events were recorded only when the action was
clearly afunction of driver misunderstanding. For this
reason, only five Type 3 events were recorded, and the
occurrences showed no pattern to suggest an influence
of the PPLT signal display, indication, or phasing.

« Of the 37 observed Type 4 events, 33 were associated
with aflashing permissiveindication. The driver would
enter the intersection during the permissive phase and
not have the opportunity to make the left-turn maneu-
ver. The driver would then choose to back up.

CRASH DATA ANALYSIS

Given the the extensive use of crash data in many past
studies in the evaluation of left-turn control, the research
team conducted alimited study of crash history related to the
unique displaysused in PPLT control. The project panel and
research team recognized that current crash reporting tech-
nigues do not adequately document causes of a crash asthey
relate to traffic signal operation, much lessthe particular sig-
nal display. To overcome this short coming, the research
team identified a work plan that would compare the various
PPLT control displays against one another and make judg-
ments as to whether a particular display was more or less
prone to increased crash occurrence.

Objective

The objective of the crash analysis was to determine and
compare left-turn crash rates associated with various PPLT
signal displays. The details of the crash data analysis are
described in the following sections.

Methodology

To accomplish the objective of the crash data analysis,
three tasks were conducted. Those tasks are listed below:

» Perform aliterature review to obtain background infor-
mation on crash data analysis procedures and to review
the results of previous studies,

+ Obtain traffic volumes, geometric design, signal display
information, and 3 years' of crash data for the study
intersections (the same intersections studied in the oper-
ational study and the conflict study were evaluated inthe
crash analysis). In addition, crash datawere sought from
agencies around the United States;

* Reduce the data and analyze the results.



Results

Since the mid-1970s, more than 40 reports have been pub-
lished on the use and operational impacts of the PPLT signal
control treatment. Several of these reports were spurred by
theincrease in the use of PPLT phasing. In general, many of
these reports identified trends in vehicle delay, vehicle con-
flicts, and vehicle crashes. Further, these studies related the
effects of PPLT phasing to geometric and physical condi-
tions, such astraffic volume, number of opposing lanes, sig-
nal displays, and the use of supplemental signing. Over 30%
of the reports are focused on warrants or guidelines related
to the use of PPLT phasing.

The purpose of the literature review was to identify how
crash data were evaluated and what crash statistic should be
used for this study. The literature review was selective in that
not all reportsrelated to PPLT phasing werestudied. Certainly,
many good reports are available as a resource. The literature
review identified reportsthat were key to this study because of
the significance related to their findings and/or the strict focus
related to PPLT phasing. Specifically some reports focused
on the PPLT indications, display arrangement, and/or display
location—all of which are study factorsfor thisNCHRP study.

The select literature review identified several key findings
related to PPLT phasing:

* Hummer determined that the crash frequency is higher
for PPLT intersectionswith leading | eft-turns compared
with lagging left-turns (21). However, Upchurch deter-
mined that this was true for intersections with three
opposing lanes of traffic (22). Upchurch determined that
thelagging PPLT had the worst crash record when there
were two opposing lanes of traffic.

« Almost al literature shows that the leading protected
left-turn phasing has the lowest crash rate (22, 23).

« Upchurch (22) and Hauer et a. (24) both determined
that crash frequency relationship to traffic demand is
nonlinear.

+ Bonneson and McCoy determined there was no statisti-
cal difference in crash frequency among the most com-
mon PPLT display arrangements (25).

+ TheWashington Section of I TE determined the flashing
circular yellow display was safer than the circular green
permissive display (26).

« Agent (27, 28, 29) determined that the use of PPLT phas-
ing can reduce left-turn delay by 50% and total delay by
24%, compared with protected-only phasing.

Although not all reports agree with one another, the gen-
erd findingsrelated to theusein PPLT phasing, in aggregate,
suggest the following:

+ Vehicle delay decreases,
 Fuel usage decreases,

49

» Vehicle progression isimproved, and
+ Vehicle crashesincrease.

Theusein PPLT phasing should be applied on a case-by-
case basis, because not al intersection approaches are candi-
dates for PPLT phasing.

Data Analysis

For the purpose of this study, the research team identified
three sources of crash datafor analysis. First, crash data were
obtained from the same 24 study intersections examined inthe
operational and conflict studies. Specifically, crash data were
obtained for each of the following eight geographic regions
of the United States (three intersections per geographic loca-
tion): College Station and Dallas, Texas; Portland, Oregon;
Seattle, Washington; Detroit, Michigan; Cupertino, Califor-
nia; Dover, Delaware; and Orlando, Florida. The crash data
were requested for the most recent 3 years.

The second source of crash data was from the network of
volunteers identified through the Agency Survey. Without
exception, these data represented the circular green permis-
sive display (as alowed in the MUTCD).

For the third source of crash data, the research team evalu-
ated the database created in 1988 as part of a previous FHWA
study of PPLT displays (23). This third source of data was
identified as apotential source of historical data, in that some
of those intersections were thought to still be in operation as
they were in 1988. The research team intended to use the
information in the database as additional analysis locations
and thus as new data points or for comparative analysis. It
waslater determined that none of theintersectionsin the data-
base were using the same PPLT display and the same inter-
section geometry and, as a result, no further analysis of the
database was prepared.

Findings
Crash Analysis of the 24 Sudy Intersections

The research team calculated several different crash sta-
tisticsasfollows: (1) average number of crashes per year per
intersection, (2) the average number of crashes per year per
100 left-turning vehicles, (3) the average number of crashes
per year per 100,000 left-turning times opposing through
vehicles, and (4) the average rate for the intersection based
only on left-turn crashes. The findings of these analyses are
presented below.

» Theanalysis of the average crash rate per year indicated
that the four-section (dual indication) flashing circular
yellow indication used in Seattle experienced the fewest
number of crashes (per year) at 0.75. The highest aver-
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age crash rate per year occurred in Oakland County,
Michigan. Ranking by city is summarized in Table 3-4.

+ An analysis of average crashes per 100 left-turning
vehiclesindicated again that the flashing circular yellow
indication used in Seattle was the lowest. The highest
average statistic was 2.29 in College Station, Texas,
which had a circular green indication. Ranking by city
issummarized in Table 3-5.

« An analysis of the average crashes per [100,000 left-
turning vehicles multiplied by opposing through vehi-
cles] indicated yet again that the flashing circular yellow
indication used in Seattle had the lowest statistic and
that the circular green indication in College Station had
the highest statistic. Ranking by city is summarized in
Table 3-6.

« An anaysis of the average left-turn crash rate by inter-
section indicated that Cupertino, California, had the low-
est average at 0.28. The highest average crash rate by
intersection was College Station, Texas, at 0.70. Rank-
ing by city is summarized in Table 3-7.

In the aggregate, the crash analysis findings show that the
PPLT displays studied did not perform consistently within a
selection of four crash statistics. The ranking of one crash
statistic did not match that of another crash statistic. Two par-
ticular displays, the flashing circular yellow indication used
in Seattle and the circular green indication used in College
Station, did rank similarly among most of the crash statistics.
Further, there was no correl ation between the crash rate analy-
sis and the conflict study resultsin rank ordering.

Crash Analysis of the Intersections | dentified
Through Volunteer Agencies

Six volunteer agencies responded to a request to supply
crash data: the City of Modesto, California; the Mississippi
DOT; the North Carolina DOT; the Texas DOT; the Wash-
ington DOT; and the Wisconsin DOT. A total of 135 inter-
sections of crash data were received, of which 120 intersec-
tionswere used in the analysis. These crash data represented
atotal of 284 intersection approaches using PPLT control.
All of theseintersections used the five-section cluster or five-
section vertical display arrangement. The crash analysiscon-
sisted of computing the average crash rate for the intersec-
tion and resulted in arate that represents the overall average
accident ratefor the PPLT design type, calculated asthe aver-
age of the intersection accident rates.

In general, most of the intersections yielded results similar
to those found in Portland, Orlando, Dallas, and College Sta-
tion (locations that also use the circular green indication).
Several intersections yielded average crash rates of 1.5 and
higher (which may indicate a safety problem). No meaningful
trends were identified.

TABLE 3-4 Rankingof PPLT performance based on

crashes per year

City PPLT Indication Crash Rate
Sesttle Circular Flashing Y ellow 0.75
Cupertino Flashing Red Arrow 0.83
Dover Flashing Red Arrow 0.85
Portland Circular Green 1.04
Orlando Circular Green 1.48
Dallas Circular Green 2.06
College Station Circular Green 253
Oakland County Flashing Circular Red 292

TABLE 3-5 Ranking of PPLT performance based on
crashes per 100 |eft-turning vehicles

City PPLT Indication Crash Rate
Sesttle Circular Flashing Y ellow 0.47
Portland Circular Green 0.71
Orlando Circular Green 0.73
Cupertino Flashing Red Arrow 0.87
Dover Flashing Red Arrow 0.96
Dallas Circular Green 110
Oakland County Flashing Circular Red 1.23
College Station Circular Green 2.29

DRIVER CONFIRMATION STUDY

The driver confirmation study was conducted using fully-
interactive dynamic full-scale driving simulators located in
the Human Performance Laboratory on the University of
Massachusetts—Amherst (UMass) campus and at the Texas
Transportation Institute (TTI) at TexasA&M University. An
evaluation of the same PPLT signal displaysin a static envi-
ronment was also completed at both locations to provide

TABLE 3-6 Ranking of PPLT performance based on
crashes per [100,000 left turn X opposing through vehicles]

City PPLT Indication Crash Rate
Sesttle Circular Flashing Yellow 0.87
Cupertino Flashing Red Arrow 0.91
Orlando Circular Green 0.92
Oakland County Flashing Circular Red 1.18
Dover Flashing Red Arrow 1.85
Portland Circular Green 227
Dallas Circular Green 4.56
College Station Circular Green 6.75




TABLE 3-7 Ranking of PPLT performance based on
average left-turn crash rate

City PPLT Indication Crash Rate
Cupertino Flashing Red Arrow 0.28
Dover Flashing Red Arrow 0.29
Dallas Circular Green 0.34
Segattle Circular Flashing 0.34

Yellow
Oakland County Flashing Circular Red 0.44
Orlando Circular Green 0.49
Portland Circular Green 0.52
College Station Circular Green 0.70

comparison datato the simulator experiment aswell asto the
photographic driver study.

Objective

The objective of thedriver confirmation study wasto eval-
uate drivers comprehension of the most promising types of
PPLT signal displaysusing full-scaledriving simulators. The
following sections summarize the devel opment and adminis-
tration of the driving simulation experiment and the follow-
up static evaluation completed at both universities.

Signal Displays Studied

The previous research activities were used collectively to
identify the displays studied in this research task. Following
lengthy and detailed discussions of study results, theresearch
team and project panel identified 12 PPLT signal displaysfor
further evaluation. The selected displays differed in permis-
siveindication, display face, location, and through movement
indication. Each of the PPLT signal displays included only
the circular green indication and/or flashing yellow arrow
permissive indications.

The flashing red permissive indications and the circular
yellow permissiveindication were not evaluated in this effort.
The flashing red arrow and circular red indications were
eliminated by the project panel from future consideration
after much discussion with the research team because of the
message that theseindications presented (i.e.," stop, then pro-
ceed if agap isavailable” rather than the more typical PPLT
“proceed if agap is available” message). Additionally, the
flashing permissive red indications may dilute the meaning
of other red stop indications. The circular yellow indication
was eliminated because the flashing yellow arrow display
had nearly the same level of driver comprehension and the
flashing yellow arrow could be applied to either left- or right-
turn treatments.

The circular green permissive indication represented the
current state of the practice, and the flashing yellow arrow
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permissive indication represented the most promising alter-
native, based on study findingsto date and panel recommen-
dations. Figure 3-14 illustrates the PPLT displays evaluated
in the driving simulation experiment.

As shown in Figure 3-14, the research team included a
unique PPLT display that was currently in operation in Sparks,
Nevada. This “Sparks Display” uses an exclusive left-turn
signal display (five-section cluster) and simultaneoudly illu-
minates the circular green indication and the flashing yellow
arrow indication during the permissive left-turn interval. In
this application, the flashing yellow arrow indication is sup-
plemental information to the circular green indication.

Simulator Environment

Similar driving simulators at UMass and TT| were used
to complete the experiment. The two simulators are briefly
described below.

A fixed-base, fully interactive dynamic driving simulator,
housed in the Human Performance L aboratory on the UMass
campus, was used to complete the driving simulation exper-
iment. The vehicle base of the driving simulator is a 1995,
four-door Saturn sedan. Drivers can control the steering, brak-
ing, and accelerating similar to the actual driving process; the
visual roadway adjustsaccordingtothedriver’ sactions. Three
separate images were projected to create the “visual world”
on alarge semi-circular projection screen creating afield-of-
view that subtends approximately 150 deg. The simulator
also featured a surround audio system, a 60-Hz refresh rate,
and a resolution of 1024 x 768 dots per inch. The UMass
driving simulator is pictured in Figure 3-15.

At TTI, the apparatus used for the experiment was adriving
environment simulator (DES). Almost identical to the UMass
simulator, DESi consisted of threewhite screens2.28 m (90in)
in height and width, a 1995 Saturn SC2 complete vehicle,
three image-generation persona computers, one data collec-
tion personal computer, and threeliquid crystal display Prox-
ima 6810 projectors. The three separate images projected
onto the screens were aligned so they appeared to the driver
as one single image covering a 150-deg field of view hori-
zontally and a50-deg field of view vertically. Consistent with
the UMass simulator, participants sat in the center of the DES
inthedriver’s seat of the Saturn, from which they could con-
trol the steering, braking, and accelerating similar to the
actua driving process. The TTI driving simulator is pictured
in Figure 3-16. Figure 3-17 depicts atypical PPLT intersec-
tion in the UMass driving simulator experiment.

Simulator Study Methodology

Each driver was presented with a practice course before
the execution of the actual experimental modules. The prac-
tice course was provided to familiarize the driver with the
simulator environment. Oral communication between the
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Figure3-14. PPLT displays evaluated in driver simulator experiment.
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Figure 3-15. UMass Human Performance Laboratory driving simulator.

research team and the driver was avoided. Therefore, drivers
navigated through the modul es by using guide signs provided
on each intersection approach. In addition, driverswere asked
to observe speed limit signs (30 mph), providing a higher
level of realism and speed control during the experiment. The
driving portion of the experiment, including the practice
module, required between 15 and 20 min to complete.
Drivers' response to each PPLT signal display scenario
presented was recorded manually as correct or incorrect by
two members of the research team. Incorrect responses were
further classified as being fail-safe or fail-critical . A fail-safe
response was one in which the driver did not correctly
respond to PPLT signal display but did not infringe on the
right-of-way of the opposing traffic. A fail-critical response
was an incorrect response in which the driver incorrectly
responded to PPLT signal display and impeded the right-of-
way of opposing traffic, creating the potential for a crash.
Throughout the study, drivers were asked to express their
thoughts out loud about anything they observed. Research
team members were present to record the results of the Sim-
ulation, including responses at each intersection and other
driving-related factors such as indecision, unnecessary brak-
ing, or pertinent verbal comments. Each experiment was

recorded on videotape allowing the researchers to verify
and review the manually collected data.

Opposing Traffic

Each of the PPLT signal displayswas evaluated with oppos-
ing traffic at the intersection. The introduction of opposing
traffic required drivers to evaluate simultaneously the PPLT
signal display, traffic movement, and opposing gaps to com-
plete asafe permissive | eft-turn maneuver. This methodol ogy
was used to replicate the decision process required during
actual operation of a motorized vehicle within the roadway
system.

All gaps in opposing traffic were consistently applied at
intersections where drivers were required to make a permit-
ted left-turn maneuver. Six opposing vehicles were used.
Two vehicles were always positioned at the stop bar in the
two through lanes opposing the left-turn driver. The remain-
ing four were positioned further upstream in a specified gap
sequence. Gapswere set at 3and 7 sec in a series of 7-3-7-7;
therefore, opposing vehicles crossed the intersection 7, 10,
17, and 24 sec behind the two initially queued opposing vehi-



Figure3-16. TTI driving environment simulator (DES).

cles. Thecritical gap concept was used to select the gap sizes.
The Highway Capacity Manual indicates that a critical gap
value of approximately 5.5 sec for permitted | eft-turn maneu-
versin the design of a four-lane roadway is acceptable (16).
Therefore, a 3-sec gap was selected because it was small
enough that most drivers will not accept it, and a 7-sec gap
was selected because it was general ly acceptableto most driv-
ers. Providing a consistent sequence of 3- and 7-sec gaps
prevented gap selection from being a significant variable in
the PPLT analysis.

The only difference in the driving simulator experiments
at UMass and TTI was the initial method of introducing
the opposing traffic. For simplification, the methods will be
referred to asthe Release Method of Opposing Traffic (RMOT)
and the Continuous Method of Opposing Traffic (CMOT).

The RMOT isthe methodol ogy described above. A trigger
in the simulator model, similar to that used to change the sig-
nal indications, was placed near the left-turn stop bar at each
PPLT intersection to release the opposing traffic. By placing
the opposing traffic release trigger approximately 5 ft from
the stop bar, left-turn driverswere required to make adecision
as to the meaning of the PPLT signal indication and desired
action before knowing the actions of the opposing traffic.

At TTI, the research team explored the effects of aslightly
different opposing vehicle method. A total of 116 drivers
completed the experiment, which used the CMOT traffic. The
CMOT method of opposing traffic had the opposing traffic
moving asthe driver approached the intersection. All gapsin
opposing traffic were consistent with the RMOT method and
applied at each intersection where drivers were required to
make a permitted |eft-turn maneuver.

The opposing traffic consisted of three vehicles. As the
driver approached the intersection, atrigger in the simulation
located approximately 400 ft upstream of the left-turn stop bar
released the opposing traffic. At thistime, the first opposing
vehicle was located approximately 950 ft downstream of the
driver. The opposing vehicle was set to match the speed of
thedriver. Inthissetup, thefirst opposing vehicle approached
the intersection, almost mirroring the driver so that they
reached the intersection at approximately the sametime. The
next two vehiclesfollowed theinitial opposing vehicle 3 and
10 sec after thefirst vehicle; therefore, the driver observed a3-
and a 7-sec gap after theinitial opposing vehicle had passed.

Using two methods of opposing traffic allowed for an eval-
uation of opposing traffic impacts on driver comprehension
of PPLT signal displays. To determine the geographical
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Figure3-17. Screen capture of typical intersection in simulator at UMass.

effectsof driversinthesimulated environment, thelast 93 driv-
ersat TTI completed the experiment observing the RMOT
opposing traffic. Therefore, experimental methodology and
the information observed by drivers in the simulation were
identical.

Video-Based Static Evaluation

After completing the driving portion of the study, drivers
were asked to participate in a static evaluation of PPLT
signal displays. The static evaluation was administered
using videocassette recordings of the screen captures for
the 12 PPLT displays. The driver was shown each display
for 30 sec and asked to choose one of four responses to the
traffic signal displays. Similar to the earlier Photographic
Driver Study research effort, the four potential responses
were as follows:

+ Go, you have the right-of-way.

Yield, then go if agap in the opposing traffic exists.
Stop first, then go if agap in the opposing traffic exists.
+ Stop and wait for the appropriate signal.

Once drivers responded with one of the four possible
choices, they were asked to indicate their confidence in the
answer. Additionally, any comments made by the drivers
regarding the displays were manually recorded.

Confirmation Study Sample Size

The approved research plan stipulated that 400 drivers
complete the driving simulator experiment, of which 200
subjects would be tested at UMass and 200 subjects would
betested at TTI. To represent the general driving population,
four age groups of drivers were identified. In addition, an
attempt was made to include an equal number of male and
female drivers and a range of educationa and ethnic back-
grounds. A total of 464 drivers participated in the study, of
which 432 completed all experimental elements, yielding
4,613 individua evaluated PPLT scenarios (5,230 PPLT sce-
narios with the static evaluation).

Of the 432 participants who completed the study, the data
for 316 became the focus of the report findings. The 316
drivers were a combination of the UMass drivers along with
the TTI driverswho completed the experiment using the pre-
viously described RMOT method.

Confirmation Study Findings

Driver comprehension was determined from thedistribution
of correct and incorrect responses for each of the selected
PPLT signal displays. Several categoriesof incorrect responses
were used to further evaluate these data. Analysis of variance
(ANOVA) datistical techniques were used to analyze dl col-
lected datato evaluate drivers comprehensionrelated to the 12
selected PPLT signal displays.
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Driving Simulator Findings

Based on analysisof the 316 (223 at UMassand 93 at TTI)
driver evaluations (3,402 displays) that were obtained in a
procedurally equivalent manner, severa key findings were
made. These findings are presented below as they relate to
geographical effects comparing drivers from Massachusetts
and Texas, effectsof display type, driver demographics, first-
time reactions, and |earned behavior.

Statistical comparisons were made to evaluate whether
there were detectable geographic effects between driversin
Texas and Massachusetts. When considering the 12 experi-
mental PPLT signal displays in each geographic location,
there were no statistically significant differences between
locations. Because no statistically significant differenceswere
found between drivers from Texas and Massachusetts, the
two databases were combined for further analysis.

With respect to display type, the following findings were
then made:

+ In the aggregate, the data showed a high level of com-
prehension with no variation between the different
PPLT displaystested. Drivers responded correctly 91%
of thetime with no statistical difference between the 12
PPLT displays

» Thepercentage of correct responses showed no statistical
difference in driver comprehension when the data were
cross-analyzed by permissiveindication, display arrange-
ment, through indication, and location of the display.

» There was no statistica difference in the percentage of
correct responses between permissiveindication (circular
green indication, flashing yellow arrow, circular green
indication/flashing yellow arrow), signal display arrange-
ment (five-section cluster, four-section vertical, or five-
section vertical), PPLT display location (shared or exclu-
sive), or adjacent through indication (circular green
indication or circular red indication). Additionally, there
were no significant differences by thevarious PPLT dis-
play components in terms of the percentage of fail criti-
cal responses.

Demographic factors such as sex, age, driver experience,
and education were all expected to influence driver under-
standing of the PPLT displays. When evaluated on the basis
of demographic effects, the following findings were made:

» Thedatashowed that theoverdl level of correct responses
to each permissive indication was not significant when
analyzed by sex, age, number of miles driven annually,
or education.

« Combined analysis of the data showed an interaction
effect between sex and age. In thisanalysis, therewasa
statistically significant difference between the three age

groups (ages under 24, ages 24-45, ages over 45) within
thefemaledriversand the percentage of correct responses.

» Therewere no statistically significant differencesin the
percentage of correct or fail critical responsesfor the sex
demographic acrossthe 12 PPLT signal displays evalu-
ated. Males and females had statistically equivalent lev-
€els of comprehension.

» Considering failure responses, the age demographic
resulted in statistically significant differences. Drivers
over the age of 45 had significantly fewer fail critical
responses. Overall, older drivers were more cautious in
thedriving simulator experiment, often opting to wait for
all opposing vehiclesto pass before completing the per-
missive left-turn maneuver.

+ Drivers who had driven between 10,000 and 20,000
milesin the previousyear had significantly more correct
responses and significantly fewer fail critical responses
than those who drove fewer than 10,000 miles in the
previous year.

 Education level of the driverswas not statistically sig-
nificant in determining comprehension levelsin terms
of the percentage of correct responses. However,
PPLT Scenario 3 (five-section cluster in ashared loca-
tion with a flashing yellow arrow permissive indica-
tion and circular green through indication) was com-
prehended significantly more by drivers with only a
high school diplomathan drivers with a higher educa-
tion level.

Another areaof interest in evaluating drivers' responsesto
the PPLT displays presented in the simulator environment
wasthe manner in which driversresponded thefirst time they
were presented a given PPLT display. Such an evaluation
was expected to provide insight as to the intuitive nature of
the PPLT display(s). In addition, comparison of results for
the same driver reacting to each permissive indication were
reviewed to assess whether any detectable learning occurred
as they proceeded through the virtual world. Each of the
PPLT signal displayswas equally likely to bethefirst PPLT
display evaluated because of the balanced design of the
experiment. Consequently, each of the 316 drivers in this
dataset had an equally likely chance of observing any of the
12 PPLT signal displays first. Findings of the evaluation
include the following:

» Anaysisof thefirst observed PPLT display encountered
by each of the 316 drivers determined that the number
of correct responseswas not significantly different across
the 12 PPLT signal displays.

» When reviewing driver responses to the first observed
PPLT signal display, there were significantly more fail
critical responses when using the five-section cluster in
a shared location with a flashing yellow arrow permis-
sive indication and circular green through indication
than when using a five-section cluster in a shared loca



tion with acircular green permissiveindication and cir-
cular green through indication.

* It was noted that the five-section cluster with circular
green permissive indication and circular green through
indication has been commonly used in both Massachu-
settsand Texas, and it was deemed reasonable to assume
that drivers had encountered this display prior to partic-
ipating in the experiment.
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observed within age, education, and driving experience
demographics. Drivers over the age of 45 had a signifi-
cantly lower comprehension of the PPLT signal displays.
Drivers with only a high school diploma had a signifi-
cantly lower comprehension than drivers with a higher
education level. Interestingly, those who drove between
10,000 and 20,000 miles in the previous year had sig-
nificantly more correct responses than those who drove
fewer than 10,000 miles and those who drove over 20,000

. . - miles the previous year.
Static Evaluation Findings

Based on analysis of 436 driver evaluations (5,230 dis-  priying Simulator and Static Evaluation
plays), thefindings of the video-based static eval uation exper- Comparison Findings
iment included the following:
The results of both the driving simulator and static eval-
» Overal driver comprehension was high—83% of 5,230 uation were compared for each driver and for all drivers
scenarios were evaluated correctly. combined. This analysis was completed to see how basic
+ The permissive indication resulted in statistically sig-  driver comprehension (as demonstrated by the static eval ua-

nificant differences of correct and fail critical responses.
In contrast to the previously described driver simulator
findings, displayswith the flashing yellow arrow permis-
sive indication and the circular green/flashing yellow
arrow simultaneous permissive indication had signifi-
cantly more correct responsesthan displayswith thecir-
cular green permissiveindication. Displayswith thecir-
cular green permissive indication were associated with
significantly more fail critical responses than displays
with either the flashing yellow arrow or circular green/
flashing yellow arrow permissive indications.

» PPLT displayswith thefour-section vertical display face
had a significantly greater number of correct responses
compared with the five-section vertical and five-section
cluster displays. However, only theflashing yellow arrow
permissiveindication wasevaluated in thisdisplay face,
and it is likely this combination that accounts for the
increased percentage of correct responses.

+ Scenarios that contained circular red indications in the
through movement signal heads resulted in a signifi-
cantly lower percentage of correct responsestothe PPLT
displays than when the circular green through indica-
tionswere presented. PPLT displays associated with the
circular red through indication also resulted in signifi-
cantly more fail critical responses. The research team
considered thelower correct responserate to result from
unfamiliarity. It is not common to use a permissive
green indication for the left-turn lane and ared indica-
tion for the through movement. Thisdemonstrated again
that simultaneously displaying conflicting indications
causes confusion.

» Thelocation of the PPLT signal display (whether it was
ashared or an exclusive display) did not result in statis-
tically significant differencesin correct responses.

* In contrast to the previously described driver simula-
tor findings, statistically significant differences were

tion) compared with driver actions when presented the same
signal display scenario, but with the addition of al of the
dynamic elements associated with driving. Combining the
results of both the driving simulator experiment and video-
based static evaluation led to the following conclusions:

+ Driver comprehension in the simulator experiment was
significantly higher than the static evaluation. The results
validate two important beliefs:

— Driver decision making during a left-turn maneuver
incorporates much more than comprehension of the
PPLT display. In fact, drivers often based their deci-
sion on opposing vehicle movements rather than the
PPLT display. Drivers who do not completely com-
prehend the meaning of the PPLT display use other
available information to make their decision.

— What drivers say they will do (based on comprehen-
sion of the PPLT display alone) and what they actu-
aly do in the driving environment are not always
consistent.

» The higgest inconsistencies occurred for displays with
the circular green permissive indication. In the simula
tor experiment, the four scenarioswith the circular green
permissive indication resulted in fail critical responses
6% of the time. By contrast, the same four scenariosin
the static evaluation resulted in fail critical responses
19% of the time. Drivers are confused by the circular
green indication and often assume it provides right-of-
way during the permissive left-turn interval. This lack
of comprehension is not directly reflected in left-turn
crash statistics, because drivers compensate for com-
prehension deficiencies by considering other informa-
tion, such asfollowing the lead vehicle, gauging oppos-
ing traffic, and choosing acceptable gaps.

* Inthe simulator experiment, the through indication had
little effect on driver comprehension, while in the static
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evaluation, the circular red through indication resulted
in lower comprehension levels. Based on driver com-
ments throughout the entire experiment, drivers often
did not observe the through indication in the simulator
but noticed the through indication in the static evalua-
tion. Thisbehavioral pattern was explainable, because,
in a pure evaluation of comprehension, drivers search
for all available information. The only information in
the static evaluation wastheleft-turn and through indi-
cation. Therefore, if the driver was unsure about the
meaning of the left-turn indication, he or she used the
through movement and prior experiences in order to
decide how to act. Many times, this practice still led to
an incorrect response.

» Comparing al types of responses in both of the experi-
ments, it can be said that many driversbasetheir left-turn
decision on surrounding traffic, specifically the opposing
traffic, instead of the signal indication. Thiswas shown
to result primarily from alack of driver understanding
of the indication. Under experimental conditions, sev-
eral drivers made left-turn decisions without any con-
sideration of the PPLT display.

Implications of Driver Comprehension Study
Findings

Collectively, the study data showed a high level of com-
prehension with no variation between the different PPLT dis-
playstested. Therewasno statistical differencein driver com-
prehension when the data were cross-analyzed by permissive
indication, arrangement, through indication, and location of
thedisplay. Thelack of significant differences documentedin
this study isinitself asignificant finding. Given that the con-
firmation studiesfound no differencein display types, thereis
evidence to suggest that the PPLT indication is only one of
many elements that the driver takes into account when mak-
ing left-turn decisions. Thisresult also explainswhy low level
of comprehension related to the circular green permissive
indication is not consistent with left-turn crash frequencies.

FIELD IMPLEMENTATION STUDY

To addressthe lack of real-world applications of the flash-
ing yellow arrow PPLT display, the project panel approved
the study of the flashing yellow arrow display in the field as
part of the NCHRP 3-54 (02) amended study. The project
panel thought that thistask was needed before such adisplay,
if deemed “best understood,” could be recommended to the
NCUTCD.

Objective

The objective of thefield implementation study wasto doc-
ument the implementation of the flashing yellow arrow dis-

play, associated technical and non-technical issues, and saf ety
and cost implications associated with implementing this dis-
play. Thefollowing sections summarize the devel opment and
administration of theimplementation study, thefield data col-
lected, and the results.

Methodology

Thefield implementation study wasinitiated, at the request
of the project panel, to collect actual field data on the flash-
ing yellow arrow display. Theimplementation study collected
before and after data relevant to the implementation of a
flashing yellow arrow PPLT display (e.g., conflict data) to
record the safety performance associated with the flashing
yellow arrow display. Theimplementation study also collected
field operational data, such as start-up lost time and satura-
tion flow rate data, to quantify the operational impacts. The
implementation study monitored field installation by the oper-
ating agency and documented techniques aswell astheissues
resolved (e.g., control logic) for successful implementation
to be achieved. In addition, agency assistance was sought to
help quantify other implementation issues, such asfield per-
sonnel reaction, aswell aslabor, hardware, and software costs.
The following sections discuss background information on
how the study locations were identified and what wasrequired
of the volunteering agencies and the research team.

Implementation Plan

The research team sought the participation of volunteer
agencies on a national basis. In August 2000, the research
team issued a Request for Proposal for an Implementation
Plan for submittal to volunteer agencies, identifying the proj-
ect goals and objectives, project requirements, and responsi-
bilities of both the volunteer agencies and the research team.
A copy of the Implementation Plan is included in Working
Paper No. 8 on the accompanying CD-ROM.

The research team was very specific about the characteris-
tics of the study and control intersections, aswell asthe dis-
play that would be used in the implementation study.

Each volunteer agency implementing the flashing yel-
low arrow display was required to first request (and receive)
approval for experimentation of a traffic control device
though FHWA.

Characteristics of Sudy Intersections

The intersections selected for evaluation currently oper-
ated PPLT signal phasing and were considered typical inter-
sections containing no unique geometric or operational fea-
tures. Specific features sought in study intersectionsincluded
the following:



+ Right angle intersections with four approaches,

» Exclusive left-turn lane(s) on the study approach,

» Current use of the green arrow indication for the pro-
tected |eft-turn movement, and the circular green indi-
cation for the permissive left-turn indication

» Relatively flat approach grades,

+ Lanewidths of 12 ft,

* No on-street parking, and

* No other variablesthat directly affect the left-turn move-
ment being evaluated.

Each agency that volunteered to participatein the study was
asked to identify at least three intersections for improvement
(i.e, ingtalation of the new flashing yellow arrow PPLT sig-
nal display). An additional three intersections were identified
within each study region that did not receive any improve-
ments during the study period. These intersections served as
control sites. Therefore, at least Six study sites were requested
at each study region (study regions sometimes involved mul-
tiple agencies).

Proposed Flashing Yellow Arrow Display Face

The research team, in partnership with project panel and
Technical Advisory Group members, identified severa dis-
play faces that research demonstrated as having good driver
understanding. Four possible PPLT signal displays were rec-
ommended for installation of the flashing yellow arrow dis-
play at locations where there was an exclusive left-turn lane,
and theleft-turn display was an exclusive display (not used by
the adjacent through movements). Those aternative displays
areshownin Figure 3-18 below. Asshownin Figure 3-18, the
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display could be implemented in four different configura-
tions, using three or four sections and horizontal or vertical
alignments. The three-section display options involve shared
use of a bi-modal section by the green and flashing yellow
arrows. The three-section display face may be desired for
clearance purposes or for ease of implementation, if an exist-
ing three-section display face is available. The signa display
face could be mounted either vertically or horizontally.

In the exclusive display application, one, and only one, of
thefour arrowswasilluminated at any time. Theflashing yel-
low arrow wasilluminated during the permissive phase when
traffic could turn after yielding to opposing through traffic
and/or pedestrians. The other three arrows were used for the
normal three-color exclusive left turn display. Thered arrow
indi cation was displayed when aleft-turn movement was pro-
hibited. The green arrow indication was displayed when the
left-turn movement could be made with no conflicting simul-
taneous vehicle or pedestrian movement (protected operation).
The steady yellow arrow indication was illuminated for afew
seconds as a clearance indication following both the green
arrow indication and the flashing yellow arrow indication.

Implementation Study Findings
Participating Agencies

Beginning in August 2000, the research team contacted
over 35 agencies from across the United States. Of those 35
agencies, 9 submitted a request to FHWA for experimenta-
tion of the flashing yellow arrow display. Two of those nine
study implementation locations withdrew from participation
because of controller logic issues or implementation proce-
dures not consistent with the project objectives.
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Figure 3-18. Exclusive flashing yellow arrow display faces.
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Thefirst agency to respond to the volunteer solicitation was
Montgomery County, Maryland. In September 2000, Mont-
gomery County implemented the flashing yellow arrow dis-
play at three intersections. Maryland's participation in the
implementation study was subsequently followed by other
agencies as summarized in Table 3-8.

Other Agency Participation

In addition to the agencies listed in Table 3-8 that have
implemented the experimental flashing yellow arrow dis-
play, three other agencies requested and received FHWA
approval to participatein the study. Two of the agencieswere
ultimately unable to participate and one agency was not able
to implement within the time frame allotted to the research
project; further details are as follows:

» The City of Kennewick, Washington, received FHWA
approval to implement and planned to do so by October
2001, but later withdrew from the study because of sig-
nal controller complications that could not be resolved
to the city traffic engineer’ s satisfaction.

+ The City of Carson City, Nevada, submitted its request
for implementation to FHWA; however, the proposed
implementation included a supplemental sign explaining
the meaning of the flashing yellow arrow display. After
discussions with the research team, it was decided that
FHWA would approve theinstallation if the supplemen-
tal sign was dropped from the implementation. As the
completion of the research project approached, Carson
City had not responded to FHWA and it remained unclear
how or if the City would proceed with implementation.

* Snohomish County, Washington, received FHWA
approva for implementation and planed to implement at

TABLE 3-8 Summary of implementation study sites

one intersection; however, implementation was delayed
by traffic signal controller software issues that were not
resolved by the software manufacturer prior to comple-
tion of the research project.

Summary of Field Implementation Locations

Montgomery County, Maryland. Montgomery County
implemented the flashing yellow arrow display in September
2000 at threeintersections. A four-section vertical all-arrows
display was used. The flashing yellow arrow indication was
tied to the opposing through green indication. The County
used Econolite NEMA controllersfor local intersection man-
agement, and implementation required special external logic.
The County did not issue amediapress release prior toimple-
mentation but did use variable message signs in advance of
the intersections for a period of 48 hr. The County has had
minimal citizen feedback during the more than 2 years of
deployment.

Tucson, Arizona. The City of Tucson, Arizona, was the
only agency to implement and then discontinue use of the
flashing yellow arrow display. The City implemented flash-
ing yellow arrow on May 30, 2001, at two intersections,
replacing PPLT displays with a five-section vertical display
face. The City of Tucson used the flashing yellow arrow for
their right-turn overlaps for more than 10 years without any
problems. The City’s local intersection management soft-
ware was used with Econolite ASC/2 controllers. The City
used an external flashing circuit tied to the flashing yellow
arrow indication, which did not conflict with the controller’s
conflict monitor.

Within 1 week of implementation of the flashing yellow
arrow, there was a crash at one of the study intersections. The
city manager directed the city traffic engineer to rescind par-

Number of
Agency Implementation Date Implementation Sites
Montgomery County, Maryland September 2000 3
City of Tucson, Arizona May 2001 3
Jackson County, Oregon May 2001 1*
Oregon Department of Transportation June 2001 2
City of Beaverton, Oregon April 2002 3
Broward County, Florida June 2002 3

*One site in Jackson County met the NCHRP 3-54 study requirements. The County implemented non-conforming
displays at five other locations in the County with FHWA approval.

**|n September 2002, Broward County received approval from FHWA to implement the flashing yellow arrow display
at two additional intersections bringing the total number of flashing yellow arrow implementation sites to five.



ticipation in the implementation study. The flashing yellow
arrow was not reported to be directly linked to the cause of the
crash. Based on feedback from the operations engineer, the
intersection operations performed well during the time that
the flashing yellow arrow display was in effect. The flashing
yellow arrow display continues to be used for the right-turn
overlap movements, as it has for more than 10 years.

Jackson County, Oregon. Jackson County, Oregon, pur-
sued a different path with its implementation of the flashing
yellow arrow display. The county traffic engineer for Jackson
County approached the research team to implement the flash-
ing yellow arrow display in the county. The County had only
oneintersection that could be converted from existing PPLT
to the flashing yellow arrow display that met the research proj-
ect’ srequirements. The County submitted the FHWA request
for experimentation and it was approved by FHWA. Thesin-
gleintersection began operating with aflashing yellow arrow
display using afour-section all-arrow vertical display face.

Since initial implementation in 2001, Jackson County
converted five existing exclusive (protected only) left-turn
operationsto PPLT control with aflashing yellow arrow dis-
play. However, in theseinstallations, the County used athree-
section vertical display face—the center indication was used
for the yellow arrow clearance (following the circular green
indication) and the flashing yellow arrow (permissive period)
indication. The County pursued this approach to eliminate
the costs of a new display face (four-section) and running
additional wire cableand to addressvertical clearanceissues.
The County submitted a request to FHWA for approva to
implement thethree-section arrangement of theflashing yellow
arrow display. The reguest was originally denied by FHWA
but later approved by FHWA after FHWA staff reviewed
video of the intersection showing the operation. The video
showed the adjacent through signals going to yellow at the
same time as the flashing yellow arrow changed to a steady
yellow arrow in the same section. The ability of left-turn driv-
ersto see the through signals changing to yellow madeit less
necessary for the change from the flashing yellow arrow to
the steady yellow arrow to be positional. Accordingly,
FHWA issued aletter authorizing the County to implement
the three-section PPLT flashing yellow arrow display. Fig-
ures 3-19 and 3-20 illustrate Jackson County’s retrofit of a

Red Arrow (Stop)

(1)
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three-section display and the corresponding operation of the
signal.

The County received very positive feedback from thelocal
police department and citizens. The County’s local inter-
section management was a Type 170 controller with Wapiti
WA4IKS firmware. Special command box logic was required
to implement the flashing yellow arrow indication.

Woodburn, Oregon. The Oregon Department of Trans-
portation (ODOT) implemented the flashing yellow arrow
display in June 2001 at two intersectionsin Woodburn, Ore-
gon. A four-section vertical all-arrowsdisplay wasused. The
local intersection management was a Type 170 controller
with Wapiti WAIKS firmware. Special command box logic
was reguired to implement the flashing yellow arrow indica-
tion. ODOT and the local City government (City of Wood-
burn) staff reported receiving minimal public feedback regard-
ing the flashing yellow arrow displays.

Beaverton, Oregon. The City of Beaverton, Oregon,
implemented the flashing yellow arrow display at three study
locations in April 2002 after having been granted authority
to implement the flashing yellow arrow display from the City
Traffic Commission and the Mayor’s office. A four-section
all-arrows display was used. The local intersection manage-
ment was controlled by a Type 170 controller with Wapiti
WA4IKS firmware. Special command box logic was required
to implement the flashing yellow arrow indication. The City
was able to use the same basic logic devel oped by ODOT for
the Woodburn site in their implementation. At the time this
report was prepared, no problems had been experienced at
the intersections.

Broward County, Florida. Broward County was first
approached by the contractor to implement the flashing yel-
low arrow display in May 2000. It was not until May 2002
that the County implemented the experimental display. This
2-year relationship between the contractor and implementing
agency is an example of the many challenges that agencies
faced in participating in this study as well as making future
changes. Implementation in Broward County was delayed by
many factors, most of which could be attributed to limited
County staff resources (time) and the desire to implement a

Bi-modal Flashing Yellow Arrow (Permissive Left-Turn)
and Clearance Steady Yellow Arrow

Green Arrow (Protected Left-Turn)

Figure 3-19. Jackson County, Oregon—3-section retrofit to flashing

yellow arrow PPLT display.
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Figure 3-20. Operation of Jackson County, Oregon’s 3-section flashing yellow arrow

PPLT display.

different display from that requested by the research project
(which required an additional FHWA approval process).

Ultimately, the County implemented a five-section vertica
display, with the top two indications being acircular red indi-
cation and acircular yellow indication. The bottom three indi-
cations were al arrows with the flashing yellow arrow con-
tained in the middle section asshownin Figure 3-21. It wasthe
County’s desire to clear the approach with al circular yellow
indications, rather than clearing the left-turn movement with a
yellow arrow indication, as the research team proposed.

In October 2002, the County received approva from FHWA
to implement the flashing yellow arrow display at two addi-

tional intersections, bringing the total number of intersec-
tions with the flashing yellow display to five.

Conflict Analysis Findings

As part of thefield implementation study effort, before and
after studies were conducted at each of the flashing yellow
arrow implementation study sites. Thelocal jurisdiction and/or
research team membersvideotaped 16 hr of before/after data.
The research team reviewed the videotapes to conduct a con-
flict rate analysis.
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Figure3-21. Broward County flashing yellow arrow
display arrangement.

The before and after conflict analysis focused on conflicts
and events specifically related to the left-turn signal display.
Thistypically included driver hesitation on a permissiveindi-
cation (circular green indication or flashing yellow arrow) or
driver hesitation on a protected indication (green arrow).
Driver hesitation in either instance provided an indication
about drivers' comprehension of the presented indication.
Left-turn conflicts, such as adriver failing to yield the right
of way to opposing traffic on a permissive indication, were
also observed because such conflicts provided the research
team with additional information about drivers comprehen-
sion of the particular left-turn indication. Although many con-
flicts were observed, this analysis focused on only those
related to the left-turn signal display. The results of the con-
flict analysisare shown in Tables 3-9 and 3-10 for the before
and after analysis periods, respectively.

As shown by the two tables, there was little notable dif-
ferencein the before and after conflict rate and no difference
that could be attributed to the change in PPLT display.

Follow-up headway information and corresponding flow
rate were also evaluated for the permissive left-turn move-
ments. The headways between queued permissive left-turn
vehicles selecting the same gap in opposing traffic were
determined from the field videos. Tables 3-9 and 3-10 also
show the follow-up headway findings. At many intersec-
tions, few instances with two permissive left-turns being
made in the same gap were observed, and the corresponding
headway and flow rate information is based on only a small
sample size. Based on the data available, the changein PPLT
display to the flashing yellow arrow had a negligible impact
on follow-up headway. A site-by-site summary of the analy-
sisfindings is documented in Working Paper 8.

Field Observations During Flashing Yellow
Arrow Activation

In additionto the before and after data collection and analy-
sis, members of the research team were present as the flash-
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ing yellow arrow permissive indication was activated at six
of the site locations. The premise for these visits was to
observe whether there was any evidence of initial driver
confusion that might not be apparent from observation of the
after videos, particularly if drivers had learned the meaning
of the experimental display before the video data were col-
lected. Researchers present at the three Beaverton, Oregon,
flashing yellow arrow installation sites observed no unusual
or significant findings at the time the display was activated.
Similar results were observed at the three Broward County,
Florida, experimental sites asthe flashing yellow arrow indi-
cation was activated. The observations made at the time the
flashing yellow arrow display was switched on are consistent
with both the before and after video dataat theseintersections,
indicating no significant difference when changing fromacir-
cular green to aflashing yellow arrow permissive indication.
The research team conducted on-site observations of flashing
yellow arrow operation used in Montgomery County, Mary-
land, and Woodburn, Oregon. Conditions similar to those in
Beaverton, Oregon, and Broward County, Florida, were
observed.

Post-Implementation Survey of Volunteer
Agencies

A post-implementation survey was administered to the
agencies that participated in the implementation study. The
survey sought to identify issues that had to be dealt with to
implement the flashing yellow arrow display, the cost to the
agency to implement the flashing yellow arrow display, and
whether there was support within the agency and outside the
agency for the flashing yellow arrow display.

Overall, each of the participating volunteer agencies expe-
rienced favorable results with the flashing yellow arrow dis-
play implementation. The most commonly reported problem
was overcoming the current design of controllersand conflict
monitors. In al cases, the participating agencies had to use
either internal logic (e.g., command box in the Wapiti firm-
ware for the Type 170 controller) or some type of external
logic or relay device to implement the flashing yellow arrow
display. These changes were necessary because the permis-
sive flashing yellow arrow and circular green through move-
ment indications could not illuminate simultaneously (prior
to conversion, the circular green indication was used to com-
municate both the through and permissive movements). It is
assumed that new controller software and any significant
upgrade of existing controller softwarewill include thisfunc-
tionality so that, over time, external logic will no longer be
needed. The special logic described above can be imple-
mented using a“logic box” external to the signal controller,
or with software enhancementsin the signal controller.

The cost to implement the flashing yellow arrow display
wasrelatively low (approximately $750 for new signal heads
and about 200 staff-hours total). All agencies received sig-



TABLE 3-9 Study intersection conflict data befor e flashing yellow arrow implementation—Page 1 of 2

Observational Safety Analysis (Display
Based)
Event FO”OW-Up
Hours of Headway
Observation Site PPLT Data Video Hesitation on | Hesitation on (veh/hr) /
State Period Location Intersection Type Display Source Reviewed Conflicts GB GA Sample Size
Hwy 99 5- ti
Woodburn wy 99 @ Study Section oDOT 16 0 0 0 NA
Hardcastle St. Cluster
H Li | - i
Woodburn Wy 99 @ Lincoln Swdy | o oecton oDOT 17 0 1 0 1,321 (12)
St. Cluster
OR May 2001
Hwy 99 @ Y 5-Secti
Woodburn Wy 98 @ Young | i) ection oDOT 26 0 3 1 1,440 (10)
St. Cluster
L Hwy 99 @ Baker 5-Section
McM Il Control ODOT 22 0 2 0 1,460 (9
cviinnviie Creek Rd. ontro Cluster ©
SW Allen Blvd. @ 5-Section
B t Stud UM 23 0 2 3 1,545 (40
caverton Wilson Ave. e Cluster ass ' (40)
Beaverton SW Allen Blvd. @ Study 5-Section UMass 23 0 0 4 1,410 (32)
Menlo Dr. Cluster
th .
Beaverton SW125' st @ Stdy | >Secton UMass 21 0 0 3 1,470 (18)
Longhorn Ln. Cluster
OR April 2002
nd .
Beaverton SWr2” St @ Control | > Section UMass 24 1 10 12 1,790 (35)
Bonita St. Cluster
Beaverton SWOlesonSt. @ | o | S-Section UMass 20 0 1 0 1,750 (25)
Vermont St. Cluster
NW Murray Rd. @ 5-Section
Beaverton Science Park Rd. Control Cluster UMass 16 1 1 0 1,661 (25)
Ajo Wi Park - i
AZ May 2001 Tucson o Way @ Par study | O8O qicson 24 0 0 0 1,408 (15)
Ave. Vertical

GB=Circular Green Indication
GA=Green Arrow Indication



TABLE 3-9 Study intersection conflict data befor e flashing yellow arrow implementation—Page 2 of 2

Observational Safety Analysis (Display
Based)
Event
Follow-Up
Hours of Headway
Observation PPLT Data Video Conflicts Hesitation on | Hesitation on (vehthr) /
State Period Location Intersection Site Type Display Source Reviewed GB GA Sample Size
Cecil St. @ E. 5-Section
Mont. Cty Gude Dr. Study Cluster County 16 0 1 0 1,925 (64)
E. Randolph Rd @ 5-Section
MD August 2000 Mont. Cty Fairland Rd. Study Cluster County 16 0 0 0 1,809 (83)
Montrose Rd. @ 5-Section
Mont. 1 1 1 1 2
ont. Cty Tower Oaks Blvd Study Cluster County 6 0 800 (28)
Broward Blvd. @ 5-Section
B d Ct Stud UM 8 1 3 2 1,470 (77
rowaratly | sw g™ Ave. e Cluster ass ATO(D)
Coral Springs Dr. 5-Section
B d Ct Stud UM 8 1 0 13 1,598 (13
rowar y @ Wiles Rd. udy Cluster ass (13)
Sample Rd. @ 5-Section
Broward Cty Riverside Dr. Study Cluster UMass 8 1 6 4 1,933 (17)
FL January 2002
Broward Blvd. @ 5-Section
B | M 1,7 7
roward Cty SW 70" Ave. Contro| Cluster UMass 8 3 0 9 ,735 (37)
University Dr. @ 5-Section
B t trol M 7 1 1,711 (2
roward Cty Wiles Rd. Contro| Cluster UMass 8 0 , (20)
Sample Rd. @ 5-Section
B d Ct Control UM 8 0 2 1 1,931 (21
rowarc Ly Rock Island Rd. ontro Cluster ass (21)

GB=Circular Green Indication
GA=Green Arrow Indication

<9



TABLE 3-10 Study intersection conflict data after flashing yellow arrow implementation—Page 1 of 3

99

Observational Safety Analysis (Display
Based)
Events Follow-Up
Hours of Headway
Observation Site PPLT Data Video Hesitation on | Hesitation on (veh/hr) /
State Period Location Intersection Type Display Source Reviewed Conflicts FYA GA Sample Size
Hwy 99 @ 4-Section
Woodburn Hardcastle St. Study Vertical ODOT 12 0 3 0 1,375 (15)
H 4-Secti
Woodburn wy 99 @ Study section oDOT 12 0 1 0 1,465 (19)
Lincoln St. Vertical
OR December
2001 .
H Y -
Woodburn Wy 99 @ Young Control 5-Section ODOT 12 0 1 (GB) 0 1,535 (45)
St. Cluster
L Hwy 99 @ Baker 5-Section
McM Il | DOT 12 1 (GB 1,962 (1
cMinnville Creek Rd. Contro Cluster ODO 0 (GB) 0 ,962 (10)
SW Allen Bivd. @ 4-Section
B M 1 4 1 47
eaverton Wilson Ave. Study Vertical UMass 6 0 0 ,650 (47)
SW Allen Bivd. @ 4-Section
Beaverton Menlo Dr. Study Vertical UMass 16 0 1 0 1,415 (9)
Sw 125" st. 4-Section
Beaverton @ Study ) I UMass 15 0 1 0 NA
Longhorn Ln. Vertical
OR June 2002 d :
sw 72" st. @ 5-Section
Beaverton Bonita St. Control Cluster UMass 20 0 6 (GB) 9 1,728 (35)
Beaverton SWoleson St @ | o | S-Section UMass 18 0 0 0 1,760 (24)
Vermont St. Cluster
SW Murray Rd. 5-Section
Beaverton @ Science Park Control UMass 18 1 0 1 1,603 (22)
Rd Cluster

FYA=Flashing Yellow Arrow Indication
GA=Green Arrow Indication



TABLE 3-10 Study intersection conflict data after flashing yellow arrow implementation—Page 2 of 3

Observational Safety Analysis (Display
Based)
Events FO”OW-Up
Hours of Headway
Observation Site PPLT Data Video Hesitation on | Hesitation on (vehthr) /
State Period Location Intersection Type Display Source Reviewed Conflicts FYA GA Sample Size
Hamrick Rd. @ E. 4-Section
k: M 2 1 1
Jackson Cty Pine St. Study Vertical UMass 0 0 6 3 ,550 (61)
E. Pine St. @ 3-Section
Jackson Cty Peninger St. Study Vertical UMass 17 1 0 8 1,440 (35)
OR June 2002
Table Rock Rd. 3-Section
Jackson Ct Stud UMass 19 0 1 1 1,584 (15
Y| @ Vilas Rd. y Vertical (19)
St t St. 5-Secti
Jackson Cty ewar @ Control ection UMass 16 0 0 6 NA
Columbus St. Cluster
AZ June 2001 Tucson Ajo Way @ Park Stud 5-Section Tucson 12 0 0 0 1,735 (14)
Ave. y Vertical
Mont. Cty Cecil St. @ E. 4-Section County 16 0 0 0 1,818 (38)
Study .
Gude Dr. Vertical
MD October 2000 Mont. Cty E. Randolph Rd Stud 4-Section County 16 0 0 0 1,827 (70)
@ Fairland Rd. y Vertical
Mont. Cty Montrose Rd. @ Stud 4-Section County 16 1 1 0 1,800 (42)
Tower Oaks Blvd y Vertical

FYA=Flashing Yellow Arrow Indication

GA= Green Arrow Indication

19



TABLE 3-10 Study intersection conflict data after flashing yellow arrow implementation—Page 3 of 3

89

Observational Safety Analysis (Display
Based)
Events FO”OW-Up
Hours of Headway
Observation Site PPLT Data Video Hesitation on | Hesitation on (veh/hr) /
State Period Location Intersection Type Display Source Reviewed Conflicts FYA GA Sample Size
Broward Blvd. @ 4-Section 1 2 5 1,644 (31)
B d Ct Stud UM 17
rowaraEY 1 sw eoth Ave. Hay Vertical ass
Coral Springs Dr. 4-Section 0 2 4 1,492 (12)
B M 2
roward Cty @ Wiles Rd. Study Vertical UMass 3
S | Rd. 4- i 1 1,933 (35
Broward Cty .amp.;e @ Study Sgc |:)n UMass 19 0 5 ' (35)
FL July 2002 Riverside Dr. Vertical
Broward Blvd. @ 5-Section 0 2 (GB) 2 1,593 (33)
B d Ct Control UM 16
roward Lty SW 70th Ave. ontro Cluster ass
University Dr. 5-Section 0 2 (GB 10 1,803 (24
Broward Cty .IV y @ Control I UMass 20 (GB) 24)
Wiles Rd. Cluster
Sample Rd. @ 5-Section 1 0 1 2,016 (20)
Broward Cty Rock Island Rd. Control Cluster UMass 18

GA=Green Arrow Indication

FYA=Flashing Yellow Arrow Indication



nificantly more positive than negative comment from the pub-
lic and from their own staffs.

Agency Feedback

In addition to the formal written survey response com-
ments, there was considerable anecdotal evidence that pro-
vided preliminary insight into the agencies’ perspectives on
use of theflashing yellow arrow display. The overall response
to the flashing yellow arrow display from traffic engineers
around the county was positive. In general, traffic engineers
expressed their approval of theflashing yellow arrow display
because of the following:

» The configuration provided an exclusive signal display
for the left-turn control.

 Theindication wasflashing, which attracted more atten-
tion.

 Thetraffic engineers had more operational control.

In general, local law enforcement agencies were support-
ive of the flashing yellow arrow display; however, there was
some hesitation from city councils and county commission-
ers because of concern about trying something new that was
not formally part of the MUTCD.

Public Reaction

Public commentsfrom citizenswho experienced the flash-
ing yellow arrow display in the field were generally positive.
Several volunteer agenciesreported receiving e-mailsor writ-
ten letters from the motoring public with most, if not all, in
support of the flashing yellow arrow display.

As part of the ongoing study activities, the research team
observed driver reaction to the flashing yellow arrow display
immediately upon implementation in the field. The drivers
responsesto the new displays suggest therewasvery little con-
fusion, with most drivers driving through the intersection asif
nothing were changed. Interestingly, at least one agency that
has implemented the flashing yellow arrow display reported
that drivers waiting to make a permissive left turn now stop
behind the stop bar and wait for a gap in opposing traffic
(rather than entering the intersection before stopping).

Agencies Declining Participation

A significant challenge encountered by the research team
was the recruitment of volunteer agencies to participate in
the field implementation study. The research team solicited
involvement from 35 individual operating agencies, of which
26 declined for various reasons. Through the course of ver-
bal discussionswith agency representatives and responsesto
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afollow-up survey that the research team conducted, the pri-
mary reason cited by agencies for not participating was their
lack of resources. Other explanations for not participating in
the implementation study included controller capabilities,
changesin management staff, and/or lack of technical and/or
managerial staff.

ENGINEERING ASSESSMENT

Intheinitial stages of the research, the research team devel-
oped an engineering assessment intended to explore the many
subjective elements affecting the use of traffic signal dis-
plays that were not measured through scientific experiment.
To perform the Engineering Assessment, the research team
considered practical issues related to how an agency would
actually implement a particular signal display or indication.
The discussion below presents the final engineering assess-
ment that was developed after completion of the Driver Con-
firmation and Field Implementation studies.

Objective

The Engineering Assessment considered scientific and non-
scientificimplementation issuesin thefollowing areas: safety,
operations, implementability, human factors, and versatility.
The updated engineering assessment identified objective and
subjective information needed in order to evaluate the signal
displayd/indications. The assessment provided athorough eval-
uation based upon sound engineering practice and the findings
of the various elements composing the research project.

Methodology

Theresearch team identified and answered questionsrel ated
to safety, operations, implementability, human factors, and
versatility. Experiences of practicing traffic engineers and
basic engineering judgment were applied when appropriate.

Two significant tables were developed in the engineering
assessment. The first table, Table 3-11, lists each of the
major categories (e.g., safety and operations) and each ques-
tion within each category. Each answer to each question was
rated from highest to lowest. By design, quantitative scores
were not associated with any display and/or indication (indi-
vidua questionswere not weighted equally). Therefore, judg-
ment was used to assess which displays and/or indications
performed better than others. Many of the questionsin Table
3-11 require further explanation or clarification of intent
and/or meaning. Each question in Table 3-11 is explored in
more detail in the full technical report documented in Work-
ing Paper No.1, Engineering Assessment, included in the
appendixes on the accompanying CD-ROM.

The second table, Table 3-12, identified allowable combi-
nationsof placement, display faces, and | eft-turn phasing. This



TABLE 3-11 Engineering assessment evaluation matrix—Page 1 of 4

Solid Circular Green Indication
Circular )
Traditional Green + Flashing
Five- Flashing Dallas Yellow
# Questions to be answered Section Arrow Display Arrow Comments
SAFETY
The driver

Does it fail safe? Is a misunderstanding of the indication likely simulation/confirmation study

S-1 to result in a safe action? O O O O has shown safer operation for
the flashing yellow arrow

Can the indication eliminate the yellow trap under all
S-2 operational and field conditions? O O 0 ‘
S-3 Can a red clearance be displayed after leading left? O O ‘ ‘
S-4 | Can the start of permissive indication be delayed? O O [ ) ()

Does it avoid dilution of the safety or meaning of other
S5 | indications? o e e e
S-6 | Are traffic violations minimized?
S-7 | Are accident costs reduced?
S-8 [ Are conflicts reduced? O O O [¢)

OPERATIONS

Does the indication increase total delay to the driver due to
O-1 | indecision, increased start-up lost times, reduced travel C C O ‘

speeds, and/or lower saturation flow rates?

T . All indications mean yield to

0-2 | Does the indication impact pedestrian movements? () () o o loft-turn driver
0-3 | Can the indication be used with lead/lag operation? O > () ()
0-4 Does the indication impact opposing left-turning traffic? O G ‘ ‘

Does the indication allow the skipping of all side-street
0-5 phases? O O o o
0O-6 | Is the indication consistent with flashing indications? ‘ ‘ ‘ ‘

R Does operating the intersection in flashing mode provide

o-7 negative consequences? ‘ ‘ ‘ ‘
0-8 | Does the indication lead to false starts or related driver errors? ™ o o o

Ranking s

cale: @ = highest/best; O = lowest/worst

0L



TABLE 3-11 Engineering assessment evaluation matrix—Page 2 of 4

Questions to be answered

Solid Circular Green

Traditional
Five-
Section

Circular
Green +
Flashing
Arrow

Dallas
Display

Flashing
Yellow
Arrow

Comments

IMPLEMENTABILITY

Are there significant issues with installation? Can the
indication be placed to meet with the current MUTCD
requirements?

=]

=]

Circular Green + Flashing Arrow
and flashing yellow arrow will
require amendment of MUTCD

Are there issues with conversion of existing indications?
-Convert a signal currently using traditional five-section
indication?

-Convert a signal currently using permissive-only?
-Convert a signal currently using protected-only?

Are there legal issues to consider including the Uniform
Vehicle Code and state and local laws?

-4

Does the signal indication permit maximum number of
signal phasing strategies?

ORN NI=T-1 )

O|® |@e®

@ 6 Ooe

@ 6 666

HUMAN FACTORS

Is the indication universally understood? Does the

H-1 | indication meet both a prioi and ad hoc driver

expectancies?

H-2 | Do drivers respond correctly to the information presented?

Do drivers accept the indication? Does the indication

H-3 | increase driver workload, reduce conspicuity, or increase

driver error?

H-4 | Are supplemental signs required for understanding?

H-5

Do drivers exposed to the "new" indication easily learn the
meaning?

Does the signal indication fail safe? What are the

H-6 | consequences of a driver misinterpreting the signal

indication message?

O |@Ol e @ @

O |@Ol @ |@ 6

O |00 @ @ @

© 60 o @ 6

Ranking scale: @ = highest/best; O = lowest/worst

TL



TABLE 3-11 Engineering assessment evaluation matrix—Page 3 of 4

Solid Circular Green
Circular )
Traditional Green Flashing
Five- +Flashing Dallas Yellow
# Questions to be answered Section Arrow Display Arrow Comments
VERSATILITY
V-1 | Does it allow permissive-only operation? [ ) [ ) [ ) ()
V-2 | Does it allow protected-only operation? O @) () ()
Does it allow change between mode of operation by
V-3 | time of day? O O ® ®
V-4 | Can it be used on curved approaches? o o O o
Does it allow two far-side LT heads in customary
V5 | jocations? o o O o
V-6 | Does it allow use of any phase sequence? @) @) () o
V-7 | Is it applicable to right turns as well as left? () (< ) (] [ )
V-8 | Can it be used with span wire-mounted signals? () () () o
Can heads be in same location as permanent
V-9 protected-only heads for easy conversion? 0 0 O o
Can heads be in same location as permanent
V-10 permissive-only heads for easy conversion? . . O o
: Does it allow use of all of the opposing through green
V-11 time for permissive turns? ® e ® ®
Can it be used when the left-turn lane is shared with
V12 rough traffic? L o O o
: Can permissive, turning traffic proceed legally without
V-13 stopping? . . ® o
Could it replace all current standard and non-standard
V-14 | PPLT indications? e < o d
Can it be used where there is no adjacent through
V-15 movement? ® ® 4 .
Can it be used where the adjacent through movement
V-16 is unsignalized? O O o o

Ranking scale: @ = highest/best; Q = lowest/worst

cL



TABLE 3-11 Engineering assessment evaluation matrix—Page 4 of 4

Questions to be answered

Solid Circular Green

Traditional
Five-
Section

Circular
Green +

Flashing
Arrow

Dallas
Display

Flashing
Yellow
Arrow

Comments

VERSATILITY (continued)

Can it be used when the left-turn slot is physically

standard, or allowed alternate?

V-17 | separated or on different alignment than through lane O O () [ )
(wide median, etc.)?
. Can the signal indication be placed horizontally or
V-18 vertically in the same arrangement? @ o @ o
V-19 | Does it work under all preemption scenarios? O ¢) ) [ )
Does it avoid the yellow trap situation under all
V-20 circumstances? O O ® o
. Can the permissive indication be easily applied to other
V-2l than PPLT situations? O O O o
Will practitioners likely use the indication if made the
v-22 | gh P y [ ) () o [ )

Ranking scale: @ = highest/best; Q = lowest/worst

€L
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TABLE 3-12 Allowable combinations of placement, display face, and phasing for potential display type

DISPLAYTYPE
Traditional Five- Solid Circular Flashing
Indication Section Circular Green Yellow
Placement | Arrangement Phasing Green — Dallas Display Arrow

Eve-section Lead-Lead Lefts Y2 N Yi

Cluster Lag-Lag Lefts Y N Y

Lead-Lag Lefts N N &

Shared ) ) Lead-Lead Lefts Y N vt
Indication with \F/ll\a/r?i-cs;ctlon Lag-Lag Lefts Y2 N Y?
Through Lead-Lag Lefts N N Y?
Five-section Lead-Lead Lefts Y2 N Yi

Horizontal Lag-Lag Lefts Y N Y

Lead-Lag Lefts N N &

Five-section Lead-Lead Lefts Y2 Y Y

Cluster Lag-Lag Lefts Y Y Y

Lead-Lag Lefts N Y Y

Exclusive Five-section Lead-Lead Lefts Y2 A A
Indication Vertical Lag-Lag Lefts Y Y Y
Lead-Lag Lefts N Y Y

Five-section Lead-Lead Lefts Y2 Y Y

Horizontal Lag-Lag Lefts Y Y Y

Lead-Lag Lefts N Y Y

Footnotes:
the bottom and use the yellow for the clearance.

1. Assumes that the yellow arrow indication serves to both clear the green arrow indication and flash for the permissive interval. Use the bi-modal in

2. Works only if serve both lagging lefts at the same time, otherwise a yellow trap may be created.

table identified the practical considerations regarding display
or indication, based on (1) whether the display/indication
could be used in ashared display face or an exclusive display
and (2) whether the display/indication could be used in a
lead-lead, lag-lag, or lead-lag left-turn signal operation.

Findings

The Engineering Assessment material presented in Table
3-11 focused on key issues surrounding safety, operations,
implementability, human factors, and versatility. The find-
ings of this assessment are highlighted below:

» Within the category of safety, the assessment findings
suggest that the flashing yellow arrow display offered the
highest level of safety, followed by the circular green
indication using the Dallas Display.

« Within the category of operations, the circular green
indication display using the Dallas Display performed
similarly to the flashing indications, with the remaining
circular green indication displays performing at lesser
levels.

« Within the category of implementability, the circular
greenindication wasidentified asbeing easiest to imple-

ment. This finding reflects the status of the circular green
indication as being the current standard for most agen-
cies. By comparison, the flashing yellow arrow display
was found to be easier to implement than a standard cir-
cular green indication in an exclusive left-turn display
and, overall, nearly equal to theimplementability of acir-
cular green indication display using the Dallas Display.

+ Within the category of human factors, the flashing yel-
low arrow display was found to rank the best.

« Within the category of versatility, the flashing yellow
arrow display was clearly shown to offer the most ver-
satility while the standard circular green display shared
with athrough lane offered the | east.

Table 3-12 identified alowable combinations of place-
ment, display face, and left-turn phasing and highlights the
fact that only the circular green indication and the flashing
yellow arrow can be used in both the shared display and in
the exclusive left-turn display. The circular green indication
has some limitationsin the shared display placement (e.g., it
cannot be used for lead-lag phasing, must serve both lagging
lefts at the same time, and has yellow trap potential). Conse-
guently, the comparison provided in Table 3-12 points out
that the flashing yellow arrow appears to be the most widely
applicable option.




CHAPTER 4
DISCUSSION

The NCHRP 3-54 (02) research project looked at all pos-
sible PPLT displays and shortened the list of PPLT displays
to aselect few. The research team collected sufficient datato
narrow thelist of potential PPLT displaysafter extensivedis-
cussions with the project panel members.

Thefinal study tasks of the project were focused on an eval-
uation of theflashing yellow arrow display in comparison with
thecircular greenindication, the MUTCD standard. The appli-
cation of adriver smulator provided an in-depth analysis of
driver understanding of the displays studied. When compared
with PPLT displays with a circular green permissive indica
tion, theflashing yellow arrow indication was shown to exhibit
superior qualitiesin some analysesand equal qualitiesin oth-
ers. In only afew cases did the flashing yellow arrow indica-
tion not yield ahigher level of understanding ascompared with
the circular green indication, such as when the display was
“first observed.” Thelaboratory-based research techniquesdid
not universally demonstrate that the flashing yellow arrow
indication represents a far superior indication to the circular
greenindication. Thefindingsof thelaboratory-based research
support the position that the flashing yellow arrow indication
represents the best alternative to the circular green indication.

Complementing the laboratory-based research techniques
wasthein-the-field-based implementation study in which the
flashing yellow arrow indication was deployed in the real
world and thoroughly studied. The Implementation Study
results demonstrated that the flashing yellow arrow indication
was well understood in amost all deployment cases. Analy-
sisof the conflict datasuggeststhat the flashing yellow arrow
indication is at |least as safe as the current MUTCD standard
(circular green indication). Where deployed, the flashing yel-
low arrow indication was preferred by amost all of the traffic
engineers, field technicians, and citizens when compared with
thecircular green PPLT indication. The Implementation Study
identified hardware and software i ssues related to implement-
ing the flashing yellow arrow display that would need to be
addressed before any widespread deployment could be con-
ducted. Through the Engineering Assessment, theflashing yel-
low arrow display wasidentified in three of the five categories
as“best” and near equal tothecircular greenindicationinthe
remaining two categories.

All PPLT displays and/or indications have been researched
thoroughly. The flashing yellow arrow indication/display was
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found to result in a high level of understanding and a lower
fail critical rate as compared with the circular green indica-
tion. The flashing yellow arrow display offers more versatile
field application features (e.g., the display can be (1) operated
in various operational modes by time of day and (2) imple-
mented on any signal mount and intersection configuration)
as compared with the circular green indication. To that end,
the recommendations presented in Chapter 5 focus on the
flashing yellow arrow display as preferrable to the circular
green indication.

The various research activities completed throughout the
courseof the project consistently supported theuse of theflash-
ing yellow arrow indication as an alternative to the MUTCD
circular green permissive indication. The Engineering Assess-
ment summarized many of the aspects by which theflashing
yellow arrow display was found to be equal to or superior to
existing PPLT displays. Similarly, the Confirmation Study
and the Field Implementation Plan demonstrated the viability
of the flashing yellow arrow display, as well as its perfor-
mance and acceptance upon introduction to the motoring pub-
lic. Theremainder of this chapter outlinestheresearchteam’s
basis for the recommendations documented in Chapter 5.

FINDINGS OF THE CONFIRMATION STUDY

Theresultsof the Confirmation Study showed thefollowing:

» The flashing yellow arrow display was as well under-
stood (measured in terms of correct responses to ques-
tions presented) as the circular green indication.

» There was no significant difference in the motoring pub-
lic'scorrectly interpreting the meaning of theflashing yel-
low arrow indication as compared with the circular green
indication. The data demonstrated that drivers’ under-
standing of the flashing yellow arrow display increased
with exposure.

» The flashing yellow arrow display showed a higher
fail-saf e response as compared with the circular green
indication.

» The conflict studies demonstrated that drivers interpret
the flashing yellow arrow display correctly.
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FINDINGS OF THE FIELD IMPLEMENTATION
STUDY

The results of the Field Implementation Study demon-
strated the following:

» The flashing yellow arrow display was successfully
implemented in the field with relatively little or no
technical or political issues. Post-implementation pub-
lic testimony almost unanimously supported use of the
experimental display. For example, the Jackson County,
Oregon, traffic engineer received the following voice
message referring to the new flashing yellow arrow PPLT
display: “I’'m[nameremoved for privacy] calling to com-
ment about your flashing yellow arrow on aturn lane. |
think it’s the best thing since sliced bread. It iseasy to
understand, makes traffic flow much more smoothly,
makes a lot better sense, you don't sit there waiting to
make a left turn when nobody’s coming. The one in
downtown Medford confused me, the green light and
the green arrow [referring to the standard MUTCD five-
section cluster PPLT display]. I’'m confused with that;
but with the flashing yellow light—I think it’s wonder-
ful. Don't change athing.” Letters and additional testi-
mony are presented later in this chapter.

+ Most practicing traffic engineers contacted during the
study endorse the flashing yellow arrow display.

+ Thefield data support high understanding of the flash-
ing yellow arrow display.

In addition to the many technical results of the research
elements supporting the flashing yellow arrow display, itis
also appropriate to reflect on the practical elements of why
the flashing yellow arrow display provides equal or supe-
rior performance as compared with the circular green PPLT
indication.

OPERATIONAL ADVANTAGES

There are many reasons some modes of |eft-turn operation
(e.g., permissive only, protected only, protected permissive,
lead/lag, and so forth) are chosen or the modeis changed dur-
ing the day. In most cases, however, itisfor operational effi-
ciency, such as to increase the left-turn capacity, improve
traffic progression through coordinated signals, or reducethe
duration required for the protected phase, including full sup-
pression of the protected phase. Each of the various control
modes of |eft-turn operation has certain advantages and dis-
advantages. It has also been demonstrated that the current
MUTCD standard circular green indication display presents
safety problems.

Asaresult, traffic engineers have had to balance efficiency
and safety when designing and operating intersections. Inno-
vative traffic engineers have searched for ways to maintain

intersection safety and improve intersection operations, as
demonstrated by the multiple non-standard PPLT displays
currently in use within the United States. Given this discus-
sion as a preamble, the flashing yellow arrow display, in an
all-arrow display face, supports the following modes of |eft-
turn operations.

Protected-Only Operation

The flashing yellow arrow display can be operated in a
protected-only mode. In the protected-only mode, the flash-
ing yellow arrow permissive indication is not used.

Protected-Permissive Operation

The flashing yellow arrow display is “logically tied” to
the green output of the opposing through movement to avoid
the yellow left-turn trap. Logically tying a phase means that
the traffic signal control software outputs the flashing yel-
low arrow indication (permissive turn) only during the green
interval of the opposing through phase. Thisensuresthat when
the permissive display terminates, the opposing through phase
will terminate simultaneously.

The original research problem statement addressed the
yellow trap issue as amajor concern and it was, in fact, fun-
damental to initiation of this research project. As shown in
Figure 4-1, logically tying the flashing yellow arrow indica-
tion to the opposing through green indication completely elim-
inates the yellow trap, even when lead/lag phasing is used or
when side street phases are skipped and the leading | eft-turn
phase now follows the through phase.

Permissive-Protected Operation

Historically, most traffic engineers with lagging protected
operations serve both left-turn phases for the same duration
S0 as to not create the yellow trap. Because the flashing yel-
low arrow display istied to the opposing through movement,
thereby eliminating the yellow trap, this operation becomes
much more efficient. This operation is especialy useful for
skipping the protected-only sequence when there is inade-
guate vehicular demand.

Permissive-Only Operation

The permissiveleft-turn operation allowsthe driversto exe-
cute left turns when gaps occur within the opposing through
movement. The flashing yellow arrow display allows the sig-
nal operation to change modes during the day in any way, or
for longer periods of time, if desired. A key advantageto this
flexibility is that the signal operation could, for example,
change from an eight-phase protected-only operation during
peak hours, to an eight-phase protected/permissive operation
during the day, to asimple two-phase permissive-only signal
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Figure4-1. Flashing yellow arrow logical link.

operation during low volume conditions. It is also feasible
for one direction to operate protected-permissive while the
opposite approach uses a different mode. All combinations
are feasible and can be selected to optimize the operational
efficiency as conditions change.

OTHER CONSIDERATIONS

Supplemental Display Arrangements

Theflashing yellow arrow display supportsall of themodes
of left-turn operation as identified above and can be imple-
mented in states that require supplemental signal faces. States

such as California use supplemental signal facesthat are nor-
mally located on thefar left side of theintersection. Thistype
of operation is not possible with the Dallas display because
of its need for optical shielding.

Right-Turn Overlap Display

The flashing yellow arrow display would solve the prob-
lem of having to prohibit the conflicting U-turn when oper-
ating aright turn overlap during a side street | eft-turn phase.
Similarly, the flashing yellow arrow display could be used
for driverswho might haveto yield to pedestrianswhileturn-
ing right from approaches with no through movement and in
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cases where a circular green indication cannot be displayed
(e.0., because of a one-way opposite approach).

UNIVERSAL APPLICATION

The flashing yellow arrow is the only display that pro-
vides a universal solution. It can be used at every intersec-

January 9, 2002

Dear Mr. Niemeyer,

tion, no matter how unusual. Other PPLT displays cannot be
used in some situations, such as when the signal arrange-
ments are mounted on span wires, when dual far-side signal
arrangements are needed (e.g., in California), when thereis
no adjacent through movement, when the approach is
curved, or when the turn must be held (not even permissive)
during railroad preempt athough both through movements
can proceed.

I wanted to write you in response to Dace Cochran's Cop Corner article in
today’'s Medford Mail Tribune. He mentioned that flashing yellow arrows are
being introduced in Jackson County as a way to study their effect versus the
signals that utilize both a green arrow and solid circle.

From my personal experience, | like the flashing yellow arrows much better than
the “combo” signals. | withessed an accident at the intersection of Murphy Road
and Barnett Road, here in Medford. One comment | heard from the man at fault
was that he had seen a solid green circle (he was turning left onto Murphy), so
he thought he had the right-of-way. The man driving the car that hit the first man
was heading West on Barnett, and t-boned the first man's vehicle. Of course, the
man driving the second car also saw a solid green circle. My opinion is that if the
intersection had flashing yellow arrows at the turn-lane, this accident may have
been avoided. Again speaking from my own experiences, | have noticed my
reaction to each type of signal. When | see a green light, my first reaction is ‘go”,
so | sometimes find myself responding to that trained response rather than the
one that says “don’t go when another car is coming”. Alternately, when | see a
flashing yellow arrow, there is no question that | need to watch what I'm doing,
look for approaching vehicles, and turn when it's safe.

| hope this feedback is helpful to you and your study. | would like to see more of
these signals installed around the valley, and look forward to reading more about

this project in the near future.

Thank you,
Figure 4-2a. Letter in support.



A NEED FOR CHANGE

There was much discussion within traffic engineering
forums that left-turning drivers need to know that thereisa
change in right-of-way permissions. It has been proposed
that a new display was needed that would change in color,
mode, position, and shape. That way, when in operation,
drivers would be alerted to new information on the signa
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Figure4-2b. Letter in support.
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face so they could align their movements with the correct
right-of-way permissions.

The flashing yellow arrow display, in a four-section dis-
play face, provides a change in color (green to yellow), a
change in mode (steady to flashing), a change in position (a
lateral change in display placement and a vertical changein
the display arrangement), and a change in shape (circular
green to ayellow arrow).

1/;5/01



80

PUBLIC SUPPORT FOR THE DISPLAY

The reaction from the public toward the flashing yellow
arrow has been positive. The Field Implementation Study
identified all seven implementing agencies as receiving
mostly positive feedback from local citizens. For example, as
found in Jackson County, Oregon, most of those in favor of
the flashing yellow arrow display wanted the displays retro-
fitted to other intersections where protected-only left turn
phasing was in operation. Figures 4-2a and 4-2b contain let-
ters submitted by local citizens supporting use of the flashing
yellow arrow displays.

Even outside the auspices of the NCHRP 3-54 project,
public reaction has been overwhelmingly favorable. For
example: the City of Reno, Nevada, received tremendous
public responseimmediately upon converting severa inter-
sections to using the flashing yellow arrow display. A total
of 66% of the callers favored the new display, 27% were
neutral (asked for information), and 7% were negative (they
did not see areason for the change). Although there were
some negative feelings about changing to the flashing yel-

low arrow display, such aresponse can be expected anytime
there is change in operation.

IMPLICATIONS FOR NONCONFORMING
PPLT DISPLAYS

This research project was initiated at the request of the
Signals Technical Committee of the National Committee on
Uniform Traffic Control Devices. A goal of the study wasto
identify the “best” PPLT display that would lead to the
determination of anational standard, whether that display was
the circular green indication or some other indication. This
study has shown that the flashing yellow arrow indication is
better understood than the circular green indication when used
for PPLT operation. The recommendationsidentified in Chap-
ter 5identify theflashing yellow arrow display asthe preferred
aternativeto the circular greenindication. Thefuture status of
other displays/indications currently in use around the United
States that do not conform to either the circular green indi-
cation or the new proposed alternative indication will need to
be determined by FHWA.




CHAPTER 5
RECOMMENDATIONS

Through the course of thisstudy, theindividual study tasks
such as the Agency Evaluation, Photographic Driver Study,
Traffic Operations Study, Traffic Conflict Study, Crash Analy-
sis, Driver Simulation Study, Field Implementation Study, and
Engineering Assessment have provided the research team with
a tremendous amount of data. Chapters 2, 3, and 4 of this
report have presented these data and captured key findings
derived from the study task activities. This chapter provides
theresearch team’ srecommendations based on the collective
project findings.

Based on the findings of this project, the research team
makes the three recommendations identified below.

RECOMMENDATION #1: INCORPORATE
FLASHING YELLOW ARROW DISPLAY
INTO THE MUTCD

It is recommended that the flashing yellow arrow display
beincludedintheMUTCD asan alowabledternative display
to the circular green indication when used in PPLT control/
operation.

RECOMMENDATION #1A: DISPLAYS

Thefour-section, all-arrow display face should bethe only
display allowed. The only display that justifies an exception
to this recommendation isthe three-section display face with
bi-modal lens. The three-section display face with bi-modal
lens should also be allowed because it operates in the same
way as does the four-section display face. Only one indica
tion shall beilluminated at any time. Allowed variationscould
be asfollows:

* The agency may use acircular red indication in lieu of
thered arrow.

A three-section al-arrow display using the center sec-
tion as a change interval and the permissive interval is
allowed, provided that all yellow change intervals for
the approach are initiated simultaneously.

* A five-section display may be used.

Figure 5-1 illustrates two potential options for retrofitting
afive-section display to incorporate the flashing yellow arrow.
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The five-section heads shown in Figure 5-1 would serve
only as the left-turn signal and would have to be shielded
from the adjacent through movement lanes. The adjacent
through movement indication would have to be provided on
an exclusive display. Furthermore, only oneindication in the
five-section display would be illuminated at any time.

As shown in Figure 5-1, the five-section display could
incorporate an all-arrow arrangement or a yellow circular
indication and ared circular indication. If thered circular indi-
cation is used, ayellow circular indication or yellow arrow
indication could be used for the permi ssive phase changeinter-
val. However, if ared arrow indication is used, the yellow
arrow indication must be provided for the change interval. In
either case, the protected left-turn elements of the display
would remain in their current location and the flashing yellow
arrow would replace the current green circular permissive
indication in the bottom right corner of the display.

RECOMMENDATION #1B: LOCATION

The flashing yellow arrow operation shall only be used in
an exclusive signal arrangement. The left-turn signal face
should be placed over the left turn lane.

RECOMMENDATION #1C:
SUPPLEMENTAL SIGNS

Supplemental signing is not warranted with a flashing yel-
low arrow display. Use of supplemental signingisoptional. If
a supplemental sign is deemed necessary, the following sign
should beused: YIELD ON FLASHING Y ELLOW ARROW
or YIELD ON FLASHING YELLOW [Symbolic Arrow].

RECOMMENDATION #1D: PHASING

When used for left-turn treatments, the flashing yellow
arrow shall be tied to the opposing through-green indication/
display. There may be adelay in theillumination of the flash-
ing yellow arrow display.
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Figure5-1. Potential flashing yellow arrow
retrofit to five-section cluster display (exclusive
|eft-turn display).

RECOMMENDATION 2: CONDUCT FOLLOW-UP
STUDY

It is recommended that a follow-up study be conducted for
this project. The follow-up study should be conducted after
there has been sufficient time for an implementation trial
period for agencies currently participating in the field imple-
mentation as well as for any additional agencies that may
choose to implement based on the findings of this research
effort. Sufficient time should a so be allowed to acquire before
and after crash data at the study intersections and correspond-
ing control sites. Given the difficulties encountered in obtain-

ing useful crash data for this research project, it is strongly
encouraged that any participating agencies carefully compile
and maintain crash data records for the study intersections.
Onceinitiated, the follow-up study should

* Analyze al available crash data for the experimental
flashing yellow arrow displays implemented as part of
this study;

* ldentify whether theflashing yellow arrow display should
become the only display alowed in the MUTCD for a
protected-permissive | eft-turn operation;

* ldentify whether, if theflashing yellow arrow isselected to
become the only display alowed for PPLT, the MUTCD
should a so be changed to add the following prohibition:
“For Permissive Only Mode operation, asignal facedis-
playing a circular green indication shall not be located
directly over or in line with aleft-turn lane”; and

* ldentify an implementation plan.

RECOMMENDATION 3: RESTRICT USE
OF FLASHING RED INDICATIONS

The use of the flashing red indication should only be
implemented where an engineering study has identified that
all drivers must come to a complete stop before proceeding
on the permissiveinterval.
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