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ARTICLE INFO ABSTRACT
Keywords: Pedestrian safety remains a critical concern globally and in the United States. Pedestrian Hybrid
Pedestrian hybrid beacons Beacons (PHBs) at marked crosswalks have been effective in increasing driver-yielding rates and

Driver compliance

Social interactions
Nighttime driver behavior
Peer influence

reducing pedestrian crashes. However, nighttime driver behaviors and social interactions at
PHBs, e.g., imitating the behavior of peer drivers, have remained understudied in the post-
pandemic context. This study investigates nighttime driver behaviors and explores empirical
evidence of social interactions at PHBs following the pandemic. Driver behaviors are collected
from videos from four PHB locations in Pima County, Arizona. Descriptive analysis and logistic
regression models are used to reveal drivers’ non-compliance rates and interactions with pe-
destrians and peer vehicles at PHBs at night. Results indicate that 94% to 97% of drivers stopped
during the steady red phase of PHBs at night and compliance dropped further to 53% during the
flashing red phase. Compared to initial drivers in a platoon approaching during the steady red
phase, those approaching during the flashing red phase were approximately 3.6 times more likely
to fail to stop. Among leading-following pairs in a platoon (excluding the first vehicles), 50% to
83% of following drivers mimicked the leading vehicle’s behavior, even when the leading driver
violated traffic laws. At intersections with a speed limit of 25 mph, 41.7% of drivers resumed
travel during the flashing red phase, even when pedestrians were in the crosswalk. These findings
provide critical insights into nighttime driver behaviors and social interactions at PHBs. The
results can inform improvements in PHB design, implementation, and pedestrian crossing
treatments.

1. Introduction

Pedestrians and cyclists are among the most vulnerable road users (Haque et al., 2025; Mahmood et al., 2024). Their safety is an
escalating concern across the United States, with pedestrian deaths rising by 66 %, reaching over 7,400 annually between 2011 and
2021 (Caggiano et al., 2025; Hu & Cicchino, 2018; NHTSA, 2023). Nighttime conditions, with reduced visibility, a greater likelihood of
impaired driving, and additional blind spots, contribute significantly to these fatalities (FHWA, 2025; Mikoski et al., 2019). From 2011
to 2020, pedestrian fatalities during dark conditions in the United States showed an increasing trend, with approximately 5,000 deaths
recorded in 2020 (FHWA, 2022). Pedestrians are roughly five times more likely to be killed at night compared to daytime (Ferenchak
etal., 2022). The National Highway Traffic Safety Administration (NHTSA, 2023) reports that about 77 % of pedestrian fatalities occur
during nighttime.
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The Pedestrian Hybrid Beacon (PHB), previously known as the High-Intensity Activated CrossWalK (HAWK), is a traffic control
device designed to enhance pedestrian safety at midblock crossings and uncontrolled intersections (MUTCD, 2023), both during the
day and at night. The PHB was first developed and implemented in Tucson, Arizona in the late 1990s and was later included in the
Manual on Uniform Traffic Control Devices (MUTCD) in its 2009 edition. As of 2019, 41 states had installed PHBs statewide. Arizona
led in adoption, with more than 190 installations statewide (DeLorenzo et al., 2019; Zhang et al., 2024).

The PHB consists of a circular yellow signal in the center, flanked by two horizontally aligned circular red signals above it. The PHB
remains dark until actuated. Pedestrians press a pushbutton to actuate the PHB signal. Upon actuation, the PHB initiates a flashing
yellow signal, followed by a steady yellow signal to alert drivers to prepare to stop. Next, two solid red indications illuminate steadily
during the all-red and pedestrian walk interval. This is followed by alternating flashing red indications during the pedestrian clearance
interval. The PHB returns to its dark state once the pedestrian clearance interval concludes (MUTCD, 2023). Drivers should begin to
slow down and prepare to stop during the flashing yellow stage. During the steady yellow stage, they are required to stop if it is safe to
do so. Drivers must come to a complete stop during the steady red stage, regardless of the pedestrians’ location in the crosswalk. During
the flashing red stage, drivers must stop when approaching the PHB and may proceed with caution after stopping only once the
crosswalk is clear (Fitzpatrick & Park, 2021; MUTCD, 2023). This study observed a transition phase in which the signal changes from
steady red to flashing red as a vehicle approaches the PHB. In such cases, drivers should stop at the stop line and may proceed with
caution if they are in the flashing red phase as they continue through the crosswalk.

1.1. Safety effectiveness of PHBs

Previous research has demonstrated the safety benefits of PHBs by evaluating drivers’ yielding rates to pedestrians (Arhin & Noel,
2010; Fitzpatrick et al., 2016; Fitzpatrick et al., 2014; Fitzpatrick et al., 2006), assessing changes in crash rates following PHB
installation (Eapen, 2014; Fitzpatrick & Park, 2010), and identifying factors influencing pedestrian crashes at PHBs (Fitzpatrick et al.,
2021; Pulugurtha et al., 2018; Zhang et al., 2024). Some studies have indicated that drivers tended to yield to pedestrians at activated
PHBs, based on data from video footage collected between 2004 and 2020 (Arhin & Noel, 2010; Fitzpatrick et al., 2016; Fitzpatrick
et al., 2014; Fitzpatrick et al., 2019; Fitzpatrick et al., 2006; Godavarthy & Russell, 2016). Yielding rates reported in these studies
varied from 75 % to 97 %. Fitzpatrick & Park (2021) found similar yielding rates during the day (97 %) and night (96 %), and
concluded that PHBs were highly effective during both daytime and nighttime.

Fitzpatrick & Park (2010) conducted a before-after study using crash data from 1999 to 2007, which indicated that total crashes
and pedestrian crashes decreased by 29 % and 69 %, respectively. In a later study, Fitzpatrick et al. (2021) performed a cross-sectional
analysis of 186 PHB locations in Arizona using crash data from 2007 to 2017. The authors concluded that crash frequencies increased
with more traffic lanes and shorter distances between traffic control signals and PHBs. However, features such as bike lanes, raised
medians, and pedestrian refuge islands were associated with reductions in total crashes. Pulugurtha et al. (2018) used Pearson cor-
relation tests on crash data (2011-2014) from 13 PHB locations in North Carolina. They concluded that higher crash rates were
associated with high traffic volume, high speeds, wide roads, and proximity to office, multi-family, retail, and vertical mixed land-use
areas. Zhang et al. (2024) conducted Bayesian multilevel Poisson-Lognormal regression analyses using crash data from 2018 to 2021.
Their findings indicated that regions with a greater proportion of White individuals and higher household incomes were associated
with fewer crashes near PHBs.

1.2. Challenges of PHBs and research gaps

Despite the demonstrated safety effectiveness of PHBs, one of the challenges identified in previous research is the occurrence of
non-compliant driver behaviors in response to PHBs. Fitzpatrick et al. (2016) analyzed driver behaviors in response to PHBs using
daytime footage collected in 2014 at eight study sites in Texas and in 2015 at 12 study sites in Arizona. The authors observed that when
a queue of vehicles was present during the flashing red indication, approximately half of the crossing actuations included at least one
driver who did not come to a complete stop before entering the crosswalk. Additionally, about 5 % of the PHB actuations involved at
least one driver who stopped during the flashing red stage and remained stopped until the signal terminated. This observation aligns
with a recent study in Massachusetts (Caggiano et al., 2025), which surveyed driver comprehension of PHB intervals and found that
drivers had the most difficulty understanding the meaning and required actions during the flashing yellow and flashing red stages.
Later, Fitzpatrick et al. (2019) examined driver behaviors in response to PHBs using daytime footage from 2018 at ten high-speed sites
(with speed limits of 45-50 mph) in Arizona. They found that while 90 % of drivers stopped and remained stopped during the steady
red stage, about 59 % of drivers rolled through the intersection without fully stopping during the flashing red stage. These non-
compliant driver behaviors in response to PHBs violate the law and may be strongly associated with pedestrian-involved crashes
(Bella & Silvestri, 2015; Kong et al., 2021).

Three significant research gaps remain unaddressed in previous studies evaluating non-compliant driver behaviors in response to
PHBs. First, prior research has not examined driver behaviors at PHBs in the post-pandemic era. Since the onset of the COVID-19
pandemic, studies have documented notable shifts in driver behavior, including increased speeding and other aggressive driving
behaviors (NHTSA, 2022). Dong et al. (2022) found a significant rise in driver aggressiveness and inattentiveness following the
pandemic. Similarly, Ghosh et al. (2024) reported increases in risky driving behaviors such as aggression, distraction, and driving
under the influence of alcohol. Truelove et al. (2021) observed that average speeds rose by 20.6 % to 70.6 % on selected routes in
Columbus, Ohio, with similar patterns in other major cities. According to Ansari et al. (2023), several post-pandemic behavioral
changes are expected to persist and continue impacting transportation systems, particularly driver behavior, for years to come. These
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changes may also influence driver compliance at locations with traffic control devices such as PHBs. Therefore, it is important to
investigate whether these post-pandemic behavioral shifts have affected driver compliance with PHBs.

Second, nighttime presents unique challenges to the performance of PHBs, as a recent study has found that pedestrian crashes are
more likely to occur at night than during the day, even when PHBs are active (Zhang et al., 2024). The compounding effects of reduced
visibility at night and limited driver compliance with PHBs, such as rolling stops, may contribute to this trend (Hassan & Abdel-Aty,
2011). Nighttime also coincides with an increased likelihood of driver impairment, fatigue, and drowsiness (FHWA, 2025; Mikoski
etal., 2019; NSC, 2024), which can lead to delayed reaction times and more aggressive behaviors, thereby elevating crash risk. Despite
these risk factors, driver behavior at PHBs during nighttime, particularly in the post-pandemic era, remains unexamined in the
literature.

Third, it remains unclear how drivers interact socially when a platoon of vehicles is present during the flashing red stage. Spe-
cifically, it is unknown whether drivers tend to follow the actions of drivers ahead of them. Some studies have shown that drivers often
mimic the actions of peer drivers, and this social influence can lead to behaviors such as speeding, accelerating, or not stopping at all
(Bingham et al., 2016; Fleiter et al., 2010; Trogolo et al., 2022). Understanding these social interactions at PHBs, especially at night,
can help transportation professionals in their decision-making to improve driver compliance and enhance pedestrian safety.

1.3. Study objectives

This study addresses the identified research gaps through two primary objectives: (1) to evaluate driver behaviors during the
“steady red” and “flashing red” signal stages of PHBs at nighttime in the “new normal,” and (2) to analyze the social interactions
between leading and following vehicles at PHBs at night during the post-pandemic period. The study also developed a framework for
extracting and validating driver behaviors from video footage to support these objectives, with the potential for application in similar
studies by other agencies that aim to evaluate their own PHB compliance. Four PHB locations with low (25 mph) and high (40 mph)
speed limits were selected for data collection. Logistic regression analysis was employed to identify factors influencing driver be-
haviors. Several variables, such as intersection types, speed limits, preceding vehicle behaviors, pedestrian locations within the
crosswalk, and PHB signal phases, were included in the regression analysis.

The findings of this study offer critical insights into nighttime driver compliance at PHBs, assisting transportation agencies to better
understand and address current safety challenges. By examining the social aspects of driver interactions, the study provides a new
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Fig. 1. Framework for data collection and validation.
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perspective on how driver behavior patterns can influence overall crossing safety. These insights can guide improvements in PHB
design and implementation strategies. They can also be used for optimizing other pedestrian crossing treatments, such as Rectangular
Rapid Flashing Beacons (RRFBs), and help develop more effective driver education programs.

2. Methodology

Many studies have collected driver behavior and other relevant information by reducing video footage (Fitzpatrick et al., 2016;
Fitzpatrick et al., 2019; Fitzpatrick & Park, 2021; Godavarthy & Russell, 2016). These were considered in the development of this
study’s methodology. Specifically, Fig. 1 illustrates a comprehensive framework encompassing the planning, data collection, and data
validation phases necessary for conducting this observational study. The following sections provide an in-depth explanation of each
phase, and the logistic regression model employed in this study to identify the influential factors affecting various driver behaviors.

2.1. Planning phase

2.1.1. Study Site selection

The selection of study sites involved several considerations, including but not limited to data collection efficiency and a diverse
range of geometric configurations, to ensure comprehensiveness. In this study, a list of locations with PHBs and pre-installed Miovision
video sensors (Miovision, n.d.) in Pima County, Arizona, was initially compiled. The study was limited to Pima County due to the
prevalence of potential study sites in this region, as well as data access. To identify the most ideal study sites, several criteria were
applied, including clear camera views to observe both driver and pedestrian behaviors, high pedestrian volumes at night to capture
nighttime PHB actuations, varying speed limits, the number of lanes, and intersection types. Following this filtering process, four study
locations were selected. Fig. 2 shows the geometry of the selected study sites. These sites featured speed limits ranging from 25 to 40
mph and varying numbers of lanes, with both three-leg and four-leg intersections. All of these sites were located within the jurisdiction
of the Pima County Department of Transportation (PCDOT) in Arizona. A Miovision SmartView 360 camera was installed at each study
location, marked by a star in Fig. 2. Each camera provides a 360-degree field of view, allowing coverage of most of the intersection with
a single device and enabling the capture of approaching vehicles from distances of up to 500 feet (Miovision, n.d.).

2.1.2. Data collection protocol
The goal of the data collection protocol was to ensure the consistent collection of relevant information from video footage. Four
categories were included in the protocol:

e Basic information:
o Study location, video name, and the time when the PHB actuation begins in the vide.
e Pedestrian data:
o Pedestrian moving direction (eastbound [EB], westbound [WB], southbound [SB], or northbound [NB]) and whether the
pedestrian is on a bicycle.
e Vehicle data:
o Vehicle direction (EB, WB, SB, NB), lane position (inner, middle, outer), vehicle ID, and whether the vehicle is following the
leading vehicle (i.e., traveling closely behind another vehicle in the same lane, maintaining a following distance rather than
driving independently).
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e Driver behavior and pedestrian position relative to the crosswalk during the steady red, flashing red, and transition stages (with the
transition stage being the steady red turning to flashing red as the vehicle approaches the PHB):
o Driver’s behavior when approaching the PHB:
m Complete stop: drivers come to a complete stop.
m No stop: drivers roll through the intersection or do not slow down.
m Resume travel: drivers come to a complete stop during the steady red stage and resume travel during the flashing red
stage.
o Pedestrian position in the crosswalk relative to the side where the pedestrian activates the PHB pushbutton, and as the vehicle
approaches (i.e., not yet in the crosswalk, 1/3 of the way, halfway, 2/3 of the way, already crossed).

2.2. Data collection phase

Prior to data collection, training sessions were conducted by the senior researcher to prepare four trainee researchers for video
reduction tasks. All four researchers were trained on the study’s objectives and the use of the data collection protocol, including
guidance on identifying driver behaviors, such as complete stops and no stops, with the help of sample videos. Additionally, two
researchers received specific instructions on using the Miovision platform to review video footage. These two researchers were then
tasked with identifying and documenting PHB actuations at night from the study locations. Meanwhile, the other two researchers
tested the protocol using pilot videos to evaluate its clarity and usability. Revisions to the protocol were made based on training
sessions and discussions with the senior researcher to ensure clarity of the data collection goals at hand. Once the protocol was
finalized, and sufficient PHB actuations were documented, all relevant events were identified and categorized accordingly.

2.3. Data validation phase

After the trainee researchers completed the review in line with the protocol, the senior researcher was responsible for reviewing the
results to ensure consistency and addressing any potential discrepancies in the results by revisiting the video footage. Additionally, one
column included in the protocol was aimed at identifying scenarios where the leading vehicle had already left when the following
vehicle approached the PHB. In such cases, the Vehicle ID of the following vehicle was relabeled to reflect the updated sequence. For
example, if the following vehicle, originally labeled as Vehicle ID 4 in the middle lane traveling EB, was determined not to be strictly
following Vehicle ID 3 in the same lane and direction, its ID was corrected to Vehicle ID 1. The IDs of subsequent vehicles were then
adjusted accordingly to maintain consistency in the dataset. This ensured the vehicles were genuinely part of a platoon, with the
following driver’s behavior potentially influenced by the leading vehicle.

2.4. Logistic regression model

A multivariate logistic regression model was employed to analyze factors associated with an increased likelihood of law violations
(i.e., no-stop behaviors) at PHBs. The binary outcome variable was defined as follows: 0 for drivers who adhered to the law by coming
to a complete stop at PHBs and 1 for drivers who violated the law by not stopping at PHBs. The logistic regression model form for
predicted probabilities was expressed as a natural logarithm of the odds (log-odds) (Boateng & Abaye, 2019):

P(Y

In] ()m] = Bo + HiXa + B Xo + e + fiXi @

1-P

ePotPhXi+haXat A Xk

P(Y)

2

- 1 + ebothXithrXot+hiXk

where ln[lf (p?y)] is the log (odds) of the outcomes; Y is the binary outcome; X; to X are the predictors, e.g., intersection types, speed

limits, leading vehicle behaviors, driver position relative to pedestrians, and PHB signal phases; ; to f; are the model coefficients, and
P, is the intercept.
The odd ratio (OR) of each coefficient was expressed as below:

OR; = ¢ 3)

ORs derived from logistic regression models are not reliable approximations for relative risk ratios (RRs) when the incidence of the
outcome is not rare in the study population (i.e., greater than 10 %) (Hu et al., 2024; Zhang & Yu, 1998), which is the case for no-stop
behaviors in this study, particularly during the flashing red stage. Therefore, the ORs were transformed into RRs using the Equation (4):

ORy

RRy=— % 4
““U-p)+(pxOR) @
where p represents the proportion of vehicles that violated the law at PHBs, i.e. no-stop behaviors.
Confidence intervals (CIs) were calculated to assess the significance of the coefficients at the 95 % CI.
Cly = Py £ Zay2 % SE(By) (5)
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where Z,, is the critical value from the standard normal distribution for a 95 % confidence interval (approximately 1.96 for 95 % CI);
SE(y) is the standard error of the coefficient ;.

McFadden pseudo R? was used to assess the goodness-of-fit of the models, as shown in Equation (6). McFadden pseudo R? from 0.2
to 0.4 is generally considered are considered good for social science or behavioral data (Domencich & McFadden, 1975; Mohammadi
et al., 2021).

LL,

McFaddenpseudoR* = 1 — L (6)
0

where LL, is the log-likelihood at convergence, LL, is the log-likelihood of the constant-only model.
3. Results and Discussion

Video footage was recorded from October 2023 to January 2024, with a few recordings collected in November 2024. All PHB
activations were recorded during dark sky conditions, with street lighting, and when the road surface was dry. The number of PHB
activations ranged from 24 to 40 across the four study locations. A total of 424 drivers were analyzed for intersections with a speed
limit of 40 mph, and 104 drivers were analyzed for intersections with a speed limit of 25 mph. This section examines drivers’
compliance with PHBs, their social interactions with pedestrians and vehicles, and the factors influencing non-compliant driver be-
haviors at PHBs.

3.1. Driver behaviors during different PHB signal phases

Table 1 presents the statistics of driver behaviors when approaching PHBs during the steady red, flashing red, and transition stages.

Intersections with speed limits of 40 mph and 25 mph exhibited similar trends during the steady red stage. Although most drivers
completely stopped when approaching PHBs displaying steady red indications, there were seven instances where drivers failed to stop
despite the steady red. In three of these cases, pedestrians were already in the crosswalk. During the transition stage, most drivers opted
to stop, though some still ran the red light. It is noted that red-light running is a frequent and often fatal issue. In 2022, crashes
involving red-light running resulted in 1,149 fatalities, with half of the victims being pedestrians, bicyclists, or occupants of other
vehicles hit by red-light runners (ITHS, 2024).

In the flashing red stage, 47 % of the initial drivers in a platoon failed to stop. Additionally, more than 80 % of the second, third, and
fourth drivers in a platoon failed to stop at night at intersections with a 40 mph speed limit. Studies have demonstrated a strong
correlation between darker conditions and more severe pedestrian injuries in crashes (Thomas et al., 2018; Zegeer & Bushell, 2012).
Reduced visibility at night can make it difficult for drivers, especially these no-stop drivers, to detect pedestrians clearly, potentially
increasing the risk of crashes and severe injuries (FHWA, 2025; Sanders et al., 2022).

3.2. Driver-Pedestrian interactions

Interpersonal interactions between drivers and pedestrians occur during crossing (Zafri et al., 2022). In this section, we examine
driver behavior in relation to the position of pedestrians during the flashing red stage. The transition stage was also excluded due to a
limited sample size. It is noted that 95.3 % of drivers who arrived during the steady red stage stopped completely, regardless of
pedestrian positioning, while 2 % of the drivers failed to stop even when the pedestrians were in the crosswalk.

Table 2 illustrates the interactions between drivers and pedestrians for vehicles traveling on the same side as pedestrians who
activated pushbuttons. Each of the four study locations has a road width of approximately 32 feet. At intersections with a 25 mph speed
limit, approximately 75 % of drivers either resumed their travel or completed a stop after pedestrians had already crossed during the
flashing red phase. In contrast, at intersections with a 40 mph speed limit, a statistically significant portion (46.8 %, 95 % CI: 39.7 % —
53.9 %) of drivers failed to stop, although pedestrians had already crossed the crosswalk. This difference could be attributed to lower
vehicle speeds at 25 mph intersections, as a study has shown an inverse relationship between vehicle speeds and driver yielding rates

Table 1
Statistics of drivers’ behaviors when approaching PHBs.
Intersection Speed Limit (mph) Vehicles in Platoon Steady Red Stage Flashing Red Stage Transition Stage
Complete Stop No Stop Complete Stop No Stop Complete Stop No Stop
Count (%) Count (%) Count (%) Count (%) Count (%) Count (%)
40 1st veh 100 (94.3 %) 6 (5.7 %) 61 (53.0 %) 54 (47.0 %) 20 (90.9 %) 2 (9.1 %)
2nd veh NA NA 18 (16.8 %) 89 (83.2 %) NA NA
3rd veh NA NA 10 (19.6 %) 41 (80.4 %) NA NA
4th veh NA NA 3 (16.7 %) 15 (83.3 %) NA NA
25 1st veh 43 (97.7 %) 1 (2.3 %) 11 (52.4 %) 10 (47.6 %) 6 (75.0 %) 2 (25.0 %)
2nd veh NA NA 13 (50.0 %) 13 (50.0 %) NA NA

Note: NA = Not applicable.
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Table 2
Driver behaviors and pedestrian locations for vehicles on the same side as pedestrians who activated pushbuttons.
Intersection Speed Limit (mph) Driver Behavior — Pedestrian Location Count Percentage (95 % CI) Notes
40 Resume travel — 2/3 of the way 14 7.5 % (4.0 % — 11.0 %) Risky behavior
Resume travel — Already crossed 30 16.1 % (10.7 % — 21.5 %) Safe behavior
Complete stop — 2/3 of the way 5 2.7 % (0.4 % — 5.0 %) Safe behavior
Complete stop — Already crossed 40 21.5 % (15.5 % — 27.5 %) Safe behavior
Complete stop — Halfway 2 1.1 % (0.0 % — 2.6 %) Safe behavior
No stop — 2/3 of the way 8 4.3 % (1.3% — 7.3 %) Risky behavior
No stop — Already crossed 87 46.8 % (39.7 % 53.9 %) Risky behavior
25 Resume travel — 2/3 of the way 2 4.3 % (0.0 % — 10.1 %) Risky behavior
Resume travel — Already crossed 21 44.7 % (30.2 % — 59.2 %) Safe behavior
Complete stop — Already crossed 12 25.5 % (13.0 % — 38.0 %) Safe behavior
No stop — Already crossed 12 25.5 % (13.0 % — 38.0 %) Risky behavior

toward pedestrians (Zafri et al., 2022).

The pattern at the larger intersections aligns with previous research on daytime driver behaviors at PHBs, which found that most
rolling stops occurred during queue discharge after pedestrians had completed their crossing (Fitzpatrick et al., 2019). However, this
study revealed that at night, 4.3 % of drivers did not stop even when pedestrians were in the crosswalk. Overall, 7.5 % of drivers
resumed their travel during the flashing red phase, following a complete stop during the steady red, even when pedestrians were two-
thirds of the way across the road on the crosswalk.

In most cases, pedestrians had already crossed when many drivers failed to stop as required during the flashing red stage. This is
noteworthy nonetheless, as this behavior raises concerns about the potential for other pedestrians to approach the crosswalk and/or
begin crossing during this phase, as this is allowed. For example, a pedestrian may trail just behind a leading pedestrian and enter the
crosswalk during the flashing phase. Drivers who fail to stop may not detect or react to these trailing pedestrians in time, especially at
night, when visibility is lower and the risk of impaired or drowsy driving increases (FHWA, 2025; Mikoski et al., 2019).

Table 3 presents the interactions between drivers and pedestrians for vehicles traveling on the opposite side of the road from where
pedestrians activated the pushbuttons. The trend of risky driver behaviors is similar to that observed for vehicles traveling on the same
side at large intersections. However, a significant risky behavior was observed at an intersection with a 25 mph speed limit, where 41.7
% (95 % CIL: 30.5 % — 52.9 %) of drivers resumed their travels during the flashing red phase after coming to a complete stop during the
steady red, even when pedestrians were in the crosswalk. This behavior occurred statistically significantly more often than the safe
behavior “Complete stop — Already crossed” (2.1 %, 95 % CI: 0.0 % — 5.0 %). This observation could be because of the geometry of the
road, which can influence drivers’ risk perception (Yao et al., 2019). As some studies have shown, a greater number of lanes and higher
vehicle speeds are associated with an increased risk of pedestrian crashes and greater injury severity (Anciaes et al., 2020; Schneider
etal., 2021; Thomas et al., 2020). Drivers may feel overly confident in their ability to navigate lower-speed intersections because these
environments seem less complex or threatening, causing them to overlook the presence of pedestrians.

3.3. Driver-Driver interactions

This section presents how drivers’ behaviors were influenced by their peers, i.e., leading vehicles in this study, during the flashing
red stage of PHBs at intersections with a 40 mph speed limit.

Fig. 3 shows the social interactions between drivers for vehicles traveling on the same side of the road from where pedestrians
activated the pushbuttons. Among all leading-following vehicle pairs for the first two vehicles in a platoon, when the leading vehicle
resumed travel from a complete stop during the steady red phase, 62 % (95 % CI: 49.9 % — 76.0 %) of the following vehicles tended not
to stop during the flashing red stage. These vehicle pairs were statistically significantly more common than other types. These followers
may have approached the leader during either the steady red or flashing red phase. In 11 % of all leading-following vehicle pairs, when

Table 3
Driver behaviors and pedestrian locations for vehicles on the opposite side as pedestrians who activated pushbuttons.
Intersection Speed Limit (mph) Driver Behavior — Pedestrian Location Count Percentage (95 % CI) Notes
40 Resume travel — 2/3 of the way 1 0.5 % (0.0 % — 1.6 %) Risky behavior
Resume travel — Already crossed 56 26.9 % (21.1 % — 32.7 %) Safe behavior
Complete stop — 2/3 of the way 13 6.3 % (3.0 % — 9.6 %) Safe behavior
Complete stop — Already crossed 32 15.4 % (10.5 % — 20.2 %) Safe behavior
Complete stop — Halfway 1 0.5 % (0.0 % — 1.6 %) Safe behavior
No stop — 2/3 of the way 1 0.5 % (0.0 % — 1.6 %) Risky behavior
No stop — Already crossed 104 50.0 % (43.3 % — 56.7 %) Risky behavior
25 Resume travel — 2/3 of the way 20 41.7 % (30.5 % — 52.9 %) Risky behavior
Resume travel — Already crossed 13 27.1 % (14.7 % — 39.4 %) Safe behavior
Complete stop — Already crossed 1 2.1 % (0.0 % — 5.0 %) Safe behavior
No stop — Already crossed 14 29.2 % (16.4 % — 42.0 %) Risky behavior

Note: Pedestrians at “2/3 of the way” are closer to vehicles traveling on the opposite side of the road from those who activated the pushbuttons.
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Fig. 3. Drivers’ social interactions on the same side of the road as pedestrians who activated the pushbuttons (*indicates the percentage is sta-
tistically different at the 95% confidence level).

the leading vehicle did not stop, the followers also did not stop. However, if the leading vehicle came to a complete stop, about half of
the followers stopped, while the other half did not. For the second and third vehicles or third and fourth vehicles in a platoon, 69 % (95
% CI: 46.6 % — 91.4 %) to 78 % (95 % CI: 62.0 % — 94.0 %) of these pairs showed that when the leading vehicle did not stop, the
followers also did not stop. These patterns were statistically significantly more common than other vehicle pair behaviors. These
findings indicate that following drivers tended to mimic the behavior of their leading vehicles, even when the leading vehicles violated
traffic laws. This “imitative behavior,” which relies on observing the actions of other drivers at PHBs, aligns with findings from other
studies that suggest drivers often follow and imitate the actions of their peers (Fleiter et al., 2010; Mohammadi et al., 2021).

Similar trends in drivers’ social interactions were observed among drivers traveling on the opposite side of the road from where
pedestrians activated the pushbuttons, as shown in Fig. 4. A notable difference is the slightly higher proportion (17 %) of leading-
following pairs for the first two vehicles in a platoon where, if the leading vehicle resumed travel, the following vehicle would
stop, compared to 9 % for vehicles traveling on the same side. Additionally, a slightly higher proportion of pairs involving the second
and third vehicles in a platoon showed that 21 % of these pairs came to a complete stop when the leading vehicle did not stop,
compared to 13 % for drivers traveling on the same side. This could be because pedestrians were closer to vehicles traveling on the
opposite side as these vehicles were discharged from the intersection during the flashing red stage. The reduced distance and increased
immediacy may have triggered a stronger sense of urgency and responsibility in drivers.

3.4. Regression results

Logistic regression models were used to identify the factors influencing the likelihood of law violations at PHBs, i.e., no-stop be-
haviors. The binary outcome variable was coded as 1 for drivers who did not stop at PHBs when activated (law violation), and 0 for
those who came to a complete stop (law compliance).

Two scenarios were examined: one focused on factors influencing the likelihood of law violations at PHBs for initial vehicles in a
platoon, and the other for following vehicles during the flashing red stage.

Explanatory variables considered in both scenarios included intersection type, speed limits, number of lanes, the presence of pe-
destrians on bikes, pedestrian locations within the crosswalk, and whether vehicles were on the same side as the pedestrian who
pressed the pushbutton. In the first scenario, PHB signal phases when vehicles approached PHBs were considered, while in the second
scenario, the vehicle preceding the study vehicle’s behavior and the PHB signal phase when the preceding vehicle approached the PHB
were taken into account. These variables were selected based on prior research (e.g., Pulugurtha et al., 2018; Fitzpatrick et al., 2021),
which identified several of these factors as being associated with pedestrian-related crashes at PHBs. They are also directly aligned
with this study’s focus on driver compliance behavior.

15t vehicle 21 vehicle 31 vehicle 4t vehicle
Resume
@ Travel
2 57%%*
3
-g Complete 6% Complete 7% Complete 14% Complete
v Stop Stop Stop Stop
>
'so': 21% 14%
No Stop TER No Stop vy No Stop e No Stop

Fig. 4. Drivers’ social interactions on the opposite side of the road as pedestrians who activated the pushbuttons (*indicates the percentage is
statistically different at the 95% confidence level).
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Multicollinearity among the explanatory variables was assessed using the Variance Inflation Factor (VIF). Predictors with VIF
values greater than four, an acceptable threshold in previous transportation-related studies (Almasi; & Behnood, 2022; Zhang et al.,
2025b), were excluded from the models. Interaction terms were not included in the final models due to sample size limitations,
increased AIC values when interactions were added, and to preserve model interpretability.

Intersection type, speed limits, and whether vehicles were on the same side as the pedestrian who pressed the pushbutton were
included in the modeling of both scenarios. For the first scenario, which modeled initial vehicles’ behavior, two models were
developed: one included pedestrian locations within the crosswalk, and the other included PHB signal phases when vehicles
approached PHBs. These two variables were found to be collinear but were both of interest in this study, and thus, an interest in
understanding their contribution together was of interest. In the second scenario, modeling the behavior of the following vehicles, the
preceding vehicle’s behavior and the PHB signal phase when the preceding vehicle approached the PHB were included in the model.
Table 4 shows the relative risks and 95 % confidence intervals for each predictor in the model.

3.4.1. Initial vehicle in Platoon’s behaviors at PHBs

The results of the two logistic regression models indicate statistically significant associations between the likelihood of law vio-
lations (i.e., no-stop behaviors of the initial vehicles) and two key variables: pedestrian locations within the crosswalk and PHB signal
phases when the initial vehicles approached.

Specifically, initial drivers were 2.66 times more likely to be associated with a law violation if pedestrians were “2/3 of the way”
into the crosswalk, compared to when pedestrians had not yet entered the crosswalk (95 % CI: 1.40-3.72). Similarly, drivers were 3.61
times more likely to be associated with a law violation if pedestrians had “Already crossed” the crosswalk, compared to when pe-
destrians had not yet entered the crosswalk (95 % CI: 2.86-4.02). These results suggest that the likelihood of law violations by drivers
increased as pedestrians progressed further in the crosswalk, with the highest risk observed when pedestrians had already crossed.

Initial drivers who approached the PHBs during the flashing red stage were 3.58 times more likely to be associated with a law
violation compared to those who approached during the steady red stage (95 % CI: 3.07-3.92). Initial drivers who approached the
PHBs during the transition stage were 2.1 times more likely to be associated with a law violation compared to those who approached
during the steady red stage. This result was statistically significant at the 90 % confidence level. The results suggest that initial drivers
were more likely to come to a complete stop during the steady red stage compared to other signal phases. Practitioners may consider
increasing the duration of the steady red stage to further enhance driver compliance and potentially improve pedestrian safety.

Table 4
Model estimates.

Predictors Initial Vehicle in Platoon Following Vehicle in Platoon

Model 1
RR (95 % CI)

Model 2
RR (95 % CI)

Model 3

RR (95 % CI)

Intercept

Behaviors of the vehicle preceding the study vehicle when approaching PHBs

Complete stop*
No stop

0.04 (0.01, 0.13)**

0.07 (0.02, 0.19)**

PHB signal phases faced by the vehicle preceding the study vehicle when approaching PHBs

Steady red stage!
Flashing red stage
Transition stage

Pedestrian locations within the crosswalk
Not yet in the crosswalk!

1/3 of the way

Halfway

2/3 of the way

Already crossed

1.17 (0.20, 2.97)
0.53 (0.03, 2.26)
2.66 (1.40, 3.72)**
3.61 (2.86, 4.02)**

PHB signal phases when the initial vehicle in the platoon approaches PHBs

Steady red stage’
Flashing red stage
Transition stage
Speed limits

25!

40

Intersection types
3-leg!

4-leg

Sides of vehicles relative to pedestrians who pressed the pushbutton

Same side!
Opposite side

McFadden pseudo R?

1.34 (0.77, 2.12)

1.23 (0.77, 1.81)

1.01 (0.63, 1.54)
0.34

3.58 (3.07, 3.92)**
2.10 (0.83, 3.27)*

1.02(0.55, 1.74)

0.78 (0.46, 1.24)

0.99 (0.61, 1.51)
0.34

0.11 (0.03, 0.32)**

1.20 (1.17, 1.79)**

2.00 (1.65, 2.19)**
1.60 (0.81, 2.09)

1.79 (1.27, 2.12)**

1.44 (1.04, 1.78)**

0.93 (0.59, 1.32)
0.35

Note: RR = Relative risk; **= Results are statistically significant at 95 % confidence interval; *= Results are statistically significant at 90 % confidence
interval; ! = Reference category.
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3.4.2. Following vehicles in Platoon’s behaviors at PHBs during the flashing red stage

If the preceding vehicles failed to stop, the following vehicles were 1.2 times more likely to fail to stop during the flashing red stage,
compared to when the preceding vehicle came to a complete stop. This statistically confirms that the behavior of the preceding vehicle
influences the likelihood of the following vehicle stopping or not stopping. Following vehicles were twice as likely to fail to stop when
the preceding vehicle encountered a flashing red stage, compared to when the leading vehicle faced a steady red. This may be because
the following vehicles tend to imitate the behavior of the preceding vehicles (Fleiter et al., 2010), which often stop at a steady red but
not at a flashing red (Fitzpatrick et al., 2019). Speed limits also played a role, with following vehicles at 25 mph PHBs being 1.79 times
more likely to violate the law compared to those in 40 mph PHBs. Furthermore, following vehicles at 4-leg intersections were 1.44
times more likely to violate laws than those at 3-leg intersections.

3.5. Summary

A higher likelihood of driver impairment and drowsiness occurs at night compared to daytime (FHWA, 2025; Mikoski et al., 2019;
NSC, 2024). These factors can lead to aggressive driving behaviors and significantly increase crash risks for pedestrians (Chai & Zhao,
2016; Foster et al., 2015; Su et al., 2023). Research also indicates that drivers’ yielding behavior plays a crucial role in pedestrian safety
at controlled intersections (Zafri et al., 2022). To ensure crash-free interactions, both drivers and pedestrians must exercise careful
attention and strict compliance with traffic rules (Krizsik & Sipos, 2024).

Drivers’ attitudes and behaviors are critical to ensuring safety for both themselves and pedestrians (Bener et al., 2017). They are
encouraged to make independent, law-abiding decisions rather than being influenced by their peers. Educational campaigns may be
crucial to raising driver awareness, given that a significant proportion of drivers failed to stop during the flashing red phase of PHBs.
This study found that, on average, approximately 66 % of drivers did not stop during the post-COVID-19 nighttime period. Specifically,
about 47 % of lead drivers in a platoon failed to stop, and more than 80 % of following vehicles at intersections with a 40 mph speed
limit did not stop. Following drivers frequently mimicked the behavior of lead vehicles, even when that behavior involved violating
traffic laws. Notably, similar non-stopping behavior was also observed before the COVID-19 pandemic during daytime conditions. For
example, Fitzpatrick et al. (2019) examined driver behavior in response to PHBs using 2018 daytime footage from ten high-speed
locations (45-50 mph) in Arizona. They found that about 59 % of drivers rolled through the intersection without fully stopping
during the flashing red phase. However, that study did not specify whether these statistics applied to lead or following vehicles.

Drivers must yield to pedestrians, especially when they are in the crosswalk. As evidenced in this study, many drivers resumed
traveling during the flashing red phase after coming to a complete stop at the steady red, even when pedestrians were still in the
crosswalk. Drivers’ understanding that the flashing red phase requires them to yield to pedestrians until the crosswalk is completely
clear of pedestrians is critical for safety improvement. Failure to do so compromises pedestrian safety and undermines the effectiveness
of PHBs. Promoting driver awareness of these responsibilities is essential to reduce risky behaviors and ensure safe interactions be-
tween drivers and pedestrians.

4. Conclusion

Pedestrian safety is a growing concern in the United States, with pedestrians more likely to be fatally injured at night. Pedestrian
Hybrid Beacons (PHBs) effectively encourage drivers to yield during both day and night and reduce pedestrian crashes. However,
studies have highlighted significant non-compliance among drivers in response to PHBs, which may be strongly associated with
pedestrian-related crashes.

This study examined driver behavior at PHBs during nighttime conditions in the post-pandemic era, focusing on how drivers
interacted socially with pedestrians and their leading vehicles in a platoon. A comprehensive data collection and validation framework
was developed to extract and validate driver behaviors through video footage. Descriptive and logistic regression analyses were
conducted to evaluate driver behaviors across different PHB signal phases, driver-pedestrian interactions, and driver-driver in-
teractions. The findings revealed that most drivers fully stopped when approaching PHBs during the steady red phase. Compared to
initial platoon drivers approaching during the steady red phase, those approaching during the flashing red phase were 3.58 times more
likely to not stop, and those during the transition phase were 2.1 times more likely to not stop.

During the flashing red phase at intersections with a 25 mph speed limit, approximately 75 % of drivers resumed travel or
completed a stop after pedestrians had already crossed when traveling on the same side as the pedestrian activating the pushbutton. In
contrast, for vehicles traveling on the opposite side of the road, a different pattern was identified: 41.7 % of drivers resumed travel even
when pedestrians were still in the crosswalk. At intersections with a 40 mph speed limit, during the flashing red phase, about 47 % of
initial drivers and more than 80 % of following drivers in the platoon did not stop. Additionally, approximately 50 % of drivers did not
stop after pedestrians had fully completed their crossing. Regression analysis results indicated that initial drivers in a platoon were
2.66 and 3.61 times more likely to exhibit no-stop behaviors when pedestrians were “2/3 of the way” across the crosswalk or had
“already crossed,” respectively, compared to when pedestrians had not yet entered the crosswalk.

In the analysis of leading-following vehicle pairs in a platoon, when the leading vehicle resumed travel during the flashing red
phase, 57 % to 62 % of the following vehicles did not stop. In 11 % of cases where the leading vehicle failed to stop, the following
vehicle also did not stop. For the following vehicles in the platoon, 69 % to 78 % failed to stop when the leading vehicle did not stop.
Regression analysis further suggested that if the preceding vehicle failed to stop, the following vehicles were 1.2 times more likely to
fail to stop compared to situations where the leading vehicle came to a complete stop.

Overall, the findings of this study suggest that drivers tended to stop during the steady red phase but not consistently during the
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flashing red phase at night in the post-pandemic period. Most followers in a platoon tended not to stop during the flashing red and often
imitated the leaders’ behavior, even if leaders violated the law. This provides insight into car-following travel behavior, where
following drivers mimic the behavior of drivers ahead of them, regardless of whether it is the correct decision or not. Transportation
agencies may consider studying the effectiveness of an extended steady red phase at high pedestrian volume locations, particularly at
night, to increase pedestrian protections. Educational campaigns could also be implemented to assist drivers in understanding the risks
of imitating leading vehicle behaviors and raise awareness of the associated dangers. Lastly, increased enforcement may assist in
encouraging drivers to abide by the law at PHBs.

In addition to PHBs, several other pedestrian traffic control devices, such as mid-block pedestrian signals (MPSs) and rectangular
rapid flashing beacons (RRFBs), have been deployed across the United States and shown to be effective in improving pedestrian safety
(Ahsan et al., 2025a). These devices have demonstrated safety benefits by increasing driver-yielding rates and reducing pedestrian
crashes at mid-block crossings (Ahsan et al., 2025b; Fitzpatrick et al., 2023; Zhang et al., 2025a; Zhang et al., 2024). A recent study
reported comparable crash rate distributions between MPSs and PHBs (Fitzpatrick et al., 2023). MPSs have been found to enhance
safety by encouraging more gradual vehicle speed reductions, while PHBs and RRFBs have raised concerns about potential sudden
braking behaviors (Ahsan et al., 2025b). However, PHBs can be used for three- and four-leg intersections, whereas MPSs are generally
applied at two-leg crossings (Fitzpatrick et al., 2023). PHBs have been shown to outperform RRFBs in terms of safety effectiveness,
despite their higher installation costs (Anwari et al., 2025; Ugan et al., 2022).

Outside the United States, similar devices have also been implemented. In the United Kingdom, the PUFFIN (Pedestrian User-
Friendly Intelligent) crossing was introduced in the 1990 s as an upgrade to the older Pelican crossings. Maxwell et al. (2011) eval-
uated 50 sites that had been converted from Pelican or far side facilities to PUFFIN crossings. The results showed significant reductions
in pedestrian and vehicle crashes, by 24 % and 16 %, respectively, following the installation.

Despite these encouraging findings, a limited number of studies have assessed the effectiveness of these countermeasures in terms
of driver behavior. Future research could apply the evaluation framework developed in the present study to better understand driver
responses to other pedestrian traffic control devices, both in the United States and internationally.

This study acknowledges several limitations, which should be considered in future studies: daytime evaluations during the post-
pandemic period were not possible due to camera angle constraints. Interaction terms may also be considered in future studies
which have increased sample size to explore additional relationships. Furthermore, when analyzing driver interactions, the sample size
limited the ability to evaluate different scenarios based on the PHB signal phases when the leading vehicle arrived. While vehicle
speeds and driver demographic information could offer additional insights into driver interactions, this data was unavailable.
Moreover, the impact of vehicles in other lanes was not evaluated. Future studies can focus on these aspects to further understand
driver behavior and contribute to pedestrian safety.
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Appendix

Appendix:. Summary of variables’ descriptive statistics

Variables Count (proportion)
Initial Vehicle in Following Vehicle in
Platoon Platoon
Behaviors of the vehicle preceding the study vehicle when approaching PHBs ~ Complete stop —- 169 (54.3 %)
No stop —- 142 (45.7 %)
PHB signal phases faced by the vehicle preceding the study vehicle when Steady red stage —- 142 (64.5 %)
approaching PHBs Flashing red stage —- 60 (27.3 %)
Transition stage —- 9 (4.1 %)
Pedestrian locations within the crosswalk Not yet in the 67 (21.1 %) 15 (7.1 %)
crosswalk
1/3 of the way 36 (11.4 %) 15 (7.1 %)
Halfway 44 (13.9 %) 35 (16.6 %)
2/3 of the way 49 (15.5 %) 21 (10.0 %)
Already crossed 121 (38.2 %) 125 (59.2 %)
PHB signal phases when the initial vehicle in the platoon approaches PHBs Steady red stage 151 (54.0 %) —-
Flashing red stage 136 (48.6 %) —-
Transition stage 30 (10.7 %) —-
Speed limit (mph) 25 73 (23 %) 31 (14.7 %)
40 244 (77.0 %) 180 (85.3 %)
Intersection types 3-leg 137 (43.2 %) 79 (37.4 %)
4-leg 180 (56.8 %) 132 (62.6 %)
Sides of vehicles relative to pedestrians who pressed the pushbutton Same side 148 (46.7 %) 97 (46.0 %)
Opposite side 169 (53.3 %) 114 (54.0 %)
Presence of pedestrians on bikes Yes 16 (5.0 %) 10 (4.7 %)
No 301 (95.0 %) 201 (95.3 %)
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The authors do not have permission to share data.
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