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Abstract: This study explores the intricate relationship between the angle of vehicle-to-vehicle (V2V)
conflicts and the severity of conflicts at signalized intersections during traffic signal failures,
leveraging the advanced capabilities of LIDAR sensor technology. The research delves into the
impact of conflict angles on collision outcomes and introduces LiDAR as a novel and precise tool
for capturing spatial dynamics during unregulated traffic movements. Findings reveal that as the
angle of V2V conflicts increases, indicating a wider approach between vehicles, the severity of
conflicts tends to decrease. This reduction in severity is attributed to the detailed spatial data
provided by LiDAR, enabling the identification of glancing impacts rather than direct head-on
collisions. The mitigation of forces involved in collisions at increased angles contributes to a
decreased likelihood of severe consequences, such as extensive vehicle damage and serious injuries
to occupants. Conversely, as the angle of V2V conflicts decreases, signifying a narrower approach
between vehicles, the potential for severe collisions tends to increase. LIDAR technology facilitates
precise measurements of spatial coordinates and temporal dynamics, revealing that collisions
occurring at smaller angles involve more direct and concentrated impact forces. This heightened
risk of extensive damage to vehicles and increased injury severity is crucially captured by LiDAR,
providing valuable insights into the relationship between conflict angles and collision outcomes
during traffic signal failures. This study underscores the efficacy of LiDAR sensor technology in
understanding the nuanced dynamics of V2V conflicts and highlights its role in developing targeted
safety interventions. The integration of LIDAR data into traffic safety analyses offers a sophisticated
approach to mitigating the impact of conflicts and enhancing overall safety at signalized
intersections during signal failures. The research also highlighted that as the angle of V2P conflicts
widens, PET experiences a proportional increase. A larger conflict angle signifies a more complex
interaction between vehicles and pedestrians, leading to prolonged PET values. Conversely, a
decrease in the angle of V2P conflicts is associated with a reduction in PET during traffic signal
failures. The study commences with an examination of traffic characteristics at the E Cold Spring
Ln - Hillen Rd intersection in Baltimore City, MD, utilizing a deployed LiDAR sensor. When the
signal at this intersection experienced a temporary malfunction on a regular working day in
September 2023, the LiDAR captured data related to vehicle and pedestrian volumes, as well as V2V
and V2P conflicts. The primary objective of the research is to evaluate the repercussions of traffic
signal failures on both traffic flow and safety, specifically V2V and V2P conflicts, occurring during
periods of improper signal functionality. Additionally, this investigation delves into various factors
that impact traffic signal performance, encompassing traffic demand, geometric layout, pedestrian
interactions, and the incorporation of emerging technologies.
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Introduction

Signalized intersections represent key nodes within transportation networks where vehicles
interact, and potential conflicts may arise [1-3]. As urbanization continues to surge, the need for a
deeper understanding of the dynamics governing vehicle-to-vehicle (V2V) conflicts at these
intersections becomes increasingly critical [4]. This research study aims to contribute to the existing
body of knowledge by focusing on a nuanced aspect often underexplored in traffic safety research—
the angles of approach during V2V conflicts at signalized intersections. While past studies have
primarily concentrated on factors such as traffic signal phasing, geometric design, and driver
behavior [4-6], the specific influence of angles of approach on conflict severity remains less explored.
By investigating this intricate relationship, the research endeavors to unravel patterns, identify risk
factors, and propose targeted interventions to enhance safety at signalized intersections.

The motivation for this study stems from the imperative to bridge existing gaps in
understanding the complexities associated with V2V conflicts at signalized intersections. The
ubiquity of these intersections in urban environments and their role in facilitating efficient traffic flow
necessitate a comprehensive examination of the contributing factors to conflicts [7-10]. The
investigation extends beyond traditional safety analyses and explores how the angles at which
vehicles approach the intersection impact the severity of conflicts [11,12]. By undertaking this
exploration, the research aims to inform evidence-based countermeasures and policy
recommendations for mitigating conflict severity and fostering safer interactions among vehicles at
signalized intersections. Hereupon, this study builds upon existing literature by incorporating
LiDAR sensor technology [13-17], a cutting-edge and precise measurement tool, to analyze the angles
of approach during V2V conflicts at signalized intersections. While past research has predominantly
relied on traditional methods, this research pioneers the integration of LIDAR technology to provide
a more granular examination of vehicle interactions, offering insights into the spatial and temporal
dimensions of conflicts. By leveraging the capabilities of LIDAR sensors, this research aims to uncover
patterns, and assess risks, for enhancing safety at signalized intersection.

The intersection of E Cold Spring Ln and Hillen Rd in Baltimore City, MD, USA was considered
for the case study. V2V conflicts were analyzed on September 13%, a day when the traffic signal
stopped working due to an electrical issue [15]. The traffic signal stopped working from 05:30 AM to
10:23 AM. This research aims to evaluate the effect of conflict's angle on severity of V2V conflicts in
traffic signal failures condition.

Methodology

Assessing the impact of traffic signal failures on traffic volume, congestion, and delays at
signalized intersections using LiDAR sensor technology can be taken into account as the key aspect
of intelligent mobility. The LiDAR sensor at E Cold Spring Ln — Hillen Rd intersection was installed
in April 2022 to collect real-time traffic data with an efficient accuracy [3,4,10,16]. LIDAR sensors can
capture high-resolution, three-dimensional data of the intersection and its surroundings. The
machine learning algorithms were utilized as explained in author’s previous studies [17,18] to clean
and preprocess LiIDAR data to remove noise and outliers, and align it with signal failure timestamps.

The research concentrated on failures in traffic signal operation and delved into driver behavior
at a signalized intersection known for a high frequency of collisions. Utilizing data recorded by
LiDAR sensor technology, the study specifically examined instances where signal-related light
patterns (such as red, green, or yellow) were absent. The investigation involved a comprehensive
analysis of vehicle trajectories, speeds, and lane changes during periods of signal failure, aiming to
comprehend how traffic dynamics adapt in the absence of signal control. In this study, LIDAR sensor
technology is strategically deployed to capture high-resolution spatial data during vehicular
movements. LiDAR sensors are positioned at key locations at the intersection to ensure
comprehensive coverage of the area. The author’s previous studies [19,20] highlighted the significant
accuracy of LiDAR sensor to capture vehicle counts, pedestrian counts, and conflict’s frequency and
severity. The sensor utilizes laser pulses emitted at regular intervals, measuring the time taken for
the pulses to return after hitting surrounding objects. The resulting data is then processed to generate
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a detailed three-dimensional map of the intersection, including the positions and movements of
vehicles. The LiDAR-generated three-dimensional map provides a wealth of information about the
spatial coordinates of vehicles at any given point in time [21-23]. To calculate the trajectories of
individual vehicles, the study employs a mathematical model that leverages the sequential LIiDAR
scans. By comparing the spatial coordinates of a vehicle between consecutive scans, the study derives
the displacement vectors (V;) for each vehicle (i) (Equation 1).

V= (xi,z — Xi1,Yi2 — Vi1 Ziz — Zi,l) 1)

It is worth mentioning that (x;1,¥;1,2;1) and (x;, Y2, 2;2) represent the spatial coordinates of
the vehicle at two consecutive LiDAR scans. To calculate conflict’s angle, the primary focus of this
study is to calculate the angles between the trajectories of vehicles involved in V2V conflicts. The
angle (0) between two displacement vectors (V1 and V2) is determined using the dot product
equation as shown in Equation 2:

v,.V,
NARIAL

Where, |IV1|| and ||V2|| demonstrates the magnitudes of the vectors. Considering the trajectories of
V2V conflicts in different intersection’s approaches, the angles of V2V conflicts were calculated.
Understanding the angle of V2V conflicts at signalized intersections is paramount for comprehending
the severity of these conflicts and, consequently, for developing effective strategies to enhance traffic
safety. The angle at which vehicles approach each other during a potential conflict holds crucial
implications for the severity of collision outcomes. A nuanced exploration of these angles provides
insights into the dynamics of collision forces and impact vectors. For instance, a head-on collision,
where vehicles approach each other at a narrow angle, is likely to result in more severe consequences
than a conflict where vehicles approach at a wider angle. The importance of considering these angles
lies in the fact that they significantly influence the direction and intensity of the forces involved in a
collision, affecting the extent of damage and potential for injury. By investigating the role of angles
in V2V conflicts at signalized intersections, this research aims to contribute valuable insights into the
spatial dynamics of collisions, ultimately informing targeted interventions for mitigating the severity
of these conflicts. Moreover, the study of angle-related severity in V2V conflicts is instrumental for
refining traffic management strategies and intersection design. Traffic signals play a pivotal role in
regulating the flow of vehicles and minimizing the potential for conflicts. Understanding how the
angle of approach correlates with conflict severity enables the development of more effective signal
timing algorithms and geometric designs that consider the spatial dynamics of potential collisions.

This study concentrates on E Cold Spring Ln - Hillen Rd intersection in Baltimore City,
Maryland. The LiDAR data on September, 13t 2023 was analyzed to provide a practical accurate
understanding of the intersection safety conditions [15]. Figure 1 shows the intersection’s location.
The installation location of the LiDAR sensor is shown by the yellow circle.

Cos (0) = )
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Figure 1. E Cold Spring Ln — Hillen Rd Intersection.

The Research analyzed the traffic data from 05:30 AM to 10:23 AM on September 13t. The signal
controller stopped working from 05:30 AM to 10:23 AM on September 13t. As a result of improper
traffic signal performance for four hours and fifty-three minutes, the research examined the traffic
condition at the intersection in a chaos condition (traffic signal failure). Table 1 shows the vehicle
counts during the chaos condition. During the chaos, 10612 vehicles passed through the intersection.

Table 1. Vehicle Counts Collected Data by The LiDAR Sensor.

Hour NE NS NW ES EW EN SW SN SE WN WE WS SU

00:00 - 01:00 AM 22 59 20 8 43 31 6 82 9 55 63 1 399

01:00 - 02:00 AM 13 36 10 7 34 20 3 72 5 22 32 0 254

02:00 - 03:00 AM 7 52 9 3 16 5 1 40 2 11 16 0 162

03:00 - 04:00 AM 8 67 3 3 18 7 4 45 4 18 22 0 199

04:00 - 05:00 AM 9 119 25 12 32 9 0 47 1 17 28 0 299

05:00 - 05:30 AM 19 219 20 11 43 12 3 62 3 26 38 0 457
September 13th

10:23 - 11:00 AM 44 150 28 31 55 34 8 137 26 44 35 3 595

Table 2 shows the pedestrian counts during the chaos condition.
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Table 2. Pedestrian Counts Collected Data by The LiDAR Sensor.

Hour N E S w SUM
00:00 - 01:00 AM 2 2 2 1 7
01:00 - 02:00 AM 3 3 0 0 6
02:00 - 03:00 AM 2 0 0 0 2
03:00 - 04:00 AM 1 0 0 0 1
04:00 - 05:00 AM 0 0 0 1 1
05:00 - 05:30 AM 0 0 2 1 3

September 13th

10:23 - 11:00 AM 16 11 12 19 58

The V2V conflicts were separately examined based on the leading and following movements. In
other words, in order to determine whether the leading or following movement was responsible for
V2V conflicts, the angle of each movement was investigated. LiDAR sensor technology offers a
sophisticated means to collect Post Encroachment Time (PET) values during V2V conflicts at
signalized intersections [24-27]. The LiDAR sensor captures the elevation data by measuring the time
it takes for the laser pulses to travel to an object and back. This temporal information is then converted
into precise distance measurements, creating a three-dimensional representation of the surrounding
environment. By continuously scanning the intersection area, LIDAR sensors generate real-time PET
values, including the elevation and trajectory of each vehicle involved in V2V conflicts. The ability of
LiDAR sensors to collect PET values is particularly advantageous for assessing V2V conflicts. These
sensors can accurately measure the vertical separation between vehicles, offering insights into the
potential for collisions based on elevation differences. The PET data can be used to quantify the
severity of conflicts, considering factors such as the height of vehicles and the elevation of collision
points. This information is crucial for developing targeted safety interventions and optimizing traffic
signal control strategies. Basically, PET is determined by measuring the time gap between the point
when a vehicle enters the intersection space after the signal turns red and the time when a conflicting
vehicle approaches the intersection from an opposing direction.

When traditional signal control mechanisms falter, the temporal dynamics of vehicle movements
become even more critical for assessing potential conflicts and enhancing overall safety. LiDAR
sensors, equipped with the ability to precisely measure distances and capture temporal data, play a
pivotal role in monitoring vehicle behavior during these periods of signal malfunction. By
continuously scanning the intersection area, LiDAR sensors record the precise moment when a
vehicle encroaches into the intersection space after the signal has failed, providing essential data for
calculating PET values. The calculation of PET during signal failure involves determining the time
gap between the unauthorized entry of a vehicle into the intersection space and the approach of a
conflicting vehicle from an opposing direction.

Data Analysis

In the context of traffic safety, the angle of V2V conflicts assumes heightened importance,
particularly during instances of traffic signal failure. When the conventional control mechanisms
break down, the spatial dynamics and angles at which vehicles approach intersections become critical
factors influencing the severity of potential conflicts. Understanding these angles is paramount as it
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sheds light on the potential impact vectors and collision forces involved in a V2V conflict. A head-on
collision, resulting from vehicles approaching each other at a narrow angle, is more likely to lead to
severe consequences than conflicts where vehicles approach at wider angles. Therefore, during signal
failure, the study of these angles becomes a linchpin for evaluating the potential severity of conflicts
and informing targeted interventions for mitigating associated risks.

The angle-related considerations are vital in the context of traffic safety during signal failure as
they directly impact the outcomes of V2V conflicts. For instance, a conflict between vehicles
approaching at a perpendicular angle may result in a glancing impact with lower collision forces,
potentially leading to less severe consequences compared to a scenario where vehicles approach at a
parallel angle, resulting in a more direct and forceful collision. This nuanced understanding of angles
aids in assessing the degree of potential damage and injury during signal failure scenarios. Moreover,
the significance of the angle of V2V conflicts during traffic signal failure is underscored by its impact
on the effectiveness of traffic signal control strategies. Traditional signal-controlled intersections rely
on a predictable and regulated flow of traffic, and signal failure disrupts this order. Understanding
the angles at which vehicles approach the intersection during these disruptions becomes crucial for
managing and mitigating potential conflicts. Traffic signals are designed to allocate right-of-way
based on predetermined signal phases, and when this control is lost, vehicles may approach the
intersection from unexpected angles, leading to unregulated conflicts. Furthermore, the angle of V2V
conflicts during signal failure is instrumental in informing the design and placement of traffic signals
and associated infrastructure. The traditional geometric layout of intersections assumes a regulated
flow of traffic, and signalized intersections are configured based on these assumptions. However,
during signal failure, vehicles may approach from unconventional angles, challenging the
assumptions underlying the original design. By understanding the angles at which conflicts occur, it
will be possible to refine intersection designs to account for these unpredictable scenarios, enhancing
the overall resilience of signalized intersections. This adaptive approach ensures that the geometry
of intersections aligns with the dynamic nature of traffic during signal failure, thereby contributing
to improved safety outcomes.

To investigate the effect of each leading and following movement’s angle on the severity of V2V
conflicts, the conflict’s angle in the near-crash timestamps for each conflicts were analyzed. It is worth
mentioning that the severity of conflicts was calculated based on % values. Figure 2 and Figure 3

show the frequency of V2V conflicts based on leading and following movements during traffic signal
failure interval.
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Figure 2. Frequency of V2V Conflicts based on the Leading Movements.
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Figure 3. Frequency of V2V Conflicts based on the Following Movements.

As shown in Figures 2 and 3, 35% of V2V conflicts occurred by leading movement EW
(=Westbound straight through), and 23% of V2V conflicts occurred by following movement WN
(=Eastbound left-turn). The leading and following movement'’s conflicts were analyzed and the angle
of each conflict at the conflict location at the intersection was calculated.

Figure 4 illustrates the angle of V2V conflicts when ES movement is the leading movement of
the conflict (figure above) and when ES movement is the following movement of the conflict (figure
below) with the severity of conflicts.

The orange line in Figure 4 and the following figures shows the trend line of the conflict’s
severity.

Figure 5 illustrates the angle of V2V conflicts when EW movement is the leading movement of
the conflict (figure above) and when EW movement is the following movement of the conflict (figure
below) with the severity of conflicts.
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Figure 4. Conflict's Angle based on ES as the leading movement (figure above) and ES as the following
movement (figure below).
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Figure 5. Conflict's Angle based on EW as the leading movement (figure above) and EW as the
following movement (figure below).
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Figure 6 illustrates the angle of V2V conflicts when NE movement is the leading movement of
the conflict (figure above) and when NE movement is the following movement of the conflict (figure
below) with the severity of conflicts.
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Figure 6. Conflict's Angle based on NE as the leading movement (figure above) and NE as the
following movement (figure below).

Figure 7 illustrates the angle of V2V conflicts when NS movement is the leading movement of
the conflict (figure above) and when NS movement is the following movement of the conflict (figure
below) with the severity of conflicts.
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Figure 7. Conflict's Angle based on NS as the leading movement (figure above) and NS as the
following movement (figure below).

Figure 8 illustrates the angle of V2V conflicts when SN movement is the leading movement of

the conflict (figure above) and when SN movement is the following movement of the conflict (figure
below) with the severity of conflicts.
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Figure 8. Conflict's Angle based on SN as the leading movement (figure above) and SN as the
following movement (figure below).

Figure 9 illustrates the angle of V2V conflicts when SW movement is the leading movement of
the contflict (figure above) and when SW movement is the following movement of the conflict (figure
below) with the severity of conflicts.
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Figure 9. Conflict's Angle based on SW as the leading movement (figure above) and SW as the
following movement (figure below).
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Figure 10 illustrates the angle of V2V conflicts when WE movement is the leading movement of
the conflict (figure above) and when WE movement is the following movement of the conflict (figure
below) with the severity of conflicts.
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Figure 10. Conflict's Angle based on WE as the leading movement (figure above) and WE as the
following movement (figure below).

Finally, Figure 11 illustrates the angle of V2V conflicts when WN movement is the leading
movement of the conflict (figure above) and when WN movement is the following movement of the
conflict (figure below) with the severity of conflicts.

Figure 12 shows normalized conflict’s frequency calculated based on leading and following
movements and the movement’s volumes (vehicle counts) during traffic signal failures.

Figure 12 demonstrates the V2V conflict’s normalized frequency based on the vehicle’s volumes
passing through the intersection by different movements. Figure 12 highlights that EW leading
movement (= westbound straight through) and WN following movement (=eastbound left-turn) are
critical movements of the intersection during the traffic signal failures from 05:30 AM to 10:23 AM.
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Figure 11. Conflict's Angle based on WN as the leading movement (figure above) and WN as the
following movement (figure below).
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The relationship between the angle of vehicle-to-vehicle (V2V) conflicts and the severity of
conflicts during traffic signal failures is a critical aspect of traffic safety research. The angle of conflicts
plays a substantial role in influencing the outcomes of collisions, and during signal failures, when
conventional traffic control mechanisms are compromised, this relationship becomes particularly
significant. The study’s findings have consistently demonstrated that the angle at which vehicles
approach each other during V2V conflicts correlates with the severity of the resulting collisions. A
head-on collision, where vehicles approach each other at a narrow angle, tends to result in more
severe consequences compared to conflicts where vehicles approach at wider angles. The spatial
dynamics of these conflicts directly impact the collision forces, contributing to the potential for
greater damage and increased risk of injury. During traffic signal failures, the disruption to the
regulated flow of traffic introduces unpredictability into vehicle movements. The relationship
between the angle of V2V conflicts and severity becomes crucial in this context, as the lack of signal
control can lead to conflicts occurring at unconventional angles. Understanding how these
unregulated conflicts influence severity is vital for developing effective safety interventions. For
instance, a thorough analysis of collision outcomes based on conflict angles can inform the
implementation of targeted measures such as improved signage, enhanced driver awareness, or
adaptive traffic control systems to mitigate the impact of conflicts and reduce severity. The traditional
geometric layout of signalized intersections assumes a controlled flow of traffic, and signal failures
challenge these assumptions. The investigation into how conflict angles influence severity during
signal failures informs the adaptation of intersection designs to better accommodate unregulated
traffic movements. This might involve refining geometric configurations, adjusting signal
placements, or integrating technologies that enhance intersection resilience during signal failures. To
investigate the relationship between conflict’s angles with the severity of V2V conflicts, Table 3
illustrates the accuracy of calculated angles based on the LiDAR’s raw data. The linear regression
relationship between conflict’s angles and severity of V2V conflicts highlighted the acceptable
accuracies (R square > 0.6) of the analysis.

Table 3. The Linear Regression Results.

Leading Movement Following Movement
Movement
R Square | Adjusted R Square | R Square | Adjusted R Square
0.638 0.611
ES 0.705 0.672
0.723 0.718 0.721 0.712
EW
0.746 0.712 0.684 0.657
NE
0.723 0.713 0.743 0.735
NS
0.701 0.686 0.723 0.708
SN
0.667 0.634 0.725 0.721
SW
0.699 0.689 0.653 0.641
WE
0.722 0.701 0.713 0.706
WN



https://doi.org/10.20944/preprints202311.0953.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2023 doi:10.20944/preprints202311.0953.v1

15

In linear regression models, the term "Multiple R" refers to the multiple correlation coefficient,
often denoted as R or Ryyeipie [28] This coefficient quantifies the strength and direction of the linear
relationship between the independent variables collectively and the dependent variable in a multiple
regression analysis. It provides a measure of how well the overall model predicts the dependent
variable based on the independent variables. The multiple correlation coefficient is essentially the
correlation between the observed and predicted values of the dependent variable [29,30]. It ranges
from -1 to 1, where:

R=1, describes perfect positive correlation - the model perfectly predicts the dependent variable
based on the independent variables.

R=0, describes no correlation - the model has no predictive power.

And R=-1, describes perfect negative correlation - the model perfectly predicts the dependent
variable, but the relationship is inverse.

The square of the multiple correlation coefficient, often referred to as R* or the coefficient of
determination, represents the proportion of the variance in the dependent variable that is predictable
from the independent variables. It indicates the goodness of fit of the regression model. The closer
R? is to 1, the better the model fits the data [31,32]. Figure 13 illustrates the multiple R variable for
leading and following movements.
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Figure 13. Multiple R Values of Leading and Following Movements.

In the context of signalized intersections during traffic signal failures, the relationship between
the angle of vehicle-to-vehicle (V2V) conflicts and the severity of conflicts is a critical aspect of traffic
safety research. The interpretation of this relationship involves understanding how changes in the
angle of conflicts influence the outcomes and potential severity of collisions. As the angle of V2V
conflicts increases, meaning vehicles approach each other at wider angles, the potential for severe
collisions may decrease. Wider angles can result in glancing impacts rather than direct head-on
collisions. In such scenarios, the forces involved in the collisions are often mitigated, leading to a
reduction in the severity of the conflicts. The increased angle allows for more lateral movement
during a potential collision, potentially minimizing the impact forces and decreasing the likelihood
of severe consequences such as extensive vehicle damage or severe injuries. Conversely, when the
angle of V2V conflicts decreases, indicating vehicles are approaching each other at narrower angles,
the potential for severe collisions may increase. Narrow angles suggest a higher probability of head-
on or more direct collisions, resulting in greater impact forces and, consequently, a higher likelihood
of severe outcomes. Collisions occurring at smaller angles may involve more concentrated forces
directed longitudinally, potentially leading to a higher risk of injury to occupants and increased
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damage to vehicles. This interpretation aligns with the fundamental physics of collisions, where the
relative angles between vehicles influence the distribution and magnitude of forces involved.
Therefore, during traffic signal failures, understanding and analyzing the relationship between the
angle of V2V conflicts and the severity of conflicts provide valuable insights for developing targeted
safety interventions.

Vehicle-Pedestrian (V2P) Conflicts

Signalized intersections are critical points in urban traffic management, where Vehicle-to-
Pedestrian (V2P) conflicts can significantly influence the overall safety of the intersection. This section
investigates the relationship between the angle of V2P conflicts and the severity of conflicts,
particularly in scenarios involving traffic signal failures. LIDAR sensor technology is employed to
provide accurate and real-time data, enabling a comprehensive analysis of conflict dynamics.
Understanding how variations in conflict angles correlate with conflict severity is essential for
developing effective safety measures at signalized intersections. The research findings reveal a
notable impact of increased conflict angles on Post-Encroachment Time (PET) during traffic signal
failures. As the angle of V2P conflicts widens, PET experiences a proportional increase. A larger
conflict angle signifies a more complex interaction between vehicles and pedestrians, leading to
prolonged PET values. Conversely, a decrease in the angle of V2P conflicts is associated with a
reduction in PET during traffic signal failures. Smaller conflict angles indicate a more streamlined
interaction between vehicles and pedestrians, resulting in shorter PET values. LiDAR sensor
technology proves instrumental in capturing detailed temporal information, enabling a thorough
analysis of the extended PET associated with elevated conflict angles.

To provide an accurate analysis regarding the angle between vehicles and pedestrians during
traffic signal failure, V2P conflicts from 05:30 AM to 10:23 AM on September 13t (chaos condition)
were analyzed. The angles between vehicles spatial vectors and pedestrian spatial vectors were
assessed and four categories were investigated including (PET <1 — conflicts with more severity),
(1=<PET<2 - conflicts with less severity than the first category), (2=<PET<3 - conflicts with less
severity than the second category), and (3=<PET<=5 - conflicts with less severity than the third
category). The result of the first category (PET <1) is can be seen in Figure 14. The LiDAR recorded
one V2P conflict with PET <1.
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Figure 14. Conflict's Angle for movements with PET <1.

The angles of the V2P conflict for the second category is shown in Figure 15 (1=<PET<2 — conflicts
with less severity than the first category).
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Figure 15. Conflict's Angle for movements with 1=<PET<2.

The angles of the V2P conflict for the third category is shown in Figure 16 (2=<PET<3 - conflicts
with less severity than the second category).
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Figure 16. Conflict's Angle for movements with 2=<PET<3.

The angles of the V2P conflict for the fourth category is shown in Figure 17 (3=<PET<=5 -
conflicts with less severity than the third category).
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Figure 17. Conflict's Angle for movements with 3=<PET<=b5.

In conclusion, this section underscores the significance of V2P conflict angles in shaping Post-
Encroachment Time at signalized intersections during traffic signal failures. LiDAR sensor
technology proves to be a valuable tool for capturing and analyzing temporal dynamics, offering
insights that can inform adaptive traffic control systems. PET increases proportionally as the angle of
V2P conflicts widens. As can be seen in Figures 15 to 17, a significant number of V2P conflicts with
larger angles occurs when PET increases. A larger conflict angle signifies a more complex interaction
between vehicles and pedestrians, leading to prolonged PET values. PET values are shorter when
conflict angles are smaller, resulting in severe V2P conflicts. The findings from this study contribute
to the ongoing efforts to improve safety measures and traffic management strategies in signalized
intersections under challenging conditions.

Conclusion

The use of LiDAR sensor technology in assessing the impact of traffic signal failures on traffic
volume, congestion, and safety at signalized intersections represents a significant step forward in
understanding and addressing the challenges posed by unexpected signal malfunctions. This study
has provided valuable insights into how traffic behaves when traditional signal control systems cease
to function and has shed light on potential solutions for mitigating disruptions and improving urban
transportation resilience. In conclusion, the investigation into the relationship between the angle of
vehicle-to-vehicle (V2V) conflicts and the severity of conflicts at signalized intersections during traffic
signal failures offers crucial insights into traffic safety dynamics. The findings of this study
underscore the significance of considering conflict angles as a determinant of collision outcomes. As
the angle increases, reflecting a wider approach between vehicles, the potential severity of conflicts
tends to decrease. This is attributed to the spatial dynamics of collisions at wider angles, often
resulting in glancing impacts rather than direct head-on collisions. The mitigated forces involved in
collisions at increased angles contribute to a decreased likelihood of severe consequences, such as
extensive vehicle damage and serious injuries to occupants.

Conversely, when the angle of V2V conflicts decreases, indicating a narrower approach between
vehicles, the potential for severe collisions tends to increase. Collisions occurring at smaller angles
are associated with more direct and concentrated impact forces, heightening the risk of extensive
damage to vehicles and increased injury severity. This insight into the relationship between conflict
angles and severity during traffic signal failures is pivotal for developing targeted safety measures.
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Understanding the nuances of how spatial dynamics influence collision outcomes allows for the
formulation of adaptive traffic control strategies, improved signage, and enhanced driver awareness
campaigns. Such interventions can effectively address the increased severity risk associated with
narrower conflict angles, contributing to overall safety at signalized intersections during signal
failures. The implications of these findings extend to traffic engineering and intersection design
practices. The relationship between conflict angles and severity emphasizes the importance of
considering unconventional traffic scenarios during signal failures in intersection layouts. The
adaptability of signalized intersections to unregulated traffic movements becomes a key
consideration, and incorporating this understanding into geometric designs enhances the overall
resilience of the intersections. Furthermore, the study highlights the need for ongoing research and
advancements in adaptive traffic control technologies to effectively manage traffic under varying
conditions, including signal failures.

This study also investigated the critical interplay between the angle of Vehicle-to-Pedestrian
(V2P) conflicts and Post Encroachment Time (PET) at signalized intersections during traffic signal
failures, leveraging the precision of LIDAR sensor technology. The findings underscored the nuanced
dynamics that influence pedestrian safety in these scenarios. As the angle of V2P conflicts increases,
a proportional extension in PET was observed, providing pedestrians with a more extended duration
to complete their crossings before potential conflicts with turning vehicles arise. Conversely, a
decreased conflict angle correlates with a reduction in PET, signifying a more direct and potentially
challenging interaction between pedestrians and turning vehicles. These findings emphasize the need
for tailored interventions based on conflict angles to mitigate the risks associated with pedestrian-
vehicle interactions in the absence of functional traffic signals. Considering the obtained results in
this study regarding the angle of V2P conflict, it is possible that converse results occurred in other
intersections. One plausible explanation is that larger conflict angles might encourage pedestrians to
underestimate the potential risks associated with turning vehicles, leading to delayed responses in
initiating their crossings. In situations where the angle is large, pedestrians may perceive a larger
buffer of safety, causing them to delay their movements and subsequently compressing the available
PET. Additionally, larger conflict angles may introduce a false sense of security, leading pedestrians
to engage in riskier behaviors, such as assuming that turning vehicles will yield in a more leisurely
manner. This could result in pedestrians entering the intersection at a slower pace, contributing to
stricter PET values despite the seemingly favorable conditions associated with larger angles.
Moreover, the influence of traffic flow and vehicle speed cannot be ignored. Larger conflict angles
may coincide with higher traffic speeds or more significant traffic volumes, reducing the effective
time available for pedestrians to cross safely. In such cases, the combination of these factors can
contribute to stricter PET values even when conflict angles are larger.

A key policy implication is the need for adaptive traffic control strategies that consider the
spatial dynamics of conflicts under varying conditions. Specifically, during instances of signal
failures, policies should prioritize the development and implementation of traffic management
systems capable of adapting to unregulated traffic movements. By incorporating knowledge about
the relationship between conflict angles and severity, policymakers can advocate for technologies
that dynamically adjust signal timings, enhancing the predictability of traffic flow and mitigating the
potential severity of conflicts. These policies should emphasize research and development initiatives
to create intelligent traffic control systems that integrate real-time data on conflict angles, thereby
promoting a safer and more responsive urban traffic environment. Furthermore, intersection design
policies need to be informed by insights into the relationship between conflict angles and collision
severity. Urban planners and traffic engineers should consider the potential for increased severity
associated with narrower conflict angles during signal failures. Policies should encourage the
incorporation of geometric designs that account for unconventional traffic movements during such
scenarios, ensuring intersections are resilient to unregulated traffic flow. Enhanced signage and
driver awareness campaigns targeting the consequences of specific conflict angles could be pivotal
components of these policies, promoting safer driving behaviors and reducing the risk of severe
collisions. Importantly, these policies should be adaptive and responsive to ongoing research in the
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field, fostering a collaborative approach between researchers, policymakers, and transportation
agencies to continually refine strategies for mitigating conflict severity at signalized intersections
during traffic signal failures.

Future research studies in the realm of traffic safety should delve deeper into the the exploration
of additional contributing factors that may interact with conflict angles, influencing severity
outcomes. Other variables such as road conditions, and driver behavior during signal failures to
provide a more comprehensive understanding of the complex dynamics at play. Further studies
could also focus on developing predictive models that integrate conflict angles with these additional
variables, offering a robust tool for traffic engineers and policymakers to anticipate and mitigate
conflict severity under various conditions.

Moreover, future research endeavors should aim to assess the long-term effectiveness of
adaptive traffic control systems and intersection designs informed by the relationship between
conflict angles and severity. Longitudinal studies could track the real-world impact of implemented
policies and interventions, providing valuable insights into the sustainability and efficacy of such
measures. Additionally, research could explore the potential role of emerging technologies, such as
connected and autonomous vehicles, in influencing the relationship between conflict angles and
severity during signal failures. Investigating the interplay between these technological advancements
and conflict dynamics could pave the way for innovative solutions to further enhance traffic safety.
Overall, the future research agenda should focus on refining our understanding of the relationship
between conflict angles and severity, incorporating multidimensional analyses, and translating
findings into practical applications that improve safety outcomes at signalized intersections during
traffic signal failures.
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