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Abstract

The objective of this research was to analyze driver behavior and comprehension related to the
flashing YELLOW ARROW (FYA) permissive left-turn indication when added to three- and
five-section traffic signal displays. FYA indications were evaluated bimodally with both the
GREEN ARROW (GA) and YELLOW ARROW (YA) indications and compared with the
recommended four-section vertical all arrow signal display. Findings from a computer-based
static study showed no significant differences in driver comprehension when the FYA indication
was presented bimodally in the bottom section or middle section of a three-section vertical signal
display. However, driver comprehension was significantly lower when the FYA indication was
added bimodally to the five-section cluster signal display with a simultaneous thru movement
indication illuminated. Results of a full-scale driving simulator evaluation showed no significant
differences in driver performance or vehicle operation between the evaluated traffic signal
display combinations. Driver eye tracking data showed that participants spent considerably more
time looking at opposing traffic than at the combination of FYA and thru movement indications.
Research results support the recommendation that the FYA permissive left-turn indication can be
effectively implemented bimodally with the YA indication in a three-section vertical signal
display, but not bimodally with the GA or in any five-section cluster signal display.
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Summary

NCHRP 20-07/Task 283, “Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-
Turn and Yellow Arrow Change Indications in Protected/Permissive Left-Turn Control: The
Impact of Separate and Shared Yellow Signal Sections and Head Arrangements” had one
primary research goal:

e To analyze driver behavior and driver comprehension related to retrofitting existing three-
section and five-section traffic signal displays by installing a flashing YELLOW ARROW
(FYA) permissive left-turn indication in a bimodal traffic signal section.

FYA indications were evaluated bimodally with both the GREEN ARROW (GA) (bottom
section) and YELLOW ARROW (YA) (middle section) indications. In addition to the location of
the FYA indication, other variables were analyzed to determine the extent of their impact on
driver behavior and driver comprehension. These variables included signal display arrangement,
thru indication, presence of opposing traffic, and driver demographics. Two study
methodologies were employed: a computer-based static study and a full-scale driving simulator
study.

The computer-based static study queried participating drivers on how they would respond, when
turning left, to 12 different combinations of left-turn signal indications and signal displays.
Participants were provided four possible responses:

Not allowed to turn left, stop;

Allowed to turn left; however, you must wait for a large enough opening in the oncoming
traffic before doing so, yield,;

Allowed to turn left since the oncoming traffic must stop, go; and

Not sure whether or not a left-turn is allowed.

Data collection was conducted in Madison, Wisconsin and Amherst, Massachusetts over a three-
week period in November and December of 2013. Over 440 drivers participated in the computer-
based static study for a total of nearly 9,000 scenarios evaluated. After completing the
computer-based static study data collection effort, a statistical analysis was completed to
determine the impacts of the various traffic signal indications and display combinations on driver
comprehension.

For all signal display arrangements evaluated, there was not a statistically significant difference
in driver comprehension when the FYA indication was located in the middle section or the
bottom section of the signal display. In Wisconsin, scenarios involving a FYA indication in the
middle section had a correct response rate of 77.4%, while scenarios involving a FYA indication
in the bottom section had a correct response rate of 78.1%. In Massachusetts, the correct
response rates were 68.1% and 70.0%, respectively. Analyses were also completed to determine
whether the location of the FYA indication was comprehended differently for selected signal
displays and thru movement indications. There were no significant differences identified.

When considering the traffic signal display arrangement, driver comprehension was the lowest

for the five-section cluster signal display with simultaneously illuminated left-turn and thru
movement indications. The fact that the five-section cluster signal display with simultaneous
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indications had the lowest correct response rate in both states was not surprising as previous
research completed by Noyce and Kacir, and Knodler, et al., had shown that driver
comprehension is significantly reduced with simultaneous indications (Noyce and Kacir 2005,
Knodler, Noyce, Kacir, and Brehmer 2005). Overall, the results show that the signal display
arrangement did not impact driver comprehension of the FY A indication.

Driver comprehension was significantly impacted by the adjacent thru indication in Wisconsin.
Left-turn signal displays with the FYA indication with a CIRCULAR GREEN (CG) thru
movement indication had the highest correct response rate at 89.7%, followed by the
CIRCULAR YELLOW (CY) indication with a correct response rate of 74.6%. When the
adjacent indication was a CIRCULAR RED (CR) indication, the lowest correct response rate at
66.9% was observed. The differences between each of these adjacent thru indications was
statistically significant. Massachusetts had similar results with correct response rates of 79.1%
with a thru CG indication, 69.9% with a thru CY indication, and 60.8% with a thru CR
indication, respectively. Results show that the thru indication is considered in left-turn decision
making and has a large impact on driver comprehension.

A second research study included full-scale driving simulator evaluations completed in Madison,
Wisconsin and Amherst, Massachusetts. Eye tracking technology was used to determine how a
subset of participants searches for information within the visual scene. Vehicle trajectory was
captured as the driver entered the left turn lane thus evaluating driver behavior as the signal
changes indications. Vehicle trajectory data and eye tracking data were collected to evaluate
driver behavior and how drivers search for permissive left-turn information.

A total of 56 drivers participated in the driving simulator study providing 466 scenario
responses. A bimodal FYA indication in a three-, and five-section signal display was featured in
339 of the scenarios evaluated. Eye tracking data was also collected for 16 drivers. Findings
show no significant differences in driver comprehension when the FYA indication was presented
bimodally in the bottom section or bimodally in the middle section of a three-section vertical
signal display. Post-driving simulator participant queries found that 38% preferred the FYA
indication in the middle section, 9% preferred the bottom section, and 54% indicated no
preference. There was also no significant difference in correct responses between the three-
section and four-section vertical signal displays. No significant differences were observed with
bimodal sections in a five-section cluster signal display when a simultaneous thru movement
indication was not illuminated. Although permissive left-turn indications presented in a five-
section cluster signal display without the adjacent thru movement indication is not allowable, the
results show that signal display arrangement is not significant in driver comprehension.

Driver comprehension was significantly lower when the FYA indication was added bimodally to
the five-section cluster signal display and the simultaneous thru movement indication was
illuminated. This result was most significant when the simultaneous thru movement indication
was CR.

Speed trajectory data showed drivers decreasing their speed and/or stopping to wait for an
acceptable gap in each of the experimental scenarios. Trajectories also showed vehicles stopping
past the stop bar of the approach and then proceeding after selecting a gap. In multiple instances,
drivers appeared to make a decision to proceed and continued moving, only to reconsider their
decision by slowing to yield to opposing traffic and search for a gap. Observed behavior was
expected when drivers were presented with a FYA indication. There was evidence to support the
observation of driver confusion associated with the five-section cluster signal display and
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simultaneous CR thru indication. Average speed was lower and speed variance less at the stop
bar location, indicating a greater number of drivers hesitated and/or stopped as they tried to
comprehend the appropriate action. No differences in driving behavior were observed in the
trajectories of scenarios with a bimodal indication and of those without the bimodal indication.
Furthermore, no difference in the trajectories was observed when comparing those scenarios in
which a RED ARROW (RA) indication was presented prior to the signal going into the FYA
indication mode.

Eye tracking data showed that participants spent more time looking at opposing traffic than at the
combination of FYA and thru movement indications. Evidence of a more rapid search process
between opposing traffic and the signal displays was observed when drivers did not completely
comprehend the traffic signal displays. This evidence was clearly observed with the five-section
cluster signal display with a simultaneous CR indication.

Combined research results show that the FYA indication can be effectively used (retrofit) in
existing three-section vertical signal displays, when combined bimodally within the YA or GA
indication section, without negatively impacting driver behavior and comprehension. The FYA
indication retrofit is not recommended for use in any section of a five-section cluster signal
display with or without simultaneous indications. Other signal display arrangements do not
impact driver comprehension of the FYA indication, as long as simultaneous indications are not
used.

Although the static and driving simulator studies do not show a difference in driver behavior and
driver comprehension when the FYA indication is either in the middle or bottom section of the
three-section signal display, the post-driving simulator questionnaire clearly suggested that
drivers prefer the FYA/YA bimodal signal indication within the middle section. Furthermore,
with the FYA/GA bimodal indication in the ‘go’ section of the signal display, the probability of a
fail-critical error was increased. Recall that reduction in fail-critical errors has proven to be the
significant contribution of using a FY A permissive left-turn indication. Although there is some
concern with the FYA indication being bimodal with the YA indication in drivers detecting the
change from FYA to solid YA during the change interval, post-driving simulator participant
questionnaire responses, along with the high probability of a fail-safe response and no observed
concerns in the experimental evaluations, makes the FYA/YA bimodal indication the most
desirable retrofit. Therefore, researchers recommend that the FYA indication can be effectively
used in a three-section traffic signal display only when used bimodally with the steady YA
indication.
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Background

In August of 2012, the National Academy of Sciences through the Transportation Research
Board awarded a research contract under the National Cooperative Highway Research Program
(Research Contract NCHRP 20-07/Task 283) to a team led by the Traffic Operations and Safety
(TOPS) Laboratory at the University of Wisconsin-Madison. The research team included the
University of Massachusetts, Amherst. Under this contract, the research team, working closely
with the Research Project Panel, performed an evaluation of the flashing YELLOW ARROW
(FYA) permissive left-turn indication in shared (bimodal) yellow and green arrow signal
sections. To complete the research described in this report, the research team conducted a
comprehensive literature review, performed a computer-based (static) study, a full-scale driving
simulation (dynamic) study including the use of eye tracking technology, and completed
statistical analyses to evaluate driver behavior and driver comprehension associated with the
FY A permissive left-turn indication in three- and five-section traffic signal displays.

Left-turns at signalized intersections continue to be a significant challenge for transportation
professionals, from both a safety and operations standpoint. Navigating a left-turn can be a
dangerous maneuver for drivers to complete because of the requirement to simultaneously focus
on several dynamic aspects of the visual scene while crossing the opposing lane(s) of traffic.
Specifically, prior to completing a left-turn, a driver must comprehend the meaning of the traffic
signal indication, determine if the desired movement is protected or permissive, evaluate
oncoming traffic movements and vehicle gaps, consider conflicting pedestrians in the crosswalk
of the entering roadway, evaluate other visual, haptic and cognitive inputs, and then determine
when it is safe to turn. The National Highway Traffic Safety Administration (NHTSA) estimated
that approximately 22% of crashes occurring at intersections are associated with left-turn
movements (Choi 2010). As a result, improving safety conditions for left-turning vehicles has
the potential to significantly reduce crash rates and improve signalized intersection safety.

To improve safety for left-turning drivers, a protected-only left-turn traffic signal phase is often
used. However, from an operations standpoint, providing protected-only left-turns takes time
away from opposing thru movements and typically reduces the overall capacity of the
intersection. Many transportation professionals have implemented protected/permissive left-turn
(PPLT) control as a way to maintain a safe operating environment while increasing left-turn
capacity. In PPLT signal phasing, both a protected phase and a permissive phase are provided for
left-turn drivers, within the same signal cycle. Additional benefits in traffic progression and
overall corridor management can also be achieved. As a result, the use of PPLT phasing is
commonly used by transportation professionals throughout the United States (Noyce et al. 2000).

A wide variety of signal displays and indications have been used to implement permissive left-
turn movement in PPLT control. Reasons for the variety are many, but include transportation
professionals’ dissatisfaction with the safety and operation performance with the steady
CIRCULAR GREEN (CG) permissive indication, and the lack of specific direction from the
Manual on Uniform Traffic Control Devices (MUTCD). Many state and local jurisdictions use a
five-section signal display that features a steady CIRCULAR GREEN (CG) indication for the
permissive left-turn phase and a steady GREEN ARROW (GA) for the protected left-turn phase.
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Previous research has shown conclusively what many transportation professionals believed; that
is, the CG indication has the potential to create driver confusion and safety problems (Brehmer et
al. 2003). This confusion stems from the fact that the CG indication provides a go message to
thru vehicles, but provides a very different yield to oncoming traffic and select appropriate gap
before proceeding message to left-turning vehicles. The dual meaning of the CG indication and
associated safety problems led transportation professionals to experiment with an array of
indications and signal displays to improve permissive left-turn communication with drivers.
Specifically, experimental permissive left-turn indications included the use of the flashing
CIRCULAR RED (FCR), flashing RED ARROW (FRA), flashing CIRCULAR YELLOW
(FCY), and flashing YELLOW ARROW (FYA), in some form of a three-, four- or five-section
signal display (Brehmer et al. 2003).

One of the guiding principles since the inception of the MUTCD is “traffic control devices
should be placed and operated in a uniform and consistent manner” (Federal Highway
Administration 2009). The National Committee on Uniform Traffic Control Devices (NCUTCD)
expressed concern about the lack of uniformity in regards to PPLT control (Brehmer et al. 2003).
As a result, NCHRP Project 3-54 was conducted to evaluate the various indications used for
PPLT control and to make a recommendation as to which PPLT indication (and signal display)
conveyed the clearest and safest message to drivers. NCHRP Report 493 was published as a
comprehensive summary of the research completed as part of NCHRP Project 3-54.

Results from the multiple studies described in NCHRP Report 493 found that drivers
comprehended the FYA indication at a consistent level with the CG indication, including drivers
who had not experienced the FYA indication previously (Brehmer et al. 2003). More
significantly, drivers who did not correctly comprehend the permissive left-turn indication most
often ‘yielded” with the FYA indication (fail-safe error) as compared to ‘go’ with the CG
indication (fail-critical error). The FYA indication also provided greater flexibility in signal
phasing and could be used to eliminate the “yellow trap’ condition. Recall that the “yellow trap’
exists when the CG indication changes to a CY indication for a left-turning vehicle and the
adjacent thru movement vehicles, while the opposing traffic continues with a thru CG indication.
When this occurs, drivers turning left often assume that opposing traffic is also presented with a
CY indication, and proceeds with a left-turn maneuver into non-stopping thru traffic creating a
safety problem. NCHRP Report 493 recommended that the FYA indication be included in the
MUTCD as an alternative to the CG indication for PPLT control. NCHRP Report 493 also
recommended that the FYA be implemented in an exclusive four-section all arrow vertical signal
display arrangement as shown in Figure 1.

Based on research results highlighted in NCHRP Report 493, the Federal Highway
Administration (FHWA) issued Interim Approval for the use of the FYA indication in March of
2006, followed by the inclusion of the FYA indication for permissive left- and right-turns in the
2009 MUTCD (Federal Highway Administration 2009). Since 2006, numerous states and
municipalities around the country have implemented the FY A permissive left-turn indication.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

Figure 1. FYA four-section all arrow vertical signal display (Brehmer et al. 2003).

Section 4D.20 of the 2009 MUTCD allows the use of a three-section vertical signal display for
PPLT mode using the FYA indication. Reasons for using a three-section signal display is not
specifically for retrofitting existing signal displays; rather, to accommodate locations in which
vertical height or lateral position limitations prevent the use of a four-section signal display.
When using a three-section signal display, the MUTCD requires that the FYA indication be
bimodal with the GA indication in the bottom (or right) section of the signal display.

Jackson County, Oregon is the first known transportation agency to implement a three-section
vertical signal display to accommodate the use of the FYA indication in PPLT control. Jackson
County implemented the FYA bimodally with the YA in the middle section of a retrofitted three-
section vertical signal display, inconsistent with the MUTCD requirements. Other agencies have
also considered retrofitting five-section signal displays to implement the FYA indication
bimodally with either the GA or YA indication. Although the MUTCD allows the use of
bimodal indications in a three-section signal display, and by all anecdotal measures the Jackson
County retrofit has been effective, no research efforts have specifically focused on evaluating the
effectiveness of implementing the FYA in a bimodal indication, or determining if it is best for
the FYA indication to be bimodal with the GA or YA indication. Therefore, research was
needed to evaluate driver behavior and comprehension of the FYA permissive left-turn
indication when implemented in a three-section or five-section traffic signal display bimodally
with either the steady GA or YA indication.
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The underlying research hypothesis suggests that retrofitting existing signal displays will lead to
a broader and more rapid implementation of the FYA permissive left-turn indication throughout
the U.S. However, previous research has not specifically evaluated driver comprehension and
behavior related to these retrofit signal displays.

The objective of this research was to analyze the human factors associated with retrofitting
existing traffic signal displays with the FYA permissive left-turn indication. Specifically, this
research focused on driver behavior and driver comprehension of the FYA indication and
corresponding YA change interval indication when contained in the same signal section when
implementing the FYA indication in protected/permissive left-turn control. Combining the FYA
and GA indication in the same signal section, as described in the MUTCD, was also considered.
The following six signal display arrangements and indications were evaluated:

Three-Section Vertical: Bottom Section GA/FY A Bimodal;
Three-Section Vertical: Middle Section YA/FY A Bimodal;
Four-Section Vertical: All Arrow (Current MUTCD Standard);
Four-Section Horizontal: All Arrow (Current MUTCD Standard);
Five-Section Cluster: Bottom Left Section GA/FY A Bimodal; and
Five-Section Cluster: Middle Left Section YA/FY A Bimodal.

Driver behavior and driver comprehension were analyzed by conducting a computer-based static
study and a full-scale driving simulator study. Both studies were completed in Madison,
Wisconsin and Ambherst, Massachusetts. Additionally, eye tracking technology was included
with a subset of driving simulator participants to explore how these participants searched for
information within the visual scene.

Results from both studies were analyzed to determine if the location of the FYA indication
section within any given signal display arrangement has a significant impact on driver behavior
and comprehension. In order to limit the number of scenarios presented to drivers, only selected
signal display arrangements and indication combinations were used.

Chapter 2 of this report provides background information and a comprehensive review of the
literature pertaining to previous evaluations of the FYA permissive left-turn indication. Chapter
3 summarizes the research approach used as well as details of the two study methods used to
complete the research. Finally, Chapter 4 presents the results and conclusions of the research,
along with recommendations for retrofitting the FYA indication in three- and five-section signal
displays.
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Review of the Literature

The MUTCD identifies four modes of left-turn control that can be used at signalized intersection
(Federal Highway Administration 2009):

e Permissive-Only: Left-turning vehicles must yield to oncoming traffic and pedestrians before
completing the turn. This mode does not require an exclusive signal display.

e Protected-Only: Left-turning vehicles may go when there is a GA indication illuminated.
This mode does require an exclusive signal display for left-turning vehicles.

e Protected/Permissive: Left-turning vehicles are provided with a protected interval and
permissive interval during each signal cycle. This mode does require an exclusive signal
display for left-turning vehicles for use with the FYA indication.

e Variable: The mode used to control left-turn movements changes throughout the day based
on time of day and traffic volume. This mode requires an exclusive signal display for left-
turning vehicles.

Protected-only left-turn phasing is considered the safest mode of left-turn control because all
conflicting movements are held when the left-turn movement takes place. The problem
transportation professionals face with protected-only left-turn phasing is that operational
efficiency can be significantly reduced, since time is taken away from higher traffic volume thru
phases in order to provide time for the protected left-turn phase. PPLT signal control was
developed to improve operational efficiency, as left-turning vehicles can complete the left-turn
maneuver during the protected phases as well as a permissive phase if sufficient gaps are
available in the oncoming traffic. Since many of the left-turning vehicles complete the turn
while having a protected left-turn, PPLT phasing still offers many of the safety advantages of
using protected left-turn control (Brehmer et al. 2003).

Significant variation has developed over the years in how PPLT signal phasing information is
presented to drivers. Variation has extended into traffic signal displays, signal display
arrangements, and in the permissive left-turn indication used. Recently, the FYA indication has
become the commonly used permissive left-turn indication for PPLT signal control. The
following sections summarize the relevant research and literature that pertains to left-turn signal
control and the development and implementation of the FY A indication.

NCHRP Report 493, published in 2003, identified MUTCD standards for PPLT control,
alternative PPLT indications and signal displays used in the past, and summarized several
research tasks conducted over a seven-year period as part of NCHRP Project 3-54. The ultimate
goal of this research was to identify the most effective permissive left-turn indication and traffic
signal display for PPLT control.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

9
Prior to NCHRP Report 493, PPLT left-turn indications were included within multiple traffic
signal display configurations throughout the United States. Requirements outlined in Section
4D.13 of the MUTCD state that at an intersection “a minimum of two primary signal faces shall
be provided for the thru movement. If a signalized thru movement does not exist on an approach,
a minimum of two primary signal faces shall be provided for the signalized turning movement
that is considered to be the major movement from the approach” (Federal Highway
Administration 2009). A common scenario that meets this MUTCD requirement is to utilize a
five-section cluster signal display for the left-turn and thru movements and an adjacent three-
section signal display for thru and right-turn movements. Five-section horizontal and five-
section vertical signal displays are also used for combined left-turn and thru movements
(Brehmer et al. 2003). Together, the five-section horizontal, vertical and cluster signal displays
accounted for over 90% of all reported PPLT signal displays. The MUTCD standard for PPLT
control includes a steady GA indication for the protected left-turn phase and a steady CG
indication for the permissive left-turn phase. In five-section signal displays, as presented in
Figure 2, both the GA indication and corresponding thru movement indication are illuminated
simultaneously in the same signal display.

(a)

Figure 2. Five-section PPLT signal displays (a) five-section cluster, (b) five-section vertical, and (c)
five-section horizontal (Brehmer et al. 2003).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

10
When the CG indication for the permissive left-turn signal indication was introduced, the
indication had several disadvantages (Brehmer et al. 2003). The main disadvantage was that the
dual meaning of the CG indication sends a conflicting message to drivers. For thru vehicles, the
CG indication means that drivers have the right-of-way and can proceed cautiously through the
intersection after yielding to road users lawfully in the intersection. For left-turning vehicles, the
same CG indication means that drivers must yield to oncoming traffic and pedestrians, and
search for an appropriate gap prior to making the left-turn maneuver. Driver confusion and
associated safety problems are the result of a traffic signal indication with two different
meanings.

A second disadvantage in using the CG indication in PPLT lead-lag left-turn signal phasing is
the potential introduction of a ‘yellow trap’ condition, unless special signal sections are used to
prevent adjacent thru traffic from observing the left-turn indications. The “yellow trap’ condition
exists when the CG indication changes to a CY indication for a left-turning vehicle, while the
oncoming traffic maintains a CG indication, as shown in Figure 3. When this scenario occurs,
drivers turning left enter the intersection when the maneuver is unsafe since opposing traffic still
has a CG indication.

Given the disadvantages associated with the CG permissive left-turn indication, transportation
professionals have attempted to use an array of alternative indications for the permissive left-turn
component of PPLT control, including the FCR, FRA, FCY, and FYA. Special lenses and
louvers have also been tried to obscure conflicting indications associated with unique phasing
schemes designed to eliminate the ‘yellow trap’.

Based on the research results, NCHRP Report 493 recommended that the FYA indication should
be included in the MUTCD as an alternative to the CG indication for PPLT control (Brehmer et
al. 2003). A four-section all arrow vertical signal display was recommended. The four-section
vertical signal display eliminates the need to illuminate simultaneous indications, uses a different
section for each indication, and has been shown through previous research to be well
comprehended by drivers. These recommendations were accepted by the Federal Highway
Administration (FHWA) and are now included in the 2009 edition of the MUTCD. The steady
CG indication also remains in the MUTCD as an acceptable permissive left-turn indication.

While adding a FYA indication in a separate four-section all arrow vertical signal display is
preferred, it may not be feasible in all locations. Hence, the implementation costs, logistics and
infrastructure requirements needed to add this new signal display may prevent some agencies
from implementing the FYA indication. Given that many jurisdictions currently use the shared
five-section cluster signal display with the CG indication for PPLT movements, retrofitting a
shared five-section cluster signal display may be one logical and inexpensive way to implement
the FYA indication as an interim or long-term installation.
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Figure 3. lllustration of the yellow trap (MUTCD, 2009).
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Numerous research studies pertaining to the FYA permissive left-turn indication have been
completed since the publication of NCHRP Report 493. A large number of these studies focused
on driver comprehension and response to the FYA indication, although several also focused on
the safety aspects of using the FYA indication. Several terms commonly used in these studies
and throughout this research and report are presented here in the form of definitions (Knodler,
Noyce 2005). These terms include:

e Correct Response - the driver interpreted the PPLT signal indication correctly;

o Fail-Safe Response - the driver interpreted the PPLT signal indication incorrectly, but did not
impede on the right-of-way of the opposing traffic; and

e Fail-Critical Response - the driver interpreted the PPLT signal indication incorrectly and did
impede on the right-of-way of the opposing traffic.

In a real world scenario, the Fail-Critical Response will likely result in a crash.

2.3.1 Comprehension of the Flashing Yellow Arrow Indication in Various Signal Display
Arrangements

NCHRP Report 493 recommended that the FYA indication be implemented using an exclusive
four-section all arrow vertical signal display (Brehmer et al. 2003). Many agencies that currently
use PPLT signal phasing do not use a separate signal display for the left-turn movement; rather,
they use a five-section signal display which allows thru movement and left-turn movement
requirements to be communicated through a single signal display. Retrofitting existing signal
displays may make implementing the FYA indication easier and less expensive for agencies, but
it will also continue to require the simultaneous and often conflicting illumination of left-turn
and thru movement indications in the same signal display. Specifically, the FYA left-turn
indication would be presented simultaneously with a thru movement CG, CY, or CR indication.
Simultaneous indications in a single signal display have been shown to negatively impact driver
comprehension and are not recommended (Noyce and Kacir 2002; Knodler, Noyce, Kacir, and
Brehmer 2005).

A number of studies have been completed which explored the impact of signal display
arrangements on driver comprehension. Noyce and Smith evaluated driver comprehension of the
FYA indication in various arrangements of five-section signal displays (Noyce and Smith 2003).
A full-scale driving simulator study was completed in addition to a computer-based static driver
comprehension study. A total of 15 scenarios were analyzed, as shown in Figure 4, which
included the CG, flashing CY (FCY), FYA, flashing CR (FCR), and flashing RA (FRA)
indications.

The computer-based static study presented drivers with images of each of the 15 experimental
scenarios (Noyce and Smith 2003). For each image they were given the following responses to
choose from:

e Go, you have the right-of-way;
e Yield, go if an acceptable gap in opposing traffic allows;
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Figure 4. Scenarios evaluated to analyze the impact of various FYA arrangements (Noyce and

Smith 2003).
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e Stop, then go if an acceptable gap in opposing traffic allows; and
e Stop, you do not have the right-of-way.

The driving simulator study included a total of 24 intersections, with 10 of the intersections
involving permissive left-turns. Each participant completed four driving simulator modules,
with the background scene and order of movements changed each time. A total of 991 responses
were evaluated.

Study results showed that the CG, FYA, and FCY indications were best understood (Noyce and
Smith 2003). FCR or FRA indications were not well comprehended. The five-section horizontal
signal display using the FCY indication was the best understood signal display. The CG
indication had a significantly lower comprehension rate in the computer-based static study when
compared to the driving simulator results. Researchers concluded that drivers do not understand
the true meaning of the CG indication, and use other visual cues to determine the correct
response at an intersection. This research study was one of the first to use full-scale driving
simulation to evaluate traffic signal comprehension and was concluded to be a very effective
research methodology.

Researchers followed the Noyce and Smith study by conducting research to evaluate the impact
of simultaneous indications with a “retrofitted” FYA indication on driver comprehension
(Knodler et al. 2005). Implementation of the FYA indication in a five-section cluster signal
display will require simultaneous illumination with either a CG, CY, or CR indication
corresponding to the adjacent thru lanes and movement. A full-scale driving simulator study was
completed, as well as a follow-up and independent driver comprehension evaluation. Multiple
variations of the five-section cluster signal display were evaluated and compared to the four-
section vertical signal display, as shown in Figure 5 (Knodler et al. 2005).

A total of 54 drivers participated in the driving simulator study. Each driver participated in two
modules that consisted of 14 intersections. Eight of the intersections featured permissive left-
turns, whereas the rest of the intersections presented other movement types to add variability to
the driver simulator scenario. Each scenario contained a PPLT signal display and opposing
traffic, and the experiment included intersections that did not feature PPLT to ensure variability
and to counterbalance the objective of the experiment. Every driver that completed the simulator
study also completed a follow-up static study.

An additional 210 participants were recruited to complete an independent static study (Knodler
et al. 2005). Each participant was shown 29 scenarios, including the seven signal displays shown
in Figure 5, resulting in over 2,300 scenarios evaluated. For each scenario, the participant was
asked what they would do if they wanted to turn left. The following answers were available for

selection:

e (o because you have the right of way;
e Yield and wait for a gap;

e Stop and then wait for a gap; and

e Stop and wait for a signal.
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Figure 5. Scenarios evaluated to analyze the impacts of simultaneous indications (Knodler et al.
2005).

Researchers found that the simultaneous illumination of the FYA indication and the adjacent thru
movement indication did not significantly affect drivers’ understanding of the permissive
indication.  Research results also showed that the FYA indication improved driver
comprehension when compared to the existing CG indication. In the follow-up driver
comprehension study, 89% responded vyield to the five-section cluster signal display with FYA
and CG indications simultaneously illuminated. When only the CG indication was illuminated,
65% responded yield, which was found to be statistically significant when compared to the
simultaneous display of the FYA and CG indications. The driving simulator study resulted in no
significant differences between the percentages of yield responses. Nevertheless, researchers
concluded that the use of the FYA indication in the five-section cluster signal display did not
significantly reduce driver comprehension. Recall that previous research identified driver
comprehension concerns associated with the use of simultaneous indications, leading to the
recommendation that the FYA indication could be implemented into a five-section cluster signal
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display only as an interim solution until agencies upgrade to the four-section all arrow vertical
signal display (Noyce and Kacir 2002; Knodler, Noyce, Kacir, and Brehmer 2005).

Drakopoulos and Lyles evaluated driver comprehension of flashing indications with respect to
color combination, driver age, and driver location, using multivariate multiple response analysis
of variance models (Drakopoulos and Lyles 2001). Almost 200 participants were shown 83
signalized intersections. Flashing red or yellow indications were included in 22 of those
scenarios. For each scenario, participants were presented with five options describing proper
left-turn maneuvers:

e Turn left, you have the right-of-way (protected left-turn).

e Turn left without stopping unless you have to wait for a large enough gap in the opposing
traffic (permitted left-turn).

Stop. Then turn left when there is a large enough gap in the opposing traffic.

Stop. Then turn left when there is a large enough gap in the cross street traffic.

Stop. Wait until the signal changes to indicate that you may proceed.

Participants were asked to identify each maneuver as correct or incorrect for all scenarios, and
responses were categorizes as correct, minor error (fail-safe), or serious error (fail-critical).
Researchers used a repeated measures general linear model in order to analyze the simultaneous
effect of study location, and subject age on serious error responses for multiple signal displays.
Overall, the analysis proved that there was little to no distinction between age groups in
comprehension of the signal indications. Results showed that the most well comprehended
signal indication was a FYA. The FRA was the poorest comprehended indication.

2.3.2 Comprehension of the Flashing Yellow Arrow Indication with Separate Left-Turn
Lanes

Intersection geometry is a major factor that has potential to impact the probability that drivers
erroneously comprehend the CG permissive left-turn indication and assume they have right-of-
way. Wide intersections with left-turn lanes separated from the adjacent thru and right-turn lanes
are one example of geometric design configurations that have this potential. This lane separation
creates a scenario where left-turning vehicles do not see the traffic signal displays designated for
thru vehicles, and as a result, can only see the signal display(s) associated with the left-turn lane.
In this scenario, several jurisdictions have installed a FRA indication to indicate a permissive
left-turn driver must a stop before selecting a gap and proceeding left. When the FYA indication
was recommended in NCHRP Report 493, this particular geometric configuration was not
thoroughly evaluated.

Knodler, et al. conducted research to evaluate the effectiveness of the FYA indication when
compared to the FRA indication at intersections with separated left-turn lanes (Knodler et al.
2006-1). The experiment included a driving simulator study and a driver comprehension study.
Four permissive signal displays, shown in Figure 6, were evaluated in both studies. Research
was conducted in Massachusetts and Wisconsin, two states using the CG indication for PPLT
signal phasing and only protected left-turn movements at wide intersections. As a result,
researchers assumed that the study participants were unfamiliar with a FYA and FRA indication
as an alternative to the CG indication for permissive left-turns.
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Scenario #1 Scenario #2 Scenario #3 Scenario #4

Figure 6. Scenarios evaluated to analyze the impacts of the FYA indication at intersections with
wide medians (Knodler et al. 2006-1).

A total of 54 participants were used in the driving simulator study (Knodler et al. 2006-1). Each
participant was exposed to 29 different scenarios, including the four permissive signals shown in
Figure 6. The purpose of providing a wide range of scenarios was to increase the variability in
the experiment and prevent participants from identifying the nature of the study.

Every driver that completed the simulator study also completed a follow-up static study (Knodler
et al. 2006-1). An additional 100 participants were recruited to complete the same study without
completing the driving simulator study. For each scenario, the participant was asked what they
would do if they wanted to turn left. The following responses were available for selection:

e (o because you have the right of way;
e Yield and wait for a gap;

e Stop and then wait for a gap; and

e Stop and wait for a signal.

The results for the driving simulator experiment showed that the two scenarios using the FYA
indication resulted in a significantly higher percentage of yield responses, at approximately 70%
(Knodler et al. 2006-1). The two FRA indication scenarios resulted in a significantly higher
percentage of Stop and Wait responses. The FYA indication scenarios did have more fail-critical
go responses than the FRA indication scenarios. All but one of the go responses for the FYA
indication scenario occurred on the driver’s first observation of the FYA indication. The follow-
up static study resulted in correct responses ranging from 91% to 93%. Once again, the FYA
indication scenarios did have more fail-critical go responses than the FRA indication scenarios.
The independent static study provided results similar to the driving simulation and follow-up
study. FYA indication scenarios had a yield response rate of 62% and once again provided more
fail-critical responses than the FRA indication scenarios. Researchers concluded that the FYA
indication was not a recommended permissive left-turn indication at wide intersection locations
where the left-turn lanes are separated from the thru and right-turn lanes, and the left-turn driver
cannot see the thru movement indication.
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2.3.3 Impact of Flashing Yellow Arrow Indication on the Circular Green Indication

Since the FYA indication will not replace the steady CG indication for permissive left-turns,
there will be two permissive left-turn indications in use for the next several years (Knodler et al.
2007-1). Specifically, both the FYA and the CG indications will be used to communicate the
same yield meaning to left-turning drivers. There were some concerns that as drivers become
more familiar with the FYA indication, they will develop a different understanding of the CG
indication. It is plausible that drivers would begin to comprehend the CG indication as a go
indication in all scenarios, instead of a permissive left-turn yield, creating a fail-critical situation.

Knodler, et al. conducted research to evaluate the impact of the FYA indication implementation
on driver comprehension of the CG indication (Knodler et al. 2007-1). The hypothesis of their
research was that “drivers are more likely to interpret the CG permissive indication to indicate a
right-of-way situation if the FYA indication is implemented at a number of intersections and
drivers comprehend the FYA indication.” A static driver comprehension study and a driving
simulator experiment were completed. Seven scenarios were used in this study with five
featuring the FYA indication and two featuring the CG indication.

A total of 100 participants completed the study (Knodler et al. 2007-1). Prior to starting the
study, each participant was provided with a tutorial informing him or her of what to do when
they see a FYA indication. The tutorial also explained that they should yield to oncoming traffic,
and clearly explained that they do not have the right-of-way and that they do not need to stop and
wait for another signal cycle. For each scenario presented, participants were asked what they
would do if they wanted to turn left. The following answers were available for selection:

Go, you have the right of way;

Yield, then go if a gap in the opposing traffic exists;
Stop, then go if a gap in the opposing traffic exists; and
Stop and wait for the appropriate signal.

A total of 25 participants also completed the driving simulator study (Knodler et al. 2007-1).
Each participant encountered 14 intersections and completed seven left-turns. Left-turns
included a mix of FYA, CG, and protected GA indications.

Results from this study were compared to the results of previous studies to see how driver
comprehension of the CG indication changes after they have a better understanding of the FYA
indication (Knodler et al. 2007-1). A chi-squared analysis was used to complete the analysis and
compare the results. Results from the driving simulator experiment showed that driver
comprehension of the CG indication before exposure to the FYA indication did not significantly
change from driver comprehension of the CG indication after exposure to the FYA indication.
The static study showed similar results. In a follow-up study, drivers exposed to the FYA
indication actually answered yield when the CG indication was presented more often than drivers
who had not been exposed to the FYA indication. Researchers concluded that implementing the
FYA indication did not impact driver comprehension of the CG indication.
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2.3.4 Impact of the Flashing Yellow Arrow Indication on the Steady Yellow Indication

Traffic engineers have voiced concern about how to effectively terminate a signal phase once the
FYA permissive indication is implemented on a broad scale. The concern is based on the
fundamental understanding that when drivers observe a yellow indication it means that a signal
phase is being terminated. By implementing the FYA as a yellow indication that does not imply
termination of another phase, driver understanding of the CY indication may be impacted.
Additional concern was related to the identification of an effective way to indicate termination of
the FY A indication and permissive left-turn phase.

Knodler, et al. conducted research to evaluate the impact of the FYA indication on the steady
yellow arrow (SYA) indication (Knodler et al. 2007-2). To do this, a static computer-based study
with a total of 212 participants was conducted. To examine the effects of the FYA indication,
participants first answered questions regarding their understanding of the SYA indication
without receiving any prior information about the FYA indication. Participants were then
exposed to the FYA indication and its meaning. Following this study, another study was
completed to evaluate driver comprehension of the SYA indication.

Researchers concluded that there was not enough evidence to support a claim that the FYA
permissive indication may negatively affect drivers’ understanding of the SYA indication. Study
results found that 66% of the participants changed their responses to the SYA indication after
being exposed to the FYA indication (Knodler et al. 2007-2). Despite the large difference in
responses, differences were cautious in nature and not indicative of a negative impact on the
comprehension of the SYA indication after drivers were exposed to the FYA indication.

In research completed by Knodler and Fisher, a study was conducted to establish a baseline
understanding of how drivers comprehend the steady CY indication (Knodler and Fisher 2009).
The purpose of this study was to develop a foundation of statistics that can be used to analyze
future impacts of the FYA indication on driver comprehension of the CY indication. Study
results confirmed a number of previously held assumptions. Drivers had a poor understanding of
the steady CY indication. Only 80% of participants correctly understood that a red indication
succeeded the SYA indication and that the preceding movement ends when the steady CY
indication is illuminated. When presented with a SYA indication and a CG indication, only 58%
of participants selected that the CG indication would be the next indication illuminated. Also,
only about half of the participants correctly identified the MUTCD recommended length of the
CY indication interval. These results indicated that many drivers do not understand the meaning
of the steady CY indication and do not have a great grasp of how transportation professionals use
the five-section cluster signal display to sequence signal indications.

2.3.5 Pedestrian Safety at Intersections with the Flashing Yellow Arrow Indication

Pedestrian phases are commonly provided when the parallel thru traffic has a CG indication.
When permissive left-turns are included in the signal phasing, a potential conflict is developed
between left-turning vehicles and pedestrians crossing the side street. In these cases, the
pedestrian has the right-of-way requiring vehicles to yield to pedestrians in the crosswalk.
Several studies have been completed to analyze both pedestrian and driver comprehension of the
FYA indication.
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Knodler, et al. researched both pedestrian and driver comprehension of the FYA indication by
conducting a driving simulator experiment, an evaluation of driver comprehension, and an
evaluation of pedestrian comprehension (Knodler et al. 2006-2). Figure 7 presents the five
permissive left-turn signal display scenarios used in the experiment. Three of the scenarios used
a FYA indication and two of the scenarios used a CG indication. A total of 36 drivers completed
the simulation, each completing two modules. In the first module, pedestrians were present but
never entered the crosswalk. In the second module, pedestrians did enter the crosswalk (Knodler
et al. 2006-2).

A total of 139 participants completed the driver comprehension study (Knodler et al. 2006-2).
Each participant completed 25 scenarios, nine of which included permissive left-turn indications.
Seven of the scenarios with permissive indications used the FYA indication and two used the CG
indication. The pedestrian presence varied between no pedestrian, pedestrian waiting to cross and
a visually impaired pedestrian with guide dog waiting to cross. With each scenario, participants
were given the following responses to choose from:
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Figure 7. Permissive scenarios evaluated in the driving simulator (Knodler et al. 2006-2).
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Go, you have the right of way;
Yield, then go;
Stop first, then go; and
Stop, wait for signal.

If the participant answered yield, then go, they were also asked an additional question about
whom they must yield to, with the following available responses (Knodler et al. 2006-2):

Opposing Vehicles;
Pedestrians;

Cross-Street Vehicles; and
None of the Above.

For the pedestrian comprehension evaluation, participants were provided with various signal
display alternatives (Knodler et al. 2006-2). One hundred participants completed the study. With
each scenario, the participant was asked if they were allowed to enter the crosswalk for the given
traffic signal. The available answers were Yes, No, and Not Sure.

Overall, the FYA indication performed better than the CG indication and had fewer incorrect go
responses (Knodler et al. 2006-2). Drivers exhibited low comprehension of the requirement to
yield to pedestrians legally within the crosswalk. This finding was determined by combining the
results of each permissive scenario evaluated by 36 drivers to find that the percentage of yield
(correct) responses was lower than the percentage of fail-safe responses. At a “T” intersection,
drivers were statistically more likely to respond correctly to the FYA indication scenario than the
CG indication scenario. Drivers observing the FYA indication were statistically more likely to
respond with a yield (correct) or stop and wait (fail-safe) response than observed with the
standard three-section signal display with a CG indication. The CG indication scenario was
statistically more likely to result in a driver response of go (incorrect). Less than half of the
participants in the static evaluation of pedestrian comprehension understood correct crossing
procedures. When no pedestrian signal heads were available, pedestrians correctly identified
crossing opportunities more often when viewing the CG indication signal display scenario than
the FYA indication display. Nevertheless, the results of this research study identified
unexpected problems with driver’s understanding of the appropriate pedestrian indication at
pedestrian cross-walks and overall comprehension of pedestrian signal displays.

2.3.5.1 Driver’'s Search for Information

Although NCHRP Report 493 concluded that the FYA indication is well comprehended by
drivers, knowledge of the sources of information that are most important to permissive left-
turning drivers can be used to further improve driver comprehension. Knodler and Noyce
researched the eye movements of 11 drivers at six virtual intersections with permissive left-turn
phases to identify what driver information is commonly used while executing the maneuver
(Knodler and Noyce 2005). The study resulted in 66 evaluations using the full-scale driving
simulator at the University of Massachusetts, Amherst. While drivers navigated the virtual
roadway environment, an ASL Series 5000 eye tracker with head-mounted optics was used to
monitor eye movement. The ASL unit converted the eye position to an external point of gaze by
superimposing crosshairs on a projected video screen.
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The experiment evaluated three permissive left-turn signal display and indication combinations
installed at six intersections, as shown in Figure 8. Opposing vehicles were present at three of
the permissive left-turning intersections, and absent at the remaining three intersections. To
provide additional experimental variability, drivers were required to complete movements at
eight intersections that did not include permissive left-turns.

Q
PPLT Signal Configuration and Q
<

Permissive Indication G

Figure 8. Permissive left-turn signal displays evaluated (Knodler and Noyce 2005).
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Analysis of the experimental intersections included driver response and driver eye movements.
In order to evaluate driver eye movements, the visual world was partitioned into multiple “areas
of interest.” Each area of interest coincided with a potential cue that drivers might use to
complete the permissive left-turn. Partitions included: the PPLT signal display, the adjacent thru
signal display, the cross traffic, opposing vehicles and the location where pedestrians might be in
the crosswalk to the left of the driver. Figure 9 shows the partitions used in the evaluation.

Several trends were identified through this research and supporting literature (Knodler and
Noyce 2005; Mourant and Rockwell 1970; Falkner et al. 2005; Chapman and Underwood 1998;
Sadhi et al. 2002; Campbell et al. 2008). Drivers were found to use more sources for information
when no opposing vehicles were present. Driver's eye primarily “rested” on the opposing traffic
while peripheral vision monitored lane position, other vehicles and road signs. When glancing
away from the eye resting point, drivers most often fixated on other sources of information for
less than one second at a time. Novice drivers had longer fixation rates, fixated more on
hazardous objects, and spread their fixations less along the horizontal meridian than experienced
drivers. The number of scans and fixations decreased (visual tunneling) as drivers performed
increasingly demanding cognitive tasks while driving. Scan rates and frequencies were not
constant and they increased as the driving environment became more complex and risky.
Drivers scanning multiple sources of information tended to scan from the right side of the
intersection to the left.

A recent study by Marnell used eye tracking equipment and a full-scale driving simulator to
evaluate vehicle and pedestrian interactions at intersections (Marnell et al. 2013). The results of
the research quantified a troubling behavior regarding the safety of pedestrians at intersections
with a FYA indication. Driving subjects that were making a left-turn on a permissive indication
paid more visual attention to pedestrians in the conflicting crosswalk when there were four
pedestrians crossing compared to when there was one pedestrian crossing. Attention was
measured by the average total fixation durations (ATFD). A more interesting statistic from the
study revealed that regardless of the pedestrian activity (none, one, or four pedestrians), subjects
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did not fixate on the pedestrian area in the conflicting crosswalk for 4% to 7% of the scenarios.
Although the research included a FYA permissive left-turn indication, research results
highlighted a broader problem of driver awareness of conflicting pedestrian movements during
permissive left-turns, regardless of the type of permissive left-turn indication.

Hurwitz and Monsere researched pedestrian safety at intersections with the FYA indication using
a driving simulator located at Oregon State University (Hurwitz et al. 2013). The study varied
the number of pedestrians, the number of opposing vehicles, and the signal display configuration.
Both a three- and four-section vertical signal display configuration were considered. ASL
Mobile Eye-XG equipment was used to track where the participants were looking during the
study. Each participant was asked to complete a total of six left-turns.

Results from this study showed that as pedestrian activity increased, participant drivers began to
focus more on the pedestrians (Hurwitz et al. 2013). Drivers also focused more on pedestrians as
the number of opposing vehicles increased. Approximately 7% of participants did not focus on
pedestrians at all. There were no significant differences in driver behavior and comprehension
between the use of three-section and four-section signal display configurations. The study did
not compare the CG left-turn indication to a FYA left-turn indication but assumed the FYA left-
turn indication was preferred for the PPLT configuration.

PPLT Signal
Path of travel

Pedestrians Adjacent signal

Oonosing Traff
pposing Traffic Adjacent traffic

Figure 9. Partitioned driving simulator visual world (Knodler and Noyce 2005).
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2.3.6 Comprehension of the Flashing Yellow Arrow Indication after Implementation

In research completed by the Missouri Department of Transportation, a study was conducted to
analyze how drivers in the Creve Couer, Missouri area comprehended the FYA indication
(Henery and Geyer 2008). Each participant was given a series of six questions that featured a
mix of scenarios using the FYA and CG left-turn indication:

Five-section cluster signal display with CG and GA indication;

Four-section vertical signal display with FYA left-turn indication and CR thru indication;
Four-section signal display with GA and CR thru indications;

Four-section signal display with CR and CG thru indications;

Four-section vertical signal display with FYA left-turn indication and CG thru indication; and
Five-section cluster signal display with CG indication only.

A total of 204 participants completed the study. For each question, the participant could select
one of three responses, Go, Yield, or Stop, as shown in Figure 10.

0GO o YIELD oSTOP

You have right of way. Wait for gap.

Figure 10. Example research scenario and question in Missouri (Henery and Geyer 2008).
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The results showed that the five-section cluster signal display with the CG indication received
the most correct responses, as 94% of the participants answered that question correctly (Henery
and Geyer 2008). The CG permissive left-turn indication in the five-section cluster signal display
was only analyzed with the CG thru indication illuminated simultaneously. In addition, the five-
section cluster display was accompanied with a supplemental sign reading “LEFT TURN YIELD
ON GREEN [GREEN CIRCLE]”. Among all the scenarios with the FYA indication
illuminated, participants correctly responded 72% of the time. When the FYA indication was
presented with a simultaneous CG thru indication, participants correctly responded 79% of the
time. The FYA indications were accompanied with a supplemental sign reading “LEFT TURN
SIGNAL”. Researchers concluded that the most concerning response was how often participants
answered go (10%) when the FYA was illuminated, creating potentially fail-critical situations
compared to the 11% that chose Stop. Also, participants who had previously observed the FYA
indication answered correctly more than those who had not. Researchers recommended that the
Missouri DOT conduct a public information campaign to inform the driving public about what to
do when they encounter the FYA indication.

A critical review of the Missouri DOT study procedure shows that researchers may not have
completed an unbiased comparison of the FYA and CG indication scenarios. Background photos
were not the same for all scenarios evaluated. Additionally, opposing vehicle position in the
background photo and associated thru movement indications varied. Each of these study
variables have been shown to impact driver’s comprehension of traffic signal indications, and the
inherent inconsistency likely influenced the results. It is interesting to note that only 53% of
participants had observed a FYA indication prior to completing the study, yet approximately
80% of participants correctly responded to the FYA indication. A significant number of drivers
understood the FYA indication correctly without any prior training.

Another study of recently implemented FYA indications was conducted in the Peoria, Illinois
area. The Illinois Department of Transportation implemented the FYA indication at more than
100 intersections in 2010. Schattler evaluated driver comprehension of the FYA indications
shortly after the implementation (Schattler et al. 2013). A total of 363 drivers in the Peoria area
completed online evaluations, following the research protocol established in NCHRP 3-54. The
first phase of the research was completed five months after implementation of the FYA
indications and the second phase was completed 16 months after implementation. The evaluation
included driver response to seven left-turn scenarios, shown in Figure 11 (Schattler et al. 2013).

For each scenario, drivers were asked if they had seen a similar traffic signal before. Drivers
were also presented with three possible responses to answer each scenario:

e Go - You have the right of way;

e Yield — Wait for a gap; and
e Stop — Wait for a signal.
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Figure 11. Scenarios evaluated to analyze impacts of FYA implementation (Schattler et al. 2013).

The results from the evaluation found that drivers had high comprehension rates for both FYA
and CG left-turn indications; however, there were significantly higher incorrect go (fail-critical)
responses with the CG indication when compared to the FYA indication scenarios (Schattler et
al. 2013). Including supplemental signing that alerted drivers to yield on a FYA indication
significantly improved driver comprehension. Not only was driver comprehension improved
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with the supplemental signing, but there were also significantly fewer fail-critical responses.
Drivers understood the FYA indication better when the adjacent thru signal indication was CG as
compared to CR. Also, 66% of drivers answered that the FYA indication is the best way to
indicate that the driver must yield to oncoming traffic before completing the left-turn. Results
from the evaluation suggest that the FYA indication improves driver comprehension, and is
further enhanced with the use of supplemental signing. It should be noted however that the
inclusion of the supplemental signs as presented in the study methodology may have biased the
research since the desired response to the signal display included in this static analysis was
essentially given by observing the sign. Because of this bias, it cannot be concluded that
supplemental signing significantly improved driver comprehension. Previous research found no
significant improvement in driver comprehension with supplemental signing (Brehmer, et al
2003).

After NCHRP Report 493 recommended the use of the FYA indication for PPLT control,
numerous transportation agencies began implementing the FYA indication. Noyce, et al.
conducted a research study to examine the safety effectiveness of the FYA indication in the field,
as part of NCHRP Project 20-7, Task 222 (Noyce et al. 2007). To complete this study,
researchers compiled information about all the known FYA indication installations throughout
the country and analyzed available crash data at each intersection. Results showed that
implementing the FYA indication improved safety at intersections in which the traffic signal
control used PPLT phasing before-and-after implementation. Crash rates did increase at
intersections that had been converted from protected-only left-turn phasing to PPLT phasing with
the FYA indication. Overall, researchers concluded that implementing the FYA indication
improved intersection safety. Safety benefits were also shown to have a positive temporal effect
since safety improved as the time between installation of the FYA indication and time of analysis
increased.

A number of other field studies of FYA indication implementation have been completed by
various agencies throughout the country, as described below.

Jackson County, Oregon

A study was completed in Jackson County, Oregon to evaluate the implementation of the FYA
indication (Niemeyer 2005). Several three- and four-section vertical signal displays
implementing the FYA indication were installed at intersections throughout the county.
Niemeyer completed the study by analyzing crash data, community feedback, and by performing
a cost benefit analysis.

A total of seven intersections were analyzed (Niemeyer 2005). Six of the intersections were
changed from protected-only phasing to PPLT phasing using the FYA indication. At these
intersections, a three-section vertical signal display was used instead of a four-section signal
display in an effort to reduce the cost of implementing the FYA indication. The FYA indication
was combined with the SYA indication in the middle section of the signal display to create a
bimodal FYA/SYA indication. One of the intersections was already using PPLT phasing with the
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five-section cluster signal display. This cluster signal display was replaced with a MUTCD
recommended four-section vertical signal display.

Results from the Jackson County study showed that the FYA indication significantly reduced
crashes at the intersection that used PPLT phasing prior to implementing the FYA indication
(Niemeyer 2005). The six intersections that were changed from protected-only phasing to PPLT
phasing did experience an increased crash rate, as expected. However, these intersections also
experienced significant reductions in delay. The benefit-cost ratio of implementing a FYA
indication was well above 1.0 for each intersection. This result confirmed the hypothesis that
PPLT signal phasing can improve traffic flow while still maintaining safety.

The three-section vertical signal display with the bimodal FYA/SYA indication used in Jackson
County has been somewhat controversial among transportation professionals (Niemeyer 2005).
Combining the FYA with the SYA indication in a bimodal section is believed to have a negative
impact on driver comprehension of the yellow change interval, and require drivers to determine
when the yellow indication changes from flashing to steady without moving between signal
display sections. The results from the Jackson County study showed that no reported crashes
were related to the left-turn clearance phase and that there was no negative driver feedback
regarding the transition from the FY A indication to the SYA indication.

St. Louis, Missouri

Lin, et al. conducted a field study to analyze driver reaction to the FYA indication at one
approach of an intersection located in St. Louis, Missouri (Lin et al. 2008). Prior to this study,
most studies involving driver comprehension of the FYA indication involved asking participants
to complete a computer-based evaluation. The idea behind this study was to develop a new
method to observe how drivers comprehend the FYA indication.

The research was completed by using a video observation method (Lin et al. 2008). To perform
this method, researchers categorized driver reactions to the various signal indications used in
PPLT phasing. These reactions were then classified as correct, fail-safe, or fail-critical.
Researchers also calculated a safe left-turn gap based on speed and distance to analyze whether
drivers were entering the intersection with a large enough gap when the FYA indication was
illuminated. Results showed that 89.9% of drivers gave a correct response, 5.2% of drivers gave
a fail-safe response, and 4.9% of drivers gave a fail-critical response. These results were not
compared to any results using the CG indication. Researchers concluded that using the video
observation method may be more effective than using computer-based evaluations.

Peoria, Illinois

The lllinois Department of Transportation implemented the FYA indication at more than 100
intersections in 2010 (Schattler et al. 2013). Schattler conducted an operational and safety
evaluation by performing a before-and-after study of 16 approaches in the Peoria, Illinois area.
Signal operations did not change at any of the 16 intersection approaches; therefore, the only
change that occurred was that the CG indication was replaced with a FYA indication. A total of
128 hours of data were collected, with 50% of the hours being before and 50% of the hours being
after the installation of the FYA indications. The following data were collected for each of the
approaches:
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Size of accepted critical gap for left-turning vehicles;
Left-turning vehicles that entered late in the steady CY interval;
Left-turning vehicles that entered at the beginning of the CR interval; and
Left-turn traffic conflicts.

The results from the before-and-after field study showed that there were no significant
differences between the accepted critical gaps for the FYA and the CG indications (Schattler et
al. 2013). CR and CY indication running also appeared to be minimally affected by conversion
to the FYA indication; therefore, researchers concluded that there were no negative impacts on
traffic operations when using the FYA indication.

Charlotte, North Carolina

Pulugurtha, et al. conducted a before-and-after evaluation of six intersections in Charlotte, North
Carolina that were changed from a CG indication to an FYA indication for PPLT phasing
(Pulugurtha et al. 2011). The Empirical Bayes (EB) method was used to evaluate the safety
impact of the change to a FYA indication. The EB analysis method involves analyzing and
comparing the actual number of crashes after the installation of the FYA indication and the
predicted number of crashes over the same time period had the FYA indication not been
installed.

Results from the study showed that the actual number of crashes was lower than the predicted
number of crashes at five of the six study intersections (Pulugurtha et al. 2011). Three of the
intersections had a crash reduction of almost 50%. Altogether, the FYA indication did improve
safety at the majority of the intersections studied, but due to the low sample size, it was not
possible to generalize that installing a FYA indication will effectively improve safety at all
signalized intersections. Further studies are required to analyze intersection crash characteristics
at locations which use the FYA permissive left-turn indication.

Several studies have analyzed driver behavior and driver comprehension related to the FYA
permissive left-turn indication. Important findings cited in these studies are summarized below:

e Compared to the CG indication, the FYA indication shows a higher level of driver
comprehension and lower fail-critical rate.

e The four-section vertical signal display is the recommended signal arrangement when
implementing the FYA indication.

e Use of the FYA indication in a five-section cluster signal display may be an effective interim
retrofit as transportation agencies upgrade to the four-section vertical signal display.
However, the required simultaneous illumination of left-turn and thru movement indications
can negatively impact driver comprehension.

e The FYA indication should not be installed at intersections with wide medians until the use
of the FYA indication becomes more widespread.

e The FYA indication does not reduce comprehension of the CG indication.

e The FYA indication does not reduce comprehension of the SYA indication.
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e Pedestrian safety is not impacted by the use of a FYA indication.
e The Jackson County three-section vertical signal display with a bimodal FYA/SYA
indication has not resulted in any known driver comprehension or safety problems.

Studies found that many drivers do not understand the meaning of the steady CY indication.
Field studies show that the implementation of the FYA indication can result in lower crash rates
and improved traffic flow. Overall, the FYA indication has proven to be a significant
improvement by increasing driver comprehension of permissive left-turn operations and
consequently improving safety.
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Research Approach

This research used a combination of static and dynamic studies to explore driver behavior and
driver comprehension related to the FYA and yellow change interval indications selected for
study. In others words, the experiments explored the significance of changes in mode (flashing
to steady), shape (arrow to circular), location (signal section), and signal display arrangement
(three-, four- and five-section; horizontal, vertical, cluster). To the extent possible, issues
pertaining to separate versus shared left-turn signal displays and tightly spaced (less than 8 feet)
signal displays were considered. Measures of effectiveness used in the experiments included
driver behavior, driver comprehension and driver perception/reaction time. Vehicle trajectories
on the approach to intersections and driver’s visual search patterns were also considered.

Data for this research was collected by conducting a computer-based static study. The computer-
based tool was developed using a Java Script that taps into HTML 5 application programming
interface (API) of a Google Chrome browser. This design facilitated a robust deployment by not
requiring Wi-Fi access since the data collection computer was running a local web server. Using
Java Script, a time stamp of each event of user responses were continuously stored locally on the
computer and could be retrieved later for analysis.

Six different signal display arrangements were evaluated, as shown in Figure 12. All of these
configurations featured different traffic signal arrangements using the FYA indication. In the
three-section signal display, the FYA indication was located as a bimodal indication in the
bottom section or middle section of the signal display, and combined with the GA or YA
indication, respectively. The current MUTCD standard four-section all arrow vertical signal
display was included as the baseline arrangement for the study. Additionally, a four-section
horizontal signal display was evaluated. In the five-section cluster signal display, the FYA
indication was included as a bimodal indication and was included in either the bottom left
(bimodal with GA indication) or middle left (bimodal with YA indication) section. Additionally,
the five-section cluster signal display involved scenarios that illuminated a FYA indication with
a simultaneous thru movement indication and scenarios that illuminated a FYA indication
without a simultaneous thru movement indication. Although it was understood that a permissive
left-turn indication would not be presented in a five-section cluster signal display without the
simultaneous and corresponding thru movement indication (per MUTCD), scenarios did include
the five-section cluster signal display with and without simultaneous thru movement indications
to further explore driver’s comprehension of signal display arrangement and indication location.

In addition to the scenarios presented in Figure 12, other signal displays that illuminated a RA,
YA, or GA indication were included in the study to ensure variability in the study and provide
control scenarios. Also, the presence of opposing traffic was varied with each signal display
mentioned, with one scenario including opposing traffic and then the same scenario without. A
complete list of scenarios, with figures, can be seen in Appendix A.
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Figure 12. FYA signal displays evaluated.

Scenarios were divided into three categories: Experimental, Baseline, and Control. The
experimental and baseline scenarios included all the configurations shown in Figure 12.
Experimental scenarios featured a bimodal FYA indication, while baseline scenarios feature a
four-section signal display with a separate section for the FYA indication. The Control scenarios
consisted of signals featuring an RA, YA, or GA indication. As mentioned, these scenarios were
added to create variability in the study. They also provided a measure of data quality assurance,
as these scenarios should feature a high rate of correct responses.

Researchers completed the data collection effort by setting up tables and laptop computers at
various locations and asked people passing by to complete the study. In Madison, studies were
completed at the University of Wisconsin-Madison Union South building and the Wisconsin
Department of Transportation Division of Motor Vehicles (DMV) east and west drivers’ license
facilities. The Union South building was selected as a location because of its high student
population, and the fact that a random set of students, staff, and visitors of all ages pass through
the building each day. The DMV was selected because of its diverse population and the fact that
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people tend to have available time while waiting for service. The study was also conducted in a
similar manner by researchers on the campus of the University of Massachusetts, Amherst.

Prior to beginning the study, participants were asked to read a disclaimer and agree to complete
the study. Upon agreeing to complete the study, participants were asked to answer demographic
questions regarding their gender, age, and driving experience. The available responses for age
and driving experience were grouped into ranges, as shown in Table 1. The purpose of asking
these demographic questions was to provide the opportunity to analyze those variables with
respect to driver comprehension.

Table 1. Available responses for demographic questions.

Gender Age Driving Experience
Male 18-24 <5 years
25-34
35-44 5to 9 years
Female 45-54
55-64 > 10 years
65-74
75+

Each participant was presented with 15 scenarios. Scenarios were programmed to be randomly
selected; therefore, each subject observed a different set and different order of scenarios. The
only caveat to that was if one of the scenarios that involved a signal display with the FYA
indication as part of a bimodal indication was presented to a participant, the same signal display
with the FYA indication in another bimodal section was also presented to assure the participant
saw the FYA indication in both the middle and bottom sections of the signal display. For
example, if a three-section vertical signal display with the FYA indication bimodal with the GA
in the bottom section was shown, another scenario would present a three-section vertical signal
display with the FYA indication bimodal with the YA in the middle section. This can be seen in
greater detail in Appendix A, as scenarios with bimodal arrangements are labeled with an
additional “a” and “b” designation.

With every scenario presented, the participant was asked “If you want to turn left and see the
signal indications shown below, you are...” with the following responses to choose from:

¢ Not allowed to turn left, stop;

e Allowed to turn left; however, you must wait for a large enough opening in the oncoming
traffic before doing so, yield,;

e Allowed to turn left since the oncoming traffic must stop, go; and

e Not sure whether or not a left-turn is allowed.

Upon beginning the study, the participant first encountered a practice scenario, shown in Figure
13. The purpose of the practice scenario was to give the participant a chance to become familiar
with the type of question being asked. Note that the practice scenario depicted in Figure 13 is
shown with opposing traffic present.
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If you want to turn left and see the signal indications shown below, you are...

© not allowed to turn left, stop

© allowed to turn left; however, you must wait
for a large enough opening in the oncoming
traffic before doing so, yield

© allowed to turn left since the oncoming traffic
must stop, go

© not sure whether or not a left-turn is allowed

Submit Sample Question

Traffic Operations and Safety [TOP S} Laboratory

Figure 13. Practice scenario used in study.

An example of an actual study scenario featuring the FYA indication in a five-section cluster
signal display is shown in Figure 14. The YA indication shown in Figure 14 was dynamically
flashing when shown on the computer. This scenario in Figure 14 is shown without opposing
traffic. Background images that accompanied the traffic signal included an actual intersection
that provided the participant with the perspective that they were located in a separate left-turn
bay of the intersection. Screenshots of the instructional and demographic pages, along with
example scenarios with and without opposing traffic can be seen in Appendix B.

3.1.1 Study Response Data Analysis

The study was completed on laptop computers, so the responses were recorded directly onto the
computer as a .CSV file. Table 2 shows an example of the unedited data output. Data were
compiled into a single Microsoft Excel workbook for analysis. Microsoft Excel and statistical
analysis package R were both used to complete the statistical analysis. The following items were
included in the raw data and analyzed:

Gender of Participant;

Age of Participant;

Driving Experience of Participant;
Scenario Number;

Question Response Time; and
Selected Answer.
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If you want to turn left and see the signal indications shown below, you are...
1 © not allowed to turn left, stop
© allowed to turn left; however, you must wait
for a large enough opening in the oncoming
traffic before doing so, yield
© allowed to turn left since the oncoming traffic
must stop, go
© not sure whether or not a left-turn is allowed
MNext Question
Traffic Operations and Safety [TOP' 5] Laboratory
WISCONSIN ?
Figure 14. Example FYA indication and signal display scenario used in study.
Table 2. Example of raw static study data.
Time Age Driving Time To Question  Question Image
Stamp  Group  Gender  Experience Complete  Attempts Position Name Name Answer
23-10- lg_exp/
2013 8 5 F 3 6.203 1 1 9b 9b.gif 2
23-10- 1g_1/29.
2013 8 5 F 3 4.116 1 2 29 oif 2
23-10- lg_exp/
2013 8 5 F 3 6.892 1 3 43b 43b.gif 2
23-10- lg_exp/
2013 8 5 F 3 4.065 1 4 60b 60b.gif 2
23-10- lg_exp/
2013 8 5 F 3 6.057 1 5 57b 57b.gif 2

Results of the analysis were compared across each of the signal display arrangement and
indication combinations evaluated.
scenario until the time the participant responded was quantified in seconds as “response time”.
Response time was hypothesized to be a surrogate measure of participant (driver)
comprehension, under the theory that scenarios not well understood will take a longer time to
process and respond.

Copyright National Academy of Sciences. All rights reserved.

Note that the time from the initial presentation of the



http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

36

A second study was completed to explore driver’s response to different combinations of signal
display arrangements and FYA indications. Data collection was completed through the use of a
full-scale driving simulator. The primary objective in using the driving simulator was to explore
the key findings of the computer-based static study in a dynamic environment. In this way,
driving behavior, workloads, information processing and conflicting visual cues were added to
the study. Furthermore, a large number of traffic signal display indications, placements, and
arrangements could be explored.

Fixed-base fully interactive dynamic driving simulators at the University of Wisconsin-Madison
and University of Massachusetts, Amherst were used to complete the study of driver
comprehension and behavior associated with the FYA indications. Photos of the experimental
driving simulators are shown in the Figures 15 through 18.

The vehicle cab of the University of Wisconsin driving simulator is a full-sized Ford Fusion,
which the driver operates just as he or she would on the road. One rear-facing and five forward-
facing projectors display the visual world on a 24-foot screen wrapped 240 degrees around the
vehicle and on an additional screen spanning the rear of the vehicle. LCD screens installed in
each of the side-view mirrors bring the total number of projectors contributing to the simulation
environment to eight. As the driver turns the wheel, brakes, or accelerates, the roadway that is
visible to the driver changes appropriately. A network of eight advanced RTI servers update the
images 60 times per second. High-end multimedia video allows the servers to process the
images at the same resolution as the human eye. Image resolution on each screen can be as high
as 1080p. Logitech Dolby 2.1 Surround Sound speakers with subwoofer comprise the
simulator’s sound system. Realistic road, vehicle, and wind noise, along with appropriate
direction, intensity and Doppler shift effects, enhance the virtual environment experience.
Computer screens replacing the interior vehicle dashboard and center console allow testing of
vehicle enhancements currently under development. Other capabilities include a dynamic
messaging system, as well as haptic feedback for applications such as rumble strip evaluation.
Finally, the vehicle is positioned in a front-to-back motion base capable of one degree of motion
for movement tracking.

The vehicle cab in the HPL Advanced Driving Simulator at the University of Massachusetts,
Amherst is a full-sized Saturn sedan. A driver operates the controls of the Saturn just as he or
she would on the road. The visual world is presented on three screens, one in front of the car and
two on each side. Each screen subtends 60 degrees in the horizontal direction and 30 degrees in
the vertical direction. As the driver turns the wheel, brakes or accelerates, the roadway that is
visible to the driver changes appropriately. The images themselves are updated 60 times a
second using a network of four advanced RTI simulator servers which parallel process the
images projected to each of the three screens using high-end multimedia video processors. The
image resolution on each screen can be as high as 1024 x768. The sound system for the
simulator consists of three Logitech Dolby 2.1 Surround Sound speakers, two located on the left
and right sides of the car and one, a sub-woofer, located in front of the car. The system provides
road, vehicle, wind and other noises with appropriate direction, intensity and Doppler shift.
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Figure 15. University of Wisconsih-Madison diving simulator.

Figure 16. University of Wisconsin-Madison driving simulator.
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Figure 18. Wisconsin driving simulator data collection.
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Data obtained from the driving simulator came in several forms. Computers models tracked X,
Y, and Z plane coordinates throughout each simulator experiment. Velocity and acceleration
data were captured, along with corresponding data from the vehicle components (brakes,
steering, etc.). Video cameras were used to capture physical driver maneuvers within the
experiment and associated vehicle position and driver behavior data. As depicted in Figure 18,
researchers collect and analyze these data in real time.

A state-of-the-art eye tracker, ASL Mobile Eye-XG, which is capable of sampling the position of
the eye at 30 Hz, was used with selected driving simulator participants at the University of
Wisconsin study site. The eye tracker device is capable of recording the visual scan pattern and
eye movement of drivers under all driving conditions, along with the number of glances and the
durations of fixations. All of these recordings were gathered in this study and this data will be
used to determine the amount of time subjects spent looking at a particular area of the scenario.

3.2.1 Methodology

Results of the static study were used to identify 12 signal display and indication combinations
evaluated in the driving simulator study. Figure 19 presents the nine experimental signal
displays and indications evaluated along with the three baseline signal display scenarios.
Baseline or control signal display was the four-section all arrow vertical signal display as
described in the MUTCD. Thru movement indications varied between CG and CR. The
sequence of indications presented, random number generated to randomize the sequence of
signal displays presented, and the module number in which the signal display was included is
also presented in Figure 19.

One intersection approach was created for each of the 12 PPLT signal display/indication
combinations selected for evaluations. As with the static study, variables evaluated included
changes from the permissive left-turn to change interval indications:

e Mode
o Steady to steady; and
o Flash to steady.
e Location
o0 Bimodal; and
0 Section change.
e Signal Display Configuration
0 Three-section vertical — bottom section GA/FY A bimodal;
0 Three-section vertical — middle section SYA/FY A bimodal;
o Four-section vertical — All arrow;
o0 Four-section horizontal — All arrow;
o Five-section doghouse — bottom left section GA/FYA bimodal; and
o Five-section doghouse — middle left section SYA/FYA bimodal.
e Shape
0 Arrow to circular.
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Left-Turn Thr Sequence for Left-Turn Display
Scenario Type i Y . Y |solution Random Run
Display Display Sequence for Thru Display Number | Number
Flashin,
r Green | Yellow &
Yellow
A Arrow | Arrow
r Arrow
9a Experimental A Yield 786.8314 3
B Circular | Circular | Circular
A Green | Green Green
Flashin,
r YeIIowg Yellow | Circular
h Arrow Red
r Arrow
9ah Experimental A 995.6785 3
B Circular | Circular | Circular
< Green | Green Green
Flashi
r Green | Yellow | o8
Yellow
b Arrow | Arrow
r Arrow
9b Experimental . Yield 528.2313 1
r Circular | Circular | Circular
A Green | Green | Green
Flashin
r Green | Yellow Red g
Yellow
A Arrow | Arrow | Arrow
v Arrow
10a Experimental . Yield 762.8259 2
r Circular | Circular | Circular | Circular
A Green | Green Green Green
Flashin
r Green | Yellow | Red "8
Yellow
A Arrow | Arrow | Arrow
v Arrow
10b Experimental . Yield 853.5732 3
r Circular | Circular | Circular | Circular
< Green | Green Green Green
Flashin,
r Green | Yellow e
Yellow
h Arrow | Arrow
|48 Arrow
17 Baseline A Yield 323.2044 2
B Circular | Circular | Circular
= Green | Green Green

Figure 19. Driver simulator study experimental and baseline signal displays.
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Left-Turn Thr Sequence for Left-Turn Display
Scenario Type i Y . Y |solution Random Run
Display Display Sequence for Thru Display Number | Number
Flashin
é Green | Yellow Red &
A Arrow | Arrow | Arrow vellow
r Arrow
18 Baseline A Yield 14.79161 1
r
Circular | Circular | Circular | Circular
< Green | Green Green Green
r .
Flashin
A Green | Yellow Red YeIIowg
r Arrow | Arrow | Arrow
Arrow
22 Baseline } 367.8985| 3
Circular | Yellow | Circular
A Yield Circular Re
Green Ball Red
Flashi
r Green | Yellow | Circular ashing
Arro Arro Red Yellow
w w
h Arrow
58a Experimental 4 Yield 54.36808 1
b
r Circular | Circular | Circular | Circular
A Green | Green Green Green
Flashin
r Green | Yellow | Circular g
Yellow
A Arrow | Arrow Red
r Arrow
58b Experimental L Yield 543.6041 2
r Circular | Circular | Circular | Circular
|2 Green | Green Green Green
Flashin
r Green | Yellow | Circular "8
Yellow
A Arrow | Arrow Red
v Arrow
62a Experimental N Yield 107.7715 1
r Circular | Yellow | Circular | Circular
A Green Ball Red Red
. Flashing
r Green | Yellow | Circular
Yellow
€ Arrow | Arrow Red
v Arrow
62b Experimental Yield 599.1666 2
b
| Circular | Yellow | Circular | Circular
A Green Ball Red Red

Figure 19 (cont.). Driver simulator study experimental and baseline signal displays.
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Figure 20 depicts a visual sample of a signalized intersection with PPLT signal phasing and FYA
indication used in the driving simulator study. Screen captures of all 12 intersections are
depicted in Appendix C. Additionally, several intersections that require the driver to evaluate
different information and/or turn right, proceed straight, or turn left on a protected green arrow
were included as part of the visual world. The additional movements were included to provide
experimental variability and reduce the probability of the driver keying into the nature of the
study. Variability in intersections also reduced the learning curve effects.

Figure 20. Screen capture of typical simulated intersection.

Additional variability was provided through the creation of multiple experimental modules,
driving routes and starting positions. Three modules were developed by random number
generation (Figure 19), each presenting experimental signal display/indications in a different
order.  Further, the order in which the modules were driven was varied to provide
counterbalancing. Drivers observed each of the experimental signal displays only once by
traversing the route in each module. Finally, the three routes were presented in various orders,
which created numerous unique orders and starting point combinations. The three modules and
associated routes are shown in Figure 21 through Figure 23. Note the signal display scenario at
each intersection as presented in Figure 19.
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Figure 21. Route with module 1.
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Figure 22. Route with module 2.
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Figure 23. Route with module 3.

Also note the last scenario in Figure 23 is labeled ‘9aH’, which included signal display scenario
9b with different vehicle and traffic signal operations. In this scenario, when drivers approached
the intersection, a FYA was shown instead of a steady GA. Thru movement had a CG indication.
As the driver entered the left-turn bay of the intersection, the signal changed to a steady YA in
the normal middle position. Scenario 9aH also had a same direction vehicle waiting to turn left in
front of the driver. When the driver entered the left-turn bay the vehicle started to turn. The
objective was to see if participating drivers made their turn decision by following the lead
vehicle rather than solely on the traffic signal indications. Additionally, the objective was to see
if drivers observed the FYA indication change to steady YA. Once the driver crossed the stop
bar, the left-turn indication turned red. Only drivers at UW-Madison were exposed to scenario
9aH.

All but scenario 9aH rested in green (GA indication for the left lane and CG indication for the
thru lanes). Signal displays were changed to the test indications as the driver approached the
intersection. Specifically, between 30 and 120 meters prior to the intersection stop bar, the PPLT
signal display was “triggered,” changing from a GA indication to the selected permissive left-
turn (or protected) indication.
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A second trigger was placed at selected intersections to release queued opposing traffic and/or to
change the signal indication from the FYA indication or other protected or permissive left-turn
indication to a steady YA change interval indication. The locations of these trigger points varied
by intersection scenario.

Each of the PPLT signal displays were evaluated with opposing traffic at the intersection. The
introduction of opposing traffic required drivers to simultaneously evaluate the PPLT signal
display and indication, traffic movement, and opposing gaps before completing the permissive
left-turn maneuver. This methodology was used to replicate the decision process required during
actual operation of a motorized vehicle within the roadway system.

At experimental intersections in which comprehension of the permissive left-turn indication was
evaluated, all gaps in the opposing traffic were consistently applied. At least two vehicles were
always positioned at the stop bar in the two thru lanes opposing the left-turn driver. The
remaining opposing vehicles were positioned further upstream in a specified gap sequence. Past
research has used gap sequences of three and seven seconds (Brehmer et al. 2003). To assure
that gap selection was not a controlling variable in drivers’ decision to make a permissive left-
turn, drivers were presented with opposing vehicle gaps of 8 to 10 seconds and 0 to 1 seconds.
The aforementioned assumption is based on the critical gap value of 4.1 seconds found in the
2010 Highway Capacity Manual (HCM) for permitted left-turn maneuvers from the major road
in the design of a four-lane roadway (HCM 2010).

After creating the driving simulator scenarios, but prior to conducting the study, several drivers
were recruited to beta test each module. The purpose of the beta test was to identify necessary
modifications that can only become apparent after administering the experiment. In order to
make sure the same procedure was followed between locations and with all drivers, the
following procedure was established:

Before driver arrives:

e Start simulator & projectors;
e Perform steering wheel calibration to industry standards; and
e Load scenarios and make sure everything is working properly.

When driver arrives:

¢ Introduce yourself;

e Set driver up in the lobby, explain the three documents for them to fill out;
0 Research Participant Information and Informed Consent Form (per University policy);
o Driver Behavior Questionnaire; and
o0 Demographic Questionnaire.

e Ask about motion sickness and explain that some people do get motion sickness, at any point
in time the driver can stop the experiment. Explain that the car is set to ‘industry standards’
but, just like driving a rental car, each car does feel differently.
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To start the driver experiment:

o After the paperwork has been filled out and collected, drivers are asked to fasten their seatbelt,
adjust mirrors, and adjust the radio as they would in their own vehicle;

e Get driver set up with eye tracker equipment;

e Explain that there will be a camera to record the scenario and ask them to talk out loud in the
vehicle about their experience;

e Explain speed limit - 35 mph; and

e Start scenario, observer stays back and record notes about the drive.

When driver finishes:

o After driver finishes, make sure they are feeling OK and ask follow-up questions;

o0 Are you feeling OK? Did you have problems with the simulation? Was there anything
confusing?

0 Were the colors on the simulation real-enough for you? Is there anything that can be
improved?

o Think about the signals: did you notice there were different signal configurations?

0 Think about the location of the flashing yellow on the signal itself: do you have a preference
for the location? Why one over the other?

0 How did you made the decision to go/stop when approaching the intersection? Were you
relying on traffic or were you looking at the signals?

Ask if they have anything to add about the experiment;

Thank them for their contribution;

Copy PLT file with driver number;

Save Eye Tracking data; and

Get the set up ready for the next participant.

Participating drivers were asked to drive the simulator vehicle as they would drive their own
vehicle. Specifically, do not drive overly conservative nor drive extremely aggressive. To avoid
the need for verbal communication during the study, drivers were navigated through the modules
by guide signs that were provided at each intersection approach. In addition, drivers were asked
to observe speed limit signs (35 mph), providing a higher level of realism and speed control in
the virtual network. The driving portion of the experiment required an average of 20 to 30
minutes.

Driver responses to each PPLT signal display scenario were manually and electronically
recorded. Correct responses were recorded accordingly and incorrect responses were categorized
by the nature of the failure. A video record was completed with each experiment such that the
video could be reviewed to confirm driver responses. Additionally, the driving simulator
computer system recorded operational data and was used to determine vehicle speeds and path.

Throughout the experiment, subject drivers were asked to think out loud and verbally express
their thoughts about anything they observed. Research team members were present to record the
results of the simulation, including the responses at each intersection and other driving related
factors such as indecision, unnecessary braking, or any pertinent verbal comments made. Eye
tracker data recorded driver eye fixation and dwell time for selected participants. Figure 24
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shows a driver outfitted with the ASL Mobil Eye-XG head-mounted eye tracking equipment. A
typical eye tracking analysis seeks to gain an insight into the attentive behavior of the user
(Duchowski, 2007). Therefore, ‘heat maps’ were generated, as shown in Figure 25, to understand
the intensity of fixations by area on the screen. A red area represents the highest number of
fixations while a green one represents an area with the lowest number of fixations. Consistent
with recently published literature (Marnell et. al., 2013), fixations, i.e., points on which the driver
focused, were deemed as such if the fixation lasted more than 100 milliseconds. Heat maps along
with box-and-whisker statistical plots were used to present the eye tracking data.

After completing the driving simulator study, drivers were asked to complete some remaining
paperwork.  Finally, drivers were asked to complete a Payment Voucher for nominal
compensation ($10-$15) that was provided for participating in this experiment.

A total of 56 drivers completed the driving simulator experiment. Of the 56 drivers, 31
completed the study in Massachusetts while 25 completed the study in Wisconsin. The same
age demographics as the static study were employed. Recruiting drivers to participate in the
study was done through a variety of local mediums, including local advertisement on campus,
through campus and community organizations, and using databases of past drivers. Again,
drivers were screened for a valid driver’s license, in addition to age/gender group categorization.

Figure 24. Eye Tracker on a driver.
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Figure 25. Depiction of a heat map of driver fixations.

Once the data collection process was complete, the results of each experimental task were
compiled and analyzed. Analysis focused on a distribution of qualitative and quantitative
responses to the array of indications presented correlated to signal display type and position.

Each study was statistically analyzed using commonly applied procedures. The distribution of
responses was applied to an analysis of variance (ANOVA) procedure to determine the
differences between the signal displays and indications evaluated. For each analysis, the
appropriate 95% confidence interval was calculated based on a binomial proportion as follows:

pi1.96\/E
95% C.1. = n )

Where:

p = sample proportion;

1.96 = value associated with 95% confidence level,

g=1-p;and

n = number of trials.
Similarly, demographic data were analyzed simultaneously with the independent variables of
both experiments to determine what, if any, interaction occurs between the parameters and their
impact on the independent variables. A comparison of the results obtained using each
experimental methodology was completed to determine the consistency of driver responses.
Additionally, the randomization techniques applied (route, route order, and response order) were
analyzed to determine the potential effect each variable may have had on the outcome variables.
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Findings and Applications

Three hundred thirty-six participants completed the study in Wisconsin and 168 participants
completed the study in Massachusetts resulting in a combined total of 447 participants. A total of
8,948 scenario evaluations were received with a bimodal FYA indication featured in 5,723 of the
scenarios evaluated.

Three demographic questions were asked in the study. Specifically, participants were asked to
provide information regarding their gender, age, and driving experience. A summary of the
demographics for the study is shown in Table 3. The proportion of respondents was weighted
towards younger age groups due to data collection on college campuses.

Table 3. Summary of demographic information.

Wisconsin Massachusetts
Category Level Total Percent Total Percent

Gender Male 178 53.0 102 60.7
Female 158 47.0 66 39.3
Age 18-24 146 43.5 122 72.6
25-34 55 16.4 9 5.4

35-44 24 7.1 3 1.8

45-54 41 12.2 13 7.7

55-64 37 11.0 15 8.9

65-74 19 5.7 6 3.6

75+ 14 4.2 0 0.0

Driving Experience 0-5 108 32.1 98 58.3
5-10 64 19.0 28 16.7

10+ 164 48.8 42 25.0

4.2.1 Summary of Results from Control Scenarios

Overall, the control scenarios featured a high rate of correct responses. Previous literature has
identified a correct response rate greater than 85% to represent high levels of driver
comprehension (Brehmer et al. 2003). Scenarios that featured a GA in both Wisconsin and
Massachusetts for the left-turn indication experienced a correct (go) response rate of 88.4%.
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Almost all of the incorrect responses for scenarios that featured a GA indication were yield
responses. The yield response could be considered a correct response, since the GA indication
does require drivers to yield to other road users lawfully in the intersection (FHWA 2009). If
yield responses are considered correct, the correct response rate for these scenarios is over 99%.
Scenarios that featured a red arrow (RA) for the left-turn indication experienced a correct (Stop)
response rate of 95.6%. Scenarios that featured a YA for the left-turn indication experienced a
wide variety of responses. Response rates were 46.6% Yield, 31.6% Stop, 16.4% Go, and 5.3% |
don’t know (IDK). One potential reason as to why these scenarios featured such a wide variety
of responses is that driver response to a YA indication varied largely based on the location of the
vehicle when the indication changed to yellow. Also, drivers are familiar with observing the YA
indication in a transition from green to red. Since the experiment involved a static signal display,
this could also be a potential cause of confusion. Additionally, the steady YA has historically
been a traffic signal indication in which the actual meaning is unclear.

Altogether, the high levels of correct responses for the scenarios featuring a GA or RA indication
indicate that participants correctly understood the questions being asked in the study. This
finding is important as the computer-based study initially validates that the experimental
scenarios can be used to conduct an analysis of this type. A comprehensive table of results
associated with each scenario can be found in Appendix A.

4.2.2 Summary of Results from Baseline and Experimental Scenarios

The baseline and experimental scenarios experienced an overall correct response rate of 74.6%.
Table 4 displays percentages of correct responses separated by signal display and the location of
the FYA indication. The results show that scenarios featuring the FYA indication in the bottom
section had a slightly higher rate of correct responses than scenarios featuring the FYA
indication in the middle section. As described in Chapter 3, results in Table 4 also show the
impact of simultaneous indications in a five-section cluster signal display by evaluating the FYA
indication in a five-section cluster signal display with and without a simultaneous thru movement
indication, knowing that presenting the FYA indication without a simultaneous thru movement
indication is not an approved MUTCD signal display.

Results of the statistical analysis are presented in Section 4.2.2.1. Due to the large number of
scenarios evaluated, detailed responses for every scenario are presented in Appendix A.

4.2.2.1 Statistical Analysis

A chi-squared test was completed to compare the proportion of correct responses from the
Wisconsin data to the proportion of correct responses from the Massachusetts data. The results
from this analysis showed that the two datasets are significantly different, as Wisconsin
participants had a significantly higher rate of correct responses. As a result, these datasets were
kept separate for the statistical analysis.
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Table 4. Summary of results based on signal display and FYA section.
Wisconsin Massachusetts
Section for FYA Fail- Fail-
Signal display Indication Correct Critical Correct Critical
Four-Section Vertical Separate 76.9% 7.5% 73.2% 12.1%
Four-Section Horizontal Separate 79.2% 5.6% 69.5% 11.4%
Middle 77.1% 6.5% 68.0% 8.8%
Three-Section Vertical
Bottom 80.5% 6.7% 70.4% 9.9%
Five-Section Cluster Middle 79.1% 7.3% 73.9% 12.0%
without Simultaneous
Thru Indication Bottom 78.5% 6.8% 76.2% 8.5%
Five-Section Cluster with Middle 76.0% 5.4% 62.0% 12.7%
Simultaneous Thru
Indication Bottom 75.4% 6.3% 63.3% 11.4%

A series of Pearson’s chi-squared analyses were completed to identify statistically significant
responses based on various variables. This analysis was completed by comparing the differences
in correct response rates for various sets of scenarios and using a right-tailed p-value of less than
a 5% (0.05) level of significance to indicate differences as significant. A p-value of less than
0.05 has been the statistical standard used in previous driver comprehension studies related to
PPLT signal displays. The Pearson’s chi-squared test was used in this analysis since two
variables are tested to determine whether they are independent of each other. Throughout the
statistical analysis, p-values are presented with a format and cell shading shown in Table 5 to
help distinguish significance.

Table 5. Formatting associated with p values.
Significance P Value Format
Highly Significant <0.001 0.0000
Significant < 0.050 0.0250
Not Significant >0.050 0.5000

Figures displaying the 95% confidence intervals were also created. These confidence intervals
were calculated using the Wilson score interval (Wallis 2013). In addition to completing several
chi-squared analyses and creating plots with confidence intervals, the average response times for
each analysis are also presented. The purpose of studying response time is that lower response
times indicate a more confident response and could potentially correlate to higher driver
comprehension,
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4.2.3 Flashing Yellow Arrow Indication Location Comparisons

This analysis compared all scenarios featuring the FYA indication in the middle section to all
scenarios featuring the FYA indication in the bottom section, regardless of all other variables.
Two chi-squared analyses were completed for each state. The first one examined differences
between the percentage of correct responses, while the second examined differences between the
percentage of fail-critical responses.

In Wisconsin, scenarios involving an FYA indication in the middle section had a correct
response rate of 77.4%, while scenarios involving an FYA indication in the bottom section had a
correct response rate of 78.1%. In Massachusetts, the correct response rates were 68.1% and
70.0%, respectively. The chi-squared analyses showed that neither of these differences were
statistically significant. There were also no differences in the percentage of fail-critical
responses. The results from this analysis are shown in Table 6.

Table 6. Chi-Squared analysis for FYA indication location comparisons.

FYA Wisconsin Massachusetts
Section | (o)* | PValue | (%)* | P Value
Middle 77.4 68.1

0.6170 0.3421
Bottom 78.1 70.0
*Percentage of Correct (Yield) responses

FYA Wisconsin Massachusetts
Section | (gp)x* | Pvalue | (%)** | P Value
Middle 6.4 11.1

0.8125 0.3677
Bottom 6.6 9.9

**Percentage of fail-critical (Go) responses

An analysis was also completed to determine the average response times based on the location of
the FY A indication. In both states, the average response time was lower for the scenarios with
the FY A indication in the middle section of the signal display. Additionally, maximum values
observed and statistical standard deviations were also lower in the middle section of the signal
display. Results are shown in Table 7.

Table 7. Average response time (seconds) based on FYA indication location.

Location Wisconsin Massachusetts
of FYA
Indicatio | Averag Std Std
n e Max Min Dev. | Average | Max Min Dev.
Midadle | ¢ o 78.7 0.4 8.6 7.8 744 | 09 7.8
Section
Bottom 8.8 97.3 0.6 9.1 8.6 1044 | 06 10.2
Section
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4.2.4 Signal Display Comparisons

The main objective of this analysis was to identify if the signal display arrangement impacted
driver comprehension for the experimental and baseline scenarios. Chi-squared analyses were
completed to identify differences in the percentage of correct responses based on the signal
display. The results are shown in Table 8. Note that “Five-Section Clustered” signal displays in
Table 8 are those that did not include a simultaneous thru movement indication.

Table 8. Chi-Squared analysis for signal display comparisons.

Wisconsin Massachusetts
Display Type 1 Display Type 2 1 (%)** | 2 (%)**| P Value |1 (%)**| 2 (%)**| P Value
Three-Section Vertical Four-Section Vertical 78.6 76.9 | 0.4752 | 69.1 73.2 0.2238
Three-Section Vertical Five-Section Cluster* 78.6 78.8 |10.8993 | 69.1 74.9 0.0120
Three-Section Vertical Five Section Cluster with 786 | 758 |00994| 69.1 | 626 | 0.0095
Simultaneous Thru Indication
Five-Section Cluster* Four-Section Vertical 78.8 76.9 | 0.4210| 749 73.2 0.5973
Five-Section Cluster* Five Section Cluster with 788 | 758 |00775| 749 | 626 [ELNN
Simultaneous Thru Indication
Five Section Cluster with Four-Section Vertical 758 | 769 |06320| 626 | 732 | 00029
Simultaneous Thru Indication
*Without simultaneous thru movement indication
**Percentage of Correct (Yield) responses for the corresponding Display Type

In Wisconsin, the three-section vertical signal display had the highest correct response rate at
78.6% and the five-section cluster signal display with simultaneous indications had the lowest
correct response rate at 75.8%. The five-section cluster signal display with simultaneous
indications had a lower correct response rate than both the three-section vertical and five-section
cluster signal display, but the differences were not significant. There were no significant
differences between the other signal displays, essentially meaning that there is no obvious
difference in comprehension between any of the signal displays.

In Massachusetts, the five-section cluster signal display is the most common PPLT signal display
used. The five-section cluster signal display had the highest correct response rate at 74.9% and
the five-section cluster signal display with simultaneous indications had the lowest correct
response rate at 62.6%. Note that the five-section cluster signal display with simultaneous
indications had a significantly lower correct response rate than all other signal displays. The five-
section cluster signal display without simultaneous indications had a significantly higher correct
response rate than the three-section vertical signal display. These results are consistent with
previous findings that clearly show simultaneous indications reduce driver comprehension.

For the experimental signal displays in both states, the average response time was lowest for the

three-section vertical signal display and highest for the five-section cluster signal display with
simultaneous indications (Table 9). The fact that the average response time is highest for the
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five-section cluster signal display with simultaneous indications aligns with the hypothesis that
scenarios with the lowest level of driver comprehension result in more time for drivers to process
the information presented. Consistently, the five-section cluster signal display with simultaneous
indications resulted in a significantly lower percentage of correct responses when compared to
other signal displays.

Table 9. Average response times based on signal display.

Wisconsin Massachusetts
Std Std
Signal Display Type Average | Max | Min | Dev. | Average | Max | Min | Dev.
Four-Section Vertical 8.6 80.1 1.2 8.6 8.6 95.1 1.3 9.9
Three-Section Vertical 8.2 75.6 0.8 8.1 7.6 66.8 0.9 7.6

Five Section Cluster

without Simultaneous Indication 8.4 4.2 0.6 8.5 8.4 1044 | 06 101

Five Section Cluster

with Simultaneous Indication 9.2 97.3 0.4 9.7 8.6 94.9 11 9.0

Another objective of this section was to identify if the location of the FYA indication was
comprehended differently for each of the experimental signal displays. Chi-squared analyses
were completed to examine differences between the FYA indication in the middle section and
the FY A indication in the bottom section. The results are shown in Table 10.

Table 10. Chi-Squared analysis for FYA indication location based on signal display.

FYA Wisconsin Massachusetts
Signal display Type Location | (%)* P Value (%)* P Value
) ) Middle 77.1 68.0
Three-Section Vertical Bottom 805 0.1531 204 0.4992
Five-Section Cluster Middle 79.1 73.9
without Simultaneous 0.8059 0.4726
Indication Bottom 78.5 76.2
Five-Section Cluster Middle 76.0 62.0
with Simultaneous Indication Bottom 75.4 0.7968 63.3 0.7281

* Percentage of Correct (Yield) responses

There were no significant differences found in the chi-squared analyses. As a result, regardless of
the signal display type shown, there was not a significant difference in driver comprehension
when the FYA indication is located in the middle section compared to the bottom section.
Additionally, Figures 26 and 27 depict the percentage of correct and fail-critical responses,
respectively.
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Figure 26 Percentage of correct responses for FYA indication location based on signal display.
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Note that “Five-Section Cluster’ in Figures 26 and 27 are cluster signal display scenarios without
the simultaneous thru movement indication, and “Five-Section Simultaneous” are cluster signal
displays with simultaneous thru indications. Confidence intervals on the figures overlap, a
commonly used identifier confirming that there were no significant differences. Figure 26
presents the results show in Table 10.

4.2.5 Thru Indication Comparisons

The main objective of this analysis was to identify if the thru indication impacted driver
comprehension for the experimental scenarios. Chi-squared analyses were completed to identify
differences in the percentage of correct responses based on the thru indication at the time of the
FYA indication. The results are shown in Table 11.

In Wisconsin, the thru indication had significant impacts on driver comprehension of the FYA
indication. The CG indication was associated with the highest correct response rate at 89.7%, the
CY indication had a correct response rate of 74.6%, and the CR indication had the lowest correct
response rate at 66.9%. All of these differences were highly significant (p<0.01).

In Massachusetts, the thru indication also had significant impacts on driver comprehension of the
FYA indication. The CG indication was associated with the highest correct response rate at
79.1%, the CY indication had a correct response rate of 66.9%, and the CR indication had the
lowest correct response rate at 60.8%. All of these differences were significant (p<0.05).

Table 11. Chi-squared analysis for thru indication comparisons.

Thru Indication Thru Wisconsin Massachusetts
1 Indication 2 1 (%)* | 2 (%)* 1 (%)* | 2 (%)* | P Value
C(larcular Circular Yellow | 89.7 74.6 79.1 66.9
reen
Circular Circular
Green Red 89.7 66.9 79.1 60.8
Circular Circular
Yellow Red 74.6 66.9 66.9 60.8 0.0160

* Percentage of correct (Yield) responses for the corresponding thru indication

The average response times were similar for all scenarios in Wisconsin. Scenarios featuring a
CG thru indication did have the lowest average response time, but were only 0.2 seconds lower
than the average response times for scenarios featuring a CY or CR indication. In Massachusetts,
the average response time showed a little more variation. Average response time was lowest for
scenarios featuring a CG indication, while scenarios featuring a CR indication had the highest
average response time. Average response times are shown in Table 12.
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Table 12. Average response times based on thru movement indication.
Thru Wisconsin Massachusetts
Indicatio | Average | Max Min | Std Dev. | Averag | Max Min | Std Dev.
n e
Circular 8.5 787 | 0.8 9.2 7.4 668 | 11 7.3
Green
Circular | g7 | 756 | 04 8.6 86 | 758 | 1.2 9.5
Yellow
C'Frece“d'ar 87 | 973 | 08 8.6 85 | 1044 | 06 9.8

Another objective was to identify if the location of the FYA indication was comprehended
differently for each of the thru indications. Chi-squared analyses were completed to examine for
differences between the FYA indication in the middle section and the FYA indication in the
bottom section. The results are shown in Table 13. Additionally, Figures 28 and 29 show the
percentage of correct and fail-critical responses, respectively. Results find no significant
differences in correct or fail-critical responses, in Wisconsin or Massachusetts, based on the
location of the FYA indication given a specific thru movement indication. Confidence intervals
in both Figure 28 and Figure 29 further show no significant differences. However, significantly
higher correct response rates were observed with the CG thru movement indication when
compared to the CY and CR thru movement indication, regardless of the placement location of
the FYA indication. Although no differences were seen in fail-critical rates, results again show

the impact of the thru movement indications on driver comprehension of the FYA permissive
left-turn indication.

Table 13. Chi-Squared analysis FYA indication location based on thru indication.

FYA Wisconsin Massachusetts
Through Indication Location | (%)* | P Value (%)* P Value
Circular Green gloitdtglri ggg 0.8376 ;gg 0.6069
Circular Yellow Igﬂ(jtc':g:i ;32 0.8077 ggg 0.9495
Circular Red I';/Ioigg:ﬁ ggs 0.2785 ggg 0.1720

*Percentage of correct (Yield) responses
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4.2.6 Signal Display and Thru Indication Comparisons

Since the thru movement indication appears to significantly impact driver comprehension,
another analysis was completed to examine the impacts when both the signal display and thru
indication are considered. The main objective of this analysis was to identify if the location of
the FYA indication was comprehended differently for each combination of signal display and
thru indication. Due to the limited sample size in Massachusetts, only the Wisconsin data were
used for this analysis. Figure 30 presents the results. Note again that “Five-Section Cluster’ are
cluster signal display scenarios without the simultaneous thru movement indication, and “Five-
Section Simultaneous” are cluster signal displays with simultaneous thru indications.

The results show that the CG thru movement indication has an extremely high correct response
rate for all of the experimental signal displays. By examining the confidence intervals, there is no
significant difference in driver comprehension when the FYA indication is in the middle section
compared to the bottom section of the signal display. When the thru indication was CY, the
correct response rate was significantly lower than when the thru indication was CG. However,
there is no significant difference in driver comprehension when the FYA indication is in the
middle section compared to the bottom section.

The CR thru indication also had a significantly lower correct response rate than the CG thru
indication, but was not significantly different than the CY indication. There was a little more
variation based on the location of the FYA indication in the scenarios involving a CR indication,
again highlighting the problem with simultaneous indications, but there was no significant
difference in driver comprehension when the FYA indication was in the middle section
compared to the bottom section.

4.2.7 Opposing Traffic Comparisons

The objective of this analysis was to identify if the presence of opposing traffic impacted driver
comprehension for the experimental scenarios. Chi-squared analyses were completed to identify
differences in the percentage of correct responses based on the presence of opposing traffic. The
results are shown in Table 14. There were no significant differences found in the chi-squared
analysis. This result essentially means that the presence of opposing traffic had no impact on
driver comprehension. In a static environment, with a consistent visual background, driver
response is focused on the comprehension of traffic signal indications with little influence of the
other scene variables.

Table 14. Chi-Squared analysis for opposing traffic comparisons.

Opposing Wisconsin Massachusetts
Traffic (%)* P Value (%)* P Value
Yes 77.1 68.7
No 78.4 0.3374 69.3 0.7640

* Percent of correct (Yield) responses
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Table 15 shows the average response times for the opposing traffic comparisons. In both states,
the average response times were lower when there was no opposing traffic, although the
differences were quite small.

Table 15. Average response times based on opposing traffic.

Opposin Wisconsin Massachusetts
g Traffic | Average | Max Min Std Averag Max Min | Std Dev.
Dev. e
Yes 8.7 97.3 0.4 8.7 8.6 104.4 1.2 9.7
No 8.5 78.7 0.6 8.9 7.8 75.8 0.6 8.2

4.2.8 Demographic Comparisons

The objective of this analysis was to identify if driving experience or age impacted driver
comprehension in the experimental scenarios. Chi-squared analyses were completed to identify
differences in the percentage of correct responses based on driving experience and age. The
results from the driving experience analysis are shown in Table 16. The results from the age
analysis are shown in Table 17.

In Wisconsin, participants with less than five years of driving experience had a significantly
lower correct response rate than participants with more than five years of experience. Age also
played a significant role in correct response rate. The 25-44 year old age group had the highest
correct response rate at 85.0%, while the 18-24 year old age group had the lowest correct
response rate at 71.9%. The 25-44 year old group had a significantly higher correct response rate
compared to all other age groups. The 18-24 year old group had a significantly lower correct
response rate compared to all other age groups.

In Massachusetts, participants with less than five years of driving experience also had a lower
correct response rate than participants with more than five years of experience, but none of the
differences were significant. For the age analysis, almost 90% of the participants were between
the ages of 18 and 24. As a result, the sample size for other age groups is extremely small and is
likely not truly representative of the population. Due to this fact, the results from the
Massachusetts age analysis were not used to make any observations. Nevertheless, the results are
still shown in the tables and plots associated with the age analysis.

Table 16. Chi-squared analysis for driving experience comparisons.

Wisconsin Massachusetts
Driving Driving 1 2 P 1 2 P
Experience 1 Experience 2 (%)* | (%)* | Value | (%)* | (%)* | Value
Less than 5 Years 510 10 Years 68.3 81.1 67.7 71.4 0.1605
Less than 5 Years Mor\‘iézf‘s” 10| 683 | 825 67.7 | 701 | 0.3148
5 t0 10 Years Mor\e(;Zf‘S” 10| g11 | 825 | 04201 | 71.4 | 701 | 0.6660

*Percentage of correct (Yield) responses for the corresponding driving experience
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Table 17. Chi-squared analysis for age comparisons.
Age | Age Wisconsin Massachusetts

Group | Group

1 2 1(%)* | 2(%)* | P Value | 1(%)* | 2(%)* | P Value
18-24 | 25-44 | 719 85.0 68.3 59.9 0.0225
18-24 | 4564 | 719 81.3 68.3 77.2 0.0011
18-24 65+ 71.9 78.8 0.0069 68.3 69.4 0.8325
25-44 | 45-64 | 85.0 81.3 0.0469 59.9 77.2 0.0000
25-44 65+ 85.0 78.8 0.0091 59.9 69.4 0.1561
45-64 65+ 81.3 78.8 0.3229 77.2 69.4 0.1616

*Percentage of Correct (Yield) responses for the corresponding age group

The average response times based on driving experience and age are shown in Tables 18 and 19,
respectively. In both states, the average response time increased as age increased. Since age is
strongly correlated with driving experience, participants with more than 10 years of driving

experience also had longer response times than other participants.

Table 18. Average response times based on driving experience.

Driving Wisconsin Massachusetts
Experience Ave Max Min | Std Dev. Ave Max Min Std Dev.
Lessthan | g5 | 598 | 04 5.9 68 | 729 | 1.0 6.5
5 years
51010 56 | 549 | 08 | 47 69 | 692 | 17 6.6
years
Morethan | 4,5 | 973 | 11 | 107 125 | 1044 | 06 13.1
10 years
Table 19. Average response times based on age.
Age Wisconsin Massachusetts
Group Average | Max | Min | Std Dev. | Averag | Max Min Std Dev.
e
18to 14 5.9 58.6 0.4 5.1 6.8 72.9 1.0 6.6
2510 44 7.1 70.2 1.1 6.4 7.7 61.0 0.6 8.0
45 to 64 114 97.3 1.8 10.2 13.6 104.4 1.7 145
65+ 17.0 75.6 2.6 13.7 14.3 51.1 2.8 10.4
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4.2.9 Fail-Critical Comparison

To examine if there were any statistical differences in the fail-critical responses, a regression
odds model was developed. The model has the following form:

log(odds for failcritical) = intercept + 0.33 * (ThruCG) — 0.05 * (Opposing Traffic)
The model analysis for fail-critical errors found:

e Evidence that making a fail-critical response increases in association with a thru CG
indication.

e Evidence that making a fail-critical response decreases in association with opposing traffic.

¢ No change associated with any of the left-turn signal display types.

¢ No change associated with any of the participant demographics.

The regression odds model shows that there is no difference in making a fail-critical response
based on driver age or gender; however, driver behavior does show reliance on thru indication
(especially CG) and opposing traffic. These results were useful in developing the scenarios
chosen for the driving simulator study.

4.2.10 Observations from Study

In addition to the statistical analysis, several observations were made. Although none of these
observations are statistically significant, they are considered in the overall study results. Three
important observations include:

e Many participants in Madison, Wisconsin commented that they were being asked the same
question over and over again. This finding indicates that many participants did not realize that
the FYA indication was being presented in different signal display sections throughout the
study. This observation aligns well with the results from the statistical analysis, as driver
comprehension was similar when the FYA indication was placed in the middle section
compared to the bottom section;

e When presented with a solid YA indication, some participants stated that the correct answer
was not available. Some participants were searching for a correct answer of ‘prepare to stop’;
and

¢ In Wisconsin, most applications of the FYA indication is accompanied by a supplemental sign
(R10-12 modified) explaining that drivers should yield to opposing traffic with a FYA. Some
participants commented that they find the use of a supplemental sign helpful.

Twenty-five participants completed the driving simulator study in Wisconsin and 31 participants
completed the driving simulator study in Massachusetts, resulting in a combined total of 56
participants. A total of 466 scenarios received responses, with a bimodal FYA indication
presented in 339 of the scenarios evaluated.

Three demographic questions were asked in the study. Specifically, participants were asked to

provide information regarding their gender, age, and driving experience. A summary of the
demographics for the study is shown in Table 20.
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Table 20. Summary of demographic information. °
Wisconsin Massachusetts
Category Level Total Percent Total Percent

Gender Male 12 48.0 15 48.4
Female 13 52.0 16 51.6
Age 18-24 8 32.0 14 45.2
25-34 7 28.0 7 22.6
35-44 4 16.0 2 6.5
45-54 3 12.0 5 16.1
55-64 1 4.0 2 6.5
65-74 2 8.0 1 3.2
75+ 0 0.0 0 0.0
Driving Experience 0-5 6 24.0 8 25.8
6-10 6 24.0 8 25.8
11+ 13 52.0 15 48.4

4.4.1 Summary of Results from Driving Simulator

As mentioned in the Research Approach, participating drivers were asked to speak out loud
while navigating each intersection and route in the three experimental modules. Researchers
recorded participant comments as well as observations of driver comprehension and driver
behavior associated with each scenario.

Comprehension associated with each experimental and baseline signal display was determined
through visual observation of driver behavior. No driver comprehension issues were observed
with the three-section and four-section vertical signal displays and FYA indication combinations.
The adjacent thru indication and the location of the FYA indication, bimodal with either the YA
or GA, did not have any observed impact on comprehension. Although some participating
drivers hesitated in gap selection and may have not accepted a gap of sufficient size, there was
no instance where variability in gap selection was deemed to be a result of a lack of
comprehension of the FY A indication or signal display combination.

Only the five-section cluster signal display with simultaneous indications illuminated presented
comprehension problems for participating drivers. When the five-section cluster signal display
with a FYA permissive indication in either the middle or lower section was presented with a red
thru indication, more than 30% of drivers were visibly confused and either stopped and waited
for the signal to change, or asked if they could proceed with disregard to the indication
presented. Similar problems were not observed with the five-section cluster signal display and
simultaneous FYA and CG thru indications.
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Post-driving simulator driver queries found that when asked about their preference of the
location of the FYA indication, 38% preferred the FYA indication in middle section, 9%
preferred the bottom, and 54% indicated no preference. Some of the comments included:

“...thinks it should be on the mid-section because it makes sense”,
“...preferred the mid-section but does not know why”,

“Makes sense for the FYA to be in the middle because it keeps the order”,
“Best in middle because yellow is normally in the middle”, and

“Middle is better, tells me to slow down and be cautious”.

A second evaluation considered the coordinate output of the driving simulator and the vehicle
speed trajectory information associated with each experimental scenario. The speed trajectory of
the drivers (speed vs. distance) as they approached each of the signalized intersection scenarios
was obtained by analyzing the coordinate output files produced by the driving simulator. It was
hypothesized that operating speeds at each intersection was correlated to driver’s level of
comprehension. A series of figures showing the cumulative vehicle trajectories for each study
intersection are presented in Appendix D.

A summary of the maximum observed driver speeds at the start of the turn bay for each scenario
is shown in Table 21. Recall that the posted speed limit throughout each module was 35 mph. A
general trend was observed when analyzing the data. Drivers decrease their speed and/or
stopped to wait for an acceptable gap in each of the experimental scenarios. In fact, in over 80%
of the scenarios, drivers stopped or slowed down to a speed lower than 5 mph before crossing the
opposing traffic. This trend can be confirmed by visual inspection of the trajectories shown in
Appendix D.

Table 21. Summary of Trajectory Data.

Scenario* Average Maximum Speed (MPH)
9a 29
9b 29

10a 31
10b 30
17 29
18 29
22 32
58a 29
58b 31
62a 29
62b 33

*See Figure 19 for scenario descriptions

The trajectories in Appendix D also show vehicles stopping past the stop bar of the approach and
then proceeding after selecting a gap. In multiple instances, drivers appeared to make a decision
to proceed and continued moving, only to reconsider their decision by slowing to yield to
opposing traffic and search for a gap, behaving as expected when presented with an FYA
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indication. There was some evidence to support the observation of driver confusion associated
with the five-section cluster signal display and simultaneous CR thru indication. Average speed
was lower and speed variance less at the stop bar location, indicating a great numbers of drivers
who hesitated and/or stopped as they tried to comprehend the appropriate action.
No differences in driving behavior were observed in the trajectories of scenarios with a bimodal
indication and of those without the bimodal indication. Furthermore, no difference in the
trajectories was observed when comparing those scenarios in which a RA indication was
presented prior to the signal going into the FYA mode.

4.4.2 Summary of Results from Eye Tracker

Eye tracking data was successfully collected for a total of 54 scenarios using a Mobile Eye-XG
head-mounted data collection unit. Sixteen drivers that completed the scenarios at the University
of Wisconsin participated in the eye tracking evaluation. Data from the eye tracker provided
different insight into the behavior of drivers and how they searched for information when
presented with a dynamic intersection containing traffic signal displays and the FYA indication.
Knowledge can also be obtained by observing where drivers search for information when the
meaning of a traffic signal indication may not be clear. While the driver comprehension and
speed trajectory data support expected driver behavior when presented with all three- and four-
section signal display and FYA indication combinations, the eye tracking data reveals that
perhaps the decision made by the drivers is not always the result of correctly comprehending the
traffic signal indications.

When analyzing the time drivers spent dwelling on (e.g., looking at) opposing traffic, the FYA
indication, and the thru signal indications when they approached the intersection and were near
the stop bar, eye tracking data reveals that drivers spent a significantly larger amount of time
looking at opposing traffic when compared to the time spent looking at the thru signal and the
FYA indications. This behavior is summarized in Figure 31 by highlighting the area that drivers
paid more attention to in red (area 1) and the area with the least attention in green (area 3).

FYA Thru Indication

Figure 31. Summary of eye tracking behavior.
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Figure 32 shows a box-and whisker plot of the total dwell duration by scenario. Recall that the
‘box’ represents the median and 1st and 3rd quartiles, and the ‘whiskers’ extend to the high and
low data values. For all the scenarios evaluated, drivers spent a significantly longer amount of
time observing opposing traffic (1.94 seconds), followed by the FYA indication (0.36 seconds),
and thru indications (0.21 seconds). Appendix E contains additional box-and-whisker plots for
the eye tracking data showing average dwell durations, total count of observations, and total
dwell duration.

When observing the five-section cluster signal displays, specifically scenario 62a and 62b which
contained simultaneous FYA and CR indications, with CR thru movement indications, some
drivers appeared to use a rapid search process by ‘toggling’ back and forth between the traffic
signal displays and the opposing traffic. More glances to the traffic signal displays are observed,
but the primary decision point seems to come from opposing traffic.

Figure 33 depicts a heat map supporting this result. This behavior appeared to support the fact
that driver comprehension was lower for the five-section cluster signal displays with
simultaneous indications, results in a different information search pattern. Some drivers were
also observed spending the majority of their visual search on the opposing traffic, suggesting that
the opposing traffic pattern was the primary source for left-turn decision information. Figure 34
presents a heat map of this scenario while Appendix F contains heat maps for each scenario. In
some cases, it can be concluded that rapid driver comprehension of the FYA indication in a
three-section vertical signal display allowed more time to be focused on observing opposing
traffic and gap identification.

A very different visual scan pattern was observed with scenario 9aH. Recall that in the scenario,
when drivers approached the intersection, a FYA indication was shown instead of a GA. As the
driver entered the left-turn bay of the intersection, the signal changed to a steady yellow in the
middle section of the signal display. Scenario 9aH also had a same direction vehicle waiting to
turn left in front of the approaching driver. When the driver entered the left-turn bay, the vehicle
started to turn. The objective was to see if participating drivers made their turn decision by
following the lead vehicle rather than solely on the traffic signal indications. Once the driver
crossed the stop bar, the left-turn indication turned red.

The eye tracking data suggests that drivers looked at the opposing traffic and traffic signal
displays multiple times. However, on average, drivers still spent a majority of their time dwelling
on the opposing traffic. This behavior reinforces the findings from the analysis of eye tracking
data on other scenarios: drivers rely significantly on the opposing traffic when making
permissive left-turn decisions. Another important finding from observing driver in scenario 9aH
is that drivers appeared to observe the change from FYA to steady YA and indicated no
confusion with this change in indications.
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Figure 32 Sample eye tracking behavior.
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Figure 33. Heat map for five-section cluster signal display with simultaneous FYA and CR
indications.

Figure 34. Heat map for three-section vertical signal display with FYA indication.
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Conclusions and Discussion

The objective of this research was to analyze driver behavior and driver comprehension impacts
of retrofitting existing three- and five-section signal displays with the FYA indication. This
objective was accomplished by conducting a computer-based static study at various locations in
Madison, Wisconsin and Amherst, Massachusetts, and a dynamic driving simulator study at the
same locations. The results from the studies were analyzed to determine if the location of the
FYA indication within any given signal display arrangement had a significant impact on driver
comprehension. In addition, other variables were analyzed to determine if they had any impact
on driver comprehension. These variables included the signal display arrangement, the thru
indication, the presence of opposing traffic, and demographics. Note that there is not enough
sensitivity in the simulator to evaluate issues pertaining to the placement of separate versus
shared left-turn signal displays and tightly spaced (less than 8 feet) signal displays.

For all signal display arrangements evaluated, there was not a statistically significant difference
in driver comprehension when the FYA indication was located in the middle section or the
bottom section of the signal display. In Wisconsin, scenarios involving a FYA indication in the
middle section had a correct response rate of 77.4%, while scenarios involving a FYA indication
in the bottom section had a correct response rate of 78.1%. In Massachusetts, the correct
response rates were 68.1% and 70.0%, respectively. Analyses were also completed to determine
whether the location of the FYA indication was comprehended differently for selected signal
displays and thru movement indications. There were no significant differences identified.

When considering the traffic signal display arrangement, driver comprehension was the lowest
for the five-section cluster signal display with simultaneously illuminated left-turn and thru
movement indications. The fact that the five-section cluster signal display with simultaneous
indication had the lowest correct response rate in both of the states is not surprising, as previous
research completed by Noyce and Kacir, and Knodler, et al., had shown that driver
comprehension is significantly reduced with simultaneous indications (Noyce and Kacir 2005,
Knodler, Noyce, Kacir, and Brehmer 2005). Overall, the results show that the signal display
arrangement did not impact driver comprehension of the FY A indication.

Driver comprehension was significantly impacted by the adjacent thru indication in Wisconsin.
Left-turn signal displays with the FYA indication with a CG thru movement indication had the
highest correct response rate at 89.7%, followed by the CY indication with a correct response
rate of 74.6%. When the adjacent indication was a CR indication, the lowest correct response
rate at 66.9% was observed. The differences between each of these adjacent thru indications was
statistically significant. Massachusetts had similar results with correct response rates of 79.1%
with a thru CG indication, 69.9% with a thru CY indication, and 60.8% with a thru CR
indication, respectively. Results show that the thru indication is considered in left-turn decision
making and has a large impact on driver comprehension.
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A total of 56 drivers participated in the driving simulator study, providing 466 scenario
responses. A bimodal FYA indication in a three-, and five-section signal display was featured in
339 of the scenarios evaluated. Eye tracking data was also collected for 16 drivers. Findings
show no significant differences in driver comprehension when the FYA indication was presented
bimodally in the bottom section or bimodally in the middle section of a three-section vertical
signal display. Post-driving simulator participant queries found that 38% preferred the FYA
indication in the middle section, 9% preferred the bottom, and 54% indicated no preference.
There was also no significant difference in correct responses between the three-section and four-
section vertical signal displays. Driver comprehension was significantly lower when the FYA
indication was added bimodally to the five-section cluster signal display and the simultaneous
thru movement indication was also illuminated. This result was especially true when the
simultaneous and thru movement indication was CR.

Speed trajectory data showed that drivers decreased their speed and/or stopped to wait for an
acceptable gap in each of the experimental scenarios. Trajectories also showed vehicles stopping
past the stop bar of the approach and then proceeding after selecting a gap. In multiple instances,
drivers appeared to make a decision to proceed and continued moving, only to reconsider their
decision by slowing to yield to opposing traffic and search for a gap. Observed behavior was
expected when drivers were presented with an FYA indication. There was evidence to support
the observation of driver confusion associated with the five-section cluster signal display and
simultaneous CR thru indication. Average speed was lower and speed variance less at the stop
bar location, indicating a greater number of drivers hesitated and/or stopped as they tried to
comprehend the appropriate action. No differences in driving behavior were observed in the
trajectories of scenarios with a bimodal indication and of those without the bimodal indication.
Furthermore, no difference in the trajectories was observed when comparing those scenarios in
which a RA indication was presented prior to the signal going into the FY A indication mode.

Eye tracking data showed that participants spent more time looking at opposing traffic than at the
combination of FYA and thru movement indications. Evidence of a more rapid search process
between opposing traffic and the signal displays was observed when drivers did not completely
comprehend the traffic signal displays. This evidence was clearly observed with the five-section
cluster signal display with a simultaneous CR indication.

Combined research results show that the FYA indication can be effectively used (retrofit) in
existing three-section vertical signal displays, when combined bimodally within the YA or GA
indication section, without negatively impacting driver behavior and comprehension. The FYA
indication retrofit is not recommended for use in any section of a five-section cluster signal
display with or without simultaneous indications. Other signal display arrangements do not
impact driver comprehension of the FYA indication, as long as simultaneous indications are not
used.

Although the static and driving simulator studies do not show a difference in driver behavior and
driver comprehension when the FYA indication is either in the middle or bottom section of the
three-section signal display, the post-driving simulator questionnaire clearly showed that drivers
prefer the FYA/YA bimodal signal indication within the middle section. Furthermore, with the
FYA/GA bimodal indication in the ‘go’ section of the signal display, the probability of a fail-
critical error was increased. Recall that reduction in fail-critical errors has proven to be the
significant contribution of using a FY A permissive left-turn indication. Although there is some
concern with the FYA indication being bimodal with the YA indication in drivers detecting the
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change from FYA to solid YA during the change interval, post-driving simulator participant
guestionnaire responses, along with the high probability of a fail-safe response and no observed
concerns in the experimental evaluations, makes the FYA/YA bimodal indication the most
desirable retrofit. Therefore, researchers recommend that the FYA indication can be effectively
used in a three-section traffic signal display only when used bimodally with the steady YA
indication.

Speed trajectory data found that drivers decrease their speed and/or stopped to wait for an
acceptable gap in each of the experimental scenarios. Trajectories also show vehicles stopping
past the stop bar of the approach and then proceeding after selecting a gap. In multiple instances,
drivers appeared to make a decision to proceed and continued moving, only to reconsider their
decision by slowing to yield to opposing traffic and search for a gap. Observed behavior was
expected when drivers were presented with a FYA indication. There was evidence to support the
observation of driver confusion associated with the five-section cluster signal display and
simultaneous CR thru indication. Average speed was lower and speed variance less at the stop
bar location, indicating a great numbers of drivers who hesitated and/or stopped as they tried to
comprehend the appropriate action. No differences in driving behavior were observed in the
trajectories of scenarios with a bimodal indication and of those without the bimodal indication.
Furthermore, no difference in the trajectories was observed when comparing those scenarios in
which a RA indication was presented prior to the signal going into the FY A indication mode.

Eye tracking data showed that participants spent more time looking at opposing traffic than at the
combination of FYA and thru movement indications. Evidence of a more rapid search process
between opposing traffic and the signal displays was observed when drivers did not completely
comprehend the traffic signal displays. This evidence was clearly observed with the five-section
cluster signal display with a simultaneous CR indication.

Research results show that the FYA indication is an acceptable retrofit for existing three-section
vertical signal displays when combined bimodally with the YA or GA indication section. The
FYA indication retrofit is not recommended for use in any section of a five-section cluster signal
display. The signal display arrangement does not impact driver comprehension of the FYA
indication, as long as simultaneous thru movement indications are not used.

Although, the static study and driving simulator study do not show a difference in driver
comprehension and driver behavior when the FYA indication is either the middle or bottom of
the three-section signal display, the post-driving simulator questionnaire presents evidence to
suggest that drivers prefer the FYA/YA bimodal indication in PPLT signal displays.
Additionally, with the FYA/GA bimodal indication is in the ‘go’ section of the signal display,
the probability of a fail-critical error is increased. Reduction in fail-critical errors has proven to
be the significant contribution of using a FYA permissive left-turn indication. Although there is
some concern with the FYA indication being bimodal with the YA indication in driving
detecting the change from FYA to solid YA during the change interval, post-driving simulator
participant query responses, along with the high probability of a fail-safe response, makes the
FYA/YA bimodal indication the most desirable retrofit. Therefore, researchers recommend that
the FYA indication can be effectively used in a three-section traffic signal display only when
used bimodally with the YA indication.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

73

References

Brehmer, C. L., K. C. Kacir, D. A. Noyce, and M. P. Manser. NCHRP Report 493: Evaluation of
Traffic Signal Displays for Protected/Permissive Left-Turn Control. Transportation Research
Board of the National Academies, Washington, D.C., 2003.

Campbell, J. L., C. M. Richard, and J. L. Graham. NCHRP Report 600A Human Factors
Guidelines for Road Systems Collection A. Transportation Research Board of the National
Academies, Washington D.C., 2008.

Chapman, P. R. and G. Underwood. Visual Search of Driving Situations: Danger and
Experience. Perception, Vol. 27, pp 951-964, 1998.

Choi, E.-H. “Crash Factors in Intersection-Related Crashes: An On-Scene Perspective.” DOT
HS 811 366. National Highway Traffic Safety Administration, 2010.

Drakopoulos, A. and R. W. Lyles. An Evaluation of Age Effects on Driver Comprehension of
Flashing Traffic Signal Indications Using Multivariate Multiple Response Analysis of
Variance Models. Journal of Safety Research, Vol. 32, Issue 1, pp. 85-106, 2001.

Duchowski, A. Eye Tracking Methodology: Theory and Practice (2". ed.). Springer, 2007.

Falkmer, T. and N. P. Gregersen. A Comparison of Eye Movement Behavior of Inexperienced
and Experienced Drivers in Real Traffic Environments. Optometry and Vision Science, Vol.
82, No. 8, pp 732-739, 2005.

Federal Highway Administration. Interim Approval for Optional Use of Flashing Yellow Arrow
for Permissive Left Turns (IA-10). U.S. Department of Transportation, Federal Highway
Administration Policy Memorandum, Washington, D.C., 2006.

Federal Highway Administration. Manual on Uniform Traffic Control Devices for Streets and
Highways. U.S. Department of Transportation, Federal Highway Administration, published
2009, revised 2012.

Henery, S. and R. Geyer. “Assessment of Driver Recognition of Flashing Yellow Left-Turn
Arrows in Missouri.” Report OR08-019. Missouri Department of Transportation, 2008.

Hurwitz, D. S., C. Monsere, H. Tuss, K. Paulsen, and P. Marnell. “Improved Pedestrian Safety at
Signalized Intersections Operating the FYA.” Report OTREC-RR-13-02. Oregon State
University, Corvallis, OR, 2013.

Knodler, M. A., Jr., D. A. Noyce, K. C. Kacir, and C. L. Brehmer. “Evaluation of FYA in Traffic
Signal Displays with Simultaneous Permissive Indications.” In Transportation Research
Record: Journal of the Transportation Research Board, No. 1918, Transportation Research
Board of the National Academies, Washington, D.C., pp. 46-55, 2005.

Knodler, M. A, Jr. and D. A. Noyce. “Tracking Driver Eye Movements at Permissive Left-
Turns”. Presented at the 3rd International Driving Symposium on Human Factors in Driver
Assessment, Training, and Vehicle Design. Rockport, ME, 2005.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

74

Knodler, M. A., Jr., D. A. Noyce, K. C. Kacir and C. L. Brehmer. “Potential Application of the

FYA Permissive Indication in Separated Left-Turn Lanes.” In Transportation Research

Record: Journal of the Transportation Research Board, No. 1973, Transportation Research
Board of the National Academies, Washington, D.C., pp. 10-17, 2006-1.

Knodler, M. A, Jr., D. A. Noyce, K. C. Kacir and C. L. Brehmer. “An Analysis of Driver and
Pedestrian Comprehension of Requirements for Permissive Left-turn Applications.” In
Transportation Research Record: Journal of the Transportation Research Board, No. 1982,
Transportation Research Board of the National Academies, Washington, D.C., pp. 65-75,
2006-2.

Knodler, M. A., Jr., D. A. Noyce and D. L. Fisher. “Evaluating the Impact of Two Allowable
Permissive Left-turn Indications.” Presented at 86th Annual Meeting of the Transportation
Research Board, Washington, D.C., 2007-1.

Knodler, M. A., Jr., D. A. Noyce, K. C. Kacir, and C. L. Brehmer. “An Evaluation of Driver
Comprehension for Solid Yellow Indications Resulting from Implementation of the FYA.”
Presented at 86th Annual Meeting of the Transportation Research Board, Washington, D.C.,
2007-2.

Knodler, M. A., Jr. and D. Fisher. “An Evaluation of Driver Comprehension Related to Solid
Yellow Change Indications and the Potential Impact of the FYA Permissive Indication.”
Report UMAR18-7. New England University Transportation Center, 20009.

Lin, P.W., G. Thiagarajan and D. Atie. “Analysis of Drivers’ Reaction to the FYA (FYA) Signal
Design from Field Observation.” 15th World Congress on Intelligent Transportation Systems,
New York, NY, 2008.

Marnell, P., H. Tuss, D. Hurwitz, K. Paulsen, and C. Monsere. “Permissive Left-Turn Behavior
at the Flashing Yellow Arrow in the Presence of Pedestrians.” 7th International Driving
Symposium on Human Factors in Driver Assessment, Training, and Vehicle Design. No. 74,
2013.

Mourant, R. and T. Rockwell. “Mapping Eye-Movement Patterns to the Visual Scene in Driving:
An Exploratory Study.” Journal of the Human Factors and Ergonomics Society. 1970.

Niemeyer, E. “FYA for Protected/Permissive Left Turns at Signalized Intersection.” ITE 2005
Annual Meeting, Melbourne, Australia, 2005.

Noyce, D. A., D. B. Fambro, and K. C. Kacir. “Traffic Characteristics of Protected/Permissive
Left-Turn Signal Displays.” In Transportation Research Record: Journal of the
Transportation Research Board, No. 1708, TRB, National Research Council, Washington,
D.C., pp. 28-39, 2000

Noyce, D. A. and K. C. Kacir. “Drivers’ Understanding of Simultaneous Traffic Signal
Indications in Protected Left-Turns.” In Transportation Research Record: Journal of the
Transportation Research Board, No. 1801, Transportation Research Board of the National
Academies, Washington, D.C., pp. 18-26, 2002.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

75

Noyce, D. A., and C. R. Smith. “Driving Simulators Evaluation of Novel Traffic-Control

Devices: Protected-Permissive Left-Turn Signal Display Analysis.” In Transportation

Research Record: Journal of the Transportation Research Board, No. 1844, Transportation
Research Board of the National Academies, Washington, D.C., pp. 25-24, 2003.

Noyce, D. A., C. R. Bergh, and J. R. Chapman. NCHRP Web-Only Document 123: Evaluation of
the FYA Permissive-Only Left-Turn Indication Field Implementation. Transportation Research
Board of the National Academies, Washington, D.C., 2007.

Pulugurtha, S.S., M. Agurla, and K. S. C. Khader. “How Effective are FYA Signals in
Enhancing Safety?” 1st Integrated Transportation and Development Conference, Chicago, IL,
2011,

Schattler, K.L. and J. A. Lund. “State-of-the-Art Literature Review on Permissive /Protected
Left-Turn Control.” Report FHWA-ICT-13-004. Illinois Center for Transportation, Urbana,
IL, 2013.

Schattler, K. L., A. Rietgraf, B. Burdett, and W. Lorton. “Driver Comprehension and Operations
Evaluation of Flashing Yellow Arrows.” Report FHWA-ICT-13-021. Illinois Center for
Transportation, Urbana, IL, 2013.

Sodhi, M., B. Reimer, J. L. Cohen, E. Vastenburg, R. Kaars, and S. Kirschenbaum. On-Road
Driver Eye Movement Tracking Using Head-Mounted Devices. ETRA ‘02 Proceedings of
the 2002 Symposium on Eye Tracking Research and Applications, 2002.

Wallis, S.A. “Binomial confidence intervals and contingency tests: mathematical fundamentals
and the evaluation of alternative methods.” Journal of Quantitative Linguistics, Vol. 20, No.
3, United Kingdom, pp. 178-208, 2013.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

Abbreviations, Acronyms, and Symbols

CG Circular Green

DMV Department of Motor Vehicles
FCR Flashing Circular Red

FCY Flashing Circular Yellow
FHWA Federal Highway Administration
FRA Flashing Red Arrow

FYA Flashing Yellow Arrow

GA Green Arrow

MUTCD Manual on Uniform Traffic Control Devices
PPLT Protected/Permissive Left-Turn
RA Red Arrow

YA Yellow Arrow
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APPENDIX A:. Static Study
Response Summary

Table A-1. Static study signal display scenarios evaluated.
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Table A-1. Static study signal display scenarios evaluated (cont.).
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Table A-1. Static study signal display scenarios evaluated (cont.).

79

Scenario

Type

Left-Turn
Display

Thru
Display

Opposing
Traffic

Solution

Total
Responses

Stop
(%)

Yield
(%)

(%)

IDK
(%)

Correct
(%)

Avg Time
(sec)

34

Control

52

0.0

13.5

86.5

0.0

86.5

9.02

48

Control

55

0.0

10.9

0.0

89.1

33

Contrel

56

0.0

1.8

85.7

35

Contrel

b dh d [ | b dh d b dh d

Any

61

246

3.3

100.0

36

Control

N
_dl

DF hd
b dh

Mo

Any

64

28.1

54.7

15.6

1.6

100.0

9.54

37

Control

r
h_d

r v
h

Any

49

38.8

44.9

10.2

6.1

100.0

10.18

38

Control

r
h 4

r v
h

Any

49

30.6

4.1

100.0

10.91

39

Control

Any

53

26.4

47.2

18.9

7.5

100.0

10.46

40

Control

Any

40

32.5

7.5

100.0

47

Control

830 330 300 330 3o 3o 3o 30 30 2o

b dh A d b dh b b dh dh 4

Stop

51

98.0

2.0

0.0

0.0

98.0
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Table A-1. Static study signal display scenarios evaluated (cont.).
S - Left-Turn Thru |Opposing Soluti Total Stop | Yield | Go IDK | Correct |Avg Time
cenario e olution
yP Display Display | Traffic Responses | (%) (%) (%) (%) (%6) (sec)
r
h
@ F S
£ h
17 B e Yes Yield 136 5.9 80.9 8.8 4.4 80.9 8.25
o b _d|
o
r r
) b 4 x
£ h
18 B <_ & MNo Yield 143 1.4 87.4 | 11.2 0.0 87.4 8.74
& r =
h
r r
h -
@ r -
19 é <_ L Yes Yield 52 154 | 71.2 3.8 9.6 71.2 7.80
kg | | b
a r 3
h
r r
h b
2 ® |
20 ? <_ r N Mo Yield 49 10.2 | 75.5 8.2 6.1 75.5 9.91
© N W
@ r N
h
a8 Y
. b 4 b 4
£ h 4
21 E <_ Ll Yes Yield 146 158 | 651 7.5 116 65.1 7.68
= b
@ r
h
r R
. b 4 b 4
£ h 4
22 B <_ LA Mo Yield 129 10.1 | 705 | 116 7.8 70.5 9.66
= | | b
a r 3
h
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Table A-1. Static study signal display scenarios evaluated (cont.).
N o | T Left-Turn Thru |Opposing Soluti Total Stop | Yield | Go IDK | Correct |Awvg Time
cenario e olution
yP Display Display | Traffic Responses | (%) (%) (%) (%) (%) (sec)
r N
2 .
= F Y Y, V¥ N i
27 2 L N Yes Yield 55 182 | 655 | 73 | 91 | 655 7.32
o L |
ol
Y
= Fow oW, o e
28 b @ N No Vield 44 136 | 659 | 9.1 | 114 | 659 8.86
jl b b b -
o
el
(|
[
£ Fwv v, v N P 4 .
25 2 94 A(—J ) o Yes Yield 130 69 838 | 62 | 3.1 83.8 8.54
[
(|
[}
£ F Vv, v P 4 )
26 2 94 A(—J ) @ No Yield 132 30 [871 ] 83 | 15 87.1 7.32
=
-
S| mamaa | &
29 T <— Yes Yield 137 13.1 | 70.8 | 80 | 8.0 70.8 7.64
@ b A S A h 4
o L |
.l
r
2 |
= AR 7R AR L i
30 2 94 A<J ) o No Yield 123 16.3 | 66.7 | 89 | 81 66.7 8.63
0 L |
el
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Table A-1. Static study signal display scenarios evaluated (cont.).
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Table A-1. Static study signal display scenarios evaluated (cont.).

Scenario

Type

Left-Turn
Display

Thru
Display

Opposing
Traffic

Solution

Total
Responses

Stop
(%)

Yield
(%)

Go
(%)

IDK
(%)

Correct
(%)

Avg Time
(sec)

41a

Experimental

Yes

Yield

145

2.1

5.5

2.8

89.7

41b

Experimental

Yield

202

3.5

87.6

7.4

1.5

87.6

8.42

42a

Experimental

No

Yield

136

2.2

88.2

6.6

2.9

88.2

6.99

42b

Experimental

Dl’ b DF’ N DF A DF’ bl
h h b b b h v

Yield

185

3.8

86.5

7.6

2.2

86.5

7.92

43a

Experimental

r
b

[
b

Yield

122

19.7

69.7

7.4

3.3

69.7

9.43

43b

Experimental

r Y
b _d]

r Y
b _d

Yes

Yield

163

8.0

7.4

69.3

443

Experimental

r
b

[
b

No

Yield

145

15.9

703

6.2

7.6

703

9.93

a4ab

Experimental

No

Yield

185

9.2

76.8

9.7

4.3

76.8

7.49

45a

Experimental

Yes

Yield

138

101

732

8.7

8.0

732

8.28

45b

Experimental

Yield

180

133

67.2

11.7

7.8

67.2

8.15

46a

Experimental

Yield

139

10.1

10.8

5.8

73.4

46b

Experimental

830 30 330 G20 $oo T30 $2o 30 3o 830 $o $20

h bk h b b d [ | b b b bl b _dl

No

Yield

186

11.3

731

10.2

5.4

731

9.76

Copyright National Academy of Sciences. All rights reserved.

83


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

Table A-1. Static study signal display scenarios evaluated (cont.).

Scenario

Type

Left-Turn
Display

Thru
Display

Opposing
Traffic

Solution

Total
Responses

Stop
(%)

Yield
(%6)

Go
(%)

IDK
(%5)

Correct
(*6)

Avg Time
(sec)

57a

Experimental

vy
b bl

L

Yield

149

2.7

82.6

12.8

2.0

82.6

9.62

57b

Experimental

]FWV‘
-

r
<

Yield

203

3.0

83.3

8.9

4.9

83.3

871

58a

Experimental

r]r171
R A

Yield

145

41

86.2

8.3

1.4

58b

Experimental

r v
h b

.

Yield

187

3.7

85.6

8.0

2.7

85.6

8.27

59a

Experimental

r
-

(N
bl

Yield

151

16.6

66.2

2.9

7.3

66.2

10.51

59b

Experimental

r
h i

r
h

Yes

Yield

14.5

7.8

6.7

8.62

60a

Experimental

Y
b ]

r N
h

Yield

141

12.1

75.2

7.8

5.0

75.2

8.94

60b

Experimental

71.71
bl b _J|

No

Yield

171

14.0

71.9

9.9

4.1

71.9

7.91

6la

Experimental

Yield

128

25.0

53.9

4.7

16.4

53.9

10.62

61b

Experimental

Yes

Yield

7.1

8.57

62a

Experimental

Yield

114

24.6

55.3

a4

15.8

55.3

9.98

62b

Experimental

880 830 830 820 300 3% 300 3% 230 020 e 030

Ak h A [ - | [ - |

r
b

No

Yield

126

27.8

50.8

6.3

15.1
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APPENDIX B: Computer-Based Static Study

Thank you for agreeing to participate in this important study. Our objective is to evaluate the
effectiveness of different types of traffic signal lights. The responses that you provide are
anonymous. You will also be asked to provide demographic information. However, you will not he
asked to provide your name or any other identifiable information of personal nature. Responses
and related survey data will be reviewed and analyzed only by members of the
NCHRP 20-7 Task 283 research team.

If you choose to participate in the study you need to click on the "l Agree" button below. Once you
click on the button you will be taken to a demographics data collection screen followed by a
practice scenario where you will learn how to operate the study software. After the practice

scenario the study will begin.

|| Agree, Let's Proceed |

WiSCONSIN .I

Traffic Operations and Safety [TOPS} Laboratory

Figure B-1: Introduction Screen

Let's start with some basic demographics

Your Gender: Male Female
Your Age: 18-24 25-34 35-44 45-54 55-64 65-74 75+
Years of driving experience: Less than 5 years 5 to 9 years 10 years or more

Start Practice

The first scenario you will see is going to be a practice one with instructions

Traffic Operations and Safety (TOPS5) Laboratory

Wscoren .Y

Figure B-2: Demographic Screen
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If you want to turn left and see the signal indications shown below, you are...

© not allowed to turn left, stop

© allowed to turn left; however, you must wait
for a large enough opening in the oncoming
traffic before doing so, yield

© allowed to turn left since the oncoming traffic
must stop, go

° not sure whether or not a left-turn is allowed

Submit Sample Question

Traffic Operations and Safety TOPS] Laboratory

Figure B-3: Practice Screen

If you want to turn left and see the signal indications shown below, you are...

© not allowed to turn left, stop

© allowed to turn left; however, you must wait
for a large enough opening in the oncoming
traffic before doing so, yield

o allowed to turn left since the oncoming traffic
must stop, go

© not sure whether or not a left-turn is allowed

Next Question

Traffic Operations and Safety (TOP S} Laboratory

Figure B-4: Question Screen

Copyright National Academy of Sciences. All rights reserved.
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Thanks for participating in the survey!

Traffic Operations and Safety [TOPS) Laboratory

Figure B-5: Thank You Screen

Copyright National Academy of Sciences. All rights reserved.
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APPENDIX C: Screen Shots of Intersections

Figure C-1. 62a- 5-Section Cluster FYA Bottom.

Copyright National Academy of Sciences. All rights reserved.
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Figure C-2. 57b- 5-Section Cluster FYA Middle.
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Fgure C-3. 58a- 5-Section Cluster FYA Bottom.
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Figure C-4. 22- 4-Section Vertical.
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igure C-5. 17 or 18- 4-Section Vertical.
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Figure C-6. 17 or 18- 4-Section Vertical.
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Figure C-7. 9b or 10b- 3-Section Vertical FYA Middle.
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Figure C-8. 9a or 10a- 3-Section Vertical FYA Bottom.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22246

Evaluation of the Flashing Yellow Arrow (FYA) Permissive Left-Turn in Shared Yellow Signal Sections

96

Vehicle Trajectories

APPENDIX D
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Figure D-1.Vehicle Trajectories for 9b, 58a, 58b, 17, 9a.
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Figure D-2.Vehicle Trajectories for 18, 62a, 62b, 10a, 10b, 22.
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APPENDIX E: Box Piot Charts for the Eye Tracking Data
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Figure E-1. Average Dwell Duration by Scenario.
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Figure E-2. Dwell Count by Scenario.
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Figure E-3. Total Dwell Duration by Scenario.
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APPENDIX F: Eye Tracker Heat Maps

Figure G1. Route 1 — Scenario 9b

Figure G2. Route 1 — Scenario 18

-

Figure G3. Route 1 — Scenario 58a

Figure G4. Route 1 — Scenario 62a
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Figure G5. Route 2 — Scenario 10a

SR

Figure G6. Route 2 — Scenario 17

Figure G7. Route 2 — Scenario 58b

-

Figure G8. Route 2 — Scenario 62b
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Figure G9. Route 3 — Scenario 9a

P

Figure G10. Route 3 — Scenario 10b

Figure G11. Route 3 — Scenario 22

Figure G12. Route 3 — Scenario 9aH
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