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ABSTRACT

At the onset of the yellow phase of signalized intersections, the approaching drivers
may hesitate to decide to go or stop due to the dilemma zone (DZ). The drivers who
decide to pass through the intersection might occur in red light violations and right-
angle crashes, while some others might stop suddenly and prematurely with the
subsequent risk of rear-end collisions. This study is aimed at analyzing the driver’s
behavior at the onset of the yellow signal, and identifying the most effective safety
countermeasure for the resolution of the dilemma zone in order to help drivers in
their stop/go decisions and reduce the risk of crashes. To achieve this objective, a dri-
ving simulator study was carried out and the effects of the following countermeasures
were tested on a signalized intersection of an urban scenario: i) Green Signal Count-
down Timers GSCT (C1); ii) newly developed horizontal marking and vertical warning
sign (C2); iii) an in-vehicle advanced driving assistance system based on augmented
reality and connected vehicle technologies (C3). The results revealed that the most
effective countermeasure was C3 which provided the drivers with prompt and per-
sonalized suggestions based on their actual speed; in fact, a major reduction of Red
Light Running (RLR) and length of the dilemma zone were recorded. C2 resulted in
a significant reduction of the dilemma zone with the greatest consistency in driver
decision-making behaviors. Finally, using C1 it was observed an unnecessary increase
in early stopping rates with a reduction of the intersection efficiency.
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INTRODUCTION

The drivers who approach a signalized intersection may hesitate to decide
to stop or cross it when the traffic light turns yellow: some drivers may
decide to proceed and cross the intersection while others may prefer to stop.
This indecision area before the signalized intersection is commonly defined
as “dilemma zone” and it is quite critical in terms of road safety. In fact,
within the dilemma zone the indecision and hesitation of drivers, along with
their different perceptions and attitude, lead to greater variability in drivers’
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stop and go decisions. It may result in dangerous interferences between stop-
ping and crossing vehicles with the consequent risk of rear-end collision, as
well as possible red light violations with potential right-angle collision with
crossing vehicles or pedestrians. Several studies and crash reports highligh-
ted that signalized intersections are one of the most dangerous areas of road
networks, accounting for a substantial percentage of road traffic fatalities
and injuries (e.g., Huang et al., 2014). According to previous findings (Chang
et al., 2007), 2.5 million crashes occurred at intersections in the United Sta-
tes in 2004, and 20% of these crashes were identified as related to signaling.
Moreover, Wang and Abdel-Aty (2006) revealed that rear-end collisions tend
to occur more frequently at signalized intersections (more than 40% of all
signaled intersection collisions). Dilemma zone has been studied for a long
time by several researchers (e.g., Gazis et al., 1960) who proposed a lot of
countermeasures over the years for improving safety at signalized interse-
ctions. Among the tested countermeasures, countdown timers (Chiou and
Chang, 2010; Ma et al., 2010; van Haperen et al., 2016; Islam et al., 2017),
pavement markings (Yan et al., 2007, 2009; Elmitiny et al., 2010), early
warning systems and in-vehicle warning systems (Bar-Gera et al., 2013; Yan
et al., 2015; Hussain et al., 2020) have been demonstrated to provide impro-
vements in reducing the extent of the dilemma zone and helping drivers make
fair and safer decisions at the beginning of the yellow signal. However, pre-
vious studies have reported conflicting results and further research is needed
to implement adequate measures that can significantly improve intersection
safety and reduce the risk of crashes.

OBJECTIVES

The overall aim of the research presented in this paper is to study the beha-
vior of drivers approaching an urban signalized intersection at the onset of
the yellow signal. Moreover, the study is aimed at identifying the most effe-
ctive countermeasure that provides the highest safety benefits among those
specifically designed and tested in a driving simulator for the resolution of
the dilemma zone.

METHODOLOGY

Driving Simulator

The fixed-base driving simulator of the Road Safety Laboratory of the Depar-
tment of Engineering at Roma Tre University (Figure 1) was used for the
purpose of the study. It consists of a full cab Toyota Auris with the road sce-
nario projected onto a 180° wide curved screen. The driving simulator has
been fully validated in previous studies (Calvi, 2018; Calvi et al., 2020), and
is typically used to investigate driving behavior in different road conditions
and traffic operations (Calvi et al., 2015, 2018).

Scenario and Tested Configurations

The scenario specifically designed and simulated in this experiment consisted
in a two-lane urban road (50 km/h speed limit) with each lane 3.0 m wide,
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Figure 1: Roma Tre driving simulator.

shoulders and sidewalks on both sides of 0.5 m and 4.0 m wide, respecti-
vely. The yellow phase duration was set equal to 4s, according to the Italian
recommendations (MIT, 2001) for urban intersections. The 4-kilometer road
scenario included seven signalized intersections: five intersections were used
for the aim of the study, meaning that the traffic light turned from green to
yellow and the driver’s decision to stop or cross the intersection was analyzed;
conversely, the other two intersections had always the green phase, and were
included to avoid the driver’s expectation that the signal could change from
green light to yellow light at each signalized intersection. The same scenario
was used for creating four different configurations, each one corresponding
to a different countermeasure tested in the study. Accordingly, the drivers had
to perform four drives corresponding to the four configurations. Moreover,
five different Distance To Stop Line (DTSL= 28 m, 42 m, 56 m, 69 m and
83 m) were set for the five intersections of the test: for each intersection the
signal turned yellow when the driver was in a different position and distance
(DTSL) from the intersection itself.

Countermeasures

Four configurations of the road scenario were tested, each one chara-
cterized by a different countermeasure, including a baseline configuration
(B) that did not include any countermeasure (Figure 2a). The three tested
countermeasures, shown in Figure 2, aimed at resolving the dilemma zone,
consisted in: i) green signal countdown timer (GSCT) for vehicles, namely C1;
ii) newly developed horizontal marking and vertical warning sign, namely C2;
iii) in-vehicle advanced driving assistance system using augmented reality and
connected vehicle technologies, namely C3. Countermeasure C1 was basically
an auxiliary display with the green numbers 3, 2, 1 in sequence (Figure 2b),
aimed at informing the drivers of the green time remaining before the start
of the yellow phase. Countermeasure C2 was made up of a yellow horizontal
line marking painted on the road pavement exactly at the same location of
a vertical sign that reported the words “STOP/GO” in order to improve the
driver’s understanding (Figure 2c): the drivers should slow down and stop
when the yellow signal started before they had crossed the line; conversely,
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Figure 2: Scenario and countermeasures.

if they had already crossed the line when the signal changed from green to
yellow, then it was better to go ahead and cross the intersection. According
to previous studies (Yan et al., 2007, 2009; Elmitiny et al., 2010), the ver-
tical sign and the horizontal line marking were placed at the stopping sight
distance from the stop line of the intersection, calculated under the assum-
ption and hypothesis that drivers approached the intersection at the speed
limit. Countermeasure C3 could be considered as a significant advancement
of C2, as it took into consideration the actual speed (and not the speed limit)
of the approaching driver when the yellow signal started; C3 consisted in an
in-vehicle warning system based on augmented reality and connected vehicle
technologies, specifically designed and tested in this study. The counterme-
asure provided the driver with a timely and personalized warning (word
“STOP”, Figure 2d), directly displayed on the vehicle’s windshield and based
on her/his actual speed and distance from the intersection when the yellow
signal started; when the stop warning was given, the drivers should not cross
the intersection during the yellow phase, unless they increased their speed. It is
advisable that this countermeasure needs that vehicles exchange information
with the infrastructure (V2I), meaning they have to be connected to provide
their position and speed to the vehicle-infrastructure connection system that,
along with the residual duration of each traffic light phase, may or may not
send the “STOP”warning to the driver.

Drivers Sample and Procedure

Forty-six participants (31 men and 15 women) took part in the experiments.
The sample of drivers had an average age of 39.4 years (SD= 15.7 years) ran-
ging between 20 and 67 years. The same standard protocol was carried out
for the simulations: each participant drove the same scenario four times (each
one related to B, C1, C2 and C3) on two different days. After a questionnaire
with general driver information and a preliminary drive of a training scena-
rio to help the participant become familiarized with the tool, the participant
has been made aware of the implemented countermeasures. The sequence
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was diversified by groups of drivers to avoid any conditioning of the results
relating to the order in which the configurations were proposed and tested.

Data Collection

Several driving parameters from each simulation test were collected and
analyzed for all the configurations (B, C1, C2 and C3) to evaluate poten-
tial differences in driving behaviors recorded at the beginning and during the
yellow phase between the different configurations; moreover, the data colle-
ction was also developed to assess the effectiveness of the countermeasures
in helping the drivers taking the right decision, and consequently improving
the safety of urban signalized intersections. Specifically, the drivers’ decisions
to stop or cross the intersection were collected in terms of the number of sto-
p/go recorded in each configuration and for each DTSL; such analysis was
useful for determining the length of the dilemma zone for each configuration.
Moreover, the red light violations were also studied by collecting the num-
ber and rate of the Red Light Running (RLR), to evaluate whether the driver
crossed the intersection during the red phase or not. Finally, the driver’s speed
at the onset and during the yellow phase was recorded to allow the study of
the driver’s speed profile approaching the intersection.

RESULTS

Length of Dilemma Zone

The length of the dilemma zone for each configuration was measured accor-
ding to Zegeer (1977), who suggested to compute it as the distance between
two points where respectively 10% and 90% of drivers will decide to stop
at a high-speed intersection when the signal turns yellow. The length of the
dilemma zone is clearly related to the drivers’ indecision to stop or cross the
intersection when the yellow signal starts; in fact, longer the dilemma zone,
higher the inhomogeneity in drivers’ decision and consequently the likelih-
ood of interferences among stooping and crossing vehicles that could lead to
rear-end collisions and crashes. Conversely, shorter the dilemma zone, more
homogeneous and consistent the driving behavior of the sample with signi-
ficant benefits in terms of safety of the signalized intersection. Accordingly,
for each configuration, the percentage of drivers who stopped at the inter-
section for each DTSL has been calculated and shown in Figure 3, where it
is also reported the extent of the dilemma zone related to each countermea-
sure. It is possible to note that under the baseline condition (B), the dilemma
zone had an extension of 29.2 m, significantly longer than those computed
in C2 and C3 configurations (20.3 m and 22.9 m, respectively). Specifically,
countermeasure C2 was found to be the most effective as it provided the lar-
gest reduction of the dilemma zone of about 31% compared to B. However,
also the reduction in the dilemma zone obtained with countermeasure C3
was notable, equal to 22%. Conversely, the implementation of the additional
countdown timer that displayed the remaining seconds of the green phase
before the starting of the yellow signal (C1) was revealed to be not effective
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Figure 3: STOP percentage as a function of DTSL for the tested countermeasures.

at all, as it resulted in longer dilemma zone (41.1 m), even than that com-
puted in the baseline condition. Moreover, in countermeasure C1 the highest
percentages of drivers who stopped at the intersection were recorded, even
for those DTSLs (28 m, 42 m, 56 m) where drivers could safely cross the
intersection. It could increase the likelihood of rear-end collisions caused by
excessively cautious drivers making unnecessary sudden stops at the interse-
ction. Such increased number of stops recorded in C1 configuration could
be explained considering that the drivers may have perceived the countdown
time as an extension of the yellow phase rather than as a warning of the onset
of the yellow phase; accordingly, the countermeasure could have incentivized
the drivers to stop. Obviously, it provides safety benefits for those DTSLs
where the drivers should have stopped, as the drivers anticipated their slow-
downwith a reduction in the average deceleration used (as it will be discussed
later in the paper with the analysis of the drivers’ speed profiles); conver-
sely, for the DTSLs where it was better to cross, this results in an increase of
unnecessary stops with the consequent decrease in the efficiency and functi-
onality of the signalized intersection. Instead, using countermeasures C2 and
C3, most of the drivers behave according to the warning provided, resulting
in a significant improvement obtained with the countermeasures thanks to
their suggestions given to the drivers on the safest stop/go decision to take.
Finally, with C2 and C3 it was found that the number of stop/go drivers were
found to be more consistent and homogeneous, further reducing the potential
risk of rear-end collisions and improving the functionality of the signalized
intersection.

Red Light Violations

For each one of the signalized intersections in all the configurations, the num-
ber of the red light violations, as well as the percentage of Red Light Running
(RLR) on total crossings were computed. ARLRwas countedwhen the driver



482 Calvi et al.

Figure 4: Drivers average speed profiles for a) DTSL = 69m and b) DTSL = 83m for the
different countermeasures.

decided to cross the intersection and was located upstream of the stop line
at the onset of red signal. The comparative analysis between the configura-
tions with the countermeasures and the baseline condition revealed that all
the countermeasures resulted in a reduction of the red crossings and of the
RLR rate. Specifically, countermeasure C3 was found to be the most effective
with only one RLR corresponding to 1.2% on total crossings. In the base-
line condition, five RLRs were counted with 4.9% on total crossings. Also
countermeasures C1 and C2 provided safety improvements with two and four
RLRs (2.5% and 4.0% on total crossings), respectively.

Speed Profiles of Approaching Drivers

For the signalized intersections where the yellow signal turned on at
DTSL = 69m and 83m (i.e. the cases where the drivers should have stop-
ped based on their speed and distance from the intersection) the profiles of
the average speed of the drivers who have stopped have been plotted, as
illustrated in Figure 4a and Figure 4b. The configurations are highlighted
in different colors: light blue for B configuration, green for C1, orange for
C2 and red for C3. Moreover, three colored vertical lines are shown in the
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figure, corresponding to different locations: the distance from the interse-
ction at which the driver is located when the number 3 was displayed on the
countdown timer display (C1 configuration), colored in green; the distance
from the intersection at which the driver is located at the onset of the yellow
signal, colored in orange; the stop line of the intersection, colored in red.

Significant differences on the speed profiles between the configurations
are shown in the figure, particularly evident in the configuration with the
green signal countdown timer. In fact, it is notable that in C1 the drivers who
intended to stop began to decrease their speed earlier than in the presence of
the other countermeasures (110 m before the intersection for DTSL = 69 m
and 125 m for DTSL = 83 m, respectively). Such earlier deceleration in the
presence of timers resulted in a reduction in the applied braking forces with
consequent implications in the safety conditions. However, as discussed in
the previous section, C1 resulted in a higher number of drivers who stopped
although they could have crossed safely the intersection, with a consequent
decrease of the functionality and efficiency of the intersection itself. No signi-
ficant differences were revealed for the other countermeasures with respect
to the baseline condition.

CONCLUSION

This driving simulator study was aimed at analyzing the driver behavior at
the onset of the yellow signal of a signalized intersection in an urban envi-
ronment and to identify the most effective countermeasure for the resolution
of the dilemma zone. The results revealed that the most effective counterme-
asure is that based on augmented reality and connected vehicle technology
(countermeasure C3), able to provide the drivers with timely and persona-
lized suggestions based on their actual speed adopted; in fact, lower wrong
drivers decisions have been recorded, along with a major reduction of Red
Light Running (RLR) and extension of the dilemma zone. C2 resulted in a
significant reduction of the dilemma zone with the greatest homogeneity of
drivers’ decision-making behaviors. Finally, with C1 the drivers who decided
to stop, reduced their speed much earlier, and the amount of stopping decisi-
ons increased, indicating an unnecessary increase in early stopping rates and
resulting in a reduction of the intersection efficiency; moreover, the dilemma
zone expanded, with more inhomogeneous stopping/running decisions that
may increase the risk of crashes.

Further studies are needed in order to enlarge the application of the fin-
dings to other road contexts (e.g., rural roads), different types of signalized
intersections, and using other characteristics (traffic, road and intersection
geometries, vehicle maneuvers, operating speeds, etc.) that could affect the
drivers’ decision, with the overall aim of generalizing the results and pro-
viding useful guidelines for improving safety and operation of signalized
intersections.
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