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Abstract

This thesis focuses on intersection sight distance design, which is an extremely critical element in
urban road design. Research has shown that providing adequate sight distance contributes to safe
operation at intersections. Conversely, a restricted sight distance impacts drivers’ fields of vision
and reduces their ability to complete certain maneuvers smoothly and safely. The existence of
obstacles within the intersection sight triangle limits drivers’ visual fields and blocks their ability
to see and react to vehicles on the crossing road. These obstacles could be buildings, structures,
trees, bushes, or any roadside object. However, locating these obstacles through site visits is
generally not an efficient way to address such issues since this is a tedious process, labor-intensive,
and exposes the workforce to high safety risks. It requires surveying equipment and, in some cases,
road closures. Also, to simply identify obstacles does not account for the different types of modes

traveling through the intersection and could lead to inaccurate outcomes.

Several researchers have attempted to study the sight distance and identify the obstructions at
intersections; however, previous work in this area is very scarce and involves a manual process,
especially at urban intersections. Therefore, the first part of this thesis focuses on developing a
fully automated method using mobile LiDAR point cloud to extract the information about the road
objects that impact drivers’ vision by conducting a visibility assessment. This part includes (a)
detecting the obstacles to estimate the blockage percentage and a visualization of the obstruction
from a driver’s perspective, (b) conducting a sensitivity analysis to study the impact of different
voxel size on visibility assessments, and (c) investigate the impacts of operating speeds on drivers’

fields of vision and intersection visibility.

The second part of this research conducts a safety-based assessment, using the LiDAR dataset to

study the relationship between the collisions and the visibility information extracted at the urban
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intersections. Understanding the root cause of a visibility problem is crucial for improving safety
at intersections and achieving the goals of Vision Zero. The collision analysis was performed using
the Empirical Bayesian technique to identify intersections that exhibited an over-representation of
specific collision patterns caused by visibility problems. The results show that intersections with
limited available sight distances due to road obstacles exhibited an increased risk of collisions.
This would significantly help road safety agencies prioritize and rank the hazardous intersections

for potential treatment and select cost-effective countermeasures.
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1 INTRODUCTION
1.1 Background
1.1.1 Urban Intersections a Safety Challenges

Intersections are hazardous due to high conflict potential, resulting in high collision frequency and
fatal collisions [1]. The Federal Highway Administration (FHWA) has reported that 2.4 million
collisions occur at intersections each year, which accounts for about 40% of all collisions and
21.5% of traffic fatalities [2]. In 2017, crashes at intersections made up 58.2% of the total collisions
and resulted in 70.6% of total injuries and 48.1% of Edmonton’s fatalities [3]. Hence, the
improvement of intersections requires a better understanding of the collision causes in order to

develop or select effective countermeasures.

Among the many causes for collisions at intersections are traffic control measures, traffic
operation, the driver’s behavior, and design. One of the most common leading causes of urban
intersection collisions includes failing to yield to the right of way (ROW) and restricted visibility
in the driver’s visual field. When a driver fails to observe the yield or stop sign or observe
oncoming traffic from the major road due to visibility issues from the intersection, it may increase
their collision risk. Even when no traffic sign exists (i.e., uncontrolled intersection), the driver
requires adequate distance to observe conflicting vehicles and must have a clear sight area;

otherwise, a collision may occur.

The vision is a critical element to a driver’s ability to react in a road environment. Having a
superior view is essential to observe the road features and objects so that drivers can drive safely.
Hence, it is vital to understand the driver’s visual field and extract the object that blocks the drivers’
visibility within the sight triangle by estimating the blockage percentage. To illustrate this concept,

Figure 1 shows a vehicle approaching an intersection and the area visible to the driver.



Field of Vision

.

Figure 1 Driver’s Field of Vision
Many studies have explored the impact of traffic and geometric road characteristics on intersection
collisions [4-7]. However, little attention has been devoted to studying the impact of sight distance
and its influence on drivers’ ability to observe potential conflicting vehicles in an urban
environment or road objects that restrict the available sight distance. A review of intersection
safety and sight limitations indicates that intersections with poor visibility, due to restricted

available visible distance, experience higher than normal collision rates [8].

The intersection sight triangle has been regarded as an integral element in road design. It provides
the driver with a clear area near an intersection to safely complete a departing maneuver [9-11].
However, the mere fact of the sight triangle providing a designated sight distance does not offer a
realistic representation of the driver’s visual field at a given position on the vehicle’s driving path.
Moreover, theoretical intersection sight distance is based on certain assumptions which do not
account for safety performance and objects in the 3D environment. Furthermore, design standards
and guidelines assume the driver behavior is deterministic and do not account for all human
limitations, both crucial—and distinct—components in road safety that significantly impact the

visual field. Instead, they focus primarily on road and vehicle characteristics.

Previous studies show that elderly drivers are more likely to be involved in an intersection collision
where limited sight distance exists. In fact, collisions involving elderly drivers had a higher

probability of occurrence when the intersection was stop-controlled [12]. Gargoum, et al. [13]



indicated that elderly drivers, who often have limited cognitive abilities, were more likely to be
involved in collisions where appropriate sight distance was not provided. The AAA organization,
serving approximately 59 million drivers in the US and Canada, reports that the useful field of
vision becomes smaller with age and that this impact on drivers’ vision may constitute a safety

risk [14].

In addition, the visual field of the driver moving on the road is affected by speed when decelerating
near an intersection to observe oncoming vehicles. A moving vehicle approaching an intersection
has a dynamic visual field based on its driving speed and location, affecting the driver’s sensitivity
and focus on the road ahead. In other words, a driver moving at high speed has a smaller field of
vision, which substantially impacts what the driver sees. Thus, speed is a critical element in
intersection visibility assessments [15]. Driving at low speed increases the field of vision and
allows significantly more time to react in the event of unexpected situations [16]. Thus, a
simulation of the drivers’ viewpoint and visual field—taking into consideration parameters such
as the horizontal viewing angle, the driver’s eye height, mode of transportation, and speed to
provide a realistic visualization—is essential for the accurate assessment of visibility. The most
important step is to generate a highly accurate virtual environment of the urban intersection to
represent the real-world situation; this would significantly help in assessing visibility at the
intersection from different perspectives. These can be created using remote sensing technology
and Mobile LiDAR Scan (MLS) to explore the field of view. The safety of an intersection can also
be improved by examining the historical crash records, understanding the relationship between
inadequate visibility and collision occurrence, and conducting a safety analysis to prioritize

collision-prone intersections for potential interventions.

The next section explains the design criteria for intersection sight distance based on current design
guidelines. It highlights the potential transformation that could be achieved by evaluating
intersection safety—through simulated and automated assessments—to enhance the design and

visibility of the existing road infrastructure by utilizing remote-sensing technology.
1.1.2  Intersection Sight Distance Design

One of the most important road design elements in an urban environment is adequate sight distance
at intersections. As defined by the American Association of State Highway and Transportation

Officials (AASHTO), sight distance is the minimum distance required by a driver to be able to
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effectively observe conflicting vehicles and complete certain maneuvers [9]. It is fundamental to
intersection operation and safety that vehicles approaching an intersection should have clear
visibility. The standards laid out in the majority of design guidelines are based on specific measures
to meet the minimum requirements for the intersection’s sight distance [10, 11]. These measures
provide an area along the intersection leg, resulting in a triangle area known as the sight triangle.
Previous studies have shown the influence of this geometric feature on road safety and its impact

on traffic operation [17, 18].

Sight distance is a critical design element associated with visibility and central to the inherent
safety of intersections. The intersection sight distance is laid down in the road design guide, based
on the extreme values of components, including speed, deceleration rate, perception—reaction time
(PRT), and acceptance gap time. Although such distances are sufficient to ensure that drivers have
a clear vision of conflicting vehicles, such minimum distances cannot always be achieved in
densely built-up urban areas, and, consequently, safety problems arise at intersections. In other
words, maintain a large area clear from vegetation, buildings, or any road feature is challenging in
the urban environment. Furthermore, road conditions may change during the design life cycle due
to maintenance work or the installation of overhead utilities, significantly restricting the sight

distance available at the intersection.

To assess if the sight distance at an intersection meets current guidelines, and the sight triangle is
clear from obstructions in the urban environment, a sight distance assessment must be conducted.
However, it may be ineffective to use conventional field-assessment techniques that are time-
consuming, require an extensive workforce, based on certain assumptions, and of varying
accuracy, as it may not be possible to observe all objects impacting a driver’s visibility when using
different transportation modes where the driver’s height differs. Furthermore, previous work has
shown that design, terrain information [19, 20], and the Digital Terrain Model (DTM) [21, 22] do
not accurately represent obstructions and overhanging objects that physically impact the driver’s

vision by limiting the available sight distance.

Many researchers have focused on assessing road design elements using geospatial data in order
to overcome the errors resulting from field procedures. Few studies have attempted to explore
intersection visibility and sight distance by creating and importing Digital Elevation Models

(DEMSs) and extracting obstacles using Geographic Information System (GIS) tools. Although
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some studies were thriving and relatively accurate, the research involved manual work, site visits,
and considerable time to process data due to software limitations and, sometimes, a failure to
capture cantilever objects. For instance, visibility analysis could result in errors when detecting
obstructions at intersections with many large trees. In addition, the majority of previous studies
focused on using Aerial LIDAR Scans (ALS) and the Mobile Mapping System (MMS), which has
a lower point density than the MLS, which could be ineffective in extraction procedure and
performing the assessment and provide overestimated information about the available sight

distance.

Remote sensing has been widely used in transportation applications to mitigate the limitations
found in conventional techniques. Light Detection and Ranging (LiDAR) technology has attracted
significant attention for its ability to produce a visibility-related analysis that can precisely
represent real-world situations in the form of a point cloud. The MLS produces a high level of
accuracy that represents all aspects of the road and surrounding environment, and thus, closer
alignment with the road scanned [23]. It has significant potential in transforming traditional
processes to enable the precise, automated sight-distance assessment and captures road
infrastructure, vegetation, and existing buildings with a high level of 3D detail, as shown in Figure
2. It facilitates sight distance assessment by extracting intersection information and detecting
obstacles within the driver’s field of vision without the need for field visits or any interruption to

the traffic operation.



| Figure 2 LiDA Point loud in Enton, Albta
This thesis proposes a unique method to mitigate previous research limitations and fill the existing
literature gap by utilizing Mobile LiDAR data. The method develops a fully automated, novel
algorithm that extracts obstacles blocking the visibility to observe conflicting vehicles by
simulating the driver’s visual field, represented by the sightlines cast by virtual rays—and
accounting for human limitations. The intersection sight distance algorithm works by defining the
driver’s location based on the intersection control sign and detecting the objects blocking visibility
from the driver’s perspective. The observer point is defined on the vehicle trajectory along the
driving lane, parallel to the roadway at equal intervals. The visual field is then generated
considering the driver’s peripheral view to exploring the objects represented by the LiDAR point
cloud in 3D. Once this is achieved, a visibility analysis is conducted to compute the blockage rate
by recording the distances for each sightline traveled and comparing it with the angular sight
triangle area. The outputs provide insights into visibility at the intersection that are useful in
conducting collision analysis and safety-based assessments to identify hazardous intersections
through considering particular collision patterns resulting from visibility problems at intersections.
This information could significantly help to rank intersections, prioritize improvements, and select

cost-effective countermeasures to improve road safety.



1.2 Problem Statement

Poor road design is regarded as one of the main contributory factors to road collisions. Intersection
sight distance is an essential element in road design; however, sight distance at urban intersections
and its impact on road safety have not been investigated to the extent that they deserve. A 3D
method for assessing current intersection visibility and performance in delivering a reliable sight
triangle clear from obstruction is still lacking. A thorough investigation of the relationship between
historical collision records and existing urban intersection sight distance design is required, with

an analysis of reliable data to implement safety improvements.

The research on the impact of inadequate sight distance on safety at urban intersections is
extremely scarce and provides an unreliable outcome. In addition, it does not consider the speed
of the vehicle approaching the intersection and the impact this has on the driver’s dynamic field of
vision when performing certain maneuvers. A simulation of the driver’s viewpoint considering
transportation mode provides a necessary 3D representation of the real-life situation. The most
effective way to achieve this is through a LiDAR-based analysis that facilitates a broad-scale
assessment of the existing road design by using MLS. The MLS collects high-resolution data that
can be utilized to extract valuable visual information about the intersection infrastructure and

landscape in 3D from the driver’s perspective.
1.3 Objectives

This thesis aims to evaluate sight distance at urban intersections by assessing visibility in the sight
triangle, which is the area defined by the design guidelines. The analysis is performed using an
automated assessment, extracting the vehicle trajectory, simulating the driver’s visual field, and
then detect the obstacle object to estimate the blockage percentage and available visible distance.
Bayesian analysis is then performed on the information extracted to conduct safety-based
assessments, aiming to improve road safety and cater to driver needs. This overarching goal of the

thesis is achieved in two major parts.
1.3.1 Part I Automated Visibility-Based Assessment

This part proposes a method that can be used to effectively assess, in 3D, the intersection sight
distance and visibility of an urban intersection with yield or stop signs at the minor intersection. It

also develops a novel algorithm that facilitates fully automated extraction of the objects in the sight
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triangle area. In addition, it focuses on visibility assessment by simulating the driver’s eye and
analyzing the driver’s sightlines in an urban intersection using high-resolution MLS to estimate

the rate of blockage at the intersection. This includes the following objectives:

e Review the available techniques and applications for defining urban intersection sight
distance and sight triangles.

e Develop an algorithm that processes the MLS data and obtains accurate information that
accounts for all road obstructions.

e Simulate the driver’s visual field and perform visibility analysis within the intersection
sight triangle.

e Conduct sensitivity analysis to assess the robustness of the developed algorithm.
1.3.2  Part Il Safety-Based Assessment

The next objective is to investigate how the information obtained from Part one can be used to
conduct a safety-based assessment. For this, ten years of historical collision records were analyzed.
The Empirical Bayes (EB) technique is used to evaluate intersection safety to identify the collision-

prone intersections and study their relationship with blockage percentage.
The following are the specific objectives:

o Identify intersections that exhibit an overrepresentation of specific collision pattern that is
associated with poor visibility.
e Examine the relationship between intersections with poor visibility and collision

occurrence.

The proposed methods have been applied to the Strathcona area of Edmonton, Alberta, Canada,
where the majority of roads are classed as local roads or collectors controlled by two-way stop or

yield signs.
1.4 Thesis Structure

The thesis is divided into two main parts: Automated visibility-based assessment and Safety-based
assessment used for the intersection sight distance. In the first part, the visibility analysis has been
performed for most of the intersections across the study area. Such assessment provides

information about the rate of blockage for each intersection. Then, in the second part, a collision
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analysis is conducted to locate the hazards intersections based on the visibility assessment
outcome. This thesis is divided into five main chapters. Details for each chapter covered are

described as follow:

e Chapter 1 explains the intersection problems and challenges and highlights the need
for the visibility assessment to achieve a safer urban environment.

e Chapter 2 provides a comprehensive literature review of studies that used remote
sensing data to assess and estimate the available sight distance. The review includes
different methodologies and techniques that have been developed to assess ASD and
extract the obstruction and main limitations.

e Chapter 3 presents details about the LiDAR data collection and scanning system used
in this research. It also highlights the benefits of the LiDAR technology and its
contribution to transportation engineering and road safety. This chapter describes the
method used to extract/assess the information from the LiDAR data for the visibility
assessment and the impact of the voxel size and speed on the assessment. Furthermore,
it includes the data acquired to conduct the collision analysis and proposes a possible
technique to identify the hazardous intersections because of the visibility problems.

e Chapter 4 summarizes and discusses the results of the visibility and safety assessment.
It shows the estimated blockage percentage for intersections from the driver’s
perspective. Then, it compares the blockage percentage between the stop and yield sign
using a different mode of transportation. The impact of the point cloud’s voxel size on
the accuracy and quality of information obtained from the LiDAR is also presented. It
illustrates the speed effect on the drivers’ vision. Finally, the collision-prone
intersections using the empirical Bayes technique are presented.

e Chapter 5 concludes the thesis with a summary of its main contributions. It also points
out the limitations and avenues through which future research could broaden the work

presented in this research.



2 LITERATURE REVIEW
2.1 Background

The intersection sight distance assessment is performed to ensure that drivers have a clear area that
is free from any obstruction. It can be evaluated through field assessment, graphical methods, or
design software. The design software creates DTMs to conduct sight distance analysis, which does
not represent all the road features and objects. In recent decades, the researcher shifted to using
the GIS tools to estimate the available sight distance and conduct visibility analysis. These tools
helped in generating the Digital Surface Model (DSM) to ease the sight distance estimation that
accounts for objects which were not considered in the DTM using a different source of data (i.e.,
aerial images, LIDAR images, or DTM) [22, 23]. Although several studies have been proposed
using GIS for sight distance evaluation, the manual procedure required for the assessment,

especially when implementing it on a large scale, makes it impractical.

With the advancement in remote sensing technology, there was a growing interest in utilizing the
LiDAR in transportation applications. The use of the LIDAR and, in particular, road safety was an
appealing alternative for transportation researchers due to improvements in processing times and
optimizing the computational costs [21]. Despite the significant potential of LIDAR, a few research
studies utilized this technology to extract information about the intersection obstacle and estimate

the blockage percentage.

This chapter includes a thorough review of previous studies that attempted to assess sight distance
and estimate the available visible distance. The challenges and gaps associated with each

extraction procedure that exists in the literature are highlighted.
2.2 Design Guidelines

The design guide standard is an essential aspect for those who design, build and maintain road
infrastructure. It is common for the available sight distance to be less than the minimum distance
required by design standards. Before proceeding with the design deviation, further evaluation,
engineering judgment, and quantitative analysis are required [11]. According to the TAC
guidelines, this process is known as the design exception process, including cost estimation, risk

evaluation, and mitigation measures [11].
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Municipalities or jurisdictions follow a thorough process to set a mitigation plan to account for
these design deviations. For instance, the Oregon Department of Transportation (ODOT) explains
that when the intersection sight distance measurement is less than the guidelines standards,
mitigation measures and actions should be considered to determine if the deviation may be
approved [24]. While some of these measures are proposed to increase the available sight distance,
others might reduce the required intersection sight distance. In order to have adequate sight
distance at the intersection, it may be necessary to take multiple actions and mitigation strategies

to ensure that. The actions that ODOT adopted are listed in order as follows

(a) Remove the sight distance obstructions (i.e., signs, vegetation, utility apparatus,
embankments).

(b) Use the intersection sight distance measurement taken 10 feet from the edge of the traveled
way when the posted speed limit is 35 mph or less.

(c) Evaluating the design speed and study whether if lowering the speed would be appropriate

or not.

Other geometric and traffic aspects could be considered in the mitigation process, such as studying
the left turn and Average Annual Daily Traffic (AADT), relocating or regrading the driveway, and
stopping sight distance [24]. Even though the recommended mitigation process might work in

some cases, it still needs an in-depth assessment.

In addition, adopting field-based assessment is impractical as it may result in an error and
inconsistency in sight distance along the intersection. The LiDAR-based assessment is a robust
and feasible approach to evaluating sight distance performance and assessing intersection
visibility. Such an approach will not only evaluate the deviation of the design from the standard
guides but also allows the transportation agencies to assess the design elements throughout the

design service life.
2.3 Standards for Intersection Sight Distance

The AASHTO Green Book highlighted that intersections’ conflict visibility could be significantly
reduced by designing the intersection with adequate sight distance. Harwood, et al. [25] developed
a methodology to determine the adequate sight triangles for a safe intersection that was later

adopted by the AASHTO and become a policy. A minimum unobstructed length for the line of
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sight between the driver entering the intersection and the vehicle approaching from the right and
left was defined. The adequate sight distance requires a specified defined area known as
“Intersection Sight Triangles” that should be clear from obstruction along with the intersection
approach. The triangle legs defined by AASHTO that is dependent on design speed and type of
intersection traffic sign [9]. Two types of intersection sight triangles are considered in the design

— approach sight triangles and departure sight triangles, as shown in Figure 3.
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Figure 3 Intersection Sight Triangles [9]
The sight distance is the length that the driver needs to clearly recognize path objects and react
appropriately to avoid a collision. It is essential for the drivers entering an intersection to have

clear visibility of the on-coming traffic and surrounding environment [9].

When the intersection is uncontrolled or controlled by a yield sign, the decision point is the location
when the driver begins to brake and slow down on the minor road to observe the conflicting vehicle
in the major road. AASHTO defines a; as distance in from major road along the minor road to the
left, while a, is the same distance but to the right, and it may include the width of the median on
major if exists. Distance b is defined as the length of the sight triangle leg along the major road.
However, for the stop-controlled intersection, the short leg of the sight triangles depends on the
stop sign location and stop line marking on the road surface that may vary accordingly to the
intersection conditions. The front length of the vehicle from the driver's location also contributes

to defining the short legs [9].

In the condition when the intersection has a stop sign at the minor road, there are three situations
to be considered for the departure sight triangle: left turn, right turn, and a crossing maneuver.
When the driver tends to carry out left or right turn maneuver, the distance measurement of the
sight triangle leg @ on the minor road is defined in the AASHTO 4.4m - 5.4m from the road’s edge.
This is the location of the decision point that represents the driver’s eye on the minor road. This

figure came from field investigation as the front of the passenger car’s position would stop 2m
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from the major road’s edge and might be less. Also, the distance of the driver’s eye to the front
vehicle is nearly always considered 2.4 m for the current US passenger car. The AASHTO
recommends that in some situations, the distance is up to 5.4 m, which would provide a large sight
triangle. For computing the b distance on the major road, it is essential to provide a sufficient gap
time for a vehicle in the intersecting road to accelerate from a stop and complete a right, left turn,
or crossing maneuver from the minor road without impacting the traffic operation in the major
road. The gap time values are independent of the design speed in the major road and determined
on the basis of the intersection sight distance determinations. Field studies have shown that the
drivers would decelerate and reduce their speed when a vehicle turns from a minor road onto a
major road. The gap time values are shown in Table 1.

Table 1 Time Gap (Stop Control) [9]

Maneuver Direction Design Vehicle Time Gap

Passenger car 7.5

Left Single-unit truck 9.5
Combination truck 11.5

Passenger car 6.5

Right Single-unit truck 8.5
Combination truck 10.5

Passenger car 6.5

Crossing Single-unit truck 8.5
Combination truck 10.5

The intersection sight distance in the major road is determined as follows, shown in Table 2

Table 2 Intersection Sight Distance (ISD)[9]

US Customary Metric
ISD = 1.47 Vpgjor t, ISD = 0.278 Vpajor g
ISD = intersection sight distance (length of the leg of ISD = intersection sight distance (length of the leg of
sight triangle along the major road) (ft) sight triangle along the major road) (m)
Vnajor = design speed of major road (mph) Vnajor = design speed of major road (km/h)
t; = time gap for a minor road vehicle to enter the t; = time gap for a minor road vehicle to enter the
major road (s) major road (s)

For the yield-controlled intersections and apart from the sign control of the intersection and design
speed, two situations are considered to measure the distance of clear sight distance, which are

crossing maneuver of the major road and right-and-left turn maneuver. The focus of this thesis for
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the left turn maneuver where the length of the sight triangle leg a; along the minor road to
accommodate the right turn without stopping is defined to be 25m. The distance a, for left turns
is equal to a; plus the width of the major roadway. This distance was set based on certain
assumptions, which consider that the turning speed is 16 km/h. For the yield-controlled
intersection, distance b along the major road is similar. However, the time gap should be increased
by 0.5 s, as shown in Table 3. The driver requires 3.5s from the decision point to the intersection.
This represents the additional travel time required at the yield-controlled intersection, whereas the
same time is not needed at a stop-controlled intersection. However, the time of acceleration after
entering the major road is 3 s more for the stop sign than the yield sign since when turning; the
acceleration starts from 10 km/h rather than from stop condition [9]. The 0.5 s increase in travel
time for vehicle turning from intersecting road where the sign is yield is the between the 3.5 s
increase in travel time and the 3 s reduction in travel time [9].

Table 3 Gap Time (Yield Control)[9]

Design Vehicle Time Gap (¢ )(s)
Passenger car 8.0
Single-unit truck 10.0
Combination truck 12.0

All gap time values apply to a two-lane roadway with minor approach grades of 3 percent or less
and no median. These values should be adjusted when the site situation does not comply with these
specific conditions. Additional time should be considered when medians and multilane roadways

exist accordingly to the design vehicle.

The intersections with yield control approaches require greater sight distance than approaches
controlled by a stop sign. When the available sight distance for the yield-controlled intersection is
not sufficient, consideration of stop sign instead of yield sign should be used instead. Moreover,
AASHTO recommends installing a regulatory sign at the intersection of the major road to control

the speed and reduce it for the approaching vehicles [9].
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2.4 Sight Distance Assessment Types
2.4.1 Design & Terrain Data

There have been many efforts to conduct the sight distance analysis during the design phase,
Hassan, et al. [20] attempted to estimate the sight distance along the horizontal alignment
according to the analytical process. The method developed a computer program to perform the
analysis and assess the no-passing zones on two-lane highways. The proposed method also
provided accurate results and found feasible in terms of time and error; however, the study focused
only on assessing the continuous lateral obstruction design phase to replace the graphical

techniques.

Lovell David [26] proposed a method to calculate the sight distance along roadway alignment in
an automated way by representing the roadway’s centerlines using parametric curves. These curves
were used to evaluate the sight distance in the 2D plane. The study focused on replacing the
geographical method with an automatic calculation that computes the horizontal projections and
lateral clearance. The methodology did not consider the road topography and terrain and is limited
to horizontal alignment, which was then enhanced to account for more complicated conditions

[27].

Ismail and Sayed [19] estimated the sight distance by developing a flexible approach based on a
parametric representation of roadside and highway features in 3D. The study aimed to develop an
algorithm to find the location of obstruction that links the driver line of sight tangential to any road
surface. The sight distance was examined on various geometric elements, and the results were
analyzed of different alignment configurations. The authors did not represent any implicit
approximation of the roadway surface; however, they assessed the influence of various alignment
on stopping sight distance in both 2D and 3D on a horizontal curve and found a relationship

between the two models when comparing the outcome.

Kim and Lovell [28] assessed the 3D sight distance by developing an algorithm to estimate the
maximum available sight distance using the structural mechanics of thin plate spline interpolation
and computational geometry to represent the DEM and generate a road surface. The sight distance

analysis was calculated in the same resolution in which the geometric data were specified by
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determining the shortest line that does not block any objects. The methodology has been tested on

sample alignment data, and the authors compare it with traditional 2-dimensional procedures.

Jha, et al. [29] developed a 3D design technique to assess the sight distance at the planning stage
by overcoming the inconsistency in design that resulted from separate processing of the traditional
two-stage process of horizontal and vertical alignment, which cannot detect the drivers’ response
until the complete construction of the road. The authors used the 3D design methodology to reflect
the design process to estimate the available sight distance into three developed surfaces. The

authors indicate the method needs to be tested in real-world projects.

These methods solely used the information of roadway design characteristics and geometric
attributes in addition to the terrain topographic information to perform the sight distance analysis.
These techniques developed without considering the road objects such as buildings, trees, and,

depending on analyzing the geometrical road elements and assuming constant road characteristics.
2.4.2 Geographic Information System (GIS)

In the last decade, researchers tend to utilize GIS technology to assess sight distance from DEM.
The development of GIS provided advanced tools such as Line of Sight (LOS) and viewshed to
compute the available sight distance and find the road obstacles in the roadway. These assessments
were carried out in accordance with available GIS elevation models considering the terrain and the
surface characteristics. The outcome is then used for evaluation purposes with other data sources

like the geometrical attributes of the roadway and roadside.

The viewshed and LOS tools provided by commercial ArcGIS have been used significantly in this
area to compute the available sight distance. According to certain parameters and assumptions, the
viewshed tool generates ray lines that reflect the driver’s field of view. Then, extract the available
sight distance by estimating the intersection area included in the viewshed polygon. However, in
LOS, Polylines is created that represents the path points of the road trajectory to extract the last

visible point.

The DEM derived from LiDAR was created in various studies on urban and rural roadways. The
GIS has contributed to the LiDAR technology’s evolution to model the surface by collecting the
elevation data. The first model was the DTM that represents the bare ground surface, but this kind

of model ignores the road features in the landscape. However, sight distance assessment requires
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taking into consideration the potential blockage and visual obstruction within the roadways and
roadsides. To fill this gap, the DSM was proposed to compromise and account for the landscape

features above the terrain surface to account for this limitation.
2.4.2.1 Digital Terrain Model (DTM)

Previous work shows that many efforts were invested in assessing the sight distance. This is to
make sure that the standards are satisfied throughout the service life of roadways. Available sight
distance is often evaluated through site inspections, field measurements, or highway design
software (HDS). The DTM was utilized by the HDS, considering the roadway design elements to
perform the ASD calculation. Other studies used GIS to run the ASD analysis.

Nehate and Rys [30] used Global Positioning System (GPS) data to develop an algorithm to assess
the available sight distance in a highway profile. The surface was created by estimating the cubic
B-splines using the GPS data to represent the highway surface and sight obstruction. The available
sight distance is detected by finding the intersection between the element representing the highway
and sight obstruction and sightlines. Despite the average accuracy in detecting the sight
obstruction, the authors pointed out that the analysis outcome might be inaccurate. The authors
indicate that this is because of using the second-order smoothness curves, which do not consider

the road bumps.

Castro, et al. [22] used ArcGIS to develop a method that evaluates the existing highway’s available
sight distance. The first step of this method starts by creating a DTM raster to calculate the
viewshed with observer input. The viewsheds area was represented on the raster of visible cells,
which means that it is visible to the observer. These visible areas are vectorized to produce
polygons and intersect with a vehicle trajectory to obtain the available sight distance and then
compare it with the result value given by highway design software (Trivium). This analysis was
found to be slow and labor-intensive in the large section. There were also various locations where
the viewshed analysis provides longer sight distances than the design software, which means that

1t can detect the vertical curves obstruction better.

With technological advancement, the application of remote sensing in transportation engineering
is incorporated in assessing sight distance. Many researchers tend to use LiDAR data to conduct

sight distance assessments and form DTM or DSM using GIS. Castro, et al. [31] developed a
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model that extracts the sight distance by generating a DTM surface from the aerial LIDAR data.
By using the ArcGIS features, the method assessed multiple target points’ visibility to estimate the
available sight distance and by comparing the outcome of Castro, et al. [22] using Kolmogorov—
Smirnov, and Mann—Whitney—Wilcoxon tests that do not show any significant difference.

However, the authors claim that the data processing time is much faster than in Castro, et al. [31].

In another study using airborne LiDAR where the vehicle trajectory line was collected by the
Global Navigation Satellite System(GNSS), Castro, et al. [32] studied the impact of the successive
station spacing within the vehicle path on the result of the sight distance analysis and the influence
of the resolution of DTM combined with several stations and spacing distances along the roadway.
The outcome showed that the DTM resolution has a greater impact on the quality of the results
than the spacing between the calculated points. They also found that the spaces between the

stations rise significantly when the DTM resolution increases.
2.4.2.2 Digital Surface Model (DSM)

Khattak, et al. [21] utilized the LiDAR elevation data to extract the intersection geometry and
detect potential obstructions on driver sightlines. The LOS analysis was performed at the
intersection within the sightline at six intersections on the IA-1 corridor in lowa. Field validation
using videotaping was reported to verify the obstruction detected by the LOS analysis. The
validation shows that 66 lines of sight were found blocked during the LOS visibility analysis, of
which 62 (89.8%) were confirmed in the validation process. The authors highlighted the
effectiveness of LiDAR elevation data in obstruction extraction, which was successful in
identifying the potential visibility issues at intersections. However, the authors stated that the

spacing between the sightlines could affect the extraction quality.

In a different study, Khattak Aemal and Shamayleh [33] used the aerial LiDAR collected along
Iowa Highway 1, which is also known as Solon Bypass, to assess the highway stopping and passing
sight distances and assess the study feasibility. Using the ArcGIS, the triangulated irregular
network (TIN) surface was created by processing the LiDAR data. The surface was examined
visually to find potential locations with sight obstruction issues to the stopping and passing sight
distance. The authors then investigate the same locations using the LOS tool in ArcView to see
the sight distance obstacles and found 10 locations with visibility issues. The method was validated

and found feasible to use the LiDAR to create a surface model for the sight distance assessment.
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Tsai, et al. [34] assessed the ASD on intersections using LiDAR data by proposing a method to
manually detect obstructions within the line of sight. The method used GPS points to represent the
roadway centerlines on major corridors and intersecting roads. The sight triangles’ dimensions
were estimated based on the speed limit of intersection approaches and the type of traffic control.
LiDAR data were used to generate DSM to carry out sight distance analysis. A market LIDAR
software was utilized to get a raster grid, and by overlaying the triangle area enclosed onto the
DSM, visible and nonvisible pixels were identified. LiDAR-based assessment results were
compared with the conventional site survey, which detected 92% and 65% of obstruction,
respectively. This shows the effectiveness of LiDAR data to identify intersection sight distance

obstructions.

Bassani, et al. [35] performed sight distance analysis using mobile mapping systems. Road
segment’s photogrammetric images were collected and converted the point clouds to DSM. Then
using ArcGIS tools, the ASD was calculated using LOS between observer and target points. The
study used the “add XY coordinate” command to define the obstruction points of sightlines. The
results for tested road segments provided a successful detection of obstructions. However, the

authors recommended utilizing an automated approach for 3D ASD analysis.

Gargoum, et al. [36] proposed an algorithm to assess the stopping and passing sight distance using
mobile LiDAR point cloud data in two different highway segments. The LiDAR data was used to
generate a DSM raster to identify the observer and target points. Then, a LOS is constructed that
connects the observer and target points by using the ArcGIS tool to assess the visibility of the
target and the terrain along the LOS. The method identifies the obstructions by detecting the
intersection between the LOS and surface model where the objects have a higher elevation than
the LOS and where the target is not visible. The available sight distance is then estimated from the

GIS outputs using Microsoft VB.

Bassani, et al. [37] performed the sight distance analysis using a mobile mapping system. The
photogrammetric image was acquired along the road segment and converted into a point cloud.
Once the DSM model is created, the available sight distance can be extracted using the GIS tool.
The outcome demonstrates accurate results for scale 1:500 and 1:1000 through low-cost
photogrammetry systems, which allowed the authors to identify the objects along the roadside,

which compared with the conventional sight distance regional maps (1:10000-25000) and found a
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significant improvement in object identification. However, the authors pointed out the need for

more work to automate the extraction of the available sight distance into 3D models.
2.4.2.3 Comparing DTM and DSM

The influence of features, elevation models, and other inputs on the sight distance is crucial.
Understanding the result and interpreting the outcome is fundamental to illustrate the deficiencies
in the sight distance and discuss the impact of roadside obstruction on analysis using different

DEMs.

de Santos-Berbel, et al. [38] studied the influence of DEMs on sight distance and analyzed the
result of three DEMs classes to estimate the available sight distance by highlighting the strengths
and weaknesses of each class. The outcome explains that using DTM is reliable when no road
objects like trees or cantilevered elements restrict the sight distance are above the roadway. On the
other side, the DSMs are more realistic and suitable to extract the available sight distance. When
the DSM is derived from airborne LiDAR, the interpretation of output data is easy and requires
less processing time, but the sight distance analysis is entangled by the impossibility of
representing the scene surface because of the limitation of Delaunay triangulation. The third class
is DSM obtained from MMS, which generates a model by reproducing the roadway more
realistically. However, the sensitivity of this technology created a problem in preprocessing the
point cloud. The authors highlighted that these models require in-depth analysis to distinguish
whether the reason for inadequate sight distance is the road geometry and landform or contrary

due to roadside items.

Castro, et al. [23] studied the accuracy and difference when detecting sight distance information
between the DTM and DSM surfaces using the mobile and aerial LIDAR. The outputs for these
models were tested using Kolmogorov—Smirnov, and Mann—Whitney—Wilcoxon to assess the
difference in sight distance. The outcome explains that the difference between the models means
that DMSs can detect more obstruction than DTMs as the DSMs have shorter sight distances than
DTMs. DTM approach was found inaccurate since the sight obstruction like trees, buildings, walls,
and traffic signs cannot be modeled in DTM. In real life, various 3D objects have a significant
impact on available sight distance. Therefore, considering these elements is essential to carry out
an accurate analysis that simulates the actual driver environment leading to appropriate assessment

of sight distance. The results also illustrate that the mobile DSMs are denser, which means higher
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resolution when compare to the aerial and mobile DEMs. Thus, a more accurate representation of

the environment.

Malpica, et al. [39] proposed a method that demonstrates the potential and versatility of GIS in
extracting the sight distance in a horizontal curve. The study considered the driver’s eye height,
other target object height, vehicle trajectory, and elevation model as input data. The focus was on
the resolution of the DEM to detect the sight distance on the highway. Two different elevation
models DTM and DSM were created. The authors compared the sight distance using these models
to illustrate the influence of roadside objects using the DTM and DSM. The method plots the
graphs that permit obstruction detection, which limit the driver’s visibility. When using the DTM
model, the minimum available sight distance is 55m, whereas the corresponding to the DSM is
15m. The difference in these distances demonstrates the impact of vegetation of the roadsides
employing DEM choice, which means that some portion can be seen when using DTM whereas

cannot be seen with DSM.
2.4.3 LiDAR Point Cloud Model

Recently, The LiDAR data has been utilized to extract the road feature and geometric
characteristics of the roadways, which have great potential to provide a high level of accurate
information with the support of programming software for data processing. For instance, Jung, et
al. [40] developed an algorithm to assess the intersection sight distance using high-resolution
Mobile LiDAR data. In this study, the ground points were separated and used to determine the
ground level. The methodology converted the point cloud data into 2D grids and gridded on a
horizontal plane representing the road and surrounding objects to perform the LOS analysis.
Obstructions within the field of view of the driver are detected and then evaluated in the 3D space.
The method examines the distance between the grid cell that is representing an obstacle to the
constructed LOS. The study compared the results from the algorithm with conventional field
measurements considering several parameters efficient. The authors indicated that the method is

not applicable when the ground is more rigorous

Ma, et al. [41] used the airborne and terrestrial LIDAR data to propose an algorithm to estimate
the 3D sight distance for stopping maneuvers in a highway with complex roadside obstacles. The
method was supported by MATLAB that combines the modified Delaunay triangulation and

cylindrical perspective to generate a vehicle trajectory along the highway with 1-meter average
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spacing discrete points to simulate the driver’s view and generate sight distance. The result showed
that when comparing the sight distance produced by the new and conventional methods, there was
a difference in estimating the distance when only DTM was used. The authors indicated that the
method might be limited when the vehicle path and project information are not available. Also,

the processing time was not satisfactory when processing high-density MLS data.

Shalkamy, et al. [42] developed an algorithm using mobile LiDAR to assess the available sight
distance on a large scale. The first step of the algorithm was to define the observer and target
points’ locations within the vehicle trajectory. Then, reduce the data volume by converting the
point cloud data into a 3D voxel. After that, it computes the available sight distance by mapping
the observers and targets onto the grid of voxels. The visibility analysis is conducted by detecting
the voxel that obstructs the vector links the observer and target points. The authors stated that the
result results in extracting the available sight distance were accurate, and the sight limitations were

mainly due to the vertical crest curves and pavement surface.

In a very recent study, Gargoum and Karsten [43] proposed a LiDAR-based method to assess the
sight distance along a highway. The method includes discretizing the point cloud into a voxel and
constructs sightlines between the observer and target point to extract and categorize the obstruction
and feature available within the road alignment and roadside. The method was tested in Alberta,
Canada, in four road segments and successfully quantified the highway’s available sight distance.
The authors stated that the method is valuable for transportation agencies to improve road safety.
However, the method can not differentiate between the horizontal and vertical alignment along the

road segment.
2.5 Voxel-based LiDAR Extraction

Many studies have been widely used DEMs to represent the LiDAR data. The surface-based
analysis by creating a surface model from LiDAR points was an appealing method in previous
researches due to its simplicity. It also has a vast volume of software and hardware available to
support them. On the other hand, the voxel-based method has been scarcely used as it needs more
to develop in LiDAR data processing. The surface-based model also provides relatively accurate
information about the scene; however, it may be impractical when assessing the sight distance at
an intersection using a high density of point clouds where a high level of accuracy is important to

account for all objects where no compromise on safety.
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In recent years, the voxel-based method has been used in remote sensing applications, including
transportation engineering. Voxelization was a substantial process in previous research methods
to extract road design features and objects to enhance road safety. There are many advantages of
using voxel to represent the LIDAR point cloud over the DEMs to model the virtual 3D scene,
which overcome the issues of overlapping surfaces and account for a complex situation and
provides high-quality information that assists in promoting road safety. The research that used
voxelization in transportation engineering illustrates outstanding results, which other available
techniques do not provide the same range of accuracy. It is also valuable in applications where the
variation in objects under the canopy is an interest that may be blockage by the object’s surface

[44].

Pyysalo [45] conducted a viewshed analysis using voxel-based models. The author aimed to
compare different voxel models to explore the variation in the size of the visible area among these
models and visualize the result using a number of cartographic means. The analysis includes
constructing LOS between two locations and examining all voxels in the model. The result
explains that the shape for the 3D environment was sustained and maintained a continuous ground

surface without exploring the performance of different voxel size and their impact on the analysis.

Hagstrom [44] explored the advantage of voxel models by applying various outstanding issues in
remote sensing such as LiDAR quality metrics, LOS mapping, and multi-model fusion. The
models were validated and examined, which compared with new methods. The result shows that
the voxel-based method could extract information that is not available in other existing methods.
The author also stated that the impact of the voxel size parameter was not implemented due to time
constraints and the complexity of the situation. However, the authors studied the impact of hitting
and transmission pulses voxel size by estimating the Root Mean Square Error (RMSE) and Mean
Absolute Error (MAE) to evaluate the tendency toward higher transmission values of smaller

voxels.

Cabo, et al. [46] developed a voxel-based method to extract the pole-like object from MLS. Each
layer of the 3D grid was segmented and analyzed individually. The voxel size was the most critical
parameter for the algorithm configuration, and the right selection impacts the reliability of the

result and the speed of data processing. The result shows that a set of segments associated with a
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Z coordinate of a candidate part of a pole. The method was tested and found an average of the

correctness of 83.3% and completeness of 92.3%.

The voxel-based method is a useful technique in extracting obstacles in sight distance and visibility
assessments, which provide a robust solution when the DEMs conflict with realistic 3D geometry.
Recent studies in this area used the voxel-based method, which highlighted the importance of
voxelization in the assessment to detect the obstruction and quantity of the available sight distance
along the road segment to improve the road safety by comparing it with recommended distance in
the guidelines [42, 43]. Both studies used 20cm voxel size in the assessment; without explaining

the impact of using smaller or larger voxel size on the result and information extracted.

In transportation engineering, the relationship between the voxel size and extraction of road
features and objects was often unaddressed and has not been explored in previous studies, requiring
more attention to choose the ideal voxel size in the trade-off between the gap and resolution. This
leaves the researchers and analysts in a dilemma as no information about ideal voxel size when
extracting information from LiDAR. In order words, they remain vague about the efficiency and
accuracy of the information, especially when using them in a critical discipline such as road safety.
In this thesis, the impact of the voxel size parameter is assessed to evaluate the extraction

performance in the intersection visibility assessment application.
2.6 Speed and Visual Field Relationship

Driving is a complex activity, and the performance of the driver’s visual field is critical. It is
essential to study the relationship between moving vehicles and the field of vision to improve the
driver’s visibility and road safety. A driver’s field of view increase as speed decreases. At lower
speed, the driver has adequate time to see and react to potential hazards, conflict vehicles, and
view objects in the surrounding environment [16]. Speed is especially lethal for vulnerable users
such as pedestrians and cyclists, and the risk of death or serious injury increase as a driver’s field
of view is reduced [16]. Speeding significantly increases the likelihood of death as a result of a
severe collision. In fact, exploring the effect of speed on the driver’s field of vision and its
relationship with the visual field is crucial. The studies on this area are minimal as it requires a lot

of experimental investigations.
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Jo, et al. [47] investigated the influence of speed on driver’s visual attention. The experimental
investigation assessment aims to study the effect of speed by understanding the maximum field of
vision that can balance against the maximum amount of information a driver can manage. As the
driver's speed increases, there is a certain limit that the driver can handle to process the visual
information, which needs a driving experience to handle the situation due to visual information

processing limitation.

Bhise [48] found the relationship between occlusion time as a function of vehicle speed. The study
shows the occlusion time in an empty road at daylight is more when compared with road
environment driving on winding curvy road at night and was more demanding. It illustrates the
time limit at a certain speed that should be considered in a different driving scenario for a good

visual display.

Yuan, et al. [49] applied the Hidden Markov model-based framework to estimate the driver’s
eye’s-off road in three road scenarios; an urban road, rural road, and motorway, where the speed
limit is 60km/h, 90km/h, and 120km/h, respectively. Using the duration in a driving simulator and
sequences of glance location, the urban road found to be the more demanding, followed by the
rural and the motorway, which is the least demanding. The occlusion duration recorded was 0 s,
Is, and 2s, respectively. The results could contribute to improving the safety of drivers by

improving the driver’s field of vision.

U.S. Department of Transportation - Federal Highway Administration [15] provided guidelines
for the visual impact assessment of highway projects. It highlights that the viewshed of a traveler
moving along a roadway is affected by the driving speed. To illustrate, the vehicle movement
impacts the viewer sensitivity of drivers. Thus, the faster a driver moves, the smaller the area of
the field of view in which they are focusing their attention. For instance, when a vehicle drives at
40km/h, the viewing angle is approximately 100 degree, which drops to narrow to 40 degrees when

the driving speed at 100km/h, which substantially reduce the deriver’s vision.

In fact, the design guide does not consider the vehicle speed at a minor road when approaching the
intersection and only considers the deceleration rate that is based on assuming that the speed at the
turning point is 16km/hr when the vehicle tends to carry out certain maneuver and specifies
constant gap time acceptance that varies according to the vehicle type. Both parameters are

constant regardless of the road design speed of the minor road. Moreover, the focus when
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designing the sight triangle is on the speed of the major road and the gap time acceptance, which
is based on certain assumptions. In this thesis, the impact of a vehicle’s speed approaching an
intersection is considered in the visibility assessment, simulating the driver’s visual field at various

observer points along the vehicle trajectory.
2.7 Safety Analysis

Network screening is a vital process in the safety management process, which defines the safety
problem. It investigates the network to prioritize and rank sites to reduce the number of collisions
and severity and select cost-effective countermeasures. The collision at a specific site is a random
variable and fluctuates over an unknown mean. The randomness nature of collision data does not
accurately reflect its characteristic in the long term. This can be explained when a location
experiencing a high frequency of collision during a short duration may have a low collision

proportion during this specific duration [50].

The regression to the mean (RTM) is a statistical phenomenon that suggests that due to the random
nature of the collision, locations with a high collision frequency than the normal in a specific
time are likely to experience fewer numbers in the subsequent period, even though no changes
were made. One of the methods to account for the RTM is to use the empirical Bayes approach
[50, 51]. The EB technique considers the number of collisions at any location as a random variable
[52]. the EB combines two crucial clues to refine the estimate of expected collision frequency (a)
regional historical collision records for a group of sites with similar entities and (b) site-specific
historical collision records at the entity of interest. The EB approach provides a criterion by which

this clue information can be combined to minimize the RTM artifact.

In recent decades, the development of collision modeling has been substantially researched. At an
early stage, the Poisson distribution was typically used to model collision. Eventually, this
distribution was found to be inadequate due to its failure to account for over-dispersion. Thus, the
Poisson-gamma hierarchy was suggested as a suitable alternative instead [53]. In the Poisson-
gamma distribution, it is assumed that the mean is gamma distributed that the conjugate
distribution gives rise to the Negative Binomial (NB) distribution [54]. The NB distribution is a
commonly used statistical model and is well-suited when analyzing the frequency of collisions
with high sample mean and high sample size. When analyzing collision proportions, the BB

statistical model has been proposed, which is capable of modeling extra variability due to the
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overdispersion that is inherent in the collision data. Previous studies explain that NB provides
instability for data characterized with low sample mean[55]. In this thesis, the BB model is used
in the safety assessment and is relied on to examine the relationship between the visibility

assessment outcome and the occurrence of specific types of collisions.
2.8 Impacts of Sight Distance on Road Safety

Collision risk encompasses an unavoidable liability to the traffic operation. The risk measures in
the transportation system include exposure, probability, and consequences. The exposure can be
measured as the overall times when the road users are in a potentially hazardous situation. The
probability expects the chances that the system failure is formed under certain conditions, and the

consequences quantify the severity of the potential failures [56].

Studies have been conducted to assess the safety of roadways aiming to study and quantify the
sight distance of roadways exerts on traffic safety. Sufficient and real collision data should be
acquired to perform safety analysis [57]. Sight distance, which is one of the most critical elements
in road design, has an impact on traffic safety. Babkov [58] highlighted that the sight distance
limitation in the former Soviet Union was one of the collisions contributing factors and accounted
for around 10% of total collisions. In China, inadequate sight distance was found to be a major

cause of collisions [59].

The main aim of the road design is to ensure having high safety standards. This can be achieved
by providing sufficient sight distance, which is clear from potential obstruction. Thus, the
influence of sight distance on safety has been addressed in various studies. Olson, et al. [60] made
a comparison in the occurrence of collisions on sections that met or did not meet the stopping sight
distance standards on vertical crest alignment in Michigan. The result showed that where the sight
distance sites are adequate, there are significantly fewer collisions. Sparks [61] studied the
correlation between the collision rate and available sight distance in the US, and the result
illustrates a negative correlation. Urbanik II, et al. [62] performed statistical safety analysis to
address the impact of restricted available sight distance and vertical alignment in Texas. Although
the authors did not find any relationship between the collision frequency and available sight
distance on two-lane crest vertical roadway, intersections within the restricted sight distance

sections on the vertical crest curves reported a statistically significant increase in collision rates.
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Coburn [63] stated that fatalities and injuries decreased by 65% when the visibility has been

improved on curves in the United Kingdom (UK) roads.

Fambro, et al. [64] addressed the influence of sight distance on the vertical crest curve. The authors
indicated that the sight distance limitation was not a safety issue. The deficiency, when compared
to the standard available sight distance, was found relatively marginal and did not affect the
collision rate. Conversely, when the sight distance is not adequate, it was found to affect the
collision risk. The study did not provide any statistical analysis of the results. Fitzpatrick, et al.
[65] studied the relationship between the stopping sight distance and safety to examine whether
the limited sight distance on a vertical crest curve contributed to an increase in collisions. The
research found that the collision rate in the two-lane rural highway with sight distance limitation
is similar to all other rural two-lane highway collision rates. Hence, the authors concluded that the

sight distance does not necessarily appear to be a safety problem.

This disparity in terms of the impact of sight distance on safety is intriguing. Previous studies
showed that there are several different methods to estimate the available sight distance. However,
they did not elaborate on whether the road features and objects that impact the driver’s visibility

were considered and taken into account when a safety analysis was conducted.
2.9 Summary

Although the research in intersection sight distance is scarce, the last decade shows a growing
interest in this area. Previous research used different methods and data such as design and terrain
data, GPS data, GIS platform, and LiDAR to examine the visibility of the intersection and estimate
the available sight distance. However, most of the methods involved manual works to simplify the

road geometry, which could be labor-intensive.

At the early stage, the sight distance analysis begins with design and terrain data. Then, the
researchers started to develop design software to perform a sight distance analysis by exploring
the obstacle objects in space and integrating the GIS tools to create a road surface model. Other
studies also used the ALS to generate the DEMs and take advantage of the LOS and viewshed
tools to estimate the available sight distance and compare it whether with the existing design or

with the minimum distance as defined in the AASHTO. Moreover, some studies were not
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concerned with the extraction of overhanging objects, particularly those analyzing the geospatial

data using the DTMs, which were found to provide inaccurate results.

LiDAR remote sensing technology shows a great interest in applications that targets sight distance
detection and visibility assessment. In fact, despite the high level of accuracy and quality of
information that the Mobile LiDAR provides, most of the previous work attempted to perform the
visibility assessment from ALS data by creating DEMs using GIS technology. The quality of the
results depends on the digital models generated to represent the road geometric features and terrain
and neglecting road safety. Some researchers found that performing visibility analysis on road
segments and intersections might be unreliable using GIS functions [23, 38, 41]. The review also
demonstrates the need for more work to take real advantage of the LiDAR to improve safety

performance in intersections and fully utilizing it in sight distance assessment.

The available methodologies for assessing the driver’s 3D visibility suffer from different
limitations. The main and common limitation is neglecting the available cantilever objects when
analyzing the data by creating DEMs, resulting in one-sided estimates and consequently biasing
the visibility assessments [22, 30-32, 66]. Moreover, the produced DEMs have a low resolution,
which is a challenge to estimate the available sight distance accurately. The studies do not account
for drivers’ motion along the driving lane when assessing the sight distance. It also does not
consider the driving speed when decelerating at an intersection to complete certain maneuver that

reflects the available visual field or provide an image of obstruction from a driver perspective.

One more common issue in sight distance assessment is that most studies used the LiDAR
technology, which deployed the ALS to conduct the visibility analysis. A major drawback of using
ALS data is its low point density compared to mobile LiDAR data. In other words, the aerial
LiDAR data may not represent all the obstacles in the point cloud accurately. As a result, it impacts
the level of accuracy when performing the sight distance analysis. On the other hand, aerial LIDAR
data processing time is relatively higher since the data size is controllable, whereas mobile scans

have a longer processing time [21, 23, 31, 33, 34].

In this thesis, a fully automated algorithm to estimate the blockage percentage for urban
intersections is proposed. Then, a safety assessment to identify hazardous intersection is

performed. In addition, the relationship between the collisions due to visibility problems and the
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rate of blockage are investigated. Finally, a sensitivity analysis to study the impact of the voxel

size on the extraction quality and the impact of speed on the driver’s visual field is conducted.
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3 METHODOLOGY

This chapter provides details about the LiDAR data collection process, the laser scanner device
used to scan the study area, detailed description of the proposed algorithm used to process the
LiDAR data. In addition, it describes the historical collision data and the empirical Bayes
techniques used in safety assessment to identify the hazardous intersection and its link to

intersections with poor visibility.
3.1 Light Detection and Ranging (LiDAR)

LiDAR stands for Light Detection and Ranging, an optical remote sensing technology that uses
the time between transmitting and receiving laser signals to determine the distance (or range) [67].
These laser lights collect information about the surrounding environment. There are two types of
wave lasers: pulsed and continuous. The pulsed laser is usually used for a very short duration.
Based on the amplitude of received signals, the range can be detected. In contrast, continuous-
wave uses the difference in phase between the transmitted and received signals to detect the ranges

and find coordinates of scanned points [68].

One significant benefit of LIDAR is that the data can be collected in the daytime or at night time,
as long as there is no distortion between the objects and laser systems such as rain, snow, or smoke
[67]. Another main advantage of LiDAR 1is that it collects the data into three-dimensional (3D)
coordinates of the objects. This means it measures the geographic environment in 3D and does not
have the problem of geometric distortion [67]. The most powerful feature of LiDAR is the
capability for the laser energy to penetrate through canopy gaps, which measures different
elevations within the same direction of the laser rays. This characteristic helps researchers to
generate continuous Digital Terrain Models under the dense canopy. Also, the LIDAR point cloud
collected, for instance, can be used to extract multiple features on an entire highway since each

point has different attributes.

LiDAR is an active remote sensing method that can be used in a ground-based platform, airborne
and spaceborne. Airborne LiDAR can be used with Airborne Laser Scanning, Airborne Laser
Swath Mapping, or Laser Radar. Ground-based LiDAR is often called Terrestrial Laser Scanning,
which can be either Stationary Terrestrial Laser Scanning from a fixed vantage point on the surface

of the earth and Mobile Terrestrial Laser Scanning (MLS) from a moving vehicle. The variety of
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details and attributes through MLS and high point density, as illustrated in Figure 4, making it
desirable in transportation applications [69]. MLS is capable of scanning the road environment to
generate accurate models while traveling at high speeds. This would not impact the traffic

operation on roadways and collect the data in reduced time.

There are several scanning methods, and the use of these methods depends on the application type.
A suitable method can be used according to the density of points required. For instance, when
studying the road features to locate the objects that block the driver’s sightlines or vertical faces,
like buildings’ edges or faces, a high point density on such surfaces is required, and thus MLS is
the best method [69]. However, the airborne method collects lower point density, which is
appropriate for collecting information on building and pavement surfaces. Since the airborne
LiDAR has a wider field of view, the drawback is that it has a lower point cloud density [70].
Airborne LiDAR can be used in different transportation engineering applications such as

environment-based assessment, mapping, selection of road alignment, and feasibility studies [71].

Figure 4 Lidar Point Cloud Sample Collected in Strathcona, Edmonton, Alberta
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In 2013, research carried out by National Highway Cooperate Research Program (NCHRP) studied
the potential application of LiDAR in Transportation Engineering [72]. The research found that
different topics, such as enhanced traffic safety, are possible using MLS. Unfortunately, extracting

the information from LiDAR data to facilitate such research has been extremely scarce.
3.2 LiDAR-Based Assessment in Transportation Engineering

With the advancement in remote sensing technology, reductions in cost, and the widespread data
collection capabilities, many agencies started considering using LiDAR to assess various road
design elements [73]. LiDAR technology nowadays plays an essential role in multiple
transportation-related applications, including road safety analysis, asset management,
maintenance, and planning. The interest in utilizing the LiDAR in transportation applications has
a significant impact on improving traffic safety. The laser scanner device continually transmits
light beams at surrounding landscape objects to capture accurate positional coordinates. Also, the
reflected beam has specific characteristics that are useful in obtaining road information that can be

processed for transportation infrastructure assessment.

Mobile LiDAR can scan the road environment to generate accurate models without impacting
roadways’ traffic operation and collect the data in a reduced time, which is very useful in urban
areas. It permits precise and massive geospatial data collection of a roadway and roadsides. The
information retrieved can be used in visibility assessment by processing these data using computer
tools and advanced techniques. The outputs and results enable a realistic analysis of intersection

sight triangle conditions.

Many researchers invested in using LiDAR in transportation engineering applications. Adopting
the LiDAR as a reliable surveying option is based on developing useful applications that promote
information extraction from LiDAR data in a competent way [74]. The focus was on the inventory
of traffic sign extraction [75-84], while other studies developed algorithms to detect the pavement
surface, road edges, lane marking, and deterioration measures (e.g., rutting and cracking) using
different extraction techniques [85-92]. In regard to the elements related to geometric design, some
studies explored the road elements and characteristics such as horizontal curves and vertical curves
[87, 93-95]. However, research on intersection sight distance assessment and visibility analysis
using mobile LiDAR data is minimal. Although some studies are available, they suffer from

numerous limitations, such as not relying on MLS, which might impact the quality of extracted
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information. It also involves significant manual data processing, which is a time-consuming

process and not feasible for large-scale assessments [96].
3.3 Data Description and Collection
3.3.1 LiDAR Data

To assess the intersections' visibility using the LiDAR datasets, the first step is to scan the
intersections at the area of interest using a mobile LiIDAR scanning system. For this thesis, the
Strathcona neighborhood in Edmonton, Alberta, was scanned. A third-party service provider
collected the LiDAR data for the City of Edmonton (CoE) using a proprietary multifunction
pavement surface profiling vehicle. The vehicle was equipped with RIEGL’s VUX-1HA laser
scanning system with IMU (Inertial Measurement Unit) and GNSS shown in Figure 5. The GNSS
and IMU sensors are integrated with the scanning system to provide accurate positional details
while LiDAR scanning vehicles travel along the roadway collecting the data. The GNSS system
is the source of information related to the position (Latitude, longitude), speed, and laser scanning
system time. Simultaneously, the IMU sensor records the scanning vehicle’s altitude information
during the roadway data collection phase. The microcomputer unit, accelerometers module, and

gyroscopes.

A total of 54 surveys were conducted and saved in 54 LAS files with a total volume of 154 GB, as
shown in Figure 6. Figure 7 shows a part of the Strathcona area captured from google earth. In
addition, the integrated cameras allow the acquisition of imagery simultaneous with the captured
LiDAR data. The image data in the form of panoramic images and ROW images were collected.
Panoramic images were collected using a high-resolution Ladybug®3 spherical digital video
camera system with six 2 MP cameras that enable the system to collect videos from more than
80% of the full 360° sphere [97]. ROW images are collected using a Point Grey Grasshopper
camera system as a series of video-log images. The videos are geo-referenced and use the camera’s
coordinate system. As shown in Figure 8, samples of the video log show the driving vehicle’s
perspective within the vehicle’s driving lane, including data collection date, name of the roadway,
kilometer marker, latitude, and longitude coordinates embedded at the top of the image. The
extraction of road features and objects in this thesis developed solely using LiDAR point cloud for

intersection sight distance assessment and visibility analysis. However, the video log was vital as
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it provides real-time supplementary information and visualization about the intersection scene (i.e.,

signs, posted speed, geometric characteristics, and obstacles.)

Figure 5 RIEGL VUX-1HA Mobile Laser Scanner
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Figure 7 View of the Intersections in Strathcona (Google Earth)
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Figure 8 Video-Log Sample of Saskatchewan Drive in Edmonton, Alberta
RIEGL VUX-1HA is a high accuracy kinematic LiDAR with high performance, a non-contact
profile measuring system, and a fast-line scanning mechanism. These features allow a full 360-
degree field of view beam detection at very high speed. RIEGL VUX-1HA is a scanner mobile
mapping system that can perform a scanning rate of 1,000,000 measurements per second, with
scan speed up to 250 scan lines/ second, 1000 kHz effective measurement rate, and Smm accuracy
for outstanding performance in a mobile application. Several features are recorded for each point
in the scan, as shown in Table 4, which includes dense point clouds consisting of geographic,
temporal, and additional attributes. It can collect the data at a typical road posted speed and dense
point acquisition [97]. When scanning road features, the point cloud density depends on the speed
and range of the scanning vehicle collecting the data. This is not a concern in an urban area as the
posted speed is low and allow to collect high-density point. It is worth noting that RIEGL VUX-
1HA can perform LiDAR scans on any vehicle and mountable in any orientation and under limited

space conditions according to the interest survey area.
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Table 4 Recorded Point Features and Their Definitions [98]

Point Feature

Definition

Intensity is a measure of the return strength of the laser

Intensit )
enstty pulse reflected off a point.
GPS time Records the time the laser pulse was generated
One emitted laser pulse can return to the lidar sensor as one
Return Number

or several returns, depending on reflecting objects.

Number of Returns

The total number of returns for a given pulse

Scan Direction Flag

The direction of the scanner mirror at the time of pulse
output.

Points are classified based on a value of 0 or 1. Points at the

Edge of Flight Line edge of the flight line will be given a value of 1, and all
other points will be given a value of 0.
Scan Angle Rank The scan angle of the laser pulse when generated from the
scanner.
Point Source ID Number of scanners emitting the reflected laser pulse.
TT Chainage M(cm) Calculated chainage along the survey path for every point
Calculated offset from the survey path for every point.
TT Trans Offset M (cm) Negatives are along the passenger side, and positive values
are along the driver’s side.
TT Long Offset M (cm) Ca}culated longitudinal offset from the survey for every
point.
Calculated vertical offset from the sensor for every point.
TT Vert Offset M (cm) Positive values indicate the height of the sensor, and

negative values indicate below.

When the individual point collected using the LiDAR scanner, they collectively represent a point
cloud, the surrounding infrastructure objects, as shown in Figure 9. These point clouds aggregate
the collected point using a specific laser scanning system when the light beam hits the objects
within the surrounding environment and then reflected and returns to the scanner with specific
attributes, based on the characteristics of reflected light beams and the position of the scanning
system. Also, the intensity of object points reflected is stored in the scanning system according to
the light beam’s amount of energy. The point cloud intensity figure is a measure that provides
information about the strength of a projected laser pulse that is calculated based on the pulse

wavelength.
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igr 9 Sample of LiDAR data using GL VUX-1HA
The mechanism used in the data collection depends on whether the laser scanning system is
moving or not, which is Time of Flight (TOF) or Phase-Based Scanners [99]. The RIEGL VUX-
1HA uses the reflection time to compute the position. The laser beam pulse’s time duration takes
to hit the target object and return to the scanner is measured. Since the laser light speed is known,
the range between the scanner position and target point of the scanned object is computed using

the TOF principle, as shown in the below eq (1)

At X ¢

- (M

where d denotes the distance from the LiDAR scanner to the target point of the scanned object. At
is the time difference between the emitted time of the beam and the time of the acquisition, and ¢
is the light speed. The time must be divided by 2, as the laser beam travels the measured distance
twice. However, in the phase-based scanner mechanism, distance is measured according to the

reflected beam wavelength change.
3.3.2 Collision Data

This thesis focuses on Strathcona, which encloses the CoE, Canada’s fifth-largest municipality

and the sixth-largest census metropolitan area in Canada [100]. Strathcona is located in
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Edmonton’s center and has high collision potentials, including several schools and playground
zones, making it an ideal study location. Ten years of historical collision records were acquired
from the CoE, covering the period from 2009 to 2019, and collisions occurring at intersections
were analyzed to evaluate the safety of these intersections in terms of visibility and intersection

sight distance.

The collision data analysis started by identifying collisions at the intersections within the study
area based on the data available, including collision cause, collision severity, party at fault,
environment conditions, maneuver, and direction. The proportion of collisions involving specific
collision patterns resulting from poor intersection visibility was determined for all intersections,
as this is the most critical parameter in identifying collision-prone locations and developing a
collision model. Since the analysis aimed to study the safety of the intersection in terms of
obstructions within the sight triangle, stop sign and yield sign violations were considered in
computing the collision proportions. The collision data show that collisions associated with poor

visibility problems at the intersection are the second leading cause of collisions.
3.4 Automated Visibility-Based Assessment
3.4.1 Background

In this research, the proposed algorithm is used to assess the intersection sight distance by
estimating the blockage percentage and investigate the available visible distance of the driver’s
viewing angles. Then, extract the vehicle trajectory, and discretize the point cloud into voxels in
3D. The voxel size and observer height need to be defined in this step. After that, the user needs
to define the desired observer point, which depends on the intersection control sign and then, inputs
the driver’s viewing angle for the visibility assessment. By extending the ray cast sightlines that
represent the simulated visual field, the algorithm can recognize the occupied voxels that represent
the obstacle. These extracted points are then exported into a LAS file to produce an obstruction
image from the driver’s perspective. Figure 10 depicts the proposed method, and the following

section explains each step in detail.
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Figure 10 Proposed method flow chart

3.4.2 Point Cloud Segmentation

Before processing the LiDAR data, it requires preparing the LAS file for each intersection to
reduce the number of point clouds and be more efficient in processing the data. It also includes
removing unwanted and noise points that might impact the extraction of quality of information.
The GPS time scalar field must be removed at the approach where the vehicle trajectory is not

required to trace the sets of observer points that represent the trajectory at the desired approach

only.

3.4.3 Extraction of Vehicle Trajectory

The first step of the algorithm is to extract the trajectory line of the vehicle collected from the

LiDAR point cloud. The extraction process starts by defining the trajectory points along the
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roadway that is parallel to the vehicle driving lane. These points are known as the position vectors,
which are points used to trace the trajectory aligned with the road centerline. This path consists of
a set of points filtered according to the scanning angle, which has zero value, and perpendicular to
the scanner’s road ground, and parallel to the roadway driving axis. It is right under the scanning
system on the pavement surface of the roadway toward the gravity direction. It is also known as

the Nadir plane in the literature, which is opposite to the Zenith.

To produce a straight line representing the vehicle trajectory at a constant interval, the interpolation
technique is used to make the relevant point with a similar path straight by smoothing the Zenith
points to produce an approximate car trajectory and interpolate points along the smoothed car
trajectory. It is essential to define the vehicle’s path for approaching an intersection to define the
observer point that simulates the driver’s eye location under investigation. The accuracy of

location is important to assess the driver’s visibility to spot conflicting vehicles.

Although these points provide accurate information about the vehicle path, the movement of the
scanner around the yaw axis to the left and right of its direction of motion may come up with some
point variation. To have a high level of accurate projection of position vectors, representing the
vehicle path, the moving average method is used to locate the position with a reasonable
approximation. This step is important in the extraction process to get the extracted line with no
deviation. Since the scanning system used consists of two scanners to collect the point cloud, the
average position of the time interval can be identified by estimating both average points for each
scanner time interval segment. Then, take the mid-point of both scanners’ average points at the
observer’s point. To illustrate, the position vector (P,) is estimated according to the set of

consecutive position vectors as follows
np.
Pa=$ (i =1ton) (2)

The location of the average position P, is defined as the position vectors, which is the projection

of the endpoint of each trajectory vector.
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Figure 11 Points Representing Trajectory Vector

To estimate the trajectory vector, let Psis defined as a point representing the start point of the
trajectory vector, and Pr is defined as a point representing the endpoint of the trajectory vector. T

is defined as the trajectory vector of two consecutive position vectors. The T can be defined as

follows
XE Xs Xg — Xs
T = [)’E] - [J’s] =Y — DYs 3)
Zg Zs Zg — Zg

The algorithm allows the user to input the interval depending on the intersection location and
characteristics. For instance, when extracting a trajectory for an intersection with a stop control
sign, it is recommended to use 1m to accurately define the observer point to simulate the driver’s
location. In the stop control sign, the location of the vehicle is very close to the intersection, and
thus, the need for accurate identification of observer points is vital for visibility analysis. However,
in the yield control sign, since the distance is three times more than the stop control sign, it is
recommended that the interval is between 2-3-meter intervals. In any case, it is the user’s choice
to select the suitable interval that represents the trajectory vector length; however, it should not be
too long to get a highly accurate result. It is worth noting that the approach where the traffic sign
exists must have an active GPS time for extraction of the trajectory, which records the time the

laser pulse was generated during the data collection and scanning process.
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Figure 12 Vehicle Trajectory

The observer height is a crucial parameter to simulate the driver’s eye and, thus, the appropriate
elevation of analysis. Since the different modes of transportation have different observer heights,
the driver observer height must be considered. It is worth noting that the vehicle trajectory
extraction is a preprocessing step where the observer height needs to be defined based on the type

of transportation mode.

To account for the orientation of the roadway and to extract the trajectory point position with no
distortion, a rotation vector function (T,z,) 1s formulated. This function will turn all points on xy-
plan and around the z-axis to transform it into the zero origins coordinate system origin regardless

of road orientation.

cos — sinf 0
Tyrot = |sin6 cos@ 0T (4)
0 0 1

where, 6 is the rotation angle of the trajectory vector.

The next step is to determine the normal vector of the xy-plane. The normal vector (n;) for each

trajectory can be derived by the following:
n=[ty —te ] ®)

where, t,,, —ty, and t, are the trajectory vector 7 components in the 3-D axis.
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Then, the angle (@,) is calculated where the (@,) is the rotation toward the xy-plane to rotate the

vector (Trot)

Sin_l (ni- TzRot)

I 121 Tzroc 12

0, = (6)

The normal 7 is the vector of the xy-plane. The new z-coordinate is a vector with the rotation to

the xy-plane is as follow:
TzRot(xy) =[Zr(1) Zr(2) 7] (7)

This rotation process will ensure that no misrepresentation of the position vector when generating
the ray cast line to extract the obstacle objects at the intersection no matter the direction of the

points on the roadway.
3.4.4 Voxelization of LIDAR Point Cloud

LiDAR data is collected by using different types of scanning systems. The MLS system is used
for this research, which has a high density of point clouds. Dealing with large 3D datasets requires
significant processing time, and computational cost is extremely expensive, which is
impractical[101]. Thus, reducing the dataset volume is essential for the visibility assessment
application using the programming tools. In this thesis, the voxelization process was used to
convert the point cloud into a 3D grid in space to reduce the dataset volume without impacting or
compromising the information [102-104]. This step also ensures that discretizing the LiDAR
points cloud to a voxel is faster and more applicable in real-time applications that could be easily
processed when comparing it to the points cloud. This process also represents the LIDAR point
cloud as a set of volumetric elements, which is also a known spatial grid (i.e., voxels). The voxel
geometry is defined by length, width, and height. The spatial location of the voxel in the space
corresponds to a 3D grid system indexed by column (7), row (j), and layer (k), as shown in Figure

13.
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Figure 13 Voxel for point cloud in space
Each voxel in the 3D grid has a unique code known as feature ID. These voxels have their
characteristics and are based on the point cloud geometrical information. Clustered point clouds
are grouped into millions of tri-dimensional grids with topological relation, significantly
improving the algorithm performance [105]. When points correspond to the coded voxel, the value
assigned to each voxel ID represents the number of point clouds falling into that voxel. The
algorithm defines the voxel when it contains point clouds irrespective of the number of points as
an occupied voxel, otherwise non-occupied voxel. When the sightline hits the occupied voxel, the
sightline stops exploring other occupied voxels at that viewing angle as the occupied voxel
representing a road obstacle from the driver’s perspective. However, voxels do not have any point
cloud, it is defined as a non-occupied voxel, and they are considered visible by the virtual sightlines

in the visual field assessment.

Each point cloud group is assigned to predefined voxel IDs in space to form a high level of road
feature representation. To explain the process mathematically, let assume A4 (x, y, z) be a certain
point in space within voxel B (i, j, k), which denotes a voxel parallel to x,y, and z-axis. Let the
origin of the voxel in the 3D grid be xo yo, and zp, which are the minimum coordinate in the xy-
plane of all point cloud in the space, where z, is the minimum point which is perpendicular to the
xy-plane. If the voxel dimension is 4x, Ay Az, point A, which is in voxel B (i, j, k) is computed as

follows:
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int (x — xp)

. int(y — yo)

= )
_int (z — zp)
- (10)

The voxel size is vital in retaining the feature object information of the point cloud [42]. The
number of voxels in space depends on the voxel dimension. Small grids provide a high level of
presenting the road features since it accommodates the small objects; however, it may not be
feasible due to the high computational cost and time associated with the data processing. Despite
that, the voxel size selection can be altered by the user; it is recommended to choose the voxel
parameters that match the scanning system characteristics and the type of application [106]. In the
visibility assessment, the voxel size used is 20cm, which represents the point cloud and laser scan

lines approximately in an adjacent voxel.

Figure 14 LAR Point Cloud
Although the variation in the voxel size is expected to influence the information extracted from
the LiDAR dataset, the extent to which voxel changes could impact the extraction is unknown.
Thus, the sensitivity assessment of the impact of the voxel size on the extraction quality is essential
for developing an algorithm to extract information from LiDAR. Choosing the ideal voxel size is
challenging and depends on the type of application used to extract the information, and it shows
how the feature under investigation is sensitive to the voxel size. In order to capture the impacts

of'a voxel in estimating the available sight distance, different voxel sizes were drawn (0.1m, 0.15m,
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and 0.2m), as shown in Figure 15 (a) to (c) shows an intersection after voxelization for different

voxel sizes.

(c) Voxel Size 0.2m
Figure 15 Different Voxel Sizes in Space
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3.4.5 Define Observer Point and Visual Field Parameters

When the vehicle trajectory is extracted and the point cloud data voxelized, the next step is to
define the observer point. The method allows the user to select a discrete point on the vehicle
trajectory along the road from which the visual field is generated. The algorithm produces the
trajectory of the vehicle, as shown in Figure 16, from which the observer point can be selected.
The trajectory points are created from a set of observer points; each point has a unique index /=
(i, i+1, i+2....m), which is traced in parallel to the intersection leg. The observer points generated

are based on the initial LAS file segmented and prepared to load the point cloud data in MATLAB.

jied e

Figure 16 Discrete Point on The Vehicle Trajectory
The horizontal and vertical angle parameters with their corresponding resolutions are vital in
simulating the driver’s peripheral view to explore the obstacles within the sight triangle and
conduct a visibility analysis within the sight distance of the intersection. In this thesis, the
horizontal and vertical angles are considered to be 180° and 10°, respectively. A field of vision of
140° is the minimum visual field viewing angle required for a driver’s license in most states in the
US for a person with two functioning eyes [48]. The peripheral view offers information on larger
targets and motion cues, and knowledge of dynamic targets. Figure 17 shows the visual field
viewing angle, constructed around the vertical axis through the field of peripheral view forming

an angle of + 90°. The 180° visual field around the z-axis is considered to ensure that the whole
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field of view is scanned to detect all occlusions impacting the driver’s field of vision and causing

a visibility problem.
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Figure 17 Driver peripheral vision
The sight triangle on both legs of the intersection is defined according to AASHTO guidelines,
which vary according to the type of intersection control sign, design speed, and time gap
acceptance. As explained in the previous section 2.3, these areas should be clear from any objects
that potentially block the driver’s sightlines. The aim is to compute every combination of vertical
and horizontal angles with their corresponding resolution. The left sight triangle is needed for
right-turn maneuvers onto the major road to observe conflicting vehicles approaching from the left
and potential occlusions. However, when the driver intends to complete a crossing or left
maneuver, the sightline triangles to both left and right need to be assessed to accommodate the

turning or crossing maneuver.

The maximum offset distance (scan distance) is the crucial parameter. Defining this parameter
accurately for each intersection is vital in estimating the blockage percentage. The offset distance
of the sightlines must always be beyond the sight triangle. When no obstacles intersect with the
extended sightlines from the pre-defined observer point within the intersection sight triangle, the
driver has a clear view from this viewing angle. However, when an obstacle is detected within the
sight triangle area, the sightlines are cut short, unable to explore other obstacles, and the driver

cannot see beyond that location. Therefore, it is important that the sightline distance be inputted to
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cover the entire sight triangle to estimate the blockage percentage accurately when performing the

visibility analysis.

Another important parameter is the target offset, which identifies the number of observers points
the user should target following the observer point that was initially identified. In other words,
how many observers points ahead of the scan need to consider. The method uses the vector
between the start and the target to select the scan direction vector. Therefore, the user should select
the number where the trajectory point follows a uniform line exactly parallel to the road axis to
obtain a precise sight triangle that will be covered by the sightlines representing the visual field. It
should be noted that the long leg of the triangle is always perpendicular to the offset vector. Thus,
the target offset number must be selected to represent a possible sight triangle matching the road
geometry, where the visual field would also be extended to cover the sight triangle area. The target
offset must select the number of points along the vehicle trajectory that follows an almost straight
line. However, when the trajectory is not uniformly aligned, trials using different target offsets

need to be entered to obtain the ideal number that most closely represents actual site conditions.

The target offset parameter is also important in reflecting the appropriate elevation level in the z-
axis of the visibility analysis, accounting for the road pavement’s surface variation. The method
extends the vector for the pre-defined observer point and following observer points. To illustrate,
let O be the observer point, which simulates the driver’s location. The P and Q are the following
observers, each a certain level from the ground depending on the road surface but with a constant
height of 1.08m as defined in AASHTO for passenger vehicles. As shown in Figure 18, the
trajectory vector representing elevation in the analysis is the average of the two trajectory vectors
OP and PQ, which is QO represented in the red line. The algorithm forms one of the most powerful
features of this algorithm, providing a high level of information to enable the detection of all
occlusions within the sight triangle to a high degree of accuracy. The trajectory vectors are

averaged to effectively simulate the driver’s eye by accounting for variations in road ground level.
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Figure 18 Trajectory Vector

3.4.6 Visual Field Assessment and Visibility Analysis for Blockage Estimation

The mobile LiDAR data consists of closely spaced points in a 3D space, representing the
surrounding environment. Since the MLS has a high point cloud density, the sightlines will always
detect objects in the space that represent an obstruction. A practical method of extracting such
objects blocking the driver’s visual field is the voxelization of the point cloud, which is used to
discretize the points to occupied or non-occupied voxels. Any occupied voxels indicate an
obstruction. This simplification of the visibility analysis is essential in reducing the amount of data
and time involved, which also provides a more realistic representation than surface-based models

adopted in previous works, accounting for small objects.

This step of the method involves generating a visual field by sampling the line of sight used to
detect objects in space from the observer points at a constant resolution angle (interval), as shown
in Figure 19. The visual field is spanned by different vertical and horizontal angle pairs defined by
the user. The point cloud in space is represented by voxels, each of which may be occupied or non-
occupied. Bresenham’s algorithm is used to identify occupied voxels. The algorithm is provided
by the MATLAB library and used to compute the coordinates between the observer point and
points in space representing the voxel’s edge. These points all lie on the possible sightline for one

pair of horizontal and vertical angles. In other words, the straight line formulated connects the
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defined observer and target points. These points were selected to closely approximate a straight

line between two points.

In order to find the occupied voxels that represent an obstruction in space, the algorithm checks
the coordinates of these voxels. It recognizes the coordinates of occupied voxels as an obstacle in
the driver’s field of vision, while other points are not further analyzed. Thus, when the sight line

hits an occupied voxel at any given intersection, the driver cannot see beyond this location.

Figure 19 Simulated field at an urban intersection

The method records the distance for each sightline generated within the sight triangle from the pre-
defined observer points, whether the sightlines were blocked by voxels or travel through non-
occupied voxels. The distances recorded are essential in estimating the blockage percentage within
the intersection sight distance. The blockage percentage is estimated by comparing the total offset
distance within the sight triangle to the angular triangle area. The method also converts all points
representing obstructions to a LAS file to enable the obstacle to be viewed from the driver's
perspective, a powerful tool of the proposed algorithm that makes it unique. It should be noted that
the vertical angle is always considered at 0° in the visibility analysis and estimation of the blockage

percentage.
3.5 Dynamic Visual Field and Driving Speed

To understand the impact of speed on the driver’s visual field, it is essential to determine the

distance of the observer point from the intersection. This provides information about the vehicle
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speed when approaching the intersection, especially when the intersection is yield-controlled, and
the driver does not necessarily have to stop to cross the major road or complete certain maneuvers.
Thus, having high-quality information about the visual field and the rate of blockage at various
observer locations that simulate the driver’s eye, where each point has a different speed and visual
characteristics, is crucial for the intersection visibility assessment. Driving at a low speed when
approaching an intersection allows more time to process information and increases peripheral

vision, giving more time for an appropriate response.

This study is always considering that the driver makes a left turn at the intersection to assess the
sight triangles from the right and left to spot the coming vehicle on the major road from both sides.
In line with the AASHTO Green Book guidelines, the length of the sight triangle leg along the
minor road from the edge of the intersection to the decision point is approximately 23.2m. This
assumes that drivers making a left turn without stopping will slow to a turning speed of 16 km/h,
requiring approximately 3.5 seconds to travel from the decision point to the intersection. Thus, the
deceleration rate can be determined from the initial speed at which the driver starts to brake to
16km/h at the intersection, given the known distance and time. For instance, if the minor road
speed limit of 50 km/h, the deceleration rate is equivalent to 3.73 m/s* for any such road. Thus, the

speed at any location between the decision point and the edge of the intersection can be calculated.

Given the vehicle’s operating speed approaching an intersection, the viewing angle of the driver’s
visual field can be estimated at any desired point between the decision point and the edge of the
intersection. The literature illustrates that speed is inversely proportional to the visual field viewing
angle. The following Table 5 depicts the viewing angle of the visual field at each speed. The greater
the speed, the smaller the visual field. For instance, at 50km/h, a driver’s visual field allows a range
of approximately 90° [15]. When vehicles are moving at high speed, the brain receives more visual
information. However, the brain can only process a certain amount of information within a specific
time, so, at high speed, it eliminates significant information within the field of vision, potentially
contributing to the occurrence of a collision.

Table 5 Vehicle speed and visual field viewing angle [15]

Speed (km/h) Horizontal Angle View
40 100
70 65
100 40
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A dynamic simulation of the driver’s view while approaching the intersection is essential to study
the impact of vehicle speed on the driver’s visual field at the intersection. The driver’s sightlines
must cover the sight triangle to scan all objects in the sight triangle area and ensure that no
obstacles block the driver’s vision so that they can complete a certain maneuver safely. By studying
the relationship of speed with the driver’s view angle, the following equation provides the angle

of the driver’s view at a given speed
y = 185.89 ¢~0:015% (11)
where y is the horizontal viewing angle, and x is the driver’s speed.

Once the driver’s viewing angle is known, the previous method will be applied to assess the
visibility and the intersection scene from different observer points. The output will show the field
of view and whether it will cover the sight triangle area at the intersection the location of any
obstructions. The following Figure 20 demonstrates the impact of speed on the visual field and

how it may restrict the driver’s vision.

By utilizing the MLS data and using the proposed method, as explained in the previous section
3.4, a visualization of the intersection at different speeds is possible, providing a realistic
representation of the visual field. The algorithm extracts the obstacles from the driver’s perspective
at designated observer points close to the intersection at a specific speed by exporting the point
cloud that represents an obstruction to the driver’s visual field to a LAS file. This allows us to view
the intersection and assess its visibility in a real-world situation through the accurate projection of

a virtual intersection environment.
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(d) Field of View and visibility at 50 km/h speed
Figure 20 The impact of the visual field in driver’s field of vision
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3.6 Safety Assessment
3.6.1 Background

There are fundamental principles that must be taken into consideration when conducting any
statistical safety analysis. First is the variation in collision frequency, which means that collisions
are random events that naturally fluctuate over time at any given site. Second, the RTM means
that when roads experience high collision frequency in a specific period are likely to have fewer
collisions in the following period even if no measures are taken due to random fluctuations in the
number of collisions [107]. Thus, it is essential to distinguish between the influence of the different
factors impacting road safety throughout the time and the countermeasure used to treat the collision
occurrence. It is important to select the ideal statistical distribution and method to conduct a robust
statistical analysis of collision data. In this thesis, the interest is to find the collision-prone
intersections and relate a measure of their visibility to historical collision records. Therefore,

adopting a technique that accounts for these observations is essential to obtain a reliable.

The research on road safety has shown how the design parameters could significantly impact
collision occurrence. The sight distance design element, which is the thesis focus, are likely to
exhibit a quantitative effect on road safety. The heterogeneity of previous studies on safety analysis
in connection with the sight distance design element needs to be addressed. The literature shows
that the relationship between visibility issues and collision occurrence at intersections is limited.
To fill this gap, remote sensing technology was used to link the visibility assessment outcome and
with the collision proportion for a specific collision pattern. The following sections provide an
overview of the techniques used to identify the collision-prone intersection and estimate the

relationship between the driver’s visibility and collision occurrence at intersections.
3.6.2 Method of Sample Moments

The method of sample moments is used to identify the intersection with an overrepresentation of
a particular collision pattern. The methods identify collision-prone locations for a specific collision
type by establishing a reference group of similar locations and estimating the mean and variance
of the reference population. For instance, intersections with stop and yield control signs at minor
roads within the same area were considered for the collision analysis. The collision proportion is

the ratio for the number of collisions that occurred due to the visibility issue to the total number of
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collisions at the intersection. The site is considered a collision-prone location if the particular
collision pattern is overrepresented in the total number of collisions. This method assumes that a
relatively large population can be assembled; the mean and variance are related to the expected
and variance of the collision frequency. The following procedure is similar to the Bayesian analysis

of previous studies [52, 108].

To investigate the location that exhibits overrepresentation of collision pattern, suppose that p is a
long-term proportion for all collisions that occur at a specific location and involves a particular
feature. For each location given, the binomial distribution is the probability given for the collision

occurrence value of this collision pattern as follow [109]:

— n;! _
P(xi=x|ni,Pl=P)=Tl_x_),l?x(1—l?)nx O0<x<n (12
L l L/*

where n; is defined as the total collision number at location i during a specific time; x; is the
collision number of a specific collision pattern under investigation at location i from the n;
collisions; P; is the ratio of specific collision pattern x; to n; as a random variable; P is the mean

value for P;; f(p) is the prior distribution with function p in the reference group.

The binomial distribution treats the collision frequency at specific locations as an independent
random variable. It can be modeled by a series of Bernoulli trials, which will have one outcome
out of two possible outcomes. Thus, the collision proportion of a particular collision pattern is
estimated using the binomial distribution [110]. It is also used to investigate the cumulative
probability of getting a particular collision pattern to find whether there is a deviation from the

random statistical process of collision frequency.

As explained in the previous section, the first step of the method is to establish a reference group.
The group should have locations with similar characteristics and should be selected appropriately
to have an accurate result. The location type, environment, roadway function, traffic control sign,
and any other factor related to the collision pattern are the criteria that must be used to select the
reference group. In this thesis, intersections from an urban environment perspective with similar
functions, where most intersections have a stop or yield control sign within the same area, are

considered the reference group for the collision analysis.
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In the next step, the collision proportion (p;) of each collision pattern (x;) at the location of the total
number of collisions (#;) needs to be calculated. The collision proportion (p;) must be computed
for each intersection within the group. The Beta distribution is assumed to be the prior distribution
for p among the desired reference group [111]. The conventional form of the prior distribution to
use in conjunction with binomial distribution in eq (12) for observations of Beta distribution as

follows

p Tt (1-p)ft
b(a,B)

flp) = (0<p<1) (13)

where « and f are prior distribution constant parameters. b(a, 5) is the value of the Beta function

at ¢ and S given by

['(@)'(B)
b(a,p) = ——— 14
@B = Tt (14)
The mean and variance are estimated according to the characteristic of Beta distribution:
£ _a
@)—a+ﬁ (15)
Var (p) = ap 16
R ey oy (16)

where the parameters « and £ of the Beta priors distribution must be a positive value [52].

By equating the variance and mean in Eqgs. (15) & (16) to the variance s° and sample mean p, the

Beta distribution parameters o and f can be estimated using the method of sample moment.

The mean and variance for m locations is given by
m
_ 1 z X; 17
e (17)
m 2
E:M 18
L., (18)
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f (plxi, n;) the posterior distribution, can be with the location-specific observation (xi,n;). When the
parameters « and £ are updated to a Beta prior distribution with binomial observations, they bear

a natural interpretation, which implies that

[(a;+B) _
flplxun) = %p“l L1 -p)fi-t (19)

As a result the new posterior distribution is also a Beta distribution with parameters [112]
a; =a+x; (20)
Bi=B +n — x 21
A location considered to have an overrepresentation of a specific collision pattern if the probability

of collision proportion p; exceeds the reference group mean p is significant. Hence, the case is as

follows:

ll‘fp Ma+pf + ny) peti=l (1 — p)finx-i g | > 5 (22)

o [(@a+x)I'(f+n—x)
where 0 is the significant level and location i identified as collision-prone at the (/- J) confidence

level.
3.6.3 Beta-Binomial (BB) Collision Regression Model

Previous research proposed a wide array of models to link collision data to several independent
variables representing road features and characteristics. The most significant model to investigate
specific collision patterns, which can identify the locations with an overrepresentation of a
particular collision pattern, is the BB model. Eq (12) shows the basic structure of the BB.
Following the previous derivation, the BB function can also be written by the log-likelihood as a
function of p. The p can be linked with variable, X that represent the road attributes and
characteristics via the logit link [113]:

_ 1
P~ T¥exp(—XB)

(23)

where Y = XB is the simplest safety performance function with coefficient B [113]. The maximum

likelihood estimation (MLE) is used to estimate the coefficient B by applying it across the BB
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distribution log-likelihood function. In this thesis, SAS, a computational software program, was

used to get the MLE of the function

The BB model accounts for collision data with a small sample size and the low sample mean that
due to the large instability. Also, it overcomes the overdispersion data issue, producing a model
with extra variability. The extra variability is due to the probability of Beta distribution
independent event, p, that believed to be capable of modeling a wider range of collision data [113].
Following the derivation and application of the Bayesian theorem in section (3.6.2), the following

Eq24 demonstrate the extra variability of BB distribution [113]
Var(x) = E[Var(x|p)] + Var[E(x|p)] (24)
= E [np(1-p)] + Var(np)
= n[E(p) - E(p )] + n*Var(p)
=np(1l-p) + n(n-1)Var(p)

Eq 24 demonstrate that the Var(x) is associated with Binomial distribution. however, Var(p) is

according to the characteristic of the Beta distribution.

The eventual model must be tested to check whether it complies with the following requirements.
First, the coefficients of each variable must be statistically significant. The p-value for each
variable tests the null hypothesis. According to the confidence level selected, a low p-value
indicate the null hypothesis should be rejected and removed from the model. It is worth noting that
multicollinearity is a statistical phenomenon among variables when two or more explanatory
variables are highly linearly related and thus distort the model output. In other words, when two
variables, for instance, exhibit a strong correlation, one of them must be removed from the model.
The percentage of all possible samples that can be anticipated to include the true population
parameter is referred to as a confidence level. In the traffic safety analysis, the confidence level
should not be less than 95% to have reliable results. Another important factor is the goodness of
fit measures, used to assess the model’s quality through an adequate statistical test. In the BB
model, the Chi-square test utilizing Pearson y2 statistics. For each predicted value y; a real value
ui 1s associated according to the following general expression. Lastly, the sign of the coefficients

must explain the impact on collision proportion.
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_ O~ W)
X2 = Zu— (25)

The Pearson y2 is asymptotically y2 distributed with n-p degree of freedom where p is the number
of the model variables. When the y2 statistic has a low value close to zero or high value, it indicates

the model has poor prediction performance.
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4 RESULTS AND DISCUSSION
4.1 Automated Visibility-Based Assessment

This section presents and discusses the results of the intersection sight-distance assessment and
visibility analysis. The percentage blockage of driver’s sightlines at intersections was assessed and
computed using MLS by extracting the obstructions using a novel algorithm described in section
3.4. The visibility analysis at the intersection was conducted considering different traffic control
signs and transportation modes. The figures in the following sections show the simulated outcomes
of the proposed method, visualizing the driver’s field of vision based on pre-defined observer point
locations. They also present 2D visibility maps and show the angle of vision where obstructions
cause driver visibility problems. The 3D visualization of the driver’s visual field provides a clear
image to facilitate an understanding of the obstacles to the driver’s vision and the quantification

of these object positions.

Moreover, the results compare visibility for different transportation modes by studying the
outcome and rate of blockage for a passenger vehicle and a heavy truck, each with a different
observer height. In this thesis, the passenger vehicle height was simulated at 1.08m, while the
height of the heavy truck was assumed to be 2.33m, based on AASHTO guidelines standards [9].
This differentiated elevation analysis provides differing representations of road objects, landscape,
and furniture, producing a realistic outcome that is essential in improving visibility for all road

users.
4.1.1 Yield Sign-Controlled Intersections

When approaching an intersection controlled by a yield sign, the driver requires a certain distance
to observe a potential conflicting vehicle and to slow or stop before colliding within the
intersection. As explained in the previous section 1.1.2, it can be challenging to maintain these
distances in urban areas, especially for yield-controlled intersections, which need a large area free
from obstructions. The yield-controlled intersection analysis was performed to compute the
blockage percentage within the sight triangle according to AASHTO requirements. This study
assumed that a driver approaches the intersection to complete a left turn maneuver without
stopping and needs to assess both left and right sight triangles. Therefore, the driver’s decision

point begins at 25m from the center of the lane for the vehicle approaching from the left, and this
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is the location when the driver starts to brake. Since the majority of intersections is two-way—
with one lane in each direction—the short leg distance of the sight triangle is 28.5m for the vehicle

approaching from the right.

The driver’s eye location is considered at the decision point to simulate the driver’s 3D visual field.
This section of the analysis identifies the blockage percentage for intersections with a yield sign.
The vehicle type considered is a passenger car with an observer height of 1.08m, and this height
is adopted as the elevation level in the analysis. However, the distance of the long leg of the sight
triangle is calculated as illustrated in Table 2, based on the posted speed on the major road and gap
time acceptance. The driver’s visual field in the horizontal and vertical viewing angles was defined
with constant values of 180° and 10°, respectively. Table 6 shows examples of intersection
attributes for intersections within the study area: yield-sign-controlled intersections.

Table 6 Yield sign-controlled intersections attributes

Sight Triangle Short Leg (m) Long Leg (m)
Major Speed Minor Speed
Intersection Approach Left Triangle Right Triangle Left & Right Triangles
(km/h) (km/h)
85 Ave & 101 St 30 30 East 67
85 Ave & 100 St 30 30 East 25 28.5 67
84 Ave & 97 St 50 50 North 111

The proposed method performs the visibility analysis by exploring obstructions within the sight
triangle area recommended by AASHTO. The blockage percentage is then calculated based on the
intersection scene from the driver’s perspective. The method also generates a visual field map of

the intersection in 3D and xy-planes, showing where the sightlines hit with obstacles.

The proposed method offers a fast, automated simulation that detects obstructions blocking the
driver’s vision in any given scene to provide information about visibility in real-world situations
for potential road safety improvements. Table 7 depicts the blockage percentage for both the left
and right triangles in different intersections within the study area. The results show that, for yield-
controlled intersections, the blockage percentage ranges from 54% to 83%. The high blockage
percentage means that many sightlines within the visual field met with obstacles, indicating the
presence of a road obstruction within the sight triangle area. An additional factor is the significant
length of the sight triangle legs on both minor and major roads. For instance, the observation point
on a minor road, representing the driver’s location at the decision point, is located far from the

intersection. Moreover, the gap acceptance time required for the yield sign is slightly high, and the

65



distance of the long leg of the sight triangle depends on this parameter. This results in a large sight
triangle area which is the factor that yields to increase the blockage.

Table 7 Blockage Percentage of yield sign intersections

Posted Speed km/h Blockage Percentage
Intersection Location Approach Location
Major Road Minor Road Left Triangle Right Triangle

84 Ave & 97 St North 50 50 72% 66%
84 Ave & 101 St East 50 50 1% 73%
84 Ave & 107 St East 50 50 65% 67%
85 Ave & 100 St East 30 30 63% 1%
85 Ave & 101 St East 30 30 67% 65%
85 Ave & 107 St West 50 50 74% 2%
86 Ave & 98 St West 50 50 83% 83%
87 Ave & 100 St East 50 50 79% 65%
87 Ave & 105 St East 50 50 69% 54%
89 Ave 98 St East 50 50 58% 70%

Figure 21, 22, and 23 show 2D visibility maps for various intersections. The sight triangle in green
represents the area that should be clear from road obstacles and visible to the driver, according to
AASHTO standards. The solid yellow circle is the driver’s location on the intersecting road. The
visual field is shown in red as a set of ray cast sightlines that travel a distance defined by the user
unless they intersect with an obstacle. As can be clearly seen from the figures, some sightlines at
particular viewing angles were restricted and did not extend to find further obstacles. In other
words, the driver cannot see further objects beyond this distance which would block the sightlines
at viewing angles. These figures demonstrate the impact of objects such as buildings, road
structures, or bushes at an urban intersection on the driver’s ability to observe conflicting vehicles,
thus significantly contributing to road collisions. Figure 24 shows the obstacle in red detected

virtually in 3D.
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(a) 63% blockage (b) 71% blockage
Figure 21 Visibility Map (Intersection 85 Ave and 100 St)

(a) 67% blockage (b) 65% blockage
Figure 22 Visibility Map (Intersection 85 Ave and 101 St)
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72% blockage 66% blockage
Figure 23 Visibility Map (Intersection 84 Ave and 97 St)

Figure 24 Obstructions in 3D Scene (Intersection 85 Ave and 100 St)

Figure 25, 26, and 27 show the available visible distance plots for the intersections of 85 Ave and
100 St; 85 Ave and 101 St; and 84 Ave and 97 St, respectively. The x-axis represents the viewing
angle at a specific observation point at the intersection—the decision point—and the y-axis
represents the available visible distance at that particular observation point. The dashed line drawn
across the plots in Figure 25, 26, and 27represent the minimum sight distance at each viewing

angle required by the AASHTO guidelines.
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At the intersection of 85 Ave & 100 St, Figure 25 shows that the sightline representing the driver’s
field of vision has its maximum distance at a viewing angle between -2° and 3°. The visual field
angles towards the right of the plot are positive; those to the left are negative. When comparing
the visual field distance and the minimum sight distance, it can be seen that the minimum distance
required is met between viewing angles of -22° to -28°, and -18° to 17°; otherwise, the available

sight distance is limited.

—— Driver's Visual Field ====Minimum Distance From Observer Point
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Figure 25 Available Visible Distance (Intersection 85 Ave and 100 St)
At the intersection of 85 Ave and 101 St, as shown in Figure 26, the driver’s visual field distance
is at its maximum between the viewing angles of -2° and 3°. The figure illustrates that the available
visible distance was satisfied when comparing the visual field distance and minimum sight distance
between viewing angles of -29° to -21°, -15° to 22°, and 46° to 50°; otherwise, the drivers’

sightlines intersect with the road obstructions.
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Figure 26 Available visible Distance (intersection 85 Ave & 101 St)
At the intersection of 84 Ave and 97 St, Figure 27 shows that the maximum sightline distance is
achieved within the viewing angle range from 0° to 4°. When comparing the visual field distance
and minimum sight distance, the plot clearly shows that the minimum distance required was met
between viewing angles of -23° to -18°, -15° to 17°, 20° to 32° and 36° to 39°; otherwise, the

available visible distance is limited.
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Figure 27 Available Visible distance (intersection 84 Ave & 97 St)
The plots show that the driver’s visual field distance fluctuates across different viewing angles at
the intersections. Although the plots exhibit similar trends, the variation in the visual field distance
across viewing angles explains the difference in the intersection scene from the driver’s
perspective in a real-life situation. The visual field offset distance trend decreases significantly as
the viewing angle increases and does not meet the minimum required sight distance, demonstrating

the high blockage percentage in a yield-controlled intersection.
4.1.2 Stop Sign-Controlled Intersection

When approaching the stop-controlled intersection, the driver needs sufficient distance to stop,
and observe a potential conflicting vehicle and then depart once any such vehicles are cleared. The
main difference to the yield sign is that the driver must stop. The driver’s eye location is relatively

close to the intersection and requires a smaller sight triangle clear from obstruction.

As in the yield-controlled intersections, visibility analysis was conducted to calculate the blockage
percentage within the sight triangle. It is assumed that the driver carries out a left turn maneuver
but must stop to view the vehicle approaching the intersection. Nevertheless, the driver’s decision
point begins at some point between 4.4m and 5.4m from the major road’s intersection edge, given
the vehicle stop location behind the stop line and the distance of the driver’s eye from the front of

the vehicle. The vehicle type is again considered a passenger vehicle, which assumes the same
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elevation level as previously. However, the gap time acceptance is 0.5 seconds less than for yield-
controlled intersections, resulting in a shorter leg distance of the sight triangle as indicated in the
AASHTO guide. Table 8 shows the intersection attributes for various stop-controlled intersections
within the study area.

Table 8 Stop controlled sign intersections attributes

Sight Triangle Short Leg (m) Long Leg (m)
Major Speed Minor Speed
Intersection Approach Left Triangle Right Triangle Left & Right Triangles
(km/h) (km/h)
86 Ave & 101 St 30 30 West 63
84 Ave & 105 St 50 50 East 7.2 10.5 105
84 Ave & 106 St 50 50 East 105

The blockage percentage is determined at each intersection by a rapid simulation of real-life
automotive situations. Table 9 shows the blockage percentage for both the left and right triangles
at different intersections. The results show that the blockage percentage ranges from 6% to 56%,
which is lower than for yield-controlled intersections. The reason is that the observer point is very
close to the intersection, resulting in fewer obstacles as the driver can look directly at the major
road to view oncoming vehicles.

Table 9 Blockage Percentage of stop sign intersections

Posted Speed km/h Blockage Percentage
Intersection Location Approach Location
Major Road Minor Road Left Triangle Right Triangle

82 Ave & 96 St North 50 50 30% 47%
82 Ave & 97 St North 50 50 32% 32%
82 Ave & 98 St North 50 50 18% 33%
82 Ave & 100 St North 50 50 43% 56%
82 Ave & 106 St North 50 50 18% 25%
82 Ave & 107 St North 50 50 31% 35%
84 Ave & 99 St East 50 50 24% 49%
84 Ave & 105 St East 50 30 27% 40%
84 Ave & 106 St East 50 30 13% 12%
86 Ave & 100 St South 30 30 65% 53%
87 Ave & 98 St South 50 50 46% 44%
87 Ave & 106 St East 50 50 6% 12%
89 Ave & 99 St West 50 50 39% 39%
90 Ave & 99 St West 50 50 17% 12%
91 Ave & 99 St East 50 50 42% 42%

Figure 28, 29, and 30 show the visual field generated from the decision point positions within the

sight triangle area. As can be seen, some sightlines at viewing angles found no continuity; these
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lines hit an obstacle. The area covered by red cast rays in the sight triangle is greater than for the
yield sign, demonstrating a lower blockage rate. It should be noted that the distance for both sight
triangle legs is smaller than for yield-controlled intersections because the observation point is close
to the intersection, and the lower gap-acceptance time shortens the distance required at major
roads, leading to a smaller area. These factors combine to result in a lower blockage rate at stop-

controlled intersections.

(a) 33% Blockage (b) 33% Blockage
Figure 28 Visibility Map (Intersection 86 Ave and 101 St)

(a) 27% Blockage (b) 40% Blockage
Figure 29 Visibility Map (Intersection 84 Ave and 105 St)
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(a) 13% Blockage (b) 12% Blockage
Figure 30 Visibility Map (Intersection 84 Ave and 106 St)

Figure 31 Obstructions in 3D Scene (Intersection 82 Ave and 107 St)

To find the location of the obstruction from the driver’s perspective, viewing angles with limited
available sight distance need to be identified. Figure 32, 33, and 34 show the estimated available
visible distance at the intersections of 86 Ave and 101 St, 84 Ave and 105 St, and 84 Ave and 106
St, respectively. As clearly shown in the plots, the drivers’ ability to view oncoming vehicles on a
major road in order to carry out certain maneuvers is undoubtedly wider in stop-controlled
intersections. The plots show that a large proportion of viewing angles met the minimum

intersection sight-distance requirements.
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At the intersection of 86 Ave and 101 St, Figure 32 shows that the driver’s visual field extends
further than the minimum required sight distance, with unobstructed vision found in the range from
-79° to -76°, -65° to 60°, -53° to 58°, and 71° to 75°. In other words, the driver has adequate sight
distance to observe conflicting vehicles at these viewing angles. The proportion where the sight

distance is limited is less when compared to yield-controlled intersections, demonstrating a lower

blockage rate.
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Figure 32 Available visible Distance (intersection 86 Ave and 101 St)
At the intersection of 84 Ave and 105 St, Figure 33 shows that the required intersection sight
distance was satisfied at viewing angles from -81° to 73° when comparing the driver’s visual field
offset distance to the minimum sight distance required. At 84 Ave and 106 St, Figure 34 illustrates
that the sightlines were satisfied between viewing angle from -79° to 73° and from 80° to 85°. The

results demonstrate high levels of visibility at stop-controlled intersections, which explain the

lower blockage percentage.
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Figure 33 Available Visible Distance (Intersection 84 Ave & 105 St)
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Figure 34 Available Visible Distance (Intersection 84 Ave and 106 St)
The method clearly shows the locations with poor visibility, quantified by the number of sightlines
failing to meet the minimum required sight distance. This is a practical and rapid approach to
quantifying obstructions and potential hazards that consistently restrict driver visibility from the

driver’s perspective.
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In fact, the trend of the plots above illustrates the accuracy of the proposed method. For yield-
controlled intersections, when the driver starts to observe conflicting vehicles on the major road,
the results show that the driver can see ahead; however, as the viewing angle increases, the driver’s
ability to see decreases due to the presence of obstacles that block the driver’s vision and thus yield
a high blockage percentage. In contrast, stop-controlled intersections require the driver to stop
close to the edge of the major road, giving the driver clear vision over a wide viewing angle. The
contrast is illustrated in the plots that show poor visibility over wide viewing angles when the

sightlines are further from the major road.
4.1.3 Impact of Transportation Mode on Visibility Analysis

In the previous sections, intersection sight distance assessments to evaluate visibility and estimate
blockage percentages were based on a passenger vehicle with a lower observer height than a heavy
truck. In order to assess the impact of intersection visibility on heavy truck drivers and determine
the blockage percentage, visibility analyses were conducted using the same observer point
locations. The principal differences compared to a passenger vehicle are the height of the observer
and the time gap acceptance, which is two seconds longer for a truck. When moving onto a
roadway, a truck always has a lower speed than a passenger vehicle and needs more time to enter
the major road and carry out certain maneuvers. Since the long leg distance of the sight distance
triangle is determined by the speed posted on the major roadway and the time gap acceptance, the
sight triangle clear from obstruction required by a truck is larger than that required by a passenger

vehicle.

Table 10 shows samples of intersection and sight triangle attributes for both yields- and stop-
controlled intersections from the observer height of a heavy truck. When comparing the area of
the sight triangles and the intersection sight distance in Table 10 with Table 6 and Table 8, it can
be noticed that for passenger vehicles, when the intersection is yield controlled sign intersection,
the long leg of the sight triangle is 67 meters; however, it is 84 meters for trucks. The same applies
to the stop-controlled sign intersection which the distance for passenger vehicle and truck is 105m
and 139m, respectively. This demonstrates the change in the sight triangle area using a different

mode of transportation, which each has a different observer height.
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Table 10 Intersection and Sight Triangle Attributes

Sight Triangle Short Leg (m) Long Leg (m)
Major Speed  Minor Speed :
Intersection Sign  Approach T Ii‘eft 1 TR.lghtl Left & Right Triangles
(km/h) (km/h) riangie riangie
85 Ave & 101 30 30 Yield East 25 28.5 84
84 Ave & 105 50 50 Stop East 72 10.5 139

When a heavy truck approaches a yield-controlled intersection, the visibility map in Figure 35
shows that the blockage percentages for the left and right sight triangles are 70% and 77%,
respectively. However, for a passenger vehicle, the equivalent figures were found to be 67% and
65%, respectively. Thus, drivers of heavy trucks approaching yield-controlled intersections in an
urban environment experience slightly more blockage than passenger vehicles due to the increased

impact of vegetation, cantilever tree branches, and other road features blocking sightlines.

(a) 70% blockage (b) 77% blockage
Figure 35 Visibility Map (Intersection 85 Ave and 101 St)

In contrast, at stop-controlled intersections, where heavy trucks are required to stop before
departing, Figure 36 shows that the sightlines cover a large proportion of the sight triangle, with
blockage percentages for the left and right sight triangles only 20% and 26%, respectively. In this
case, the heavy truck has more available visible distance than the passenger car because the driver
of the truck at the intersection has higher sightlines, allowing them a clearer view of the scene and

enabling them to see oncoming vehicles on the major road.
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(a) 20% Blockage (b) 26% Blockage
Figure 36 Visibility Map (Intersection 84 Ave and 105 St)

This section conducted intersection sight distance assessments to consider the impact of observer
height on visibility. The findings show that this factor contributes to variation in the block
percentage. When the intersection is yield-controlled, more attention should be given to heavy
trucks; however, the focus should be on passenger vehicles at stop-controlled intersections when
assessing potential improvements to address visibility problems in an intersection’s safety

performance.
4.2 Impacts of Voxel Size on the Extraction Results

It is vital to study the impact of voxel size in the information extracted from the visibility analysis
and intersection sight distance assessment. Therefore, the algorithm was used to determine the
offset distance in the simulated driver’s visual field at different voxel sizes. Voxel size is a sensitive
parameter and an essential step of the algorithm that may influence the calculation of blockage
percentages since different voxel sizes result in different visual field distances and therefore impact
the quality of the information derived from the visibility assessments. As an illustration, the yield-
and stop-controlled intersections at 85 Ave and 101 St, and 84 Ave and 105 St respectively were
analyzed at different voxel sizes to demonstrate the impact of voxel size on the assessment. The
plots in Figure 37, 38, 39, and 40 show the distance that the driver can see at various viewing
angles and considering different voxel sizes. The plots show that each intersection, irrespective of

voxel size, shows similar trends and exhibits only a slight variation in offset distance.
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Figure 37 Available Visible Distance Estimated at Different Voxel Size (Intersection 85 Ave and 101 St)
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Figure 38 Available Visible Distance Multi-voxel size (Intersection 85 Ave and 101 St)
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Figure 40 Available Visible Distance Multi-voxel size (Intersection 84 Ave and 105 St)
Although the plots show the estimated sightline distances at different voxel sizes to be very similar,

this variation in distance needs to be quantified. To understand the impact of voxel size and address
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these variations in the visibility assessment, the difference in each sightline of the visual field at a
defined observer point with a different viewing angle was compared to the estimated sightlines at
a voxel size of 0.2m. A 0.2m size was chosen because the blockage percentage was estimated
using this specific voxel size in the visibility assessment. The plots in Figure 41 for both
intersections show the average difference in sightline distance, measured in meters, at different

voxel sizes.
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Figure 41 Average Difference in Estimated Visual Field Distance Compared to 20 cm voxel size
The variation in the estimated distances demonstrates that reducing the voxel size results in a slight
increase in visual field offset distance and provides a greater field of view. The increase varies
depending on the voxel size used in the analysis; however, the estimated average increase ranges
from 3.75m to 6.38m for 85 Ave and 101 St and from 3.45m to 4.09m for 84 Ave and 105 St.
Moreover, the plots show a boost when voxel size decreases, which is a highly intuitive outcome
and correlates with expectation. To explain, reducing the voxel size from 0.2m to 0.1m results in
eight times as many voxels. Thus, when the size of the voxel is 0.2m, and it contains one point
cloud, this voxel is occupied and represents a road obstacle, and when the sightline hits this voxel,
it stops traveling to explore other voxels. A reduced voxel size of 0.1m results in eight voxels of
0.1m, equivalent to one voxel of 0.2m in size. In the same situation, one voxel out of eight will be
occupied, while the others will be visible to sightlines to explore the voxel that represents the

obstruction.

One of the reasons for the minimal impact of voxel size on the intersection visibility analysis is
the fact that sightlines are associated with voxels and not point clouds. Irrespective of voxel size,

the proposed algorithm functions by extracting the obstacle objects represented in space as voxel
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grids. The voxel contains several point clouds, and one point is sufficient to make a voxel represent
an obstruction. In other words, as long as the voxel is occupied, regardless of the number of point
clouds it contains, it is sufficient to stop the sightlines from exploring other voxels. Thus, the
impact of voxel size may not be significant. The results illustrate that the impact of voxel size in
the application of the intersection sight distance was less pronounced when the voxel size ranged

from 0.1m to 0.2m.

In fact, the impact of the change of voxel size on the performance of the intersection assessment
tool was minimal. Other transportation applications, however, may be highly sensitive to voxel
size, which may impact the accuracy of the information extracted. The outcome of this sensitivity
analysis demonstrates that the use of a finer voxel size is not always necessary. In other words, the
research shows that the algorithm for the extraction of obstacles within intersection sight distance
remains effective when using slightly larger voxels with no significant effect on the quality of the
information obtained. The use of a smaller voxel size would significantly increase the processing
time for extraction, especially when working with the high point density of MLS, which may be
costly, as explained in the previous section 3.4.4. In this case study, the density of the point cloud
is used to assess intersection visibility and estimate the blockage percentage ranges from 43.6
million to 76.4 million. The observations in this section are valuable for any municipalities or
transportation agencies with budgetary limitations that require high-performance machines and

equipment to process large amounts of complex data.
4.3 Dynamic Visual Field and Driving Speed

This section investigates the impact of driving speed on the driver’s field of vision when
approaching an intersection. It also studies the area covered by the driver field of vision within the
sight triangle from various observer points to assess the sight triangle’s visibility. The analysis
tests the visibility for a driving vehicle at an intersection by generating a visual field from the
decision point to the turning point close to the intersection edge where the driver completes a
certain maneuver. For example, the intersection of 84 Ave and 106 St is yield-controlled and has
been assessed to evaluate the driver’s visual field at different observer points. The first point was
the decision point recommended by AASHTO, 25m from the center of the major road for a vehicle
approaching from the left. The speed at that point was 50km/h, assumed from the posted speed on

the intersecting road when the driver starts to break. The second observer point was 10m from the
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decision point toward the intersection. Given a deceleration rate of 3.73 m/s?, the speed at the
second point was assumed to be 40 km/h. The third and fourth observer points were at distances
of 16.5 and 21.5m from the decision point and had driving speeds of 30 and 20km/h, respectively.
As the speed and the observer point locations are available, the visual field viewing angle can be
determined to perform the visibility analysis. Figure 42 shows the visual field at various observer
points, each with a different viewing angle according to the vehicle speed; these decreases when

approaching an intersection to check for conflicting vehicles.

As seen from Figure 42, the distance along the long leg of the sight triangle depends on the design
speed of the major intersection and the gap time acceptance, both of which are constant. Therefore,
the distance along the major road is constant at all observer points; however, the short leg varies
depending on where the observer point is located. Thus, as the vehicle approaches the intersection,
the sight triangle area becomes smaller, allowing the driver to view the area clearly. The analysis
shows that the driver has a wider field of view when approaching the intersection. When the
vehicle decelerates, the driver can observe more visual information and provide sufficient time for
the driver to react. In other words, when the driver approaches the intersection, the opportunity to
spot vehicles in the major road increases as the sight triangle decreases. As a result, a vehicle
approaching the intersection has greater peripheral vision close to the intersection, increasing the

probability of spotting oncoming vehicles on the major road.

The assessment has considered a viewing angle of 180° in the previous sections, utilizing the
driver’s full peripherical vision. However, in this section, the impact of speed on the visual field
is considered in order to account for the human visual limitations. When the driver is at the decision
point, the short leg distance is considerable. As shown in Figure 42 (d), at a vehicle speed of 50
km/h, a large proportion of the sight triangle area is not covered when simulating the visual field.
This means that the driver may not be able to spot the coming vehicle on the major road—even if

there is no obstruction exists—as the viewing angle is limited to 90°.
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(a) Speed 20 km/h with 140° Visual Field

(¢) Speed 40 km/h with 100° Visual Field (d) Speed 50 km/h with 90° Visual Field
Figure 42 Visual Field for Different Speed

While the vehicle is moving, the driver has limited ability to process visual information and react.
Speed is inversely proportional to the driver’s visual field at intersecting roads. However, the
AASHTO recommended distance that determines the sight triangle area is primarily dependent on
the speed on the major road, which has no relation to the design speed at the intersecting road and
does not take into consideration the impact of speed on the driver’s peripheral vision, and instead
it solely focused on the deceleration rate and time gap acceptance to enter the intersection. This
leads to a visibility problem that impacts intersection safety and demonstrates the importance of
accounting for human visual limitations, one of the Vision Zero principles for achieving safe

mobility.
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To sum up, the sight triangle area defined by the AASHTO guide is very conservative and could
also be costly and challenging to maintain in an urban environment. Even if this area is maintained,
it may not significantly improve intersection visibility in urban areas due to human visual
limitations. Optimizing sight distance design at the intersection by studying the impact of operating

speed is essential in enhancing road safety and improving intersection visibility.
4.4 Safety-Based Assessment
4.4.1 Method of Sample Moments

The method of sample moments has been used to identify those intersections with an
overrepresentation of collisions that occurred due to poor visibility. An intersection is considered
to have an overrepresentation of a particular collision pattern if the probability that its pattern ratio
significantly exceeds the reference group average. The method was used and applied at
intersections in urban areas using collision data from 2009 to 2019. The collisions caused by
visibility problems were identified as a collision pattern. The collision pattern was considered as a
violation of stop and yield signs. The expected mean was then computed to rank the intersections,
with intersections with a high expected mean value requiring urgent attention for safety
improvements. Adopting a 0.05 significance level, beta distribution was used to identify collision-

prone sites.

When specific collision patterns are overrepresented, there is a high probability that the pattern
will be investigated if a collision occurs. Thus, the overrepresentation assessment method can be
represented by a higher than usual rate of occurrence of a specific pattern compared to the number
of collisions. Table 11 shows a list of intersections ranked according to the expected mean where
“YES” in the -collision-prone intersection column indicates an intersection with an
overrepresentation of collision pattern, together with the blockage rate for each intersection

resulting from the visibility assessment.
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Table 11 Collision Analysis Result

Intersection Name Blockage Rate Expected Mean Collision Prone Intersection
87 Ave & 105 St 1.24 0.94 YES
85 Ave & 107 St 1.46 0.94 YES
86 Ave & 100 St 1.19 0.90 YES
87 Ave & 100 St 1.44 0.90 YES
86 Ave & 98 St 1.66 0.87 YES
84 Ave & 97 St 1.38 0.79 YES
84 Ave & 107 St 1.31 0.79 YES
89 Ave 98 St 1.28 0.79 NO
85 Ave & 100 St 1.34 0.71 NO
84 Ave & 101 St 1.44 0.69 NO
85 Ave & 101 St 1.32 0.62 NO
87 Ave & 98 St 0.91 0.62 NO
87 Ave & 106 St 0.18 0.51 NO
84 Ave & 100 St 1.48 0.41 NO
84 Ave & 106 St 0.25 0.41 NO
84 Ave & 105 St 0.67 0.37 NO
82 Ave & 107 St 0.67 0.30 NO
82 Ave & 98 St 0.51 0.23 NO
82 Ave & 106 St 0.43 0.23 NO
91 Ave & 99 St 0.85 0.22 NO
82 Ave & 97 St 0.64 0.21 NO
82 Ave & 96 St 0.78 0.21 NO
90 Ave & 99 St 0.30 0.19 NO
84 Ave & 99 St 0.73 0.16 NO
89 Ave & 99 St 0.78 0.09 NO
82 Ave & 100 St 0.99 0.08 NO

As shown in Table 11, seven of the 26 intersections were found to be hazardous intersections and
were considered collision prone. In other words, 27% of intersections exhibited an
overrepresentation of collisions caused by visibility problems. The collision analysis shows that,
when the intersections are ranked according to the EB mean, the five top-ranked intersections were
found to be collision-prone. It should be noted that the intersections considered hazardous
experience over 80% of visibility-related collisions. The analysis also found that all collision-prone
intersections were controlled by yield signs. As indicated in the previous section, they exhibit high
blockage percentages due to limited available sight distance. This means that locations with
restricted sightlines due to road features and objects at intersections were at increased risk of

collisions.
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The principal advantage of using the empirical Bayes in the identification process is to account for
bias at locations with a low collision frequency. The collision frequency for a particular
intersection is inversely proportional to the variance of the estimated ratio of the collision pattern
to the total number of collisions [52]. In other words, locations with a low collision frequency will
have high RTM bias. For instance, the intersection of 85 Ave and 100 St has a total of eight
collisions, six of which (i.e., a ratio of 0.75) were caused by visibility issues. This may very likely
be due to chance alone and does not mean that the location should be considered collision prone.
In other words, a location with a low number of collisions of which a high proportion falls into

one collision pattern is not necessarily a collision-prone intersection.
4.4.2 Beta-Binomial (BB) Regression Model

This method examines the collision record and visibility problems through regression modeling
and aims to study the relationship between the proportion of collisions falling within the visibility
issue collision pattern and the blockage percentage. Since the study focused on investigating
specific collision patterns, BB distribution was proposed to develop a collision model to link the

collision proportion and blockage percentage.

In the first step, the collision proportion was calculated for each intersection, according to the given
data, and set as a dependent variable (CP). Since the study investigates the impact of poor visibility,
this blockage rate was regarded as the independent variable (B). The computational software
program SAS was used to develop a collision model [114]. The BB model coefficients were

computed using a finite mixture of univariate distributions in SAS: "The FMM Procedure".

Referring to the model output as shown in Table 12 and Table 13, coefficient B was statistically
significant since the P, value is lower than the 0.05 significance level, reflecting a 95% confidence
level. For the goodness of fit model assessment, Maximum Log-Likelihood Estimation (MLE) was
used. Pearson’s chi-squared measure, shown in the model as the "Pearson Statistic" must be
compared with the tabulated chi-squared distribution. Since one coefficient is considered in the
model and has 26 site observations, the degree of freedom (DF) is equal to 25. Therefore, the
tabulated chi-squared distribution value is equal to 14.611, which is greater than the Pearson
Statistics output of the regression model. Thus, the model regression coefficients and the goodness

of fit are found to be statistically significant.
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Table 12 Parameter estimates for BB Model

Effect Estimate Standard Error z-value Pr>|z|
Intercept -2.5822 1.2487 -2.07 0.0387
B 2.398 1.123 2.14 0.0327

Table 13 Goodness of fit estimation value

Fit statistics -2 log-likelihood Pearson Statistics
Value 23.5001 8.0387

The results of the BB model indicate that the collision proportion of the visibility issue collision
pattern increases as the blockage rate increases. As a result, the safety assessment finds that
locations with restricted sightlines due to road obstacles at intersections were at increased risk of
collisions; thus, limited available visible distance contributed to collision occurrences. Therefore,
identifying a design deficiency—such as limited sight distance at an intersection—and linking it
with the collision record to generate a function that explains the relationship with collision
occurrence would significantly encourage traffic safety professionals to choose cost-effective

countermeasure to improve visibility at such intersections.
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5 CONCLUSIONS
5.1 Summary

In this thesis, 3D LiDAR technology was used in the analysis of an intersection sight distance
application to address visibility issues at yield- and stop-controlled intersections. Sight distance is
an essential design element in intersection infrastructure and is critical for safe urban mobility. The
first part of the thesis proposed a method to develop a novel, fully automated algorithm to facilitate
visibility assessment by extracting the vehicle trajectory and simplifying the data into voxels
representing the real-life environment. The algorithm’s flexibility allows the user to consider
various factors, including transportation mode, speed, different viewing angles, the traffic sign
controlling the intersecting roadway, and the speed on the major roadway. In field-based

assessments, the results may be overestimated and do not accurately represent the actual situation.

The use of LiDAR in this new method provides information with a high level of accuracy on a
broad scale. It computes the blockage percentage at each intersection from each viewpoint
according to pre-defined parameters inputted by the user. The calculation is based on identifying
the location of obstacles that block the simulated drivers’ visual field. This analytical approach
will significantly assist transportation agencies in optimizing this design element and will improve
intersection visibility by enhancing drivers’ field of vision. It also provides information about
intersection infrastructure on an unprecedented scale for potential improvement and maintenance

purposes.

The sensitivity of the impact of voxel size has not previously been investigated in LiDAR
transportation applications. Previous studies have selected the voxel size according to the LIDAR
scanning characteristics, but the size may not be ideal for conducting the analysis in that particular
application and, thus, produces an error in estimating the available sight distance. In this thesis,
the impact of different voxel sizes was investigated, and the findings show that this is minimal on
the visibility assessment of the intersection. This dramatically helps transportation agencies with
a limited budget to conduct analyses using LiDAR, as a high-performance computer processer is
not, therefore, needed. However, the voxel size may be sensitive in other transportation

applications and significantly impact the assessment’s output.
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The impact of speed on the driver’s visual field is significant in the intersection sight distance
assessment. Driving at low speed when approaching an intersection provides sufficient time for
the driver to analyze the visual information received and react accordingly to complete certain
maneuvers safely. However, when driving at a higher speed, the visual field viewing angle is
reduced and cannot cover the sight triangle that should be clear from obstruction. It is likely that
the driver is unable to see conflicting vehicles and, thus, collisions are more likely to occur. This
applies particularly to yield-controlled intersections where the driver is not necessarily required to
stop. Thus, the intersection sight distance design should be maintained to account for human visual

limitations and the capability to drive safely.

The second part of this thesis focused on conducting a statistical analysis to study the relationship
between collision occurrence and limited available sight distance at intersections. Bayesian
analysis was used to quantify the safety impacts of the intersection associated with poor visibility
to enhance road safety. The first stage of the analysis used the method of sample moments to find
collision-prone intersections with an overrepresentation of collisions with poor visibility. Then, a
collision model was developed using BB distribution to find the relationship links between the
collision proportion due to limited intersection visibility and blockage percentage. The outcome
shows that intersections with restricted sight distance due to road obstacles at intersections had an
increased risk of collisions. This information will significantly help in prioritizing intersections for
potential treatment. There is, however, a lack of research linking the results of the method proposed
using LiDAR-based analysis to identify inadequate sight distance with the occurrence of collisions,
and such research is essential in assessing this relationship to rank hazardous sites and select cost-

effective countermeasures.
5.2 Research Contributions

As already highlighted in previous sections, the method proposed in this thesis would significantly
help transportation and safety professionals to conduct intersection sight distance assessments and
visibility analyses in the urban infrastructure efficiently, without the burden of manual techniques.
Traditional processes are tedious and require a substantial on-site resource to carry out field
surveying work, including equipment and tools that may affect the traffic operation and lead to

unsafe situations that impact the road user.
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The new method applies MLS in the area of interest and acquires the collision records to perform
the analysis. The technique efficiency supports agencies in the transportation field to assess
intersection sight distance design elements and identify hazardous intersections where visibility
should be optimized. It also provides high-quality information about the intersection
characteristics and the location of obstacles. Having such information on a large scale helps assets
and maintenance management teams adopt policies and make decisions to improve road safety by
improving the field of vision at urban intersections, significantly and cost-effectively decreasing

the occurrence of collisions.

The research also provides insights into voxel size sensitivity and its impact on the quality of
information. Voxel size is a sensitive parameter, especially when working with the high point
density of MLS. Selecting the ideal voxel size is critical in obtaining accurate extraction
information. To address this, a sensitivity analysis was conducted using various voxel sizes. While
voxel size does not significantly impact the result of this sight distance application, it may be very
sensitive in other transportation applications to extract different geometric road features. These
findings help agencies with a limited budget to work with this kind of dataset without the need to

invest in a powerful computing server.

The research also demonstrates the importance of driving speed and its impact on the driver’s
visualization of information. It is vital to investigate the driving behavior of road users and the
human capabilities that impact the driver’s vision. This will help agencies evaluate road
performance by optimizing intersections and accounting for human limitations by setting a
consistent plan and building a sustainable road infrastructure aimed at safe mobility. A further
potential strategy could be reducing the speed at collision-prone intersections to increase the
driver’s peripheral vision. It is believed that the dynamic visual field for drivers approaching
intersections has never previously been assessed, one of the emerging topics that make this

research appealing.
5.3 Limitations and Future Work

This research can be expanded in many ways to improve safe urban mobility through, for example,
accounting for more complex situations by improving the accuracy of the algorithm developed and
considering additional human factors and their impact on the driver’s visual field and viewing

angle.
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In this research, the intersection sight distance assessment and visibility analysis were conducted
at at-grade intersections. Although the proposed method accounts for pavement surface-level
variation, additional challenges may arise when the intersection is located at separated grades or
when the driver approaches the intersection at near-horizontal alignment. In this case, identifying
the elevation of the analysis may require additional vehicle trajectory calculations as each observer
point has different levels, and the number of target offset must be carefully selected to simulate

the real environment and situation.

MLS has a significantly high point cloud density. The voxelization process adopted to discretize
the point cloud and generate ray-casting lines representing the high-resolution visual field is
extremely expensive due to the computational time required, especially when the application
requires a high resolution. Moreover, the selection of an inappropriate voxel size leads to minor
inaccuracies in detecting obstacles, especially when combined with the ray-casting approach. Such
limitations could be avoided using a point-based isovist method, which is naturally distributed in

3D in space and can be analyzed in the xy-plane, along horizontal and vertical sections.

Road users are a crucial element in the transportation system. Previous research has found that
road users’ contribution to road collisions is significantly higher than in other transportation
systems, so understanding the factors contributing to collisions is fundamental to improving road
safety. One important factor impacting drivers’ vision is age. Previous studies, especially in the
medical field, have studied the relationship between the reduction of the visual field, age, and
driving behavior. The outcomes of these studies need to be integrated into LiDAR transportation
applications such as the intersection sight distance assessment. The visual field reduction affects
the driver’s viewing angle and therefore requires greater attention within the sight triangle area.
Also, an analysis of collisions involving senior drivers needs to be evaluated to ascertain whether

they contribute to the collisions as a result of poor vision at the intersection.

Although this research focuses on conducting intersection sight distance assessment to optimize
the field of vision of the driver, it can be enhanced for application in the AV environments. One
such recent application is the use of point clouds to simulate AVs’ movement in virtual reality
using twin scans of the existing environment and assess readiness for the deployment of future
technologies in a shared environment between active modes of transportation and automated

vehicles.
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