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Abstract

Toll plazas are becoming an essential part of the highway system, especially within the
state of Florida. Many crashes reported on highways occur at toll plazas. A primary reason for
vehicle collisions at these facilities is the fact that each toll plaza agency has different design,
signage, and marking criteria. This, in turn, causes driver confusion and possible last minute
weaving maneuvers. Even though the varying design of toll plazas is a clear highway safety
factor, research in the field is very limited but expanding. This study focuses on one toll plaza,
the Dean Mainline Toll Plaza, located in Orlando, Florida. The toll plaza is located directly
between two roads that are in close proximity of each other. Because of this, the toll plaza is
very close to the on- and off- ramps, which can be even more confusing and stressful for a
driver entering or leaving the highway.

The purpose of this study was to evaluate the safety and efficiency of the Dean Mainline
Toll Plaza in order to make recommendations to improve or maintain the current toll plaza
design, as well as potentially contribute to a nationally set design standard for toll plazas.
Seventy-two subjects were recruited and, using the National Advanced Driving Simulator
(NADS) MiniSim™ Simulator, each subject was asked to drive three scenarios that were
randomly selected from a pool of twenty-four scenarios. Signage and their location, pavement
markings, distances between the toll plaza and ramps, and traffic conditions were changed in
order to study the driversébehavior. All of these factors were altered and observed on five of the
eight possible paths that could be taken through the toll plaza. The subjects were asked to
complete questionnaires before and after all of the scenarios, as well as in between each driving
scenario. These questionnaires included demographic characteristics such as age, education,
income, and E-PASS ownership. The data collected by the driving simulator and questionnaires
were analyzed by ANOVA and multinomial logistic regression models. A positive relationship
was found between non-urgent lane changing and the current real-world sign conditions prior to

the toll plaza. Relationships were also found among the subjectsé pegd in various locations,



signage before the toll plaza, and segment length after the toll plaza. Along with specified
recommendations for future research in toll plaza safety, recommendations for the Dean
Mainline Toll Plaza included maintaining the current signs and pavement markings because

they were found to be beneficial in drivers performing safe lane changing maneuvers.

Xi
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Chapter 1: Introduction

Toll plazas are becoming an essential part of the highway system, especially within the
state of FIl or i dwWwarkpldceS af ditTyo | $t Fdayc iReépgogrt t o Congr es
were raised, including the design of toll facilities (Rephlo et al., 2010). A primary reason for
many vehicle collisions at these facilities is the fact that each toll plaza agency has different
designs and even signs. This, in turn, causes driver confusion and possible last minute weaving.

Even though the varying design of toll plazas is a clear highway safety factor, research
in the field has been limited but is expanding. Literature has shown that there have been
proposals and recommendations, but no clear codes or guidelines that toll plaza designers can
reference when designing facilities. Research on the subject of toll plaza safety has included
driver surveys, microsimulation, and studying before-and-after data. With driving simulation
becoming a more popular way of research, toll plaza safety can be studied more efficiently while
producing clearer results.

This research was conducted using a NADS MiniSim™ Driving Simulator. The purpose
of this experimental design was to improve the safety and efficiency of toll plazas. A real-world
toll plaza, along with real-world traffic data, was utilized in the driving simulator. The particular
plaza observed was the Dean Mainline Toll Plaza located on SR-408 in Orlando, Florida. This
plaza is located directly between two roads that are in close proximity of each other. Because of
this, the toll plaza is very close to the on- and off- ramps which can be even more confusing and
stressful for drivers entering or leaving the highway.

Multiple factors were studied within twenty-four scenarios using the MiniSim™. In order
to determine whether this toll plaza is efficient and safe, the following factors were changed in
order to observe the driversébehavior: signage and their location, pavement markings,

distances between the toll plaza and ramps, and traffic conditions. All of these factors were
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altered and observed on five of the eight possible paths that could be taken through the toll
plaza.

The hypothesis was that drivers would drive in a safer manner if the signs were located
at adequate locations with pavement markings and with longer distances between the toll plaza
and the ramps. There were multiple reasons why safer driving behaviors could be observed
under these conditions, including the fact that pavement markings and signage could help direct
the driver when there is sufficient signage placed in appropriate locations without the presence
of sensory overload. In addition, longer distances between the toll plaza and the on- and off-
ramps would allow more time for the drivers to make decisions when switching lanes.

This study had several objectives, which included

1. Creating and analyzing replications of real-world scenarios;
2. Determining if the Dean Mainline Toll Plaza was safe in terms of signage, pavement
markings, and segment lengths; and
3. Providing recommendations that would potentially contribute to national toll plaza design
guidelines.
Following the brief introduction and overview in Chapter 1, Chapter 2 summarizes literature on
the subjects of toll plazas and driving simulators. Chapter 3 explains the experimental design for
the study, along with factors, their levels and descriptions. Chapter 4 explains the creation of the
scenarios for the driving simulator, Chapter 5 discusses the subjects, Chapter 6 presents the
analysis and results, and Chapter 7 concludes the report and presents suggestions and

recommendations.
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Chapter 2: Literature Review

2.1 Toll Plaza Safety

Limited research has been done on the subject of toll plaza safety. There are reports
stating that toll plazas are one of the most common areas where crashes on highways occur,
but very few of them specify which factors affect toll plaza safety. Even when toll plaza safety
factors are specified, these reports (which will be explained in more detail later in this chapter)
utilized crash trends or individual interviews and surveys and not crash data analyses.

Abuzwidah and Abdel-Aty (2014) found that crashes reduced significantly when toll
plazas were converted from traditional mainline toll plazas to all-electronic toll plazas, with
average crash reductions of 76%, 75% and 68% for total, fatal-and-injury, and property damage
only (PDO) crashes, respectively. Moreover, they found that there was a slightly less significant
reduction in crashes when converting the traditional mainline toll plazas to the hybrid mainline
toll plazas. The majority of the crashes, including the more severe crashes, were found to occur
at the diverge and merge areas before and after toll plazas. Applying a negative binomial model,
Abuzwidah (2011) found that the diverge area prior to the toll plaza had an 82% higher risk of
crashes than at the merge area after the toll plaza. Abuzwidah (2011) suggested two factors as
to why this was true: some vehicles have an electronic toll transponder while others do not, and
signage location.

Mohamed et al. (2001) found that 31.62% of crashes that occurred on the Central
Florida Expressway Authority system between the years of 1994 and 1997 happened at the
mainline toll plazas. In a toll plaza safety report to Congress by the Federal Highway
Administration (2010), three main issues were found that could increase the probability of
vehicular crashes at toll plazas. These included drivers selecting the improper lane at the plaza,
making unsafe or last minute lane changes, and driver confusion. All of these issues could be
due to improper signage or improper lane configurations. Generally, not only do toll facilities

vary from one agency to another, but also they could vary from plaza to plaza within an agency.
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This can cause major confusion and last minute lane change maneuvers. Drivers are also
known to change lanes at the last minute to a lane where they see the least amount of cars in
line.

In an attempt to fix the issues of improper and last minute lane changes and outlined in
Chapter 4 of the Toll Facility Safety Study Report to Congress by the Federal Highway
Administration (FHWA, 2010), toll authorities have implemented various changes to toll plazas.
A common and standard design is to situate the dedicated electronic toll collection (ETC) lanes
to the left of the toll plazas, whether they are traditional mainline toll plazas or hybrid toll plazas.
However, in some cases, dedicated ETC lanes are located on both the left and the right side of
the toll plaza. This is due to the toll plaza being located in close proximity to on-ramps or off-
ramps and can help minimize weaving.

Another change that has been implemented in many toll plazas is the application of
concrete barriers and attenuators well in advance of the plaza in order to channelize traffic.
However, one disadvantage of this method is the cost of both installing and maintaining physical
barriers. Instead of using physical barriers to separate traffic, the Florida Turnpike uses wide
yellowsergeant-st ri ped del i neators positiomelacedfthe a Abowl i
previously used white delineators.

Signs are another effective tool toll agencies have used to minimize potential vehicle
collisions. Not only has the location of signs proven to be important, but also the type of
message on the signs. For example, drivers understand and react better to signs that contain
t he Adbr auwmdEPASSsrather than just a sign stating the ETC lane is ahead. Pavement
markings, along with signage, have been applied in the design of toll facilities.

Hybrid mainline toll plazas seem to be a more favorable toll plaza design according to a
study done by McDonald et al. (2001). Data on design plans were collected from various toll
plaza agencies. Some agencies provided proposed toll plaza design guidelines. The data was

separated into two categories: horizontal geometrics and vertical geometrics. After thorough
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review of the collected data, a panel of toll plaza design experts assembled for this study

recommended horizontal and vertical design guidelines. In comparing design publications and

the developed guidelines, it was determined that a national standardization of all-electronic toll

collection on a regional level was preferred. They accepted that ticketing equipment or ACMs

should continue to be used due to the belief that flexibility is important. For lane configurations,

especially for traditional mainline toll plazas, a guideline that has been widely suggested and

even recently researched using microsimulation (Hajiseyedjavadi et. al, 2015) includes ETC

capabilities located in all lanes (see Scenario 2 in Figure 2.1). This lane configuration could be

preferred due to the driver having fewer options in lane choice, which ultimately prevents last

minute weaving.

Scenarios Lane 1 Lane 2 Lane 3 Lane 4
Scenario 1 Iﬂ CASH EZFuss EZPuss B CASH
Base Case oY 2
Scenario 2 | i EZPuss EZPuss EZPuss
S NO CASH
2 EZPuss CASH EZPuss CASH
Scenario 3 ONLY NO CASH ONLY
i EZPuss EZPass CASH CASH
B ONLY QHLY
5 o BCASH OR W Ezmss EZPuss B CASH OR
e fidmed NO CASH EiZruss

Figure 2.1 - Various lane configurations of scenarios in a microsimulation study

(Hajiseyedjavadi et al., 2015)

Toll plaza design can vary from agency to agency and even within an agency. In the

past 20 years, research has been done on the development of toll plazas and various guidelines

have been carried out for toll plaza design. Most of the current guidelines have come from

before-and-after data or from surveys sent out to drivers, as mentioned in the beginning of this
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chapter. As of 2001, design guidelines for intersections and roadways were provided in manuals

such as the Manual on Uniform Traffic Control Devices for Streets and Highways (MUTCD) or

the Green Book, but design guidelines for toll plazas did not exist in text. However, in 2006, the

U.S. Department of Transportation (USDOT) provided toll plaza design recommendations in the

iStat eProdcttihee and Recommendations on Tr@&rithi ¢ Cont
et. al., 2006). Several steps were taken to complete this study:

1. Literature Review: Used literature on toll plaza design and safety to prove the validity

of design elements and practices;

2. Surveys: Surveys were sent to and completed by toll agencies who were members of
the International Bridge, Tunnel, and Turnpike Assaociation (IBTTA). The survey was
also announced in IBTTA newsletters. Questions were multiple choice and evaluated
current practices;

3. Expert Panel Workshop: In order to represent a wide range of toll and traffic
experiences from the Federal Highway Administration (FHWA), IBTTA, and Project
Team members, seven experts were selected to form a panel. The panel made
recommendations based on the surveys.

The survey discussionsand results were divided into four
Operations/ Lane Configurationo, (2) ASigning, Mar
Safety bml¢dyndoldlelctG on Equi p Manduidelineswene outlied y o .
in this report and were broken down even further into more detailed areas with several
guidelines given for each of these areas. Figure 2.2 shows an example of one presented
guideline. This guideline explained that toll plazas should not be within one mile of interchanges
in urban sections. With this in mind, we knew that the Dean Mainline Toll Plaza was well within
one mile of both interchanges near the plaza, and segment length was a good factor to test in

this study.
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Plaza Locations Guideline 1

Title Plaza and Interchange Intervals

Text The 2001 AASHTO Policy on Geometric Design of Highways and
Streets (the “Green Book™) recommends separation of 1 mile (urban
sections) or 2 miles (rural sections) between mterchanges. It is
recommended this be used as a guideline for selection of new mainline
toll plaza sites: no closer than 1 mule to the nearest interchange in urban
sections, or 2 miles in other sections.

Commentary | It may not be possible to meet this design guideline at bridge and mnnel
crossings, but the interval spacing mimmums should remain a goal

Figure 2.2 - MUTCD guideline example: Plaza Locations Guideline 1 (USDOT)

2.2 Driving Simulator Validation

Driving simulators are becoming popular in all aspects of transportation research. They
are a very cost-effective, safe, and efficient tool that researchers can use to analyze countless
real-world scenarios. However, there has been much debate on whether driving simulators are
valid tools, especially when it comes to actual driving behaviors.

Due to the negativity toward driving simulators, there have been studies to validate the
use of simulators in research. Driving simulators have been validated for research in not only
engineering, but also for research in psychology (Bedard et. al, 2010) and in medicine (Lew et.
al, 2005). Various methods of validation have been used. These methods have included
creating real-life scenarios in the driving simulator then comparing collected driver behavior data
from the scenarios in the driving simulator to the same scenarios in real life (Bella, 2015). Many
of the studies have included comparing mean speeds of the collected driving simulator data and
real-life data (McAvoy et. al, 2007). Other literature has shown that mid-level driving simulators,
one of which was used in the study for this report, are an acceptable method of research.

In a study done by Risto and Martens (2014), headway choice in a mid-level driving
simulator was compared to a real-life environment in an instrumented vehicle. Headway choice
is an important factor to keep in mind when using simulation in research. There has been much

debate about how the realism of simulators is not up to par and cannot really be compared to
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real-life situations, especially when a driver is deciding where an object in the road is located
and when it is safe for them to pass or change lanes. Hence, the objective of this research was
to determine whether simulators could be compared to real-life scenarios when studying
headway choice. By performing an experimental design study and analyzing the collected data
using the ANOVA method, it was found that driver behavior when choosing headway was
similar in both real-world driving and simulated driving.

A study at the University of Central Florida by Yan et al. (2008) was performed to
validate a driving simulator as a suitable tool to analyze traffic safety. A high crash frequency
signalized intersection located in Central Florida was replicated in a driving simulator. The real-
life free flow speeds and crash history, obtained from the Florida Department of Transportation
Crash Analysis Reporting System, were analyzed and compared to the eight scenarios that
were given in the driving simulator. Four of the scenarios were designed for speed validation
and the remaining four scenarios were designed for safety validation. As for the field speed
measurements, free flow speeds were recorded using a radar gun at the intersection during the
green phase. Four hundred and twenty observations from each direction at the intersection
were recorded. The two independent variables of this study were age, divided into 5 groups,
and gender. In order to divide the ages into groups, the actual driver population near this
intersection was found by using the quasi-induced exposure method. It was noted that some
subjects were not able to complete some scenarios in the driving simulator due to simulation
sickness. This study found that a simulator could be a valid approach to further transportation
research. This was concluded from the comparison of speed data from both the field and the
simulator. With a significance level of 0.05, both field and simulator data followed a normal

distribution and each approach through the intersection had equal means.
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Chapter 3: Toll Plaza Study Experimental Design
3.1 Overview
Using a factorial design for the experiment, it was determined that seventy-two subjects
were needed to complete twenty-four scenarios. Each of the seventy-two subjects completed
three randomly selected scenarios and each scenario lasted about five minutes. There were five
factors considered for this experiment, described in Table 3.1. IRB approval was obtained from
the UCF Institutional Review Board #1 (IRB no. SBE-15-11026). The documents submitted to

IRB for approval can be found in Appendix A: Protocol and Study Materials.

Table 3.1 - Descriptions and levels of the five factors

Factor Description Factor Levels
1. Mainline-Express-
Mainline
_ 2. Mainline-Cash-Mainline
X1 Path Setting of the path 3. Mainline-Express-Ramp
4. Ramp-Express-Mainline
5. Ramp-Cash-Mainline
. Setting of traffic 1. Peak hours/Heavy
X2 Traffic g _
raftl conditions 2. Non-peak hours/Mild
X3 Pavement | Whether or not there will | 1. Yes
Marking be pavement marking | 2. No
1. Default (current)
2. Added length before toll
X4 Length Segment length plaza
3. Added length after toll
plaza

1. Default (current)

2. Removed 3rd sign
X5 Sighage The allocation of signs | 3. Removed 3rd sign,

moved 2nd sign, and added
sign on ramp
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With the five factors, there were one hundred and eighty-eight possible scenarios.
However, with one restriction, this could be reduced to one hundred and forty-four scenarios.
The restriction was that paths 1, 2, and 3 did not need to be tested with signage scenario 3
(refer to Table 3.1 and Figure 3.1). This was because the third scenario only changed the
signage on the on-ramp, which did not affect paths 1, 2, and 3. Twenty-four scenarios were
randomly chosen from the one hundred and forty-four scenarios since the experiment was
limited to seventy-two subjects.

3.2 Factors Description

Five of the eight possible paths were used for this design. Only four of these paths were
used for the design group of eleven scenarios and the remaining path was used for the
additional tests. Figure 3.1 shows the five paths that were taken. Path 1 was the most common
path because the driver started on the mainline, drove through the E-PASS lanes, and
continued on the mainline. This route is very common in Florida because about 80% of the
driving population has an E-PASS. Path 2 started on the mainline of SR-408 westbound, went
through the cash lanes, and then continued back onto the mainline. Path 3 started on the
mainline, continued through the E-PASS section, and then exited off SR-408 onto Dean Road.
Path 4 started on the on-ramp upstream of the toll plaza, went through the E-PASS lanes, and
then continued onto the mainline. Path 5 started on the on-ramp upstream of the toll plaza, went

through the cash lanes, and then continued onto the mainline.

10
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Path 1
Path 2
Path 3
Path 4
Dean Rd Rouse Rd Rouse Rd
Off Ramp Off Ramp On Ramp
Signs
\\\ \ - \\ //
. . - e > /
N\

o

» | e »”'—///
S =1 \\-/

Figure 3.1 - A diagram showing the paths and signs to be used in the design

As stated previously, there were five factors of focus during this study. These factors
were traffic conditions, pavement marking, length between the ramps and the toll plaza,
signage, and the given paths that were previously explained. The traffic conditions varied
between peak and off-peak hour. Real-world traffic data was analyzed and entered into the
driving simulator to formulate realistic scenarios (explained in detail in Chapter 4:). The
pavement markings considered in this study are shown in Figure 3.2. Some subjects were given
scenarios with markings that show where the lane splits and other subjects were given
scenarios without these markings. The length factor varied among the base length, a longer
distance between the toll plaza and the downstream off ramp, and a longer distance between
the toll plaza and the upstream on ramp. The base length is the existing condition at the toll

plaza, while a distance of 660 feet was added for each distance change.
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Figure 3.2 - Pavement markings being studied for the toll plaza

There were three different scenarios for the signage factor. The first scenario was the
existing base condition shown in Figure 3.1. Another scenario, which was called new position 2,
simply removed the sign closest to the toll plaza labeled #3 in Figure 3.1.The third scenario,
called new position 3, added a sign similar to Figure 3.3 to the on ramp, removed sign #3, and
moved sign #2 farther upstream before the on-ramp. The sign was added to the on-ramp to
keep all entering vehicles to the right and to minimize weaving as much as possible. The sign

labeled #1 did not interfere with sign #2, as it was farther upstream than Figure 3.1 allows.
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Figure 3.3 - DMS sign that will be used for the on-ramp to keep vehicles to the right

3.3 _Experimental Design

Twenty-four scenarios were randomly chosen. The number of occurrences for each level

of the five factors in the twenty-four scenarios tested is summarized in

13
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Table 3.2. Due to the restriction mentioned in section 3.1, the first three paths were each
tested four times and the last two paths were each tested six times. Each level of the
pavement marking factor and the traffic factor occurred twelve times. Each level of
segment length occurred eight times. With the restriction, the signage factor had three
levels with varying occurrences. The first two levels each occurred nine times and the

third level had six occurrences.
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Table 3.3 shows a summary of the twenty-four scenarios tested.
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Table 3.2 - Counts of each level of each factor

Level Path Count

1 Pathl 4

2 Path2 4

3 Path3 4

4 Path4 6

5 Path5 6
Level Pavement Count

1 No 12

2 Yes 12
Level Traffic Count

1 Off-Peak 12

2 Peak 12
Level Sighage Count

1 New Posl 9

2 New Pos2 9

3 Base Signage 6
Level | Segment Length| Count

1 Add Down 8

2 Add Up 8

3 Base Length 8

16
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Table 3.3 - List of the final twenty-four scenarios

Scenario | Path Traffic Marking Length Signage
1 1 Peak No Default Removed 3rd Sign
2 1 Peak No Added Before | Removed 3rd Sign
3 1 Off-Peak Yes Default Default
4 1 Off-Peak Yes Added After Default
5 2 Peak Yes Default Default
6 2 Peak Yes Added Before | Removed 3rd Sign
7 2 Off-Peak No Added Before Default
8 2 Off-Peak No Added After Removed 3rd Sign
9 3 Peak No Default Default
10 3 Peak No Added After Default
11 3 Off-Peak Yes Added Before | Removed 3rd Sign
12 3 Off-Peak Yes Added After Removed 3rd Sign
13 4 Peak Yes Added Before | Added Ramp Sign
14 4 Peak Yes Added After Added Ramp Sign
15 4 Peak No Added After Default
16 4 Off-Peak Yes Default Added Ramp Sign
17 4 Off-Peak No Default Removed 3rd Sign
18 4 Off-Peak No Added Before Default
19 5 Peak Yes Default Removed 3rd Sign
20 5 Peak Yes Added After Removed 3rd Sign
21 5 Peak No Added Before | Added Ramp Sign
22 5 Off-Peak Yes Added Before Default
23 5 Off-Peak No Default Added Ramp Sign
24 5 Off-Peak No Added After Added Ramp Sign

Each of the seventy-two subjects was in three of the scenarios listed in

17
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Table 3.3. This created nine blocks of eight subjects. The scenarios were randomly selected
and distributed for each subject prior to the commencement of testing. The nine blocks are

shown in Table 3.4.
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Table 3.4 This chart shows the nine blocks of eight groups of three scenarios. The scenarios were randomly distributed

]
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throughout the chart
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Chapter 4: Toll Plaza Development

4.1 Overview

In order to create realistic traffic volumes for the toll plaza driving simulator study, real
traffic data from the Dean Mainline Toll Plaza was analyzed. This part of the report discusses
the analysis and results of the peak hour traffic data from the toll plaza. Data was collected from
six separate detectors located at mileposts 18.8, 19.0, 19.4, 19.7, 19.9, and 20.7 on SR-408
westbound. The detectors located at mileposts 18.8, 19.7, and 19.9 are located in the gore
areas, which are the merging and diverging areas for the ramp and mainline. The locations of

the detectors are shown in Figure 4.1.

ane Eyre Dr = Jane Eyre Dr O W 1ne Hor

=27 20.7
Pm.e Harbour Apa;/l/memS' 9% / "~ \\
{ v |
\\ © | )
— —— 18.8 19.4 \\\19_7 % 19.9 Century{Watérté
—— DeanM¥inlinesTolliPlaza - = Lakes Apartmes
= e ——— N Lake Underhill Rd
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o
9 =
z S,
2
< A
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Figure 4.1 - Map of locations of detectors

4.1.1 Peak Hour Data Analysis

The peak hour data was collected between the hours of 7 AM and 8 AM on October 1, 8,
15, 22, and 29 of 2014. SAS software was used to calculate the mean speeds of the vehicles
passing through the plaza. It was found that there were no significant differences in speeds due
to the date, time, and location of the data taken. However, the speed of each lane turned out to
be slightly different. The results of the speed data for the peak hour of the toll plaza are shown
in Table 4.1. Lane 1 was defined as the innermost lane, while lane 3 was defined as the outer-

most lane.
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Table 4.1 - Peak hour speeds

Lane Mean Speed (mph) | Standard Deviation (mph)
1 67.4 2.96
2 59.03 4.42
3 58.02 4.03
On-Ramp 45.45 2.86

As noted previously, the data had no significant differences throughout the date, time,
and locations of collection. Therefore, only data collected on October 1 was analyzed for
volume. For lanes 1, 2, and 3, the detector located at mile marker 20.7 was analyzed to collect
each | aneds vol ume. The detector | o-raraptv@uine, a t mi | e
the detector located at mile 19.7 was analyzed for the off-ramp before the toll plaza volume, and
the detector located at mile 18.8 was used to analyze the volume of the traffic on the off-ramp
after the toll plaza. Microsoft Excel was used to analyze the truck volume in express lanes and
in cash lanes. The values are shown in Table 4.2. The volumes from Table 4.2 were used to
calculate the average headways in each lane. Table 4.3 shows these values. During peak hour,
71% of the vehicles drove through the expressway, whereas 29% used the cash booths. During
the peak hour, 6% of vehicles going through expressway and 6% of vehicles going through the

cash booths were trucks.

Table 4.2 - Peak hour volumes

Location Volume (vph)

Lane 1 1,162

Lane 2 1,543
Lane 3 247

Total (All Lanes) 2,952
On-Ramp 559
Off-Ramp before Toll Plaza 52
Off-Ramp after Toll Plaza 77
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Table 4.3 - Peak hour average headways

Lane/Ramp Average Headway (s)
1 3.098
2 2.333
3 14.575
On-Ramp 6.440
Off-Ramp before Toll Plaza 69.231
Off-Ramp after Toll Plaza 46.753

While inputting the traffic data into the driving simulator, it was found to be easier to add
average spacing between the vehicles instead of or along with the calculated average
headways. Therefore, the average spacing was calculated by using the average headways and

average speeds. Table 4.4 presents the average spacing values.

Table 4.4 - Peak hour average spacing

Lane/Ramp | Average Spacing (ft)
1 307
2 203
3 1244
On-Ramp 430

4.1.2 Off-Peak Hour Data Analysis

Off-peak hour data was collected and analyzed in a manner similar to that of peak hour
data. The off-peak data was collected from the six sensors shown in Figure 4.1 during the five
weekdays from 12:30 PM to 1:30 PM. It was found that the vehicle speeds had no significant
differences when the dates, time, and locations were compared. However, the speeds at
different lanes were slightly different from one another. The averages on October 1 were used

to determine the speeds in each lane. These off-peak speeds are summarized in Table 4.5.
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Table 4.5 - Off-peak hour speeds

Lane Mean Speed (mph) | Standard Deviation (mph)
1 69.7 24
2 63.5 2.3
3 60.9 4.0
On-Ramp 45.0 5.5

As with peak hour data, the volumes were calculated for the off-peak hour data. The

same detectors were used to analyze their respective volume locations, shown in Table 4.6.

The values for off-peak hour average headways, calculated from the volumes, are presented in

Table 4.7. Table 4.8 shows the average spacing in each lane. During off-peak hours, 85% of the

vehicles used the expressway, while 15% used the cash booths. Of the vehicles using the

expressway and the cash booths, 15% and 14% were trucks, respectively.

Table 4.6 - Off-peak hour volumes

Location Volume (vph)

Lane 1 769

Lane 2 807

Lane 3 120

Total (All Lanes) 1691
On-Ramp 204
Off-Ramp before Toll Plaza 24
Off-Ramp after Toll Plaza 78

Table 4.7 - Off-peak hour average headways

Lane/Ramp Average Headway (s)
1 4.681
2 4.461
3 30
On-Ramp 17.647
Off-Ramp before Toll Plaza 150
Off-Ramp after Toll Plaza 46.154
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Table 4.8 - Off-peak hour average spacing

Lane/Ramp | Average Spacing (ft)
1 480
2 417
3 2687
On-Ramp 1168

4.2 Development of Toll Plaza Scenarios

The NADS MiniSim™ was utilized in this study conducted at the University of Central
Florida (UCF). Created and maintained by the University of lowa, the simulator is a highly
flexible PC-based driving simulator system designed for research, development, clinical, and
training applications. It includes three different software packages: Tile Mosaic Tool (TMT),
Interactive Scenario Authoring Tools (ISAT), and MiniSim™. The simulator is shown in Table

4.2.

Figure 4.2 - NADS MiniSim™ at UCF
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The first software, Tile Mosaic Tool (TMT), was used to build the simulated road by

assembling the road network based established road tile files (Figure 4.3). The NADS research

center designed and dneadeaip thepsiendlated Bean Mainlind TelsPtazat h a t

which can be seen in Figure 4.3.
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Figure 4.3 - GUI of Tile Mosaic Tool (TMT)

The second software was the Interactive Scenario Authoring Tools (ISAT) shown in
Figure 4.4. This software was used to add the vehicles, or Autonomous Dynamic Objects
(ADOs), and road signs. Forty ADOs were added to each scenario. Using the real-world data
referenced in section 4.1, ADOs were given their respective speeds and type (car or truck).
Some vehicl es wer e.0Tadgerare@pphea ta spécific ADQsgoegivesthem

specific driving instructions. For example, some ADOs were triggered to go through the cash
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booths, then triggered to slow down prior to arriving at the booths, and finally triggered to speed
up to normal speed after the booths.
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Figure 4.4 - GUI of Interactive Scenario Authoring Tools (ISAT)
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Chapter 5: Toll Plaza Experiments

As previously noted, 72 subjects were needed to complete this study. They were
recruited through colleagues, friends, and family. The general criteria required subjects to be in
the age range of 18 to late 60s withavalidd r i ver 6 s thdy mesinet daveaarhidtory of
motion sickness. The latter helped ensure the safety and comfort of the subjects.
5.1 Subjects

Subjects were divided into groups depending on their age and gender. In order to be
consistent with the real-world driver composition, four years (2009-2012) of no-f aul t dr i ver G
information from crashes was analyzed. These crashes occurred on SR-441, SR-408, and

I-75. Figure 5.1 and
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Table5.1show t he di st r i bueandgender.fAs darhbe sedn; 40-6086roktlie a g
drivers were less than 35 years old while less than 15% of drivers were 65+. The subjects6

distribution should follow the distribution of the real world.

Real World Driver Distribution

m Male mFemale mTotal
35%

30%

25%
20%
15%
10%
5%
0%

18-24 25-35 36-50 51-60 60+

Figure 5.1 - Real-world age and gender distribution
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Table 5.1 - The real-world driver distribution with desired subject distribution

REAL-WORLD DRIVER DISTRIBUTION DESIRED SUBJECT DISTRIBUTION
Male Female Total Male Female Total

18-24 18% 30% 23% 18-24 7 10 17
25-35 23% 23% 23% 25-35 9 7 16
36-50 28% 24% 26% 36-50 11 8 19
51-60 17% 13% 15% 51-60 6 4 11
60+ 15% 10% 12% 60+ 6 3 9
Total 100% 100% 100% Total 39 33 72

The experiment completed on November 25, 2015. The actual distribution of subjects is

shown in Table 5.2. It was possible to get a very similar gender distribution to the desired
distribution. However, given the study occurred on a college campus, subjects under the age of

35 were easier to obtain than subjects above the age of 50.

Table 5.2 - Actual subject distribution

ACTUAL SUBJECT

DISTRIBUTION

Male Female Total
18-24 10 13 23
25-35 13 11 24
36-50 8 6 14
51-60 2 4 6

60+ 5 0 5

Total 38 34 72

A chi-squared test was performed to prove the similarity between the desired and actual

subject distributions. The numbers of desired and actual subject distributions were combined

and then separated by gender to obtain a comparison between actual and desired for each

gender in each age group. Table 5.3 presents the crosstabulation of age group vs. actual and

desired males and Table 5.4 presents the chi-square results. Figure 5.2 shows the male data in

a bar chart. The null hypothesis in this chi-square test was that the number of desired males in
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Table 5.3 - Age group * male crosstabulation

MALE
ACTUAL | DESIRED | Total

AGE 18-24 Count 10 7 17
GROUP % within MALE 26.3% 17.5%| 21.8%
25-35 Count 13 9 22

% within MALE 34.2% 22.5%| 28.2%

36-50 Count 8 11 19

% within MALE 21.1% 27.5% | 24.4%

51-60 Count 2 7 9

% within MALE 5.3% 17.5%| 11.5%

60+ Count 5 6 11

% within MALE 13.2% 15.0%| 14.1%

Total Count 38 40 78
% within MALE 100.0% 100.0% | 100.0%

Table 5.4 - Age group * male chi-square test results

Asymp. Sig.
Value df (2-sided)
Pearson Chi-Square | 4.551? 4 .337
Likelihood Ratio 4.721 4 317
N of Valid Cases 78

a. Two cells (20.0%) had expected count less than 5.

The minimum expected count was 4.38.
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each age group was similar to the number of actual males in each age group. With a p-value of

0.337, there was no statistically significant difference and the null hypothesis could be accepted.
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Figure 5.2 - Age group vs. male bar chart

Similarly, a chi-square test was performed for age group vs. females. Table 5.5 shows
the age group vs. female crosstabulation, Table 5.6 shows the chi-square results, and Figure
5.3 presents the data in a bar chart. The null hypothesis for this chi-square test was that the
number of desired females in each age group was similar to the number of actual females in
each age group. With a p-value of 0.341, the actual and desired values were similar for females
and the null hypothesis could be accepted.

Both of the previous chi-square tests proved that although the actual subject distribution
was not equal in all age groups and genders, it was similar enough to follow the general

distribution of real-world driver composition data in the Central Florida area.
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Table 5.5 - Age group * female crosstabulation

FEMALE
ACTUAL | DESIRED | Total

AGE 18-24 Count 13 10 23
GROUP % within FEMALE 38.2% 31.3%| 34.8%
25-35 Count 11 7 18

% within FEMALE 32.4% 21.9%| 27.3%

36-50 Count 6 8 14

% within FEMALE 17.6% 25.0%| 21.2%

51-60 Count 4 4 8

% within FEMALE 11.8% 12.5% | 12.1%

60+ Count 0 3 3

% within FEMALE 0.0% 9.4% 4.5%

Total Count 34 32 66
% within FEMALE 100.0% 100.0% | 100.0%

Table 5.6 - Age group * female chi-square test results

Asymp. Sig.
Value df (2-sided)
Pearson Chi-Square | 4.509? 4 341
Likelihood Ratio 5.674 4 225
N of Valid Cases 66

a. Four cells (40.0%) had expected count less than 5.

The minimum expected count was 1.45.
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Figure 5.3 - Age group vs. female bar chart
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Chapter 6: Analysis

6.1 Descriptive and Preliminary Analysis

The data analyzed for this project was collected using the NADS MiniSim™ and

MATLAB. Various demographic variables were collected using questionnaires that were given

to subjects before, during, and after the driving simulator scenarios. These variables included

gender, age, income, education, E-PASS ownership, and others. Table 6.1 shows the

crosstabulation of E-PASS ownership vs. age. These values showed that 79.2% of the subjects

use an E-PASS transponder. It is necessary to note that one subject was only able to complete

one out of the three scenarios due to time constraints.

Table 6.1 - E-PASS * age crosstabulation

AGE
1 2 3 4 5 Total

E-PASS 1 Count 17 21 10 5 4 57
% within SUNPASS | 29.8%| 36.8%| 17.5% 8.8% 7.0% | 100.0%

% within AGE 73.9%)| 87.5%| 71.4%| 83.3%]| 80.0%| 79.2%

2 Count 6 3 4 1 1 15

% within SUNPASS | 40.0%| 20.0%| 26.7% 6.7% 6.7% | 100.0%

% within AGE 26.1%| 12.5%]| 28.6%| 16.7%| 20.0%]| 20.8%

Total Count 23 24 14 6 5 72
% within SUNPASS | 31.9%| 33.3%| 19.4% 8.3% 6.9% | 100.0%

% within AGE 100.0%| 100.0% | 100.0% | 100.0%| 100.0% | 100.0%

Figure 6.1 shows a sample speed (mph)v er s us

fi plot, evimich graphically shows

where the subject was located throughout the scenario and was collected with the driving

simulator and analyzed. This sample was collected from subject 33, driving scenario 20.

Eyepoint location data matched the locations in ISAT. In comparing the eyepoint data to the

ISAT locations where collection of data was specified, it could be determined where to analyze
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the speed data (explained in section 6.4). Recall that scenario 20 was on path 5 (ramp to cash
booths to mainline), during the peak hour, had a 660-foot segment added after the plaza, and
the 3" sign before the plaza was removed. Figure 6.1 illustrates where the subject slowed down

to a stop to pay the cash booth and then sped up to get back on the mainline.

Figure 6.1 - Example of speed vs. eyepoint plot for subject 33, scenario 20

Figure 6.2 shows the lane deviation, or lane change maneuvers, verses time. In order to
analyze the lane change maneuvers, the lane deviation was compared against eyepoint (to
show where the subject was at a certain point on the road) and time. The lane change
maneuvers were compared to time to determine whether the subject made an urgent lane
change or a non-urgent lane change. All data collected by the driving simulator was recorded at
sixty frames per second. With this in mind, we were able to calculate time, shown in Figure 6.2.
The lane deviation variable was the actual lane position of the car. Positive depicted right and
negative depicted left of the lane center. The maximum numbers for right and left of the lane
center were +6 and -6, respectively. Analysis of the lane deviation in Figure 6.2 showed that

there was only one lane change made in scenario 20 for this subject and it occurred after the toll
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